
Publication Year 2021

Acceptance in OA 2025-03-10T10:27:38Z

Title The CALYPSO IRAM-PdBI survey of jets from Class 0 protostars. Exploring whether jets are 

ubiquitous in young stars

Authors PODIO, Linda, Tabone, B., CODELLA, Claudio, Gueth, F., Maury, A., Cabrit, S., Lefloch, B., 

Maret, S., Belloche, A., André, P., Anderl, S., Gaudel, M., TESTI, Leonardo

Publisher's version (DOI) 10.1051/0004-6361/202038429

Handle http://hdl.handle.net/20.500.12386/36566

Journal ASTRONOMY & ASTROPHYSICS

Volume 648



Astronomy
&

Astrophysics

A&A 648, A45 (2021)
https://doi.org/10.1051/0004-6361/202038429
© ESO 2021

The CALYPSO IRAM-PdBI survey of jets from Class 0 protostars

Exploring whether jets are ubiquitous in young stars?

L. Podio1, B. Tabone2, C. Codella1,3, F. Gueth4, A. Maury5,6, S. Cabrit7,3, B. Lefloch3, S. Maret3, A. Belloche8,
P. André5, S. Anderl3, M. Gaudel5, and L. Testi9

1 INAF – Osservatorio Astrofisico di Arcetri, Largo E. Fermi 5, 50125 Firenze, Italy
e-mail: lpodio@arcetri.astro.it

2 Leiden Observatory, Leiden University, PO Box 9513, 2300 RA Leiden, The Netherlands
3 Univ. Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France
4 Institut de Radioastronomie Millimétrique (IRAM), 38406 Saint-Martin-d’Hères, France
5 Laboratoire d’Astrophysique (AIM), CEA, CNRS, Université Paris-Saclay, Université Paris Diderot, Sorbonne Paris Cité,

91191 Gif-sur-Yvette, France
6 Harvard-Smithsonian Center for Astrophysics, Cambridge, MA02138, USA
7 PSL Research University, Sorbonne Universités, Observatoire de Paris, LERMA, CNRS, Paris France
8 Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany
9 ESO, Karl Schwarzschild Straße 2, 85748 Garching bei München, Germany

Received 15 May 2020 / Accepted 20 December 2020

ABSTRACT

Aims. As a part of the CALYPSO Large Program, we aim to constrain the properties of protostellar jets and outflows by searching
for corresponding emission in a sample of 21 Class 0 protostars covering a broad range of internal luminosities (Lint from 0.035 L� to
47 L�).
Methods. We analyzed high angular (⇠0.005�1.000) resolution IRAM Plateau de Bure Interferometer (PdBI) observations in three typical
outflow and jet tracers, namely: CO (2�1), SO (56�45), and SiO (5�4). We obtained the detection rate, spatial distribution, kinematics,
and collimation of the outflow and jet emission in the three lines. Molecular column densities and abundances, the jet mass-loss and
momentum rates, and mechanical luminosity are estimated from the integrated line intensities.
Results. Blue- and red-shifted emission in CO (2�1), which probes outflowing gas, was detected in all the sources in the sample and
detected for the first time in the cases of SerpS-MM22 and SerpS-MM18b. Collimated high-velocity jets in SiO (5�4) were detected in
67% of the sources (for the first time in IRAS4B2, IRAS4B1, L1448-NB, SerpS-MM18a) and 77% of these also showed jet or outflow
emission in SO (56�45). The detection rate of jets in SiO and SO increases with internal luminosity. In five sources (that is, 24% of the
sample) SO (56�45) is elongated and reveals a velocity gradient perpendicular to the jet direction, hence, it probes the inner envelope
or the disk, or both. The detected SiO jets are collimated (typical opening angle, ↵⇠ 10�) and surrounded by wider angle SO (↵⇠ 15�)
and CO (↵⇠ 25�) emission. The abundance of SO relative to H2 ranges from <10�7 up to 10�6; whereas for SiO, the lower limits were
found to range from >2.4⇥ 10�7 to >5⇥ 10�6 , with the exception of the jets from IRAS4A1 and IRAS4A2, which show low SiO
abundance (2�6⇥ 10�8). The mass-loss rates range from ⇠7⇥ 10�8

M� yr�1 up to ⇠3⇥ 10�6
M� yr�1 for Lint ⇠ 1�50 L�.

Conclusions. The CALYPSO IRAM-PdBI survey shows that the outflow phenomenon is ubiquitous in our sample of protostars and
that the detection rate of high-velocity collimated jets increases for increasing protostellar accretion, with at least 80% of the sources
with Lint > 1 L� driving a jet. The detected protostellar flows exhibit an onion-like structure, where the SiO jet is nested into a wider
angle SO and CO outflow. On scales >300 au the SiO jets are less collimated (4��12�) than atomic jets from Class II sources (⇠3�),
possibly due to projection effects and contamination by SiO emission from the bow-shocks. On the other hand, velocity asymmetry
between the two jet lobes are detected in one third of the sources, similarly to Class II atomic jets, suggesting that the same launching
mechanism is at work. Most of the jets are SiO rich, which indicates very efficient release of >1�10% of elemental silicon in gas phase
likely in dust-free winds, launched from inside the dust sublimation radius. The estimated mass-loss rates are larger by up to five orders
of magnitude than what was measured for Class II jets, indicating that the ejection decreases as the source evolves and accretion fades.
Similarly to Class II sources, the mass-loss rates are ⇠1�50% of the mass accretion rate, Ṁacc, suggesting that the correlation between
mass ejection and mass accretion holds along the star-formation process from 104 yr up to a few Myr.

Key words. stars: formation – stars: protostars – ISM: jets and outflows – ISM: molecules – ISM: abundances

1. Introduction

The earliest stages of the process leading to the formation of
a low-mass, Sun-like star are expected to be associated with

? The calibrated data and continuum and line maps analysed in the
paper are part of the IRAM PdBI Large Program CALYPSO and are
available on the IRAM webpage at the following link: https://www.
iram.fr/ILPA/LP010/

supersonic (around 100 km s�1) collimated jets. This ejection
phenomenon is invoked to remove angular momentum from the
protostar-disk system and allow the material to accrete from the
disk onto the central object (see, e.g., Frank et al. 2014, and ref-
erences therein). Jets, in turn, accelerate the dense material of
the cloud surrounding the protostar creating slower (⇠10 km s�1)
molecular outflows, which are observable on a large scale
(typically 0.1 pc) mainly through CO low-J rotational lines (see,
e.g., Lada 1985).
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Although these jets are thought to be driven by a magneto-
centrifugal process which extracts and accelerates the material
from the rotating star-disk system, the launching mechanism is
still far from being clear. As a consequence, what is also unclear
is the region the jet is launched from: whether it comes from
inside the dust sublimation radius at fractions of au from the star
or from a larger region of the accretion disk. In the first case,
the molecular jet may be driven by the stellar surface (“stellar
wind”, Glassgold et al. 1991) or the inner disk region, either
by an X-wind (Shang et al. 2007) or by a dust-free magneto-
hydrodynamical (MHD) disk wind as was shown in the recent
modeling carried out by Tabone et al. (2020). In the second case,
rather, the molecular jet originates from an extended disk region
as in the models of dusty magnetized disk winds (Pudritz et al.
2007; Panoglou et al. 2012).

In the last 15 yr there have been a number of surveys in the
(sub-)millimeter range aimed to address different aspects of the
star-formation process at its earliest stages, that is, the proto-
stellar multiplicity, the magnetic field topology in star-forming
regions, and the presence of disks and outflows. These surveys
mainly targeted continuum emission and CO low-J transitions at
intermediate resolution (3�400) (e.g., Jørgensen et al. 2007; Hull
et al. 2014; Lee et al. 2016; Tobin et al. 2016, 2018) and have
shown that large-scale outflow emission is commonly associated
with protostellar objects. However, the lack of angular resolution
had not always allowed us to investigate whether all protostellar
sources in multiple systems are associated with outflows and to
reveal the outflow-accelerating engine, that is, the high-velocity
collimated jet, which is directly ejected from the star-disk sys-
tem and, therefore, is key in regulating the accretion and ejection
process and the angular momentum removal.

To date, there have only been a few detailed studies at sub-
arcsecond resolution that have targeted the primary molecular
jet in a few prototypical protostellar objects, such as in HH 211,
HH 212, L1448-C, L1157, or B335, by using selective jet trac-
ers, such as SiO (Cabrit et al. 2007, 2012; Codella et al. 2007,
2014a; Hirano et al. 2006, 2010; Podio et al. 2015, 2016; Lee et al.
2007a,b, 2009, 2017; Bjerkeli et al. 2019). These studies revealed
that protostellar jets may be as collimated as atomic jets from
Class II sources observed at optical/NIR wavelengths (Dougados
et al. 2000; Bacciotti et al. 2000; Woitas et al. 2002; Cabrit 2007;
Agra-Amboage et al. 2011) and they show a similar correlation
between the mass ejection and mass accretion rates. In a few
cases, they also show signatures of rotation (e.g., Lee et al. 2017;
Bjerkeli et al. 2019; Lee 2020, and references therein). Recently,
a survey of five molecular outflows in the Serpens star forming
region was performed with ALMA (Tychoniec et al. 2019). How-
ever, a statistical study at sub-arcsecond angular resolution of a
large sample of protostellar jets is still lacking.

It is now time to enlarge the sample of observed protostellar
jets and to perform a statistical study on jets and outflows
occurrence and properties using selected molecular line tracers
in the mm-spectral window. To this aim, here we perform a
survey of 21 protostars in the most active star-forming regions
visible in the northern hemisphere conducted with IRAM PdB
array in the context of the CALYPSO large program1, targeting
three lines which are typical outflow and jet tracers, that is,
CO (2�1), SO (56�45), and SiO (5�4). The first goal of this
effort is to answer a simple but crucial question regarding
whether jets, and, in general, mass ejection phenomena are
commonly observed in Class 0 protostars. The second goal is to
1 http://irfu.cea.fr/Projects/Calypso
https://www.iram-institute.org/EN/
content-page-317-7-158-240-317-0.html

derive the jet properties, that is, the jet velocity and width, and
the molecular abundances, which are crucial for understanding
what region of the disk-protostar system jets are launched from
and for constraining models of jet launching, as well as to
reconstruct the mass ejection and mass accretion history from
the protostellar to the pre-main sequence stage. Finally, a third
goal is to obtain a large database for follow-up observations
at the extremely high-spatial resolution as the observations
performed for the HH 212 jet (e.g., Codella et al. 2014a; Lee
et al. 2017), for instance.

The paper is structured as follows. The sample of protostars
covered by the CALYPSO Large Program and analyzed in the
context of this paper is presented in Sect. 2. Then in Sect. 3, we
describe the acquired observations and the data reduction pro-
cess. The methodology we applied to establish the occurrence of
outflows and jets and to derive their properties and the obtained
results are presented in Sect. 4. Then in Sect. 5, we discuss the
occurrence and the properties of the detected protostellar jets
and we compare them with those of jets from pre-main sequence
sources. Finally, we summarize our conclusions in Sect. 6.

2. The sample

The CALYPSO survey was carried out with the IRAM-PdB
interferometer towards 16 fields centered on known Class 0 pro-
tostars (i.e., 104–105 yr old solar analogue protostars, André et al.
2000, 2010), observed at 94, 219, and 231 GHz. The targeted
sources are all located in the Gould Belt clouds at d < 450 pc.
Seven of the targeted fields are located in the most active sites
of star formation in the Perseus cloud: that is, L1448 (2A,
NB, and C objects) and NGC 1333 (IRAS2A, SVS13, IRAS4A,
and IRAS4B). In addition, we observed four sources located
in different portions of the Serpens Main and South regions:
SerpM-S68N, SerpM-SMM4, SerpS-MM18, and SerpS-MM22.
The selected sample contains also: (i) three Class 0 sources in
Taurus (IRAM04191, L1521-F, and L1527), (ii) L1157, located
in the Cepheus constellation, and driving the prototypical chem-
ically rich outflow, and (iii) the GF9–2 protostar, located in the
east-west filamentary dark cloud GF9. Several of these fields
are associated with more than one protostar (e.g., L1448-NA
and L1448-NB are in the same field), or to multiple systems
(e.g., L1448-NB1 and L1448-NB2) identified from the analysis
of the millimeter continuum emission in the CALYPSO maps
by Maury et al. (2019). Therefore the CALYPSO sample con-
sists of 25 Class 0 protostars, four Class I and one continuum
source whose nature is still unknown (VLA3), as summarized in
Table 1. In the table, we report for each source the position of
the continuum peak at 1.3 mm and the systemic velocity (Vsys)
extracted from the CALYPSO dataset (Maury et al. 2019; Maret
et al. 2020), the distance (d), the internal luminosity (Lint), the
mass of the envelope (Menv), and the Class (0 or I). Following
Dunham et al. (2008), the internal luminosity is derived by Lad-
jelate et al. (in prep.) using the 70 µm measurements provided
by the Herschel Gould Belt survey (André et al. 2010) and is a
more reliable probe of the accretion luminosity than the bolo-
metric luminosity, Lbol, because it is not affected by external
heating of the envelope by the interstellar radiation field, Lext
(Lbol = Lint + Lext). The latter adds on average a few tenths of a
solar luminosity and significantly contributes to Lbol in sources
with low accretion luminosity. Protostars belonging to multiple
systems are grouped together in Table 1 and the same systemic
velocity and distance of the primary protostar (marked in bold-
face) is assumed. For the binaries with no mass estimate of their
individual envelopes, the value corresponds to the fraction of the
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Table 1. Properties of the protostars identified from the analysis of the CALYPSO continuum maps (see Maury et al. 2019).

