
Forming Solar Mass Stars:
An Overview of Young Stellar Objects

Michiel Hogerheijde
Leiden Observatory



How do Solar Mass stars form?

• How do stars of ~1 Msun form?

• Masses from 0.08 Msun to ~8 Msun

• Range of birth environments

• Prospects for planet formation

• How did the Sun form?

• Relics of the specific birth environment of the Sun

• Imprint on the Solar System

• What can we learn from high angular resolution observations?



Route

• From interstellar clouds to the Initial Mass Function

• Properties of prestellar cores

• The standard picture of isolated, low-mass star formation

• Structure and classification of YSOs

• Protostellar feedback on YSOs: heating, shocks, and photo-processes

• Formation of accretion disks

• Characteristics and evolution of planet-forming disks

• Multiplicity and clustered star formation

• Conclusion: The formation of Solar Mass stars



From interstellar clouds to the Initial Mass Function
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FIG. 1.È850 km image of the o Ophiuchi region obtained with SCUBA at the JCMT, reduced using the matrix inversion technique and then Wiener
Ðltered (see Paper I for details). The intensity scale is linear from [0.4 to 0.5 Jy beam~1 to highlight the low surface brightness emission.

o†set in the chop can produce excess residual long-
wavelength modes.

While it is tempting to simply add back the estimated
missing Ñux, a more conservative approach was taken, and
the long-wavelength modes were entirely suppressed in
order to analyze the structure of the short-wavelength com-
ponents. To achieve this, the Ðltered map was convolved
with a p \ 130A Gaussian beam (twice the largest chop
throw) and the convolved map was subtracted from the
original to remove any large-scale structure (Fig. 2). Except
for the region directly around o Oph A and o Oph B, a Ñat
background has been produced from which the size, mass,
and shapes of the small-scale structures can be deduced.
Note that any structures with sizes greater than 130A are
considerably smoothed or removed from the map. The
residual negative features around o Oph A and o Oph B are
an artifact of this map-Ñattening procedure. The mean rms
noise level in the Ðnal map is D0.01 Jy beam~1, or approx-
imately 0.002 per beam. Our mass sensitivity every-M

_where in the map is 50% better than the best sensitivity of
the Motte et al. (1998) observations.

3. CLUMP PROPERTIES IN o OPHIUCHI

3.1. IdentiÐcation of Clumps
In order to locate and measure the properties of clumps

within the o Ophiuchi map in a rigorous manner, a variant
of the clump-Ðnding algorithm, clÐnd (Williams et al. 1994),
was used. We stress that any clump-Ðnding algorithm intro-
duces biases into the results, which depend on the algorithm
used to deÐne a unique clump. The technique developed by

Williams et al. (1994) separates clumps along minimum Ñux
boundaries within the observed space and does not require
that the proÐle of the clump correspond to any predetermi-
ned shape. For example, under some conditions, two point
sources located close together may merge into a single
clump with a very asymmetric appearance. An alternative
approach is to assume that clumps correspond to physical
entities with a predetermined structure and to search the
observed space for such structures. Stutzki & (1990)Gu" sten
developed a Gaussian-proÐle clump-Ðnding algorithm that
subdivides all structures into a number of individual Gauss-
ian components. Williams et al. (1994) have demonstrated
that clÐnd works well within maps that contain two spatial
dimensions and one velocity dimension. In the o Ophiuchi
data, there may be increased amalgamation of clumps, as
the continuum data o†er no velocity information to sub-
divide the regions further along the line of sight. Motte et al.
(1998) located small-scale clumps within the o Ophiuchi
region by eye ; this technique is essentially a human version
of the Gaussian component method discussed above.
Throughout the remaining analysis, our results are com-
pared to those of Motte et al., as they relate to both the
derived properties of the clumps and the implications for
understanding star formation in the o Ophiuchi core.
However, the reader should bear in mind the very di†erent
assumptions used in identifying and measuring the clumps
in the two analyses. We note that there are many inherent
dangers in assuming that the structure of clumps is well
approximated by Gaussian proÐles. For example, if these
clumps are dynamically evolving objects and have not yet
settled into equilibrium, their appearance might be expected
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Figure 1
Map of the molecular gas in the Orion-Monoceros region. Color scale and contours show the
velocity-integrated intensity of the J = 1 − 0 CO line (Wilson et al. 2005). Orion A (lower
region), Orion B (middle right), and Mon R2 (slightly left of center) each contain a total gas
mass ∼105 M#. The angular size of 10◦ corresponds to ≈80 pc at the mean distance of the
Orion complex. The Mon R2 region appears to be several hundred parsecs farther away than
the Orion clouds.

For a log-normal distribution, the mass-weighted median density (half of the mass
is at densities above and below this value) is ρmed = ρ̄ exp(µx), whereas the mass-
weighted mean density is 〈ρ〉M = ρ̄ exp(2µx). Based on 3D unmagnetized simulations,
Padoan, Jones & Nordlund (1997) propose that µx ≈ 0.5 ln(1 + 0.25M2). Other
3D simulations with magnetic fields (β = 0.02 − 2) have found µx ≈ 0.5 − 1 for
M ≈ 5 − 10 (Ostriker et al. 2001). These models confirm that the mean density
contrast generally grows as the turbulence level increases, but find no one-to-one
relationship between µx and M [or the fast magnetosonic Mach number, MF ≡
σv/(c 2

s + v2
A)1/2]. The large scatter at large M is because the flow is dominated by a

small number of large-amplitude modes (i.e., large cosmic variance), some of which
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Hierarchical, filamentary cloud structure

Taurus: extinction and 13CO (from Bergin & 
Tafalla 2007)

ρ Oph: 850 µm (Johnstone et al. 2000)

Orion and the Rosetta Nebula: 
12CO (from McKee & Ostriker 2007)



From interstellar clouds to the Initial Mass Function

Ph. André et al.: Kinematics of the Ophiuchus protocluster condensations 531

Table 6. Velocity dispersion of the L1688 protocluster condensations.

Samplea nb Dc 〈Vd
lsr〉 〈Ve

cent〉 σ f
1D σg1D,c σh

3D σi
3D,c D/σ3D D/σ3D,c

(pc) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (106 yr) (106 yr)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
Oph A 9 0.28 3.44 3.48 0.19(5) 0.20(5) 0.33(8) 0.34(9) 0.8 0.8
Oph B1/B2 24 0.33 4.05 3.96 0.20(3) 0.22(3) 0.35(5) 0.38(6) 1.0 0.9
Oph C,E,F 10 0.44 4.09 4.05 0.39(9) 0.39(9) 0.67(16) 0.68(16) 0.7 0.6
L1688 47 1.10 3.95 3.90 0.36(4) 0.36(4) 0.62(7) 0.63(7) 1.8 1.7
L1688 −∇V 47 1.10 – – 0.25(3) – 0.43(4) – 2.6 –

Notes: the numbers in parentheses indicate the uncertainty in units of the last digit.
a The first three samples contain the velocity components of Table 4 only. The last two samples include the protostars in addition. For the
“L1688 −∇V” sample, the velocity dispersion is computed after removing the large scale velocity gradient measured with the method described
in note c of Table 5 using C–N as the (0, 0) position: V0 = 3.87 km s−1, ‖∇V‖ = 1.1 km s−1 pc−1, PA = 117◦.
b Number of velocity components used for the calculations.
c Diameter of the region containing each sample.
d Mean LSR velocity of the components, computed with the velocities listed in Col. 5 of Table 2.
e Mean centroid velocity computed on the N2H+(101–012) spectra shown in Fig. 6.
f Standard deviation of the distribution of component LSR velocities around 〈Vlsr〉 given in Col. 4. The error bar was estimated as σ1D/

√
2(n − 1),

assuming that the sample is drawn from a larger population whose velocity distribution follows Gaussian statistics.
g Same as in Col. 6 but computed around 〈Vcent〉 given in Col. 5.
h 3D velocity dispersion calculated from σ1D assuming isotropic motions. The error bar was scaled from that estimated for σ1D.
i Same as in Col. 8 but computed around 〈Vcent〉 given in Col. 5.

Table 7. Evolutionary timescales for various systems of protocluster condensations.

Sub-cluster Nb of Nb of starless 1 + Θ R2

Ncondr2
cond

3 tff Statistical tcross tcoll

Class II condensations lifetime
YSOs >0.1 M( (105 yr) (105 yr) (105 yr) (105 yr)

L1688 109 45 2 35 0.2–3.5 2–4 18 160
Oph A 41 9 8 10 0.5–2 0.9–2 8 5.5
Oph B1/B2 31 22 3.5 15 0.2–2.5 3–7 10 22
Oph C/E/F 35 12 3 15 0.3–3.5 2–4 7 19

0.1 M( are truly prestellar in nature, this points to a prestel-
lar lifetime ∼2−4 × 105 yr. A third timescale estimate may
be obtained by dividing the typical condensation outer radius
rcond ∼ 4000 AU by a typical infall speed Vinf ∼ 0.1−0.3 km s−1

(cf. Belloche et al. 2001). This approach yields a condensation
lifetime ∼0.6−2 × 105 yr. We conclude that the 1.2 mm contin-
uum condensations of L1688 are likely characterized by a range
of lifetimes between ∼2 × 104 yr and ∼5 × 105 yr (see Cols. 6
and 7 of Table 7).

As pointed out by Clark et al. (2007), if the lifetime of the
condensations depends on their mass, then the observed mass
spectrum is not necessarily representative of the intrinsic con-
densation mass distribution (CMD) (see also Elmegreen 2000).
This is due to the fact that an observer is more likely to detect
long-lived condensations than short-lived condensations. Here,
however, the mean densities of the L1688 condensations are es-
sentially uncorrelated with their masses, so that there is no sys-
tematic dependence of the dynamical timescale on the mass. To
quantify the importance of the potential timescale bias, we plot,
in Fig. 8, a weighted version of the central Ophiuchus CMD
in which each condensation was assigned a weight equal to
〈tff 〉
tff
= ρ̄1/2

〈ρ̄1/2〉 (instead of 1 as used for Fig. 1), where 〈tff〉 is the
average free-fall time of the condensations. Such a weighting
should allow us to recover the intrinsic shape of the CMD as-
suming that the lifetime of each condensation is proportional to
its free-fall time. As can be seen in Fig. 8, this weighting does
not change the high-mass end of the CMD and only affects the
low-mass end. We conclude that the steep, Salpeter-like slope of

Fig. 8. Weighted cumulative mass spectrum of the 57 starless conden-
sations identified by MAN98 (histogram with error bars), compared
to the same mass distributions as shown in Fig. 1, as well as the
Salpeter power-law IMF (solid line). Here, each condensation was as-
signed a weight inversely proportional to its estimated free-fall dynam-
ical timescale (see text). The flattening apparent below ∼0.4 M( in the
unweighted CMD (Fig. 1) is not seen in the weighted CMD shown here,
which is essentially consistent with a single, Salpeter-like power law.

the CMD at the high-mass end is robust, but that the presence of
a break at ∼0.4 M( is less robust.

data, CLUMPFIND typically finds features on a limited range of scales,
abovebut close to thephysical resolution of thedata, and its results can
be overly dependent on input parameters. By tuning CLUMPFIND’s
two free parameters, the same molecular-line data set8 can be used to
show either that the frequency distribution of clumpmass is the same
as the initial mass function of stars or that it follows the much shal-
lower mass function associated with large-scale molecular clouds
(Supplementary Fig. 1).

Four years before the advent of CLUMPFIND, ‘structure trees’9

were proposed as a way to characterize clouds’ hierarchical structure

using 2Dmaps of column density.With this early 2Dwork as inspira-
tion, we have developed a structure-identification algorithm that
abstracts the hierarchical structure of a 3D (p–p–v) data cube into
an easily visualized representation called a ‘dendrogram’10. Although
well developed in other data-intensive fields11,12, it is curious that the
application of treemethodologies so far in astrophysics has been rare,
and almost exclusively within the area of galaxy evolution, where
‘merger trees’ are being used with increasing frequency13.

Figure 3 and its legend explain the construction of dendrograms
schematically. The dendrogram quantifies how and where local max-
ima of emission merge with each other, and its implementation is
explained in Supplementary Methods. Critically, the dendrogram is
determined almost entirely by the data itself, and it has negligible
sensitivity to algorithm parameters. To make graphical presentation
possible on paper and 2D screens, we ‘flatten’ the dendrograms of 3D
data (see Fig. 3 and its legend), by sorting their ‘branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarchy.
Numbered ‘billiard ball’ labels in the figures let the reader match
features between a 2D map (Fig. 1), an interactive 3D map (Fig. 2a
online) and a sorted dendrogram (Fig. 2c).

A dendrogramof a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by iso-
surfaces, such as radius (R), velocity dispersion (sv) and luminosity
(L). The volumes can have any shape, and in other work14 we focus on
the significance of the especially elongated features seen in L1448
(Fig. 2a). The luminosity is an approximate proxy for mass, such
that Mlum5X13COL13CO, where X13CO5 8.03 1020 cm2K21 km21 s
(ref. 15; see Supplementary Methods and Supplementary Fig. 2).
The derived values for size, mass and velocity dispersion can then be
used to estimate the role of self-gravity at each point in the hierarchy,
via calculation of an ‘observed’ virial parameter, aobs5 5sv

2R/GMlum.
In principle, extended portions of the tree (Fig. 2, yellow highlighting)
where aobs, 2 (where gravitational energy is comparable to or larger
than kinetic energy) correspond to regions of p–p–v space where self-
gravity is significant. As aobs only represents the ratio of kinetic energy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields16, its measured
value should only be used as a guide to the longevity (boundedness) of
any particular feature.
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Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to 13CO emission from the L1448
region of Perseus. a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale self-
gravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct self-
gravitating leaves within them; and green corresponds to the surface in the
data cube containing all the significant emission. Dendrogram branches
corresponding to self-gravitating objects have been highlighted in yellow
over the range of Tmb (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x–y locations of the four ‘self-
gravitating’ leaves labelled with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations showposition–position–velocity (p–p–v) space.
RA, right ascension; dec., declination. For comparison with the ability of
dendrograms (c) to track hierarchical structure, d shows a pseudo-
dendrogram of the CLUMPFIND segmentation (b), with the same four
labels used in Fig. 1 and in a. As ‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emission value in each clump to the threshold value. A very large
number of clumps appears in b because of the sensitivity of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes (a and b) can be rotated to any orientation, and surfaces can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In
the printed version, the front face of each 3D cube (the ‘home’ view in the
interactive online version) corresponds exactly to the patch of sky shown in
Fig. 1, and velocity with respect to the Local Standard of Rest increases from
front (20.5 km s21) to back (8 km s21).
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Figure 3 | Schematic illustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one-dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light lines) until all the local maxima and mergers
are found, and connected as shown. The intersection of a test level with the
emission is a set of points (for example the light purple dots) in one
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2c is the direct
analogue of the tree shown here, only constructed from ‘isosurface’ rather
than ‘point’ intersections. It has been sorted and flattened for representation
on a flat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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FIG. 3.È850 km image of the o Ophiuchi region obtained with SCUBA at the JCMT shown in Fig. 2 with the location and approximate sizes of the
clumps shown by the center and radii of the overlaid circles. The circles only represent the size of the individual clumps, not the shapes. Those clumps which
are signiÐcantly centrally concentrated, C [ 0.60, are marked with plus signs. The intensity scale is the same as in Fig. 1.

(assuming K), which are similar to the results ofT
d
\ 20

Motte et al. (1998).

3.2. Modeling Clumps as Bonnor-Ebert Spheres
The resolution and sensitivity of the 850 km map of o

Ophiuchi allow for a more detailed investigation into the
nature of the clumps. The simplest static models for self-
gravitating pressure-conÐned clumps are spherical, isother-
mal, Bonnor-Ebert spheres (Ebert 1955 ; Bonnor 1956 ;
Hartmann 1998). This one-dimensional family of equi-
librium structures equates the importance of self-gravity,
and possible collapse, to the degree of central concentration
within the clump. The physical edge of the clump isr

eexactly the location where the external conÐning surface
pressure equals the internal thermal pressureP

s
o(r

e
)c

s
2,

where o(r) is the clump density at radius r and is thec
sisothermal sound speed. The core radius for each clump,

deÐned as where is the centralr
c
\ (4nGo0/c

s
2)~1@2 o0density, provides a useful normalization length such that

m
e
\ r

e
/r

c
.

Each Bonnor-Ebert sphere is associated with a unique m
eup to a critical value, beyond which equilibriummcr \ 6.3,

models do not exist and gravitational collapse must ensue.
Very low-mass clumps have and the internal massm

e
\ 1

distribution attains an approximately isobaric, constant
density form in pressure equilibrium with the surroundings.
More massive clumps require a stratiÐed internal density
distribution (hence radial pressure gradients) to support
both the weight of the overlying shells and the surface pres-

sure. Increasing the internal temperature or decreasing the
external pressure causes a Ðxed-mass stable clump to
expand and the importance of self-gravity to diminish. In
contrast, lowering the internal temperature or raising the
external pressure shrinks the clump and increases the
importance of self-gravity. For a given internal temperature
T and surface pressure, any mass exceeding a critical limit
will cause a clump to collapse under its own weight (Ebert
1955 ; Bonnor 1956),

Mcrit \ 2.1
A T

20 K
B2 A P/k

106 K cm~3
B~1@2

M
_

. (2)

Applying the Bonnor-Ebert models to the clumps found
in o Ophiuchi, a range of physical pressures and tem-
peratures are identiÐed that are likely to be present within
the cloud given the measured clump sizes and masses. For
the clumps in o Ophiuchi, the observed mass-versus-size
relationship is plotted in Figure 4 assuming an internal
temperature for the clumps of 20 K, along with three curves
showing the expected mass-radius relationship for conÐned
Bonnor-Ebert spheres with the same 20 K internal tem-
perature and external pressures P/k \ 1, 3.3, 10 ] 106 K
cm~3. The vertical dashed line on the plot indicates the
minimum size of a clump that could be detected in the map
(the beam size), and the diagonal dashed line indicates the
minimum observable mass as a function of clump size. Note
that the e†ective limit to measuring a clump is the back-
ground surface brightness noise ; large low-mass objects are
more difficult to detect than compact low-mass objects.

Identify clumps (in three dimensions!) ➞ 
Clump Mass Function ~ Initial Mass Function

Is this the right way to get structure? (cf dendograms)

Johnstone et al. 2000 Motte et al. 1998; André et al. 2007

Goodman et al. 2009
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Sharp Transition to Coherence 3
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FIG. 3.— Velocity dispersion map derived from fitting all hyperfine components simultaneously. The protostar position is shown by the star, and the contour
shows the contour Tpeak = 0.5 K. The box on the map presents the region where we zoom in and present the corresponding spectra in the right panel, which shows
only the main component of the NH3(1,1) line. The centroid velocity and velocity dispersion obtained from the fit is displayed for each position. Top spectra
in the right panel display two main hyperfine components clearly separated thanks to their low velocity dispersion (the coherent core), while when moving to
positions outside the core the lines get weaker and broader (evident by the disappearance of the gap between hyperfine components).

NH3(1,1); b) σσv < 0.05 kms−1; and c) σσv < 0.2σv; where
σσv is the σv uncertainty from the fit. These conservative
criteria eliminate observations where the velocity dispersion
are poorly determined. The velocity dispersion map for B5 is
presented in Figure 3. From this map it is clear that the cen-
tral part of the core presents a region with small and uniform
velocity dispersion. However, outside of this region there is
extended NH3(1,1) emission with much larger velocity dis-
persion, as large as a four times the velocity dispersion found
within the core. Therefore, we have observed for the first time
in a single tracer the transition between dense but turbulent
gas into more quiescent dense gas. A more detailed view of
the transition is shown in the right panel of Figure 3, which
displays only the main hyperfine blend of NH3(1,1) along a
vertical cut marked by the vertical box in the left panel, and
where the gap between hyperfine components disappear for
broader lines. The transition appears to be sharp at GBT res-
olution, occurring over just one beam width (two 15.5�� pix-
els). Using a 250 pc distance to Perseus, the 31�� beam gives
a 0.04 pc upper limit to the transition scale.

To better characterize the transition between turbulent and
calm gas, we map out the local gradient in σv over B5. The
distribution of this gradient’s absolute value, |∇σv|, is shown
as an inset histogram in Figure 4. (Note that only positions
marked by arrows in the Figure’s grey scale map of σv are in-
cluded in the histogram.) The orientation of ∇σv at the tran-
sition is almost perpendicular to it, while inside the coherent
core it is close to randomly oriented. The gradient ampli-
tude distribution exhibits two peaks, with a narrow peak at
small dispersion coming from within the coherent core. For
the region in and immediately surrounding the coherent core
in B5 (where arrows are shown in Figure 4), a typical value
of 3 kms−1 pc−1 for |∇σv| is found. Combining this typical
value of |∇σv| with the difference between the median veloc-
ity dispersion for positions with subsonic and supersonic non-
thermal motions (0.32 kms−1 and 0.13 kms−1, respectively)
we estimate a transition physical scale of 0.06 pc. This es-

timate of the transition scale is actually also an upper limit,
because it does not take into account that the observations are
smoothed by the telescope beam (0.04 pc at the distance of
Perseus).

