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Why	Do	Jets	&	Ou,lows	MaSer	?		

•  Invoked	to	solve	several	major	issues	in	SF:	
–  Low	SFE	and	SFR	in	turbulent	clouds	
– 30%	Core	to	Star	efficiency	
– Removal	of	angular	momentum	to	allow	accre^on	
from	disk	to	star	(2nd	Larson’s	core	~	10-3	M¤)	

•  Also:	
– Unique	record	on	source	binarity,	disk	precession,	
accre^on	outbursts,		cf.	talk	by	Bo	Reipurth	

– May	affect	planet	forma^on	and	disk	dissipa^on	
(See	review	in	Frank	et	al.	2014	-	PPVI	+	refs	therein)	



Universality	of	jets	across	YSO	stages			

HH111 Reipurth & Bally  

10,000 AU  
Evolved Class 1 Protostars 
~ 105 yr            

Class 2  (Disk only) 
~ 106 yr 

Class 0 Protostars 
~ 104 yr 

HH 212  McCaughran et al 

HH 30 Stapelfeldt et al 1999 

1000 AU  

0.15pc = 30,000 AU  

H2	



Accretion and ejection are correlated  
²  Universal	across	stages	and	stellar	masses:		
² independent	of	stellar	B	and	Ω	?		

Axial Jet 
Mass flux 

Disk accretion rate Mjet/Macc ~ 0.1    
Elllerbroek+13 
Antoniucci+08 
Nisini+18 …	

R. Fedriani et al.: Parsec-scale jets driven by high-mass young stellar objects.

spheric features, for the Pa� and Br� spectra. In the case of the
Br↵ spectrum, due to the poor quality of the standard star in the
L band, telluric features were modelled and removed using tem-
plates of the Earth’s telluric features. CRIRES spectra were not
flux calibrated.

2.3. ISAAC data

High-resolution long-slit spectra were obtained with
VLT/ISAAC on 2011 April 18 in H and K bands (Pro-
gram ID 087.C0951(A)). High-resolution spectra around the
[Fe ii] (�vac = 1.6642 µm), (from 1.4 to 1.82 µm), and around the
1� 0 S(1) H2 (�vac = 2.12183 µm), and Br� (�vac = 2.16612 µm)
lines were obtained. The 0.300 ⇥ 12000 long slit was positioned at
three orientations: on-source (PA = �152.5�; slit 1, see Fig. 1),
along the jet (PA = 27.5�; slit 2, see Fig. 1), and on the terminal
bow shock (PA = 167.5�; slit 3, see Fig. 1). Spatial sampling
was 146 mas/pixel. Total integration time was 180 and 150 s for
H and K band, respectively. Spectral resolution was R ⇠ 10 000
and 8 900 (30 � 35 km s�1) for the H and K bands, respectively.
Spatial resolution was seeing-limited (0.8 � 1.000). The standard
ABBA nodding strategy was used.

Data were reduced in the standard way using IRAF. Wave-
length calibration relied on the OH atmospheric lines in each
frame. The spatial distortion and curvature caused by the long
slit were corrected using the calibration file STARTRACE. A wave-
length accuracy of 0.061Å (or ⇠ 1.1 and 0.8 km s�1 for the H
and K bands, respectively) was achieved. Atmospheric telluric
lines were corrected for by observing the telluric standard star
Hip058630. Additionally, the on-source spectra were flux cali-
brated using the photometric standard star Hip058630.

3. Data analysis

To generate the SINFONI spectra, a region of 0.500 ⇥ 0.500 (i.e.,
1550 ⇥ 1550 au at a distance of 3.1 kpc) was extracted from the
data cubes. ISAAC and CRIRES spectra were extracted using
specific IRAF tasks for long slit. The wavelength calibration was
carried out via two di↵erent methods: for ISAAC and CRIRES
spectra, atmospheric telluric lines were used; and for SINFONI
spectra, calibration relied on arc lamp observations.

Radial velocities of the [Fe ii], Br�, and H2 lines were mea-
sured from the ISAAC spectra. These lines are used to compute
kinematic and dynamic properties shown in Sect. 4. The emis-
sion lines were fitted by a Gaussian profile with a typical error of
5 � 6 km s�1, given the high S/N (⇠ 100 for the brightest lines).
All velocities in ISAAC and CRIRES spectra are with respect to
the local standard of rest (LSR), and were corrected for the ve-
locity of the parental cloud (�37.9 km s�1, Lumsden et al. 2013).

3.1. Spectro-astrometry

Given the high spectral resolution of CRIRES and the excellent
S/N of our observations, we are in a position to apply the tech-
nique of spectro-astrometry in order to retrieve spatial informa-
tion on scales below the e↵ective resolution of the observations
(Bailey 1998; Takami et al. 2001, 2003; Whelan et al. 2005). The
technique involves measuring the spatial o↵set of the emission
centroid with respect to that of the continuum as a function of
wavelength. The accuracy, �, of the centroid position, well be-
low the e↵ective spatial resolution, is given by Whelan & Garcia
1 Son OF Isaac is a low-resolution spectrograph and imaging camera
on the ESO New Technology Telescope (NTT).

Fig. 1. SOFI1 H2 continuum-subtracted image of IRAS 13481-6124
showing the blue-shifted jet knots, bow shock, and driving source. Knot
positions are labelled A, B, D, and F, following the notation of Caratti o
Garatti et al. (2015a). ISAAC slit positions (blue) are labelled SLIT 1,
2, and 3 for convenience, and correspond to observations on the source,
jet, and bow shock, respectively.

(2008), nonetheless, the error given by this formula is likely un-
derestimated:

� =
seeing

2.3548
p

Np
, (1)

where the seeing is measured in the spatial direction and is deter-
mined by the FWHM of the observations (i.e. the FWHM of the
continuum). Np is the number of photons at the peak of the line.
Given the spectral resolution and S/N in our CRIRES observa-
tions, this equation provides an accuracy of up to ⇠ 0.65 mil-
liarcsecond (mas) in our case, which implies that we can probe
our target on au scales. Although the technique is powerful,
it is prone to contamination by artefacts (Bailey 1998; Takami
et al. 2001; Whelan & Garcia 2008). For example, the spectro-
astrometric signal is a↵ected by a misalignment of the detector
with respect to the spatial direction, and therefore a second-order
polynomial was fitted to correct for this distortion. To remove
artefacts, the parallel (p) and the antiparallel (ap) slit measure-
ments were subtracted from each other for each pixel (x) (Bran-
nigan et al. 2006), as shown in Eq. 2,

Y(x) = (Yp(x) � Yap(x))/2. (2)

A fitting of the continuum was not possible due to the very
broad nature of the lines, but instead we were able to estimate the
continuum intensity level by examining the small portion of the
continuum to the left of the line. The measured line displacement
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20	M¤	protostar		
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is integrated from ∼ −14 to 14.5 km s−1 LSR. Contour levels start from 3σ with a step of 1.5σ,

where σ = 330 K km s−1. (b) Blueshifted and redshifted SiO emission of the jet plotted with the

continuum emission. In the north, the velocity ranges of the blueshifted and redshifted emission

are ∼ −10 to −5 km s−1 LSR and −1 to 4 km s−1 LSR, respectively. In the south, the velocity

ranges of the blueshifted and redshifted emission are ∼ −3 to 2 km s−1 LSR and 6 to 11 km s−1

LSR, respectively. The direction of disk rotation is depicted by curved arrows.

Figure 3. The jet (gaussian deconvolved) width measured for the new knots within ∼ 100 AU

of the source. The “star” marks the H2O maser width measured by VLBI about 20 yrs ago21. The

error bars show the uncertainties in the width. The down arrows indicate that the measured widths

are the upper limits.

21

Molecular	Class	0	jet		
	SiO	knots	in	HH212		
	(Lee+2017a)	

Atomic	T	Tauri	jets 		
	DG	Tau	HVC	
	DG	Tau	IVC			

(Agra-Amboage+2011)	

	RW	Aur	(HST)		
(Woitas+2002)	

H2O


Independent	of	envelope:	
è	disk	B-field	(Cabrit	2007)	

Universal	jet	collima^on	on	AU	scale	



Jet	magne^c	field	

•  Synchrotron	linear	
polarisa^on:	
– B	aligned	with	jet	in	
HH80-81	

– Hint	of	toroidal		

•  see	also		poster	1D	by	A.	Feeney-
Johansson	et	al.	(Synchrotron	knots	in	
DG	Tau	with	LOFAR	and	eVLA	)	

optical and radio Herbig-Haro objects HH 80 and
HH 81, whereas to the northeast it terminates in
the radioHerbig-Haro objectHH80N (17) (Fig. 1).
With a total extension of 5.3 pc [for an as-
sumed distance of 1.7 kpc (26)], this is one of
the largest and most collimated protostellar jets
known so far. Previous radio observations showed
that the spectrum of the emission from the central
source is characterized by a positive spectral in-
dex, suggesting that it is dominated by thermal
free-free emission (17). In contrast, the negative
spectral indices of the emission from HH 80-81,
HH 80 N, as well as from some of the knots in
the jet lobes, suggest that an additional non-
thermal component could be present in these
sources (17).

Our observations (Fig. 1) show that the emis-
sion of the knots located ~0.5 pc from the driving
source is linearly polarized, indicating the pre-
sence of nonthermal synchrotron emission in this
jet (24) and implying the presence of relativistic
electrons and a magnetic field. The observed po-
larization vectors are perpendicular to the direc-
tion of the jet, with a degree of polarization of the
order of 10 to 30%. The direction of the apparent
magnetic field (the component in the plane of the
sky averaged over the line of sight) is taken to be
perpendicular to the polarization vectors [this is
correct for a nonrelativistically moving source,
such as the HH 80-81 jet; for relativistic jets, such
as AGN jets, additional assumptions on the ve-
locity field are required (27)]. Then, the apparent
magnetic field appears very well aligned with the
direction of the HH 80-81 radio jet (Fig. 1C).

By using the equations 7.14 and 7.15 of
(28) we obtained the minimum total energy, E =
c13(1 + k)4/7f3/7R9/7LR

4/7, and the equipartition
magnetic field, B = [4.5c12(1 + k)/f]2/7R−6/7LR

2/7.
In these equations, f is the filling factor of the
emitting region, R is the radius of the source, LR
is the integrated radio luminosity, k is the ratio
between the heavy particle energy and the elec-
tron energy, and c12 and c13 are functions of the
spectral index and of the minimum and maximum
frequencies considered in the integration of the
spectrum,which are given in appendix 2 of (28). To
estimate the radio luminosity, we integrated the
radio spectrum in the range between 20 and 2 cm
by using the flux density measurements of (17)
(table S1). We used a filling factor of f = 0.5 and
k = 40 [this value of k is appropriate for accel-
eration in a nonrelativistic shock (29)]. With these
parameters, we obtained typical values for the
knots of the radio jets of B ≃ 0:2 mG and E ≃
2 × 1043 erg.

The direction of the apparent magnetic field
obtained from the synchrotron emission is strong-
ly concentrated in a direction very close (∼4°) to
the jet axis, whereas the direction of the magnetic
field inferred from polarization of the dust near
the protostar (30) is offset by ~20° and shows
more scatter (Fig. 2); however, part of this scatter
could be attributed to turbulent and thermal mo-
tions. It has been estimated that the magnetic
field in the region ~0.1 pc around the protostar

IRAS 18162−2048 has a value of 0.2 mG (30).
If we assume that this field is anchored to the dust
envelope and behaves like a dipole, it should
drop with distance cubed. However, even at ~0.5
pc from the protostar, the strength of themagnetic
field in the jet remains comparable to that ob-
served in the core by (30), when it should have
decreased by more than a factor of 100 if it was
merely reflecting the field in the ambient cloud.
These results suggest that, whereas dust polar-
ization traces the magnetic field associated with
the ambient material close to the protostar, the
synchrotron emission traces the magnetic field
intrinsically associated with the jet.

The polarization properties and the magnetic
field configuration in the HH 80-81 jet are very
similar to those observed in AGN jets. In AGN
jets, the polarization is always observed either

perpendicular or parallel to the axis of the jet (27).
When jets are transversally resolved, the degree
of linear polarization reaches a minimum toward
the jet axis and increases toward the jet edges
[e.g., figure 4a in (31)]. Figure 1B shows that the
linear polarization in HH 80-81 is perpendicular
to the jet axis, and Fig. 3 shows that the degree of
linear polarization increases as a function of the
distance from the jet axis. In AGN jets, this con-
figuration of the polarization has been interpreted
as indicative of a large-scale helical magnetic
field (27, 31).

The relevance of magnetic fields in proto-
stellar jets has been anticipated from theoretical
models of star formation [see (4, 32, 33), and
references therein]. However, most of the atten-
tion has been paid to the role of themagnetic field
in the launching region, and its relevance in the

A C

B

Fig. 1. Images of the HH 80-81 jet region at 6 cm wavelength. (A) Image of the total continuum
intensity, showing the whole extension of the HH 80-81 jet. The brightest radio knot (labeled as IRAS
18162−2048) is associated with the central protostar. The color scale [shown in (C)] ranges from 0.039 to
4.5mJy beam−1. The rectangle marks the central region of the jet, which is shown in (B) and (C). (B) Linearly
polarized continuum intensity image (color scale). The color scale ranges from 39 to 85 mJy beam−1.
Polarization direction is shown as white bars. The total continuum intensity is also shown (contours). Contour
levels are 40, 100, 400, 850, and 3300 mJy beam−1. (C) The apparent magnetic field direction (white bars)
is superposed with the total continuum intensity image (color scale). The images were made by using a
tapering of 20 kl in order to emphasize extended emission. The root mean square of the noise of the
images is 0.013 mJy beam−1, and the synthesized beam is 13″ by 8″ with a position angle of 2° [shown in
the bottom left corner of (C)]. The (0,0) offset position corresponds to the phase center of the observations,
at right ascension (RA, J2000) = 18h 19m 12.102s and declination (DEC, J2000) = −20° 47′ 30.61″.
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Carrasco-Gonzalez	et	al	2010,	
Science	330,	1209	(2010)	

(from	6cm	
synchrotron	
linear		polar)	



Evidence	for	disk	B-field	

Meteore^c	measurements:	B	~1G	at	1	au	(Fu	et	al.	2017)	
•  Sufficient	for	jet	collima^on.	
•  angular	momentum	extrac^on	through	MHD	disk	wind	?	