Source ↵(J2000) (a) �(J2000) (a)
Vsys

(b)
d

(c)
Lint

(d)
Menv

(e) Class ( f )

(h m s) (� 0 00) (km s�1) (pc) (L�) (M�)

L1448-2A 03 25 22.405 +30 45 13.26 +4.2 293 4.7 (0.5) 1.2 0

(L1448-2Ab) 03 25 22.355 +30 45 13.16 <4.7 0.6 0

L1448-NB1 03 25 36.378 +30 45 14.77 +4.9 293 <3.9 3.3 0
(L1448-NB2) 03 25 36.315 +30 45 15.15 3.9 1.6 0
L1448-NA 03 25 36.498 +30 45 21.85 6.4 (0.6) 0.8 I

L1448-NW (⇤⇤) 03 25 36.680 +30 45 33.86 – – 0

L1448-C 03 25 38.875 +30 44 05.33 +5.1 293 11 (1) 1.9 0
L1448-CS 03 25 39.132 +30 43 58.04 3.6 0.16 I

IRAS2A1 03 28 55.570 +31 14 37.07 +7.5 293 47 (5) 7.9 0

SVS13B 03 29 03.078 +31 15 51.74 +8.5 293 3.1 (1.6) 2.8 0
SVS13A 03 29 03.756 +31 16 03.80 44 (5) 0.8 I
SVS13C (⇤⇤) 03 29 01.980 +31 15 38.14 – – 0

(VLA3) 03 29 03.378 +31 16 03.33 – – unknown

IRAS4A1 03 29 10.537 +31 13 30.98 +6.3 293 <4.7 9.9 0

IRAS4A2 03 29 10.432 +31 13 32.12 4.7 (0.5) 2.3 0

IRAS4B1 03 29 12.016 +31 13 08.02 +6.8 293 2.3 (0.3) 3.3 0
(IRAS4B2) 03 29 12.841 +31 13 06.84 <0.16 1.4 0

IRAM04191 04 21 56.899 +15 29 46.11 +6.7 140 0.05 (0.01) 0.5 0

L1521-F 04 28 38.941 +26 51 35.14 +6.6 140 0.035 (0.01) 0.7 0

L1527 04 39 53.875 +26 03 09.66 +5.7 140 0.9 (0.1) 1.2 0

SerpM-S68N 18 29 48.091 +01 16 43.41 +9.2 436 11 (2) 11 0
(⇤)SerpM-S68Nb 18 29 48.707 +01 16 55.53 1.8 (0.2) – 0
(⇤)(SerpM-S68Nc) (⇤⇤) 18 29 48.811 +01 17 04.24 1.4 (0.2) – I

SerpM-SMM4a 18 29 56.716 +01 13 15.65 +8.8 436 2.2 (0.2) 6.7 0

(SerpM-SMM4b) 18 29 56.525 +01 13 11.58 <2.6 1.0 0

SerpS-MM18a 18 30 04.118 –02 03 02.55 +8.1 350 13 (4) 4.5 0
(SerpS-MM18b) 18 30 03.541 –02 03 08.33 16 (4) 0.9 0

SerpS-MM22 18 30 12.310 –02 06 53.56 +6.2 350 0.4 (0.2) 0.9 0

L1157 20 39 06.269 +68 02 15.70 +2.6 352 4.0 (0.4) 3.0 0

GF9-2 20 51 29.823 +60 18 38.44 �3.0 474 1.7 2.8 0

Notes. (a)Positions of the 1.3 mm continuum peak emission are extracted from the CALYPSO dataset (Maury et al. 2019). (b)Systemic velocities,
Vsys, correspond to the mean velocity of C18O (2�1) emission on the source continuum peak position as fit by Maret et al. (2020), except for
GF9-2 (from 13CO (2�1)), IRAM04191 (Belloche et al. 2002), L1521-F (from NH3 (1,1), Codella et al. 1997), and SerpM-SMM4 (from CO (3�2),
Dionatos et al. 2010). For multiple systems the systemic velocity of the primary is reported. (c)Distances: Ortiz-León et al. (2018a) for the Perseus
sources; Zucker et al. (2019) for the Taurus sources and L1157; Ortiz-León et al. (2017, 2018b) for SerpM; Palmeirim et al. (in prep.) for SerpS;
C. Zucker (priv. comm.) for GF9-2. For multiple systems the distance of the primary is reported. (d)Internal luminosities are derived by Ladjelate
et al. (in prep.), from the 70 µm flux from the Herschel Gould Belt survey observations at 800 spatial resolution (André et al. 2010), except for
GF9-2 for which we use the value by Wiesemeyer et al. (1997) rescaled to the distance given in the fifth column. The uncertainty is in parentheses
when available, and is larger for SVS13B because of the proximity to SVS13A. For SerpM-SMM4b the upper limit is given by the bolometric
luminosity (Aso et al. 2019). (e)Envelope mass from Maury et al. (2019) and references therein. For the binaries with no mass estimate of their
individual envelopes, the value corresponds to the fraction of the total envelope mass in proportion of the peak flux densities at 1.3 mm given by
Maury et al. (2019). The masses have been re-scaled to the distances given in Col. 5. ( f )The classification as Class 0, I, or candidate protostellar
object (in parentheses) is based on Maury et al. (2019). (⇤)For SerpM-S68Nb and SerpM-S68Nc we follow the same naming as Maury et al. (2019).
The names of the two sources are inverted with respect to the classification by Williams & Myers (2000), also followed by Dionatos et al. (2010).
(⇤⇤)Protostellar companions which lie outside of the primary beam at 231 GHz (⇠2100).
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total envelope mass in proportion of the peak flux densities at
1.3 mm (see Maury et al. 2019; Belloche et al. 2020). As shown
in Table 1 the CALYPSO sample covers a wide range of inter-
nal luminosities (Lint from 0.035 to 47 L�), and envelope masses
(Menv from 0.5 to 9.9 M�), which makes it a unique laboratory
for the study of the occurrence and properties of collimated jets
as a function of the properties of the driving protostars.

Of the 30 sources identified by Maury et al. (2019) in the
CALYPSO observations, 7 are tentative protostellar candidates,
reported in parenthesis in Table 1. Between these, 2 are part of a
close binary system, that is, they are located less than one beam
away from the primary (L1448-2Ab and L1448-NB2). In these
cases, we consider the binary system as a single source for the
assessment of the outflow or jet occurrence as it is not possi-
ble at the resolution of our dataset to understand whether only
one or both components of the close binary systems are driv-
ing an outflow or jet. Moreover, the two Class 0 and the Class I
protostars indicated by ⇤⇤ in Table 1 lie outside of the primary
beam at 231 GHz (L1448-NW, SVS13C, and SerpM-S68Nc).
This causes a strong attenuation in the emission, possibly lead-
ing to the non-detection of faint line emission from jets. In fact,
previous observations at lower resolutions covering a larger field-
of-view report slowly outflowing extended gas in CO (2�1) and
CO (1�0) for two of these sources (the Class 0 protostars L1448-
NW and SVS13C, Lee et al. 2015b; Plunkett et al. 2013), which is
not detected in our CALYPSO CO maps due to attenuation. As
we want to assess the jet occurrence in an homogeneous sam-
ple where all sources are observed down to roughly the same
sensitivity threshold, we excluded these three sources from our
statistics. Also, VLA3 is not included in the sample for the out-
flow or jet survey because its protostellar nature and its internal
luminosity cannot be derived as it cannot be separated from the
much brighter source SVS13A in the Herschel maps. No out-
flow associated with this continuum source was detected in the
CALYPSO maps presented by Lefèvre et al. (2017). Based on the
above criteria, the sample analyzed to investigate the jet occur-
rence consists of 21 Class 0 and 3 Class I protostars, which
are those reported in Table 3. Due to the small number, for the
Class I sources the analysis is limited to establish the detection
rate of outflows and jets and the derivation of their position angle
(PA; see Sect. 4.1) but they are not further discussed in this paper,
which focuses on the properties of jets from Class 0 protostars.

3. Observations and data reduction

The CALYPSO sources were observed with the IRAM-PdBI
during several tracks between September 2010 and March 2013
using the six-antenna array in the most extended (A) and inter-
mediate (C) configurations. The shortest and longest baselines
are 16 m and 762 m, respectively, allowing us to recover emis-
sion at scales from ⇠ 800 down to ⇠ 0.004. WideX2 backends were
used to cover the full 3.8 GHz spectral window at the spectral
resolution of 2 MHz (⇠2.6 km s�1 at 1.3 mm) for three spec-
tral setups centered at 231, 219, and 94 GHz (corresponding to
1.30, 1.37, and 3.19 mm, respectively). In addition, higher resolu-
tion backends (⇠0.1 km s�1, subsequently smoothed to 1 km s�1)
were employed to observe the CO (2�1), SO (56�45), and SiO
(5�4) lines (see Table 2). The phase root mean square (rms) was
typically 50� and 80� for the A and C tracks, respectively, the
precipitable water vapor (pwv) was 0.5–1 mm (A) and ⇠ 1–
2 mm (C), and system temperatures were usually ⇠100–160 K

2 https://www.iram-institute.org/EN/
content-page-120-4-35-47-118-120.html

Table 2. Properties of the lines targeted by the CALYPSO survey.

Line Frequency (a)
Eup

(a) log10(Ai j) (a)
ncr

(b)

(MHz) (K) (s�1) (cm�3)

CO (2�1) 230 538.000 16.6 �6.2 7.3⇥ 103

SO (56�45) 219 949.442 35.0 �3.9 7.7⇥ 105

SiO (5�4) 217 104.980 31.3 �3.3 1.6⇥ 106

Notes. (a)Molecular parameters from the CDMS database (Müller et al.
2001). (b)The critical densities are computed at T = 100 K, using colli-
sional rate coefficients from Yang et al. (2010) (CO), Lique et al. (2006)
(SO), and Balança et al. (2018) (SiO).

(A) and 150–250 K (C). Calibration was carried out follow-
ing standard procedures, using GILDAS-CLIC3. Strong quasars
such as 3C273 and 3C454.3 were used to calibrate the correla-
tor bandpass, while the absolute flux density scale was mainly
estimated by observing MWC349 and 3C84, with a final uncer-
tainty less than 15%. The continuum emission was removed from
the visibility tables to produce continuum-free line tables. Self-
calibration was performed on the source continuum emission for
all sources with bright dust continuum emission, that is, with
continuum peak flux >80 mJy beam�1 at 231 GHz (see Table 3
of Maury et al. 2019) and the self-calibrated phase solutions
were applied to the continuum-subtracted line tables. We carried
out imaging with the GILDAS/MAPPING software, adopting
a robust weighting parameter of 14 and obtaining typical syn-
thesized beams of 0.004�0.009, except for the weakest continuum
emission sources in the sample (i.e., IRAM 04191, L1521F, and
GF9-2), for which we used a natural weighting to maximize
the sensitivity to point sources obtaining synthesized beams of
0.007�1.000 (Maury et al. 2019). These beam sizes correspond to an
angular resolution of: ⇠130�220 au for the sources in Perseus
(d = 293 pc, Ortiz-León et al. 2018a) and Taurus (two out of the
three sources in Taurus have weak continuum emission, hence
the larger beam sizes are compensated by the smaller distance,
d = 140 pc, Zucker et al. 2019, with the exception of L1527, for
which an angular resolution of ⇠60�130 au is reached); and of
⇠220�350 au for the sources located in Serpens (d = 436 pc for
Serpens M, Ortiz-León et al. 2017, 2018b, d = 350 pc for Ser-
pens S, Palmeirim et al., in prep.), Cepheus (d = 352 pc, Zucker
et al. 2019), and GF9 (d = 474 pc, C. Zucker, priv. comm.).
The synthetized beam and corresponding angular resolution for
the 16 targeted fields are summarized in Tables A.1–A.3 and
shown in Fig. 1. The present paper is based on analysis of the
1.3 mm and 1.4 mm observations of CO (2�1), SiO (5�4),
and SO (56�45), which are three standard tracers of molecular
jets and outflows, hence they are ideal when tackling the array
of open questions on protostellar jets presented in Sect. 1. As
the jet and outflow emission is faint and spread over a wide
range of blue-shifted and red-shifted velocities, we preferen-
tially analyzed the WideX datacubes, which are at lower spectral
resolution to increase the signal-to-noise ratio of the line emis-
sion. The WideX datacubes were resampled at a resolution of
3.25 km s�1(CO (2�1)), 3.4 km s�1(SO (56�45), and SiO (5�4)),
reaching a typical rms noise per channel for the final continuum-
subtracted datacubes of ⇠ 2–10 mJy beam�1. In some cases, we

3 https://www.iram.fr/IRAMFR/GILDAS/
4 For more information on weighting schemes performed by the
GILDAS/MAPPING software, see https://www.iram.fr/IRAMFR/
GILDAS/doc/html/map-html/node32.html
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Fig. 1. Integrated maps of the CO (2�1), SO (56�45), and SiO (5�4) emission for the Class 0 protostars of the CALYPSO sample (left, center, and

right panels). Continuum at 1.3 mm (grey scale) and integrated line emission at systemic, blue-, and red-shifted velocities (green, blue, and red
contours) are shown. The systemic velocity (one channel) and the velocity of the first and last channels over which blue- and red-shifted emission
was integrated (in km s�1) are labeled in the top-left corner (in green, blue, and red respectively). When the emission is detected on a single channel,
its central velocity is labeled. The 5� intensity of the corresponding integrated emission (in mJy km s�1 beam�1) is labeled in the top-right corners
with the same colour coding. The 5� intensity of the continuum (in mJy beam�1) is also labeled in black. The contours are from 5� with steps of
5�. When the emission is faint the contours are from 3� with steps of 3� and the corresponding values are indicated in parentheses. The black
stars (or triangles) indicate the positions of the protostars (or candidate protostars) identified by Maury et al. (2019), the black solid line shows the
jet or outflow PA. The beam size is shown in the bottom-left corner.
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Fig. 1. continued.
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Fig. 1. continued.

analyzed the higher resolution datacubes (1 km s�1). The spec-
tral resolution and the rms noise per channel of the CO (2�1),
SO (56�45), and SiO (5�4) datacubes for the 16 targeted fields
are listed in Tables A.1–A.3.

