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ABSTRACT

Context. Fast jets are thought to be a crucial ingredient of star formation because they might extract angular momentum from the disk
and thus allow mass accretion onto the star. However, it is unclear whether jets are ubiquitous, and likewise, their contribution to mass
and angular momentum extraction during protostar formation remains an open question.
Aims. Our aim is to investigate the ejection process in the low-mass Class 0 protostar L1157. This source is associated with a
spectacular bipolar outflow, and the recent detection of high-velocity SiO suggests the occurrence of a jet.
Methods. Observations of CO 2−1 and SiO 5−4 at ∼0′′.8 resolution were obtained with the IRAM Plateau de Bure Interferometer
(PdBI) as part of the CALYPSO large program. The jet and outflow structure were fit with a precession model. We derived the column
density of CO and SiO, as well as the jet mass-loss rate and mechanical luminosity.
Results. High-velocity CO and SiO emission resolve for the first time the first 200 au of the outflow-driving molecular jet. The jet
is strongly asymmetric, with the blue lobe ∼0.65 times slower than the red lobe. This suggests that the large-scale asymmetry of the
outflow is directly linked to the jet velocity and that the asymmetry in the launching mechanism has been at work for the past 1800 yr.
Velocity asymmetries are common in T Tauri stars, which suggests that the jet formation mechanism from Class 0 to Class II stages
might be similar. Our model simultaneously fits the properties of the inner jet and of the clumpy 0.2 pc scale outflow by assuming that
the jet precesses counter-clockwise on a cone inclined by 73◦ to the line of sight with an opening angle of 8◦ on a period of ∼1640 yr.
The estimated jet mass flux and mechanical luminosity are Ṁjet ∼ 7.7 × 10−7 M� yr−1 and Ljet ∼ 0.9 L�, indicating that the jet could
extract at least 25% of the gravitational energy released by the forming star.
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1. Introduction

Young Class 0 protostars (t < 105 yr) are representative of the
main accretion phase, during which most of the final stellar mass
is accreted from the dense parental envelope onto the central pro-
tostellar embryo (André et al. 2000). During this phase, the gas
in the protostellar envelope must reduce its specific angular mo-
mentum by 5 orders of magnitude to allow the star to form with-
out reaching its break-up speed. Early theoretical studies (e.g.,
Pudritz & Norman 1986) suggested that this angular momen-
tum problem might be solved thanks to the ejection of magneto-
centrifugal jets, which transport away angular momentum.

Fast and collimated molecular jets as well as slower wide-
angle outflows, which are thought to be produced by the am-
bient gas entrained and accelerated by the ejected material,
are frequently observed at the earliest protostellar stage (e.g.,
Arce et al. 2007). However, several aspects are still unclear, for
instance, the amount of accretion energy and angular momentum
that the jet extracts from the system and the fraction of time for
which they are active. Most importantly, it is not clear whether
jets are truly universal or only present in the most powerful out-
flow sources.