In the right panel of Figure 4 we show the velocity disper-
sion as a function of peak antenna temperature (Tpeak). Points
marked in red are at a distance smaller than 63�� from the em-
bedded YSO in B5 and likely have increased velocity disper-
sion as a result. If the peak antenna temperature is used as
a proxy for the distance from the core center (as in Barranco
& Goodman 1998; Goodman et al. 1998), then it is clear that
close to the center of the core velocity dispersions are small
and display a small spread (the coherent zone). At lower Tpeak
(larger radii) there is a sudden increase in σv. Notice that
the uncertainty in the dispersions is comparable to the sym-
bol size at Tpeak > 0.7 K, and still relatively small even at
the lowest intensities analyzed here. To re-assure ourselves
that there is no bias in our fitting toward finding higher dis-
persion for weak lines, we performed tests on synthetic data,
and found no bias that could explain the trend in Figure 4.
In fact, because the integrated intensity (∝ Tpeak σv) map is
smooth (most likely due to a smooth column density profile)
Tpeak must rapidly decrease to compensate for the sharp tran-
sition in σv. This very simple argument can explain the effect
seen in Figure 4, however, it does not provide an answer to
the origin of the velocity dispersion transition.

4. DISCUSSION

The detection of a sharp transition to coherence provides
very stringent constraints on numerical models of dense cores.
Certainly the study of the density structure is important to un-
derstand the relation between the core and its environment,
and also to study the relation between density and velocity
dispersion (e.g. Myers & Fuller 1992), however, such a dis-
cussion is beyond the scope of this letter. Here, we present a
transition in velocity dispersion, for which we can not confirm
nor rule-out an analogous density transition.
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Figure 2. Two views of the central 8 pc cubic region. Left panel: column density integrated along the y-direction. Right panel: column density integrated along the
z-direction. The electronic version of these images [A and B] shows the evolution of these regions from t = 22.6 to 25.2 Myr.

(A color version and an animation of this figure are available in the online journal.)

Figure 3. Evolution of the physical properties of the dense gas (n > nth = 500 cm−3) in the two star-forming regions analyzed in the simulation. The thick lines
refer to the “Central Cloud” (CC), and the thin lines refer to “Cloud 1” (C1). Left column: evolution of the mean density (top panel), size (middle panel), and velocity
dispersion (bottom panel). Right column: evolution of the dense gas mass and sink mass (top panel); evolution of the total (dense gas + sinks) mass and the virial mass
(middle panel); evolution of the ratio of total to virial mass (bottom panel). Note that the starting times t0 for the evolutionary plots are different for the two regions,
being t0 = 17.27 Myr for C1 and t0 = 22.58 Myr for the CC.

We compute the virial mass of each region applying the
standard formula

Mvir ≡ 210
(

R

pc

) (
∆veff

km s−1

)2

M# (1)

(see, e.g., Caselli et al. 2002; Tachihara et al. 2002; Klessen
et al. 2005). It is noteworthy that the CC, even though it is
in an extremely dynamic infalling state, has a ratio of mass-
to-virial mass M/MJ of almost exactly unity during most of
its evolution. This is precisely what is expected for an object

Cloud structure ↔ MHD turbulence

Transition to ‘coherence’ around 0.1-0.5 pc: 
prestellar core

NH3 Perseus B5: 
Pineda et al. 2010

Vázquez-Semadeni et 
al. 2009



Properties of prestellar cores: density, temperature
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Sv α TdNH2
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b  L1544 1.2 mm continuum

c  ρ Oph core D 7 µm image

a  Barnard 68 K band

For optically thin emission:

Iν = ∫κνρ Bν(Td)dl

Iν = m <κνBν(Td)> NH

NH = Iν [<mκνBν(Td)> ]–1

Iν = Iνbg exp(–τλ) + Iνfg
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Figure 3
Figure illustrating the various methods used to determine the column and volume density of
starless molecular cores. (a) K-band image of Barnard 68 and plot of the derived AK with
10-arcsec resolution as a function of core radius [taken from Alves, Lada & Lada (2001)] with
AK versus radius (provided by C. Román-Zúñiga). In this method the measured quantity is the
H–K excess, which is related to AV by the extinction law, parameterized by r H,K

v . AV is
correlated to the hydrogen column from UV line measurements, parameterized by f (Bohlin
et al. 1978, Rachford et al. 2002). (b) 1.2-mm dust continuum emission map and flux versus
radius for L1544 (taken from Ward-Thompson, Motte & André 1999 and Tafalla et al. 2002).
κν is the dust opacity per unit gas mass, ρ is the dust density, and m the hydrogen mass
(corrected for He). (c) 7-µm ISOCAM image and opacity versus radius for ρ Oph D (taken
from Bacmann et al. 2000). At 7 µm the emission from polycyclic aromatic hydrocarbons
provides a bright background, and the dense core appears in absorption. In this method the
absorbing opacity is related to the hydrogen column via the dust absorption cross section, σλ.

hand, depends almost linearly on the dust temperature and on the value of the dust
emissivity (κν ), two parameters that are known to vary systematically as a function
of core depth (see Section 3.2.1 for more details). The mid-IR absorption method is
also subject to uncertainties. It is sensitive to fluctuations in the emission from poly-
cyclic aromatic hydrocarbons, which provide the bright background against which
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Figure 4
(a) Molecular hydrogen density, nH2 , gas (Tg) and dust (Td) temperatures, and visual
extinction (AV ) as a function of radius for a marginally stable spherical cloud with M = 1 M!
exposed to the standard interstellar radiation field (G0 = 1). (b) Same as (a) but for a
marginally stable cloud (M = 1.6 M!) bounded by an external pressure (pext = 106 K cm−3)
and illuminated by an enhanced radiation field (G0 = 10). Figure taken from Galli, Walmsley
& Gonçalves (2002).

clear is the situation of magnetic field–dominated models. These models naturally
produce equilibrium configurations with flattened density profiles and approximately
r−2 power-law behavior at large radius (e.g., Mouschovias 1976; Tomisaka, Ikeuchi
& Nakamura 1988; Lizano & Shu 1989). Bacmann et al. (2000) find that some of
these configurations provide adequate fits to their data, but that they require mag-
netic fields of the order of 50–150 µG, significantly larger than commonly observed
(Section 3.4). They also predict oblate geometries, which seems to contradict some
observations (Myers et al. 1991).

The high quality of some BE fits raises the question of whether cores are truly
isothermal spheres solely supported by thermal pressure and confined by an outer
medium. Several lines of evidence suggest that although thermal pressure is an im-
portant ingredient in core structure, it is not the only one, and that cores are more
complex entities than simple BE spheres. In the first place, cores are seldom spherical,
but they appear in the sky as elliptical objects with axial ratios typically of 2:1 (Myers
et al. 1991). Whether cores are prolate, oblate, or triaxial is still a matter of some
debate (Myers et al. 1991; Ryden 1996; Jones, Basu & Dubinski 2001), but the lack of
spherical symmetry already suggests either the presence of a nonsymmetrical force
component or the lack of perfect equilibrium. In addition, the observed density con-
trast between the core center and its edge often exceeds the maximum value of ≈14
allowed for stable BE spheres (Bacmann et al. 2000, Evans et al. 2001), and it seems
unlikely that such an unstable configuration can be realized in nature if thermal pres-
sure is the only balancing force. Finally, the pressure required by the BE fits usually
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Bergin & Tafalla 2009; based on Alves et al. 2001; Ward-Thompson et al. 1999; Tafalla et al. 2002; Bacmann et al. 2000; 
Galli et al. 2002

Density follows Bonner-Ebert 
sphere*: unstable equilibrium 

of an isothermal presure-
bounded sphere

* Not a unique solution: dynamic structures 
can look the same (Ballesteros-Paredes et 
al. 2003; Myers 2005; Kandori et al. 2005)

More massive 
core in stronger 
radiation field



Properties of prestellar cores: dynamics

Near-thermal line widths

Little / no rotation

Extended inward motions 
0.05-0.1 km s-1: contraction

Oscillations?

Lee et al. 2001; Lada et al 2003; Bergin & Tafalla 2007
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Fig. 7.— Contour map of the distribution of δV , the velocity difference between the peak
of (optically thin) C18O emission and the strongest peak of (optically thick) CS emission at

each position in the cloud. A positive difference is coded red and indicates red-shifted or
infall motions of the CS gas (relative to CO and the systemic velocity of the cloud) while

a negative difference (coded blue) indicates blue-shifted and outflow motions of the CS gas.
There is a systematic, spatially alternating, pattern of blue and red-shifted gas motion across

the cloud. The contours begin at −0.16 km s−1 and increase in intervals of 0.04 km s−1 to
a maximum of +0.12 km s−1

– 23 –

Fig. 8.— False color intensity maps of the real part of a series of low order spherical har-
monics. Visual inspection suggests that the l = 2, m = 2 mode appears to correspond to
the distribution of δV for B68 which is displayed in Figure 7. (Figure courtesy of Dr. Clem

Pryke, University of Chicago).



Properties of prestellar cores: chemistry
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Figure 7
(a) A deep optical image of the dark globule Barnard 68 (Alves, Lada & Lada 2001) along with
contour maps (b–d ) of integrated intensity from molecular emission lines of N2H+ (contour
levels: 0.3–1.8 by 0.3 K km s−1), C18O (0.2–0.7 by 0.1 K km s−1), and 850-µm dust continuum
emission (10–70 by 10 mJy beam−1). Molecular data, with an angular resolution of ∼25 arcsec,
are from Bergin et al. (2002) and dust emission (angular resolution of 14.5 arcsec) from
Bianchi et al. (2003).

also Caselli et al. 1999). From the abundance profile it is estimated that the CO and
CS abundance traces a large dynamical range with declines of at least 1–2 orders
of magnitude in the core centers relative to the lower density core edge, while the
abundances of nitrogen molecules either stay constant or decay more slowly. The in-
terpretation of “selective” freeze-out, where molecules exhibit different behavior in
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ion-molecule chemistry (Millar et al. 1989). [Reaction 2 has been measured in the
lab at low temperatures. The finding is that there is an additional dependence on
the ortho/para ratio of H2 (Gerlich et al. 2002).] These enrichments are then passed
down the reaction chains to species such as DCO+, DCN, HDCO, and others.

Pure gas-phase models without freeze-out cannot produce significant quantities
of doubly (NHD2; Roueff et al. 2000) and triply deuterated ammonia (ND3; Lis
et al. 2002) as observed in starless cores. This motivated a re-examination of the
basic deuterium chemistry. The primary advance in our understanding is twofold:
(a) Deuteration reactions do not stop with H2D+, rather they continue toward the
formation of both D2H+ and D+

3 via a similar reaction sequence (Phillips & Vastel
2003, Roberts et al. 2003, Walmsley et al. 2004):

H2D+ + HD ↔ D2H+ + H2 + 180 K, (3)

D2H+ + HD ↔ D+
3 + H2 + 230 K. (4)

(b) The freeze-out of CO, which is the primary destroyer of both H+
3 and H2D+,

increases the rate of the gas-phase fractionation reactions (see deuterium species in
Figure 9; Stark et al. 1999, Aikawa et al. 2001, Bacmann et al. 2003). This inference
is strongly supported by the detection of H2D+ and D2H+ in starless cores (Caselli
et al. 2003, Vastel et al. 2004, van der Tak et al. 2005), as illustrated in Figure 10.

The creation of multiply deuterated ions leads to the production of high deutera-
tion levels similar to those observed. An additional by-product is an enhanced atomic
(D/H) ratio that will accrete onto grains and be available for surface reactions (Tielens
1983, Charnley et al. 1997, Stantcheva & Herbst 2003, Aikawa et al. 2005) creating
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Figure 10
(a) Detection of H2D+ emission in L1544 (Caselli et al. 2003, van der Tak et al. 2005). (b) 4.4σ

detection of D2H+ in the starless core IRAS16293E (Vastel et al. 2004).
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Molecules freeze out in dense 
and cold interior.

N2H+ may be a ‘late-depletor’.

Deuterated molecules are 
enhanced: e.g., H2D+

Bergin & Tafalla 2009; based on Bergin et al. 2002; Bianchi et al. 2003; Caselli et al. 2003; van der Tak et al. 2005; Vastel 
et al. 2004

H2D+ in L1544 D2H+ in I16293E

C18O N2H+

dust



The ‘standard’ model of isolated star formation

Lada (1987): pre-main sequence stars 
and infrared sources in star forming 
regions can be classified according to 
their 2.2–10/25 µm slope: Class I, II, III

Later a Class 0 was added (André et al. 
1993); sometimes a ‘Flat’ class is 
introduced between Classes I and II.

These classes can be placed in 
an intuitive evolutionary ordering.



Lifetimes and statistics of YSO classes

‘Cores to disks’ Spitzer Legacy survey:
– Class 0 ~ 0.16 Myr (0.10 Myr)
– Class I ~ 0.54 Myr (0.44 Myr)
– Class II = 2±1 Myr

Numbers between brackets are corrected for extinction. 

Median or half-lifetimes.

Distinguish (observational) Class from 
(physical) Stage (Robitaille et al. 2006)

Most youngest objects in clusters of >35 
members and >1 Msun pc-3.

No. 2, 2009 THE SPITZER c2d LEGACY RESULTS: STAR-FORMATION RATES AND EFFICIENCIES 323

Table 1
Facts About Clouds

Cloud Solid Angle Distance Area ∆v Massa 〈n〉b t(cross) References
(deg2) (pc) (pc2) (km s−1) (M$) (cm−3) (Myr)

Cha II 1.038 178 ± 18 10.0 ± 2.0 1.2 426 ± 86 345 3.7 1, 2
Lupus 3.101 150 ± 20c 28.4 ± 6.5 1.2 816 ± 188 381 4.7d 3, 4
Perseus 3.864 250 ± 50 73.6 ± 29.4 1.54 ± 0.11 4814 ± 1925 196 7.8 5, 6
Serpens 0.850 260 ± 10 17.5 ± 1.4 2.16 ± 0.01 2016 ± 155 707 2.7 7, 6
Ophiuchus 6.604 125 ± 25 31.4 ± 12.6 0.94 ± 0.11 2182 ± 873e 318 8.4 8, 6

Total 15.457 · · · 160.9 ± 51.9 · · · 10254 ± 3228 389 · · ·

Notes.
aThe masses are computed from extinction maps with 240′′ resolution based on c2d and 2MASS data, except for Ophiuchus, which uses the 270′′ resolution map;
the mass refers to the area with AV ! 2 mag, and the uncertainty reflects only the distance uncertainty.
bThe mean density of the cloud, calculated from the mass and the surface area, assuming a spherical cloud. For Lupus, the value is an average over the three clouds.
cThe Lupus III cloud is at 200 ± 20 pc. This is accounted for in the total area and mass.
dThis is the crossing time for Lupus III, the largest subcloud. The time for Lupus I is 3.6 Myr and for Lupus IV, it is 1.9 Myr.
eThis mass excludes Ophiuchus-North, a disconnected piece of the northern streamer.
References. (1) Whittet et al. (1997); (2) Vilas-Boas et al. (1994); (3) Comerón (2008); (4) Hara et al. (1999); (5) Enoch et al. (2006); (6) Ridge et al. (2006);
(7) Straizys et al. (1996); (8) de Geus et al. (1989).

Figure 1. Images of all of the clouds on the same absolute size scale. The color code is blue (4.5 µm), green (8.0 µm), and red (24 µm).

our adopted uncertainties and propagate those into the areas
and masses. Recent parallax observations of radio emission
from young stars in Ophiuchus yield a distance of 120 ± 4.5
pc (Loinard et al. 2008). By combining extinction maps with
parallaxes from Hipparcos and Tycho, Mamajek (2008) found
a distance of 135 ± 8 pc, while Lombardi et al. (2008) have
derived a distance of 119 ± 6 pc. These are all consistent with
our assumed distance and uncertainty of 125±25 pc. Because it
is not clear that the whole cloud is at the same distance (Loinard

et al. 2008; Lombardi et al. 2008), we retain our value and
uncertainty in the analysis. A recent astrometric measurement
of water masers in NGC1333, in Perseus, provides a distance of
235 ± 18 pc (Hirota et al. 2008). Distance estimates for IC348
are larger, so we retain our standard distance and uncertainty
of 250 ± 50 for the Perseus cloud as a whole. Lombardi et al.
(2008) also derived a distance to the Lupus complex of 155 ±
8 pc, with some evidence that individual Lupus clouds were at
different distances, both consistent with our assumed values of

Evans et al. (2009)



The structure of Young Stellar Objects

P1: FNE
September 9, 1999 20:30 Annual Reviews AR088-08

?
STARFORMATION 339

Figure 5 The origin of various parts of the line profile for a cloud undergoing inside-out
collapse. The static envelope outside rinf produces the central self-absorption dip, the blue
peak comes from the back of the cloud, and the red peak from the front of the cloud. The
faster collapse near the center produces line wings, but these are usually confused by outflow
wings.

the line profiles to shift from blue to red-skewed on either side of the rotation axis,
with the sign of the effect depending on how the rotation varies with radius (Zhou
1995). Maps of the line centroid can be used to separate rotation from collapse
(Adelson & Leung 1988, Walker et al 1994).
To turn a collapse candidate into a believable case of collapse, one has to map

the line profiles, account for the effects of outflows, model rotation if present, and
show that a collapse model fits the line profiles. To date this has been done only for
a few sources: B335 (Zhou et al 1993, Choi et al 1995), L1527 (Myers et al 1995,
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Simple theoretical model: Shu (1977).
Inside-out self-similar collapse of a 
singular isothermal sphere.

Family of solutions (Whitworth & Summers 1985).

Refinements: slow rotation (Terebey et al. 
1984); magnetic fields (Galli & Shu 1993; 
Allen et al. 2003).

• density follows radial power law with 
index between -1 and -2.
• velocity tends toward free-fall; 
surrounded by static envelope.

Dust continuum and molecular-line 
measurements well fit by Shu model (e.g., 
Hogerheijde & Sandell 2000)
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FIG. 4.ÈObserved single-dish spectra from Hogerheijde et al. (1997, 1998) (histograms) and line proÐles predicted by the inside-out collapse model
including CO depletion (solid curves). Good agreement between the observed spectra and the model predictions is found for L1527 IRS (a) and TMC 1 (b)
when CO is depleted by a factor of 10 in the coldest regions. Because of L1535 IRSÏs weak continuum emission compared to L1535 IRS B, the derived model
parameters are uncertain, and the predicted line proÐles di†er from the observations (c). For L1489 IRS (d) the predicted proÐles do not agree with the
observations. Instead, a di†erent model is proposed for this source in the text.

ated with L1535 N-SMM. Since the mismatch in 12CO and
HCO` is most likely due to the uncertain nature of the
derived parameters because of L1535 IRSÏs weak contin-
uum emission, trying to obtain a closer Ðt is probably not a

very useful exercise. For L1489 IRS, the line proÐles pre-
dicted by the model calculations do not agree at all with the
observations, showing much larger widths (10È15 km s~1
vs. D4 km s~1). Apparently, its compact size and steep

No. 2, 2000 TESTING YSO ENVELOPE MODELS 885

FIG. 3.ÈL eft : Radial proÐles of the 850 and 450 km emission obtained after azimuthal averaging of the SCUBA data around the source centers. For
L1527 IRS this includes only a one beam wide strip perpendicular to the outÑow to minimize contamination with emission from emission along outÑow. The
solid symbols show the data, binned in half beamwidth intervals. The error bars show the standard deviation within each annulus, which includes noise and
any deviations from circular symmetry in the source. The dotted curve corresponds to the simple Ðt to the JCMT beam as derived from maps of Uranus
(Table 2). The dash-dotted and solid lines depict the best-Ðt results for a power-law model (° 4.1) and the inside-out collapse model (° 4.2), respectively. The
emission peaks at log (r) B 1.9 toward L1489 IRS and L1535 IRS correspond to the adjacent cores L1489 NE-SMM and L1535 N-SMM. Right : Radial
proÐles of the 850È450 km spectral index, with error bars including noise and deviations from circular symmetry. The calibration uncertainty between both
wavelength bands is not included and may shift the spectral index up or down by 0.4, but does not a†ect its radial distribution.

and 24 K (L1535 IRS and TMC 1: 0.7 These tem-L
_

).
perature distributions reproduce the observed SEDs at
millimeter and infrared wavelengths for the envelope
parameters derived below (e.g., Ladd et al. 1991a ; Kenyon,
Calvet, & Hertmann 1993a). For L1527 IRS, the above
expression yields AU) \ 27 K, which signiÐcantlyT

d
(1000

overestimates the IRAS Ñuxes at 100 and 60 km. For the
parameters derived below, the opacity of its envelope is
around unity at these wavelengths, and it is possible that a
Ñattened rather than spherical geometry of its edge-on
envelope could increase the opacity by a factor of a few and
hence reconcile the Ñuxes. However, for our modeling we
choose to lower the temperature of L1527 IRSÏs envelope to

AU) \ 18 K, in which case the 100 and 60 km areT
d
(1000

reproduced.
The power-law index of q \ 0.4 of our adopted tem-

perature proÐle is strictly true only for b \ 1.(Td P r~q)
Chandler & Richer (2000) give an alternative description of

where q \ 2/(4 ] b). For realistic values of b of 1È2,T
d
(r),

this translates to q \ 0.33È0.4. Heating by the external radi-
ation Ðeld may be an other factor inÑuencing the tem-
perature proÐle (e.g., see Choi et al. 1995) . Since the
Rayleigh-Jeans limit of the Planck function is not valid in
the submillimeter range, the emissionÈand the inferred
model parametersÈdepend sensitively on the temperature
distribution. Provided that the choice for the adopted tem-
perature distribution is reasonable, the conclusions that a
certain model does or does not Ðt the data is more robust
that the exact value of the inferred model parameters. Since

it is the main aim of this paper to investigate models for
YSO envelopes rather than to derive accurate constraints
on their parameters, we deem our simple description of the
temperature distribution sufficient, but urge the reader to
keep in mind that the values of the inferred parameters are
valid only within the framework of our model assumptions.