4. Methodology and results

In this section, we present the methodology we applied in
analysing the CALYPSO CO (2�1), SO (56�45), and SiO (5�4)
line cubes and our obtained results (discussed in Sect. 5). The
integrated line emission maps for all the Class 0 sources in our
sample are presented in Sect. 4.1, Fig. 1. From the maps, we
establish the detection rate of outflows and jets (Fig. 2), we
estimate the position angles of the detected flows (Table 3),
and extract position-velocity (PV) diagrams of the emission
along them (Fig. B.1). For the sources where an SiO jet is
detected at >10� in the integrated maps5, we estimate the jet

5 The contours of the integrated maps shown in Fig. 1 are from
5� with steps of 5�, therefore a 5� detection corresponds to one
contour, a 10� detection to two contours. The 5� level of the inte-
grated maps is different for each source and tracer as it depends on
the rms noise per channel of the corresponding datacube (as reported
in Tables A.1–A.3) and on the velocity interval over which the emission
is integrated. The velocity interval of integration and the correspond-
ing 5� level are labeled in each map in Fig. 1 and spans between 10

properties, that is, their velocity and spatio-kinematical struc-
ture (Sect. 4.2, Fig. 3), the width and opening angle (Sect. 4.3,
Figs. D.1, 4, 5), the molecular column densities and abundances
(Sect. 4.4, Table 5, Fig. 6), and the jet energetics, that is, the
jet mass-loss and momentum rates and mechanical luminosities
(Sect. 4.5, Table 5, Fig. 7).

4.1. Detection rate of outflows and jets

To assess the presence of outflows and jets associated with
the protostars identified in the CALYPSO survey (Maury et al.
2019, see Table 1), we analyzed the CO (2�1), SO (56�45), and
SiO (5�4) datacubes and searched for emission at blue- and red-
shifted velocities with respect to the source systemic velocity,
Vsys, reported in Table 1. Maps of the CO (2�1), SO (56�45),
and SiO (5�4) emission are produced by integrating the data-
cubes on the blue- and red-shifted velocity channels where line
emission at �5� is detected. Figure 1 presents the integrated
line emission maps for all the sources in the CALYPSO sample.
The VLSR velocity of the first and last channels over which the
line emission is integrated is labeled (only one velocity value is

and 50 mJy km s�1 beam�1 when line emission is detected only in one
channel to ⇠ 100�1700 mJy km s�1 beam�1 when emission is integrated
on several velocity channels (up to 21 channels, i.e. ⇠70 km s�1, for
L1448-C). The 5� levels reported in Fig. 1 are rounded.
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Fig. 2. Number of sources associated with outflows and jets as traced by CO (2�1) (black, left), SO (56�45) (red, middle-left), and SiO (5�4) (blue,
middle-right) as a function of the internal luminosity, Lint, of the 21 Class 0 protostars in the CALYPSO sample. The detection rate for each Lint bin
(in logarithmic scale) is reported above the histogram, while the detection rate for the whole sample is labeled on top of each panel. The detection
rate of jets and outflows for L > Lint is shown in the right panel, with the same colour coding. The grey histogram shows the fraction of sources for
L > Lint.

given when emission is detected only in one channel), along with
the 5� intensity of the integrated emission (on the top-left and
top-right corners of each panel, respectively). We claim that the
outflow is detected if the map of CO (2�1) shows resolved blue-
and/or red-shifted emission at �5� associated with the source
in the integrated maps 5, while blue- or red-shifted SiO (5�4)
emission is used as a probe of collimated jets. If SO (56�45) is
detected at �5� along the same direction and on a similar veloc-
ity range as SiO, we can claim that the jet is detected also in
SO. If SiO is detected the jet position angle (PAjet) is determined
from the SiO peaks located closest to the source; when instead
SiO is not detected, the outflow PA (PAoutflow) is inferred from the
distribution of CO (2�1). Then, position-velocity diagrams of
the CO (2�1), SO (56�45), and SiO (5�4) emission are extracted
along the outflow or jet PA and shown in Fig. B.1.

The detection of outflows and jets, that is, of blue- and red-
shifted emission in the CO (2�1), SO (56�45), and SiO (5�4)
lines, in the CALYPSO sample of Class 0 and I protostars and
the estimated PAs are summarized in Table 3. The sources are
listed by increasing internal luminosity, as Lint is a probe of
the accretion luminosity, which, in turn, is expected to correlate
with the mass ejection rate hence with the jet brightness (see,
e.g., Hartigan et al. 1995). In Cols. 3 and 4, we report whether
the source is associated with a hot corino or a disk identified
by the analysis of the source spectra and of the 13CO (2�1),
C18O (2�1), and SO (56�45) line maps, respectively (Belloche
et al. 2020; Maret et al. 2020). Columns 5–8 report the detection
of blue- red-shifted emission in the three jet tracers (CO (2�1),
SO (56�45), SiO (5�4)) and the position angle of the detected
emission (PAjet/outflow). For L1521-F, L1527, and SerpM-SMM4a
we do not detect emission in the SiO and SO lines, and the CO
emission does not show a clear structure. Therefore, the position
angle reported in Table 3 is taken from previous studies (Tokuda
et al. 2016; Hogerheijde et al. 1998; Tobin et al. 2012; Aso et al.
2018) (see Appendix F for the notes on these sources).

Figure 2 shows the number of detections and the detection
rate of jets and outflows in each of the three tracers (CO (2�1),
SO (56�45), SiO (5�4)) as a function of the source internal lumi-
nosity, Lint, for the Class 0 protostars in our sample. The figure
indicates that outflow emission in the CO (2�1) line maps is

detected in 21 Class 0 protostars out of 21. Emission in SiO (5�4)
is detected in 14 sources, which means that at least 67% of the
Class 0 protostars drive an SiO jet. Finally, 11 of the 14 protostars
with an SiO jet show emission along the jet PA in SO (56�45),
indicating that about 79% of the SiO jets are also detected
in the SO line (with a detection rate of SO jets of 52% over
the whole sample of 21 Class 0 protostars). Five more sources
out of the 21 Class 0 protostars show blue- and red-shifted
emission in SO (56�45) (L1527, GF9-2, L1157, L1448-2A, and
SerpS-MM18b). In these sources, however, the spatial and veloc-
ity distribution of the SO emission is not in agreement with
that of CO (2�1) (and SiO (5�4) in the case of L1157), which
probes the outflow (see the integrated maps in Fig. 1 and the
position-velocity diagrams in Fig. B.1). The possible origin of
the SO (56�45) for these five sources is discussed in Sect. 5.

Concerning the three Class I protostars in the CALYPSO
sample, there is blue- or red-shifted CO (2�1) emission (or
both) detected in two sources out of three. The exception is the
Class I source L1448-NA for which no line emission is detected
in our CALYPSO line maps. However, previous lower resolu-
tion observations of CO (2�1) show evidence of slow outflowing
gas (Lee et al. 2015b). Taking into account this previous detec-
tion, CO outflows are detected in three Class I protostars out of
three, hence, all Class I sources are associated with outflows. SiO
and SO jet emission is detected in two of them (L1448-CS and
SVS13A), with the exception of the Class I L1448-NA, hence
the detection rate of SiO jets is 67%, the same as for Class 0 pro-
tostars. We note, however, that the emission from the L1448-CS
jet overlaps on the bright emission of the jet driven by L1448-C,
impeding us to derive the jet properties (see Appendix F). On the
other hand, the morphology and properties of the jet associated
with SVS13A based on the CALYPSO data are already presented
in Lefèvre et al. (2017). Therefore, the properties of the jets from
the three Class I sources in our sample are not presented in the
following sections.

4.2. Jet spatio-kinematical structure

Based on the integrated maps in Fig. 1 and the PV diagrams in
Fig. B.1 we investigate the spatio-kinematical properties of the
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Table 3. Detection of outflows and jets as traced by CO (2�1), SO (56�45), and SiO (5�4) lines in the CALYPSO sample of Class 0 and I protostars.

Source Lint COMs (a) Disk (b) Outflow/Jet (c) PAjet/outflow
(d)

(L�) CO SO SiO (�)

Class 0

L1521-F 0.035(0.01) Y +260(B) (e)

IRAM04191 0.05(0.01) Y +20(R)
(IRAS4B2) <0.16 Y* Y* Y* �99

SerpS-MM22 0.4(0.2) Y +230
L1527 0.9(0.1) Y Y D �90 (e)

GF9-2 1.7 Y D/E? 50
SerpM-S68Nb 1.8(0.2) Y* Y +108
SerpM-SMM4a 2.2(0.2) Y 0(B) (e)

IRAS4B1 2.3(0.3) Y y Y Y Y +165
(SerpM-SMM4b) <2.6 Y Y Y +10(B)/+135(R)

SVS13B 3.1(1.6) y Y* Y* Y +167
L1448-NB1 (+NB2) 3.9 y Y Y Y �80

L1157 4.0(0.4) y Y D/E? Y +163
IRAS4A1 <4.7 Y Y Y +180
IRAS4A2 4.7(0.5) Y Y Y Y +182

L1448-2A (+2Ab) 4.7(0.5) Y D/E? Y* +118 ( f )

L1448-C 11(1) Y Y Y Y Y �17
SerpM-S68N 11(2) y Y Y Y �45

SerpS-MM18a 13(4) Y y Y Y Y +188
(SerpS-MM18b) 16(4) Y D/E? +205(R)

IRAS2A1 47(5) Y y Y Y Y +205

Class I

L1448-CS 3.6 Y Y Y +60(R)
L1448-NA 6.4(0.6) Ye +40 (e)

SVS13A (+VLA3) 44(5) Y Y Y Y +155

Notes. (a)Emission from three (“y”) or more than three (“Y”) complex organic molecules (COMs) based on the CALYPSO survey (Belloche et al.
2020). (b)“y” indicates disk candidates, i.e., sources which show a velocity gradient perpendicular to the jet axis (within ±45�) at a few hundred
au scales in one of the disk tracers (13CO (2�1), C18O (2�1), and SO (56�45)). “Y” indicates the detection of a Keplerian rotating disk (based on
the CALYPSO survey, see Table 3 by Maret et al. 2020). (c)“Y” indicates outflow/jet blue- and/or red-shifted emission detected in CO (2�1), SO
(56�45), and SiO (5�4) at >10� in the integrated maps. The asterix (“Y*”) indicates emission at 5�10�. For SO (56�45): “D” indicates emission
from the disk, “D/E?” indicates compact emission at low blue- and red-shifted velocities, and with a velocity gradient perpendicular to the jet
(except for L1448-2A), originating from the inner envelope or the disk. (d)The jet or outflow position angles are given for the blue-shifted lobe from
North to East. If the blue- and red-shifted lobes have different PA or if only one of the two lobes is detected, this is indicated by the label (B) or
(R). (e)For L1521-F, L1527, and SerpM-SMM4a, we do not detect SiO and SO, and CO emission does not show a clear structure. The reported PA
are taken from Tokuda et al. (2016), Hogerheijde et al. (1998), Tobin et al. (2012), Aso et al. (2018). For L1448-NA we do not detect emission in
any of the tracer, and the PA is from CO (2�1) observations by Lee et al. (2015b). ( f )The jet PA is taken to be in the middle of the CO cavities.

flows for the 12 Class 0 sources that exhibit an SiO jet detected
at >10� in the integrated maps (see Table 3). For these jets, the
CO (2�1), SO (56�45), and SiO (5�4) line spectra are extracted
at the position of the blue- and red-shifted SiO emission peaks
(knots) located closest to the driving protostar, denoted as B and
R (see Fig. C.1). The RA and Dec offsets of the innermost SiO
knots, B and R, and their distance from the driving source are
given in Table 4.