Credit:	Hernán	Cañellas	



Magne^c	disk	winds	
     Magneto-centrifugal disk winds may solve the problem of angular 
momentum transport in « dead zones » of accretion disks  Bai & 
Stone 2011 (see Turner et al. 2014 PPVI for a review) 
 Photoevapora^on	



Ejection from star-disk interaction 

 X-wind (Shu+94, Shang+00 PPV): 
•  MHD	DW	from	Rcorot	~	0.05	au		
•  Fan-like:	fast	wide-angle	wind	with	

denser	axial	spine		
  

L92 SHANG, SHU, & GLASSGOLD Vol. 493

Fig. 1.—Isodensity contours (solid curves) and streamlines (dotted curves) for a cold X-wind. The units of length are RX. Isodensity contours are spaced
logarithmically in intervals of , and streamlines are spaced so that successive dotted lines contain an additional 10% of the total mass loss in theD log r 5 0.510
upper hemisphere of the flow. The loci of the Alfvén and fast surfaces are marked by dashed lines. The empty space inside the uppermost streamline, ,√ ∑ √1
is filled with open field lines from the central star.

function of T. For given , , and T, equations (1) and (2)n ne 0
divided by can be solved as a linear matrix equation for then0
level population fraction , . For anyx { n /n k 5 1, 2, 3, 4, 5k k 0

and , with , we may then substitute thek 5 u j 5 l hc/l 5 Eul ul

results into the computational method of the next section to
compute spatially resolved line profiles. The displayed exam-
ples correspond to the choices: electron temperature T 5

K and electron fraction , where r is8000 x { mn /r 5 0.1e e

the local mass density and g cm23 is the mean224m 5 2.2# 10
mass of the molecular, atomic, and ionic species in the X-wind.
We adopt a number abundance for S ii and O i relative to

equal to and , respectively. The rel-25 24r/m 1.6# 10 8.5# 10
evant atomic data are all taken from Mendoza (1983).

3. COMPUTATIONAL METHOD FOR IMAGES AND SPECTRA

We divide space into cells of uniform volume 0DV 5
in the observer’s coordinates. The observer0 0 0 0 0 0DxDyDz (x , y , z )

lies at a great distance D from the source in the direction of

the axis, which is tilted at an angle i with respect to the spin0z
axis (z) of the source. The protostar is centered on the origin
of the system. For each cell-centered position0 0 0(x , y , z )

, we compute a source position from the co-0 0 0(x , y , z ) (x, y, z)
ordinate transformation:

0x 1 0 0 x
0y 5 0 cos i sin i y . (4)( ) ( ) ( )0z 0 2 sin i cos i z

In turn, the Cartesian coordinate positions are related(x, y, z)
to source cylindrical coordinates by ,(√, J, z) x 5 √ cos J

, and .y 5 √ sin J z 5 z
Although we invoke pulsed shock waves to heat and partially

ionize the X-wind outflow, we suppose that the shock waves
are relatively weak and do not greatly perturb the overall ki-
nematics and density structure imprinted on the flow by the
basic magnetohydrodyamics of the X-wind mechanism. In the

Magnetospheric Ejections : 
Cyclic inflation/reconnection 
(Goodson et al. 1999, Zanni & 
Ferreira 2013) 
Collimated by disk B / disk wind 



				Jet	/	wind	rota^on							
OBSERVATIONS 

•  If MHD disk wind is steady,  axisymmetric, 
cold (magneto-centrifugal >> thermal), predict 
(Anderson+03):  

HST/STIS 
DG Tau 
(Bacciotti+2002)  

v  DG Tau model MHD DW with rout ~ 3 au, λ = (rA/r0)2 = 13 (Pesenti+04) BUT: 
v  beam-diluted Vshift when Rjet < HST beam (Pesenti+2004)  
v  counter-rotating jet / disk in RW Aur (Cabrit+2006) and Th28 (Louvet+2016) 

è go to radio wavelengths to increase velocity resolution !  

L108 LAUNCHING REGION OF T TAURI WINDS Vol. 590

TABLE 1

Predicted for Model CalculationQ0

Model
!0

(AU)
Q0
(s )"1

!#

(AU)
vf, #

(km s"1)
vp, #

(km s"1)
Q0, A
(s"1)

Q0, B
(s"1)

L . . . . . . 0.21 2.16 # 10"6 20.0 23.0 526.8 2.02 # 10"6 2.11 # 10"6

0.31 1.23 # 10"6 37.2 15.0 437.3 1.15 # 10"6 1.20 # 10"6

0.40 8.18 # 10"7 57.1 10.9 377.5 7.67 # 10"7 8.02 # 10"7

0.51 5.66 # 10"7 90.4 7.6 326.8 5.22 # 10"7 5.45 # 10"7

H . . . . . . 0.21 2.10 # 10"6 11.5 3.6 116.1 1.09 # 10"6 2.13 # 10"6

0.31 1.21 # 10"6 25.7 2.0 97.7 6.31 # 10"7 1.19 # 10"6

0.40 8.06 # 10"7 42.9 1.3 83.9 4.14 # 10"7 8.38 # 10"7

0.51 5.60 # 10"7 69.8 0.9 71.8 2.77 # 10"7 5.55 # 10"7

disk and, if the central stellar mass is known independently,
the distance from the star. We now use the steady magneto-
hydrodynamic (MHD) wind theory to derive a refined version
of this relation, taking into account the energy and angular
momentum associated with fluid rotation at the base of the
wind.

2.2. General Derivation

It is well known that in a steady, axisymmetric MHD wind,
several quantities are conserved along a given field line (Mestel
1968). These include the total specific energy and angular
momentum

2v B B Q! B Bf p f p
E p " $ h$ F , L p ! v " , (2)g f( )2 4prv 4prvp p

and the quantity , which can be inter-Q p (v " B v /B )/!f pf p

preted as the angular speed at the base of the wind, , whereQ0

is negligible compared with the Keplerian speed. Herev vp

denotes velocity, B magnetic field, h specific enthalpy, r mass
density, and the gravitational potential. The subscript p refersFg

to a quantity in the poloidal -plane of a cylindrical co-(!, z)
ordinate system . We will ignore the enthalpy term in(!, f, z)
the expression for specific energy since magnetocentrifugal
winds are dynamically cold in general.
Note from equation (2) that the magnetic contributions to

the energy and angular momentum are proportional to each
other. Since neither of them can be measured directly, we get
rid of both by constructing a combined quantity

2v
J { E" QL p $ F " Q!v , (3)g f

2

which is also conserved along a field line (see also Lovelace
et al. 1986). Setting J to its value " at the launching

2
3v /2K, 0

surface, where the wind corotates with the disk at the local
Keplerian speed , yieldsvK, 0

2 2
3 v $ vp, # f, #2/3 2/3! v Q " (GM ) Q " ≈ 0, (4)# 0 ∗ 0f, #
2 2

where we used the relation around a star of1/3v p (GM Q )∗ 0K, 0

mass and neglected the gravitational potential at largeM F∗ g

distances. This is the desired equation for determining the disk
rotation rate in the wind-launching region from measurableQ0

quantities at large distances. It is a cubic equation in with1/3Q0

a single real root. We solve equation (4) using the analytic
expressions given in § 3.8.2 of Abramowitz & Stegun (1965)
for , which in turn yields the wind-launching radius throughQ0

.2 1/3! p (GM /Q )0 ∗ 0

Astrophysically interesting magnetocentrifugal winds are
probably “fast” in the sense that they have enough energy to
climb out of the potential well of the central star easily (instead
of barely). In such a case, we expect the kinetic energy of the
wind (the third term of eq. [4]) to be substantially greater than
the gravitational binding energy at the launching surface (es-
sentially the second term of eq. [4]). Noting again that typically

, we recover from equation (4) the simple relationv K vf, # p, #

found in equation (1), which can be cast into a more practical
form,

2/32/3! v# f, #! ≈ 0.7 AU0 ( )( ) "110 AU 10 km s

"4/3 1/3v M∗p, ## , (5)( ) ( )"1100 km s 1 M,

for locating the wind-launching region on the disk.

3. METHOD OF VERIFICATION AND APPLICATION

3.1. Method of Verification Using Numerical Solutions

We tested the method of inferring the rotation rate of the
wind-launching surface on a set of numerically determined
magnetocentrifugal wind solutions (J. Anderson et al. 2003, in
preparation). These solutions are obtained using the ZEUS-3D
MHD code,4 assuming axisymmetry. The simulation setup and
code modifications are described in Krasnopolsky, Li, & Bland-
ford (1999). We prescribe a distribution of the open magnetic
field on the Keplerian disk around a star and load onto1 M,

the field mass at a low speed (typically 10% of the Keplerian
speed). The slowly injected material is accelerated centrifugally
along the rotating field lines into a high-speed wind. The wind
gradually sweeps the ambient medium out of the simulation
box, chosen to be AU in size, and settles into a100# 100
steady state. The properties of the steady wind at large distances
are determined uniquely by the conditions on the launching
surface. They are used for our method of verification.
The results of applying our method to two representative

simulations are presented in Table 1. The simulations differ
only in the mass-loading rate of the wind; model L corresponds
to a “light” wind, with , typical of T Tauri"8 "1Ṁ p 10 M yrw ,

winds, and model H corresponds to a “heavy” wind, with
, which is more extreme (Edwards, Ray,"6 "1Ṁ p 10 M yrw ,

& Mundt 1993). For each model, we first read out from the
solution the two velocity components and at four se-v vp, # f, #

lected, observable locations with known cylindrical radii ,!#

and then compute the corresponding angular speed at the

4 See the ZEUS-3D User Manual available at http://zeus.ncsa.uiuc.edu/lca/
zeus3d/manuals (D. A. Clarke, M. L. Norman, & R. A. Fiedler 1994).

è	r0		
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ABSTRACT

Context. High angular resolution reached by recent millimeter interferometers has opened the possibility of constraining MHD disk-
wind (MHD-DW) scenario by observing rotation signatures of protostellar and Class I molecular jets.
Aims. The goal of this study is to explore the expected signatures of MHD disk-wind models in the context of ALMA (and NOEMA
and SMA) observations.
Methods. Synthetic predictions for warm MHD-DW solutions that extract all the angular momentum required for accretion are
computed and analyzed with an emphasis on the estimation of the angular momentum carried away by the wind.
Results. The true angular momentum of the outer most streamline can be dramatically underestimated by the angular momentum
straightforwardly derived from observations. This e↵ect is not due to the finite angular resolution but to the combined contribution of
flow lines that originate from an extended region in the accretion disk. The anchored radius and the magnetic level arm parameter can
consequently be strongly underestimated in observations. By comparing ALMA observation of the HH212 protostellar jet observa-
tions at 0.6” and at 0.13”, we show that the constraints that can be derived from low angular resolution study is consistent with high
angular resolution observations.

Key words. Stars: formation – ISM: jets & outflows – ISM: individual: HH 212

1. Introduction

A major enigma in our understanding of the structure and evo-
lution of protoplanetary disks (PPDs) is the exact mechanism by
which angular momentum is extracted to allow accretion onto
the central object at the observed rates, much larger than ex-
pected for microscopic collisional viscosity (eg. Hartmann et al.
2016). The problem is particularly acute during the early pro-
tostellar phase (so-called Class 0), where ' 0.3M� of material
must accrete through the disk in less than 105 yrs so that the
second Larson’s core can grow to stellar masses. An e�cient
mechanism, first introduced by Blandford & Payne (1982) in the
context of active galactic nuclei, is that the angular momentum
flux required for disk accretion may be removed vertically by the
twisting of large-scale poloidal magnetic field lines, and carried
away in a magneto-centrifugal disk wind (hereafter DW) that
becomes collimated into a jet on large scale. The same process
was proposed to explain bipolar jets and outflows from young
stars and their correlation with accretion luminosity by Pudritz
& Norman (1983) and Koenigl (1989). The feasibility to launch
a steady, super-Alfvénic MHD DW from the surface of a re-
sistive keplerian accretion disk was demonstrated through de-
tailed semi-analytical works and numerical simulations (see eg.

? benoit.tabone@obspm.fr

Ferreira 1997, Pudritz et al. 2008 PPV, and references therein).
An alternative mechanism able to transfer angular momentum
through PPDs is the magneto-rotational instability (Balbus &
Hawley 1992). However, non-ideal MHD simulations reveal that
this instability will be quenched in low-ionization disk regions
around 1-10 au, and that MHD DWs seem more promising to
induce disk accretion through these regions (see the review in
Turner et al. 2014, and references therein). Robust observational
tests of the occurrence and radial extent of MHD DWs in PPDs
are thus crucially needed to understand the process of disk ac-
cretion in young stars, and how it a↵ects planet formation.

A key observational diagnostic for testing the MHD-DW
scenario and constraining the range of wind launch radii is the
amount of angular momentum carried by the wind. Indeed, An-
derson et al. (2003) showed that in a steady, axisymmetric,
"cold" (ie. with negligible pressure drive) MHD DW, the local
specific angular momentum rV� and total velocity V on a given
wind streamline, observed su�ciently far that stellar gravity is
negligible, can be used to calculate the streamline footprint r0
through:

rV�⌦0 =
V2

2
+

3
2

(GM?⌦0)2/3, (1)
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Fig. 3. 12CO (2–1) integrated intensity maps (contours) and mean velocity field (1st moment map, color) of CB26, rotated by 30◦.
White contours show the 1.1mm dust continuum emission from the disk as observed with the SMA (contour levels same as Fig. 1).
The 12CO synthesized beam size is shown as large grey ellipse. The smaller and darker ellipse shows the 1.1mm continuum beam.
Left panel: observations. Right panel: best-fit model for 12CO (2–1). Dashed lines refer to the y-coordinate of the position-velocity
diagrams shown in Fig. 4.
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C1

C2

DG Tau B

HST + SMA

Figure 1. SMA and HST color-coded image of DG Tau B. Color coding: SMA total CO integrated intensity emission (red), HST–WFPC2 images with the spectral
filters F814w (blue) and F675w (green). The color-coded image is in addition overlaid with an SMA 1300 µm continuum contour image obtained by averaging the
line-free spectral channels in the upper side band. The velocity range for the CO moment 0 map is from −2.0 to + 20.4 km s−1. The white contours range from 25%
to 85% of the peak emission, in steps of 15%. The peak of the continuum emission is 0.31 Jy beam−1. The synthesized beam of the continuum image is shown in the
lower right corner. The two diagonal dashed lines mark the places where the position–velocity diagrams, presented in Figure 2, were obtained.

by young low-mass protostars; see Wu et al. (2004). The mass
estimated here is only a lower limit because the CO emission is
likely to be optically thick.