A particularly interesting target in which to investigate the
role of jets at the early protostellar stage is the low-mass Class 0
source L1157-mm, located at d ' 250 pc (Looney et al. 2007).
The protostar is associated with a spectacular bipolar outflow
that has been the subject of a large number of observational
campaigns. These studies have shown a number of indirect
pieces of evidence of a jet driven by the L1157-mm: (i) a
chain of curved bow shocks in NH3, SiO, H2, indicating the ac-
tion of a precessing time-variable jet (Tafalla & Bachiller 1995;
Zhang et al. 1995; Gueth et al. 1998; Takami et al. 2011); (ii)
elongated CO cavities trailing behind these bright shocks, sug-
gestive of jet-driven entrainment in the bow wings (Gueth et al.
1996); (iii) and a compact dissociative shock in [O i] 63 µm be-
hind the tip of the brightest bow shock B1, consistent with a
jet Mach disk with momentum flux sufficient to drive the large-
scale CO outflow (Benedettini et al. 2012). Different scenarios
have been proposed to explain how such a jet can produce the
morphology and kinematics of the spectacular parsec-scale out-
flow. Gueth et al. (1996) and Bachiller et al. (2001) suggested
that the observed outflow cavities are opened by a jet precessing
on the surface of a cone with a period of about 4000−5000 yr.
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Fig. 1. Left panel: Spitzer/IRAC 8 µm observations of the L1157 outflow (Looney et al. 2007; Takami et al. 2011). The resolution is ∼1′′.98 and the
intensity color scale is logarithmic from 0.05 to 5 mJy/sr. The precession model (black line) is overplotted. Middle panels: the precession model
(black line) is overplotted on integrated CO 1−0 and SiO 2−1 maps of the L1157 outflow by Gueth et al. (1996, 1998; IRAM-30 m + PdBI data,
|V − Vsys| = 0−11 km s−1 for CO and 0−18 km s−1 for SiO, HPBW: 3′′.6 × 3′′.0, PA = 90◦ for CO, 2′′.8 × 2′′.2, PA = 56◦ for SiO). The first contour
is at 5σ with steps of 3σ (1σ = 0.5 Jy km s−1/beam for CO, and 0.2 Jy km s−1/beam for SiO). The black squares indicate the driving source,
L1157-mm, and the blueshifted knots. Right panels: zoom-in on the inner jet revealed by CO 2−1 and SiO 5−4 maps obtained with IRAM-PdBI
as part of CALYPSO. The emission is integrated over high blue- and redshifted velocities (in |V −Vsys|) (blue/red contours) (HVb = 22−57 km s−1,
HVr = 36−63 km s−1). CO 2−1 also shows emission at low velocities (green contours; LVb < 22 km s−1, LVr < 36 km s−1) . The gray-scale traces
the continuum emission at 1.3 mm. The white squares indicate the continuum peak and the inner HV knots B′ and R′. The ellipse in the bottom
left corner shows the beam HPBW (0′′.88 × 0′′.60, PA = 12◦ for CO, 0′′.85 × 0′′.75, PA = 0◦ for SiO). The first contour is at 5σ with steps of 3σ
(1σ ∼ 1.3 mJy/beam for continuum, and ∼50, 70, 180 mJy km s−1/beam for SiO, CO HV, and CO LV, respectively). The precession is plotted in
steps of 0.0025 × P, i.e., ∼4.1 yr, where P = 1640 yr is the precession period (black squares).

Kwon et al. (2015) proposed instead that the curved CO struc-
tures are not tracing swept-up cavities but a pair of precess-
ing, misaligned jets. However, so far no jet was imaged close
to the source in mm/sub-mm interferometric maps. Only very
recently, Tafalla et al. (2015) reported the detection of SiO high-
velocity emission by using single-dish IRAM-30 m observa-
tions, supporting the occurrence of a jet in the inner 11′′ around
L1157-mm.

In this Letter we report the first images of the L1157 jet,
using SiO and CO emission, in the framework of the IRAM
Plateau de Bure Interferometer (PdBI) large program continuum
and lines in young protostellar objects (CALYPSO)1. The pre-
sented observations allow us to derive the jet properties and its
interplay with the large-scale outflow.

2. Observations and data reduction

The central 20′′ region toward the L1157-mm protostar was
observed with the IRAM PdBI in February, March, and
November 2011 using the A and C configurations. The short-
est baseline is ∼20 m and the longest is ∼760 m, allowing us
to recover emission at scales from ∼8′′ to ∼0′′.8 at 1.3 mm. The
SiO 5−4 and CO 2−1 lines at 217 104.98 and 230 538.00 MHz
were observed using the WideX backend, which covers a 4 GHz
spectral window with a spectral resolution of ∼2 MHz, which
is ∼3.2−3.4 km s−1 at the considered wavelengths. The cali-
bration was carried out with GILDAS-CLIC2 following stan-
dard procedures. The phase rms was ≤50◦ and ≤80◦ for the
A and C tracks, respectively, the pwv was 0.5−1 mm (A) and
∼1−2 mm (C), and the system temperature was ∼100−160 K (A)
and 150−250 K (C). The uncertainty on the absolute flux cali-
bration is ≤15% and the typical rms noise per spectral resolution
channel ∼3−9 mJy/beam. Images were produced using robust
weighting, resulting in a clean beam of ∼0′′.85 × 0′′.75 (PA = 0◦)
for SiO 5−4 and ∼0′′.88 × 0′′.60 (PA = 12◦) for CO 2−1.