The line spectra in Fig. C.1 show several emission compo-
nents: SiO (5�4), which is commonly used as a selective probe
of the jet, emits mainly at high velocity (HV), that is, at velocities
of 15�80 km s�1 with respect to the source systemic velocity,
which correspond, for a median jet inclination of 60� to the line
of sight, to deprojected velocities of 30�160 km s�1; the bulk of
CO (2�1) emission, instead, is at low velocity (LV: <15 km s�1

with respect to Vsys). This kinematical difference between SiO
and CO also reflects in a different spatial distribution of the
two molecules. The line maps in Fig. 1 and the PV diagrams
in Fig. B.1 show that the SiO emission is more collimated and

is concentrated on smaller areas of the spatial-velocity space
than CO in most of the sources (IRAS4B1, SerpM-SMM4b,
L1448NB, L1157, IRAS4A1 and A2, L1448-C, and IRAS2A1).
In these sources, SiO probes the collimated jet and, in some
cases, it also probes bright terminal shocks with (IRAS4B1,
L1448NB) or without (IRAS4A1 and A2) a CO counterpart. The
CO emission is transversally more open and in some cases, it also
extends out to almost twice larger distances than SiO (SerpM-
SMM4b, L1157, L1448-2A, IRAS2A1). This suggests that the
CO emission is dominated by emission from the outflow, that is,
from the surrounding material that is put into motion or entrained
by the jet. However, in most of the jet sources, CO (2�1) has
a secondary peak at high velocity and the CO HV component
looks co-spatial with SiO in the PV diagrams, suggesting that in
the HV range, CO probes the jet similarly to SiO. There are a
few exceptions, for instance, for sources where in the line spec-
tra, there is no clear separation between low and high-velocity
components in all three tracers that is likely due to the low incli-
nation of the flow (IRAS4A2, SerpM-S68N, and SerpS-MM18a)
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Table 4. Properties of the blue- and red-shifted SiO knots closest to the driving sources, B and R, as derived from the spectra in Fig. C.1.

Source RAo↵ , Deco↵
(a) Distance (b) HV (c)

Vrad
(d)

Vrad,f/Vrad,s
(e)

FCO
( f )

FSO
( f )

FSiO
( f )

(00, 00) (00) (km s�1) (km s�1) (K km s�1) (K km s�1) (K km s�1)

SerpM-S68Nb B (+5.99, �2.05) 6.33 �50/�20 �45 7.8± 2.3 <0.8 – 25.0
R (�6.91, +2.05) 7.21 +17/+40 +6 6.5 – 20.3

IRAS4B1 B (+0.57, �1.27) 1.39 �30/�5 �17 1.0± 0.1 27.8 – 72.1
R (�0.53, +2.53) 2.58 +16/+50 +17 55.4 5.6 169.3

SerpM-SMM4b B (�0.28, +0.91) 0.95 �38/�8 �39 1.1± 0.1 47.0 27.8 68.3
R (+0.23, �0.49) 0.54 +30/+60 +36 74.4 8.8 69.2

SVS13B B (+0.37, �1.61) 1.65 �37/+8.5 �24 1.4± 0.2 <3.0 – 50.2
R (�0.03, +0.39) 0.39 +8.5/+58 +16 <3.0 – 77.6

L1448NB B (�1.98, +0.53) 2.05 �34/�20 �34 1.1± 0.1 <1.7 – 41.7
R (+0.82, +0.03) 0.82 +40/+54 +37 27.8 1.1 17.6

L1157 B (+0.00, �0.22) 0.22 �60/�20 �34 1.6± 0.1 22.0 – 143.9
R (�0.10, +0.58) 0.58 +30/+70 +54 45.2 – 125.4

IRAS4A1 B (+0.31, �1.47) 1.50 �30/�10 �16 2.1± 0.2 77.5 9.4 16.9
R (+0.21, +1.33) 1.35 +30/+70 +34 276.6 37.6 28.5

IRAS4A2 B (+0.11, �2.31) 2.31 �10/+6.3 �6 1.1± 0.4 177.5 47.2 25.2
R (+0.71, +2.29) 3.40 +6.3/+40 +7 145.1 58.1 55.2

L1448-C B (�0.30, +1.10) 1.14 �70/�22 �51 1.1± 0.1 160.5 64.7 501.1
R (+0.30, �0.80) 0.85 +25/+85 +48 222.5 75.8 869.7

SerpM-S68N B (�5.46, +5.39) 7.67 �7/+5 �4 1.5± 1.1 30.0 7.6 32.6
R (+2.54, �2.91) 3.86 +12/+21 +3 <0.7 – 8.5

SerpS-MM18a B (�0.10, �0.90) 0.91 �17/�2 �10 1.3± 0.3 191.1 63.7 159.2
R (+0.30, +2.90) 2.92 +21/+32 +13 98.9 34.3 71.2

IRAS2A1 B (�0.58, �1.07) 1.22 �32/�9 �24 – 150.3 113.2 181.6

Notes. (a)RA and Dec offset of the innermost SiO knots B and R. (b)Distance of the innermost SiO knots B and R. (c)High-velocity range (HV)
where CO (2�1) and SO (56�45) trace jet emission as SiO (5�4). (d)Jet radial velocity in the innermost SiO knots B and R estimated as the velocity
of the SiO emission peak in the B and R spectra with respect to the source systemic velocity given in Table 1. The estimated jet radial velocities
are affected by an uncertainty of ±1.7 km s�1 due to the resolution of our spectra. (e)Ratio between the radial velocities, Vrad, of the blue- and
red-shifted innermost knots, B and R. The ratio is computed between the velocity of the faster knot, Vrad,f , over the velocity of the slower knot,
Vrad,s. ( f )CO (2�1), SO (56�45), and SiO (5�4) line intensity integrated on the high-velocity range (HV) (FCO, FSO, FSiO).

and sources where the high-velocity jet emission seen in SiO
has no counterpart in CO (SerpM-S68Nb blue lobe, SVS13B
both lobes, L1448-NB blue lobe, and SerpM-S68N red lobe).
We refer to the latter objects as “CO-poor” jets. Furthermore,
SO (56�45), when detected in the 12 SiO jet sources, may have
different origins: in the jet, it exhibits spatio-kinematical distri-
bution that is very similar to that of SiO in the maps and in the
PV diagrams (SerpM-SMM4b, SVS13B, L1448NB, IRAS4A1
and A2, L1448-C, SerpM-S68N, SerpS-MM18a, IRAS2A1), in
the terminal shocks (IRAS4B1), or in a compact region around
the source, where it likely probes the disk or the inner envelope
(L1157, L1448-2A). A more robust comparison of the spatio-
kinematical distribution of the SiO emission with that of the CO
and SO LV and HV components requires spatial resolution of
⇠10 au, as shown for example for the study of the prototypical
protostellar jet from HH 212 (Lee et al. 2018).

Based on the spectra we define for each jet lobe the high-
velocity ranges where CO (2�1) and SO (56�45) are likely to
trace the same jet component as SiO (5�4). The HV ranges
(in VLSR) are summarized in Table 4. The identification of the
high-velocity ranges is further supported by the inspection of the
position-velocity diagrams (see Fig. B.1). As explained above,
CO emission is mostly dominated by low or intermediate veloc-
ity material that corresponds to the wider flow surrounding the
jet. However, the high-velocity SiO emission which probes the
jet, also has counterparts in CO and SO for many of the sources
and they appear co-spatial in the PV diagrams, which suggests

that they all trace the same gas component in the jet with little or
no contamination by the outflow or by entrained material. Then
we estimate the jet radial velocity in the two innermost knots B
and R along the blue- and red-shifted lobes as the velocity of the
SiO emission peak in the B and R spectra with respect to the sys-
temic velocity (Vrad =Vpeak�Vsys) and we report them in Table 4.
The estimated jet radial velocities are affected by an uncertainty
of ±1.7 km s�1 due to the resolution of our spectra.

The distribution of radial velocities of the jet lobes, Vrad,
inferred from the SiO spectra is shown in Fig. 3. The distribu-
tion is flat within the statistical uncertainty, in agreement with
a randomly oriented jet distribution. This indicates that the jets
for which the SiO emission peak is detected at low velocity
(IRAS4A2, SerpM-S68N, and SerpS-MM18a) may actually be
high-velocity jets seen close to the plane of the sky. The derived
median radial velocity of the high-velocity jet component is
30± 10 km s�1. Estimates of the jet inclination and of the depro-
jected jet velocity are available only for a few jets in our sample,
as detailed in the notes on the individual sources (Appendix F)
and discussed in Sect. 4.5. Many of the jets in our sample show
asymmetries between the two lobes either in their morphology
or their velocity.

First of all, one out of 12 SiO jets is monopolar, the jet
from IRAS2A1 (Codella et al. 2014b). High-velocity emission
in the three tracers is detected only in the blue lobe, while the
low-velocity emission associated with the outflow is detected
in both lobes. In the sub-sample of the 11 SiO bipolar jets,
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Fig. 3. Distribution of jet radial velocities in the CALYPSO sample.
The values correspond to the velocity of the SiO emission peak in the
spectra extracted at the position of the blue- and red-shifted SiO knots
close to the driving protostar, B and R (see Fig. C.1).

morphological asymmetries between the two lobes are also
observed (see the integrated maps in Fig. 1). The jet from
SerpM-SMM4b shows different PA (and inclination, Aso et al.
2018) between the blue and red lobes, while 5 out of the 12 jets
show an S-shaped morphology, which suggests jet precession
around its axis (namely IRAS4B1, L1448-NB, L1157, IRAS4A1,
and IRAS4A2). The precession patterns of the jets from L1157
and IRAS4A2 based on the CALYPSO data are discussed in two
previous papers (Podio et al. 2016; Santangelo et al. 2015). The
jet from SerpS-MM18a is wiggling, which is also suggestive of a
slight precession, as was previously discussed by Plunkett et al.
(2015). Hence, 50% of the SiO jets show detectable precession or
wiggling at our resolution. This is the first time that the statistical
occurrence of this property can be estimated.

Finally, some of the eleven SiO bipolar jets show an asym-
metry in the velocity between the two lobes. The degree of the
velocity asymmetry is quantified by estimating the ratio between
the radial velocities of the blue- and red-shifted innermost SiO
knots, B and R. In particular, it is computed as the ratio between
the velocity of the faster knot, Vrad,f , over the velocity of the
slower knot, Vrad,s, as reported in Table 4. The error on this ratio
depends on the uncertainty on the determination of the radial
velocity of the two jet lobes (±1.7 km s�1) due to the resolu-
tion of our spectra. For the jets of IRAS4A2, SerpM-S68N and
SerpS-MM18a, which show very low radial velocities (possibly
due to low inclination), the radial velocities ratio, Vrad,f/Vrad,s, is
affected by a large uncertainty and this prevents us from draw-
ing a conclusion on whether the jet is or is not asymmetric in
velocity. Based on the derived Vrad,f/Vrad,s ratios and their uncer-
tainties, the radial velocity of the blue-shifted and red-shifted
lobes differ by factor of 1.4�2.1 for three jets (namely SVS13B,
L1157, and IRAS4A1), and by a factor of 7.8 for SerpM-S68Nb.
As the detection of velocity asymmetries for jets at low incli-
nation is hindered by the low spectral resolution of our data
(3.4 km s�1), the number of detected velocity asymmetric jets
should be considered a lower limit. We conclude that at least
33% of the observed jets has a velocity asymmetry of 1.3�7.8.

4.3. Jet width and opening angle

We investigate the collimation properties of the flows for the
12 Class 0 sources that exhibit an SiO jet detected at >10� in

the integrated maps (see Table 3). The width of the red and
blue jet and outflow lobes in each of the three tracers (CO,
SO, and SiO) is measured from the emission maps integrated
on the red-shifted and blue-shifted velocity ranges, respectively,
as indicated in Fig. 1. The widths are measured by fitting the
spatial profile of the line emission perpendicular to the jet axis
(PA given in Table 3) with a Gaussian profile at each posi-
tion along the jet. Deconvolved widths, corresponding to twice
the jet radius, 2Rjet, are then derived by correcting the full
width at half maximum (FWHM) of the observed emission,
FWHMobs, for the size of the beam transverse to the jet axis (see
Appendix D). The deconvolution method allows us to infer jet
widths smaller than the beam if the signal-to-noise ratio (S/N)
is high enough to measure a FWHMobs larger than the trans-
verse beam size. Therefore, this procedure is applied to each
source and each molecular line if detected at >10� in the inte-
grated maps. Spatially resolved emission showing asymmetric
cavity walls or complex bow-shock structures that strongly devi-
ate from a Gaussian distribution have been discarded (e.g., SiO
red-shifted emission in IRAS4A, see Fig. 1). Figure 4 collects
the jet width, 2Rjet, in the three tracers (CO (2�1), SO (56�45),
and SiO (5�4)) for the 12 sources driving an SiO jet as a func-
tion of the distance from source. The estimates of the flow width
for each source separately are presented in Fig. D.1.

After deconvolution by the beam, jet widths appear to be
always larger than ' 50 au, even for SiO jets observed very close
to the driving source. For example, the beam-corrected width of
the SiO jet driven by L1157 is about 80 au at a distance from
the source of 100 au. In contrast, ALMA observations of SiO at
very high angular resolution (e.g., Lee et al. 2017, 0.0200 or 8 au
resolution) and VLBI observations (e.g., Claussen et al. 1998)
towards Class 0 jets suggest that jet widths are <20 au within
100 au distance. Our beam deconvolution method neglects the
effect of residual phase noise and cleaning artifacts which result
in an effective resolution that is lower than the resolution implied
by the clean beam. Consequently, we choose to consider the
widths that are smaller than the size of the transverse beam to
be only (inclusive) upper limits on the true width of the jet (cyan
points in Fig. 4). Measurements taken within a beam from the
driving source are also discarded since the true flow width may
vary a lot within a beam.