In Figure 2, we present two position–velocity diagrams or cuts
obtained across the redshifted side of the outflow, named C1 and
C2; see Figure 1. These diagrams reveal the spatial structure of
the gas across the flow as a function of the radial velocities
and at distances far from DG Tau B (∼1400 AU for the case of
C1 and 1900 AU for C2). In both cuts velocity gradients across
the outflow with an amplitude of about 2 km s−1 are revealed.
In the cut C1, the gradient is somewhat larger than 2 km s−1.
This gradient is also confirmed by the spectra obtained in both
sides of the flow as shown in Figure 2 in the lower panels.
Both cuts were intentionally made over two optical bullets in
order to reveal their dynamics (see Figure 1); however, only the
bullet associated with the cut called C2 has a clear molecular
counterpart. This is located in the middle of the borders of the
molecular flow. This molecular emission associated with the
optical bullet is too compact to reveal any velocity gradient.

Figure 3 presents the first moment or the intensity weighted
velocity of the 12CO(2–1) emission from the inner part of the
outflow overlaid on the HST infrared image (using the spectral

filter F675w) and with the SMA 1300 µm continuum image.
The image reveals the dynamics of the CO gas in the innermost
parts of the flow and in the vicinity of the optical jet. Here, the
blue colors represent blueshifted emission, while the red colors,
redshifted emission. The velocity gradient across the outflow is
also revealed in this figure; it is more evident in its blueshifted
side and close to DG Tau B. A possibility of why the rotation
is diluted farther from DG Tau B could come from the fact that
the flow is not exactly on the plane of the sky, and far from the
source the poloidal velocities dominate.

In Figure 3, in the lower panels, we also show two
position–velocity diagrams we made to reveal the kinematics
of the molecular gas close to the circumstellar disk related with
DG Tau B. In the position–velocity diagrams called D1 and D2
(at a distance from DG Tau B of about 220 AU), an asymmetric
“V”-shaped (or, perhaps, a triangular shape) velocity pattern is
revealed. The diagrams are made at a distance of about 250 AU
from the source. These velocity patterns have been attributed to
outflow rotation (Lee et al. 2008; Zapata et al. 2010; Pech et al.
2012; Peters et al. 2014). These patterns are formed because
the low-velocity gas far from the outflow axis has a velocity
gradient (i.e., rotation), while the gas in the jet and close to the
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Figure 1: Moment maps of the observed lines and continuum emissions. (a) The 490 GHz continuum
map (white contour) and moment 0 (integrated intensity; color) map of the 484 GHz Si18O line. (b)
The 490 GHz continuum map (white contour), moment 0 (black contour) and moment 1 (peak
velocity; color) maps of the 484 GHz Si18O line. (c) The 490 GHz continuum map (white contour),
moment 0 (black contour) and moment 1 (color) maps of the 463 GHz H2O line. Contour levels are
3,6,12,24, ... times root-mean square (rms) noise levels, and the rms noise levels are 5 mJy beam−1,
481 mJy beam−1 km s−1, and 56 mJy beam−1 km s−1, respectively, for the continuum, moment 0
maps of Si18O, and H2O lines. Synthesized beam sizes are indicated at the bottom-left corner of each
panel. In the panel (a), solid magenta lines indicate slices of the position-velocity (PV) diagram at
0, ±60, ±120, ±180, ±240, ±300, ±360, ±420, and ±480 mas from the disk midplane. The width
of each slice is 60 mas. The interval of the slices parallel to the northwest-southeast direction is 60
mas corresponding to ∆z=25 au at the distance of Orion KL. The NE-SW outflow axis is defined as
z in Supplementary Figure 4. Position angle of the slice is determined from the Gaussian fitting of
the continuum emission.
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MHD models for Orion Source I disc winds L51

Figure 1. Velocity field (in km s−1) of the SiO v = 1, 2 and J = 1–0 maser
emission in Orion Source I as observed with the VLBA (Matthews et al.
2010). The stellar velocity is ∼6 km s−1. The bulk of the SiO emission
is located within four ‘arms’ of an X-shaped pattern, while a ∼14 au thick
band with no SiO emission harbours the 7-mm continuum source (Reid et al.
2007; Goddi et al. 2011). The continuum emission traces an ionized disc,
while the SiO masers probe material ablated from the surface of the disc in
a wind.

of radiation forces and magnetic fields to show that radiation from
luminous stars with masses >30 M⊙ does modify the dynamics of
outflows. However, since the luminosity for a 2 × 10 M⊙ binary
would be less than that of a single 20 M⊙ star, we adopt that model
in the ideal MHD regime (neglecting radiative forces) to numeri-
cally simulate the dynamics of the disc wind inside 100 au from
Orion Source I.

2 MODEL ASSU MP TIO N S

The initial conditions adopted to model the disc wind from Orion
Source I are reported in Table 1 and are derived from either obser-
vations and/or modelling of the system. Source I is believed to be
an eccentric, hard binary with a total mass of 2 × 10 M⊙, based
on studies of the dynamics of YSOs and molecular gas in Orion
BN/KL, as well as N-body simulations (Bally et al. 2011; Goddi
et al. 2011). In particular, proper motion measurements of radio

Table 1. Parameters chosen for the reference run to
study MHD-driven outflow from Orion Source I.

Quantity Reference value

Masses of binary (m1, m2) 10 M⊙, 10 M⊙
Orbital separation (2a0) 7 au
Reduced stellar mass (µ∗) 5 M⊙
Wind-launching radius (r0) 3.5 au
Keplerian velocity at r0 (v0) 35.7 km s−1

Volume density at r0 (ρ0) 5.0 × 10−14 g cm−3

Plasma beta at r0 (β0) 1.0
Density contrast (δ) 2.85

Figure 2. Cartoon model for Source I.

sources provided strong evidence that a dynamical interaction oc-
curred about 500 yr ago between massive YSOs Source I and BN
(e.g. Goddi et al. 2011). N-body numerical simulations showed that
the dynamical interaction between a binary of two 10 M⊙ stars
(Source I) and a single 10 M⊙ star (BN) may lead to simultane-
ous ejection of both stars and the BN/KL outflow as well as binary
hardening, while preserving the original circumbinary disc around
Source I (Bally et al. 2011; Moeckel & Goddi 2012). Mechanical
energy conservation (and virial theorem) implies an orbit semimajor
axis a0 = 2–5 au, depending on the estimate of the kinetic energy
of the runaway stars and the molecular gas flow (Bally et al. 2011;
Goddi et al. 2011). For simplicity, we neglect the eccentricity and
assume that the system is an equal-mass circular binary, comprised
of two 10 M⊙ stars orbiting in a circle of radius a0 = 3.5 au.

A high-resolution study of Hα and [O I]λ6300 line profiles in
a pre-main-sequence spectroscopic binary has shown evidence of
a bipolar jet as being launched by the whole binary as opposed to
each star individually (Mundt et al. 2010). Similarly, we assume
that the binary members orbit inside the inner radius of a truncated
circumbinary disc and that the wind is launched at this radius.
The cartoon figure representing our model assumption is shown in
Fig. 2.

To study the wind launching from Source I, we perform axisym-
metric ideal MHD simulations in cylindrical coordinates (r, φ, z)
using the PLUTO code (Mignone et al. 2007). We essentially prescribe
a hydrostatic corona (density and pressure) threaded with force-free
magnetic field. An adiabatic equation of state, P = γ−1

γ
ργ , with

γ = 5/3, relates the pressure with the density in the flow. For the
central gravity, we treat the system of equal-mass binary members as
an equivalent 5 M⊙ (reduced mass) object at their barycentre. The
accretion disc which is treated as a boundary forms the launching
base of the wind (e.g. Ouyed & Pudritz 1997). Further, we choose
the wind-launching point to be at a distance equal to the radius of
the binary orbit, i.e. r0 = a0, where the material is rotating with a
sub-Keplerian velocity vφ = χv0. Further, the disc is considered to
be denser than the hydrostatic corona and this density contrast is
prescribed by δ. In a realistic (thick and hot) disc, the central grav-
ity is balanced radially by contributions from thermal pressure and
centrifugal rotation. This can be ensured by consistently deriving
the sub-Keplerianity (χ ) based on the choice of density contrast.
For example, smaller values of δ imply a hotter (denser) disc and a
larger contribution of thermal pressure resulting in the disc to rotate
with sub-Keplerian speeds to maintain radial balance. We chose
δ ∼ 3 as a reference value resulting in the underlying disc to rotate
at a speed 0.8 times the Keplerian speed.
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Fig. 1. Panel a: HH212 inner region viewed by ALMA Cycle 4. The SiO jet at |VLSR � Vsys|= 5�10 km s�1 (blue and red contours), C17O rotating
envelope at |VLSR�Vsys|= 1.5 km s�1 (pink and turquoise), and cavity walls in C34S at |VLSR�Vsys| 0.6 km s�1 (green, with parabolic fits in dashed
magenta) are shown. First contour and step are 6� and 18� for SiO, 6� and 6� for C17O, 4� and 4� for C34S, where � is the rms noise level. The
source is shown as a white cross and beam sizes are in the bottom left corner. Panel b: zoom-in on blue and red SO2 at ±2 km s�1 shows a slow
outflow rotating in the same sense as the C17O disk. First contour and step are 7�. White segments show the positions of PV cuts in Fig 2. Green
squares show inner SiO knots imaged by Lee et al. (2017a); the yellow ellipse marks the centrifugal barrier radius at r ⇠ 45 au and the height of
the COM-rich disk atmosphere at z± 20 au (Lee et al. 2017c). Images are rotated such that the vertical axis corresponds to the jet axis at PA = 22�.

standard procedures under the CASA environment using quasars
J0510+1800, J0552+0313, J0541–0211, and J0552–3627. Spec-
tral line imaging was performed in CASA with natural weight-
ing for C34S to increase sensitivity, resulting in a clean-beam
0.1900 ⇥ 0.1700 (PA = �76�), and with a R = 0.5 robust factor for
the other lines, resulting in a beam of .1500 ⇥ 0.1300 (PA ⇠ �89�).
The rms noise level is � ⇠ 1 mJy/beam in SO2 in 1 km s�1 chan-
nels, and� ⇠ 1.5 mJy/beam in 0.44 km s�1 channels for the other
lines. Further data analysis was performed using the GILDAS1

package. Positions are given with respect to the continuum peak
at ↵(J2000) = 05h 43m 51s.41, �(J2000) = �01� 020 5300.17 (Lee
et al. 2014) and velocities are with respect to a systemic velocity
Vsys = 1.7 km s�1 (Lee et al. 2014).

3. Results and discussion

3.1. Evidence for a rotating wide-angle flow in SO and SO2

Figure 1a presents a view of the various components of the
HH 212 outflow system from our Cycle 4 data. The chemi-
cal stratification first noted by Codella et al. (2014) in Cycle 0
is even more striking: SiO traces the narrow high-velocity jet,
while C34S outlines the dense walls of a broad outflow cavity,
and C17O traces the rotating equatorial envelope and disk. We
find that the cavity walls may be fitted by a parabolic shape
z = r2/a + 0.0500 with a = 0.900 in the north and a = 100 in
the south (slightly less open than sketched in Lee et al. 2017c).

Figure 1b presents a zoom on SO2 emission within 0.500 =
250 au of the source. This tracer, together with SO, was found
to be abundant in the HH 212 jet on a larger scale (Podio et al.
2015). Our data resolve its bright emission near the base, reveal-
ing a rotation signature in the form of a transverse shift '±0.0500
between redshifted and blueshifted emission at ±2 km s�1 from
systemic, in the same (east-west) sense in both lobes and in the
same sense as the envelope rotation in Fig. 1a. The emission

1
http://www.iram.fr/IRAMFR/GILDAS

peaks at a typical distance of 0.1�0.1500, well above the disk at-
mosphere at z ' ±0.0500 traced by complex organic molecules
(Lee et al. 2017c; Bianchi et al. 2017) and extends out to ± 0.300
along the jet axis, indicating that this rotating material is out-
flowing. In the equatorial plane, the emission appears to origi-
nate from a region of typical radius '0.100 = 45 au, i.e., similar
to the centrifugal barrier (herafter CB) estimated from HCO+
infall kinematics, inside which the disk is expected to become
Keplerian (Lee et al. 2017c). Channel maps (see Fig. A.1) fur-
ther show that this rotating outflow has an onion-like velocity
structure with increasing width at progressively lower veloci-
ties, which eventually fills up the base of the cavity. The SO
emission has a similar behavior (see Fig. A.2). Figure 2 shows
transverse position-velocity (PV) cuts and line profiles of SO2
and SO at ±70 au from the midplane (beyond 1 beam diam-
eter, to avoid any contamination by infall). Rotation is clearly
apparent as a tilt in the PV cuts. The velocity decrease away
from the jet axis is also visible. The centroid velocity in on-axis
line profiles, ⇠1�2 km s�1, yields a mean deprojected speed of
Vp ' 20�40 km s�1 for an inclination i ' 87� (Claussen et al.
1998). Hence, the outflow cavity is not carved by a fast wide-
angle wind at ⇠100 km s�1, but by a slower component.

3.2. Comparison with MHD disk wind models

We compared the PV cuts and line profiles with synthetic pre-
dictions for steady-state, axisymmetric, self-similar DWs from
Keplerian disks, calculated following the equations described
in Casse & Ferreira (2000). Two key properties of the MHD
solution a↵ect the predictions. First, the magnetic lever arm pa-
rameter � ' (rA/r0)2, where rA is the Alfvén radius along the
streamline launched from r0, which determines the extracted an-
gular momentum and poloidal acceleration. Second, the maxi-
mum wideningW = rmax/r0 reached by the streamline, which
controls the flow transverse size. In order to limit the number
of free parameters, we kept a fixed inclination i = 87� and stel-
lar mass M? = 0.2 M� (Lee et al. 2017c). The minimum and
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B. Tabone et al.: ALMA discovery of a rotating SO/ SO2 wind in HH212

striking: SiO traces the narrow high-velocity jet, while C34S outlines the dense walls of a broad

outflow cavity, and C17O traces the rotating equatorial envelope and disk. We find that the cavity

walls may be fitted by a parabolic shape z = r2/a + 0.0500 with a = 0.900 in the north and a = 100 in

the south (slightly less open than sketched in Lee et al. 2017c).
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Gaussian profile. For knot S1, the emission at � 4–12 au is unlikely to be from 
the jet itself and is thus excluded from the fitting. The deconvolved width is the 
width deconvolved with the beam size of � 8 au (0.02� ). Knots N2, N3 and S3 
have a deconvolved width greater than the beam size. Knots N1, S1 and S2 have a 
deconvolved width smaller than the beam size.