Realistic models for the dust emissivity at submillimeter
wavelengths, including grain growth, are available
(Ossenkopf & Henning 1994 ; Pollack et al. 1994), but for
the sake of simplicity we parameterize the dust emissivity as

with Hz and cm2 g~1 (gasi \ i0(l/l0)b, l0 \ 1012 i0 \ 0.1
and dust, with a gas-to-dust ratio of 100:1 ; see Hildebrand
1983). Typical values for b range between 1 and 2, although
much lower values of b B 0 have been found in T Tauri
disks (Beckwith & Sargent 1991). The absolute values for i
lie within a factor of 2È3 from those of the more elaborate
models, a di†erence that inÑuences only the inferred mass,
not the density power law index.

The free parameters of this model are the density at 1000
AU the density power-law index p, and the dust spectraln0,
index b. These correspond to the observed total Ñux, radial
emission proÐle, and ratio of 450 to 850 km emission,
respectively. For each combination of we calculate(n0, p, b)
the emission from the envelope model over the imaged
region by following the radiative transfer along a large
number of lines of sight through the source using the Planck
function. The resulting intensity distribution is then con-
volved with the appropriate beam pattern, and a s2
measure is determined of the di†erence between the model
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FIG. 1.ÈImages of the j \ 850 km and 450 km emission observed with SCUBA on the JCMT toward the YSOs L1489 IRS, L1535 IRS, L1527 IRS, and
TMC 1. The contours are 2 p intervals, as listed in Table 3. The right-hand panels show the spectral index between 450 and 850 km, as derived from the data,
plotted with contour intervals of 0.5. Note that the center of the images of L1489 IRS is (30A, 40A) to better bring out the extended emission. The Ðlled circles
in the lower right of the panels indicate the main beam size.

shown. L1489 IRS appears much more compact than the
other sources, a result that does not depend on the likely
artiÐcial drop in emission at the northeast edge of the
images (° 2). In addition to emission directly associated with
the YSOs, L1489 IRS and L1535 IRS show second emission
peaks at (]60@@, ]27@@) and (]31@@, ]61@@), respectively, or
D9500 AU from the YSOs. While L1489 IRSÏs obser-
vations were recentered to cover the emission of this second
core, the peak adjacent to L1535 IRS is located near the
edge of the images. Since it dominates the emission over the

entire Ðeld of view, it severely hampers the analysis of the
L1535 IRS data. The emission around L1527 IRS is elon-
gated along the east-west outÑow, perpendicular to the
orientation of its central peak. The outÑows of the other
sources, which have kinetic luminosities smaller by factors
of 3È100 (Hogerheijde et al. 1998), do not leave a detectable
imprint on the dust emission.

The quality of the SCUBA observations is sufficient to
derive the spectral index a between 850 and 450 km (Figs. 1
and 3). To obtain images of a, we deconvolved the 850 and

MRH & Sandell (2000)

Evans et al. (1999)
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Fig. 2. Overview of the 1.3 mm continuum emission from the Class 0 sources (left group of panels; see also Jørgensen et al. 2007a) and 1.1 mm
continuum emission from the sample of Class I sources (right group of panels; this paper). Contours are given from 3σ to 18σ in steps of 3σ
(black contours) and onwards from there in steps of 6σ (white contours). In the panels for IRS 54 and GSS30 the Spitzer positions for the known
YSOs are indicated with the plus-signs.

observations) and 9 to 104 kλ (June and July 2007 observations).
Typically, two sources were observed per track with the excep-
tion of IRS 63 and Elias 29 that were observed in separate tracks
as discussed by Lommen et al. (2008).

The complex gains were calibrated by observations of
1.5–3 Jy quasars typically located within 15◦ of the targeted
sources once every 20 min. The bandpass was calibrated through
observations of strong quasars and planets at the beginning and
end of each track. The quasar fluxes were bootstrapped through
observations of Uranus with a resulting ≈20% flux calibration
uncertainty.

The SMA receivers and correlator was configured to ob-
serve the lines of HCN J = 3 → 2 (265.886444 GHz) and
HCO+ J = 3 → 2 (267.557648 GHz) together with the con-
tinuum at 1.1 mm: 1 chunk of 512 channels was centered on
each of the lines, resulting in a spectral resolution of 0.2 MHz
or 0.23 km s−1. The remainder of the 2 GHz bandwidth in each
sideband was used to record the continuum.

The initial flagging of the data as well as bandpass, flux and
phase/amplitude calibrations were performed in the Mir package
(Qi 2008) and subsequent imaging and cleaning in Miriad (Sault
et al. 1995). Table 2 summarizes the details of the observations.

3.2. Continuum data overview

Figure 2 shows the SMA continuum maps of the embedded pro-
tostars in the sample at 1.1 mm for the Class I sources as well
as the 1.3 mm continuum maps for the Class 0 sources previ-
ously presented by Jørgensen et al. (2007a). All sources, except
IRS 54, are detected in continuum: one source, TMC1A, shows a
fainter secondary component, TMC1A-2 at a separation of 5.5′′
(≈770 AU) whereas the GSS 30-IRS1, -IRS2, -IRS3 system only
shows a continuum detection for GSS30-IRS3.

Most of the observed continuum emission has its origin in
the inner few hundred AU of the embedded protostars. This
is clearly demonstrated in plots of the observed visibilities as

function of projected baseline length (Fig. 3). Most sources are
roughly consistent with a point, or marginally resolved, source
at the resolution of the SMA. These plots are made using cir-
cular averages in the (u, v)-plane, i.e., implicitly assume that the
emission is spherically symmetric.

To estimate the structure of each source an elliptical
Gaussian was fitted to the continuum flux in the (u, v) plane
for baselines longer than 20 kλ, where the contribution from
the larger scale collapsing envelope becomes negligible and the
plots of visibility amplitude vs. projected baseline length flattens
(Fig. 3). The results are given in Table 3. The derived fluxes are
slightly lower than the single-dish measurements by Andrews &
Williams (2005, 2007a) extrapolated to 1.1 mm assuming opti-
cal thin dust with κ ∝ νβ and β = 1 – but still more than 50% of
the total flux for each source is recovered. This suggests that al-
though the envelope itself contributes on scales smaller than the
approximately 15′′ of the JCMT beam, the flux from the cen-
tral compact component dominates. The sources that show the
biggest discrepancies between the single-dish fluxes and inter-
ferometric fluxes (IRS 63, WL 12, GSS30 and Elias 29) are those
that show clear evidence of extended emission in Fig. 1. The
deconvolved sizes of the continuum sources from the Gaussian
fits suggest that they represent structures with sizes of up to
250–300 AU diameter.

3.3. Line data overview

Figure 4 shows an overview of the HCO+ 3–2 spectra to-
ward the continuum positions of each source from the inter-
ferometric observations, as well as single-dish spectra from the
JCMT archive. The HCO+ 3–2 line profiles vary significantly
in strength between different sources, but also relatively be-
tween the single-dish and interferometric data. In the single-
dish data all sources show HCO+ 3–2 lines with intensities of
1.5–10 K km s−1, but in the interferometer data only 6 of the
9 Class I sources have clearly detected lines. IRS 43 shows
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Table 2. Log of observations of Class I sources.

Sources Date Gain calibrator (flux) Beam size Continuum rms
IRS 63 2006 May 15 J1626-298 (1.3 Jy), J1517-243 (2.4 Jy) 4.0′′ × 2.3′′ 5.5 mJy beam−1

Elias 29 2006 May 17 J1626-298 (1.7 Jy), J1517-243 (3.2 Jy) 4.0′′ × 2.3′′ 3.6 mJy beam−1

TMR1, TMC1A 2007 Jan 02 J0530+135 (2.8 Jy), 3c111 (2.3 Jy) 2.7′′ × 2.4′′ 2.6 mJy beam−1

IRS 43, IRS 54 2007 Jun 27 J1626-298 (1.5 Jy), J1517-243 (1.6 Jy) 3.9′′ × 2.0′′ 2.8 mJy beam−1

WL 12, GSS30 2007 Jul 04 J1626-298 (1.3 Jy), J1517-243 (1.4 Jy) 2.8′′ × 2.7′′ 2.6 mJy beam−1

Table 3. Results of elliptical Gaussian and point source fits to the continuum visibilities for the Class I sources.

Source Position Sizea, FWHM Flux (density)
RA Dec θ1.1 mm F1.1 mm

b S 850 µm(15′′)c

(J2000.0) (J2000.0) [′′] [mJy] [mJy beam−1]
TMR1 04 39 13.91 +25 53 20.63 . . .d 79d 480
TMC1A 04 39 35.20 +25 41 44.35 0.69× 0.40 256 (246) 780
TMC1A-2 04 39 34.80 +25 41 43.87 3.7× 1.1 48 (26) . . .
IRS 43 16 27 26.91 −24 40 50.62 1.9× 0.13 75 (56) 990
IRS 54 16 27 51.80d −24 31 45.4d . . . . . . . . .
IRS 63 16 31 35.65 −24 01 29.55 0.63× 0.0096 473 (459) 1220
GSS30-IRS3 16 26 21.71 −24 22 50.63 1.4× 1.3 204 (144) 990
WL 12 16 26 44.19 −24 34 48.74 1.9× 1.5 104 (64) 360
Elias 29 16 27 09.44 −24 37 19.99 5.8× 1.8 109 (48) 590

a Deconvolved size from Gaussian fit. b Flux density from Gaussian fit to SMA data in the (u, v)-plane. Number in parentheses from point source
fit. cPeak flux at 850 µm in JCMT 15′′ single-dish beam. dTMR1 unresolved in SMA observations. Only result from point source fit listed. e IRS 54
undetected at the SMA; position from Spitzer Space Telescope observations.

Fig. 3. Plot of the continuum flux as function of projected baseline
length. The dotted histograms indicate the zero-amplitude signal, i.e.,
the anticipated signal in the absence of source emission. The open
circles indicate the single-dish peak flux [in Jy beam−1] from the
JCMT/SCUBA maps toward each source extrapolated to 1.1 mm.

the highest intensity and broadest line profile in the HCO+
SMA observations. Interestingly, the interferometric spectra to-
ward TMR1 and TMC1A only probe the blue-shifted emission

relative to the single-dish systemic velocity. Figure 5 shows
SMA maps of the HCO+ and HCN emission integrated over
4 velocity intervals around the systemic velocity. Again, clear
differences are found between the sources. IRS 63 and IRS 43
show red- and blue-shifted emission around the continuum
position whereas TMR1, TMC1A and GSS30-IRS1 display
emission extended from one side relative to the source posi-
tion. Toward Elias 29 a complex structure with large-scale ex-
tended HCO+ emission from the nearby ridge is seen. For that
source material with the most extreme red/blue-shifted veloci-
ties around the continuum position trace the Keplerian rotation
in the inner envelope/disk (see Lommen et al. 2008).

4. Analysis of continuum data: disk vs. envelope
masses

With large continuum surveys at hand the first step is to dis-
entangle the envelope and disk contributions to the dust contin-
uum emission and from this derive the disk and envelope masses.
Ideally fully self-consistent models can be derived for all sources
taking into account the full spectral energy distributions as well
the interferometric data (e.g., Jørgensen et al. 2005a; Lommen
et al. 2008). However, much information can be derived from
just simple comparisons of the single-dish and interferometric
fluxes.

As discussed by, e.g., Terebey et al. (1993) the continuum
emission from a cloud core or circumstellar disk is well approx-
imated by low optical depth in which case the intensity profile is
simply found by integrating the temperature and density profile
of the core or disk along the line of sight (e.g., Eq. (1) of Terebey
et al. 1993). The complication naturally arises that both the den-
sity and temperature vary throughout protostellar disks and en-
velopes. Dust radiative transfer models calculate the dust tem-
perature distribution self-consistently and furthermore produce
images at different wavelengths, which can be directly compared
to the observations.

Only millimeter interferometers can probe 
down to the few arcsec (several hundred 
AU) scale of embedded disks.

• compact mm emission toward ~all Class 0 and I objects
• Mdisk = 0.05–0.1 Msun (with scatter!)
• Mdisk does not change with Class
• Menvelope does change with Class from ~1 Msun in Class 0 to ≲0.1 Msun in Class I.
➝ disks form early

PROSAC: Jørgensen et al. (2007, 2009)



The structure of Young Stellar Objects: kinematics

Velocity patterns show
• infall
• contributions from outflow(s)
• rotation (for Class I objects; star dominates mass)

624 HOGERHEIJDE Vol. 553

FIG. 3.ÈIntegrated emission (contours) superposed on the velocity centroid with respect to the sourcesÏ systemic velocity (color) of HCO` 1È0 and 3È2,
HCN 1È0, 13CO 1È0, and C18O 1È0 toward L1489 IRS (top) and TMC 1 (bottom). The HCN image includes the main hyperÐne component only. Contours
are drawn using a square-root stretch to bring out the extended emission with a factor of increase per level, and start at 0.07, 3.1, 0.10, 0.08, and 0.06 JyJ2
beam~1 km s~1 for HCO` 1È0, HCO` 3È2, HCN 1È0, 13CO 1È0, and C18O 1È0, for L1489 IRS, respectively. For TMC 1, they start at 0.04, 0.07, 0.05, and
0.05 Jy beam~1 km s~1 for HCO`, HCN, 13CO, and C18O, respectively. The text describes the adopted weighting schemes. The synthesized beams are
plotted in the lower left corner of each panel.

sample of high-mass YSOs, Lahuis & van Dishoeck (2000)
Ðnd that the HCN gas-phase abundance is strongly depen-
dent on gas kinetic temperature. The emission of HCO`
and HCN associated with the outÑow is very narrow in
velocity (\0.5 km s~1), indicating that, since the system is

seen close to edge-on, any shocks driven into the material
by the Ñow have a very small transverse component.

A narrow velocity extent is a general characteristic of the
emission associated with TMC 1, as is immediately obvious
from the comparison of Figure 3 which is plotted using the
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Fig. 11. Moment one (velocity) maps of the HCO+ emission for IRS 43, IRS 63, TMR1, TMC1A and GSS30-IRS1. In all panels the plus-signs
indicate the location of the continuum positions (for GSS30-IRS1 the near-/mid-infrared source). In the IRS 43 and IRS 63 panels the white line
shows the direction of the continuum structure. In the IRS 43 panel, the black arrow furthermore shows the direction of the embedded near-IR
Herbig-Haro objects (Grosso et al. 2001) and thermal jet (Girart et al. 2000).

envelope/circumstellar disk around each source. A number of
effects point toward this also being the case for IRS 43:

1. both HCN and HCO+ show an elongated structure with
a large scale velocity gradient around the continuum
peak/systemic velocity;

2. a Gaussian fit to the continuum data in the (u, v) plane shows
a structure which is elongated in the same direction with a
position angle of−70◦ (measured from north toward east): its
deconvolved major axis is about 2′′ (280 AU) and its minor
axis about a tenth of an arcsecond, consistent with emission
from a disk seen at a high inclination angle, close to edge-on.

3. The direction of the Herbig-Haro objects (Grosso et al. 2001)
and proposed radio thermal jet (Girart et al. 2000) are with
a position angle of 20–25◦, perpendicular to this extended
structure (Figs. 11 and B.1).

The narrow continuum structure and the alignment with the
HCO+ 3–2 emission is also seen in the IRS 63 data from
Lommen et al. (2008). For that source, the velocity field could be
well-fit with a Keplerian profile around a 0.37 M$ central object
for an inclination of 30◦ (as hinted by modeling of the spectral
energy distribution of the source). A position-velocity plot of the
HCO+ 3–2 emission toward IRS 43 is shown in Fig. 12. The po-
sition velocity diagram shown here has been extracted along the
major axis of the HCO+ emission at a position angle of −70◦.
The velocity profile is consistent with Keplerian rotation.

The extent of the HCO+ emission (≈15′′) suggests that its
origin is not purely in the central disk, but also the inner regions
of the rotating envelope (r <∼ 1000 AU). This is further supported
by the comparison between the single-dish spectrum and a spec-
trum extracted from the interferometric data integrated over the
extent of the JCMT single-dish beam (Fig. 13). About 40% of
the single-dish flux is recovered by the interferometer, suggest-
ing the presence of some extended emission resolved out by the
interferometer – although this fraction is significantly less than
typically seen, e.g., in the more deeply embedded Class 0 proto-
stars (e.g., Jørgensen et al. 2007a).

To derive the mass of the central object a position-velocity
curve is extracted by fitting the position of the peak emission for
each channel in the (u, v)-plane at baselines larger than 20 kλ
and projecting this on the major axis of the HCO+ emission
(right panel, Fig. 12). To this curve, a χ2-fit is performed with a
straightforward Keplerian rotation curve with two free parame-
ters, the systemic velocity and central mass. A best fit is obtained
for a central mass of 1.0 M$ (2σ confidence levels of ±0.2 M$)
and a systemic velocity of 4.1 km s−1. This mass estimate is of
the “enclosed” mass within the resolution of the interferometer,
but since it is significantly higher than the best estimate of the
envelope and disk masses of 0.026 and 0.0081 M$ respectively
(see Sect. 4), it is likely close to the total mass of the central star.
This is also a lower limit since it is not corrected for inclination,
but given the small minor axis relative to the major axis from
the Gaussian fit to continuum emission, it is not unreasonable
to assign a high inclination angle corresponding to an edge-on
disk.

In summary, we detect signatures of Keplerian rotation in
the HCO+ 3–2 emission for 4 Class I sources allowing direct
determinations of their central stellar masses, which range from
about 0.3 to 2.5 M$. As discussed in Appendix A.2, the 100 AU
scales of embedded protostars can only be traced with HCO+
3–2 in sources with envelope masses less than about 0.1 M$,
however. Future high sensitivity ALMA observations will be re-
quired to observe more optically thin isotopes, to determine the
dynamical structure of the more deeply protostars.

6. Discussion

6.1. Effects of assumed dust properties and temperatures
on disk masses

As in most other studies in the literature, two assumptions in our
study are that the disk can be characterized by a uniform tem-
perature and by a single unchanging dust opacity law throughout
its extent and evolution. Both these assumptions may affect the

PROSAC: Jørgensen et al. (2007, 2009)
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The structure of Young Stellar Objects: magnetic fields

Polarization of thermal dust emission in NGC 1333 
IRAS 4 matches theoretical expectations (e.g., Galli 
et al. 2006):
• gravity overcomes magnetic support
• field lines drawn in by collapsing gas
➔ hourglass shape

Girart et al. (2006)

4A2, which we find to be separated by 400 AU
(1.8¶¶) at a PA of 130- (Fig. 1), as previously
observed at lower frequencies at an angular

resolution of È0.6¶¶ (15). Using the SMA polar-
imetry system (16), we are able to examine the
magnetic field at 360 AU resolution and we
find a clear Bpinched[ morphology (Fig. 1C)
around this protostellar system. This provides a
direct confirmation of the magnetic field con-
figuration at the few-hundred–AU scale pre-
dicted by the standard theory of low-mass-star
formation (3, 4). Moreover, the detection of
hourglass morphology even in this complex
region suggests that the models of isolated star
formation may apply even when the initial con-
ditions are much less idealized than is normally
assumed. Hints of magnetic field hourglass
shape have also been reported in high-mass-
star–forming regions such as NGC 2024 (17)
and more clearly but at much larger scales
(È0.5 pc) toward OMC-1 (18).

The total flux measured in our 877-mm
observations is 6.2 T 0.5 janskys (Jy) over an
area of 33 square arc sec, where there is adequate
sensitivity to measure the polarization. Assum-
ing optically thin emission, a dust temperature of
50 K (19), a gas-to-dust ratio of 100, and a dust
opacity of 1.5 cmj2 gj1 (20), we estimate the
total mass traced by the dust to be 1.2 d300

2

solar masses Ed300 K (d/300 pc), where d is the
adopted distance to the NGC 1333 cloud^. We
can make an estimate of the averaged column
density EN(H2)^ and volume density En(H2)^ of
the region traced by the dust as follows: N(H2) 0
M/(Amm) and n(H2) 0 M/(Vmm), where M is the
dust mass, mm is the average mass per par-
ticle, A is the area of the dust emission, and V 0
(4/3)p–

1/2 A
3/2 is the volume. Adopting a helium-

to-hydrogen mass ratio of 30%, we find that the
mean column density is N(H2) 0 8.2 ! 1023

cmj2 and the mean volume density is n(H2) 0
4.3 ! 107 d300

j1 cmj3; both are similar to the
expected values for the observed scales (19).

