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Low-mass YSO evolution

the ‘‘average’’ HCO+ abundance in envelopes around Class 0
sources found by Jørgensen et al. (2004). It is possible that in
these two sources theHCO+ abundancemay be slightly enhanced,
but our data are not sufficient to firmly make this conclusion. In
the other sources in our sample, the HCO+ is similar to, or below,
the standard abundance.

The HCO+ emission seen in Figure 3 arises mainly along the
outflow cavity walls or the outflow lobes, and the observed over-
abundance is consistent with chemical models that predict HCO+

enhancement in outflow walls due to the shock-triggered re-
lease of molecules from dust mantles and subsequent chemical
reactions in the warm gas (Rawlings et al. 2000, 2004; Viti et al.
2002). Hence, it is clear that some of the sources in our sample
power outflows that are affecting the chemical composition of their
surroundings. On the other hand, HCO+ outflows with abundances
at or below the standard value must arise in dense (nk103) en-
velope gas (see Evans 1999) that has been entrained by the out-
flow, where shocks have not seriously affected the chemical
properties of the environment. In some sources the HCO+ outflow
emission does not trace the entire extent of the outflow wall (e.g.,
HH 300 and L1228) or does not trace both outflow lobes (e.g., HH
114mms and RNO 43). This could result from differences in the
environmental conditions, such as density, shock-induced radia-
tion, or chemical composition, or in the effects of optical depth.

6. SUMMARY

Our systematic high angular resolution (300Y700), multimolecular
line survey of the circumstellar environment within!104 AU of
nine protostars at different evolutionary stages has enabled detailed
studies of the kinematics, morphology, density distribution, and
chemistry of the circumstellar gas. These in turn have permitted
investigations of how the circumstellar envelopes and proto-
stellar outflows change with time.

Our 12CO images trace high-velocity outflowing molecular
material around all sources. We detect a clear trend in the mor-
phology of the protostellar molecular outflows. The youngest
sources (Class 0) in our sample power molecular outflows with

jetlike morphologies or cone-shaped lobes with opening angles
less than 55". The sightly more evolved (Class I) sources in our
sample have molecular outflows with lobe opening angles of
more than 75". Outflows from the most evolved young stars in
our sample, the Class II sources, have even wider lobes or no
definite shape or structure. Combining our data with that from a
number of sources in the literature shows that the outflow open-
ing angle close to the source widens with time.
The denser, lower velocity gas probed by our 13CO and HCO+

observations appears to arise from the outflow cavitywalls or very
close to the protostar. We suggest that this is dense gas from the
outer regions of the circumstellar envelope that has been en-
trained by the high-velocity flow, thereby eroding the envelope
and helping to widen the outflow cavities. We also suggest that
evolutionary changes in the morphology and velocity field of
the dense circumstellar envelopes, detected in our C18O images,
are mainly caused by outflow-envelope interactions. Class 0 source
envelopes, for example, are elongated with velocity gradients
along the outflow axis, indicating that the young and powerful
protostellar outflows can entrain dense envelope gas. Class I
envelopes, by contrast, are elongated more or less perpendicular
to the outflow axis and concentrated outside the outflow lobes,
as if most of the dense gas along the outflow axis has already
been displaced. By the Class II stage the sparse C18O emission
observed is constrained to the outflow lobe edges, consistent
with most, if not all, of the dense gas being cleared.
Not unexpectedly, our results show a decrease in envelope

mass as the age of the protostar increases. Comparisons of the
estimated envelope mass-loss rate with the dense gas outflow
rate imply that the protostellar outflow plays an important role
in envelope mass loss during and after the Class I stage. For
younger protostars, envelope mass loss is more likely to be domi-
nated by large infall rates. Finally, enhanced abundance of HCO+ in
the outflow in some of the sources in our sample indicates that
the chemical composition of the environment around these pro-
tostars is affected by shock-induced chemical processes in the
outflow-envelope interface.

Fig. 8.—Schematic picture of outflow-envelope interaction evolution. Dark gray regions denote high-density (envelope) gas, mostly traced by C18O in our
observations. Light gray regions show the molecular outflow traced by the 12CO and 13CO. Arrows indicate the gas motion. See x 5.4 for details.
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Outflows matter
• Feedback agent: turbulent injection, open 

cavities where UV escapes, heat surrounding 
material, …  

• Determines IMF: removes angular momentum 
from collapsing protostar, removes mass, 
changes disk dynamics, …  

• Chemical catalyst: through heating + UV 
changes chemical properties, ice composition, …



Lesson 1:
Water is the best shock/outflow tracer we currently know 
of: it traces a 300K component not seen from the ground

Lesson 2:
Outflows are more energetic than pre-Herschel/ALMA 
observations revealed and shocks are predominant

Lesson 3:
High angular resolution + sensitivity required for 

completing the dynamical picture of winds + outflows



Lesson 1:
Water is the best shock/outflow tracer we currently know 
of: it traces a 300K component not seen from the ground
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Sputtering

Barring any destruction 
processes, all O not in CO 
will be in H2O, x(H2O) ~ 10-4



H2O is not CO

• Low-J CO (Eup/kB < 50 K) 
traces cold entrained outflow 

• No spatial overlap between 
low-J CO and H2O: not tracing 
same outflow component

Nisini et al. 2010, Bjerkeli et al. 2011, 2012, 
2013, Santangelo et al. 2012, 2013, 2014, 

Vasta et al. 2012, Tafalla et al. 2012, Lefloch 
et al. 2010, Codella et al. 2010

B. Nisini et al.: Water cooling of shocks in protostellar outflows

Fig. 1. Continuum subtracted PACS map of the integrated H2O 179 µm emission along the L1157 outflow. Offsets are with respect to the
L1157-mm source, at coordinates α(2000) = 20:39:06.2, δ(2000) = +68:02:16. The different emission peaks are labelled following the nomencla-
ture adopted by Bachiller et al. (2001) for individual CO peaks. The same map is shown in the other panels with overlays of other tracers, namely
H2 0–0 S(1) at 17 µm (Neufeld et al. 2009), CO 2–1, and SiO 3–2 (Bachiller et al. 2001). The spatial resolution of these images are ∼11′′, for H2
and CO, and 18′′ for SiO. Note that the H2 observed region does not cover the B2 and R2 shocked peaks.