1 http://irfu.cea.fr/Projects/Calypso
2 http://www.iram.fr/IRAMFR/GILDAS

3. Asymmetric molecular jet

Figure 1 shows in the left panel a H2 Spitzer map of the L1157
outflow reported by Looney et al. (2007), in the middle panel
IRAM-PdBI maps of the blueshifted outflow lobe in CO 1−0
and SiO 2−1 at ∼3′′ resolution (Gueth et al. 1996, 1998), and in
the right panel a zoom-in on the central 1000 au around the pro-
tostar in CO 2−1 and SiO 5−4 at much higher resolution (∼0′′.8)
obtained from our IRAM-PdBI CALYPSO observations. Both
CO 2−1 and SiO 5−4 show compact emission at high blue- and
redshifted velocities, probing a molecular jet. The high-velocity
range (HV) is defined based on SiO 5−4, which solely shows
emission at high velocities, that is, at 22 < |V −Vsys| < 57 km s−1

in the blue lobe and at 36 < |V − Vsys| < 63 km s−1 in the red
lobe (the systemic velocity in the LSR is Vsys = +2.7 km s−1,
Bachiller & Pérez Gutiérrez 1997). CO 2−1 also shows low-
velocity emission (LV) with an X-shaped pattern (with one arm
of the X much brighter than the other), coinciding with the walls
of the CO cavity shown on larger scale by Gueth et al. (1996).
The HV compact emission is oriented roughly along the middle
of this X, which suggests that the LV CO traces ambient mate-
rial that is swept-up by a single precessing jet, as proposed by
Gueth et al. (1996), and not two misaligned jets (see Kwon et al.
2015).

The HV CO 2−1 and SiO 5−4 emission reveals for the first
time the base (∼200 au) of the bipolar high-velocity jet driv-
ing the large-scale outflow, in agreement with what was recently
suggested by Tafalla et al. (2015) based on spatially unresolved
IRAM-30 m observations of the SiO 5−4 and 6−5 lines. The
molecular jet consists of a blue- and a redshifted knot (named
B′ and R′) located along PAjet ∼ −17◦ with an emission peak at
∼0′′.22 and ∼0′′.61 distance from L1157-mm, respectively. The
position velocity diagram of the CO 2−1 and SiO 5−4 emission
extracted along the jet PA is shown in Fig. A.1. The jet width
is estimated by a Gaussian fit of the CO intensity profile per-
pendicular to the jet axis (the jet is not resolved transversally in
SiO because of the larger beam size). CO has a FWHM at the
emission peak of ∼0′′.77 in the redshifted knot and ∼0′′.9 in the
blueshifted knot. This corresponds to intrinsic widths of ∼0′′.25
(i.e., ∼60 au), and ∼0′′.5 (i.e. ∼125 au), respectively, after correct-
ing for beam smearing (the effective resolution across the jet is
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L. Podio et al.: First image of the L1157 molecular jet by CALYPSO

Fig. 2. Spectra of SiO 5−4 (red) and CO 2−1 (black), and their intensity
ratios SiO 5−4/CO 2−1 (blue diamonds) at the position of the HV blue-
(top) and redshifted (bottom) jet knots, B′ and R′. The profiles are nor-
malized to the CO peak intensity (normalization factor is labeled). Hor-
izonthal and vertical dashed lines mark the baseline and the systemic
velocity, Vsys = +2.7 km s−1 and the vertical dotted lines the ±5 km s−1

interval where extended CO emission is filtered out.

HPBWtr ∼ 0′′.73, equivalent to the geometric mean of the beam
major and minor axes). This indicates a strong jet asymmetry
where the blueshifted knot is less collimated and less extended
than the redshifted knot.