With the array configuration and frequency
used, these SMA observations are not sensitive
to dust emission on scales larger than 10¶¶ or
3000 AU, where models of magnetized collaps-
ing clouds expect the magnetic field to be
uniform. Therefore, the magnetic field has been
modeled by a family of parabolic functions

using a c2 analysis. We find that the center of
symmetry of the magnetic field coincides
within the measured uncertainty, È0.6¶¶, with
the center of the two cores. The position angle
of the magnetic field axis, ,61-, is roughly
similar to the orientation of the magnetic field
on larger scales around NGC 1333 (21). From
Fig. 1C, we can see that across most of this
region there is a remarkably accurate corre-
spondence between the measured magnetic
field vectors and the modeled parabolic mag-
netic field lines. However, there are some
discrepancies southeast of the center, where
the measured field seems to systematically
deviate from the fitted model. The observed
dispersion (Fig. 2), dqobs, is made up of con-
tributions from the measurement uncertainty of
the polarization angle sq and the intrinsic
dispersion dqint, according to the equation (22)
dqobs 0 (dqint

2 þ sq
2)

1/2. The observed disper-
sion (dqobs) in the residuals is 8.0 T 0.9-,
whereas the measurement uncertainty of the po-
larization angle (sq) is 6.2 T 0.3-. Therefore, the
intrinsic dispersion is dqint 0 5.1 T 1.4-. This
estimate of the intrinsic dispersion should be
regarded as an upper limit because the parabolic
function is just a first approximation of the true
magnetic field morphology.

If we assume that the dispersion in polariza-
tion angles is a consequence of the perturbation
by Alfv2n waves or turbulence in the field lines,
then the strength of the magnetic field projected
in the plane of the sky (Bpos) can be determined
from the equation Bpos 0 Q (dvlos/df)(4pr)1/2,
where r is the average mass density; dvlos is the
line-of-sight velocity dispersion; and df is the
dispersion in angular deviations of the field lines,
which is the same as dqint calculated above (23).
Q is a dimensionless parameter that depends on
the cloud structure EQ 0 1 corresponds to the orig-
inal equation of Chandrasekhar and Fermi (24)^.
Simulations of turbulent clouds suggest that Q ,
0.50 (25), which is the value adopted. Using the
value of the volume density derived from our
data, n(H2) 0 4.3! 107 cmj3, and the line width
(corrected for the kinematical contribution) given
by (26), dvlos , 0.2 km sj1, we calculate the

Fig. 1. (A) Sketch of the axis directions: red/blue
arrows show the direction of the redshifted/
blueshifted lobes of the molecular outflow,
probably driven by IRAS 4B (8); solid lines show
the main axis of the magnetic field; and dashed
lines show the envelope axes. The solid triangles
show the positions of IRAS 4A1 and 4A2. The cross
shows the center of the magnetic field symmetry.
(B) Contour map of the 877-mm dust emission
(Stokes I) superposed with the color image of the
polarized flux intensity. Red vectors indicate that
length is proportional to fractional polarization,
and the direction is the position angle of linear
polarization. Contour levels are 1, 3, 6, 9,I30 !
65 mJy per beam. The synthesized beam is shown
in the bottom left corner. (C) Contour and image
map of the dust emission. Red bars show the
measured magnetic field vectors. Gray bars
correspond to the best-fit parabolic magnetic field
model. The fit parameters are the position angle of
the magnetic field axis qPA 0 61- T 6-; the center
of symmetry of the magnetic field a0(J2000) 0 3 h
29 m 10.55 s T 0.06 s and d0( J2000) 0
31-13¶31.8¶¶ T 0.4¶¶; and C 0 0.12 T 0.06 for
the parabolic form y 0 g þ gCx2, where the x is
the distance along the magnetic field axis of
symmetry from the center of symmetry.

Fig. 2. Histogram of the
polarization angle residuals
for the best parabolic magnet-
ic fieldmodel, shown in Fig. 1.
The mean and the standard
deviation of the polarization
angle residuals are –1.1- and
8.0-, respectively.
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The structure of Young Stellar Objects: chemistry
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Fig. 7. Proposed chemical structure for low-mass pre- and protostellar
objects. The left column gives the temperature and density as func-
tions of radius (black solid and grey dashed lines, respectively) for
three archetypical low-mass pre- and protostellar objects: L1544 (pre-
stellar core), N1333-I2 (class 0, Menv > 0.5 M! protostar) and TMR1
(class I, Menv < 0.5 M! protostar). The black dotted lines indicate
the derived abundance structures. The right column gives the deple-
tion signature for each class of object with, going from the outside to
the inside, the dark grey indicating the region where the density is too
low for depletion (n < nde), the black indicating the region where the
molecules deplete and the light grey indicating the region where they
evaporate (T > Tev).

phase where depletion has become significant. On the other
hand, the statistical studies may be missing low-luminosity em-
bedded infrared sources due to the limited sensitivty of IRAS
(see, e.g., Young et al. 2004) and thus lead to overestimates of
the timescales. Further unbiased surveys, e.g., with the Spitzer
Space Telescope, may shed further light on this issue.

To refine the proposed models, it will be necessary to cou-
ple models for the dynamical and radial chemical evolution as
done by Lee et al. (2004) to fully address the use of nde as a
tracer of age. It is interesting to note that our derived empirical
drop abundance structure agrees well with these detailed mod-
els, not only qualitatively but also quantitatively. As their Fig. 6
shows, the timescales over which the heavy depletion occurs in
the pre- and protostellar stages is only of the order of 105 years.

Another important consequence of the “drop” chemical
structure is that it affects the tracers of infall in protostostellar
envelopes. Since the dynamical structure of protostellar cores
is often inferred from fits of line profiles of molecules such as
HCO+ (e.g. Gregersen et al. 1997), knowledge about the radial
chemical structure is important for detailed descriptions of the
infalling envelope. For example, the location of the collapse ra-
dius in the inside-out collapse model for the envelope around
NGC 1333–IRAS2 (Jørgensen et al. 2004a) is at ≈1000 AU
which is in the middle of the drop zone where the temperature
is ≈25 K. The exact “infall” line profile will therefore depend

critically not only on the velocity field but also the presence
and location of the outer pre-depletion (n < nde) zone and the
amount of depletion.
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Class I:
– undepleted outer skin
– narrow shell with depletion
– undepleted in large, warm inner region
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Protostellar feedback: outflows

All embedded young stars drive bipolar jets, 
which in their turn sweep up molecular 
outflows.

and the 12CO outflow emission from the BIMA array. The IRAC
4.5 !m band has been found to be a strong tracer of outflows
which is likely due to the presence of H2 pure rotational transi-
tions and the CO fundamental vibrational mode within the band-
pass (Noriega-Crespo et al. 2004). The outflow clearly extends
for several arcminutes on either side of the driving source, B1c.
An ‘‘S-shaped’’ morphology is evident in the Spitzermap. Such
S-shaped jets are interpreted as precession of the jet because of
the presence of an (unseen) binary (e.g., Hodapp et al. 2005).
Near the source, the outflow appears quite symmetric; however,
at larger distances, the blue lobe widens while the red lobe ap-
pears to either split into two separate sequences of ‘‘bullets’’ or
be confused with an outflow from a different source. The pro-
jected linear extent of the outflow detected by Spitzer is depen-
dent on which distance one adopts to the Barnard 1 cloud. At
250 pc, the 60 extent of the blue lobe from the central source in-
dicates a distance of !90,000 AU, or 0.44 pc.
Comparison of the Spitzer data with the BIMA array data il-

lustrates that the 4.5 !m emission lies along the central axis of
the CO outflow very near the driving source. Like the molecular
hydrogen emission, there is a bend in the 12CO emission, located
precisely where the CO emission transitions from blueshifted to
redshifted emission.We are constrained by the single pointing of

Fig. 6.—Moment 0 data for the red and blue CO outflow lobes toward B1c.
The gray scale is C18O J ¼ 1#0 emission from the core; the blue contours in-
dicate blueshifted emission (2.4–5.1 km s#1) and the red contours are the red-
shifted emission (8.4–13.8 km s#1). Some redshifted emission is detected to the
southeast of the blue lobe, indicating that the back of the conical cavity is being
detected, or that the outflow is shifting direction at this location.

Fig. 4.—Comparison between N2H
+ and C18O emission toward B1c. Top

panel: The integrated N2H
+ (red contours) and C18O (gray scale and white con-

tours) emission. The flattened direction of the core is nearly north-south and is in-
dicated by the dashed line. The beams are denoted at the lower right. Bottom panel:
The N2H

+ (solid line) and C18O (dashed line) emission along a slice denoted by the
dashed line in the top panel. The anticorrelation between the peaks is evident. The
ordinate value is the ratio of the flux density at the position along the slice relative to
the peak flux density in the field.

Fig. 7.—IRAC Spitzer data at 4.5 !m from Jørgensen et al. (2006) are
compared to moment maps of the 12CO J ¼ 1#0 emission over the blue and red
lobes. The correlation between the position angle and central axis of the outflow
is excellent between the near-IR and millimeter data. The inset shows the larger
scale extent of the molecular hydrogen emission seen from Spitzer. 12CO J ¼
1#0 contours are from 3–10 Jy beam#1 km s#1, in steps of 1 Jy beam#1 km s#1.
The cross marks the continuum peak of the BIMA data. The large circle in-
dicates primary beam of a BIMA antenna.

Fig. 5.—Schematic representation of the main features of the B1c source. Our
interferometric data are insensitive to the large-scale outer envelope. We detect
dense material from the inner envelope in N2H

+ emission, some of which may be
confined in a rotating torus centered on the source. The outflow, detected in 12CO
and HCO+ has carved cavities in the inner (and presumably outer) envelope. A
centrally heated cavity is indicated by the anticorrelation of C18O and N2H

+ at the
core center. Dust emission remains centrally peaked on the protostar because very
high temperatures (2000 K) are required for its destruction.
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the BIMA observations to a single primary beam of coverage in
the CO emission. More extended 12CO J ¼ 1"0 measurements
are needed to compare the morphology of the molecular hydro-
gen (the driving jet) to themorphology of the entrained gasmapped
by the 12CO. It is interesting that the position of the Spitzer emis-
sion peaks are anticorrelatedwith the CO peaks in the BIMAdata,
which is likely due to the difference in excitation conditions be-
tween the H2 transitions that sample warm (few hundred K) gas
along the jet shocks and 12CO J ¼ 1"0 which preferentially
traces entrained, cold (#10 K) gas.

4.3. 13CO J ¼ 1"0 Emission

Figure 3f shows the integrated emission detected from 13CO J ¼
1"0. In contrast to the other CO isotopologues, the 13CO data do
not clearly trace the core or the outflow. This is likely due to
missing short spacings in the interferometric map which limit
the sensitivity of this observation both to structure and emission.
The peaks detected in 13CO may be associated with the outflow
or the walls of a cavity carved by the outflow.

4.4. Moment Maps of the Core and Outflow

We produced moment maps of the combined N2H
+ J ¼ 1"0

emission from the FCRAO and BIMA array data sets over a
velocity range of 1.57 km s"1, or 10 channels. After creating the
moment maps, we masked out all data values in the moment 0
and moment 1 maps at positions with values less than 0.24 Jy
beam"1 km s"1 in the moment 0 map, which is approximately
1.5 times the rms level per channel, 0.14 Jy beam"1.

Figure 8 shows the first (gray scale) and zeroth (contours)
moments of the combined N2H

+ J ¼ 1"0 emission. The veloc-
ity gradient suggests that the molecular core is rotating about an
axis aligned with the outflow. As in the integrated intensity map
from the BIMA array of Figure 3a, the zeroth-moment map of
the combined data set illustrates a double-peaked distribution
with peaks offset from the position of the continuum emission.
This morphology is expected from the projection of a torus of
dense gas surrounding the core center (see Fig. 5). We interpret
this double-peaked feature as a rotating torus with the blueshifted
emission lying predominantly to the north and the redshifted
emission lying to the south as indicated by fits to the spectra and
the features of the first-moment map. We do not have sufficient
resolution in our N2H

+ J ¼ 1"0 spectra to separate out all the
hyperfine splitting (HFS) components in the spectra. The pres-
ence of the HFS structure complicates the interpretation of the
velocity field from the line emission, which can be alleviated by
using the isolated component. The moment map is taken over the
isolated line component of N2H

+ J ¼ 1"0 F1 F ¼ 0; 1 ! 1; 2
at a velocity offset by"8.0064 km s"1 from the central line (Dore
et al. 2004). The velocity range over which the moments are
taken is 1.57 km s"1 (10 channels).

The moment map of N2H
+ shows the same extensions to the

east and northwest as the integrated intensity map shown in Fig-
ure 3a. Both the eastern extensions detected in N2H

+ are red-
shifted compared to the adjacent gas, with the south eastern one
containing the most redshifted gas in the core. The northwestern
extension appears blueshifted. A faint extension is detected to
thewest of the corewhich could be the southern edge of the cavity
created by the redshifted lobe of the outflow.

For comparison, in Figure 9, we show the zeroth-moment map
of the FCRAO data alone over the whole mapped area. The B1c
source is part of a broader distribution of dense N2H

+ J ¼ 1"0

emission which forms a bridge in emission to the sources to the
south: B1a (IRAS 03301+3057) and B1b (Hirano et al. 1997).
The distribution is singly peaked, not surprisingly at the position
of the brightest peak detected in the BIMA and combined maps,
as shown in Figure 9 through images of the BIMA array data and
combined data convolved to the FCRAO beam size of 57B5.We
note that the N2H

+ emission is comparable in extent to the
850 !m SCUBA continuum scale of the core (diameter =1A6;
Kirk et al. 2006). In contrast, BIMA emission alone is tracing
scales <1A3.

The axis of rotation of the combined map of Figure 8 lies at
#"45$ east of north, which is close to the "55$ orientation an-
gle of the outflow (see x 4.2), indicated by the dot-dashed line.
However, the axis of rotation is not orthogonal to the plane of the
N2H

+ peaks, which lies at#10$ and is indicated in Figure 8 by a
dashed line. The offset between the plane of a potential torus (as
estimated from the double peaks) and the rotation axis as derived
from the first-moment map is 55$, not 90$, as might be expected.
Similarly, the offset between the torus and the outflow axis is
apparently 65$.

The absence of N2H
+ emission along the outflow axis is likely

due to the carving out of a cavity by the jet associated with the
outflow. The combined FCRAO and BIMA zeroth-moment maps
of N2H

+ and HCO+, shown in Figure 10, mirror the morphology
observed in the BIMA data alone. The outflow emission traced
by HCO+ J ¼ 1"0 neatly fills the cavity in the N2H

+ emission.
The most strongly blueshifted emission of HCO+ does not lie
at the largest distances from the central source. Similar to Figure 6,
there is evidence for redshifted emission at the edge of the blue
lobe; the outer edge is certainly less blueshifted than the material
closer to B1c.

Fig. 8.—First (gray scale) and zeroth (contour) moment maps from the com-
bined FCRAO and BIMA array observations of N2H

+ 1–0 emission. The con-
tours are intervals of 0.5 " from 1.5 to 6 ", where " ¼ 0:115 Jy beam"1 km s"1.
The cross marks the position of the continuum peak. These maps are taken over
the single isolated component of the N2H

+ hyperfine transitions, F1 F ¼ 0; 1 !
1; 2. The white dashed line represents the slice taken to produce the P-V diagram
of Fig. 11, and defines the orientation of the ‘‘torus’’ at 10$ east of north. The
dot-dashed line represents the position angle of the outflow ("55$ east of north)
as measured from IRAC 4.5 !m and BIMA 12CO J ¼ 1"0 data (see x 4.2).
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and the 12CO outflow emission from the BIMA array. The IRAC
4.5 !m band has been found to be a strong tracer of outflows
which is likely due to the presence of H2 pure rotational transi-
tions and the CO fundamental vibrational mode within the band-
pass (Noriega-Crespo et al. 2004). The outflow clearly extends
for several arcminutes on either side of the driving source, B1c.
An ‘‘S-shaped’’ morphology is evident in the Spitzermap. Such
S-shaped jets are interpreted as precession of the jet because of
the presence of an (unseen) binary (e.g., Hodapp et al. 2005).
Near the source, the outflow appears quite symmetric; however,
at larger distances, the blue lobe widens while the red lobe ap-
pears to either split into two separate sequences of ‘‘bullets’’ or
be confused with an outflow from a different source. The pro-
jected linear extent of the outflow detected by Spitzer is depen-
dent on which distance one adopts to the Barnard 1 cloud. At
250 pc, the 60 extent of the blue lobe from the central source in-
dicates a distance of !90,000 AU, or 0.44 pc.
Comparison of the Spitzer data with the BIMA array data il-

lustrates that the 4.5 !m emission lies along the central axis of
the CO outflow very near the driving source. Like the molecular
hydrogen emission, there is a bend in the 12CO emission, located
precisely where the CO emission transitions from blueshifted to
redshifted emission.We are constrained by the single pointing of

Fig. 6.—Moment 0 data for the red and blue CO outflow lobes toward B1c.
The gray scale is C18O J ¼ 1#0 emission from the core; the blue contours in-
dicate blueshifted emission (2.4–5.1 km s#1) and the red contours are the red-
shifted emission (8.4–13.8 km s#1). Some redshifted emission is detected to the
southeast of the blue lobe, indicating that the back of the conical cavity is being
detected, or that the outflow is shifting direction at this location.

Fig. 4.—Comparison between N2H
+ and C18O emission toward B1c. Top

panel: The integrated N2H
+ (red contours) and C18O (gray scale and white con-

tours) emission. The flattened direction of the core is nearly north-south and is in-
dicated by the dashed line. The beams are denoted at the lower right. Bottom panel:
The N2H

+ (solid line) and C18O (dashed line) emission along a slice denoted by the
dashed line in the top panel. The anticorrelation between the peaks is evident. The
ordinate value is the ratio of the flux density at the position along the slice relative to
the peak flux density in the field.

Fig. 7.—IRAC Spitzer data at 4.5 !m from Jørgensen et al. (2006) are
compared to moment maps of the 12CO J ¼ 1#0 emission over the blue and red
lobes. The correlation between the position angle and central axis of the outflow
is excellent between the near-IR and millimeter data. The inset shows the larger
scale extent of the molecular hydrogen emission seen from Spitzer. 12CO J ¼
1#0 contours are from 3–10 Jy beam#1 km s#1, in steps of 1 Jy beam#1 km s#1.
The cross marks the continuum peak of the BIMA data. The large circle in-
dicates primary beam of a BIMA antenna.

Fig. 5.—Schematic representation of the main features of the B1c source. Our
interferometric data are insensitive to the large-scale outer envelope. We detect
dense material from the inner envelope in N2H

+ emission, some of which may be
confined in a rotating torus centered on the source. The outflow, detected in 12CO
and HCO+ has carved cavities in the inner (and presumably outer) envelope. A
centrally heated cavity is indicated by the anticorrelation of C18O and N2H

+ at the
core center. Dust emission remains centrally peaked on the protostar because very
high temperatures (2000 K) are required for its destruction.
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Responsible for clearing away remnant 
envelope
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Fig. 4. 12CO (2–1) integrated intensity maps

(contours) and mean velocity field (1st mo-

ment map, color) of CB 26, rotated by 30 ◦.

White contours show
the 1.1 mm

dust con-

tinuum
emission from

the disk as observed

with the SMA (contour levels same as Fig. 1).

The 12CO
synthesized beam

size is shown as

the large grey ellipse. The smaller and darker

ellipse shows the 1.1 mm
continuum

beam.

Left panel: observations. Right panel: best-fit

model for 12CO (2–1). Dashed lines refer to the

y-coordinate of the position-velocity diagrams

shown in Fig. 5.

Fig. 5.
Position-velocity

diagrams
of

12CO (2–1)
perpendicular

to
the

jet axis.

The coordinate
along

the
jet axis (∆y) is

written in the top right corner of each panel.

Contours start at 60 mJy/beam (3σ). Left panel:

observations. Right panel: best-fit model.

millimeter wavelengths. In particular, the following parameters

were derived: α
ρ =

2.2, h0 =
10 AU, and α

h =
1.4. The

disk mass remains somewhat uncertain, since the grain prop-

erties, and hence the dust opacities, are not well-constrained.

Assuming that this young disk (see Sect. 5.1) has a “standard”

interstellar gas-to-dust ratio, its total mass would be ≥0.1 M
# .

This mass is consistent with the simple estimate derived di-

rectly from
the 1.3 mm

continuum
flux of 190 mJy and using

κ1.3 mm = 1.0 cm 2
g −1

of dust (Ossenkopf &
Henning 1994), a

“standard” gas-to-dust ratio of 100, and 〈T
d 〉 ≈ 20 K. The exact

value of the disk mass has very little impact on our result, as the

CO emission is optically thick.
The disk was found to have an inner hole of radius ≈45 AU.