Figure 4 shows that the width of the flow globally increases
with the distance from the source. However, the complex vari-
ation of the jet width with distance prevents us from defining
an opening angle of the flow for each source. For comparison
with opening angles measured in atomic Class II and Class I jets
on similar scales, following a statistical approach we derive the
average collimation properties of the sample by fitting the mea-
sured flow widths in Fig. 4 with straight lines according to the
following equation:

2Rjet = 2R0 + 2 tan (↵/2)z, (1)

where z is the distance from source, ↵ is the apparent full opening
angle of the flow6, and R0 is a constant offset. The last quantity
is introduced following studies of Class II jets (Agra-Amboage
et al. 2011; Dougados et al. 2000; Hartigan et al. 2004; Maurri
et al. 2014). Since Eq. (1) is simply a parametric formula to fit the
jet width at distances of ⇠200�1500 au from the driving source,
R0 should not be interpreted as the launching point of the flow.

Figure 4 shows that the collimation properties of the
velocity-integrated emission depend markedly on the molecular
6 Due to projection effects, the true opening angle is smaller:
tan(↵true)= tan(↵)⇥ sin(i), where i is the inclination to the line of sight.
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Fig. 4. Deconvolved widths (2Rjet) of CO (a), SO (b), and SiO (c) emission along the jet axis within 1500 au from protostars. Only flow detected
above 10� are measured. Non-axisymmetric structures that are well spatially resolved are discarded. Cyan lines indicate widths that are smaller
that the transverse beam and consequently considered as inclusive upper limits. Green dashed lines correspond to straight lines with full opening
angles of ↵= 3�, 8�, 12�, and 35� and initial width of 30, 50, 80, and 120 au outlining the collimation properties of the flow in different tracers.

tracer. Opening angles of the CO (2�1) emission span a wide
range of value between 8� and 35� with a median value of ⇠25�.
SO (56�45) emission is more collimated and shows typical open-
ing angles of ⇠15�. SiO (5�4) emission is even more collimated
with a typical opening angle of about 10� and with minimum
values as low as 4�. Thus, the bulk emission of the three lines
highlights different regions of the flow, with SiO tracing the
most collimated jet, CO the broader component, and SO a flow
of intermediate collimation.

We also measured the width of the high-velocity CO emis-
sion and compare the results with the width of the SiO emission
in Fig. 5. As explained in Sect. 4.2 the high-velocity ranges
where CO (2�1) and SO (56�45) trace the same jet component as
SiO (5�4) are defined based on the line spectra extracted at the
position of the innermost SiO knots (see Table 4 and Fig. C.1)
and on the inspection of the PV diagrams (see Fig. B.1). When
selecting only the high-velocity component, the CO emission is
as collimated as the SiO emission, which is a further indication
that high-velocity CO traces the same component probed by SiO,
namely, the jet. The same conclusion applies to SO.

4.4. Molecular column densities and abundances

For the 12 Class 0 protostars driving an SiO jet detected at > 10�
in the integrated maps (see Table 3), we estimate the beam-
averaged column density and the abundance of CO, SO, and
SiO in the high-velocity jet component for the blue- and red-
shifted lobes. To this aim, the CO (2�1), SO (56�45), and SiO
(5�4) line intensities extracted at the position of the innermost
SiO knots, B and R, are integrated on the high-velocity range
shown in Fig. C.1 and summarized in Table 4. As shown by the
position-velocity diagrams in Fig. B.1 and by the measurements
of the flow width in Fig. 5, in the defined high-velocity ranges,
the emission in the CO (2�1) and SO (56�45) lines is co-spatial
with that of SiO (5�4) and shares the same width. Therefore,
we assume that in the HV range the emission in the three trac-
ers originate from the same gas component. Moreover, based on
the high radial velocity of the HV component (15�80 km s�1)
and on its collimation (see Fig. 5), we assume that the bulk of
the HV emission originates primarily from the jet and that the
contribution from entrained material along the jet is negligible.
We further assume local thermodynamic equilibrium (LTE) at

Fig. 5. Deconvolved widths (2Rjet) of SiO (triangles) and high-velocity
CO (dots) emission (high-velocity intervals defined in Table 4). Only
the jet lobes where both SiO and high-velocity CO are detected above
10 � at the same positions along the jet are plotted. Colors code the
sources. At high velocity, the CO emission appears as collimated as
the SiO jet emission. Green dashed lines correspond to straight lines
with full opening angles of ↵= 3�, 8�, 12�, and 35� and initial width of
30, 50, 80, and 120 au outlining the collimation properties of the flow.

a kinetic temperature, TK = 100 K, and optically thin emission.
Possible deviations from these assumptions are discussed below.
Based on the above assumptions we derive the molecules’ beam-
averaged column densities in the jet, NCO, NSO, and NSiO, from
the line intensities integrated on HV.

The non-LTE analysis of multiple SiO and CO transitions in
the large velocity gradient (LVG) approximation in a few proto-
typical Class 0 jets has shown that the typical gas density and
temperature in the high-velocity range are of 105�107 cm�3 and
30�500 K (e.g., Gibb et al. 2004; Cabrit et al. 2007; Podio et al.
2015; Spezzano et al. 2020). Therefore, the assumption of LTE
is well justified for the CO (2�1) line, whose critical density
is well below the typical gas density in jets (⇠7.3⇥ 103 cm�3,
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see Table 2), while the SO and SiO lines may be sub-thermally
excited if the gas density is lower than their critical density
(⇠7.7⇥ 105 cm�3 and ⇠1.6⇥ 106 cm�3, see Table 2). To esti-
mate the uncertainty affecting the estimates of the column
density in the non-LTE case we use the statistical equilibrium,
one-dimensional radiative transfer code RADEX adopting plane
parallel slab geometry (van der Tak et al. 2007). We find that the
SO and SiO column densities may be underestimated by a fac-
tor of up to 5 if nH2 = 105 cm�3. Moreover, the column densities
of CO, SO, and SiO are overestimated by a factor of ⇠1.5 if the
gas temperature is lower than assumed (20 K), and are underesti-
mated by a factor of ⇠1.6, ⇠3.5 if the temperature is higher (200
and 500 K, respectively). These uncertainties are illustrated in
Fig. E.1.

If lines are optically thick, the beam averaged column den-
sity derived in the optically thin limit is only a lower limit on the
true column density. Previous studies have shown that jet emis-
sion may be optically thick even at high velocities (e.g., Cabrit
et al. 2012; Podio et al. 2015). Therefore, in Appendix E, we pro-
pose a criterion to flag lines that are (or may be) optically thick
by using the ratio of the brightness temperature of the CO (2�1),
SO (56�45), and SiO (5�4) lines in the HV range (T CO

B , T
SO
B ,

T
SiO
B , respectively). Based on the discussion in Appendix E, we

note that the opacity of the CO and SiO lines is constrained using
the following criteria. (1) If 0.7⇥T

CO
B  T

SiO
B  T

CO
B , both lines

are very likely optically thick and the beam averaged NCO and
NSiO derived in the optically thin limit are both considered as
strict lower limits. No constraint on the SiO/CO abundance ratio
can be obtained in this case. (2) If T

SiO
B > T

CO
B , CO (2�1) is

optically thin and SiO (5�4) may be optically thick. We then
consider the derived NSiO as an inclusive lower limit and we
can derive a lower limit on the SiO/CO abundance ratio. (3) If
T

SiO
B < 0.7⇥T

CO
B , the SiO (5�4) line is considered to be opti-

cally thin whereas the CO (2�1) line may be optically thick. We
then consider the derived NCO as an inclusive lower limit and
we obtain an upper limit on the SiO/CO abundance ratio. The
brightness temperature of the SO (56�45) line is always much
smaller than the brightness temperature of CO (2�1), suggesting
that the SO emission is optically thin.

Based on the above criteria, the brightness temperature
ratios T

SiO
B /T

CO
B measured at the SiO emission peak in the B

and R spectra in Fig. C.1 indicate that for all but two jets in
our sample (IRAS4A1 and IRAS4A2), that is, for ⇠82% of
the SiO knots, the SiO (5�4) emission is (or may be) optically
thick. Therefore, the estimated SiO column densities are strict
(for L1448-NB knot R, SerpM-SMM4b knot R, SerpM-S68N
knot B, SerpS-MM18a, and IRAS2A1 knot B) or inclusive (for
all the other jet lobes) lower limits. For CO, we also obtain
strict lower limits for the five sources above, while we estimate
an upper limit on the CO abundance for the jet lobes where
no CO is detected in the B and R knots (the “CO-poor” jets:
SerpM-S68Nb knot B, SVS13B knots B and R, L1448-NB
knot B, and SerpM-S68N knot R). Based on the estimated
column densities and on the assumption that the emission in
the three tracers originates from the same jet component, the
abundances of SO and SiO are derived as XSO = XCO ⇥ NSO/NCO
and XSiO = XCO ⇥ NSiO/NCO, where XCO = 10�4 is the assumed
CO abundance in the jet with respect to H2

7.

7 The adopted value of [CO]/[H] = 5⇥ 10�5 is based on the corre-
lation of the total CO abundance (gas+ice) and the visual extinction
AV in the well shielded ISM (Whittet et al. 2010) using a standard
NH/AV = 2⇥ 1021 cm�2 mag�1. Since high-velocity protostellar jets are
launched well inside the CO ice-line, all CO is in the gas phase. If the jet

The estimated molecular column densities and abundances
averaged over the beam and the HV range for the blue- and red-
shifted inner knots of the high-velocity jets are summarized in
Table 5 and in Fig. 6, where the values are shown as a func-
tion of the source internal luminosity, Lint. As the CO abundance
in jets is uncertain (see footnote 7), in Fig. 6, we also plot the
SO and SiO abundance with respect to CO (XSO/XCO = NSO/NCO,
and XSiO/XCO = NSiO/NCO). We find that the beam-averaged col-
umn density of SO is NSO⇠1013 � 3⇥ 1015 cm�2, and NSiO goes
from a minimum of 4⇥ 1013 cm�2 to >2⇥ 1015 cm�2 for the jets
where the SiO emission is (or could be) optically thick. The CO
column density ranges from ⇠1016 cm�2 up to > 3⇥ 1017 cm�2,
with the exception of the “CO-poor” jets for which we derive
an upper limit of a few 1015 cm�2. The abundance of SO with
respect to H2 goes from values <10�7 to 10�6. For SiO, the
inferred abundances, XSiO, are lower limits for the jets where
the SiO emission is (or could be) optically thick (XSiO ranges
from values larger than a few 10�7 to values larger than a few
10�6 for the “CO-poor” jets), whereas for the two jets where
CO and SiO are optically thick in both lobes (SerpS-MM18a,
IRAS2A1), it was not possible to derive an estimate of XSiO.
Low SiO abundances are found only for IRAS4A1 and IRAS4A2
(XSiO  2�6⇥ 10�8).

4.5. Jet energetics

For the 12 Class 0 protostars driving an SiO jet detected at >10�
(see Table 3), we estimate the jet mass-loss and momentum rates,
and the jet mechanical luminosity from the CO beam-averaged
column density inferred from the high-velocity CO emission at
the position of the innermost blue- and red-shifted SiO knots,
B and R. As discussed in Sects. 4.2 and 4.4, while CO emis-
sion at low velocity probes the outflowing entrained material, the
emission at high velocity is more collimated and has the same
width and displacement as the SiO emission (see the width of
the HV emission in Fig. 5 and the PV of SiO and CO emis-
sion in Fig. B.1). Hence, we assume that the bulk of the CO HV
emission originates from the jet and that the contribution from
entrained gas is negligible. To further minimize the possible con-
tribution from entrained material, the CO column densities and
mass-loss rates are inferred close to the driving source, that is,
at the position of the B and R inner knots. In fact, at larger dis-
tances, the jet could be more affected by the interaction with
the surrounding medium, hence, by gas entrainment, and part
of the emission could be filtered out by the interferometer. This
approach also guarantees that the jet properties are derived via
the same methodology with regard to all the jets in our sample,
including those where only a single red-shifted and blue-shifted
knot is detected.

The mass-loss rate of the molecular jet is typically estimated
assuming that the mass in the jet flows at constant density
and speed along the jet axis over the beam length. However,
the gas in the SiO knots where the gas column density is
estimated is highly compressed by shocks, therefore the mass-
loss rate is corrected for a factor of 1/

p
C ⇠ 1/3, where C

is the compression factor (e.g., Hartigan et al. 1994). Taking
shock compression into account, we infer the mass-loss rate
as Ṁjet = 1/

p
C ⇥mH2 ⇥ (NCO/XCO)⇥ bt ⇥Vtan (e.g., Lee et al.