Fig. 2. LVG theoretical predictions of the 179 µm line brightness versus
the 179 µm/557 GHz line ratio, compared with observed values. See
text for the details.

instruments relative to the PACS spatial resolution, we evalu-
ate here only properties averaged over large outflow regions. In
particular, we consider the Odin observations acquired towards
the blue (B) and red (R) outflow lobes at offsets (+29′′, −52′′)
and (−21′′, +121′′) (Bjerkeli et al. 2009). The 179 µm/557 GHz
intensity ratios are obtained by diluting the PACS observations
to the 126′′ Odin resolution. The same procedure was adopted
for the SWAS observation that encompasses almost the entire
L1157 PACS mapped region with its 3.5′ × 5.0′ elliptical aper-
ture. Figure 2 presents large velocity gradient (LVG) predictions,
assuming a slab geometry, of the 179 µm line brightness versus
the 179 µm/557 GHz line ratio, compared to the observations
combined above. The absolute brightnesses are those averaged
within an area enclosing 90% of the total PACS emission in-
side each considered Odin/SWAS aperture. These emitting areas
are 5.9 × 10−8, 8.0 × 10−8, and 2.7 × 10−7 sr for the R, B, and

the SWAS apertures, respectively. The line intensity derived in
this way was considered to be a lower limit to the true 179 µm
brightness if the PACS emission originates in a clumpy medium,
of which the clump size is smaller than the Herschel diffraction
limit at 179 µm.

In the figure, observations are indicated as boxes that take
into consideration the uncertainty of a factor of about 1.5 in the
179 µm flux, estimated by comparing with the ISO observations
(Sect. 2). Theoretical curves were derived as a function of the o-
H2O column density, using the RADEX code (Van der Tak et al.
2007) assuming temperature and density conditions measured
from the H2 Spitzer observations or ground-based millimeter
observations (Nisini et al. 2010, 2007; Mikami et al. 1992). The
temperature is between 300 and 500 K and the density is in the
range 1−5×105 cm−3, the blue lobe being on average colder and
denser than the red lobe. Part of the 557 GHz emission can arise
from a gas colder than these assumed values, given the lower ex-
citation temperature of this line with respect to the 179 µm line.
To evaluate the effect of different temperature components along
the line of sight on the ratio of the two considered transitions,
Fig. 2 also plots the theoretical predictions assuming a temper-
ature stratification where the column density in each layer at a
given T varies as T−b (Neufeld & Yuan 2008). A minimum and
maximum temperature of 100 K and 4000 K, respectively are
assumed, and b values between 2 and 4, i.e., the range of val-
ues that consistently fit the H2 rotational lines (Neufeld et al.
2009). These curves give the same range of predicted values
as the single T curves, indicating that contributions from high-
temperature gas do not significantly affect the considered transi-
tions.

Several general conclusions can be drawn from the in-
spection of Fig. 2. Firstly, the data are consistent with model
predictions only if we assume that the real emitting areas are
smaller than those estimated from the PACS map. In particular,
agreement with the theoretical curves is found for covering
factors ( fc) ∼0.1–0.2, which suggests that the emission is
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H2O moves 
differently than CO

• Lower contrast between 
high- and low-v material 

• CO varies with excitation: 
higher-J CO has more 
momentum and energy

FWHM: H2O vs 12CO
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*  IM
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x HM CO 3-2

• Dispersion could be 
related to intrinsic 
properties of the source.

• Calculate ratio of FWHM 
H2O/12CO to minimise 
effects caused by these 
inherent characteristics.r2=-0.65
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H2O is warm 
and dense

• H2O follows CO 16-15: 
excitation in 300 K gas 

• High dipole moment: 
excitation in dense gas 

• Collisional excitation, even 
close to the central protostar

J. C. Mottram et al.: WISH V. The physical conditions in low-mass protostellar outflows revealed by water
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Fig. 12. radex results for the average line ratios for the cavity shock (top) and spot shock (bottom) components assuming T=300
and 750K respectively. The left-hand panels show the best-fit (red cross) and 1, 3 and 5σ confidence limits (blue contours) for a
grid in nH2 and NH2O. The black dashed contours show the corresponding radius of the emitting region. The middle panels show a
spectral line energy distribution comparing the observed (blue for H2O, green for H182 O) and best-fit model (red for H2O, magenta
for H182 O) results. The right-hand panels show the optical depth for each line for the best-fit model.

stems from our correction of the radex intensities using Eqn. 3,
but is also because Kristensen et al. (2013) only considered wa-
ter column densities of 4×1015−1017 cm−2 and H2 densities of
106−109 cm−3 and therefore only considered the thermal solu-
tion.

For most cavity shock components, the best fit favours the
sub-thermal solution but there is usually a thermal solution
within the 3 or 5σ contours as well. The analysis for the majority
of spot shock components favours the thermal solution, resulting
also in smaller emitting regions sizes on the sky, but in all com-
ponents where this is the case there are also solutions within the
1σ contours in the sub-thermal solution. Therefore, while there
is some spread in best-fit results, we cannot conclude that there
is a significant difference between cavity and spot shock results
when considering the 1σ results, as also seen for the average line
ratios. The Class I sources tend to have smaller emitting region
sizes compared to the Class 0 sources, but there is no significant
difference in nH2 and NH2O.

5. Discussion
The following subsections discuss separately the variation in
properties between the different shock components (Sect. 5.1)
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Fig. 13. Best-fit NH2O vs. nH2 from the radex model grids for
sources with well-constrained best-fits (i.e. 1σ contours include
<10% of all models). The black square and cross indicate the
best fit for the average spot and cavity shock line ratios.
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sical CO outflows. Bjerkeli et al. (2012) compared the momen-
tum and energy in H2O and CO for the VLA1623 outflow using
H2 observations to calculate abundances for water. They found
water abundances with respect of H2 of (1−8)×10−7, that the
momentum in water was ∼25% that of CO and that the energies
were comparable. However, the water abundances they derive
are quite low compared to determinations for other sources (e.g.
Santangelo et al., 2013, find 0.3−1×10−5), so the mass, momen-
tum and energy calculated from H2O may be an overestimate.
Even so, studies which only use low-J CO to quantify the im-
pact of outflows at the source position probably underestimate
the true mass, momentum, angular momentum and kinetic en-
ergy injected into the envelope and surroundingmolecular cloud.
Addressing this in a quantitative way requires a determination
of the H2O abundance relative to H2 as a function of velocity,
something that cannot be done with the observations presented
here alone. This will be the subject of a future paper using HIFI
observations of the high-J CO 16-15 line (Kristensen et al., in
prep.).

5.4. On source vs. off source
Having compared the various on-source components and their
properties, it is also important to consider how our results com-
pare to those obtained for shock positions further away from the
central source. In general, the line profiles for off-source emis-
sion have similar maximum velocities but are less symmetric
than at the source position (Vasta et al., 2012; Santangelo et al.,
2012; Busquet et al., 2014), as might be expected for regions
with only red or blue shifted outflow emission. While Gaussian
decomposition similar to that used here has not been presented
for those observations, some additional slightly offset features
can be seen in some line profiles which are reminiscent of the
on-source spot shock component.At some locations, particularly
away from the brightest parts of the outflow, the line shape be-
comes more like the classical triangular shape of some CO out-
flows (Santangelo et al., 2014). In addition, there can be signifi-
cant differences in line shape between H2O transitions, resulting
in line ratios (and thus excitation conditions) which vary with
velocity.