Moreover, the spectra of SiO 5−4 and CO 2−1 in knots B′
and R′ (Fig. 2) indicate that the blueshifted knot is spec-
trally broader and has a lower peak radial velocity (Vrad,b ∼

−35 km s−1) than the redshifted knot (Vrad,r ∼ +55 km s−1). The
observed jet asymmetry in velocity (Vrad,b/Vrad,r ∼ 0.65) per-
fectly matches the asymmetry in length of the large-scale out-
flow (the precession model by Bachiller et al. 2001 assumes ex-
actly the same velocity ratio to reproduce the different length
of the blue and red outflow lobes). This indicates that the out-
flow asymmetry is directly linked to the jet velocity and is not
due to a difference in the density of the interstellar medium
(ISM). The agreement with the different global lengths of the
north and south lobes suggests that the asymmetry in the launch-
ing mechanism has been at work since the ejection of the ter-
minal knots (B2 and R2). Similar asymmetries are common in
Class II sources (e.g., Hirth et al. 1994, 1997; Melnikov et al.
2009; Podio et al. 2011). In addition to the similarity in knot
spacings and collimation between Class 0 and Class II jets (e.g.,
Cabrit et al. 2007; Podio et al. 2015), this is another hint that the
jet launching mechanism in protostars of ∼104 yr might be sim-
ilar to that for Class II sources (∼106 yr).

4. Jet precession

Previous studies (e.g., Gueth et al. 1996; Bachiller et al. 2001)
suggested that the spatial misalignment and slightly different ra-
dial velocities between the bright CO cavities in the blue and red
lobes might be due to a jet slowly precessing on the surface of
a cone inclined by an angle i to the line of sight (l.o.s.) with an
opening angle θ on a period P. Ejection events occurring while
the jet precesses produce knots that then propagate with velocity
VS. However, as the jet has never been mapped before, the model
parameters (i, θ, VS, precession sense, knot ages) were poorly
constrained. The properties of the inner jet knots revealed by our
IRAM-PdBI observations set strong constraints on the preces-
sion model first presented by Gueth et al. (1996) as we describe
below.

(i) The jet orientation near the protostar is PAjet ∼ −17◦.
If the jet precesses, its orientation varies periodically around
the PA of the precession cone (PAcone ∼ −22◦ to reproduce
the large-scale outflow precession pattern, Gueth et al. 1996)
between PAcone− θ and PAcone + θ. The PA of the most recent
and closest knots indicates that the precession axis currently
is on the west side of the cone and that the opening angle
should be θ ≥ 5◦.

(ii) The jet radial velocity in the inner knot B′, ∼−35 km s−1,
is higher than in knot B1 (∼−15 ± 5 km s−1, Zhang et al.
1995; Gueth et al. 1998; Gómez-Ruiz et al. 2013). Here, it
is assumed that the HV SiO emission in B1 probes the jet
impact region and not entrained material. This assumption
is based on the fact that, while LV SiO has a bow-shock
structure, the HV SiO (∼−8/−18 km s−1) is confined to a
compact region (Gueth et al. 1998). If the jet precesses and
propagates with constant speed then the inclination with re-
spect to l.o.s, ijet, varies periodically between i − θ and i + θ,
as does the velocity projection along the l.o.s. (Vrad). In this
scenario, Vrad(B′) > Vrad(B1) implies that the inclination at
the time the knot B′ was ejected was smaller than for B1
(Vrad(B′)/Vrad(B1) = cos ijet(B′)/cos ijet(B1)), meaning that
the knots B′ and B1 were ejected when the precession axis
was at the front and the back side of the precession cone,
respectively. This strongly constrains the inclination of the
cone i and the time of knot ejection.

(iii) The spectra of the inner knots, B′ and R′, indicate that the
blueshifted jet travels at a speed ∼0.65 times lower than the
redshifted jet (Vjet,b = 0.65Vjet,r).

To satisfy these constraints and reproduce the positions of
knots B1 and B2 (Gueth et al. 1996), as well as the preces-
sion pattern in the northern lobe visible in the Spitzer map
(Looney et al. 2007), we assume that the jet axis is precessing
on a cone inclined by i = 73◦ with opening angle θ = 8◦,
that the precession axis was at the front side of the cone at the
time B2 was ejected (ijet(B2) = 65◦) and precesses counter-
clockwise (looking down from north), that the jet propagates
with a constant speed VS, and that the ages of knots B2, B1,
B0, and B′ in the blue lobe (and the corresponding knots R2, R1,
R0, and R′ in the red lobe) relative to the period P are 1.1 × P,
∼0.67×P, ∼0.58×P, and ∼0.002×P (which correspond to incli-
nation angles of 65◦, 80.2◦, 81◦, and 66.4◦). As shown in Fig. 1,
our precession model simultaneously fits the large-scale outflow
(IRAM-PdBI CO and SiO maps by Gueth et al. 1996, 1998 and
H2 Spitzer map by Looney et al. 2007) and the inner jet structure
(i.e., the HV knots B′ and R′).