Note that the 1.1 mm continuum image presented in Fig. 1 shows

two peaks, which already strongly suggest the presence of an

inner gap. The disk modeling also indicates an outer radius of

200 AU.The adopted disk model was combined with line radia-

tive transfer (LRT) analysis of the HCO +
(1−0) and 12CO (2−1)

Keplerian velocity profiles to derive the dynamical mass of the

central star(s) and the inclination of the disk, M
∗ = 0.5 ± 0.1 M

#

and i = 85 ± 4 ◦, respectively. This mass is somewhat higher, but

still comparable to the value of ≈0.3 M
# derived by Launhardt

& Sargent (2001) from 13CO (1−0) only.
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CB25

1 arcmin

8400 AU

CB26

HH494

RGB = [I, [SII], H   ]α

Fig. 1. Overview of the CB 26 region. The optical true-color image (left) is based on wide-field Hα (blue), [SII] (green), and I-band (red) frames
(Stecklum et al. 2004). The globules CB 25 and CB 26 as well as Herbig-Haro object HH 494 are marked in the image. The zoom panel (right)
shows a NIR K-band image of the bipolar reflection nebula (grey-scale, 0.′′6 resolution), overlaid with contours of the SMA 1.1 mm dust continuum
emission from the disk (red, contours at 20, 38, and 55 mJy/beam) and the integrated 12CO(2–1) emission (0.6 to 12.5 km s−1) from the bipolar
molecular outflow (green, contours at 0.5, 1,2, 1.9, 2.9, . . . Jy/beam km s−1). Beam sizes are shown in Figs. 2 and 4. The reference position is
α2000 = 04h59m50.74s, δ2000 = 52◦04′43.80′′ .

did not find signatures of jet rotation in SiO(2–1) and SiO(5–4),
but Lee et al. (2008) detected velocity gradients across the tips
of two bow shocks in the SiO(8–7) line which they interpret as
jet rotation. A recent study of H2 emission in HH 26 and HH 72
by Chrysostomou et al. (2008) also seems to indicate signatures
of molecular jet rotation in two other embedded Class I sources.

In order to study the chemical composition, kinematics, and
evolution of protoplanetary disks, we started the CID project
(“Chemistry In Disks”), a molecular line survey with the IRAM
Plateau de Bure Interferometer (PdBI) of well-known disks such
as those surrounding LkCa 15, MWC 480, or DM Tau (Dutrey
et al. 2007). Our main goal is to map, at high angular resolution,
various molecular lines with enough sensitivity to derive molec-
ular abundance variations versus radius. For the youngest source
in our sample, CB 26, we also mapped the molecular outflow
with the goal of studying the disk – outflow relation.

CB 26 (L 1439) is a small cometary-shaped Bok globule lo-
cated ≈10◦ north of the Taurus-Auriga dark cloud, at a dis-
tance of ≈140 pc. A dense core with signatures of star forma-
tion is located at the south-west rim of the globule (Launhardt
& Henning 1997). OVRO observations of the mm dust contin-
uum emission and of the 13CO (1−0) line have revealed a nearly
edge-on circumstellar disk of radius 200 AU with Keplerian ro-
tation (Launhardt & Sargent 2001), surrounding a very young
(obscured) low-mass T Tauri star. It is associated with a small
bipolar near-infrared (NIR) nebula bisected by a dark extinction
lane at the position and orientation of the edge-on disk (Stecklum
et al. 2004). The source is surrounded by an optically thin asym-
metric envelope with a well-ordered magnetic field directed
along PA ∼ 25◦ (Henning et al. 2001). Furthermore, a Herbig-
Haro object (HH 494) was identified by Hα and S[II] narrow-
band imaging, 6.15 arcmin northwest of CB 26 at PA = 145◦
(Stecklum et al. 2004). The HH object is thus perfectly aligned
with the symmetry axis of the disk and the bipolar nebula.

Here, we present new interferometric molecular line data
of CB 26 and report the discovery of a small, well-collimated

bipolar molecular outflow. The outflow has a peculiar velocity
structure that suggests it is rotating with the same orientation as
the disk.

2. Observations and data reduction
Observations of CB 26 were carried out with the IRAM PdBI
in November (D configuration with 5 antennas) and December
2005 (C configuration with 6 antennas). The two array con-
figurations provided baseline lengths in the range 16–175 m.
The phase center was at α2000 = 04h59m50.74s, δ2000 =
52◦04′43.80′′. Two receivers were used simultaneously and
tuned single side-band (SSB) to the HCO+ (1−0) line at
89.188526 GHz and the 12CO (2−1) line at 230.537984 GHz,
respectively, adopting the systemic velocity2 of CB 26, vLSR =
5.5 km s−1. In this paper, we present only the 12CO (2−1) data
on the molecular outflow. A more detailed analysis of the disk
structure, that includes other molecular line data, will be pre-
sented in a forthcoming paper.

The quasar 0355+508 served as the phase calibrator to de-
termine the time-dependent complex antenna gains. The cor-
relator bandpass was calibrated on 3C 454.3 and 3C 273, and
the absolute flux density scale was derived from observations
of MWC 349. The flux calibration uncertainty is estimated to be
≤20%. The primary beam size at 1.3 mm was 22′′. The SSB sys-
tem temperature at 230 GHz was in the range 250−450 K. Total
bandwidth and effective channel spacing for the 12CO (2−1) ob-
servations were 12 MHz (16 km s−1) and 32 kHz (0.25 km s−1),
respectively. Zero-spacing data were obtained in September
2006 with the IRAM 30 m telescope at Pico Veleta in Spain.
They were combined with the interferometric data to help the
deconvolution. However, the central velocity channels between
4.75 and 6.75 km s−1, which are completely dominated by the
extended envelope, could not be well-restored and were there-
fore masked out for the subsequent analysis (Fig. 2).

2 All radial velocity values in this paper refer to the Local Standard of
Rest (LSR).

Launhardt et al. (2009)

Launched by stellar accretion flows or disk?
Carry away excess angular momentum.
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Inject turbulence into surrounding medium.
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- Strong water emission from the embedded protostar

Water traces interaction more directly than Spitzer
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Which physical component 
dominates PACS lines?

Protostellar
envelope
with hot core:
Low-J CO

UV irradiated
cavity walls, disk
surface:
Mid-J CO? 
Quiescent O I?

Outflow shocks:
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Hot water
High velocity O I

PDR

Disk

Origin of hot CO?

Protostellar
Envelope model
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PACS fluxesShock

Photon-heated,
disk?

...and provide a path for ultraviolet photons 
to reach into the envelope...
(Spaans et al. 1995)

T. A. van Kempen et al.: The warm gas within young low-mass protostars 1429

Fig. 3. Maps of CO 6–5 (top row) and CO 7–6 (bottom row) of TMR 1. The left-most image shows the total integrated intensity over the line.
The middle figures show the outflow contributions from the red (dashed lines) and blue (solid lines) outflow. Contours are in increasing levels of
1 K km s−1 for both transitions.The outflow contributions are calculated by only including emission greater or smaller than +/–1.5 km s−1 from the
central velocity. The right-most image at the top row shows the 12CO spectra at the central position, while the right-most image at the bottom row
shows the spectra of the observed isotopologues and [C I] 2–1 at the central position.

Fig. 4. CO 6–5 (left) CO 7–6 (middle) maps and spectra of the central position of HH 46. The left-most image shows the total integrated intensity
over the line. The middle figures show the outflow contributions from the red (dashed lines) and blue (solid lines) outflow. Contours are in
increasing levels of 2 K km s−1 for CO 6–5 and 3 K km s−1 for CO 7–6. The outflow contributions are calculated by only including emission
greater or smaller than +/–1.5 km s−1 from the central velocity. The right-most image at the top row shows the 12CO spectra at the central position,
while the right-most image at the bottom row shows the spectra of the observed isotopologues and [C I] 2–1 at the central position (see also
Paper I).
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Fig. 5. Maps of CO 6–5 (top row) and CO 7–6 (bottom row) of Ced 110 IRS 4. The left-most image shows the total integrated intensity over the
line. The middle figures show the outflow contributions from the red (dashed lines) and blue (solid lines) outflow. Contours are in increasing levels
of 3 K km s−1 for both transitions. The outflow contributions are calculated by only including emission greater or smaller than +/–1.5 km s−1 from
the central velocity. The right-most image at the top row shows the 12CO spectra at the central position, while the right-most image at the bottom
row shows the spectra of the observed isotopologues and [C I] 2–1 at the central position.

Fig. 6. Maps of CO 6–5 (top row) and CO 7–6 (bottom row) of BHR 71. The left-most image shows the total integrated intensity over the line.
The middle figures show the outflow contributions from the red (dashed lines) and blue (solid lines) outflow. Contours are in increasing levels of
10 K km s−1 for CO 6–5 and 5 K km s−1 for CO 7–6. The outflow contributions are calculated by only including emission greater or smaller than
+/–1.5 km s−1 from the central velocity. The right-most image at the top row shows the 12CO spectra at the central position, while the right-most
image at the bottom row shows the spectra of the observed isotopologues and [C I] 2–1 at the central position.
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van Kempen et al. (2009)
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Disks form early (Class 0 
phase) and Mdisk stays 
~constant throughout Class 0 
and Class I phases. (Jørgensen 
et al. 2009)
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Figure 3. CARMA 230 GHz maps of Serpens FIRS 1 for short baseline data only (D,E configurations; panel (a)), all data (panel (b)), and long baseline data only
(B, C configurations; panel (c)). Contours in panel (b) are (2,4...10,15,20,30...70) times the 1σ rms of 6.7 mJy beam−1, for a synthesized beam of 0.′′94 × 0.′′89 (shown,
lower right). Contours in panels (a) and (c) are similar but start at 4σ and 6σ , respectively, and panel A has additional contours at (90σ, 110σ, 130σ ). Note the change
in scale in each panel. The direction of the 3.6 cm jet (Rodrı́guez et al. 1989; Curiel et al. 1993) is shown for reference.

Figure 4. CARMA 230 GHz visibility amplitude versus uv-distance for Serpens
FIRS 1. Observations in the B, C, D, and E CARMA antenna configurations
provide uv-coverage from approximately 4.5 kλ to 500 kλ. The expected value
in the case of zero signal, or amplitude bias, is indicated by a dotted line and is
typically small (less than 0.1 Jy).

configurations. Although it is difficult to see the more extended
envelope even in the short baseline map, it is clearly visible as
an amplitude peak at uv-distances <20 kλ in a plot of amplitude
versus uv-distance (Figure 4). Note that the interferometer does
filter out flux at uv-distances less than 4 kλ, corresponding to
the separation of the closest antenna pairs. Figure 4 shows that
most of the source flux is concentrated at low and intermediate
uv-distances (extended structure), but the source is clearly
detected at uv-distances greater than 200 kλ, indicating an
unresolved or marginally resolved compact (<1′′) component.
Values of the 230 GHz flux as a function of uv-distance are
given in Table 2.

3.3. Spitzer, Bolocam, and SHARC-II Broadband Data

Broadband infrared data for FIRS 1 are taken from the “Cores
to Disks” Spitzer Legacy program (Evans et al. 2003), which
imaged approximately 1 deg2 in the cloud with IRAC and MIPS

Table 2
CARMA 230 GHz Visibilities

uv-distance Flux Uncertainty
(kλ) (Jy) (Jy)

4.50 2.45 0.12
7.50 2.05 0.07
10.5 1.96 0.07
13.5 1.70 0.06
16.5 1.60 0.06
19.5 1.38 0.05
22.5 1.31 0.05
25.5 1.17 0.04
28.5 1.10 0.04
31.5 1.07 0.04

Notes. Visibilities and uncertainties used in
the model fits. The amplitude bias, or ex-
pected value for zero signal, has been sub-
tracted from the data.
(This table is available in its entirety in a
machine-readable form in the online journal.
A portion is shown here for guidance regard-
ing its form and content.)

(Harvey et al. 2006, 2007). The same region was mapped at
λ = 1.1 mm with the Bolocam bolometer array (Glenn et al.
2003) at the Caltech Submillimeter Observatory (CSO; Enoch
et al. 2007). These data provide wavelength coverage from
λ = 3.6 to 1100 µm (IRAC 3.6, 4.5, 5.8, 8.0 µm; MIPS 24,
70, 160 µm; Bolocam 1100 µm). FIRS 1 is not detected in the
2MASS catalogs.

Broadband fluxes are used to determine the bolometric
luminosity and temperature (11.0 L$ and 56 K), and are
included in the model fits in Section 5, below. The total
envelope mass (8.0 M$) is calculated from the total flux in a 40′′

aperture at λ = 1.1 mm, assuming the envelope is optically thin
at 1.1 mm, a dust opacity of κ1 mm = 0.0114 cm2 g−1 (Ossenkopf
& Henning 1994), and a dust temperature of TD = 15 K (see
Enoch et al. 2009 for more details).

We also include in the observed spectral energy distribution
(SED) the 350 µm continuum flux (M. Dunham et al. 2009,
in preparation), obtained with SHARC-II (Dowell et al. 2003)
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lower right). Contours in panels (a) and (c) are similar but start at 4σ and 6σ , respectively, and panel A has additional contours at (90σ, 110σ, 130σ ). Note the change
in scale in each panel. The direction of the 3.6 cm jet (Rodrı́guez et al. 1989; Curiel et al. 1993) is shown for reference.
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in the case of zero signal, or amplitude bias, is indicated by a dotted line and is
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versus uv-distance (Figure 4). Note that the interferometer does
filter out flux at uv-distances less than 4 kλ, corresponding to
the separation of the closest antenna pairs. Figure 4 shows that
most of the source flux is concentrated at low and intermediate
uv-distances (extended structure), but the source is clearly
detected at uv-distances greater than 200 kλ, indicating an
unresolved or marginally resolved compact (<1′′) component.
Values of the 230 GHz flux as a function of uv-distance are
given in Table 2.
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imaged approximately 1 deg2 in the cloud with IRAC and MIPS
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(Harvey et al. 2006, 2007). The same region was mapped at
λ = 1.1 mm with the Bolocam bolometer array (Glenn et al.
2003) at the Caltech Submillimeter Observatory (CSO; Enoch
et al. 2007). These data provide wavelength coverage from
λ = 3.6 to 1100 µm (IRAC 3.6, 4.5, 5.8, 8.0 µm; MIPS 24,
70, 160 µm; Bolocam 1100 µm). FIRS 1 is not detected in the
2MASS catalogs.

Broadband fluxes are used to determine the bolometric
luminosity and temperature (11.0 L$ and 56 K), and are
included in the model fits in Section 5, below. The total
envelope mass (8.0 M$) is calculated from the total flux in a 40′′

aperture at λ = 1.1 mm, assuming the envelope is optically thin
at 1.1 mm, a dust opacity of κ1 mm = 0.0114 cm2 g−1 (Ossenkopf
& Henning 1994), and a dust temperature of TD = 15 K (see
Enoch et al. 2009 for more details).

We also include in the observed spectral energy distribution
(SED) the 350 µm continuum flux (M. Dunham et al. 2009,
in preparation), obtained with SHARC-II (Dowell et al. 2003)
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Fig. 2. Maps of continuum emission at 86–89 GHz from OVRO a)

and BIMA b). Offsets are with respect to the pointing center of

α(2000) = 03h28m56.s29 and δ(2000) = 31◦14�33.��93. Contours are
shown at 3σ, 6σ, 12σ, 24σ and 48σ, where σ is the rms noise level
of Table 3. The filled ellipses in the lower left corner of the panels

indicate the synthesized beam sizes; the large circles show the 50%

sensitivity levels of the primary beams.

Table 3. Results of fits to the visibilities.

OVRO BIMA

rms (Jy beam−1) 1.0 × 10−3 0.9 × 10−3
Beam 3.2�� × 2.8�� 8.2�� × 7.5��

IRAS2A

Ftot (Jy) 0.035 0.040

X-offset (��) −9.17 −8.92
Y-offset (��) 3.67 3.10

IRAS2B

Ftot (Jy) 0.012 0.014

X-offset (��) 13.66 13.78

Y-offset (��) −17.51 −18.37
IRAS2A is marginally resolved, whereas IRAS2B is unresolved.

taken from the JCMT archive6. The lines were converted to

the main beam antenna temperature scales using the appropri-

ate efficiencies, and low-order polynomial baselines were fitted
and subtracted.

3. The continuum emission

The 3 mm continuum images clearly show the two compo-

nents 2A at (−9��, +3��) and 2B at (+14��, −18��) (Fig. 2).
Table 3 lists the results of fits of two circular Gaussians to

the visibility data. Consistent with Looney et al. (2000), 2A

is the stronger of the two. Differences in detected fluxes be-
tween the OVRO and BIMA data sets indicate that the emis-

sion is extended, and varying amounts are picked up by the re-

spective (u, v) coverages of the arrays. Emission from the third
source 2C, north-west of 2A, is not detected, supporting the

suggestion that it has not yet formed a star and lacks a strong

central concentration.

6 The JCMT archive at the Canadian Astronomy Data Centre is op-

erated by the Dominion Astrophysical Observatory for the National

Research Council of Canada’s Herzberg Institute of Astrophysics.

Fig. 3. Visibility amplitudes of the observed continuum emission from

the BIMA (upper panel) and OVRO (lower panel) observations as a

function of projected baseline length in kλ centered at the position of
IRAS2A. The data are plotted as filled symbols with 1σ error bars, the
continuous lines indicate the predictions from the continuum model of

Paper I with the same (u, v) sampling as the observations – respectively
with (solid) and without (dashed) an unresolved compact source of

22 mJy added to the model. The dotted histogram indicates the zero-

expectation level: the expected amplitude signal due to noise alone in

the absence of source emission.

3.1. A model for the continuum emission

The different detected fluxes from OVRO and BIMA in Table 3
and comparison of the interferometer images of Fig. 2 and the

SCUBA images of Fig. 1 clearly show that the arrays have re-

solved out significant amounts of extended emission because of

their limited (u, v) coverage. The envelopemodel (density, tem-
perature, dust emissivity as function of wavelength) by Paper I

predicts sky-brightness distributions at 3 mm, and fluxes in the

interferometer beams after sampling at the actual (u, v) posi-
tions and subtracting the contribution from 2B. This latter sub-

traction of the Gaussian fit to 2B only affects the results min-
imally, indicating that 2B is well separated from and much

weaker than 2A. Figure 3 compares the predicted flux as func-

tion of projected baseline length with the data. In addition to the

model envelopes, we have included as free parameter the flux

of an unresolved point source (<3��). Because a point source
contributes equally on all baselines, this addition corresponds

to a vertical offset of the model curve in the plots. Such offsets
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SCUBA images of Fig. 1 clearly show that the arrays have re-

solved out significant amounts of extended emission because of

their limited (u, v) coverage. The envelopemodel (density, tem-
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predicts sky-brightness distributions at 3 mm, and fluxes in the

interferometer beams after sampling at the actual (u, v) posi-
tions and subtracting the contribution from 2B. This latter sub-
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weaker than 2A. Figure 3 compares the predicted flux as func-

tion of projected baseline length with the data. In addition to the
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of an unresolved point source (<3��). Because a point source
contributes equally on all baselines, this addition corresponds

to a vertical offset of the model curve in the plots. Such offsets
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Fig. 1. a) and b) SCUBA maps of IRAS2 at 450 and 850 µm, respectively, centered on IRAS2A. c) Observed SED (symbols) and model fit
(solid curve). d) and e) Brightness profiles at 450 and 850 µm (symbols) and the model fit (solid curve). The dashed curves show the beam

profiles. f) Density (dashed line) and temperature (solid line) distributions of best-fit model. See Paper I for details.

The deeply embedded (“class 0”; Lada 1987; André

et al. 1993) young stellar system NGC 1333-IRAS2

(IRAS 03258+3104; hereafter IRAS2) has been the subject of
several detailed studies. It is located in the NGC 1333 molec-

ular cloud, well known for harboring several class 0 and I ob-

jects, and was first identified from IRAS data by Jennings et al.

(1987). Quoted distances to NGC 1333 range from 220 pc

(Černis 1990) to 350 pc (Herbig & Jones 1983); here we adopt

220 pc in accordancewith Paper I. At this distance the bolomet-

ric luminosity of IRAS2 is 16 L⊙. Submillimeter-continuum
imaging (Sandell & Knee 2001, and Fig. 1 below) and high-

resolution millimeter interferometry (Blake 1996; Looney et al.

2000) have shown that IRAS2 consists of at least three compo-

nents: two young stellar sources 2A and, 30�� to the south-east,
2B; and one starless condensation 2C, 30�� north-west of 2A.
The sources 2A and 2B are also detected at cm wavelengths

(Rodrı́guez et al. 1999; Reipurth et al. 2002).

Maps of CO emission of the IRAS2 region show two out-

flows, directed north-south and east-west (Liseau et al. 1988;

Sandell et al. 1994; Knee & Sandell 2000; Engargiola &

Plambeck 1999). Both flows appear to originate to within a

few arcsec from 2A (Engargiola & Plambeck 1999), indicat-

ing this source is a binary itself although it has not been re-

solved so-far. The different dynamical time scales of both flows
suggests different evolutionary stages for the binary members,
which lead Knee & Sandell (2000) to instead propose 2C (30��

from 2A) as driving source of the north-south flow. It is unclear

how well dynamic time scales can be estimated for outflows

that propagate through dense and inhomogeneous clouds such

as NGC 1333. Single-dish CS and HCO+ maps also show

contributions by the outflow, especially for CS (Ward-

Thompson & Buckley 2001). The north-south outflow may

connect to an observed gradient in centroid velocities near 2A,

but the authors cannot rule out rotation in an envelope perpen-

dicular to the east-west flow.