2007b; Podio et al. 2015), where mH2 is the mass of molecular
hydrogen, NCO the CO beam-averaged column density over
the HV range, XCO = 10�4 the assumed CO abundance (see

is launched from inside the dust sublimation radius, the CO abundance
could be larger or smaller by a factor of �3 (see, e.g., Glassgold et al.
1991; Tabone et al. 2020).
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Table 5. Beam-averaged molecular column densities and abundances, mass-loss and momentum rates, and jet mechanical luminosities for the
12 sources driving an SiO jet detected at >10� in the integrated maps (see Table 3).

Source Lint NCO
(a)

NSO
(a)

NSiO
(a)

XSO
(b)

XSiO
(b)

Ṁjet
(c)

Ṗjet
(c)

Ljet
(c)

(L�) (1017 cm�2) (1014 cm�2) (1014 cm�2) (10�7) (10�7) (10�7
M� yr�1) (10�5

M� yr�1 km s�1) (L�)

SerpM-S68Nb B 1.8 <0.01 – �0.5 – >51.5 <0.08 <0.08 <0.006
R 0.08 – �0.4 – �5.1 0.7 0.7 0.06

IRAS4B1 B 2.3 0.4 – �1.5 – �4.3 1.2 1.2 0.1
R 0.7 1.2 �3.6 1.7 �5.0 2.3 2.3 0.2

SerpM-SMM4b B <2.6 0.6 6.1 �1.4 10.2 �2.4 3.4 3.4 0.3
R >1.0 1.9 >1.5 <2.0 – >8.7 >8.7 >0.7

SVS13B B 3.1 <0.04 – �1.1 – >27.6 <0.1 <0.1 <0.01
R <0.04 – �1.6 – >42.7 <0.1 <0.1 <0.01

L1448NB B 3.9 <0.02 – �0.9 – >40.4 <0.07 <0.07 <0.006
R >0.4 0.2 >0.4 <0.6 – >1.2 >1.2 >0.1

L1157 B 4.0 0.3 – �3.0 – �10.8 1.6 1.6 0.1
R 0.6 – �2.7 – �4.6 2.9 2.9 0.2

IRAS4A1 B <4.7 �1.0 2.1 0.4 2.1 0.4 �4.0 �4.0 �0.3
R �3.5 8.3 0.6 2.3 0.2 �14 �14 �1.1

IRAS4A2 B 4.7 �2.3 10.4 0.5 4.6 0.2 �9.5 �9.5 �0.8
R �1.9 12.8 1.2 6.9 0.6 �7.8 �7.8 �0.6

L1448-C B 11 2.1 14.2 �10.6 6.9 �5.1 9.7 9.7 0.8
R 2.9 16.7 �18.4 5.9 �6.4 13.8 13.8 1.1

SerpM-S68N B 11 >0.4 1.7 >0.7 <4.3 – >3.3 >3.3 >0.3
R <0.01 – �0.2 – >19.9 <0.08 <0.08 <0.006

SerpS-MM18a B 13 >2.5 14.0 >3.4 <5.7 – >11.5 >11.5 >0.9
R >1.3 7.6 >1.5 <5.9 – >5.9 >5.9 >0.5

IRAS2A1 B 47 >1.9 24.9 >3.8 <12.9 – >6.7 >6.7 >0.5

Notes. (a)Beam-averaged CO, SO, and SiO column densities in the jet (NCO, NSO, NSiO) are derived from the CO, SO, and SiO line intensity
integrated on the high-velocity range at the position of the blue-shifted and red-shifted SiO emission knots closest to the driving sources, B and R
(see Table 4 and the spectra in Fig. C.1). We assume LTE, optically thin emission at TK = 100 K. The lower and upper limits reported in the table
refer to the cases where the CO (2�1) and/or SiO (5�4) emission is (or could be) optically thick based on the T

SiO
B /T CO

B ratio (see Sect. 4.4). (b)The
abundances of SO and SiO are derived as XSO = XCO ⇥ NSO/NCO and XSiO = XCO ⇥ NSiO/NCO assuming XCO =NCO/NH2 = 10�4. (c)Mass-loss and
momentum rates (Ṁjet, Ṗjet), and the jet mechanical luminosity (Ljet) are derived from NCO assuming Vjet = 100 km s�1.
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Fig. 6. Beam-averaged column densities (NX in cm�2, left), and SO and SiO abundances (right) versus the source internal luminosity (Lint in L�).
Molecular abundances are with respect to H2 on the left axis (assuming [CO]/[H2] = 10�4) and with respect to CO on the right axis. The values
are inferred for the 12 Class 0 protostars driving an SiO jet detected at >10� in the integrated maps (see Table 3) at the position of the closest
blue- and red-shifted SiO knots, B and R (filled and empty small diamonds, respectively; see Tables 4 and 5). Black, red, and blue symbols are for
CO, SO, and SiO, respectively. Lower and upper limits are indicated by upward and downward arrows. The jet knots where no CO is detected (the
“CO-poor” jets) are indicated by larger empty diamonds. For these knots we derive upper limits on NCO, and lower limits on XSiO.
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footnote 7), bt the linear size of the transverse beam (see
Appendix D), and Vtan the tangential component of the jet
velocity, Vjet, that is,Vtan =

q
V

2
jet � V

2
rad.

The true jet velocity, Vjet, as well as its tangential compo-
nent, Vtan, can be recovered by correcting the observed radial
velocity, Vrad, for the jet inclination. However, estimates of the
inclination are available only for a few jets in our sample and
they are obtained using different methods: for SerpM-SMM4,
Aso et al. (2018) suggest that the two lobes have different incli-
nation based on the assumption that they have the same intrinsic
momentum (i ⇠ 36� and i ⇠ 70� from the line of sight for
the blue and red lobe, respectively), which gives deprojected
velocities of ⇠105 km s�1 and ⇠50 km s�1, respectively; for
SVS13B Segura-Cox et al. (2016) estimates a disk inclination
of ⇠71�, which implies Vjet = 74 km s�1 for the blue lobe, and
49 km s�1 for the red lobe if we deproject the Vrad at the emis-
sion peak (see Table 4), and velocities up to 150 km s�1 if we
consider the maximum Vrad in our spectra (in agreement with
Bachiller et al. 1998b); for L1157 the model by Podio et al.
(2016) indicates precession on a cone inclined by 73� to the
line of sight, which implies Vjet ⇠ 87 km s�1 and ⇠137 km s�1

in the blue and red lobe, respectively; finally, for L1448-C the
jet velocity derived from proper motion studies is Vjet ⇠ 98 ± 4
and ⇠78 ± 1 km s�1 for the blue- and red-shifted lobes, respec-
tively (i= 34 ± 4� and i= 46 ± 5� from the plane of sky, Yoshida
et al. 2021). In conclusion, even if the estimated jet inclinations
are obtained with different methods and are affected by large
uncertainties, the derived Vjet values are always consistent with
Vjet = 100± 50 km s�1. Moreover, this value is also consistent
with observations of other prototypical Class 0 jets where SiO
proper motions have been measured (e.g., Vjet ⇠115 ± 50 km s�1

for HH 212, Lee et al. 2015a, and ⇠114± 50 km s�1 for HH 211,
Jhan & Lee 2016). Therefore, we assume that the jet velocity
is 100 km s�1 for all the jets in our sample. This ensures that
the same method to derive Ṁjet is applied to all the jets in the
sample, without making assumptions on the jet inclination when
estimates are not available or very uncertain8.

The determination of the mass-loss rate allows us to estimate
the momentum rate, Ṗjet = Ṁjet ⇥Vjet, and the jet mechanical
luminosity Ljet = 1/2⇥ Ṁjet ⇥V

2
jet at the position of the inner-

most blue- and red-shifted SiO knots, B and R. As the inferred
mass-loss and momentum rates, and mechanical luminosities
depend linearly on the estimated beam-averaged CO column
density, NCO, they are affected by the uncertainties on NCO due
to the assumed temperature and LTE conditions. Moreover, as
we assume optically thin emission to derive NCO, the estimated
Ṁjet, Ṗjet, and Ljet values should be regarded as lower limits
for all jets where the comparison of CO and SiO spectra indi-
cates that the CO emission is (or could be) optically thick (i.e.,
when T

SiO
B /T CO

B  1, see Sect. 4.4). Finally, the Ṁjet, Ṗjet, and Ljet
values are uncertain by a factor of 3-10 due to the assumption
on the CO abundance, on Vjet, and on the compression factor,
which depends on the unknown shock parameters (magnetic field

8 Rough estimates of the inclination are available for a few other jets,
e.g. IRAS4A and IRAS4B1, but are affected by even larger uncertain-
ties. For example, for IRAS4B1 early studies suggest that the jet is
almost perpendicular to the plane of the sky based on its morphology
(i ⇠ 0�, Maret et al. 2009; i ⇠ 15�30�, Yıldız et al. 2012) or on VLBI
H2O water maser observations (i ⇠ 10�35�, Desmurs et al. 2009), while
Marvel et al. (2008) found the maser outflows to be nearly in the plane
of the sky (i ⇠ 77�). Similarly for IRAS4A Yıldız et al. (2012) suggest
an inclination of ⇠ 45�60� to the line of sight, Koumpia et al. (2016) of
⇠ 70�, and Marvel et al. (2008) of ⇠ 88�.

and shock speed, Hartigan et al. 1994). This, however, does not
affect the general trends and the comparison with the mass accre-
tion rates and the mass-loss rates estimated for Class II sources,
which are discussed in Sect. 5.5.

The estimated mass-loss and momentum rates, and jet
mechanical luminosities for the blue and red lobes of the jets
are summarized in Table 5. Figure 7 shows the sum of the jet
mass-loss rate, Ṁjet, and of the jet mechanical luminosity, Ljet,
on the innermost knots of the two jet lobes, B and R. For the
jets with one “CO-poor” lobe, the other lobe shows CO emission
in the HV range (sometimes possibly thick), hence the total Ṁjet
and Ljet shows up as a firm value (SerpM-S68Nb) or lower limit
(L1448-NB, SerpM-S68N) in Fig. 7. The exception is SVS13B
for which no CO is detected in both lobes and we could only
infer an upper limit on the total mass-loss rate and mechani-
cal luminosity. We find that the two-sided jet mass-loss rates
(sum over the blue and red inner knots) span from values of
⇠7⇥ 10�8

M� yr�1 up to ⇠3⇥ 10�6
M� yr�1. Consequently, the

total jet momentum rates vary between ⇠7⇥ 10�6
M� yr�1 km s�1

up to ⇠3⇥ 10�4
M� yr�1 km s�1, while the jet mechanical lumi-

nosity summed on the two lobes (i.e. the total jet power)
is between 0.06 L� and 2 L�. The exception is the “CO-
poor” jet SVS13B for which we obtain Ṁjet <2⇥ 10�8

M� yr�1,
Ṗjet <2⇥ 10�6

M� yr�1 km s�1, and Ljet <0.02 L�. The obtained
values are discussed in Sect. 5.5.

5. Discussion

5.1. Considering whether outflows and jets could be

ubiquitous at the protostellar stage

As summarized in Sect. 4.1, Table 3, and Fig. 2, outflow emission
in CO (2�1) is detected in all the Class 0 and Class I protostars
in our sample (21 and 3 sources, respectively), indicating that the
outflow phenomenon is ubiquitous in the CALYPSO sample of
protostars.

High-velocity collimated jets emitting in the SiO (5�4) line
are detected in 67% of the sample, which is a higher detection
rate than previously found. For example, Gibb et al. (2004) found
that only 45% of the Class 0 sources in their sample are associ-
ated with SiO jets, likely due to the lower angular resolution and
sensitivity of their observations.

SO (56�45) jet and outflow emission is detected in 52%
of the Class 0 protostars and 67% of the Class I sources, and
for all of them, the spatio-kinematical distribution of the SO
emission follows that of SiO (see the position-velocity diagrams
in Fig. B.1 and line spectra in Fig. C.1). In five more sources
(L1527, GF9-2, L1157, L1448-2A, SerpS-MM18b), that is, 24%
of the Class 0 protostars, the detected SO (56�45) emission is
compact and elongated perpendicularly to the jet or outflow PA
with a velocity gradient along the same direction (perpendicular
to the jet or outflow). This indicates that the SO emission does
not probe ejection but, instead, could trace the inner flattened
envelope, the disk, or the accretion shock at disk-envelope inter-
face (e.g., Sakai et al. 2014b; Maret et al. 2020). Unfortunately,
with the exception of L1527 whose SO emission has been ana-
lyzed in detail by Maret et al. (2020), for the other sources, the
SO emission is too weak to allow for a study of the gas kine-
matics to assess their origin. Follow-up observations at higher
angular resolution and sensitivity would be crucial for achieving
an understanding of the origin of SO (56�45) in these sources.
Therefore, based on our survey, we find that SiO emission
unambiguously probes the jet, while SO may also be a probe
of the inner envelope and disk.
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Fig. 7. Two-sided jet mass-loss rates (Ṁjet in M� yr�1, left), and jet mechanical luminosities (Ljet in L�, right) versus the source internal luminosity
(Lint in L�). The values are inferred for the 12 Class 0 protostars driving an SiO jet detected at >10� in the integrated maps (see Table 3). Ṁjet and
Ljet are the sum over the closest blue- and red-shifted SiO knots, B and R (see Tables 4 and 5). Lower and upper limits are indicated by upward and
downward arrows. The jet knots where no CO is detected (the “CO-poor” jets) are indicated by larger empty diamonds. For the jets with only one
“CO-poor” lobe, the total Ṁjet and Ljet is dominated by the estimate obtained for the other lobe, hence, they show up as a firm value or lower limit
(depending if CO in the other lobe is optically thin or thick). The exception is SVS13B for which no CO is detected in both lobes, hence, only an
upper limit is derived for the total Ṁjet and Ljet. The black lines in the left panel indicate Ṁjet = [0.01, 0.1, 1]⇥ Ṁacc, with Ṁacc estimated from Lint,
assuming a protostellar mass of 0.05 M� or 0.25 M� (solid and dotted lines, respectively). The Ṁacc values labeled on the upper x-axis correspond
to M⇤ = 0.05 M�. The black solid lines in the right panel indicate Ljet = [0.01, 0.1, 0.5, 1]⇥ Lint.