Table 7 presents a summary of recent determinations of
the excitation conditions towards such regions for some of
the sources present in our study (Santangelo et al., 2013;
Busquet et al., 2014; Santangelo et al., 2014). Aside from the
differences in isolating which emission to integrate over, these
studies used similar Large Velocity Gradient models in their
analysis, sometimes simultaneously fitting emission from water
and other species also expected to originate in the outflow. As
such, though the methods are not precisely the same, the results
of these other studies should be comparable with the analysis
presented in this paper.

We find much smaller emitting regions for on-source emis-
sion than derived for the off-source shock positions. Figure 15
shows a comparison of the densities and beam-averaged col-
umn densities we derive with those in Table 7 and those from
Tafalla et al. (2013). Averaged over the beam, the densities and
column densities are very similar, though the absolute column
densities are lower off-source due to the larger emitting regions.
Lower column density at larger distances from the central source
will lead to lower optical depths in the water lines. There are two
possible options for this difference in column density.

Firstly, the water abundance could be higher at the source po-
sition than at the shock spots. Certainly lower water abundances
have been found at the shock positions (e.g. Santangelo et al.,
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Fig. 15. Comparison of the conditions obtained in Sect. 4.4.2
with those from the literature in Table 7 and from Tafalla et al.
(2013). The column densities have been averaged over the
110−101 beam as in Tafalla et al. (2013). The black square and
cross indicate the best fit for the average spot and cavity shock
line ratios.

2013; Busquet et al., 2014) than the value of ∼10−4 expected if
all oxygen is forced into water by warm gas-phase chemistry.
It is unlikely that H2O could be converted into other species
more efficiently at the off-source positions because the reac-
tion rates for H2O reacting with H or any other species are low
(Snell et al., 2005; McElroy et al., 2013). The gas-phase H2O
abundance could be lower at the shock spots if sputtering is less
efficient at the off-source positions because the velocity or den-
sity is lower (Caselli et al., 1997). However, the line-widths are
large and post-shock densities are similar to the source position
(see Fig. 15).

Alternatively, the difference may come from a change in the
nature of the shocks being observed on and off source. The on-
source cavity and spot shock components most likely exist as a
thin layer at the boundary of the outflow cavity, as discussed
above. As such, a parcel of post-shock gas cannot move az-
imuthally as it is in pressure equilibrium with the neighbouring
parcels which are also in the post-shock. Expansion perpendicu-
lar to the outflow axis into the envelopemay take place over time
as the cavity opening angle increases but this will be resisted by
the higher-density material in the envelope. Thus the only ’easy’
expansion route for the gas will be away from the central proto-
star along the outflow cavity layer. This will fill a larger volume
at larger distances while being subject to weaker shocks, hence
the increasing beam-emitting area and decreasing column den-
sity. Indeed, this is consistent with the extended component seen
in the water mapping observations of Santangelo et al. (2014).

In contrast, the material in the post-shock of the bow-shocks
is subject to the full direct impact of the jet rather than an oblique
shock. It will therefore be a J-shock at or near the velocity of
the jet, and may have a higher temperature and/or harsher UV
field than in the on-source spot shocks. This would lead to a
lower water abundance at the off-source bow-shock relative to
the cavity shock. The post-shock density at the bow-shock is also
higher than that of the surrounding cloud and so it can expand
in most directions. Indeed, it will seek to do this as it is likely
over-pressured with respect to its surroundings. The combina-
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Water abundance
• CO 16-15 as reference 

frame: x(H2O) constant 
with velocity 

• At source position:  
x(H2O) ~ 10-5 

• At outflow position:  
x(H2O) ~ 10-7 - 10-5 

• Lower than expected: UV 
photodissociation? 

10�2 10�1 100

N(H2O) / N(CO)
10�1

100

101

I(
H

2O
)/

I(
C

O
)

Mean

Linear

Point

557 GHz
1670 GHz

0 5 10 15 20 25 30
|u - uLSR| (km s�1)

10�2

10�1

100

101

H
2O

1 1
0-

1 0
1

/C
O

16
-1

5

Mean

Point

Linear

Kristensen et al. 2010, in prep., Bjerkeli et al. 2011, 2012, 
20213, Santangelo et al. 2012, 2013, 2014, Vasta et al. 2012, 

Tafalla et al. 2012, Lefloch et al. 2010, Codella et al. 2010



Water chemistry: sputtering 
& gas-phase synthesis

• CH3OH and H2O: grain products released 
through sputtering 

• H2O: also efficient gas-phase route 

• Comparison: 90-99% of molecules 
destroyed in sputtering process, H2O 
reforms at high velocities
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Lesson 2:
Outflows are more energetic than pre-Herschel/ALMA 
observations revealed and shocks are predominant



CO, H2O, OH:  
dominant coolants and probes

G. J. Herczeg: Warm water in a Class 0 outflow

Fig. 4. The combined Herschel/PACS and Spitzer/IRS continuum-subtracted spectra of IRAS 4B, with bright emission in many H2O (blue marks),
CO (red marks), OH (green marks), and atomic or ionized lines (purple). The Spitzer spectrum is multiplied by a factor of 10 so that the lines are
strong enough to be seen on the plot. The inset shows the combined spectrum including the continuum.

Fig. 5. Top: spectra extracted separately from a spaxel centered on the
sub-mm continuum (red) and a spaxel offset by 9.′′4 to the S and cen-
tered on the outflow position (blue). The outflow position is dominated
by line emission while the central object is dominated by continuum
emission, indicating that the lines and continuum are spatially offset.
Bottom: the same two spectra after continuum subtraction show that the
on-source line emission gets much weaker to short wavelengths.

point sources, one at the outflow position and one at the sub-
mm continuum peak, and are subsequently fit with 2D Gaussian
profiles. More complicated spatial distributions would be unre-
solved in our maps.

The right panel of Fig. 6 demonstrates that the location of
the warm H2O coincides with the Spitzer/IRAC 4.5 µm imag-
ing. The two H2O lines near 63.4 µm, o-H2O 818−707 and p-
H2O 808−717, (E′ = 1070 K) are centered at 5.2 ± 0.2′′ from
the 63 µm continuum and are spatially extended relative to the
continuum emission (assumed to be unresolved for simplicity)
by FWHM = 6.7±1.0′′. About 70% of the emission is produced
at the southern outflow position (Fig. 8). The flux ratios for the
two H2O 63.4 µm lines are similar at both the on-source and
off-source positions (Fig. 9). In the 108.5 µm spectral map, both
the o-H2O 221−110 (E′ = 194 K) and CO 24–23 (E′ = 1524 K)
emission are centered 2.5 ± 0.4′′ south of the 108.5 µm contin-
uum emission and are spatially-extended in the outflow direction
by 13.6 ± 0.7′′, relative to the extent of the continuum emis-
sion. The larger spatial extent and smaller offset in the 108 µm
lines both indicate that the outflow component contributes∼40%
of the measured line flux. The spatial differences may be inter-
preted as differential extinction across the emission region, dis-
cussed in the next subsection.