Mean (or systemic) velocities of the jet. Supplementary Fig. 2 shows the position–
velocity diagram of the SiO jet cut along the jet axis. The northern jet component  
is detected from � � 14 to 8 km s�1 LSR, with a mean velocity of � � 3 km s�1 LSR  
(as indicated by the vertical dashed line). The southern jet component is detected 
from � � 5 to 13 km s�1 LSR, with a mean velocity of � 4 km s�1 LSR (as indicated 
by the vertical dashed line). These mean velocities are taken to be the systemic 
velocities in the northern and southern jet components.

Estimation of jet launching radius. Protostellar jets are generally thought to be 
launched magneto-centrifugally from disks1. In this framework, the launching 
radius of the jet can be derived from the specific angular momentum and the 
velocity of the jet, based on the conservation of energy and the angular momentum 
along the field line, if the mass of the central protostar is known7. For HH 212, 
because (1) the jet velocity (poloidal velocity) is so high that the gravitational 
potential can be neglected at large distances, (2) the jet velocity is much higher 
than the jet rotation and (3) the jet inclination angle is very small (� 4°)21, the 
governing equation (equation (4) in ref. 7) used to derive the jet launching radius 
can be simplified and rewritten as:

⎛
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to find approximate solutions analytically, where r0 is the launching radius at 
the footpoint, �j is the jet velocity, lj is the specific angular momentum of the jet 
measured at a large distance, G is the graviational constant and M� is the mass of 
the central protostar. Solving this equation, we find the jet launching radius to be:
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out with two executions in 2015, one on 5 November and the other on 3 December 
during the Early Science Cycle 3 phase. The projected baselines are 17–16,196 m. 
The maximum recoverable size scale is � 0.4� . One pointing was used to map  
the innermost part of the jet at an angular resolution of 0.02�  (8 au). For the  
Cycle 1 project, the correlator was set up to have four spectral windows, with  
one for CO J =  3� 2 at 345.795991 GHz, one for SiO J =  8� 7 at 347.330631 GHz, 
one for HCO+ J =  4� 3 at 356.734288 GHz and one for the continuum at 358 GHz  
(see Supplementary Table 2). For the Cycle 3 project, the correlator was more 
flexible and thus was set up to include two more spectral windows, with  
one for SO NJ =  89 =  78 at 346.528481 GHz and one for H13CO+ J =  4� 3 at 
346.998338 GHz (see Supplementary Table 3). The total time on the HH 212  
system was � 148 minutes.

We present here the observational results in SiO, which traces the jet emanating 
from the central source. The velocity resolution is 0.212 km s�1 per channel. 
However, we binned four channels to have a velocity resolution of 0.848 km s�1 to 
map the jet with sufficient sensitivity. The data were calibrated with the Common 
Astronomy Software Applications (CASA) software package (versions 4.3.1 and 4.5)  
(https://casa.nrao.edu/) for the passband, flux and gain (see Supplementary  
Table 4). We used a robust factor of two (natural weighting) for the visibility 
weighting to generate the SiO maps. To avoid the proper motion effect  
(� 2 au or 0.005�  per month using 115 km s�1 for the jet velocity22), only Cycle 3 data 
were used to study the jet rotation in the innermost part of the jet. This generated 
a synthesized beam with a size of 0.02�  (8 au) for the maps of the innermost part 
of the jet (see Fig. 2). To map the knots further out, which are more extended, 
we also include the Cycle 1 data, which has a larger maximum recoverable scale. 
In addition, a taper of 0.05�  was used to degrade the beam size to 0.06�  (24 au, 
see Fig. 1) to improve the signal-to-noise ratio. The noise levels can be measured 
from line-free channels and were found to be � 1.6 mJy beam�1 (or � 40 K) for a 
beam of � 0.02�  (8 au) and 1.9 mJy beam�1 (or � 6 K) for a beam of � 0.06�  (24 au), 
respectively. The velocities in the channel maps and the resulting position–velocity 
diagrams are LSR.

Gaussian deconvolved width of the jet knots. Supplementary Fig. 1 shows the 
spatial profile of the jet knots perpendicular to the jet axis, extracted from the 
SiO total intensity map shown in Fig. 2a (see the white lines for the cuts). To 
derive the width of the knots, we fitted the spatial profiles of the knots with a 
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Gaussian profile. For knot S1, the emission at � 4–12 au is unlikely to be from 
the jet itself and is thus excluded from the fitting. The deconvolved width is the 
width deconvolved with the beam size of � 8 au (0.02� ). Knots N2, N3 and S3 
have a deconvolved width greater than the beam size. Knots N1, S1 and S2 have a 
deconvolved width smaller than the beam size.

Mean (or systemic) velocities of the jet. Supplementary Fig. 2 shows the position–
velocity diagram of the SiO jet cut along the jet axis. The northern jet component  
is detected from � � 14 to 8 km s�1 LSR, with a mean velocity of � � 3 km s�1 LSR  
(as indicated by the vertical dashed line). The southern jet component is detected 
from � � 5 to 13 km s�1 LSR, with a mean velocity of � 4 km s�1 LSR (as indicated 
by the vertical dashed line). These mean velocities are taken to be the systemic 
velocities in the northern and southern jet components.

Estimation of jet launching radius. Protostellar jets are generally thought to be 
launched magneto-centrifugally from disks1. In this framework, the launching 
radius of the jet can be derived from the specific angular momentum and the 
velocity of the jet, based on the conservation of energy and the angular momentum 
along the field line, if the mass of the central protostar is known7. For HH 212, 
because (1) the jet velocity (poloidal velocity) is so high that the gravitational 
potential can be neglected at large distances, (2) the jet velocity is much higher 
than the jet rotation and (3) the jet inclination angle is very small (� 4°)21, the 
governing equation (equation (4) in ref. 7) used to derive the jet launching radius 
can be simplified and rewritten as:
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to find approximate solutions analytically, where r0 is the launching radius at 
the footpoint, �j is the jet velocity, lj is the specific angular momentum of the jet 
measured at a large distance, G is the graviational constant and M� is the mass of 
the central protostar. Solving this equation, we find the jet launching radius to be:
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out with two executions in 2015, one on 5 November and the other on 3 December 
during the Early Science Cycle 3 phase. The projected baselines are 17–16,196 m. 
The maximum recoverable size scale is � 0.4� . One pointing was used to map  
the innermost part of the jet at an angular resolution of 0.02�  (8 au). For the  
Cycle 1 project, the correlator was set up to have four spectral windows, with  
one for CO J =  3� 2 at 345.795991 GHz, one for SiO J =  8� 7 at 347.330631 GHz, 
one for HCO+ J =  4� 3 at 356.734288 GHz and one for the continuum at 358 GHz  
(see Supplementary Table 2). For the Cycle 3 project, the correlator was more 
flexible and thus was set up to include two more spectral windows, with  
one for SO NJ =  89 =  78 at 346.528481 GHz and one for H13CO+ J =  4� 3 at 
346.998338 GHz (see Supplementary Table 3). The total time on the HH 212  
system was � 148 minutes.

We present here the observational results in SiO, which traces the jet emanating 
from the central source. The velocity resolution is 0.212 km s�1 per channel. 
However, we binned four channels to have a velocity resolution of 0.848 km s�1 to 
map the jet with sufficient sensitivity. The data were calibrated with the Common 
Astronomy Software Applications (CASA) software package (versions 4.3.1 and 4.5)  
(https://casa.nrao.edu/) for the passband, flux and gain (see Supplementary  
Table 4). We used a robust factor of two (natural weighting) for the visibility 
weighting to generate the SiO maps. To avoid the proper motion effect  
(� 2 au or 0.005�  per month using 115 km s�1 for the jet velocity22), only Cycle 3 data 
were used to study the jet rotation in the innermost part of the jet. This generated 
a synthesized beam with a size of 0.02�  (8 au) for the maps of the innermost part 
of the jet (see Fig. 2). To map the knots further out, which are more extended, 
we also include the Cycle 1 data, which has a larger maximum recoverable scale. 
In addition, a taper of 0.05�  was used to degrade the beam size to 0.06�  (24 au, 
see Fig. 1) to improve the signal-to-noise ratio. The noise levels can be measured 
from line-free channels and were found to be � 1.6 mJy beam�1 (or � 40 K) for a 
beam of � 0.02�  (8 au) and 1.9 mJy beam�1 (or � 6 K) for a beam of � 0.06�  (24 au), 
respectively. The velocities in the channel maps and the resulting position–velocity 
diagrams are LSR.

Gaussian deconvolved width of the jet knots. Supplementary Fig. 1 shows the 
spatial profile of the jet knots perpendicular to the jet axis, extracted from the 
SiO total intensity map shown in Fig. 2a (see the white lines for the cuts). To 
derive the width of the knots, we fitted the spatial profiles of the knots with a 
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Fig. 2. a-d: Observed on-axis line profiles (histograms) and transverse PV diagrams (color map and white
contours) of SO2 (left) and SO (middle) at ±70 au across the northern blue jet (top) and the southern red jet
(bottom). The red wing of SO falls outside our spectral set-up. An MHD-DW model fit, with � = 5.5 and
W = 30 (see text), is overplotted in black for parameters denoted in each panel. e-f: PV diagrams observed
by Lee et al. (2017a) across the SiO knots N2 and S3 (grayscale and black/red contours), with their measured
centroids as green squares and fitted rotation gradient as a black line. The MHD-DW model is overplotted in
cyan (top) or magenta (bottom) contours with parameters denoted above each panel.

Figure 1b presents a zoom on SO2 emission within 0.500= 250 au of the source. This tracer,

together with SO, was found to be abundant in the HH 212 jet on a larger scale (Podio et al.

2015). Our data resolve its bright emission near the base, revealing a rotation signature in the

form of a transverse shift ' ±0.0500 between redshifted and blueshifted emission at ± 2km s�1 from

systemic, in the same (east-west) sense in both lobes and in the same sense as the envelope rotation

in Fig. 1a. The emission peaks at a typical distance of 0.1 � 0.1500, well above the disk atmosphere

at z ' ±0.0500 traced by complex organic molecules (Lee et al. 2017c; Bianchi et al. 2017) and

extends out to ± 0.300along the jet axis, indicating that this rotating material is outflowing. In the

equatorial plane, the emission appears to originate from a region of typical radius ' 0.100 = 45 au,

i.e., similar to the centrifugal barrier (herafter CB) estimated from HCO+ infall kinematics, inside

which the disk is expected to become Keplerian (Lee et al. 2017c). Channel maps (see Fig. B.1)

further show that this rotating outflow has an onion-like velocity structure with increasing width

at progressively lower velocities, which eventually fills up the base of the cavity. The SO emission

has a similar behavior (see Fig. B.2). Figure 2 shows transverse position-velocity (PV) cuts and

line profiles of SO2 and SO at ±70 au from the midplane (beyond 1 beam diameter, to avoid any

contamination by infall). Rotation is clearly apparent as a tilt in the PV cuts. The velocity decrease

Article number, page 4 of 9

c)		SO2	

MHD	disk-
wind	model	

16 Chapitre 2. Modele Magnétohydrodynamique de vent de disque

I Le mod`ele de vent de disqueMHD

I.1 Solution dynamique

Le modèle de vent de disque est basé sur une so-
lution Magnétohydrodynamique (MHD) qui fixe la
densité totale, le champ de vitesse ~v, le champ mag-
nétique ~B et le courant électrique ~J dans l’espace,
le long des lignes d’écoulement du fluide. C’est une
solution dans laquelle l’écoulement est laminaire et
qui suppose une zone d’éjection infiniment étendue
(pas de terme de pression extérieure). Cette solu-
tion suppose un champ magnétique bipolaire traver-
sant le disque sur de grandes échelles. Ce champ
magnétique à deux origines possibles : l’advection
du champ magnétique initial avec l’accrétion de la
matière ou une production in-situ par un processus
de dynamo dans le disque (Pudritz 1981). La so-
lution vérifie les équations MHD pour un seul flu-
ide. Elle a été obtenue en supposant que l’écoule-
ment est stationnaire, que le jet est axisymétrique
(@/@� = 0), et que toutes les quantités physiques
peuvent s’exprimer sous forme auto-similaire. La
géométrie du vent de disque est représentée en Fig-
ure 2.1.

Figure 2.1 – Géométrie du vent
de disque MHD. Plusieurs lignes
d’écoulement s’enroulant autour de
plusieurs tubes de flux magnétique
sont représentées.

L’équilibre radial quasi-képlérien dans le disque entre la force gravitationnelle et la
force centrifuge caractérisé par la vitesse képlérienne vK =

p
GM?/r où M? est la

masse de l’étoile centrale, fait que les variables physiques dans le plan du disque auront
une dépendance radiale proche d’une loi de puissance si la région d’éjection (plage en
r0) est su�samment grande.

L’hypothèse d’autosimilarité permet alors de découpler les dépendances radiales et an-
gulaires de chaque grandeur physique y(r, ✓) le long d’une ligne d’écoulement sous la
forme :

y(r, ✓) = y0

 
r
r0

!�y

⇥ fy(✓) (2.1)

où ✓ = arctan(r/z) est l’angle polaire, r0 est le rayon d’ancrage 1 de la ligne d’écoule-
ment fluide, �y est un exposant qui dépend de ⇠ l’e�cacité d’éjection (un paramètre
libre et sans dimension précisé dans la section suivante), fy est une fonction sans di-
mension de ✓, et y0 est un facteur de dimensionnement. L’autosimilarité permet de ré-
soudre l’équilibre transverse entre les surfaces magnétiques en ramenant les équations
di↵érentielles 2D (en r,✓) à un problème 1D (résolution en fonction de ✓ uniquement).

Le modèle adopté est une extension du modèle de jet MHD idéal de Blandford & Payne
(1982). L’originalité consiste en ce que la dynamique sous-jacente dans le disque ké-
plérien en MHD résistive 2 est résolue en 3D, incluant tous les termes dans les direc-

1. Le rayon d’ancrage est le rayon mesuré au plan équatorial du disque où est ancrée la ligne de
champ magnétique associée à la ligne d’écoulement. L’indice 0 désigne les grandeurs exprimées dans le
plan équatorial du disque.

2. dans laquelle le fluide n’est pas parfaitement conducteur, le champ n’est plus gelé dans la matière.