Despite the small size of our sample, Fig. 2 indicates that
the detection rate of jets increases with the source internal lumi-
nosity up to ⇠80% for sources with Lint > 1 L�. The internal
luminosity, Lint, is a probe of the mass accretion rate onto the
source, Ṁacc, and the mass ejection rate is expected to be propor-
tional to the mass accretion rate (Ṁjet ⇠ 0.01�0.3Ṁacc, according
to magnetohydro-dynamical models of the jet launch and obser-
vations of Class II sources, e.g., Ferreira et al. 2006; Hartigan
et al. 1995). Hence, the fact that the jet detection rate increases
with Lint confirms the correlation between accretion and ejec-
tion rates found for more evolved sources and suggests that the
jets driven by the less-accreting and less-ejecting protostars in
our sample may remain undetected at the sensitivity level of our
observations.

Finally, it is interesting to note that high-velocity collimated
emission in all three jet tracers (CO, SO, and SiO) is detected
for the protostellar candidates, IRAS4B2 and SerpM-SMM4b,
and only in CO for the candidate SerpS-MM18b. This strongly
supports their identification as protostars.

5.2. Jet velocity

The median radial velocity of the SiO jets detected in the
CALYPSO sample, as derived at the position of the innermost
SiO knots, is about 30 km s�1 (see Fig. 3). In contrast, Nisini
et al. (2018) find a median radial velocity of 70 km s�1 for the
high-velocity components (HVC) seen in the [OI] line at 6300 Å
in a large sample of Class II sources. The difference in velocity
between protostellar and Class II jets may depend on the differ-
ent tracers (SiO and [OI], respectively). However, if we assume
that both SiO and [OI] probe the collimated jet launched directly
by the disk and not entrained gas, this difference indicates that
the velocity of the jet increases from the protostellar stage to the
Class II stage by a factor of about 2. Because of the selection bias

of the HVC component in Class II sources (an [OI] jet seen on
the plane of the sky would not be considered as jet component),
this number should be considered as an upper limit. In the fol-
lowing, we assume that the CALYPSO sample probes a Class 0
population that will eventually form Class II objects with a sim-
ilar IMF as the sample analyzed in Nisini et al. (2018). Adopting
the model of Bontemps et al. (1996) to describe the growth of a
protostar, and assuming that the median age of the Class 0 pro-
tostars in our CALYPSO sample is half of the duration of the
Class 0 phase (⇠3⇥ 104 yr, according to the former reference),
the median mass of Class 0 protostars is 0.3M⇤, where M⇤ is the
mass of the final star. The Keplerian velocity at a given distance
from the central object would then increase by a factor of ⇠1.8
between samples of Class 0 and Class II objects. According to
disk winds models of the jet launch, the velocity of the jet scales
with the Keplerian velocity at the launching radius (see, e.g.,
Ferreira et al. 2006). In this scenario, the increase of the jet
velocity with age is consistent with a jet launched from the same
region of the disk around a central object of increasing mass.

Moreover, for at least 33% of the detected SiO bipolar jets the
radial velocity of the two lobes differ by a factor of 1.4�2.1 (and
7.8 for SerpM-S68Nb). The occurrence and degree of velocity
asymmetries inferred for the protostellar jets in the CALYPSO
sample are in agreement with what was found for optical jets
from T Tauri stars. For example, Hirth et al. (1994) find that
about 53% of their sample of 15 bipolar optical jets show a differ-
ence in velocity between the two jet lobes of a factor of 1.4�2.6
(see also, Hirth et al. 1997; Melnikov et al. 2009; Podio et al.
2011).

5.3. Jet collimation

The CALYPSO maps and position-velocity diagrams of
the detected jets, and the estimates of their widths (see
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Figs. 1, B.1, 4, and 5) show, on a statistical basis, that protostellar
molecular flows exhibit an onion-like structure with nested com-
ponents of different velocities that are highlighted by different
lines: CO (2�1) probes slow and wide angle outflows (⇠8�35�
opening angle), while the high-velocity jet is collimated and
best traced by SiO (⇠10� opening angle) but is also seen in CO
and SO when high-velocity components are selected. Interest-
ingly, higher angular resolution observations toward the HH 212
Class 0 system show a similar onion-like structure on a smaller
scale (<200 au) with SiO tracing a collimated jet launched from
⇠0.3 au, and SO tracing a broader and slower outflow, possibly
associated with an MHD disk wind launched from a larger radius
in the disk (Lee et al. 2017, 2018; Tabone et al. 2017). In the lat-
ter studies, rotation signatures detected in both the jet and the
outflow were used to derive the launching zone. We note, how-
ever, that our CALYPSO resolution is too low to uncover rotation
signatures and derive the launching radius.

The jet width, 2Rjet, derived from the spatial profile of the
SiO (5�4) line can be compared with the results obtained for
atomic jets driven by Class I and Class II sources. The low-
est dashed green curve in Fig. 4 shows the typical collimation
inferred for Class I and Class II high-velocity atomic jets on the
same scale probed by our observations, that is, 300�1500 au,
with an opening angle of ⇠3� and a width of ⇠80 au at 800 au
distance (e.g., Agra-Amboage et al. 2011; Dougados et al. 2000;
Reipurth et al. 2000; Woitas et al. 2002). Figures 4 and D.1
show that except for IRAS4B1, SVS13B, and L1448-NB, most
of the high-velocity SiO jets in our sample appear systematically
broader than Class I and Class II atomic jets. This could be due to
the lower resolution of the CALYPSO observations (⇠0.004�1.100,
i.e., ⇠120�480 au at d = 293�436 pc) compared to studies of
Class I and II sources (⇠0.001, i.e. 14�46 au d = 140�460), as
well as to projection effects, and to the lower temperature regime
probed by SiO emission with respect to the atomic lines, which
makes SiO sensitive to emission by bow-shocks wings further
out than optical lines in atomic jets. Higher angular resolutions
observations are required to probe the collimation properties of
SiO jets down to <100 au scale as for atomic jets from Class II
sources. To date jet width measurements on <100 au scales were
obtained only for two protostellar jets observed at a few au res-
olution with ALMA, that is, HH 212 (Lee et al. 2017) and B355
(Bjerkeli et al. 2019), who find that the jet width is comparable
or even smaller than what was found for Class II atomic jets (see,
e.g., the recent review by Lee 2020).

5.4. Origins of gas phase SiO

The SiO abundances inferred for the high-velocity jets in the
CALYPSO sample are summarized in Table 5 and Fig. 6. For
eight out of the twelve SiO jets detected at >10� in the inte-
grated maps, we infer a lower limit on the SiO abundance which
ranges from >2.4⇥ 10�7 up to >5⇥ 10�6. These values are larger
than what was estimated by previous low resolution observations
(e.g., Gibb et al. 2004) and they require for >1% up to >10%
of elemental Silicon is released in the gas phase, assuming the
silicon solar abundance, [Si/H]� ⇠ 3.5⇥ 10�5 (Holweger 2001).

Two types of scenarios have been invoked to account for the
release of silicon into the gas phase, and the subsequent for-
mation of SiO, in jets (see, e.g., Cabrit et al. 2012): (i) shock
processing of silicate grains in a dusty wind launched from the
disk (e.g., Panoglou et al. 2012) and (ii) silicon release at the
base of dust-free jets launched from within the dust-sublimation
radius of silicates (e.g., Glassgold et al. 1991; Tabone et al.
2020). In the following, we discuss these two scenarios by

comparing the SiO abundances inferred for the jets in the
CALYPSO sample with what is predicted by models of shocks
and dust-free jets.

In the first scenario, SiO jets trace dusty material, either in
a magneto-hydrodynamical disk wind launched from beyond the
dust sublimation radius of silicates (Rsub ' 0.15 au

p
Lbol/L�, i.e.

⇠0.5 au for a bolometric luminosity Lbol ⇠ 10 L�, Yvart et al.
2016) or envelope material entrained by the jet. Most of the sil-
icon is initially locked in the grain cores but may be released
in the gas phase in the shocks occurring along the jet. Mod-
els of C-type magnetized shocks show that due to ion-neutral
decoupling, grain cores are sputtered and silicon is released into
the gas phase (Schilke et al. 1997). Subsequent reactions with
O2 or OH produce SiO in the warm post-shock region. Station-
ary C-shock models predict an SiO abundance (XSiO =NSiO/NH2 )
in the range of 8⇥ 10�8  XSiO < 6⇥ 10�7 for shock velocities
of 20�50 km s�1 and pre-shock densities of nH = 104�106 cm�3

(Gusdorf et al. 2008a). The upper edge of the predicted values
is at the lower edge of the lower limits on XSiO inferred for
the jets in the CALYPSO sample (XSiO from >2.4⇥ 10�7 up to
>5⇥ 10�6). Moreover, the timescale to sputter Si from grains
and produce large abundance of SiO (>10�7) in C-type shocks
is >100 yr, unless the pre-shock density is high (nH = 106 cm�3).
This timescale may be too long to account for the observed SiO
abundances in the knots close to the source, which have short
dynamical timescales (<100 yr). For example, the SiO abun-
dance in the L1157 jet is >10�6, which implies that at least 2%
of elemental silicon is released in the gas phase in the knot B
located at a distance of ⇠80 au from the driving source (see
Tables 4 and 5), indicating that this large abundance is reached
in ⇠5 yr if the jet travels at ⇠100 km s�1 (Podio et al. 2016). On
the other hand, C-type shock models assuming that 5�10% of
the silicon is initially locked in the dust mantles in the form of
SiO (Gusdorf et al. 2008b), or models including dust shattering
and grain vaporization at high density (nH � 105 cm�3, Guillet
et al. 2011) enhance the release of silicon into the gas phase
(up to ⇠8%) and the formation of SiO (up to an abundance of
4⇥ 10�7�10�6) on a timescale of  10 yr. Dust processing could
efficiently produce SiO also in J-type shocks, though requiring
higher shock velocities and high magnetization (Guillet et al.
2009). In both C-type and J-type shock models, the fraction
of silicon released into the gas phase and converted into SiO
depends crucially on the shock velocity and pre-shock density.
However, whatever the considered processes and shock param-
eters (pre-shock density and shock velocity), the lower limits
on the SiO abundance inferred for the jets in our sample (from
>2.4⇥ 10�7 up to >5⇥ 10�6) are at the upper edge or larger than
the values predicted by shocks models (10�6 at most).

Alternatively, if SiO jets are launched within the dust-
sublimation radius of silicates, the majority of silicon is released
into the gas phase at the base of the jet. However, pioneering
models of dust-free stellar winds have shown that the abundance
of molecules, such as SiO and CO, can be severely reduced
when a far ultra-violet (FUV) field is present for two reasons:
(i) in the absence of dust, the FUV field can more easily pen-
etrate the unscreened flow and photodissociate molecules; (ii)
H2 formation on grains, the starting point of molecule synthe-
sis, is severely reduced (Glassgold et al. 1991). On the other
hand, recent models of laminar dust-free disk winds show that
if the jet is launched from the disk within the dust-sublimation
radius, CO and SiO may be abundant if the mass-loss rate is
&10�6

M� yr�1 and the temperature is T & 800 K (Tabone et al.
2020). In the optimal case, SiO is the main carrier of elemen-
tal Si with SiO/CO ratio as high as 0.1. For lower mass-loss
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rates, the abundance of SiO and CO is predicted to drop by
several orders of magnitudes. Our observations show that two
of the jets that are SiO rich also have high observed mass-
loss rates (as derived from CO) (SerpM-SMM4b, L1448-C), in
agreement with the predictions by dust-free disk winds. How-
ever, even jets with observed mass-loss rates <10�6

M� yr�1

(namely, SerpM-S68Nb, IRAS4B1, SVS13B, L1448-NB, L1157,
and SerpM-S68N) show large SiO abundances (XSiO from
>5⇥ 10�7 to >5⇥ 10�6). This could be due to the presence of
a non-vanishing fraction of surviving dust or to the impact of
shocks which are expected to increase the SiO abundance by
compressing and heating the gas (Tabone et al. 2020). In con-
clusion, our finding that protostellar jets are SiO rich on a large
sample of sources support the pioneering result of Cabrit et al.
(2012) who found a SiO abundance which accounts for up to
40% of elemental silicon in the jet from HH 212. In this con-
text, dust-free jets can be a viable scenario to explain SiO-rich
jets.