The 54 µm maps are noisy because PACS has poor sensitiv-
ity at <60 µm. The o-H2O 532−505 54.507 µm (E′ = 732 K)
emission is offset by 5.9 ± 0.4′′ south from the the peak of the
sub-mm continuum emission. The CO 49-48 53.9 µm emission
(E′ = 6457 K) is offset 2.9 ± 0.4′′ south, between the peak of the
sub-mm emission and the bright outflow location. The highly-
excited CO emission is produced in a different location than the
highly-excited H2O emission.

The [O I] emission is offset by 3.7 ± 0.3′′ at PA= 168◦, just
west of the outflow, and is spatially extended by ∼7.′′1 ± 1.0.

3.3. Extinction estimates to the central source and outflow
position

The extinction to different physical structures within the
IRAS 4B system depends on how much envelope material is
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Shocks dominate FIR 
cooling lines

• FIR spectra dominated 
by H2O, CO, OH and O 

• Shock models 
reproduce excitation: 
UV needed to 
reproduce chemistry

A. Karska et al. 2014: Water deficit in low-mass YSOs in Perseus

Fig. 8. Ratios of line fluxes in units of erg cm−2 s−1 as a function of logarithm of density of the pre-shock gas, nH . Ratios of
different transitions of the same molecules are shown at the top row and line ratios comparing different species are shown at the
bottom. Filled symbols and full lines show models of C shocks (circles – from Kaufman & Neufeld, diamonds – from Flower &
Pineau des Forêts), whereas the empty symbols and dash-dotted lines show models of J shocks (Flower & Pineau des Forêts 2010).
Colors distinguish shock velocities – 20 kms−1 shocks are shown in red, 30 km s−1 in blue, and 40 km s−1 in orange.
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Shock energetics as important 
as outflow energetics

– 28 –
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Fig. 2.— As in Fig. 1 for IRAS4A and B (but with the 4.5µm Spitzer image in place of the
8µm image). Contours refer to the total integrated line intensity and run from 1.5 10−5 to

7.5 10−5 erg s−1cm−2sr−1 in steps of 1.5 10−5 erg s−1cm−2sr−1
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Fig. 12.— Comparison between the [OI] atomic mass flux determinations and the protostel-
lar mass accretion rate (a) and the wind mass flux needed to sustain the CO outflow ((b),

see details in Section 4). Blue triangles and red circles refer to mean values of the deter-
minations obtained from the [OI] 63µm luminosity and from the Hollenbach (1985) formula
that assumes that the 63µm line originates from the dissociative wind shock, respectively..

Error bars denote the range of the determinations.
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Fig. 2. Ratio between parameters inferred from CO and H2O observa-
tions. The markers indicate the ratios for L 1448 (squares), VLA 1623
(diamonds), and L 1157 (circles). Red and blue colours are for the red
and blue outflow lobes, respectively. Note that a few of the symbols are
superpositioned. Dashed lines show the mean and boxes indicate the
standard deviation.

103 years and this confirms that these sources are very young.
They may still be in the formation stage where material is ac-
creted onto the proto-stellar condensation. The dynamical age
can be compared to the shock propagation time-scale (the time
the gas is in a shocked state) for various types of plane-parallel
shock models (Bergin et al. 1998; Flower & Pineau des Forêts
2010). For C-type shocks, time-scales are of the order 103 years
for a pre-shock density of 104 cm−3, and are even shorter than
this for J-type shocks or when pre-shock densities are higher.
The dynamical ages can therefore be longer than the time-scales
for shock propagation. For the outflows discussed here, the water
emitting regions trace gas at densities of ∼106 cm−3 and temper-
atures higher than 100 K. Under these conditions, the time-scale
for freeze-out onto grains should be longer than the dynamical
time-scale (Bergin et al. 1998; Hollenbach et al. 2009). Thus,
it is possible that once the H2O abundance is enhanced due to
the presence of a shock it will not be significantly reduced in
the post-shock region. This is in agreement with the fact that the
H2O emission does not trace gas at particularly high velocities.
The thrust dP/dt (momentum rate) and power dE/dt (mechani-
cal luminosity) derived from H2O and H2 are in close agreement
with previous estimates based on CO observations. However, al-
though the deviations are small, the thrust is on average three
times higher and the power is two times higher when deduced
from CO observations (see Fig. 2). The reason for this is not en-
tirely clear, but it may be that the mass of the H2O emitting gas
in reality is slightly larger than the values estimated in this work.
The wind mass-loss rates are estimated to be ∼10−6 M⊙ yr−1

for L 1448 and L 1157, and one order of magnitude lower for
VLA 1623. Assuming that the luminosity of the central source1

is entirely due to accretion and adopting a radius to mass ratio
of 5, this leads to similar values for the mass-accretion rates (see
e.g. Stahler et al. 1980).

5. Conclusions
The inferred values for power agree to within a factor of 3 when
using the different molecular tracers. Similarly, the estimated
values for thrust are equal to within a factor of 4. This may

1 Lbol = 8.3, 8.4, and <2.0 for L 1448, L 1157, and VLA 1623 respec-
tively (Froebrich 2005).

indicate that the ejection mechanism that is responsible for the
motion of the cold gas, is the same as the one that sets the warm
gas into motion. It is, however, also possible that this is a charac-
teristic of young outflows. This study also reveals that the emis-
sion from H2O traces a gas component that presumably oper-
ates on the same time-scales as CO, i.e. H2O is not detected at
very different velocities compared to CO. The fact that the es-
timated values are the same (within a factor of a few) for all
observed sources supports previous estimates based on CO ob-
servations. We also find it likely that ground-based CO obser-
vations are adequate when assessing the impact of outflows on
their environment.
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• [O I] 63 micron 
observations velocity-
resolve jet emission



Lesson 3:
High angular resolution + sensitivity required for 

completing the dynamical picture of winds + outflows



Winds rotate

• Winds + outflows remove 
angular momentum: 
constraining the rate 
constrains the launch 
mechanism 

• Observations difficult: require 
high sensitivity + resolution 

• ALMA delivers! 

A&A 555, A73 (2013)

Fig. 3. CO J = 2–1 intensity weighted velocity map of the blue shifted
wind from HD 163296. The purple circles show the 2012 positions of
the knots, the blue and red contours show the HCO+ J = 4–3 emission,
and the two dark cyan circles in the bottom left corner show the synthe-
sized beams of the observations, as in Fig. 2. The blue and red dashed
lines delineate the double corkscrew described in the text.

Fig. 4. CO J = 3–2 integrated intensity map of the blue shifted wind
from HD 163296. The colourscale shows the primary beam corrected
integrated intensity of the J = 3–2 emission The black, blue and red
circles and contours are the same as Fig. 2. The molecular counterpart to
HH knot A2 is more prominent in this image because we have corrected
for the fall-off in sensitivity as a function of distance from the pointing
centre.

smaller and larger arcs in Fig. 4 show where the Band 7 and
Band 6 primary beams are attenuated to 50%. The primary beam
corrected data extends to where the primary beam is attenuated
to 20% of its sensitivity at the pointing centre. The CO J = 3–2
emission in the vicinity of HH knot A2 is much more prominent
in this representation.