Ferreira	1997	
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jet launching radius. An implication is that Si is already released 
from the grains into the gas phase at the base of the jet. However, 
because the jet is well collimated with a high mass-loss rate22 of  
∼ 10−6 M⊙ yr−1, SiO is expected to form quickly as a result of the high 
density in the jet30. In addition, Si+ recombination and SiO forma-
tion are expected to be faster than the photodissociation caused by 
possible far-ultraviolet radiation from the central protostar31.

As the SiO jet extracts the angular momentum from the inner-
most region of the disk, the angular momentum problem is only 

partially resolved because material still has to be transported within 
the disk to its innermost region1. This transfer within the disk may 
be achieved with other mechanisms, such as magneto-rotational 
instability32 and low-velocity extended tenuous disk wind28. Recent 
ALMA CH3OH observations at ∼ 240 au resolution have suggested 
a disk wind component in HH 212 ejected from the disk at a radius 
of ∼ 1 au (ref. 33), surrounding the SiO jet. However, our new obser-
vations at ∼ 16 au resolution show that CH3OH actually traces the 
disk surface within ∼ 40 au of the centre (C.-F.L. et al., manuscript 
in preparation). Disk wind has also been suggested in other objects, 
including CB 263, DG Tau24, Orion BN/KL Source I2,4,5 and TMC1A6. 
For example, in Orion BN/KL Source I, a low-velocity and poorly 
collimated bipolar outflow was found in SiO maser to come from the 
disk surface at larger disk radii of ≳ 20 au from the central source2,4,5. 
Similarly, in TMC1A, a low-velocity and poorly collimated CO out-
flow was found to come from the disk surface at larger disk radii 
up to 25 au from the central source6. All these suggest the presence 
of a disk wind component extracting the angular momentum from 
the disk at larger radii. In contrast, the SiO jet in HH 212 appears to 
come from the innermost region of the disk, well inside 1 au of the 
central star. It is consistent with the X-wind picture27, but could also 
be the innermost part of a more extended disk wind28.

Methods
Observations. Observations of the HH 212 protostellar system were carried out 
with the ALMA in Band 7 at ∼ 350 GHz in Cycles 1 and 3, with 32–45 antennas  
(see Supplementary Table 1). The Cycle 1 project was carried out with two 
executions, both on 29 August 2015 during the Early Science Cycle 1 phase.  
The projected baselines are 15–1,466 m. The maximum recoverable size scale  
is ∼ 2.5″ . A five-pointing mosaic was used to map the jet within ∼ 15″  of the central 
source at an angular resolution of ∼ 0.16″  (64 au). The Cycle 3 project was carried 
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Gaussian profile. For knot S1, the emission at ∼ 4–12 au is unlikely to be from 
the jet itself and is thus excluded from the fitting. The deconvolved width is the 
width deconvolved with the beam size of ∼ 8 au (0.02″ ). Knots N2, N3 and S3 
have a deconvolved width greater than the beam size. Knots N1, S1 and S2 have a 
deconvolved width smaller than the beam size.

Mean (or systemic) velocities of the jet. Supplementary Fig. 2 shows the position–
velocity diagram of the SiO jet cut along the jet axis. The northern jet component  
is detected from ∼ − 14 to 8 km s−1 LSR, with a mean velocity of ∼ − 3 km s−1 LSR  
(as indicated by the vertical dashed line). The southern jet component is detected 
from ∼ − 5 to 13 km s−1 LSR, with a mean velocity of ∼ 4 km s−1 LSR (as indicated 
by the vertical dashed line). These mean velocities are taken to be the systemic 
velocities in the northern and southern jet components.

Estimation of jet launching radius. Protostellar jets are generally thought to be 
launched magneto-centrifugally from disks1. In this framework, the launching 
radius of the jet can be derived from the specific angular momentum and the 
velocity of the jet, based on the conservation of energy and the angular momentum 
along the field line, if the mass of the central protostar is known7. For HH 212, 
because (1) the jet velocity (poloidal velocity) is so high that the gravitational 
potential can be neglected at large distances, (2) the jet velocity is much higher 
than the jet rotation and (3) the jet inclination angle is very small (∼ 4°)21, the 
governing equation (equation (4) in ref. 7) used to derive the jet launching radius 
can be simplified and rewritten as:
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to find approximate solutions analytically, where r0 is the launching radius at 
the footpoint, υj is the jet velocity, lj is the specific angular momentum of the jet 
measured at a large distance, G is the graviational constant and M⋆ is the mass of 
the central protostar. Solving this equation, we find the jet launching radius to be:
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out with two executions in 2015, one on 5 November and the other on 3 December 
during the Early Science Cycle 3 phase. The projected baselines are 17–16,196 m. 
The maximum recoverable size scale is ∼ 0.4″ . One pointing was used to map  
the innermost part of the jet at an angular resolution of 0.02″  (8 au). For the  
Cycle 1 project, the correlator was set up to have four spectral windows, with  
one for CO J =  3− 2 at 345.795991 GHz, one for SiO J =  8− 7 at 347.330631 GHz, 
one for HCO+ J =  4− 3 at 356.734288 GHz and one for the continuum at 358 GHz  
(see Supplementary Table 2). For the Cycle 3 project, the correlator was more 
flexible and thus was set up to include two more spectral windows, with  
one for SO NJ =  89 =  78 at 346.528481 GHz and one for H13CO+ J =  4− 3 at 
346.998338 GHz (see Supplementary Table 3). The total time on the HH 212  
system was ∼ 148 minutes.

We present here the observational results in SiO, which traces the jet emanating 
from the central source. The velocity resolution is 0.212 km s−1 per channel. 
However, we binned four channels to have a velocity resolution of 0.848 km s−1 to 
map the jet with sufficient sensitivity. The data were calibrated with the Common 
Astronomy Software Applications (CASA) software package (versions 4.3.1 and 4.5)  
(https://casa.nrao.edu/) for the passband, flux and gain (see Supplementary  
Table 4). We used a robust factor of two (natural weighting) for the visibility 
weighting to generate the SiO maps. To avoid the proper motion effect  
(∼ 2 au or 0.005″  per month using 115 km s−1 for the jet velocity22), only Cycle 3 data 
were used to study the jet rotation in the innermost part of the jet. This generated 
a synthesized beam with a size of 0.02″  (8 au) for the maps of the innermost part 
of the jet (see Fig. 2). To map the knots further out, which are more extended, 
we also include the Cycle 1 data, which has a larger maximum recoverable scale. 
In addition, a taper of 0.05″  was used to degrade the beam size to 0.06″  (24 au, 
see Fig. 1) to improve the signal-to-noise ratio. The noise levels can be measured 
from line-free channels and were found to be ∼ 1.6 mJy beam−1 (or ∼ 40 K) for a 
beam of ∼ 0.02″  (8 au) and 1.9 mJy beam−1 (or ∼ 6 K) for a beam of ∼ 0.06″  (24 au), 
respectively. The velocities in the channel maps and the resulting position–velocity 
diagrams are LSR.

Gaussian deconvolved width of the jet knots. Supplementary Fig. 1 shows the 
spatial profile of the jet knots perpendicular to the jet axis, extracted from the 
SiO total intensity map shown in Fig. 2a (see the white lines for the cuts). To 
derive the width of the knots, we fitted the spatial profiles of the knots with a 
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position of the knots. The vertical dashed lines indicate roughly the systemic (mean) velocities for the northern and southern jet components (as in Fig. 2, 
see Methods). The contour levels start from 4σ with a step of 1σ, where σ =  21.3"K. The red contours mark the 7σ detections in knots N2, N3 and S3.  
For knots N3 and S1, the emissions marked with a question mark are probably not from the jet itself. The green squares mark the emission peak positions 
with > 7σ detections, as determined from the Gaussian fits. The error bars show the uncertainties in the peak positions, which are assumed to be given  
by a quarter of the full width at half-maximum. The solid lines mark the linear velocity structures across the knots. The bars indicate the angular  
resolution (8"au or ∼ 0.02″) and velocity resolution (∼ 1.7"km"s−1) used for the position–velocity cuts.
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Gaussian profile. For knot S1, the emission at ∼ 4–12 au is unlikely to be from 
the jet itself and is thus excluded from the fitting. The deconvolved width is the 
width deconvolved with the beam size of ∼ 8 au (0.02″ ). Knots N2, N3 and S3 
have a deconvolved width greater than the beam size. Knots N1, S1 and S2 have a 
deconvolved width smaller than the beam size.

Mean (or systemic) velocities of the jet. Supplementary Fig. 2 shows the position–
velocity diagram of the SiO jet cut along the jet axis. The northern jet component  
is detected from ∼ − 14 to 8 km s−1 LSR, with a mean velocity of ∼ − 3 km s−1 LSR  
(as indicated by the vertical dashed line). The southern jet component is detected 
from ∼ − 5 to 13 km s−1 LSR, with a mean velocity of ∼ 4 km s−1 LSR (as indicated 
by the vertical dashed line). These mean velocities are taken to be the systemic 
velocities in the northern and southern jet components.

Estimation of jet launching radius. Protostellar jets are generally thought to be 
launched magneto-centrifugally from disks1. In this framework, the launching 
radius of the jet can be derived from the specific angular momentum and the 
velocity of the jet, based on the conservation of energy and the angular momentum 
along the field line, if the mass of the central protostar is known7. For HH 212, 
because (1) the jet velocity (poloidal velocity) is so high that the gravitational 
potential can be neglected at large distances, (2) the jet velocity is much higher 
than the jet rotation and (3) the jet inclination angle is very small (∼ 4°)21, the 
governing equation (equation (4) in ref. 7) used to derive the jet launching radius 
can be simplified and rewritten as:
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to find approximate solutions analytically, where r0 is the launching radius at 
the footpoint, υj is the jet velocity, lj is the specific angular momentum of the jet 
measured at a large distance, G is the graviational constant and M⋆ is the mass of 
the central protostar. Solving this equation, we find the jet launching radius to be:
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out with two executions in 2015, one on 5 November and the other on 3 December 
during the Early Science Cycle 3 phase. The projected baselines are 17–16,196 m. 
The maximum recoverable size scale is ∼ 0.4″ . One pointing was used to map  
the innermost part of the jet at an angular resolution of 0.02″  (8 au). For the  
Cycle 1 project, the correlator was set up to have four spectral windows, with  
one for CO J =  3− 2 at 345.795991 GHz, one for SiO J =  8− 7 at 347.330631 GHz, 
one for HCO+ J =  4− 3 at 356.734288 GHz and one for the continuum at 358 GHz  
(see Supplementary Table 2). For the Cycle 3 project, the correlator was more 
flexible and thus was set up to include two more spectral windows, with  
one for SO NJ =  89 =  78 at 346.528481 GHz and one for H13CO+ J =  4− 3 at 
346.998338 GHz (see Supplementary Table 3). The total time on the HH 212  
system was ∼ 148 minutes.

We present here the observational results in SiO, which traces the jet emanating 
from the central source. The velocity resolution is 0.212 km s−1 per channel. 
However, we binned four channels to have a velocity resolution of 0.848 km s−1 to 
map the jet with sufficient sensitivity. The data were calibrated with the Common 
Astronomy Software Applications (CASA) software package (versions 4.3.1 and 4.5)  
(https://casa.nrao.edu/) for the passband, flux and gain (see Supplementary  
Table 4). We used a robust factor of two (natural weighting) for the visibility 
weighting to generate the SiO maps. To avoid the proper motion effect  
(∼ 2 au or 0.005″  per month using 115 km s−1 for the jet velocity22), only Cycle 3 data 
were used to study the jet rotation in the innermost part of the jet. This generated 
a synthesized beam with a size of 0.02″  (8 au) for the maps of the innermost part 
of the jet (see Fig. 2). To map the knots further out, which are more extended, 
we also include the Cycle 1 data, which has a larger maximum recoverable scale. 
In addition, a taper of 0.05″  was used to degrade the beam size to 0.06″  (24 au, 
see Fig. 1) to improve the signal-to-noise ratio. The noise levels can be measured 
from line-free channels and were found to be ∼ 1.6 mJy beam−1 (or ∼ 40 K) for a 
beam of ∼ 0.02″  (8 au) and 1.9 mJy beam−1 (or ∼ 6 K) for a beam of ∼ 0.06″  (24 au), 
respectively. The velocities in the channel maps and the resulting position–velocity 
diagrams are LSR.

Gaussian deconvolved width of the jet knots. Supplementary Fig. 1 shows the 
spatial profile of the jet knots perpendicular to the jet axis, extracted from the 
SiO total intensity map shown in Fig. 2a (see the white lines for the cuts). To 
derive the width of the knots, we fitted the spatial profiles of the knots with a 
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Figure 4 | Position–velocity diagrams cut across the knots (N1–N3 and S1–S3) in the jet. The horizontal dashed lines indicate the peak (central)  
position of the knots. The vertical dashed lines indicate roughly the systemic (mean) velocities for the northern and southern jet components (as in Fig. 2, 
see Methods). The contour levels start from 4σ with a step of 1σ, where σ =  21.3"K. The red contours mark the 7σ detections in knots N2, N3 and S3.  
For knots N3 and S1, the emissions marked with a question mark are probably not from the jet itself. The green squares mark the emission peak positions 
with > 7σ detections, as determined from the Gaussian fits. The error bars show the uncertainties in the peak positions, which are assumed to be given  
by a quarter of the full width at half-maximum. The solid lines mark the linear velocity structures across the knots. The bars indicate the angular  
resolution (8"au or ∼ 0.02″) and velocity resolution (∼ 1.7"km"s−1) used for the position–velocity cuts.

MHD-DW:	
r0=	0.1-0.3	au	

α	=	-2	

SiO		
zcut=-80au	

f)	

Knot	S3	

O
ffs
et
	fr
om

	k
no

t	c
en

te
r	(
au
)	

Fig. 2. Panels a�d: observed on-axis line profiles (histograms) and transverse PV diagrams (color map and white contours) of SO2 (left) and SO
(middle) at ±70 au across the northern blue jet (top) and the southern red jet (bottom). The red wing of SO falls outside our spectral set-up. A DW
model fit, with � = 5.5 andW = 30 (see text), is overplotted in black for parameters denoted in each panel. Panels e�f : PV diagrams observed by
Lee et al. (2017a) across the SiO knots N2 and S3 (grayscale and black/red contours). Their measured centroids are shown as green squares and
fitted rotation gradient as a black line. The DW model is overplotted in cyan (top) or magenta (bottom) with parameters denoted above each panel.

maximum launch radii, rin and rout, then determine the range
of velocities in the wind (through the Keplerian scaling). Since
initial SO and SO2 abundances at the disk surface are very un-
certain, we did not compute the emissivity from a full thermo-
chemical calculation along flow streamlines, as carried out for
H2O by Yvart et al. (2016). Instead we assumed a power-law
variation with radius /r↵ which allowed us to investigate rapidly
a broader range of parameters. Synthetic data cubes were then
computed assuming optically thin emission and a velocity dis-
persion of 0.6 km s�1 (the sound speed in molecular gas at
100 K), and convolved by a Gaussian beam of the same FWHM
as the ALMA clean beam. Parameter ↵ determines the relative
weight of inner versus outer streamlines and influences the pre-
dicted tilt in the PV. For a given MHD solution, the value of ↵ is
well constrained by the slope of the line profile wings.