Paper I determined the physical properties of the IRAS2

envelope using one-dimensional radiative transfer modeling of

Submillimeter Common User Bolometer Array (SCUBA) maps

and the long-wavelength spectral energy distribution (SED).

Assuming a single radial power-law density distribution, ρ ∝
r−p, an index p = 1.8 and a mass of 1.7 M⊙ within 12 000 AU
was found (see Table 1 and Fig. 1). Monte-Carlo modeling of

the molecular excitation and line formation of C18O and C17O

observations yield a CO abundance of 2.6 × 10−5 with respect
to H2, a factor 4–10 lower than what is found in local dark

clouds (e.g. Frerking et al. 1982; Lacy et al. 1994).

This paper presents λ = 3 mm interferometric observa-

tions of IRAS2 in a range of molecular emission lines prob-

ing dense gas and continuum emission tracing cold dust. It

builds on the modeling of Paper I by using it as a framework

to interpret the small-scale structure revealed by the aperture-

synthesis data. Section 2 describes the observations and re-

duction methods. Section 3 analyzes the continuum emission,

and compares it to the previously derived models. Section 4

presents the molecular-line maps and discusses the physical

and chemical properties of the gas in the proximity of IRAS2.

Section 5 reports a pronounced north-south velocity gradient

around IRAS2A and explores rotation or outflow as possible

explanations. Section 6 concludes the paper by summarizing

the main findings. A companion paper (Jørgensen et al. 2003a)

NGC 1333 IRAS2A: Jørgensen et al. (2004)

Serpens SMM1: Enoch et al. (2009)
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Fig. 4. Spectral map of L1489 IRS. The spectra are evenly spaced
with 2′′. The bandwidth in each panel is 20 km s−1. The scale on the
y-axis goes from 0 to 2 Jy bm−1.

The spectral map in Fig. 4 shows single spectra at posi-
tions offset by 2′′ from each other. Each position shown here
is the spectrum contained within one synthesized beam. The
center most spectrum coincides with the peak of the emission
in Fig. 2. Here we can see a very broad, double peaked line.
Moving outward from the center, the lines become single peaked
and offset in velocity space with respect to the systemic velocity.
Perpendicular to the long axis of the structure, the line intensity
falls off quickly. The lines shown in Fig. 4 are reconstructed us-
ing the natural weighting scheme. For the remainder of this paper
we will use the uniformly weighted maps where the resolution
is optimal.

Figure 5 shows the emission in a position-velocity (PV) di-
agram, where the image cube has been sliced along the ma-
jor axis to produce the intensity distribution along the velocity
axis. The PV-diagram shows almost no emission in the second
and fourth quadrant, which is a strong indicator of rotation. The
small amount of low velocity emission seen close to the center
in the fourth quadrant may be accounted for by infalling gas.

4. Analysis

With the resolution provided by the SMA it is possible to probe
the central parts of L1489 IRS on scales of ∼100 AU, where
the protoplanetary disk is expected to be present (see Sect. 1).
Furthermore, the HCO+ J = 3−2 transition traces H2 densities
of 106 cm−3 or more (Schöier et al. 2005), which are expected
in the inner envelope and disk. The model of Paper I was not
explicitly made to mimic a disk, but rather to describe the mor-
phology of the images on large scales. Using this model, which
works well on a global scale, we can explore how well it fits the
SMA spectra when extrapolated to scales unconstrained by the
single-dish observations.

Figure 6 compares the SMA observations to the predictions
of this model (dashed line). For doing this comparison, the
model is imaged using the (u, v)-spacings from the observations,

Fig. 5. PV-diagram. This plot shows that the emission on the scales
measured by the SMA is entirely dominated by rotation. The black
curves show the Keplerian velocity, calculated from the dynamic mass
(1.35 M$) obtained in Paper I. The curves have been inclination cor-
rected with 74◦ for the full lines and 40◦ for the dashed lines. Contours
start at 2σ and increase with 1σ = 0.12 Jy beam−1.

so that directly comparable spectra are obtained. While the spec-
tra away from the center are fairly well reproduced in terms of
line width, the center position is too wide, i.e., the model pro-
duces velocities that are too extreme compared to the measured
velocities.

To check that this emission does in fact originate from scales
less than 200 AU, a model where HCO+ is completely absent
within a radius of 200 AU is also shown in Fig. 6 with the dotted
line. In this model the wide wings disappear and only a very
narrow line is left. The two off-positions, which lie outside of
the radius of 200 AU, are not affected minimally introducing
this cavity.

Figure 6 also shows a spectrum that is made from the Paper I
model, but inclined at 40◦ (full line). This is a considerably bet-
ter fit than the other two models (again the two off-positions
are little affected). While the observations of the larger scale
structure (Paper I, Hogerheijde 2001) demonstrate that the incli-
nation of the flattened, collapsing envelope is ∼74◦, the SMA ob-
servations suggest that a change in the inclination occurs on
scales of 100−200 AU, reflecting the presence of a dynami-
cally different component. On the other hand, since the model
of Paper I was tuned to match the single-dish observation on
scales of ∼1000 AU or more, and did not explicitly take the disk
into account, it is not unexpected that it does not fully reproduce
the SMA observations.

4.1. Introducing a disk model

To reproduce also the interferometric observations, we have
modified the model from Paper I on scales corresponding to the
innermost envelope and disk. The improvements consist largely
of two things: a different parameterization of the density distri-
bution and the explicit inclusion of a disk.

The description used in Paper I has a discontinuity for small
values of r and θ. Again, this is not a problem when working with
the large scale emission, but becomes a problem when interfaced
with a disk where a continuous transition from envelope to disk
is preferred. The new parameterization we use for the envelope is
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Fig. 8. The averaged (u, v)-amplitudes of the continuum at 1 mm in
both compact and extended configurations. The full line show our
model. The compact configuration visibilities cover the (u, v)-distance
up to 60 kλ. The black triangle marks the total flux at 1 mm (Moriarty-
Schieven et al. 1994). The histogram indicates the zero-signal expecta-
tion values.

properties of the dust. We use the dust opacities that give the
best fit to extinction measurements in dense cores (Pontoppidan
et al., in prep.).

The same density and temperature structure are afterward
given as input to the excitation and line radiative transfer code
RATRAN (Hogerheijde & van der Tak 2000), which is used
to calculate the spatial and frequency dependent HCO+ J =
3–2 emission. The HCO+ models are post-processed with the
MIRIAD tasks uvmodel, invert, clean, and restore to simulate
the actual SMA observations.

4.2. Modeling the continuum emission

In Fig. 8, we compare our model to the continuum observations.
We calculate (u, v)-amplitudes at 1.1 mm, which we plot on top
of the observed amplitudes. The result is in good agreement with
the data, suggesting that the dust emission is well-described by
our parameterization down to scales of ∼100 AU. This compari-
son is not very dependent on the inclination, since the continuum
emission is quite compact. For this particular figure, an inclina-
tion of 40◦ is assumed.

Recently, Eisner et al. (2005) modeled the SEDs of a number
of Class I objects in Taurus, including L1489 IRS. The model
used in their work is parameterized differently from ours, but it
essentially describes a similar structure. As pointed out above,
Eisner et al. find a best fit inclination of 36◦ in contrast to the
inclination of 74◦ found in Paper I.

To test the result of Eisner et al. (2005) we calculated the
SED using the described model with only the system inclination
as a free parameter (Fig. 9). The best fit is found for an inclina-
tion of about 40◦, in good agreement with the result of Eisner
et al. (2005). The models with inclinations of 50◦ and 74◦ are
also plotted in Fig. 9 in order to show how the SED depends on
inclination.

Note that the quality of our best fit to the SED is com-
parable to the fit presented by Eisner et al. (2005), whereas
the fit becomes rapidly worse with increasing inclinations
larger than 40◦, thus resulting in disagreements with the results
from Hogerheijde (2001) and Paper I. The three different mod-
els plotted in Fig. 9 cannot be distinguished for wavelengths
above ∼60 µm, which corresponds to a temperature of about
40 K using Wiens displacement law. This temperature occurs

Fig. 9. The model spectral energy distribution assuming inclinations of
40◦ (full line) and 50◦ and 74◦ (broken lines) plotted on top of flux mea-
surements from the literature (marked by crosses) and the Spitzer/IRS
spectrum from 2−40 microns (red line).

Fig. 10. Three transitions of HCO+ observed by single-dish telescope
(see Paper I for details) with our model superposed. The quality of the
fit is comparable to the fit in Paper I although a disk model has now
been included.

on radial distances of approximately 100 AU from the central
object, which means that outside of this radius, the SED is no
longer sensitive to the inclination. We interpret this behavior as
a change in the angular momentum axis on disk scales, causing
the disk to be inclined with respect to the envelope.

4.3. Modeling the HCO+ emission

In Paper I it was found that the characteristic double peak fea-
ture of the HCO+ J = 4−3 line could not be reproduced with
an inclination below 70◦. On the other hand, including a disk in-
clined by 40◦ into the model of Paper I does not alter the fit to the
single-dish lines (Fig. 10): the geometry and the velocity field of
the material at scales smaller than ∼300 AU does not influence
the shape of these lines. This fit is not perfect though as it still
overestimates the red-shifted wing in the J = 3−2 line and the
width of the J = 1−0 line slightly, but the quality of the fit is
similar to that presented in Paper I.

We need to test how well this tilted disk model works with
the line observations from the SMA. It was shown in Sect. 4
that the off-position spectra are weakly dependent on changes in
the inclination and that the same is true when using the model
where the disk is tilted with respect to the envelope. The cen-
tral position, however, is seen in Fig. 11 to be very well re-
produced in terms of line width and wing shape by this model.
The model spectrum is slightly more asymmetric than the data,
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Fig. 13. An (exaggerated) illustration of the proposed model where the
angular momentum axis is changing with radius. The line of sight is
illustrated by the dashed line.

models are often described numerically by axisymmetric repre-
sentations (e.g., Yorke & Bodenheimer 1999).

However, there is no a priori reason why a pre-stellar core
should rotate as a solid body. Of course, the cloud has an average
angular momentum, which on a global scale determines the axis
of rotation. The cloud does not collapse instantly to form a disk
though, but rather from the inside and out, as described by Shu
(1977), and therefore a shell of material from deep within the
cloud, which may very well have an average angular momen-
tum that is different from the global average, will collapse and
form a disk before material from further out has had a chance
to accrete yet. Actually, if the parental cloud is turbulent, it is
to be expected that the accreting material has randomly oriented
angular momentum and a misalignment of the angular momen-
tum on different scales is more likely than a perfect alignment.
In this way, a system similar to the model proposed to describe
L1489 IRS in this paper can be formed.

To obtain a gradient in the angular momentum as initial con-
dition for the collapse, one may consider a cloud that is not
spherically symmetric or one that does not collapse around its
geometrical center, but rather around an over dense clump offset
from the center. The former scenario may indeed be true for the
case of L1489 IRS, which is seen to be dynamically connected
to a neighboring cloud (which was also modeled in Paper I to
explain the excess of cold emission seen in some of the low-J
lines). Actually, the uniformly weighted moment map (Fig. 2)
shows significant asymmetry with a secondary emission peak to
the north-east.

It is interesting to note that the HCO+ emission from the
SMA observations agrees very well with the near-infrared im-
age (Fig. 3): the secondary peak, a few arc seconds northeast of
the main continuum and HCO+ peaks, nicely coincides with a
bright spot in the scattered light image, and also the shape of the
cavity towards the south follows the contours of the HCO+ emis-
sion. The same details are not revealed in the naturally weighted
SMA image, in which shorter baselines are given more weight.
We thus conclude that by going to the extended SMA config-
uration, it is possible to probe structure in YSOs on the same
scales as can be resolved by large near-infrared telescopes, such
as the Hubble Space Telescope. The structure seen in both im-
ages, however, also emphasizes that for a fully self-consistent
description of L1489 IRS, a global non-axisymmetric model has
to be considered.

Another (non-exclusive) explanation of a misaligned disk
would be that L1489 IRS formed as a triple stellar system and,
due to gravitational interaction, one of the stars was ejected.
L1489 IRS would thus be a binary system, as suggested by
Hogerheijde & Sandell (2000). The loss of angular momentum
due to the ejection would result in a rearrangement of the re-
maining binary, which could “drag” the inner viscous disk along.
Such a scenario has been investigated numerically by Larwood
et al. (1996). In the case of L1489 IRS, it would have to be a
very close binary with a separation of no more than a few AUs
since the near-infrared scattered light image (Padgett et al. 1999)
with a resolution of ∼0.2′′ (30 AU), does not reveal multiple
sources. The ratio of binary separation to disk radius is therefore
significantly lower than the cases investigated by Larwood et al.
(1996) and it is therefore not clear whether similar effects could
be present in L1489 IRS.

If indeed the system is binary, it would resolve the issue that
we find a central mass of 1.35 M# while the luminosity is esti-
mated to be 3.7 L# (Kenyon et al. 1993). A single young star that
massive would require a much higher luminosity, but two stars
of 0.6−0.7 M# would fit nicely with the estimated luminosity,
since luminosity is not a linear function of mass for YSOs.

To test whether L1489 IRS is indeed a binary and to con-
strain the innermost disk geometry on AU scales, measurements
of temporal variability in super high resolution are needed. The
timescale for variations of a possible binary is of the order of
years, depending on the exact separation of the stars (assuming
scales of 1 AU). Such observations would, for example, be fea-
sible with ALMA.

6. Conclusion

In this paper, we have presented high angular resolution interfer-
ometric observations of the low-mass Class I YSO L1489 IRS.
The observations reveal a rotationally dominated, very struc-
tured central region with a radius of about 200−300 AU. We
interpret this as a young Keplerian disk that is still deeply em-
bedded in envelope material. This conclusion is supported by a
convincing fit with a disk model to the SED.

We conclude further that the inclination of the disk is not
aligned with the inclination of the flattened envelope structure,
due to the possibility that L1489 IRS is a binary system and/or
that the average angular momentum axis of the cloud is not
aligned with the angular momentum axis of the dense core that
originally collapsed to form the star(s) plus the disk.

We find that a disk with a mass of 4 × 10−3 M#, a radius of
200 AU, and a pressure scale height of z = 0.25 R is consistent
with both the SED and the HCO+ observations. Only a small
amount of chemical depletion of HCO+ is allowed for, due to a
slight over-estimate of the (u, v)-amplitudes at 20−40 kλ by our
model, in agreement with the results from previous single-dish
studies and the nature of L1489 IRS as a Class I YSO.

The combination of a detailed modeling of the SED with
spatially resolved line observations, which contains information
on the gas kinematics, appears to be a very efficient way of de-
termining the properties of disks, especially embedded disks that
are not directly observable.
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a) b)

Fig. 6. a) Best possible fit with a spherical model to the HCO+ J =
4–3 line. b) The best fit to the same line where the flattening f and the
inclination i are kept as free parameters. Below, the residuals are shown
with the mean and two standard deviations indicated.

but in the case of CN, the abundance is well constrained by the
J = 3–2 line.

All spectra discussed above have been obtained with single-
dish telescopes that do not resolve the 2000 AU radius source.
One can wonder if it is justifiable to use a non-spherical model
when the single-dish observations does not contain any spatial
information. Although the scattered-light and interferometer im-
ages show that the structure is non-spherical, one could argue
that introducing the flattening is simply a way to improve the
fit by adding a free parameter. However, this is not the case.
Figure 6 shows the best fit to the HCO+ J = 4–3 line, with
a spherical model ( f = 0) and a model where the flattening and
inclination are free parameters. The flattened model provides
a considerably better fit with lower χ2 value. And, more impor-
tantly, the spherical model shows too much self absorption. Our
optimisation algorithm returns the model which minimises the
difference between data and model for each velocity channel. In
a spherical model the column simply becomes too high. By flat-
tening the model and adjusting the inclination, we can exactly
reproduce the right amount of self absorption seen in the data
while keeping the total column density high enough to produce
the right line strength. The degeneracy between these two pa-
rameters are resolved by the velocity field, and thus it turns out
that it is actually possible to retrieve spatial information from
single dish observations.

Ward-Thompson & Buckley (2001) have argued that the
amount of self-absorption can also be regulated by adjusting the
turbulent velocity dispersion. We can indeed change the quality
of the spherical fit by changing the amount of turbulence. We
cannot, however, do that without also changing the velocity dis-
tance between the two peaks. Thus in order to fit the line width
we must decrease the mass and thereby the magnitude of the
velocity field, which no longer reproduces the observed infall
asymmetry. We therefore find that varying the turbulent velocity
width in a spherical model does not reproduce the observations.

3.2. Comparison to other observations

With the fit parameters derived above, we can now test our
model by comparison to other observations of L1489 IRS not
used in the fit. The neighbouring cloud is not considered in
the following.

a) b)

c) d)

Fig. 7. a) Interferometer map in HCO+ J = 1–0; b) the corresponding
synthesised map based on our best model; c) and d) models with f = 1
and f = 8 respectively. The white contour lines show the integrated
intensity, starting at 0.25 Jy bm−1 and increasing in steps of 0.5 Jy bm−1.
The colour scale shows the velocity centroid in units of km s−1.

3.2.1. Interferometer image of HCO+ 1–0

We have used our model to produce a synthetic interferom-
eter map of the HCO+ J = 1–0 emission which can be di-
rectly compared to the data presented by Hogerheijde (2001).
Figure 7 compares the model predictions of the integrated inten-
sity and velocity centroid maps to the observations reproduced
from Hogerheijde (2001). We also show a model with f = 1 and
on with f = 8 for comparison. The model images were made by
taking the unconvolved image cubes from RATRAN and then,
using the (u, v) settings from the original data set, making syn-
thetic visibilities with the “uvmodel” task from the MIRIAD
software package. This is what we would get if the interferom-
eter observed our model object. Then we applied the usual de-
convolution with the invert, clean, and restore routines in order
to reconstruct an image from the visibilities.

The resulting synthetic image of our best fit model resembles
the observations closely within the uncertainty of the abundance
which sensitively affects the apparent size, when it is taken into
account that the observations also partially recover the neigh-
bouring core that is ignored in the model (Fig. 7, panel b).
However, the f = 8 model in panel d) is also in good agree-
ment with the data which partially can be explained by the fact
that, due to the non-linearity of the sine function, the difference
between an f = 3 and f = 10 model is much less than the differ-
ence between an f = 1 and f = 3 model. This is also reflected in
Fig. 2. In any case, panel c) is obviously in poor agreement with
the data, which shows that in order to fit the interferometer data,
a flattened structure is needed.

This kind of analysis is very useful to investigate the spatial
distribution of the emission which is lacking in the single dish
data. Importantly, we see that the flattening which we introduced
and the amount of which we determined from the line profile
results in a projected shape that is very close to what we see
in the data image. Also, because the cuts are the same in both
panels, the extent of the emission and therefore the physical size
scale of the model is consistent.
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Table 1. Summary of the SMA observations.

Source L1489 IRS
α, δ(2000)a 04:04:42.85, +26:18:56.3
Frequency 267.55762 GHz (1.12 mm)

Integrated line intensity 41.85 Jy beam−1 km s−1

Peak line intensity 2.04 K
Noise level (rms) 0.35 Jy beam−1

Continuum flux 36.0 ± 2.3 mJy
Noise level (rms) 3.7 mJy beam−1

Synthesized beam size 0.9′′ × 0.7′′
(Uniform weighting)

a Coordinates are given at the position where the continuum emission
peaks.

Fig. 1. Reconstructed image of the continuum emission at the highest
resolution (0.9′′× 0.7′′). The contours are linearly spaced with 1σ start-
ing at 2σ and dashed lines are negative contour levels.

The measured continuum emission is shown as an image in
Fig. 1. Previous attempts to measure the continuum at 1.1 mm
with the BIMA interferometer were not successful (Hogerheijde
2001). The SMA however, reveals a complex and detailed,
slightly elongated structure.

Two reconstructed images of the HCO+ emission are shown
in Fig. 2 using the natural and uniform weighting schemes, op-
timizing the signal-to-noise and angular resolution, respectively.
In this figure, the zero moment map is plotted as solid contour
lines and the first moment is shown as shaded contours. It is clear
that both images reveal an elongated, flat structure. In the uni-
formly weighted image there is a large amount of asymmetry in
the structure, which is less prominent in the naturally weighted
image.

The velocity contours in the lower panel of Fig. 2 are seen
to be closed around a point, which is offset by some 3′′ from
the peak of the emission. There is also clearly a gradient in
the velocity field along the major axis of the object. This fea-
ture was previously reported by Hogerheijde (2001) using in-
terferometric observations of HCO+ J = 1−0, and low S/N
HCO+ J = 3−2 observations, from the BIMA and OVRO ar-
rays. The gradient in the velocity field coincides almost perfectly
with the long axis of the structure. When compared to the BIMA
HCO+ J = 3−2 observations, the SMA data give 5−10 times
better resolution. Furthermore, the BIMA data had to be self-
calibrated using the HCO+ J = 1−0 image as a model and thus
the resulting image was somewhat dependent on the structure
of the lower excitation emission. The image we obtain from the
SMA data is of considerably better quality.