The differing morphology between the two CO transitions
may be explained by spatial filtering by the interferometer.
The Band 7 observations cannot detect structures larger than
about 8′′, while the Band 6 observations are sensitive to larger
scale structures (∼11′′). It is a combination of the higher exci-
tation conditions required for the J = 3–2 transition and the
spatial filtering which is causing the wind to appear clumpy
and compact in the Band 7 observations. We masked the short-
est baselines in the Band 6 data to match the largest angular
scales recoverable in the Band 7 data (8′′ at 230.5 GHz corre-
sponds to 16.6 kλ). In this filtered data, we find that the wind,
as traced by CO J = 2–1, appears clumpier, and peaks close
to the J = 3–2 emission. That the regions with the strongest

emission for two species are slightly different suggests that the
excitation of the two lines also plays a role in the morphology.

In the image plane (see Fig. 2), we do not detect the north-
ern redshifted gas. It is likely that the redshifted wind is filtered
out by the interferometer. This is evidenced by the redshifted
emission being detected in the Band 6 visibilities, but not the
Band 7 visibilities. The redshifted emission is filtered out on all
but the shortest two baselines (at ∼21 m). The next shortest base-
line is 27.5 m, and the short baseline sampling appears to be too
coarse to image the red lobe. Followup observations covering a
wider areas, and recovering larger scale structures are required
to confirm this hypothesis.

4. Discussion

Wassell et al. (2006) characterized the knots of HH 409 asso-
ciated with HD 163296. For knot A they suggest a proper mo-
tion of 0.′′49 yr−1. Using that proper motion, and extrapolating
to 2012, we find that knot A is well beyond the primary beam
of our observations. However, if we apply the proper motion of
knot A to knot A2, we find that it should have been approx-
imately 11′′ from the disk when our observations were taken.
Using a position angle of 42◦ (taken from Wassell et al. 2006),
this knot should be slightly ahead of the CO emission seen
in the primary beam corrected image of Fig. 4 as shown with
a purple circle. Note that this clump, at 11′′, is in the region
where the interferometer is only 20% as sensitive as it is at the
pointing centre. That a jet knot should be co-located with this
CO J = 3–2 emission feature suggests that the molecular emis-
sion is real despite being far from the pointing centre.

The observations of Sitko et al. (2008) showed a flare in 3 µm
emission coming from HD 163296 in 2002. If we assume that
this was a knot launching event, and assume this knot has the
same proper motion as HH knot A (0.′′49 yr−1), then, at the epoch
of our observations (10 years later), the ejecta should be 4.9′′
from the disk. This is the location of the leading edge of our
strongest CO J = 3–2 knot, which we named A3 (see Fig. 2).
It should be noted that an atomic HH knot from this flare would
have been obscured by the coronograph of the 2004 observations
of Wassell et al. (2006), but that subsequent observations should
show the atomic knot emission (see for instance, Günther et al.
2013; and Ellerbroek et al., in prep.).

Based on the emission morphologies shown in Figs. 2 and 3,
we suggest that the 12CO emission is primarily tracing the disk
wind coming from HD 163296. The morphology of the emis-
sion, and its velocity structure suggests that this is a disk wind,
and not an entrained outflow from the jet. That there appears
to be two arms to the wind argues against entrainment because
it is unlikely that a single knot can produce two velocity com-
ponents (like those highlighted by dashed lines in Fig. 3). If
the CO were entrained material, there is no explanation for the
highly blue shifted material at the end of the bluest arm of the
observable wind, since there is no HH knot ahead of it which
could have entrained that gas. In the area around the knots,
the molecular gas in the wind is being heated by the jet; either
from the warm shocks, or directly from the jet heating the dust.
Because the temperature is elevated, smaller amounts of gas ap-
pear brighter. This means that compact and bright knots of CO
will appear in the larger scale wind. In the case of CO J = 3–2,
the larger scale wind is resolved out by the interferometer, but
the bright and compact knots of heated gas are still detectable.
The CO J = 2–1 emission is also quite bright in this region.
Note that the enhanced CO emission is slightly closer to the disk
(i.e. upstream) than the expected position of the knots in 2012,
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Fig. 4. Left: SiO(8–7) channel maps at Vsys ± 8 km s−1 (blue and
red) overlaid on top of C34S(7–6) close to systemic velocity (black).
Right: C34S(7–6) channel maps at low blue and redshifted velocities
∼Vsys ± 0.9 km s−1, showing a rotating wide-angle flow about the jet
axis. SiO first contour at 5σ (25 mJy beam−1 km s−1) and steps of 25σ.
C34S first contours and steps correspond to 5σ (15 mJy beam−1 km s−1).

findings support the hypothesis of a rotating disk of radius 90 AU
around the MM1 protostar, possibly in Keplerian rotation inside
this radius.

3.3. C34S: warped cavity and wide-angle flow

While the bulk of the C17O emission in Fig. 1 (Middle) is tracing
the protostellar envelope of FWHM ≃ 460 AU flattened in the
equatorial plane, C34S is elongated along the outflow, with little
emission in the equatorial plane. Given the high critical density
of the C34S(7–6) line (∼ 9 × 106 cm−3 between 10 K and 300 K,
according to the collisional rates of Lique et al. 2006), and the
envelope density inferred by Lee et al (2014), this suggests that
CS is tracing a dense gas component more closely related to the
primary jet or outflow. Near systemic velocity, C34S is imag-
ing a biconical structure surrounding the SiO jet and with MM1
at the vertex (see Fig. 4). A surprising finding is the S-shaped
warp seen in C34S, despite the very straight axial jet. Similar
cavity asymmetries are predicted by MHD simulations during
protostellar collapse with a misaligned magnetic field and angu-
lar momentum vectors (e.g. Ciardi & Hennebelle 2010); hence
the C34S warp might be a remnant imprint of this initial configu-
ration, which has been invoked to explain the formation of large
Keplerian disks in Class 0 sources (Joos et al. 2012). Sensitive
polarisation measurements with ALMA will be crucial to test
this hypothesis.

Figure 4 further indicates that the C34S southern lobe is
clearly rotating about the jet in the same sense as the C17O cav-
ity. However, Fig. A.2 shows that the structure of C34S is nar-
rower than that of C17O and becomes gradually more colli-
mated towards the jet axis as the velocity increases, changing
progressively from a biconical morphology near Vsys to a jet at
VLSR − Vsys ≥ 2.5 km s−1. This suggests that the C34S emis-
sion may be filling-in the swept-up extended cavity delineated
by C17O, and trace a rotating wide-angle flow with a nested
onion-like velocity structure, highly reminiscent of that seen in
the atomic jet from the T Tauri star DG Tau (Bacciotti et al.
2002).