We find that the DW solution with � = 13 used to fit the DG
Tau jet in Pesenti et al. (2004) is too fast to reproduce the HH212
data; this solution would require an angle from the sky plane of
only 0.5�, outside the observed estimate of 4+3�

�1� (Claussen et al.
1998). However, we could obtain a good fit for a slower MHD
solution with � = 5.5 and W = 30. While the emission peaks
defining the tilt in PV diagram can be reproduced with rout =
8 au, the more extended emission is better reproduced if we in-
crease rout to the expected radius of the Keplerian disk, namely
40 au (Lee et al. 2017c). The corresponding best-fit predictions
are superposed in black in Fig. 2. The value of rin is constrained
by the highest velocity present in the data; in the blue lobe, the
extent of the blue wing suggests rin  0.1 au. In the red lobe, our
model fit is less good because the centroid is slower than in the

blue by a factor 1.5�2. A slower solution with a smaller lever
arm (not yet available to us) would probably work better; nu-
merical simulations show that it is indeed possible for a DW to
have asymmetric lobes (Fendt & Sheikhnezami 2013). The value
rin ' 0.2 au in Figs. 2b, d is thus only illustrative. The model
poloidal speeds at z = 70 au range from ⇠100 to 2 km s�1 for
r0 = 0.1 to 40 au.

Interestingly, we find that the same DW solution that fits
the SO and SO2 PV cuts can also reproduce the rotation sig-
natures across axial SiO knots at similar altitude, if SiO traces
only inner streamlines launched from 0.05�0.1 au to 0.2�0.3 au.
This is shown in Figs. 2e�f, where our synthetic predictions,
convolved by 8 au are compared with the ALMA SiO data of
Lee et al. (2017a). The predicted range of terminal speeds is
70�170 km s�1, which is consistent with SiO proper motions.
Since the dust sublimation radius is also 0.2�0.3 au (Yvart et al.
2016), SiO would be released by dust evaporation at the wind
base.

3.3. Biases in analytical estimates of DW outer launch radius

An unexpected result is that our best fitting rout ' 0.2�0.3 au
for SiO knots is 2�10 times larger than the 0.05+0.05

�0.02au estimated
by Lee et al. (2017a) with the Anderson et al. (2003) formula,
which is valid for all steady DWs. Since the knots are resolved,
this cannot be due to beam smearing as in the cases investi-
gated by Pesenti et al. (2004). The same applies to our SO and
SO2 PV cuts, whereas inserting the apparent velocity gradient in
the Anderson formula would give rout ⇠ 1 au instead of 40 au.
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striking: SiO traces the narrow high-velocity jet, while C34S outlines the dense walls of a broad

outflow cavity, and C17O traces the rotating equatorial envelope and disk. We find that the cavity

walls may be fitted by a parabolic shape z = r2/a + 0.0500 with a = 0.900 in the north and a = 100 in

the south (slightly less open than sketched in Lee et al. 2017c).
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Gaussian profile. For knot S1, the emission at � 4–12 au is unlikely to be from 
the jet itself and is thus excluded from the fitting. The deconvolved width is the 
width deconvolved with the beam size of � 8 au (0.02� ). Knots N2, N3 and S3 
have a deconvolved width greater than the beam size. Knots N1, S1 and S2 have a 
deconvolved width smaller than the beam size.

Mean (or systemic) velocities of the jet. Supplementary Fig. 2 shows the position–
velocity diagram of the SiO jet cut along the jet axis. The northern jet component  
is detected from � � 14 to 8 km s�1 LSR, with a mean velocity of � � 3 km s�1 LSR  
(as indicated by the vertical dashed line). The southern jet component is detected 
from � � 5 to 13 km s�1 LSR, with a mean velocity of � 4 km s�1 LSR (as indicated 
by the vertical dashed line). These mean velocities are taken to be the systemic 
velocities in the northern and southern jet components.

Estimation of jet launching radius. Protostellar jets are generally thought to be 
launched magneto-centrifugally from disks1. In this framework, the launching 
radius of the jet can be derived from the specific angular momentum and the 
velocity of the jet, based on the conservation of energy and the angular momentum 
along the field line, if the mass of the central protostar is known7. For HH 212, 
because (1) the jet velocity (poloidal velocity) is so high that the gravitational 
potential can be neglected at large distances, (2) the jet velocity is much higher 
than the jet rotation and (3) the jet inclination angle is very small (� 4°)21, the 
governing equation (equation (4) in ref. 7) used to derive the jet launching radius 
can be simplified and rewritten as:
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to find approximate solutions analytically, where r0 is the launching radius at 
the footpoint, �j is the jet velocity, lj is the specific angular momentum of the jet 
measured at a large distance, G is the graviational constant and M� is the mass of 
the central protostar. Solving this equation, we find the jet launching radius to be:
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out with two executions in 2015, one on 5 November and the other on 3 December 
during the Early Science Cycle 3 phase. The projected baselines are 17–16,196 m. 
The maximum recoverable size scale is � 0.4� . One pointing was used to map  
the innermost part of the jet at an angular resolution of 0.02�  (8 au). For the  
Cycle 1 project, the correlator was set up to have four spectral windows, with  
one for CO J =  3� 2 at 345.795991 GHz, one for SiO J =  8� 7 at 347.330631 GHz, 
one for HCO+ J =  4� 3 at 356.734288 GHz and one for the continuum at 358 GHz  
(see Supplementary Table 2). For the Cycle 3 project, the correlator was more 
flexible and thus was set up to include two more spectral windows, with  
one for SO NJ =  89 =  78 at 346.528481 GHz and one for H13CO+ J =  4� 3 at 
346.998338 GHz (see Supplementary Table 3). The total time on the HH 212  
system was � 148 minutes.

We present here the observational results in SiO, which traces the jet emanating 
from the central source. The velocity resolution is 0.212 km s�1 per channel. 
However, we binned four channels to have a velocity resolution of 0.848 km s�1 to 
map the jet with sufficient sensitivity. The data were calibrated with the Common 
Astronomy Software Applications (CASA) software package (versions 4.3.1 and 4.5)  
(https://casa.nrao.edu/) for the passband, flux and gain (see Supplementary  
Table 4). We used a robust factor of two (natural weighting) for the visibility 
weighting to generate the SiO maps. To avoid the proper motion effect  
(� 2 au or 0.005�  per month using 115 km s�1 for the jet velocity22), only Cycle 3 data 
were used to study the jet rotation in the innermost part of the jet. This generated 
a synthesized beam with a size of 0.02�  (8 au) for the maps of the innermost part 
of the jet (see Fig. 2). To map the knots further out, which are more extended, 
we also include the Cycle 1 data, which has a larger maximum recoverable scale. 
In addition, a taper of 0.05�  was used to degrade the beam size to 0.06�  (24 au, 
see Fig. 1) to improve the signal-to-noise ratio. The noise levels can be measured 
from line-free channels and were found to be � 1.6 mJy beam�1 (or � 40 K) for a 
beam of � 0.02�  (8 au) and 1.9 mJy beam�1 (or � 6 K) for a beam of � 0.06�  (24 au), 
respectively. The velocities in the channel maps and the resulting position–velocity 
diagrams are LSR.

Gaussian deconvolved width of the jet knots. Supplementary Fig. 1 shows the 
spatial profile of the jet knots perpendicular to the jet axis, extracted from the 
SiO total intensity map shown in Fig. 2a (see the white lines for the cuts). To 
derive the width of the knots, we fitted the spatial profiles of the knots with a 
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Figure 4 | Position–velocity diagrams cut across the knots (N1–N3 and S1–S3) in the jet. The horizontal dashed lines indicate the peak (central)  
position of the knots. The vertical dashed lines indicate roughly the systemic (mean) velocities for the northern and southern jet components (as in Fig. 2, 
see Methods). The contour levels start from 4� with a step of 1�, where � =  21.3"K. The red contours mark the 7� detections in knots N2, N3 and S3.  
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with > 7� detections, as determined from the Gaussian fits. The error bars show the uncertainties in the peak positions, which are assumed to be given  
by a quarter of the full width at half-maximum. The solid lines mark the linear velocity structures across the knots. The bars indicate the angular  
resolution (8"au or � 0.02�) and velocity resolution (� 1.7"km"s�1) used for the position–velocity cuts.
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Gaussian profile. For knot S1, the emission at � 4–12 au is unlikely to be from 
the jet itself and is thus excluded from the fitting. The deconvolved width is the 
width deconvolved with the beam size of � 8 au (0.02� ). Knots N2, N3 and S3 
have a deconvolved width greater than the beam size. Knots N1, S1 and S2 have a 
deconvolved width smaller than the beam size.

Mean (or systemic) velocities of the jet. Supplementary Fig. 2 shows the position–
velocity diagram of the SiO jet cut along the jet axis. The northern jet component  
is detected from � � 14 to 8 km s�1 LSR, with a mean velocity of � � 3 km s�1 LSR  
(as indicated by the vertical dashed line). The southern jet component is detected 
from � � 5 to 13 km s�1 LSR, with a mean velocity of � 4 km s�1 LSR (as indicated 
by the vertical dashed line). These mean velocities are taken to be the systemic 
velocities in the northern and southern jet components.

Estimation of jet launching radius. Protostellar jets are generally thought to be 
launched magneto-centrifugally from disks1. In this framework, the launching 
radius of the jet can be derived from the specific angular momentum and the 
velocity of the jet, based on the conservation of energy and the angular momentum 
along the field line, if the mass of the central protostar is known7. For HH 212, 
because (1) the jet velocity (poloidal velocity) is so high that the gravitational 
potential can be neglected at large distances, (2) the jet velocity is much higher 
than the jet rotation and (3) the jet inclination angle is very small (� 4°)21, the 
governing equation (equation (4) in ref. 7) used to derive the jet launching radius 
can be simplified and rewritten as:
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to find approximate solutions analytically, where r0 is the launching radius at 
the footpoint, �j is the jet velocity, lj is the specific angular momentum of the jet 
measured at a large distance, G is the graviational constant and M� is the mass of 
the central protostar. Solving this equation, we find the jet launching radius to be:
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out with two executions in 2015, one on 5 November and the other on 3 December 
during the Early Science Cycle 3 phase. The projected baselines are 17–16,196 m. 
The maximum recoverable size scale is � 0.4� . One pointing was used to map  
the innermost part of the jet at an angular resolution of 0.02�  (8 au). For the  
Cycle 1 project, the correlator was set up to have four spectral windows, with  
one for CO J =  3� 2 at 345.795991 GHz, one for SiO J =  8� 7 at 347.330631 GHz, 
one for HCO+ J =  4� 3 at 356.734288 GHz and one for the continuum at 358 GHz  
(see Supplementary Table 2). For the Cycle 3 project, the correlator was more 
flexible and thus was set up to include two more spectral windows, with  
one for SO NJ =  89 =  78 at 346.528481 GHz and one for H13CO+ J =  4� 3 at 
346.998338 GHz (see Supplementary Table 3). The total time on the HH 212  
system was � 148 minutes.

We present here the observational results in SiO, which traces the jet emanating 
from the central source. The velocity resolution is 0.212 km s�1 per channel. 
However, we binned four channels to have a velocity resolution of 0.848 km s�1 to 
map the jet with sufficient sensitivity. The data were calibrated with the Common 
Astronomy Software Applications (CASA) software package (versions 4.3.1 and 4.5)  
(https://casa.nrao.edu/) for the passband, flux and gain (see Supplementary  
Table 4). We used a robust factor of two (natural weighting) for the visibility 
weighting to generate the SiO maps. To avoid the proper motion effect  
(� 2 au or 0.005�  per month using 115 km s�1 for the jet velocity22), only Cycle 3 data 
were used to study the jet rotation in the innermost part of the jet. This generated 
a synthesized beam with a size of 0.02�  (8 au) for the maps of the innermost part 
of the jet (see Fig. 2). To map the knots further out, which are more extended, 
we also include the Cycle 1 data, which has a larger maximum recoverable scale. 
In addition, a taper of 0.05�  was used to degrade the beam size to 0.06�  (24 au, 
see Fig. 1) to improve the signal-to-noise ratio. The noise levels can be measured 
from line-free channels and were found to be � 1.6 mJy beam�1 (or � 40 K) for a 
beam of � 0.02�  (8 au) and 1.9 mJy beam�1 (or � 6 K) for a beam of � 0.06�  (24 au), 
respectively. The velocities in the channel maps and the resulting position–velocity 
diagrams are LSR.

Gaussian deconvolved width of the jet knots. Supplementary Fig. 1 shows the 
spatial profile of the jet knots perpendicular to the jet axis, extracted from the 
SiO total intensity map shown in Fig. 2a (see the white lines for the cuts). To 
derive the width of the knots, we fitted the spatial profiles of the knots with a 
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Figure 4 | Position–velocity diagrams cut across the knots (N1–N3 and S1–S3) in the jet. The horizontal dashed lines indicate the peak (central)  
position of the knots. The vertical dashed lines indicate roughly the systemic (mean) velocities for the northern and southern jet components (as in Fig. 2, 
see Methods). The contour levels start from 4� with a step of 1�, where � =  21.3"K. The red contours mark the 7� detections in knots N2, N3 and S3.  
For knots N3 and S1, the emissions marked with a question mark are probably not from the jet itself. The green squares mark the emission peak positions 
with > 7� detections, as determined from the Gaussian fits. The error bars show the uncertainties in the peak positions, which are assumed to be given  
by a quarter of the full width at half-maximum. The solid lines mark the linear velocity structures across the knots. The bars indicate the angular  
resolution (8"au or � 0.02�) and velocity resolution (� 1.7"km"s�1) used for the position–velocity cuts.
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Fig. 2. a-d: Observed on-axis line profiles (histograms) and transverse PV diagrams (color map and white
contours) of SO2 (left) and SO (middle) at ±70 au across the northern blue jet (top) and the southern red jet
(bottom). The red wing of SO falls outside our spectral set-up. An MHD-DW model fit, with � = 5.5 and
W = 30 (see text), is overplotted in black for parameters denoted in each panel. e-f: PV diagrams observed
by Lee et al. (2017a) across the SiO knots N2 and S3 (grayscale and black/red contours), with their measured
centroids as green squares and fitted rotation gradient as a black line. The MHD-DW model is overplotted in
cyan (top) or magenta (bottom) contours with parameters denoted above each panel.