If the jet precession is due to disk precession induced by tidal
interaction with a companion in a non-coplanar orbit, then the
jet should precess in the opposite direction to the rotation of the
disk (retrograde precession). This scenario is supported by C18O
observations by Kwon et al. (2015), which indicate that the inner
flattened envelope rotates clockwise. Moreover, the modeling of
PdBI visibilities from the 1.3 mm continuum emission suggests
a ±70 mJy secondary source at <0′′.3 from L1157-mm (Maury
et al., in prep.).

5. Jet properties

By correcting the observed radial velocities and tangential dis-
tances for the knot inclination angles, we derive the jet veloc-
ity, the distance and age of the knots, and the jet mass-loss rate
and mechanical luminosity. The derived jet properties rely on
the inclination of the precession cone inferred from the model
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(i = 73◦), which in turn depends on the ratio of the jet radial
velocities in knots B′ and B1. If the jet radial velocity at B1
is higher than what is inferred from SiO, for example, because
of gas slow-down in the reverse shock, the inclination angle is
smaller (e.g., i ∼ 60◦ for Vrad(B1) = −23 km s−1), implying a jet
velocity lower by ∼30%. The small spatial overlap of the red and
blue jet lobes close to the source and the flattened envelope in the
Spitzer maps (Fig. 1) indicate, however, that the jet lies close to
the plane of the sky, favoring large inclination angles. Therefore,
we adopt i = 73◦. The deprojected velocities and distances of the
inner knots B′ and R′ are Vjet,b ∼ 87 km s−1, Vjet,r ∼ 137 km s−1,
and d(B′) ∼ 60 au, d(R′) ∼ 166 au. If the B2 shock, located
at a deprojected distance d(B2) ∼ 130′′, propagates with a ve-
locity VS = Vjet,b = 87 km s−1, then its dynamical timescale is
τ(B2) = d(B2)/Vjet,b ∼ 1800 yr. This implies that the precession
period is P ∼ 1640 yr and the dynamical age of B1/R1, B0/R0,
and B′/R′ is ∼1100, ∼950, and ∼4 yr. The inferred knot ages
are ∼0.6 times younger than previously estimated by Gueth et al.
(1996), mainly because of the assumed distance (250 pc instead
of 440 pc).

The beam-averaged column densities of CO and SiO in the
jet, NCO and NSiO, are derived from CO 2−1 and SiO 5−4
HV emission in knots B′ and R′ by assuming optically thin lo-
cal thermodynamic equilibrium (LTE) emission at temperature
TK ∼ Tex = 40 ± 30 K (Tafalla et al. 2015). The ratio of SiO
5−4 to CO 2−1 in the HV range is ∼2 in the blue and red
lobe, indicating similar SiO abundances (see Fig. 2). We ob-
tain NCO ∼ 2.4+1.1

−0.6 × 1016 cm−2 in the blue and red knot and
NSiO ∼ 8.2+1.8

−0.7 × 1013 cm−2 in B′ and ∼7.5+1.8
−0.7 × 1013 cm−2 in R′

(the uncertainty on NCO and NSiO is due to the assumed Tex). The
abundance of SiO is derived as XSiO = XCO × NSiO/NCO, where
XCO ∼ 10−4 is the CO abundance with respect to H2. We find
XSiO ∼ 3 × 10−7 in the inner jet knots.

Then, the mass-loss rate of the molecular jet is calculated
as Ṁjet = mH2 × (NCO/XCO) × HPBWtr × Vjet, where Vjet is the
deprojected jet velocity, HPBWtr is the beam size across the jet
(∼0′′.73). We find Ṁjet,b ∼ 3.0+1.5

−0.7 × 10−7 and Ṁjet,r ∼ 4.7+2.1
−1.2 ×

10−7 M� yr−1. The inferred value for the blueshifted jet agrees
with the estimate derived from the [O i] 63µm luminosity in the
B1 knot (∼2 × 10−7 M� yr−1, Benedettini et al. 2012).