4. Conclusions

C17O traces three different components that depend on the ve-
locity of its emission: the infalling envelope near systemic veloc-
ity, the rotating cavity in the LV range, and a rotating equatorial
disk in the HV range with radius ∼0.′′2 = 90 AU, which may be
Keplerian around a protostar of 0.3 ± 0.1M⊙. On the other hand,
the wide-angle CS flow suggests that disk winds may be present
in this source. The present results calls for more observations at
high spatial and spectral resolutions of disk tracers to confirm
the disk size and verify its Keplerian nature.
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Figure 1. Integrated intensity map of the HH 46/47 CO(1–0) outflow. Blue (red) contours represent the blueshifted (redshifted) lobe. The blue lobe is integrated over
−6.8 km s−1 < vout < −1.3 km s−1. The lowest contour and subsequent contour steps are 0.2 and 0.25 Jy beam−1 km s−1, respectively. The red lobe is integrated
over 1.3 km s−1 < vout < 6.7 km s−1. The lowest contour and subsequent contour steps are 0.25 and 0.3 Jy beam−1 km s−1, respectively. Green contours show the
3 mm continuum emission surrounding HH 47 IRS. The lowest contour and subsequent contour steps are 1.3 and 1 mJy beam−1, respectively. The thick gray line
delineates the edge of the globule as traced by our CO data close to the cloud velocity (see Figure 3). The synthesized beam of the CO map is shown on the lower left
corner of the figure. Gray diagonal parallel dashed lines show the edges of our map. The position of redshifted outflow clumps R1, R2, and R3 is shown, as well as
that of the blueshifted clump B0 and clump A. The dark dashed line passing through B0, HH 47 IRS, and A indicates the position of the p–v cut shown in Figure 11.
(A color version of this figure is available in the online journal.)

higher angular resolution are needed to investigate whether each
component has its own separate circumstellar envelope.

3.2. Line Data and the Molecular Outflow

Integrated intensity maps of the CO(1–0) blueshifted and
redshifted emission from the HH 46/47 molecular outflow
are displayed in Figure 1. The most striking aspect of this
outflow is the clear difference in size and morphology between
the two different lobes; the red (southwestern) lobe extends
approximately 2′ from the source, while the blue (northeastern)
lobe only extends up to about 30′′ from the powering YSO. This
asymmetry had been noted in earlier, lower angular resolution
observations of the CO outflow and it is generally assumed that
it is due to the fact that the HH 47 IRS is close to the edge
of the parent globule (i.e., Chernin & Masson 1991; Olberg
et al. 1992; van Kempen et al. 2009). The protostellar wind’s
blueshifted (northeastern) lobe breaks out of the cloud, where
there is little molecular gas for it to entrain, while the redshifted

lobe dives into the globule and is able to entrain much more gas
along its path.

In addition to the drastic difference in length, each lobe ex-
hibits dissimilar morphologies most likely caused by differing
dominant entrainment processes. The blue lobe shows mainly a
parabolic morphology, with a P.A. of about 60◦. The morphology
and the velocity structure of the blue lobe suggests this molecu-
lar outflow is mostly being formed by the entrainment of cloud
material by a wide-angle protostellar wind (see Section 4.1). We
also detect in the blue lobe a small protuberance southeast of
the continuum source (labeled B0 in Figure 1), which we argue
is due to the outflow from a binary companion (see Section 4.4).
The red lobe, on the other hand, has a V-shape near the source,
with an opening angle of about 65◦. Starting at about 30′′ from
the source, the integrated intensity contours mostly trace the
southern and northern outflow cavity walls, which extend up to
80′′ and 2′, respectively, from the source. We suspect that these
structures trace the limb-brightened walls of an approximately
cylindrical shell produced by the outflow–cloud interaction. In
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Figure 6. Comparison of blue CO lobe and optical image of HH 46/47 jet. The
HST image was taken with the [S ii] (F673N) filter in 2008 by Hartigan et al.
(2011). Contours show the emission integrated over the velocity range from
−6.8 to −3.2 km s−1. This velocity range was chosen to avoid contamination
from cloud emission and B0. The lowest contour and subsequent contour steps
are 0.15 and 0.2 Jy beam−1 km s−1, respectively. The yellow cross shows the
position of HH 47 IRS. The two black dash lines connect the position of the
source to outermost positions of the wiggling jet, with respect to the outflow
axis. The dotted pink line perpendicular to the outflow cavity shows the position
of the p–v cut shown in Figure 10(a).
(A color version of this figure is available in the online journal.)

examples where a “dual-component” wind have been invoked to
explain the mm and optical/IR outflow observations are HH 111
(Nagar et al. 1997, Lee et al. 2000, however see Lefloch et al.
2007 for an alternative explanation), HH 315 (Arce & Goodman
2002), and B5-IRS 1 (Yu et al. 1999). In the first two cases the
protostellar source is close to the cloud edge, the blue optical
jet (or HH flow) is clearly seen to reside outside the dense parts
of the cloud, and the morphology of the molecular outflow’s
blue lobe is consistent with it being formed by a wide-angle
wind (similar to HH 46/47). This is possible if the underlying
protostellar wind has both a collimated (jet) and a wide-angle
component and the gas in the blue lobe is mostly entrained by
the wide-angle component. The reason that the wide-angle wind
dominates the gas entrainment in these sources (including HH

46/47) is possibly due to the fact that the jets lie in a region of
very low density molecular gas, on the outskirts of the cloud.
Numerical simulations of jet shock-driven outflows show that
most of the gas entrainment takes place at (or near) the head of
the bow shock (e.g., Smith et al. 1997; Lee et al. 2001), while in
a radially expanding wide-angle wind entrainment mostly takes
place in a wide-angle shell originating at the source. Hence, in
a dual-component wind where the jet bow shocks mostly reside
outside the cloud, the circumstellar molecular gas will mostly
be accelerated by the wide-angle wind component close to the
source, where there is enough molecular material for the wind
to entrain and form the observed molecular outflow.

Further evidence that the blue lobe of the HH 46/47 molecular
outflow is entrained by a dual-component wind is observed by
comparing the morphology of the blueshifted gas and that of the
optical jet. In Figure 6, we show contours of the low-velocity
blueshifted lobe plotted over the HST image of the HH 47/46 jet.
The northern wall of the CO blue lobe follows the northern edge
of the optical nebula, which implies that the bright parabolic
structure observed in CO traces the walls of the outflow cavity.
The jet’s wiggling structure suggests that the jet axis changes
with time or precesses (i.e., Reipurth et al. 2000). In Figure 6,
we show the opening angle of the precession cone in the plane
of the sky, delimited by lines that connect HH 47 IRS and the
bright emission knots at the most extreme angles with respect to
the protostellar source. It is clear that the opening angle of the
molecular outflow lobe is substantially wider than that of the jet
precession cone. It is therefore highly unlikely that precession
of the jet alone could, by itself, produce the wide-angle cavity
traced by the CO outflow.

4.2. Red Lobe

Compared to the blue lobe, the red lobe of the HH 46/47
molecular outflow exhibits a more complex spatial and kine-
matical structure. In Figure 7, we show maps of the redshifted
outflow emission integrated over different velocity ranges cho-
sen to highlight the different important structures discernible at
different velocities. These are discussed in detail below.