Figure 1b presents a zoom on SO2 emission within 0.500= 250 au of the source. This tracer,

together with SO, was found to be abundant in the HH 212 jet on a larger scale (Podio et al.

2015). Our data resolve its bright emission near the base, revealing a rotation signature in the

form of a transverse shift ' ±0.0500 between redshifted and blueshifted emission at ± 2km s�1 from

systemic, in the same (east-west) sense in both lobes and in the same sense as the envelope rotation

in Fig. 1a. The emission peaks at a typical distance of 0.1 � 0.1500, well above the disk atmosphere

at z ' ±0.0500 traced by complex organic molecules (Lee et al. 2017c; Bianchi et al. 2017) and

extends out to ± 0.300along the jet axis, indicating that this rotating material is outflowing. In the

equatorial plane, the emission appears to originate from a region of typical radius ' 0.100 = 45 au,

i.e., similar to the centrifugal barrier (herafter CB) estimated from HCO+ infall kinematics, inside

which the disk is expected to become Keplerian (Lee et al. 2017c). Channel maps (see Fig. B.1)

further show that this rotating outflow has an onion-like velocity structure with increasing width

at progressively lower velocities, which eventually fills up the base of the cavity. The SO emission

has a similar behavior (see Fig. B.2). Figure 2 shows transverse position-velocity (PV) cuts and

line profiles of SO2 and SO at ±70 au from the midplane (beyond 1 beam diameter, to avoid any

contamination by infall). Rotation is clearly apparent as a tilt in the PV cuts. The velocity decrease
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Tabone	et	al.	2017	
A&A	Le:ers	
same	MHD	DW	solu^on	
as	for	SO	/	SO2	:		
è r0=0.05-0.2	au	(N2)	
è r0=0.1-0.3	au	(S3)	
>>	Lee+2017	(0.05au)		

è SiO	jets	would	trace	
only	dust-free	
streamlines	(Rsub	
~	0.2	au):		

è Chemical	tomography	
	



à confirm	SO/SO2		rota^ng	ou,low	from	disk	
à DW	model	of	Tabone	et	al.	2017		

	 	s^ll	works	at		z	=	+/-	30	au:	

Figure 7. PV diagrams of the SO and SO2 emissions across the jet axis at increasing distance from the central source. Left column is for the north and right is for the
south. The number in the upper left corner indicates the distance from the central source along the jet axis. The gray image with black contours is for SO emission. The
contours start at 3σ with a step of 2σ, where σ=1.1×10−3 Jy beam−1. Red contours are for SO2 emission. The contours start at 3σ with a step of 1.5σ, where
σ=3.4×10−4 Jy beam−1. The green ellipses guide the readers for the elliptical PV structures of the shell. The magenta curves show the Keplerian rotation velocity
profile due to the central protostar (Lee et al. 2017c). In the upper left panel, the rectangles in the lower left corner show the resolutions of the cuts in SO and SO2.
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Figure 7. PV diagrams of the SO and SO2 emissions across the jet axis at increasing distance from the central source. Left column is for the north and right is for the
south. The number in the upper left corner indicates the distance from the central source along the jet axis. The gray image with black contours is for SO emission. The
contours start at 3σ with a step of 2σ, where σ=1.1×10−3 Jy beam−1. Red contours are for SO2 emission. The contours start at 3σ with a step of 1.5σ, where
σ=3.4×10−4 Jy beam−1. The green ellipses guide the readers for the elliptical PV structures of the shell. The magenta curves show the Keplerian rotation velocity
profile due to the central protostar (Lee et al. 2017c). In the upper left panel, the rectangles in the lower left corner show the resolutions of the cuts in SO and SO2.
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Fig. 6.— The intensity weighted velocity (first moment) maps of the SO and SO2 emission

at low velocities, plotted together with the maps of the dusty disk (gray contours), disk
atmosphere (white contours), and SiO jet (magenta contours). The red and blue arrows

show the rotation of the disk.
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SiOHH212	as	a	test	case	for	MHD-DW	models	
Part	3:	SO@20	au	(0.04’’)	

Lee+2018,	ApJ	



è	Lee+2018	Propose	thin	rota^ng	shell	driven	by	
(invisible)	wide-angle	wind	
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Fig. 6.— The intensity weighted velocity (first moment) maps of the SO and SO2 emission

at low velocities, plotted together with the maps of the dusty disk (gray contours), disk
atmosphere (white contours), and SiO jet (magenta contours). The red and blue arrows

show the rotation of the disk.
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Fig. 7.— PV diagrams of the SO and SO2 emissions across the jet axis at increasing distance

from the central source. Left column for the north and right for the south. The number in
the upper left corner indicates the distance from the central source along the jet axis. Gray

image with black contours is for SO emission. The contours start at 3σ with a step of 2 σ,
where σ = 1.1 × 10−3 Jy beam−1. Red contours are for SO2 emission. The contours start
at 3σ with a step of 1.5 σ, where σ = 3.4 × 10−4 Jy beam−1. The green ellipses guide the

readers for the elliptical PV structures of the shell. The magenta curves show the Keplerian
rotation velocity profile due to the central protostar (Lee et al. 2017b). In the upper left

panel, the rectangles in the lower left corner show the resolutions of the cuts in SO and SO2.
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Fig. 11.— Same as Figure 5, but with two model PV structures added. The solid curves are
for the radial expanding shell model with v0 ∼ 42 km s−1 arcsec−1 and the dotted curves are

for the material moving along the shell model with v0 ∼ 45 km s−1 arcsec−1.

Not	as	clear	in	southern	lobe…	



J. Pety et al.: Plateau de Bure interferometer observations of the disk and outflow of HH 30

843

Fig. 1. Left panel: contours of the 12CO J = 2−1 emission of HH 30 are plotted over a composite HST image (670 and 787.7 nm, see Burrows et al.

1996). Emission is only integrated at extreme velocities (≤4 km s −1
and ≥11 km s −1) to avoid contamination by the disk emission. Contours are at

the 3-sigma level (48 mJy/beam) and the spatial resolution is 1.23 × 0.75 ′′
PA 31 ◦

(compared to a pixel size of 0.1 ′′
for the HST image). Medium

panel: superimposition of 3-sigma level contours 1) of the outflow emission as traced by the 12CO(2–1) emission integrated at extreme velocities

(cf. left panel) and 2) of the blue-shifted from 4.6 to 7.2 km s −1
(blue dotted line, 29 mJy/beam) and red-shifted from 7.2 to 9.8 km s −1

(red dashed

line, 29 mJy/beam) emission of the disk as traced by the 13CO(2–1) line. The spatial resolution of the 13CO map is 1.57 × 1.35 ′′
PA 25 ◦. Right

panel: superimposition of the 3-sigma level (1.4 mJy/beam) of the merged 1.30 mm and 1.35 mm continuum emission over the same composite

HST image. The spatial resolution is 1.29 × 0.91 ′′
PA 33 ◦.

emissions are strong while only weak C 18O
J = 1−0 and

HCO +
J = 1−0 emissions are observed. Continuum emission at

3.4 mm, 2.7 mm, 1.35 mm and 1.30 mm is detected, the source

being resolved only at 1.30 mm. Figure 1 summarize our molec-

ular and continuum observations of HH 30 superimposed over

the well-known HST image (Burrows et al. 1996). This figure

clearly suggests that 1) the outflow is detected only through the

12CO emission, 2) the 13CO J = 2−1 line mainly traces the rotat-

ing disk (the velocity gradient along the major axis of the optical

disk is a direct signature of rotation), and 3) the mm continuum

emission, centered on the optical dark lane, is thermal and orig-

inates from the disk. Figures 2 and 3 present the channels maps

of the four observed CO lines. Those channel maps are centered

around the HH 30 systemic velocity of the disk: 7.25 km s −1

(cf. Sect. 4). Only channels where signal is detected are shown,

i.e. from −0.2 to 13.8 km s −1
for 12CO J = 2−1 and from 4.9 to

10.3 km s −1
for the other CO isotopologues. As a reference, the

optical dark line and jet directions as seen on the HST image are

sketched on those figures with orthogonal lines.

3.1. The molecular cloud

13CO J = 1−0 channel maps (Fig. 2b) show emission centered

on the optical disk on top of large structures, unrelated to the

outflow and/or the disk. Those large structures are clearly seen

on the 13CO J = 1−0 emission in the same velocity interval (i.e.

6 to 8.4 km s −1), both in the high spatial resolution PdBI data

(Fig. 2b) and in medium spatial resolution but wide field-of-view

BIMA data (Fig. 2 of Welch et al. 2000). However, they are

not detected on the 13CO J = 2−1 channel maps (Fig. 2a). We

thus identify those large structures with the surrounding molec-

ular cloud. As the disk is expected to be hotter than the molecu-

lar cloud, the 13CO J = 2−1 line is mainly originating from the

disk while the 13CO J = 1−0 emission shows both contributions.

Moreover, the molecular cloud 12CO
J = 2−1 emission is ex-

pected to be optically thick, hence hiding any emission from the

disk/outflow system. Indeed, 12CO J = 2−1 channels from 6.2

to 7 km s −1
are devoid of signal in the disk/jet directions in Fig. 3.

The interferometer has probably filtered out this emission be-

cause the size scale of the optically thick molecular cloud emis-

sion is larger than typically half the interferometer primary beam

(the well-known short-spacings problem). Finally, the emission

of C 18O J = 1−0 (the most optically thin line of this study) is

very weak and peaks from 6.2 to 6.8 km s −1
(Fig. 2c).

3.2. The molecular disk

Contrary to 13CO
J = 1−0 line, the 13CO

J = 2−1 emission

shown in Fig. 2 is clearly dominated by the circumstellar

disk. The disk is seen in the 13CO J = 2−1 emission from ∼5

to 10 km s −1. The disk is also detected in the same velocity range

in the 12CO J = 2−1 channel maps (cf. Fig. 3).

Figure 4 shows Position-Velocity diagrams along the disk

axis of 12CO J = 2−1 and 13CO J = 2−1 emissions. We over-

plotted 1) the direction of star and the systemic velocity as

two orthogonal blue lines and 2) the curves of the theoretical

Keplerian velocity for a 0.45
M
⊙ star. Note that this is just

an illustration: the stellar mass value and uncertainty are deter-

mined through the detailed disk analysis described in Sect. 4.2.

A clear signature of the Keplerian rotation of the disk is visi-

ble. However, some confusion exists from the parent cloud. For

12CO J = 2−1, this confusion is so important that the disk emis-

sion stays undetected due to the molecular cloud between 6.2

and 7 km s −1. For 13CO J = 2−1, the confusion in the disk direc-

tion is important only for the 6.83, 6.51 and 6.19 km s −1
chan-

nels and minor elsewhere. The detailed modelling of the HH 30

Rota^ng	CO	cavity	in	HH30	–	Class	2	
(Louvet	et	al.	2018)	

Pety+06		
CO	PdBI@1’’		

ALMA@0.2’’	
CO(2-1)	

R	Vφ	~	30	au	km/s,	Vz	~	10	km/s		
è r0	=	1	au,	λ	~	2	(MHD)		
è r0	=	4	au	(HD)	

Very	massive	!	If	steady-state	flow	along	cone:	Mdot(CO)	~	10-7	M¤/yr	
~	50	x	Mdot	(atomic	jet)	>	Macc(rin)	è	disk	dissipaQon	?		
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«	First	system	of	jet,	molecular	ou,low,		
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G. Suttner et al.: Multi-dimensional numerical simulations of molecular jets 605

Fig. 14. Emission maps of model 3D 2. The line intensities are given in erg s−1 cm−2 sr−1.

Fig. 15. 1–0 S(1) Emission map of model 3D 2 at different angles α to

the plane of the sky.

– the bow shocks are also of different excitation. The second
bow is of lower excitation than the leading bow in Fig. 12.

– a wide and patchy high-excitation area is located in the mid-
dle of the flow where the outflow narrows at∼ 7−9·1016 cm.

7.5. High-resolution spectroscopy

The 1-0 S(1) line profile from the non-pulsed jet model (Fig. 13)
clearly consists of two components. The strongest component
arises from the weakly accelerated external gas and peaks at
∼20 km s−1 (for the orientation of 45◦). The secondary peak at
∼60 km s−1 originates from the jet gas. We can compare this to

Fig. 16. 1–0 S(1) Emission map of model 3D 2 at different angles α

to the plane of the sky. The observer is at a position rotated about 90o

around the flow axis compared to Fig. 15.

observed low spatial-resolution profiles centered on well-known
Herbig-Haro bow shocks, which generally show a shift of the
peak of ∼10 km s−1 from the local cloud radial velocity (Zin-
necker et al. 1989). A secondary peak is occasionally observed.
High-resolution spectroscopy of the deeply embedded sources
is required.

The pulsed jet model yields a more complex profile (Fig. 19).
Several components are present and a line width approaching
100 km s−1 is predicted. Hence there is a considerable transverse
acceleration of molecules in this case.
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Several components are present and a line width approaching
100 km s−1 is predicted. Hence there is a considerable transverse
acceleration of molecules in this case.

SuXner,	Smith,	Yorke,	Zinnecker	1997	(A&A)		
First	3D	jet	simula^ons,	including	H2	
chemistry,	with	ini^ally	molecular	jet	
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Low-velocity	cavity	!		

High-velocity	molecular	jet	!		
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Fig. 12. Comparison between the shape of the cavity predicted by our model (thick line) and the observations: CO J = 2 → 1 low-velocity
emission (see Fig. 4; note that the shape of the cavity is not significantly modified if other integration limits are used) and 230 GHz continuum
emission (see Fig. 9). The image has been rotated for clarity. The parameters of the model are: γ = −2, d = 27 R0(d), and R0(d) ≃ 380 AU.

of θ as in the steady-state case (Eqs. 1 or 3), but with R0 evalu-
ated at the projected distance x of the point under consideration.
This hypothesis is probably justified for the case of a slowly-
varyingR0(x). The overall shape of the propagating bow-shock
can thereby be computed from the following set of equations:
⎧

⎪

⎪

⎨

⎪

⎪

⎩

Rc(θ) = R0(x) θ (Eq. 1)
or R0(x)

√

3 (1 − θ/ tan θ) (Eq. 3)
R0(x) = R0(d) (x/d)−γ/2 (Eq. 4)
x = d + Rc(θ)/ tan θ

There are two free parameters in this simple modelisation:
γ, which describes the evolution of the characteristic size of the
bow, and d, the present position of the shock. In addition, the
present size of the bow shock, R0(d), is a scaling factor for the
whole model. In order not to add another free parameter, we did
not consider any projection effect, and thus assumed the flow to
be in the plane of the sky.