Fig. 2. Zero and first moment plots of the HCO+ J = 3−2 emission
toward L1489 IRS. Contours are linearly spaced by 2σ with a clip level
of 2σ. σ equals 1.1 and 2.0 Jy bm−1 km s−1 for the natural and uniform
weighting schemes, respectively. Negative contours appear as dashed
lines.

Fig. 3. HCO+ emission (1σ) contours superposed on the near-infrared
scattered light image (Padgett et al. 1999).

In Fig. 3, the zero moment emission contours have been su-
perposed on the near-infrared scattered light image taken by the
Hubble Space Telescope (Padgett et al. 1999). The figure shows
that many of the details in the SMA image coincide with features
seen in the scattered light image.
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Figure 3. Velocity gradient in the H18
2 O emission toward IRAS4B: Upper panel: moment-1 (velocity) map with the direction of the largest gradient indicated by the

solid line and the direction of the water masers with the dashed line, and the larger-scale molecular outflow with the dotted line. Lower panels: the fitted position offset
(relative to the phase center of the observations) along (left) and perpendicular (right) to the direction of the main gradient for each channel where at least 3σ emission
is detected. The solid lines in both panels indicate the continuum position; the dashed line in the left panel a linear gradient fit to the data.

et al. (2007) and assume that the emission is optically thin and
uniform over its extent. With these assumptions, we estimate a
column density for p-H18

2 O of 4 × 1015 cm−2, which translates
into a total H2O column density of 9 × 1018 cm−2 assuming
a 16O/18O ratio of 560 and an ortho–para ratio for H2O of 3
(i.e., an ortho–para ratio established at high temperatures). For
comparison, the column density estimated based on the Spitzer
detections by Watson et al. (2007) is two orders of magnitude
lower, 9.2 ×1016 cm−2, over an emitting area of 0.′′24 × 0.′′24—
i.e., comparable to the deconvolved size of the H18

2 O emission
here. Our inferred column density is almost unchanged if the
excitation temperature is lowered to 100 K and increases by up
to a factor 5 if the temperature is increased to 1000 K. These
temperatures cover the range of conditions expected for any of
the scenarios for the origin of the H2O emission discussed in
Section 1.

The total mass contained in the detected H2O is 6.0 ×
10−8 M$, or 0.02 MEarth. Assuming a typical H2O abundance
relative to H2 of 10−4, corresponding to sublimation of the H2O-
rich dust ice mantles (e.g., Pontoppidan et al. 2004), the total H2
mass of the H2O-emitting material (dust+gas) is 7.5 × 10−5 M$
or 25 MEarth. For comparison, the mass of the compact disk
around IRAS4B inferred from the modeling of high angular
resolution dust continuum observations is 0.24 M$ (Jørgensen
et al. 2009). Thus, if the H18

2 O emission has its origin in this
disk, it arises in a small fraction ≈0.03% of the material in the
disk.

Alternatively, in the absence of such a disk, it is possible
that the emission has its origin in the hot inner region of the
protostellar envelope where the temperature is !100 K: for a
simple power-law envelope density profile reproducing the sub-

millimeter continuum emission for IRAS4B on scales larger
than ∼1000 AU (2.8 M$ within 8000 AU; Jørgensen et al.
2009), the mass within 25 AU (where the temperature is higher
than about 100 K) is about 5 × 10−4 M$, implying a H2O
abundance of about 1.5 × 10−5. However, such a model is
not self-consistent on small scales: to fit the observed compact
dust continuum emission seen by the interferometer a strong
increase in the envelope density on small scales by two orders
of magnitude is required—above the already increasing radial
density profile (e.g., Jørgensen et al. 2009). However, if such a
density enhancement was due to a magnetic field wall as dis-
cussed above (Chiang et al. 2008), the H2O abundance would be
lower by the same amount, dropping to about 1.5 × 10−7. This
abundance is low compared to the expectation from the full
desorption of the H2O mantles and also lower than the con-
straints on the H2O abundance in the outer envelopes of the
IRAS4 sources where H2O is frozen out based on ISO-LWS
results (Maret et al. 2002). A low H2O abundance in the region
of grain–mantle desorption may reflect destruction of H2O by
X-rays (Stäuber et al. 2006), but the H2O abundance would need
to be reduced to the levels of the outer cold envelope where H2O
is frozen out and thus could not provide the compact emission
observed here.

Models of the chemistry in more evolved disks around pre-
main-sequence stars (where the envelope has dissipated) show
a warm upper layer where H2O gas can exist. Although these
models are not fully appropriate for disks in the embedded
phase, where UV photons may not be able to freely reach the
disk surface and heat the gas, they provide a useful reference
point for comparison. If the H2O gas-phase abundance is just
determined by the balance of photodesorption of H2O ice and
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The development of a protoplanetary disk from its
natal envelope
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Lee Hartmann6, B. Sargent1, Joel D. Green1, Kyoung Hee Kim1 & J. R. Houck8

Class 0 protostars, the youngest type of young stellar objects, show
many signs of rapid development from their initial, spheroidal
configurations, and therefore are studied intensively for details
of the formation of protoplanetary disks within protostellar envel-
opes. At millimetre wavelengths, kinematic signatures of collapse
have been observed in several such protostars, through observa-
tions of molecular lines that probe their outer envelopes. It
has been suggested that one or more components of the proto-
multiple system NGC 1333–IRAS 4 (refs 1, 2) may display signs of
an embedded region that is warmer and denser than the bulk of the
envelope3,4. Here we report observations that reveal details of the
core on Solar System dimensions. We detect in NGC 1333–IRAS
4B a rich emission spectrum of H2O, at wavelengths 20–37 mm,
which indicates an origin in extremely dense, warm gas. We can
model the emission as infall from a protostellar envelope onto the
surface of a deeply embedded, dense disk, and therefore see the
development of a protoplanetary disk. This is the only example of
mid-infrared water emission from a sample of 30 class 0 objects,
perhaps arising from a favourable orientation; alternatively, this
may be an early and short-lived stage in the evolution of a proto-
planetary disk.

NGC 1333–IRAS 4B (henceforth IRAS 4B) and its neighbour NGC
1333–IRAS 4A (IRAS 4A) lie about 320 pc away5. Considered among
the archetypal protostars, they are often taken to be a proto-triple
system, with IRAS 4B single, and IRAS 4A a 1.8-arcsec binary (pro-
jected separation 600 AU), 31 arcsec away from IRAS 4B (ref. 6). Both
IRAS 4A and IRAS 4B have high-velocity outflows7,8. That of IRAS 4B
is not well resolved spatially, but is presumed to be bipolar, viewed
close to the outflow axis1,2. Both also have dense, cold, approximately
spheroidal envelopes, which are resolved at millimetre and submilli-
metre wavelengths. Millimetre-wavelength tracers of dense molecu-
lar gas reveal kinematic symptoms of collapse in both envelopes1,2.
IRAS 4A is marginally detected in Spitzer Space Telescope-Infrared
Array Camera (IRAC) images, and IRAS 4B not at all; only extended
emission, resembling scattered light from an outflow cavity viewed
close to its axis, is seen by IRAC at 3.6 mm and 4.5 mm (R. A.
Gutermuth, personal communication).

A decade ago, the ISO Long-wavelength Spectrograph (ISO-LWS)
was used to observe the IRAS 4 system3,4. With its 90-arcsec beam,
this instrument could not resolve IRAS 4A from IRAS 4B, but it did
detect many emission lines thereabouts, among them several low-
lying rotational transitions of H2O. Under the assumption that the
water emission arises equally from IRAS 4A and IRAS 4B, observers3

showed that this emission probably probes a cold outer component
of the envelopes, and an inner component warm enough (T. 120K)
that dust-grain mantles have sublimated to increase greatly the

gas-phase abundance of water. They could not, however, rule out
an origin of the water emission in the outflows associated with IRAS
4A and IRAS 4B.

IRAS 4A and IRAS 4B are part of a sample of 30 class 0 objects,
which we observed with the Spitzer Infrared Spectrograph (IRS) in
2004–5. Initially we observed these objects in low spectral resolution
(l/Dl5 60–120), with results as shown in Fig. 1. In many of the
surveyed objects we detect spectral lines of molecular hydrogen,
and fine-structure lines of low-ionization-potential ions and atoms,
usually associated with outflows. One line of this type—[S I] at
25.249 mm—is the only emission feature that appears in the 20–40-
mm wavelength range for IRAS 4A. The spectrum of IRAS 4B, how-
ever, is unique in our sample: it contains many emission features
suggestive of spectrally unresolved H2O lines with a wide range of
excitation. We re-observed IRAS 4B in March 2006 with the high-
resolution (l/Dl5 600) IRS module, and confirmed this suggestion
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Figure 1 | Spitzer-IRS low-resolution spectra of IRAS 4A and IRAS 4B, and
false-colour mid-infrared image. Main panel, spectra of IRAS 4A (magenta
trace) and IRAS 4B (blue trace); error bars represent the standard deviations
of the flux values in each spectral channel. Wavelengths of strong lines of
water, which give rise to blended emission features in the low-resolution
spectrum of IRAS 4B, are indicated with red crosses. The IRAS 4 system has
total luminosity 28L[ (ref. 19); from these spectra it appears that 4.2L[
belongs to IRAS 4B, and the rest to the two components of IRAS 4A. See
Supplementary Information for data-reduction details. Inset, part of the
Spitzer-IRAC image-set for NGC 1333 (R. A. Gutermuth, personal
communication), with 3.6 mm shown in blue, 4.6 mm in green and 8mm in
red, and positions indicated for IRAS 4A and IRAS 4B, and for the nearby
HH 7.
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Fig. 1.—(a) Maps of dust continuum and methanol spectral line emission at 1 mm from the disk in L1157. The (0, 0) position corresponds to the nominal
position for L1157 [R.A. (1950) p 20h38m39s.6; decl. (1950) p 67!51!33".0]. The beam size ( ) is shown in the lower left-hand corner. Left: Continuum1".1# 1".1
at 1 mm. The first contour and the increments are at 4 mJy beam!1. The rms is 1.25 mJy beam!1. Middle: Continuum " line emission averaged over Vlsr p
!2 to 3 km s . The first contour and the increments are at 21 mJy beam!1. The rms is 15 mJy beam!1. Right: The contours represent methanol line emission!1

obtained by subtracting the continuum from the emission shown the middle panel. The color image represents the continuum emission. The contour levels are
the same as in the middle panel. The peak brightness temperature is 1.6 K. (b) Methanol spectra. The mean continuum level at each position is indicated by the
horizontal line in each spectrum. The LSR velocities of the star ( km s ) and the blueshifted infall emission ( km s ) are also indicated.!1 !1V p 2.6 V ∼ 0.6star infall

Fig. 2.—Dust continuum and methanol line emission at 1 mm wavelength
across the disk in L1157 at a position angle of 66!. The beam size, rms noise,
and the three positions of the spectra (in Fig. 1b) are indicated.

& Pringle 1990). The predicted sizes for disks range from tens
to a few thousand AU. However, the disk properties such as
surface density, temperature, and size will depend on the nature
of the processes that control the redistribution of the angular
momentum within the disk (Stahler et al. 1994) as well as
external influences (Hollenbach, Yorke, & Johnstone 2000).
The outflow clears out the polar regions of the envelope, thus
eventually confining the infall to an equatorial region (Velu-
samy & Langer 1998). Many of these processes are not un-
derstood well enough to make definitive disk models. Recently,

YB99 have modeled the evolution of collapsing, rotating pro-
tostars, including the effects of radiative acceleration and an-
gular momentum transport. They assume gravitational insta-
bility as the major agent for mass transfer during the protostellar
phase, although they do not include the outflow coexistent with
the phase of infall onto the disk (Velusamy & Langer 1998).
An interesting feature in these models is the occurrence of
multiple accretion shocks in the disk, with one shock at the
infall-disk interface. Here we suggest that the observed en-
hanced methanol emission in the protostellar disk of L1157 is
tracing the accretion shock.
The methanol emission in L1157 (Fig. 1) clearly delineates

an extended layer in the disk in a plane essentially perpendicular
to the outflow, tracing a layer interfacing the disk and the infall
envelope. It should be noted that in the methanol maps and
spectra, the blueshifted emission at LSR velocity V ∼ 0.6infall

km s ( km s with respect to the systemic velocity!1 !1DV ∼ !2
km s ) is relatively more prominent. This feature!1V ∼ 2.6star

would be consistent with an infall layer origin for CH3OH as
illustrated in Figure 3. The enhanced methanol emission in this
layer may be due to an increase in the kinetic temperature and
number density of methanol molecules in the gas phase, pos-
sibly by density enhancement and/or by evaporation from dust
grains (Willacy & Langer 2000). The schematic shown in Fig-
ure 3 contains a warmer layer of infall gas in the outer parts
of the disk, representing the accretion shock, surrounded by a
layer of cool infall gas having larger extent radially, as well
as perpendicular to the plane of the disk. The disk is seen

Watson et al. (2007)

Jørgensen et al. (2010)
Velusamy et al. (2002)



FIG. 1a

FIG. 1.È(a) Results of our interferometric observations of MWC 480, DM Tau, LkCa 15, and GM Aur. The coordinates are arcseconds in right ascension
and declination centered on the peaks of the continuum emission (Table 2). The long and short arms of the crosses, centered on these positions, indicate the
apparent major and minor axes of the disks. The long arms are scaled to a full length of 4A and the short arms are foreshortened according to the inclinations.
The long arms point in the direction of (Table 4). The top seven panels for each object are velocity channel maps with the velocity (km s~1) with respectPACOto the local standard of rest indicated in the upper left-hand corner. The contour spacing, di†erent for each object, is indicated in upper right-hand corner of
the top panel. The contour spacing is 2.7 p on average but varies from source to source ; the smallest value is 2.2 p for DL Tau in Fig. 2. The bottom panel
shows the velocity gradient map for each object, color-coded so that red indicates redshift with respect to the systemic velocity. The velocity contour spacing
(km s~1) in these panels is : MWC 480, 0.3 ; DM Tau, 0.2 ; LkCa 15, 0.3 ; GM Aur, 0.3. (b) Same as (a) but for UZ Tau E, CY Tau, DL Tau, and BP Tau. The
nearly emission-free channels at km s~1 (UZ Tau) and km s~1 (DL Tau) are the result of confusion with the molecular cloud. TheVlsr \ 6.6 Vlsr \ 5È6.6
velocity contour spacing for the velocity gradient maps in the bottom panels are, in km s~1 : UZ Tau, 0.6 ; CY Tau, 0.2 ; DL Tau, 0.4 ; BP Tau, 0.3.

Characteristics and evolution of protoplanetary disks

Majority of T Tauri* 
stars have a 
protoplanetary disk

Disks often show 
Keplerian rotation
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FIG. 1b

disk radius A paper describing the disk parametersRout.(e.g., the temperature radial distribution, the 12CO abun-
dance and spectral line turbulence width) is in preparation.

GD98 demonstrated the s2 parameter-Ðtting procedure
by applying it to 12CO J \ 1È0 data for the single star DM
Tau. They used D \ 150 pc for the distance to DM Tau.

Since we now adopt 140 pc as the reference distance, we
scale GD98Ïs results to this value. On this basis, GD98Ïs
value for DM TauÏs mass is (0.47 ^ 0.06) ] (D/140 pc) M

_(see Table 3). Figure 1 shows seven of the velocity channel
maps measured in the 12CO J \ 2È1 line for all the sources
in our sample. Figure 1 also presents velocity gradient maps

Many disks are 
gas-rich

Simon et al. (2000)

*Class II = T Tauri star



Dust grains grow and settle to 
the midplane
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At mm wavelengths, the predictions of these two-layer

models are rather robust, both in terms of integrated flux and

of intensity profiles. For example, there is no significant dif-

ference between the results from our models and those from

models where the radiation transfer is properly solved in the

vertical direction (Dullemond et al. 2002; Dullemond & Natta

2003a). Furthermore, the use of a mean opacity for the grains

in the disk midplane does not affect the results in any relevant
way (see Wolf 2003 and references therein), and the effect of
scattering of the stellar radiation by grains in the disk (which

is not included in the models) is also negligible (Dullemond &

Natta 2003b).

To compute a model, we need to specify the stellar prop-

erties (luminosity L!, effective temperature Teff , mass M! and
distance D) and some disk parameters, namely the inner and

outer radius (Rin and Rd, respectively) and the surface density

distribution Σ = Σ0(R/R0)−p, where R0 is a fiducial radius. The
disk mass Md is then fixed. The other parameters needed are

the dust properties on the surface and in the midplane. We de-

scribe the midplane dust opacity as a power-law function of λ,
κ = κ0(λ/λ0)−β, with λ0 = 1.3 mm and κ0 = 1.0 cm2 g−1 of dust
(Hildebrand 1983). For grains on the surface, we use a MRN

mixture of graphite and silicates with 10% of cosmic carbon in

grains of radius between 0.02 and 0.35 µm and 100% cosmic

silicon in silicates of radius between 0.02 and 0.7 µm (see Natta
et al. 2001). This choice is not important for the disk properties

at millimeter wavelengths, as long as the disk is optically thick

to the stellar radiation.

We assume that the stellar properties are known (L! = 4 L",
Teff = 6900 K). The exact value of the disk inner radius is not
important, and we fix it at Rin = 10 R!, i.e., close to the dust
sublimation radius. We then vary Σ0, p, Rd and β and compute
the disk SED (integrated over the disk surface) for a distance

D = 100 pc and an inclination of 66◦.
We first select the models that reproduce the integrated ob-

served fluxes at 1.3, 3 and 7 mm (see Fig. 2) within the ob-

servational uncertainties, keeping in mind the 3.6 cm results of

Testi et al. (2001), who constrain any possible contamination

from free-free emission at millimeter wavelength to be negligi-

ble. For the accepted models we then compute 7 mm synthetic

maps and compare them to the observed one. To this purpose

we followed the method outlined by Wilner et al. (2000): each

model image is Fourier-transformed and sampled on the same

(u, v) points as the 7 mm C- and D-array VLA datasets; the

resulting visibilities are then treated in the same way as the ob-

servational data in order to produce synthetic maps to be com-

pared with the observed ones. The position angle of the disk is

not well constrained by the Gaussian fits of the observed emis-

sion. We computed a set of models with different position an-
gles on the sky, the best results are obtained for position angles

in the range 20◦ to 30◦, depending on the other disk parameters.
We compare the observed and model maps by showing the

residual image obtained by subtracting the noise-free model

from the observed image. The results for p = 1.0 are shown
in Fig. 3. Since the disks are optically thin at most radii, (ex-

cept the very inner regions with R < 8 AU) and they have

to reproduce the total integrated flux, very large disks (R ≥
300 AU) predict an observed surface brightness that is too low

Fig. 2. Observed fluxes of CQ Tau. OVRO points are from Mannings

& Sargent (1997); PdB from Dutrey, quoted by Natta et al. (2001);

JCMT from Mannings, quoted by Natta et al. (2001); the VLA 7 mm

point is from Testi et al. (2001). Note that we have plotted for all in-

terferometric points a calibration uncertainty of ±20%, even when the
formal errors are smaller. The best fitting slope −2.4 has been derived
from the interferometric data only.

compared with observations, while small disks (R ≤ 100 AU)
are too compact and have a much higher surface brightness than

observed. The best match between observations and model is

found for R ∼ 200 AU. We also investigate the possibility of
shallower or steeper surface density gradients. Steep surface

density gradients (p = 1.5, Fig. 4) require larger disk radii
to reproduce the observed images, the best match in this case

is for R ∼ 300 AU. Shallow surface density gradients have

been recently claimed for many TTS disks (Kitamura et al.

2002); the comparison of our CQ Tau map with models with

p = 0.5 is shown in Fig. 5. The best match, in this case, is
for R ∼ 100 AU, the residuals are marginally larger than in
the p = 1.0 and 1.5 best models, but the difference is not re-
ally significant. The dependence of the outer radius on the sur-

face density law is not unexpected, see also the discussion of

Mundy et al. (1996). In all cases the outer radius is slightly or

significantly larger than the FWHM radius derived from the 2D

Gaussian deconvolution of the 7 mm map; especially if p ≥ 1,
our observations are consistent with CQ Tau having a rather

large disk, comparable in size to the CO disks observed around

other Herbig Ae stars (Mannings & Sargent 1997, 2000).

The values of the exponent β for the best matching models
range from 0.55 for disks with flat density profile (p = 0.5)
to 0.6 for p = 1 and 0.7 for p = 1.5. In all these models,
at 1.3 mm the contribution of the inner optically thick disk

(∼8 AU at most) to the total flux is <10%. Thus our model-
ing of the observed 7 mm VLA map, together with the con-

straint on the integrated fluxes from 1.3 to 7 mm, confirm that

the millimeter emission of CQ Tau originates from an optically

Beckwith & Sargent (1991)

Testi et al. (2003)
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Fig. 6. Scattered light images of the best models compared to observations. Left panel: The upper row corresponds to the images
at 0.606 µm and the lower row to those at 1.6 µm. Synthetic maps (right) were convolved by the core of the PSF (up to 5 pixels
from the peak). Central panel: 0.6 µm azimuthal brightness profile. Right panel: 1.6 µm azimuthal brightness profile. In both
central and right panels, the red dashed line correspond to the best fit of the scattered light only, the full green line to the best fit
of all observations simultaneously and the blue dotted to the scattered light images with porous grains. The azimuthal angle is 0◦

in the front side of the disk, i.e. towards bottom in the first panel.

was only performed for baselines larger than 40 kλ which
probe spatial scales smaller than 5 ′′, i.e. corresponding to
the disk observed in scattered light.