5.5. Ejection and accretion properties

The estimated mass-loss rates, Ṁjet, and jet mechanical lumi-
nosities, Ljet, are key to the understanding of the role of jets in
the energy budget of the star-formation process. To date, these
parameters have been estimated only for a handful of Class 0
protostellar jets (e.g., Lee 2020, and references therein). In the
following, we compare the mass-loss rates estimated for the
Class 0 sources in the CALYPSO sample with the Ṁjet derived
for Class II sources and with estimates of the mass accretion
rates.

There is increasing observational evidence that accretion
and ejection in young stars are episodic (e.g., Audard et al.
2014; Plunkett et al. 2015). However, an empirical correlation
of the time-averaged CO outflow force with the quiescent (cur-
rent) accretion luminosity is observed in Class 0 sources (e.g.,
Bontemps et al. 1996). Similarly, a correlation between the time-
averaged mass-loss rates of atomic jets and the accretion rates
has been observed for T Tauri stars (e.g., Hartigan et al. 1995;
Ellerbroek et al. 2013). Therefore, even if outbursts dominate
the integrated momentum injected in outflows, it appears that
the time-averaged results correlates with the quiescent level of
accretion. The reason for such a behavior is unclear. Simulations
proposed to explain the knotty structure of jets show that even if
the mass-loss rate of the jet is constant, the knots can be pro-
duced by a small periodical variation of the ejection velocity
(e.g., Raga et al. 1990; Lee & Sahai 2004).

Our goal is to use the empirical correlations between ejection
and accretion rates as a proxy for investigating potential sim-
ilarities or differences in the ejection mechanism with source
age by making a comparison with similar correlations found
for other samples. Figure 7 shows that the two-sided jet mass-
loss rates, Ṁjet, inferred from high-velocity CO emission, range
from 7⇥ 10�8

M� yr�1 up to 3⇥ 10�6
M� yr�1 for Lint ⇠1�50 L�.

These values are in agreement with those found for a few other
molecular jets from Class 0 protostars (e.g., Lee 2020, and
references therein) and are larger by up to five orders of mag-
nitude than the Ṁjet values estimated for atomic jets driven
by Class II sources (from ⇠10�11 to a few 10�8

M� yr�1, e.g.,
Hartigan et al. 1995; Coffey et al. 2008; Podio et al. 2012).
This indicates that the ejection rate decreases from a few 10�6

to 10�11
M� yr�1 as the source evolves from the Class 0 to the

Class II stages and accretion proceeds at a slower pace. Obser-
vational studies of Class II sources compare the jet mass-loss

rate, inferred from the luminosity of atomic emission lines, with
the mass accretion rate, derived from veiling or Hydrogen emis-
sion lines (e.g., Hartigan et al. 1995; Muzerolle et al. 1998)
and show that the ejection and accretion rates are correlated;
in particular, Ṁjet/Ṁacc varies between 0.01 and 0.3 (Hartigan
et al. 1995; Coffey et al. 2008; Cabrit 2007; Ellerbroek et al.
2013). To compare the ejection properties of the Class 0 pro-
tostellar jets detected by CALYPSO with those of the Class II
atomic jets, we derive the mass accretion rates of the proto-
stars in our sample from their internal luminosity. Assuming
that the source internal luminosity is due to the gravitational
energy released by the accretion onto the protostar, that is,
Lint = Lacc, the source mass accretion rate (Ṁacc) can be esti-
mated as Ṁacc = Lint R⇤/(G M⇤). We assume that the stellar radius
is R⇤ = 2 R� (Stahler 1988) and for the protostellar mass we
assume a range of values M⇤ = 0.05�0.25 M� (e.g., Yen et al.
2017). This range of masses encompasses the kinematic esti-
mates obtained for a few Class 0 protostars, including three
sources in our sample (L1157, IRAS4A2, L1448-C), from the fit
of the rotation curves of their disk (e.g., Choi et al. 2010; Kwon
et al. 2015; Lee 2020). The estimated mass accretion rates are
highly uncertain because they depend strongly on the protostel-
lar properties which are unknown for most of the sources in our
sample, and because accretion may be episodic and character-
ized by accretion bursts. However, Fig. 7 shows that assuming
low protostellar mass, M⇤ = 0.05 M�, the estimated mass-loss
rates are 10–50% of the mass accretion rates for two-sided jets,
while for the monopolar jet IRAS2A1 and the jets with one “CO-
poor” lobe the mass-loss rate is 1–10% of Ṁacc. The exception
is SVS13B, where both jets lobes are “CO-poor”, for which we
find Ṁjet < 0.01Ṁacc. If we assume that the protostellar mass
is M⇤ = 0.25 M�, the inferred Ṁacc values are lower by a fac-
tor of 5. Therefore, for three jets (SerpM-SMM4b, IRAS4A1,
and IRAS4A2), we find Ṁjet � Ṁacc, while for the rest of our
sample we find Ṁjet ⇠ 0.01�0.5Ṁacc. Despite the large spread
of Ṁjet values (by about 1 order of magnitude at a given Lint)
our estimates indicate that the jet mass-loss rates increases with
the protostellar internal luminosity between 1 and 50 L�, hence,
with the mass accretion rate (between ⇠1.3⇥ 10�6

M� yr�1 and
⇠6⇥ 10�5

M� yr�1, respectively, for M⇤ = 0.05 M�). Moreover,
the correlation between the mass accretion rate and the mass
ejection rate holds from the early protostellar stage probed by
our CALYPSO survey (104 yr) to evolved T Tauri stars of 1 Myr
(e.g., Hartigan et al. 1995).

The total jet power, that is, the sum of the jet mechanical
luminosity over the innermost knots along the blue and red lobes
(B and R), Ljet, is 10–50% of the source internal luminosity, Lint,
for most of the jets in our sample (7 out of 12 jets), confirming
the results found by Lee (2020) collecting all the recent stud-
ies of six Class 0 protostellar jets from the literature. Despite
the uncertainties affecting our estimates of Ljet mainly due to
the uncertainty on the estimated CO column density, and on the
assumed jet velocity, compression factor, and CO abundance,
the correlation between Ljet and Lint suggests that the gravita-
tional energy released by accretion onto the protostar could be
efficiently extracted and converted into mechanical energy trans-
ported by the jet. The exceptions are the jets where one lobe is
“CO-poor”, as in the case of SerpM-S68N and Nb, L1448-NB,
and in the case of the monopolar jet IRAS2A1, which exhibit
lower luminosity jets (i.e., Ljet � 0.01�0.1 Lint). Finally, CO is
not detected in both lobes of the SVS13B jet, therefore we infer
an upper limit on its mechanical luminosity, Ljet < 0.02 L�, i.e.
<0.01 Lint. This value is much lower than what is derived for all
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the other jets in the sample, which could be explained by, for
instance, an abnormally low CO abundance in this jet.

6. Conclusions

In this paper, we present a statistical survey of the occur-
rence and properties of jets and outflows in a sample of 21
Class 0 protostars mainly located in Perseus, Taurus, and Ser-
pens. Our analysis is based on IRAM-PdBI observations of
CO (2�1), SO (56�45), and SiO (5�4) taken in the context of
the CALYPSO Large Program. The main results of our analysis
may be summarized as follows:

– The observed tracers show the following differentiation:
SiO (5�4) probes the collimated jet; CO (2�1) traces
wide angle outflows at low velocity and the collimated
jet at high velocities, where it is co-spatial with SiO;
SO (56�45) is associated to the jet similarly to SiO in
52% of the sources (e.g., IRAS4A1, IRAS4A2, L1448-C,
SerpS-MM18a, IRAS2A1). In 25% of the sources (L1527,
GF9-2, L1157, L1448-2A, SerpS-MM18b), the SO emis-
sion probes a compact circumstellar region with a small
velocity gradient perpendicular to the jet and outflow axis
(|V � Vsys| < 3 km s�1). This suggests that in these sources
either SO traces the inner envelope or the disk, or the
accretion shock at the interface between them, as in the case
of L1527 (Sakai et al. 2014b; Maret et al. 2020).

– Collimated high-velocity jets traced by SiO (5�4) are
detected in 67% of the sources and 79% of these also
show jet emission in SO (56�45). The detection rate of jets
increases with Lint, which is a probe of the mass accretion
rate onto the protostar. This confirms the expected corre-
lation between the mass accretion and the mass ejection
rate (which, in turn, is proportional to the brightness of the
emission lines). Hence, the non-detection of jet emission
associated with the less-accreting sources could be an obser-
vational bias and deeper observations could demonstrate
that jets are ubiquitous in our sample. We detect for the first
time high-velocity collimated SiO and SO jets in IRAS4B1,
L1448-NB, and SerpS-MM18a, and in two protostellar can-
didates (IRAS4B2, and SerpS-MM18b, with the latter only
in CO), supporting their identification as Class 0 protostars.

– Slow outflow emission in CO (2�1) is detected in 100% of
the 21 Class 0 protostars suggesting that ejection phenomena
are ubiquitous at the protostellar stage. We report for the
first time the detection of a CO outflow for SerpS-MM22
and SerpS-MM18b.

– The median radial velocity of the detected SiO protostellar
jets is 30 km s�1, that is, about two times smaller than the
median radial velocity of atomic jets driven by Class II
sources (Nisini et al. 2018). Assuming that the velocity of
the jet scales with the Keplerian velocity at the launching
point, the increase of the jet velocity with age is consistent
with a jet launched from the same region of the disk
around a central object of increasing mass. Moreover, at
least 33% of the detected SiO bipolar jets show a velocity
asymmetry between the two lobes by a factor of 1.3 � 2.1,
with the exception of SerpM-S68Nb, which shows a larger
difference (by a factor of 7.8). The occurrence and degree
of velocity asymmetries inferred for the protostellar jets
in the CALYPSO sample are in agreement with what was
found for optical atomic jets from T Tauri stars (Hirth
et al. 1994). The similarity in knot spacings and velocity
asymmetries between Class 0 and Class II jets suggests that

the jet launching mechanism in protostars of 104 yr might
be similar to that in Class II sources (106 yr).

– We find that 50% of the 12 SiO jets detected in our sample
show non-straight jets and this might indicate precession or
wiggling.

– The observed protostellar flows have an onion-like structure:
SiO (5�4) emission (the “jet probe”) is more collimated
than SO (56�45) emission, which in turn is narrower than
CO (2�1) (the “outflow probe”), with median opening
angles of 10�, 15�, and 25�, respectively. However, high-
velocity CO emission is as collimated as SiO. This indicates
that low-velocity CO probes entrained material in the
outflow, while high-velocity CO traces the collimated jet.
At scales larger than 300 au, most of the high-velocity SiO
jets are broader (⇠4��12� collimation) than Class I and
Class II atomic jets (⇠3� collimation). This could be due
to projection effects as well as to contamination by the
bow-shock wings at the low temperature probed by SiO.

– We find that SiO (5�4) is optically thick in 26% of the inner
jet knots, and possibly thick in another 56%. At least 67%
(8/12) of the jets are SiO rich (XSiO goes from >2.4⇥ 10�7

to >5⇥ 10�6), which requires that >1�10% of silicon is
released in the gas phase, confirming the pioneering result
by Cabrit et al. (2012) for the HH 212 jet. This is difficult
to explain in a scenario where dusty material launched from
outside the dust sublimation radius is processed in shocks,
especially in the inner knots which have short dynamical
timescales (10 yr) (see, e.g., shock models by Gusdorf
et al. 2008a,b). On the other hand, formation of SiO in
dust-free jets can be a viable scenario to explain SiO-rich
jets for mass-loss rates �10�6

M� yr�1.
– The mass-loss rates of the detected Class 0 molecular jets,

Ṁjet, as derived from high-velocity CO emission, range from
7⇥ 10�8

M� yr�1 up to values of ⇠3⇥ 10�6
M� yr�1 for

internal luminosities of the driving protostars of ⇠1�50 L�.
These Ṁjet values are larger by up to five orders of magni-
tude than those measured for atomic jets driven by Class II
sources (from ⇠10�11 to a few 10�8

M� yr�1, Hartigan et al.
1995; Coffey et al. 2008; Podio et al. 2012). Moreover,
despite the uncertainties affecting the estimates of the mass
accretion rates for Class 0 protostars, due to the unknown
protostellar mass and radius, we find that Ṁjet ⇠ 0.1�0.5Ṁacc
for most of the jets, with the exception of the “CO-poor”
and monopolar jets for which Ṁjet ⇠ 0.01�0.1Ṁacc. These
Ṁjet/Ṁacc ratios are similar to those found for atomic Class II
jets (Ṁjet ⇠ 0.01�0.3Ṁacc, Hartigan et al. 1995; Cabrit 2007;
Coffey et al. 2008; Podio et al. 2012) and indicate that the
correlation between ejection and accretion holds over the
whole star-formation process, from protostellar objects of
104 yr to pre-main sequence stars of 1 Myr.

– The total jet power (Ljet = 1/2⇥ Ṁjet ⇥V
2
jet) is 10–50% of

the source internal luminosity for ⇠60% of the jets in
the sample. This indicates that the gravitational energy
released by accretion onto the protostar could be efficiently
extracted and converted into mechanical energy in the jet.
For “CO-poor” and monopolar jets the jet power is lower
(�1�10% of the internal luminosity, with the exception of
SVS13B, for which Ljet < 1%Lint).
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