4.2.1. Morphological Evidence for the Existence of a Wide-angle Wind

Figure 7(a) presents a map of the low outflow velocity
emission (1.2 < vout < 2.7 km s−1), where the lobe shows
a clear wide-angle structure, with an opening angle of 65◦,
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Figure 7. Velocity range-integrated intensity maps of the CO redshfited emission. The velocity interval of integration is given at the top of each panel. In the left,
middle, and right panels the lowest contour and contour steps are 0.2, 0.105, and 0.2 Jy beam−1 km s−1, respectively. The synthesized beam is shown on the lower left
corner of each panel. The red cross shows the position of HH 47 IRS.
(A color version of this figure is available in the online journal.)
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C. Codella et al.: Monopolar jets driven by a proto-binary system in NGC 1333-IRAS2A

Fig. 2. Position-velocity cut of SiO(5–4) (grey scale and black contours)
and SO(65–54) (magenta contours) along the N-S jet (PA= 25◦, see grey
line in Fig. 1). First contours and steps correspond to 5σ (3.0 K for SiO
and 4.5 K for SO) and 10σ, respectively. Dashed lines mark the posi-
tions of MM1, MM3, and the ambient VLSR (+6.5 km s−1). Labels A, B,
C, and D are for the four clumps along the SiO blue jet. No SiO or SO
emission is detected outside the given velocity range.

it appears even narrower (being spatially unresolved) close to
the driving source. Position-velocity (PV) diagrams along the
N-S jet axis (Fig. 2) show that SiO emission extends to very
high blueshifted velocities, ∼–50 km s−1 with respect to VLSR

5 =
+6.5 km s−1.

The MM1 SiO jet is surprisingly asymmetric with a bright
(up to 90 K in TMB scale, see e.g. Fig. 3) blueshifted emis-
sion and no clear red counterpart (down to 1 K), suggesting a
monopolar nature. The presence of monopolar outflows has re-
cently been observed by Fernández-López et al. (2013) towards
the complex high-mass star forming region IRAS 18162-2048.
In that case, the authors propose precession and deflection due
to high-density clumps to explain the asymmetric appearance.
In principle, asymmetries in ambient gas could affect emission
at low velocities (such as swept-up gas, see e.g. Pety et al. 2006),
but not the jet emission. As far as we know, this is the first
time a SiO monopolar high-velocity jet ejected from a low-
mass protostar has been observed. The lack of SiO redshifted
emission could be due to the lack of dust if the northern
cavity has been completely evacuated by previous ejections.
However, the lack the high-velocity redshifted emission in SO
(see Sect. 3.3), whose abundance increases due to pure gas
phase neutral-neutral reactions, seems to rule out this hypoth-
esis. As a consequence, the bright blueshifted jet from MM1 ar-
gues that, intrinsically, one-sided ejections from low-mass proto-
stars can occur, i.e. that one side of the accreting disk is ejecting
more material than the other. A N-S outflow on a large scale
(∼2′) was previously detected with both single-dish antennas
and interferometers using CO(1–0) and (2–1) (e.g. Engargiola
& Plambeck 1999), showing extended lobes at relatively low
velocity (|V − VLSR| ≤ 10 km s−1). Bipolar non-collimated N-
S emission has been also traced on 10′′–20′′ angular scales
using CS, HCO+, and HCN emission at even lower velocities
(|V −VLSR| ≤ 5 km s−1; Jørgensen et al. 2007, 2009). Maret et al.
(2009) observed bipolar H2 emission using the Spitzer telescope.
Therefore, the present SiO image reveals for the first time the
fast jet sweeping up the slower outflow observed on larger scale.

5 The VLSR of IRAS2A as given in the literature lies between
+7.0 km s−1 and +7.7 km s−1 (e.g. Persson et al. 2012, and references
therein); we adopt +6.5 km s−1, according to CALYPSO measurements
of high-excitation (∼200 K) hot-core tracers, Maret et al. (2014).

Fig. 3. Comparison between the SiO(5–4) and SO(65–54) lines as ob-
served towards clump C (in main-beam temperature, TMB, scale).

The jet kinematical age, derived from the farthest SiO emission,
is 88 years. Given that the jet maps suggest an inclination θ with
respect to the plane of the sky ≤45◦, this estimate has to be con-
sidered an upper limit6. In conclusion, given the bipolarity of
CO on large scales, the N-S ejection was symmetric in the past,
whereas the present SiO image suggests that in the last ∼90 years
only the southern side has been active.

Four distinct clumps (labelled A, B, C, and D), to first-order
tracing a sequence of shocks along the jet, are clearly visible at
different velocities and different positions along the bright SW
blue lobe; their offsets with respect to MM1 are: (–0.′′01,+0.′′02),
(–0.′′59,–1.′′13), (–0.′′86,–2.′′31), and (–1.′′35,–2.′′90), respectively.
Clump A, emitting at the highest velocities, is closely associated
with MM1, confirming that SiO is a powerful tracer of the jet at
the base in Class 0 sources (e.g. Codella et al. 2007). Clump C
(peaking at ∼–25 km s−1) is instead associated with the MM3
continuum source; MM3 could be a young stellar object driv-
ing the blueshifted SiO emission (between –10 and 0 km s−1, as
shown in Fig. 2; see also the channel maps reported in Fig. B.1)
which deviates from the N-S main axis, bending towards the
east. Alternatively, the continuum source MM3 could trace dust
emission from a pre-existing clumpy denser region which, as a
side effect, bends part of the blue flow. Finally, the PV diagram
of Fig. 2 suggests a jet deceleration. The dynamical time of the
SiO clumps is ≤27–88 yr, and is consistent with that derived for
the HH212 SiO jet (25 yr; Cabrit et al. 2007).

In addition to the N-S jet, the SiO map reveals a redshifted jet
(V − VLSR up to ∼+12 km s−1; see Fig. B.1) with a width similar
to the N-S jet (165 AU) and spatially associated with the MM2
continuum source, confirming SiO as a probe of the jet launching
region. The jet is monopolar in this case as well and seems to de-
celerate (see the channel maps and the PV diagrams in Figs. B.1
and B.3). The elongation of the jet is consistent with the PA
(∼105◦) of the E-W outflow, which consists of two highly colli-
mated lobes observed quite far (60′′–80′′) from IRAS2A, using
typical tracers (such as SiO, SO, SO2, and CH3OH) of shock
chemistry (e.g. Bachiller et al. 1998; Wakelam et al. 2005). So
far, the driving sources of the two perpendicular E-W and N-S
outflows have not been revealed. The present SiO (and contin-
uum) images allow us to resolve for the first time the origin of the
IRAS2A quadrupolar outflow, unveiling a Class 0 proto-binary
system (MM1 and MM2) driving two different jets.