5.3. Best model

The parameters of the model with the smallest total χ2 are
described in Table 4. Overall, the best fit model is in very
good agreement with all observations, especially taking into
account the range of wavelengths and the variety of obser-
vations analysed in the fitting procedure. Table 5 shows the
χ2 corresponding to best models fitting only one of the ob-
servations and to the global best model. The global best
models has χ2 values only slightly larger than the χ2 of the
best models fitting each of the observations, showing that
it offers a good representation of all the observations.

On Fig. 5 is represented the SED of this model. It is
in very good agreement with observations from the optical
to the millimeter regimes. In particular, it reproduces both
the silicate bands and millimeter fluxes, and hence the mil-
limeter spectral index. The silicates features are roughly
reproduced but the shape is not exactly identical to the
observed one, resulting in relatively large values of the χ2.
This is due to our very simple approximation on optical
properties, with dust grains only composed of amorphous
silicates. We recall here that a precise match of the silicate
emission bands was not our goal at this stage of the mod-
elling and that we were only interested in the amplitude of
the silicate features.

Synthetic images of the best model are compared with
observations on Fig. 6. The general shape is well reproduced
at both wavelengths, with the right roundness, brightness
distribution and a dark lane in good agreement with ob-
servations. The central and right panels show a quantita-
tive comparison of the azimuthal brightness profiles. The
agreement is good as shown by the values of the χ2 in ta-
ble 5. The model predicts profiles that are very similar at
both wavelength whereas the observations suggest (given
the relatively low SNR and large PSF uncertainty) a larger
contrast at 0.6µm, with a back side compatible with a non-
detection. We discuss this point in detail in section 7.4.

Figure 7 shows the results of the fit of the 1.3 and
3.3mm visibilities. The agreement is also very good for the
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Fig. 7. The 1.3 mm (upper panel) and 3.3 mm (lower panel) vis-
ibility data (crosses) compared to the models (lines) with differ-
ent surface density exponents. The best fit model is shown in the
full red line and corresponds to α=-1. The dashed and dotted
lines correspond to the best models with α=-2 and 0, where the
inclination is enforced to be 50◦.

baselines > 40 kλ on which the fitting was performed. At
smaller baselines, the best models are marginally below the
data points. This may be due to a small contamination by
the surrounding molecular cloud. Millimeter visibilities are
mainly sensitive to the apparent spatial distribution of the
dust, i.e, the surface density exponent α, the disk outer ra-
dius, the total mass and the disk inclination. With an outer
radius of 400AU derived from scattered light images and
a dust disk mass fixed from the millimeter flux, our mod-
elling allow us to constrain the surface density (Fig. 7). The
α=-1 model (full line) provides an excellent match, while
the other two fail to successfully reproduce the data, if we
forced the inclination to be close to 50◦. Models with α=0
provide a good match to observations for a disk closer to

0.6 µm

1.6 µm

Pinte et al. (2008)

Gas affected by ultraviolet photons

Panić et al.: A break in the gas and dust surface density of the disc around IM Lup 3

Fig. 2. (a),(b): First moment maps in the 12CO and 13CO J=2–1 lines,
from 1.9 kms−1 to 6.9 kms−1 observed towards IM Lup. These maps
are created using the Miriad task ‘moment’ with clip levels of 0.5 and
0.3 Jy respectively. The integrated emission of 12CO J=2–1 is shown
in contours of 1, 2, 3, ...×500 mJy, and that of 13CO J=2–1 with 1, 2,
3, ...×160 mJy contours. (c), (d): First moment and integrated emission
maps calculated using Pinte et al. model and same clip level, velocity
range and contour levels as in (a) and (b). (e), (f): First moment and inte-
grated emission maps calculated using extended disc model (described
in Sect. 4.2) with model parameters S igma400 =2×10

21 cm−2 and p =1.
The clip level, velocity range and contour levels are as in (a), (b), (c)
and (d).

of the CO disc agree with the continuum image (Sect. 3.1) and
scattered light imaging results (Pinte et al. 2008).

The first moment images of Fig. 2 show velocity patterns in-
dicative of an inclined disc with Keplerian rotation. This is also
seen in Fig. 3, which presents the 12CO, 13CO, and C18O spectra
averaged over 8′′×8′′ boxes around IM Lup. The 12CO and 13CO
lines are centered on vLSR =4.4±0.3 km s

−1 and show a double-
peaked structure as expected for a Keplerian disc. Figures 4 and
5 show the channel maps of the 12CO and 13CO emission, re-
spectively, revealing the same velocity pattern also seen from
the first-moment maps and the spectra. The Keplerian nature of
the velocity pattern is most clearly revealed by Fig. 6, which
shows the position-velocity diagram of the 12CO emission along
the major axis of the disc. In Section 4, we derive a stellar mass
of 1.2 M$, and, as an illustration, the rotation curves for stellar
masses of 0.8, 1.2, and 1.6 M$ are plotted in Fig. 6.

Using single-dish 12CO 3–2 observations, van Kempen et al.
(2007) first identified molecular gas directly associated with
IM Lup, but they also conclude that the vLSR-range of 4 to
6 km s−1 is dominated by gas distributed over a larger (> 30′′)
scale. In our 12CO 2–1 data this same vLSR-range is also likely
affected: where the single-dish 12CO 3–2 spectrum from van

Fig. 3. 12CO, 13CO, and C18O J=2–1 line spectra summed over 8′′ × 8′′

regions centered on the location of IM Lup. The 13CO and 12CO spec-
tra are shifted upward by 2 and 5 Jy, respectively. The dashed red line
shows the line centre at vLSR=4.4 km s−1. The grey zone indicates the
range from 4 to 6 km s−1 where the 12CO line is significantly affected by
the foreground absorption; the corresponding part of the 12CO spectrum
is plotted with a dotted line.

Kempen et al. shows excess emission over vLSR =4–6 km s−1,
the red peak of our 12CO 2–1 spectrum, which lies in this vLSR-
range, is weaker than the blue peak at +3.5 km s−1. We suspect
that absorption by the same foreground layer identified by van
Kempen et al. is resonsible for this decrement, while its emission
is filtered out by the interferometer. The 13CO 2–1 spectrum is
symmetric, suggesting that the foreground layer is optically thin
in this line.

The spatial extent of the line emission is further explored in
Fig. 7 which plots the 12CO and 13CO J=2–1 vector-averaged
line fluxes against projected baseline length. The 12CO flux is
integrated from 2.5 to 4.0 kms−1 to avoid the range where fore-
ground absorption affects the line. The 13CO flux does not suffer
from absorption and is integrated over its full extent from 2.5 to
6.9 kms−1. Comparing the curves of Fig. 7 to those of the contin-
uum flux versus baseline lengths (Fig. 8) it is clear that the line
flux is much more dominated by short spacings, and therefore
is much more extended spatially. Instead of a smooth decrease
with baseline length as seen for the continuum, the 12CO emis-

Panić et al. (2009)
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TABLE 1

Observational Parameters for SMA TW Hya

Parameter CO 3–2 CO 2–1 CO 6–5

Rest frequency (GHz) . . . . . . . . . . . . . . . . . 345.796 230.538 691.473
Synthesized beam (arcsec) . . . . . . . . . . . . 2.7 # 1.6 (P.A. 18!.7) 2.7 # 1.7 (P.A. 9!.9) 3.3 # 1.3 (P.A. 7!.5)
rmsa (continuum) (mJy beam!1) . . . . . . 35 1.8 110
Dust flux (Jy) . . . . . . . . . . . . . . . . . . . . . . . . . 1.62 " 0.05 0.54 " 0.03 4.62 " 0.54
Channel spacing (km s!1) . . . . . . . . . . . . 0.18 0.26 0.35
rmsa (line) (Jy beam!1) . . . . . . . . . . . . . . . 1.0 0.11 5.3
Peak intensity (K) . . . . . . . . . . . . . . . . . . . . . 31.0 24.4 16.9

a S/N limited by the dynamic range.

Fig. 1.—CO velocity channel maps (red: 2.9 km s!1; blue: 2.5J p 6–5
km s!1) from TW Hya, overlaid on the 690 GHz dust continuum map (gray
scale). The cross indicates the position of the continuum peak.

Fig. 2.—CO , 3–2, and 6–5 spectra at the continuum (stellar) po-J p 2–1
sition. The spectra in black are the SMA data, and the red and blue spectra
are the simulated models with and without X-ray heating, respectively.

that together provided 2 GHz for continuum measurements. Cal-
ibration of the visibility phases and amplitudes was achieved with
observations of Callisto, at intervals of typically 20 minutes. Dur-
ing the observations, Callisto was 40! away from TW Hya and
had a diameter of 1!.39 and a zero-spacing flux density of 45.3 Jy
at 690 GHz, which provided the absolute scale for the flux density
calibration. The uncertainties in the flux scale are estimated to be
10%, according to the uncertainties of the Callisto model. The
4.6 Jy continuum emission from TW Hya is strong enough for
self-calibration, and one iteration of phase-only self-calibration
with the 690 GHz TW Hya continuum model was performed on
the CO data to improve the images. The MIRIAD pack-J p 6–5
age was used for imaging.

3. RESULTS

Figure 1 shows the CO channel maps (one channelJ p 6–5
at velocity 2.9 km s!1 in red contours and a second channel at
velocity 2.5 km s!1 in blue contours) overlaid on the 690 GHz
continuum image in gray scale. The velocity gradient along the
disk position angle of !27! is consistent with that seen in CO

and 3–2 (Qi et al. 2004).J p 2–1
The disk averaged CO spectrum, along with theJ p 6–5

CO and 2–1 spectra (in black lines), toward TW HyaJ p 3–2
at ∼2! resolution, is presented in Figure 2. The spectra predicted

Qi et al. (2006)
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Figure 3. Inner accretion disk fraction vs. stellar age inferred from H-K excess (left panel)
and K-L excess (right panel) measurements, binned by cluster or association. All young stars
which we are able to locate in the HR diagram based on information in the literature (about
3500) and having inferred masses 0.3-1.0 M! are included in this figure. Individual clusters are
treated as units of single age corresponding to the median age inferred from the HR diagram. A
cut of ∆(H-K) > 0.05 mag is used to define a disk. Standard deviation of the mean (abscissa)
and Poisson (ordinate) error bars are shown. The linear and exponential fits were derived for
ages <30 Myr; the linear fit has negative slope close to unity with rms 0.3.

color excess due to the disk. In formulaic terms, using H-K color as an example, the disk
excess is quantified as ∆(H−K) = (H−K)observed−(H−K)reddening−(H−K)photosphere.
Similar indices can be derived for J-K or K-L colors which also probe inner disk regions
though sense dust at slightly different temperatures. In order to effect the above ex-
tinction and photospheric corrections, and hence assess intrinsic color excesses, several
different sets of information are required: 1) a spectral type, for intrinsic stellar color and
bolometric correction determination, 2) optical photometry, for dereddening and locat-
ing stars on the HR diagram, assuming known distance, and 3) infrared photometry, for
measurement of disk “strength”.

It should be borne in mind that disk strength, quantified as above from measurement of
the absolute value of the infrared excess, is still a relative quantity. For any given star/disk
system the infrared excess is affected by both stellar properties (mass, radius) and disk
properties (accretion rate, inclination, geometry). Meyer et al. 1997 and Hillenbrand
et al. 1998 (both in collaboration with Calvet) provide detailed discussions of these
dependencies apropos near-infrared excesses. The effects of stellar and disk parameters
on overall spectral energy distributions are discussed more comprehensively by D’Alessio
et al. (1999).

Now what about that pesky other axis of stellar age? Instead of discussing in detail
all of the inherent uncertainties in locating stars in the HR diagram (Figure 2), and in
inference of stellar ages and masses from those diagrams, I will simply assume fiducial
cluster ages based on the median apparent age of stars in the mass range 0.3-1.0 M!.
With both a disk diagnostic and a method of cluster age estimation we can now explore
the evidence for disk evolution.

Our best effort at empirically measuring the time scale for the evolution of inner
circumstellar accretion disks is represented in Figure 3, produced from a sample of ∼3000
stars located ∼50-500 pc from the Sun. To be included in the sample each star was
required to have the spectral type, optical photometry, and infrared photometry necessary

Hillenbrand (2006)
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Multiplicity...

USB continuum -- no selfcal -- robust=2 -- natural beam and fwhm=0.3

USB continuum -- no selfcal -- robust=0 -- natural beam and fwhm=0.3

Some positions are marked (small though) for reference. These are:

B-source -- +: Wootten, •: Chandler, +: eSMA

A-source -- +: Wootten (A1, A2), •: Chandler (Aa, Ab), +: A1, A2 and o: Aa, Ab all 

shifted with proper motion derived from B

20-30% of T Tauri stars are in 
multiple systems 
(e.g, Koehler 2001; Leinert et al. 1993; Ghez et 
al. 1993; Reipurth & Zinnecker 1993; Simon et 
al.1995)

Many YSOs also harbor multiple 
systems

account for the proper motion of the sources. The proper motion
of sources A and B has been reported previously by Loinard
(2002), based on two epochs of VLA 8 GHz data (1989 and
1994), and indicates motion presumably associated with the
L1689N cloud in which sources A and B are embedded (see also
Curiel et al. 2003). When observed at high resolution, the cen-
timeter radio emission from source A comprises two compo-
nents, denoted A1 (to the east) and A2 (to the west) by Wootten
(1989), separated by 0B35.We show below that the overall struc-
ture of the centimeter radio emission from source A has been
changing with time, so the simpler structure of source B makes
measurement of its proper motion more straightforward. In
Figure 4 we plot the position of source B derived from the SMA
data, as well as all the VLA data having a resolution of 100 or
better, as a function of time, along with the offset between sources
A2 and B and between A1 and A2, for those measurements that
resolve the two components of source A. Figure 4 demonstrates
that the proper motions of sources A2 and B are in common and
that their motion is primarily in declination. The overall proper
motion of sources A2 and B, 17 mas yr!1, corresponds to
13(D/160 pc) km s!1. Figure 4 also illustrates significant motion
of A1 relative to A2, amounting to 10(D/160 pc) km s!1.

We have corrected for the proper motions described above, as
well as other uncertainties in the absolute positions caused by
using different quasars for the phase calibration for some of
the measurements, by shifting all of the archival VLA to align

source B with the 1 mm position in Table 3. Figure 5 presents the
result of overlaying the shifted radio continuum emission on the
1 mm superresolution continuum image. When observed with
sufficient resolution to separate the two centimeter radio sources
A1 and A2, it is clear first that their orientation has been chang-
ing over the years as indicated in Figure 4 and second that they
lie on either side of the submillimeter continuum source Aa. In
Figure 6 we plot the projected separation between A1 and A2
and their position angle as a function of time. Considering only
the 8 GHz data, we might conclude that the separation between
A1 and A2 has been increasing slightly and that the rate at which
the position angle is changing is slowing down. However, this
conclusion becomes marginal when the results at other frequen-
cies are included. Figure 4 shows that a linear fit to the position
offsets in right ascension and declination matches the data well.
The projected separation between A1 and A2 has remained con-
stant, at 0B35 " 0B02, while the position angle is equally well
fitted by a straight line as by a second-order polynomial func-
tion. The quadratic function shown in Figure 6 (dotted line) turns
over in 2014, so regular monitoring will be needed over the next
few years to establish whether the rate of change in position
angle is indeed slowing down, as suggested by the three 8 GHz
points.

Since the 1 mm SMA data are not able to resolve the sepa-
ration of the two centimeter radio sources, it is important to
establish whether the apparent location of Aa between A1 and
A2 in the superresolution image is real or whether the location
of the CLEAN components just corresponds to the centroid of
submillimeter emission associated directly with A1 and A2. To
test this, we have made simulated images comprising a source
at Ab and sources at the positions of A1 and A2 from epoch
2003.65 (the most recent VLA data) with a total flux that of Aa
given in Table 3. We find that for a flux ratio FA2/FA1 of unity the
peak is indeed located at the observed position of Aa in Figure 3.
For a flux ratio of 1.8, the same as that observed at 8 GHz for this
epoch, the peak position would be offset by 0B12, which is more
than 6 ! away from that measured. We therefore conclude that if
the centimeter radio sources A1 and A2 are each associated with

Fig. 3.—Left: Plot of visibility amplitude against u-v distance projected along a position angle of !45#. Right: Continuum image obtained using only data >55 kk,
superuniform weighting, and a circular restoring CLEAN beam of 0B4 FWHM. Contours are at the same levels as in Fig. 1.

TABLE 3

Positions and Flux Densities for Compact Components

Source

R.A.

(J2000.0)

Decl.

(J2000.0)

F305 GHz

(Jy)

Aa............. 16 32 22.8721 " 0.0010 !24 28 36.331 " 0.018 $1.6
Ab............. 16 32 22.9060 " 0.0028 !24 28 35.885 " 0.048 $0.5

B............... 16 32 22.6221 " 0.0004 !24 28 32.326 " 0.009 $2.7

Note.—Units of right ascension are hours, minutes, and seconds, and units
of declination are degrees, arcminutes, and arcseconds.

OBSERVATIONS OF IRAS 16293!2422 375No. 1, 2005

SMA observations of 
IRAS16293-2422

Chandler et al. (2005)

SMA+JCMT+CSO 
observations of 

IRAS16293-2422
Frieswijk et al. (in prep)
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Figure 2. Presentation of the integrated intensity images. For comparison the SCUBA data is from Davis et al. (1999) is shown in (b). The C
18

O contours

closely follow the SCUBA emission. (a)Integrated
12

CO T
∗
A emission in K kms

−1
. Integrated from -1.12 to 15.88 kms

−1
. (b) SCUBA 850 µm emission

(Davis et al. 1999). Positions of the known submillimetre cores are shown and labelled (c) Integrated
13

CO T
∗
A emission in K kms

−1
. Integrated from 4.54 to

10.44 kms
−1

. (d) Integrated C
18

O T
∗
A mission in K kms

−1
. Integrated from 5.55 to 9.95 kms

−1
.

Fig. 5 shows the SCUBA 850 µm emission from Davis et al.

(1999) with contours of red and blue shifted gas in
12

CO demon-

strating that there are a large number of molecular outflows asso-

ciated with the Serpens sources. These maps are at a higher res-

olution than previous
12

CO studies, allowing more accurate flow

and source identification, compared to the previous results of Davis

et al. (1999), where some of the flows are unresolved. Fig.6 shows

another view of the
12

CO velocity structure of the cloud. In this

three-colour image showing the red-shifted, blue-shifted and ambi-

ent emission (green) the strong red and blue lobes can be clearly

seen.

2.2
13

CO and C
18

O maps

The isotopologues
13

CO and C
18

O are much less abundant than
12

CO, with the abundance ratio for the ‘local’
2

ISM being calcu-

lated as X
12

CO/X
13

CO = 77 (Wilson and Rood 1994). Being less

abundant, these species are only seen on the denser parts of the sub-

clusters, allowing us to probe the motions of the gas more closely

associated with the protostars rather than the outflowing gas. Our
13

CO and C
18

O maps (Fig. 2) cover a region of 17×11 arcminutes

centred on RA 18
h
29

m
58

s
, Dec 1

◦
13

�
02

��
(J2000). Fig. 7 shows the

2
Measured in the Orion GMC

c� 0000 RAS, MNRAS 000, 000–000

Most (solar mass) stars form 
in clusters of ~hundreds of 
members (Lada & Lada 2003)

Competative accretion;
Outflows;
High-mass stars...

Serpens core
Graves et al. (in prep)
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dust + Class 0 YSOs
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Conclusion: The formation of Solar Mass stars

• Turbulence ➞ filemantry clouds ➞ Clump Mass Function ~ IMF

• Prestellar cores: ~Bonnor-Ebert spheres. Dynamics?

• Evolution: Class 0 ➞ I ➞ II (T Tauri star) ➞ III (pre-main sequence star)

• Inside-out collapse (Shu 1977) gives a reasonable description of Class 0,I

• Velocity dominated by infall; some rotation + contribution from outflow

• Chemical evolution: depletion ➞ evaporation; outflow shocks; UV processing

• Disks seem to form early in the Class 0 phase with 0.05–0.1 Msun ~ constant

• What is the nature of these early disks? Are they in Kepler rotation?

• Most T Tauri stars have disks, in Kepler rotation

• Inside disks, grains grow & settle, gas chemistry evolves, gaps may open

Good picture of isolated star formation

Most stars form in multiple systems, clusters

Birth cluster of the Sun: 103<N<104



Outlook

• ALMA

• study YSOs in clustered regions like we have in isolation

• separate disks from envelopes

• Herschel

• access the FIR range, where key species have transitions: energetics

• E-ELT, JWST

• MIR spectroscopy of gas close to the star (star/disk connection)



Major reviews

• Evans 1999 ARA&A, 37, 311

• McKee & Ostriker 2007 ARA&A, 45, 565

• Bergin & Tafalla 2007 ARA&A, 45, 339

• Reipurth, Jewitt & Keil 2006, Protostars & Planets V (Univ Arizona Press)

• Evans et al. 2009, ApJS, 181, 321