The determination of the jet speed and mass-loss rate allows
us to estimate the jet mechanical luminosity, that is, Ljet = 1/2×
Ṁjet×V2

jet. We obtain Ljet,b = 0.2±0.1 L� and Ljet,r = 0.7±0.2 L�.
The total jet power is ∼0.9 L�, which is about one-fourth of
the source bolometric luminosity (∼3.6 L� at d = 250 pc,
Green et al. 2013). This indicates that at least 25% of the gravi-
tational energy released by accretion onto the protostar could be
extracted and converted into mechanical form in the jet.

Finally, an estimate of the outflow age, τout, can be de-
rived by imposing that the momentum deposited by the jet in
the blue lobe Pjet = Ṁjet × Vjet × τout is equal to the CO out-
flow momentum, that is, Pout = MCO × VCO. The outflow mo-
mentum in the blue lobe, corrected for the assumed distance of
250 pc, is Pout = 0.94 M� km s−1 (Bachiller et al. 2001). As
Ṁjet,b = 3.0 × 10−7 M� yr−1 and Vjet,b = 87 km s−1 in the
blueshifted jet, the outflow age is τout ∼ 3× 104 yr, in agreement
with the lifetime of Class 0 sources (∼4−9 × 104 yr, see, e.g.,
Evans et al. 2009; Maury et al. 2011). The estimated outflow age
is much older than the dynamical timescale of knot B2 inferred
from our precession model (∼1800 yr). The reason might be that
the jet suddenly slows down when it encounters much denser
ambient gas in the farthest knots (B2 and R2), so that the CO out-
flow takes about 3×104 yr to reach its current total length. In this

scenario only jet material ejected during the past 1800 yr is vis-
ible in the CO cavity, while older ejecta have piled up at the tip
of the CO outflow or against the cavity walls intercepted by the
precessing jet (e.g., near B1). Alternatively, the discrepancy be-
tween τout and τ(B2) might arise from older working surfaces
that have moved far away from the source (∼2.7 pc, i.e., 36′,
in 3 × 104 yr at 87 km s−1) so that their CO counterparts have
not been observed because of the limited mapping area, fainter
CO emission and less efficient jet-entrainment at lower density,
and increased confusion with static ambient cloud emission.

6. Conclusions

Our CALYPSO PdBI observations reveal for the first time the
first 200 au of the fast and collimated (∼60−125 au) molecular
jet driving the L1157 outflow. The observations indicate that the
large-scale asymmetry in length of the molecular outflow is di-
rectly linked to an asymmetry in the jet velocity (the blue lobe
is ∼0.65 times slower then the red lobe). This also implies that
the asymmetry in the launching mechanism has been at work
for the past 1800 yr. The velocity asymmetry is similar to that
frequently observed in Class II jets, suggesting that the same
ejection process is at work throughout the star formation pro-
cess from Class 0 to Class II sources. Our model indicates that
the clumpy large-scale outflow extending up to 0.2 pc might be
driven by a jet precessing on the surface of a cone inclined by 73◦
to the l.o.s with an opening angle θ = 8◦ on a period P ∼ 1640 yr.
The precession is retrograde with respect to the envelope rota-
tion, which favors tidal disk precession due to a non-coplanar
companion. The jet mass loss-rate is ∼7.7 × 10−7 M� yr−1 and
the mechanical luminosity is ∼0.9 L�, indicating that at least
25% of the gravitational energy released by the forming proto-
star might be dissipated by the jet.
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L. Podio et al.: First image of the L1157 molecular jet by CALYPSO

Fig. A.1. Position-velocity diagram of CO 2−1 (black contours) and
SiO 5−4 (gray-scale and red contours) along the PA of the high-velocity
molecular jet (PAjet ∼ −17◦). Horizontal and vertical dashed lines mark
the systemic velocity, Vsys = +2.7 km s−1, and the continuum peak. The
first contour is at 5σ with steps of 3σ.

Appendix A: Position-velocity diagrams

The position velocity diagram of the CO 2−1 and SiO 5−4 emis-
sion extracted along the jet PA (PAjet−17◦) is shown in Fig. A.1.
The figure shows that the CO and SiO emission probe the same
jet component at HV, that is, a compact and collimated jet close
to the protostar.
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