3.3. The role of SO emission: jets and cavities
At the highest velocities, the SO distribution, as traced by its
(65–54) line (Fig. 1), resembles the SiO(5–4) one, showing a
bright S jet driven by MM1, and supporting the association with
the SiO jet itself. Figure 3 plots as an example the SiO and
SO spectra observed towards clump C, confirming that they are
very similar at the highest velocities. These findings (i) are in
agreement with the detection of SO at extremely high velocities

6 The age should be corrected by a factor of ctg(θ).
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Fig. 1. Left panel: contour plots of the IRAS2A continuum emission at 1.4 mm. The ellipse shows the PdBI synthesised beam (HPBW): 0.′′81×0.′′69
(PA = 33◦). First contours and steps correspond to 5σ (7.5 mJy beam−1). Labels indicate the main source (MM1) and two weaker sources (MM2
and MM3). Middle panel: contour map of blue- (–39, +3 km s−1) and redshifted (+11, +21 km s−1) SiO(5–4) emissions superimposed on the SiO
at low-velocity (+3, +11 km s−1; black contours). First contours correspond to 5σ and 10σ, followed by steps of 10σ. One σ is 84 (blue) , 15 (red),
and 12 (black) mJy beam −1 km s−1. Crosses are for the position of the four SiO clumps (A, B, C, and D; see Figs. 2 and B.3). Magenta triangles
stand for the positions of MM1, MM2, and MM3. Grey lines are the directions of the PV diagrams shown in Figs. 2 and B.3. Right panel: same
as middle panel for the SO(65–54), averaged over (–29, +3), (+11, +19), and (+3, +11) km s−1 for the blue-, red-, and black-velocity, respectively.
One σ is 86 (blue), 18 (red), and 16 (low-velocity) mJy beam−1 km s−1.

the Perseus NGC 1333 cluster. The source IRAS2A is part of
a wider system containing IRAS2B (not investigated here), lo-
cated at ∼31′′. The IRAS2A luminosity is ∼10 L⊙, and it was
observed in continuum at cm (e.g. Reipurth et al. 2002), mm
(Looney et al. 2000; Jørgensen et al. 2004a, 2007, 2009; Maury
et al. 2010), and sub-mm wavelengths (e.g. Sandell & Knee
2001). The outflow activity was traced using single-dish tele-
scopes and interferometers and several tracers of swept-up ma-
terial (e.g. CO) and shocks (e.g. SiO, CH3OH), revealing two
perpendicular outflows, directed NE-SW (PA ≃ 25◦; hereafter
called N-S for sake of clarity) and SE-NW (PA ≃ 105◦; hereafter
E-W), both originating to within a few arcseconds from IRAS2A
(e.g. Bachiller et al. 1998; Knee & Sandell 2000; Jørgensen
et al. 2004a,b, 2009; Wakelam et al. 2005; Persson et al. 2012;
Plunkett et al. 2013). These outflows seem intrinsically different,
the E-W outflow being more collimated and chemically richer
than the N-S one, supporting the possibility that IRAS2A is an
unresolved proto-binary.

2. Observations
The source IRAS2A was observed with the IRAM PdB six-
element array in December 2010 and January-February 2011
using both the A and C configurations. The shortest and
longest baselines are 19 m and 762 m, respectively, allowing
us to recover emission at scales from ∼8′′ down to 0.′′4 at
1.4 mm. The SiO(5–4) and SO(65–54) lines3 at 217104.98 and
219949.44 MHz, respectively, were observed using the WideX
backend to cover a 4 GHz spectral window and to probe con-
tinuum emission at a 2 MHz (∼2.6 km s−1 at 1.4 mm) spectral
resolution. Calibration was carried out following standard pro-
cedures, using GILDAS-CLIC4. Phase (rms) was ≤50◦ and 80◦
for the A and C tracks, respectively, pwv was 0.5–1 mm (A) and
∼1–2 mm (C), and system temperatures were ∼100–160 K (A)
and 150–250 K (C). The final uncertainty on the absolute flux
scale is ≤15%. The typical rms noise in the 2 MHz channels was
3–9 mJy beam−1. Images were produced using robust weighting,
and restored with a clean beam of 0.′′81 × 0.′′69 (PA = 33◦).

3 Spectroscopic parameters have been extracted from the Jet
Propulsion Laboratory molecular database (Pickett et al. 1998).
4 http://www.iram.fr/IRAMFR/GILDAS

Table 1. Position and intensity of the continuum peaks.

Source α(J2000)a δ(J2000)a Ipeak
1.4 mm

(03h 28m s) (+31◦ 14′ ′′) (mJy beam−1)
MM1 55.58 37.06 94(2)
MM2 55.71 35.33 15(1)
MM3 55.50 34.75 21(1)

Notes. (a) The fit uncertainties are 4, 14, and 17 mas for MM1, MM2,
and MM3, respectively.

3. Results and discussion
3.1. Continuum emission
Emission map of the 1.4 mm continuum is shown in Fig. 1. The
source IRAS2A is found to be associated with three continuum
sources (here labelled MM1, MM2, and MM3). A detailed anal-
ysis of the continuum emission is beyond the scope of the present
paper: it will be used to support the interpretation of the SiO
and SO images. Table 1 summarises positions and 1.4 mm peak
fluxes of the three continuum sources. The coordinates of the
brightest one (MM1) are consistent with the position of IRAS2A
previously measured using the VLA (3.6 cm), SMA (0.8 and
1.3 mm), and BIMA (2.7 mm) telescopes (Rodríguez et al. 1999;
Jørgensen et al. 2007; Looney et al. 2007). In addition, a fainter
and spatially unresolved source (MM2) is found ∼2.′′4 (560 AU)
from MM1 in the SE direction. Both MM1 and MM2 have also
been detected at 94 GHz in the framework of CALYPSO (see
Appendix A): the spectral index α (where flux density S ν ∝ να)
is ∼2–2.5, consistent with that of a protostar.

A third source (MM3) is detected ∼2.′′5 south of MM1. Its
FWHP size is 307 mas and its non-detection at 94 GHz (with a
peak flux ≤0.1 mJy beam−1 implying α ≥ 4) challenges a pro-
tostellar nature. Alternatively, MM3 might be an outflow feature
due to dust heated by shocks travelling along the SiO jet (see
Sect. 3.2).

3.2. Different jets from a proto-binary system
Figure 1 shows that SiO(5–4) emission is mainly confined to a
collimated blueshifted southern SiO jet with a PA of 25◦, emerg-
ing from MM1, and extending out to ∼4′′ (1000 AU). The SiO
jet is narrow: after correction for the PdBI HPBW, the transverse
FWHM is ≃0.′′7 ± 0.′′1 (165 AU) at ∼700 AU from MM1, while
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Summary
• Herschel was, and ALMA is fantastic new toys for 

outflow studies: complementary capabilities 

• Herschel revealed where the momentum and 
energy are, ALMA reveals the total mass and 
location 

• Future: constrain the launch mechanism, pinpoint 
where and how outflow entrainment takes place, 
establish the elemental budgets, expand initial 
ALMA observations to full surveys