Raga & Cabrit (1993) presented the shapes resulting from
the Dyson’s description of the bow, and noted that they repro-
duced typical flow morphologies in a satisfactory way. These
curves are presented in Fig. 11, together with the shapes we ob-
tained by using themore realistic bowgeometry given byWilkin
(Eq. 3). The latter curves have similar behaviour to those calcu-
lated by Raga & Cabrit, but are “rounder” in the part of the flow
close to the exciting source.

4.3. Comparison with the observations

Fig. 12 shows the extremely good agreement between the
HH211 eastern lobe and one of the shapes we obtained with
the model described in the previous section, assuming that the
bow-shock geometry is given by Eq. 3. It is actually surprising
to find such good agreement between the observations and the
result of our very simple calculations. It may be worth to re-
mind here that very strong hypothesis (isotropic wind into the

bow-shock, approximate method used to take into account the
shock propagation; see previous sections) have been made in
the calculation of the curves presented in Figs. 11 and 12. This
toy-model is more intended to provide a first guess of the cav-
ity shape created by the propagation of a shock rather than to
be a realistic modelisation. Several physical or chemical effects
(e.g. opacity effects along the line of sight, dissociation of the
molecules within the shocks) have not been taken into account
and could also affect the observed morphology, even if they
seem not to play a crucial role for HH211.

The curve presented in Fig. 12 corresponds to γ = −2 (i.e.
to a conservative value) and to a ratio d/R0(d) = 27 (which
reflects the high collimation of the flow). Our simulations show
that, for a given γ, the value of d/R0(d) is constrained within a
few unities to obtain a satisfactory qualitative agreement be-
tween the model and the observations. Note that the small,
highly collimated zone in the closest vicinity from the proto-
star is not reproduced: this points to a higher (absolute) value
of γ at this position (see Fig. 11, case γ = −4). This is ac-
tually consistent with the protostar being located at the edge
of a molecular filament (Fig. 7), since in this case one expects
the density to decrease rapidly near the source, and then more
slowly in the interstellar medium.

The spatial scale of the model presented here is R0(d) ≃

380AU (for a distance of 315 pc).R0 is given by Eq. 2, in which
the poorest known parameter is the mass loss rate ṁ. Assuming
typical values for the other parameters, we can very roughly
estimate:

ṁ ∼ 3 10−6
M⊙/year

(

R0

380 AU

)2( nH2

104 cm−3

)

×

(

VS

80 km s−1

)2( V0

50 km s−1

)−1

(5)

where nH2
is the ambient number density. This estimate of the

mass loss rate within the bow-shock is a lower limit of the actual

HH211:	archetype	of	jet-driven	
ou,low					

consistent	with	
	Mjet	(CO)	~	2.5	10-3	Mo	
	Tdyn	(jet)	~	750	yr		(Vs	/	80	km/s)-1	
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emission (see Fig. 4; note that the shape of the cavity is not significantly modified if other integration limits are used) and 230 GHz continuum
emission (see Fig. 9). The image has been rotated for clarity. The parameters of the model are: γ = −2, d = 27 R0(d), and R0(d) ≃ 380 AU.
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not consider any projection effect, and thus assumed the flow to
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the model described in the previous section, assuming that the
bow-shock geometry is given by Eq. 3. It is actually surprising
to find such good agreement between the observations and the
result of our very simple calculations. It may be worth to re-
mind here that very strong hypothesis (isotropic wind into the

bow-shock, approximate method used to take into account the
shock propagation; see previous sections) have been made in
the calculation of the curves presented in Figs. 11 and 12. This
toy-model is more intended to provide a first guess of the cav-
ity shape created by the propagation of a shock rather than to
be a realistic modelisation. Several physical or chemical effects
(e.g. opacity effects along the line of sight, dissociation of the
molecules within the shocks) have not been taken into account
and could also affect the observed morphology, even if they
seem not to play a crucial role for HH211.

The curve presented in Fig. 12 corresponds to γ = −2 (i.e.
to a conservative value) and to a ratio d/R0(d) = 27 (which
reflects the high collimation of the flow). Our simulations show
that, for a given γ, the value of d/R0(d) is constrained within a
few unities to obtain a satisfactory qualitative agreement be-
tween the model and the observations. Note that the small,
highly collimated zone in the closest vicinity from the proto-
star is not reproduced: this points to a higher (absolute) value
of γ at this position (see Fig. 11, case γ = −4). This is ac-
tually consistent with the protostar being located at the edge
of a molecular filament (Fig. 7), since in this case one expects
the density to decrease rapidly near the source, and then more
slowly in the interstellar medium.

The spatial scale of the model presented here is R0(d) ≃

380AU (for a distance of 315 pc).R0 is given by Eq. 2, in which
the poorest known parameter is the mass loss rate ṁ. Assuming
typical values for the other parameters, we can very roughly
estimate:

ṁ ∼ 3 10−6
M⊙/year

(

R0

380 AU

)2( nH2

104 cm−3

)

×

(

VS

80 km s−1

)2( V0

50 km s−1

)−1

(5)

where nH2
is the ambient number density. This estimate of the

mass loss rate within the bow-shock is a lower limit of the actual

Gueth+99	could	fit	cavity	by	Raga	&	Cabrit93	model		
with		n_amb	~	r-2		and		
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PdBI	observaQons	of	IRAS	04166	
Santiago-Garcia, Tafalla, Johnstone, Bachiller 2009 (A&A) 

PdBI	map	(2’’	beam)		

Slide	courtesy	of	M.	Tafalla	



ALMA	observaQons	of	IRAS	04166	
Tafalla, Su, Shang, Johnstone, Zhang, Santiago-García, Lee, Hirano, & Wang  
                                                     (2017, A&A, 597, A119) 

Observa^ons	@1’’	(150	au)	

Model	predic^ons	
Parabolic  shell model: 

�  Sideways expansion along shell  
from 0 to 13 km/s 

�  gas ejected laterally: jet shock, not 
wind-shock ! 
 

�  Ejected sideways momentum + knot 
frequency (150 yr) sufficient to push 
aside cavity mass over outflow age 

Model	

Slide	courtesy	of	M.	Tafalla	



ALMA	observaQons	of	L1448		
Tafalla	et	al.,	in	prep.	

l  Cycle	3	CO(2-1),	SiO(5-4).	
Resol.	~	0”.3	(~75	au)	

+	IRAM	30m	zero	spacing	
l  Modeling	in	progress	

�  Preliminary	results!	
�  Nested	conical	cavi^es,	

è	ou,low	driven	by	
Mul^ple	Bowshocks	
	(cf.	Hammer	jet	of	
	Volker+99)	

•  update	P(θ)	in	
simula^ons	of	ou,low	
feedback	

•  Biases	in	flow	age	
(Downes	&	Cabrit	07)	

Slide	courtesy	of	M.	Tafalla	



HH46-47:	also	a	pc	scale	flow	
Stanke,	McCaughrean,	Zinnecker	1999	Th. Stanke et al.: HH 46/47: Also a parsec scale flow L45

HH 47HH 47NE

HH 47SW

D
A

HH 47C

HH 46

Fig. 2. Continuum subtracted Hα image of the same area as in Fig. 1. The major features in the HH 46/47 jet are labeled. The feature ahead of
HH 47 D found by Morse et al. (1994) is also seen. The newly discovered HH objects are labeled as HH 47 NE and HH 47 SW. While HH 47 NE
seems to form a large bow shock, the morphology of HH 47 SW is not well defined.

of Hα emission. Smooth extended Hα emission is seen to fill
the spaces between the globules and to the north-west. The
HH 46/47 jet system consists of much more compact, knotty,
and filamentary Hα structures. Superimposed on the smooth
background, a number of additional compact, knotty patches of
Hα emission can also be seen in the north-eastern and south-
western corners of the image (marked with arrows).

Fig. 2 shows the same field with the continuum emission and
large-scale Hα gradient subtracted in order to show the compact
Hα features better. The main features are the rims around the
globules whose structure suggests illumination from the north-
west, with bright emission at their north-eastern tips and stream-
ers extending to the south-east. In addition to GDC 1 harbouring
HH 47 IRS and a comparably-sized second globule, GDC 2, at
the eastern edge of the image (Reipurth 1983), many smaller
and less pronounced features are seen, including a very narrow
finger pointing to the north-west.

The features in the north-east and south-west corners
marked by arrows in Fig. 1 also stand out clearly now. We argue
that these are Herbig-Haro type structures as follows:

– The knots are emission line features, detected in Hα and in
[S ii] (albeit only faintly in the latter line), typical of Herbig-
Haro objects;

– They display a much more compact structure than the emis-
sion from the background H ii region, suggesting emission
from shocked gas rather than from the diffuse ionized gas;

– Their morphology differs from that of the rims around
the globules: the latter are indicative of thin layers of gas
evaporating from the denser globules, wrapping around
the globules, while the candidate HH objects show up as
compact blobs unassociated with any globules; the north-
eastern group forms a bow-like structure heading north-east,
whereas the rims around the globules head north-west;

– The morphology of the north-eastern group is reminiscent of
a large fragmented bow shock, indicating a working surface
in a flow heading north-east, pointing back to somewhere in
the vicinity of HH 47 IRS;

– The south-western group is at the same distance from
HH 47 IRS as the north-eastern group, suggesting that these
may be matching shocks in a single flow, created by the
same ejection event.

LE
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1.3	pc	
Tdyn	~	104	yr	q How	much	jet	

momentum	
stays	in	cluster	?	
In	cloud	?	

q What	is	true	
impact	on	SFE	
and	final	stellar	
mass	?		
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Fig. 11.— Surface density maps of the mass, momentum and
kinetic energy (from top to bottom) of the HH 46/47 outflow. Only
the emission considered to be associated with the outflow has been
taken into account. The maps combine the material traced by
12CO, 13CO, and C18O. The dashed circles show the annuli over
which we integrate to obtain the mass distribution to the distance
from the central source in Figure 13. The dashed diagonal line
divides the blue lobe and the red lobe. The cyan dashed lines
roughly outline the outflow cavities which are used to estimate the
mass of the ambient material which originally filled the outflow
cavity (see Figure 13 and Section 4.1).

and the reduced χ2 is 0.84. According to this, the 13CO
(1-0) line becomes optically thin at velocities higher than
∼ 1 km s−1.
Figure 10 shows the mean intensity ratios between

12CO (1-0) and 13CO (1-0) as a function of velocity for
different regions within the mapped area. The ratios are
calculated in the same way as the 13CO-to-C18O inten-
sity ratios. Again we show the intensity ratios of the
entire mapped area, the central region, the extended red
lobe, the cloud edges, and the whole outflow (the central
region plus the extended red lobe). Without correcting
the optical depth of 13CO, the intensity ratios become
flat at low velocities (blue symbols), suggesting optically
thick 13CO emission. As the velocity increases, the inten-
sity ratio increases (i.e., the 12CO optical depth drops)

Fig. 12.— The mass spectra of the HH 46/47 outflow. The blue
and red symbols are for the blue-shifted and red-shifted material
respectively. The open squares show the mass derived from 12CO
without optical depth correction. The filled squares show the mass
obtained combining the optical-depth corrected 12CO and 13CO
emission, and the C18O data. The dash lines are power law fits to
the filled squares.

faster in the central region than in the extended red lobe,
although at low velocities, 12CO in the central region
is optically thicker. After correcting the 13CO optical
depth, we can fit a parabola even at the low velocities.
The best fit for the region of the whole outflow is

T12/T
′
13 = (0.16± 0.05) + (3.25± 0.22)(v − vrest)

2 (5)

and the reduced χ2 is 0.69. From this fit, 12CO (1-0) be-
comes optically thin at velocities higher than 4.3 km s−1.
We apply this fit to the 12CO emission to estimate the
mass of the outflow.
To calculate the mass of the molecular outflow requires

an estimate of the CO excitation temperature (Tex).
There are various estimates of Tex for this outflow in the
literature. Chernin & Masson (1991) estimated an out-
flow excitation temperature of 8.4± 1 K using the 12CO
(3-2) and 12CO (2-1) brightness temperature ratio. Ol-
berg et al. (1992) estimated an excitation temperature
of 15 K at outflow velocities using the intensity ratio be-
tween 12CO (1-0) and 12CO (2-1). van Kempen et al.
(2009) estimated a constant excitation temperature of
∼100 K along the red outflow axis, and ∼60 K for the
blue outflow, using low and high-J transitions of CO. We
also can estimate the excitation temperature from the
measured optically thick brightness temperature of 12CO
at low velocities. Within 4 km s−1 relative to the cloud
velocity, the 12CO (1-0) optical depth is larger than 5,
and from Eq. A1 we can estimate the excitation temper-
ature to be Tex = 5.53/ ln[1+5.53/(TR+0.82)] (assuming
a beam filling factor of 1). At these velocities, the peak
intensities of the 12CO (1-0) line range from ∼15 to 40
K, i.e., Tex = 18 − 43 K, consistent with the excitation
temperature from previous observations and appropriate
for the gas traced by CO (1-0) line. In the rest of the
paper, we will calculate the mass and other properties of
the outflow using two typical values of Tex, 15 K and 50

3

Fig. 1.— Three color images showing 12CO (1-0) integrated emis-
sion from the 12m array data (top), the 7m array data (middle)
and the combined data (bottom). The red, green and blue color
scales show emission integrated over the velocity ranges from 2 to
10 km s−1, from −0.6 to 0.6 km s−1 and from −10 to −2 km s−1

(relative to the cloud velocity) respectively. The synthesized beams
of the 12m array data, the 7m array data and the combined data
are 1.33′′ × 1.28′′ (P.A. = −59.8◦), 14.2′′ × 8.7′′ (P.A. = 89.1◦),
and 1.37′′ × 1.31′′ (P.A. = −58.0◦) respectively (the white ellipse
in the lower-left corner of each panel).

listo were used as gain and flux calibrators, J0845-5448
and J0701-4634 were used as phase calibrators, and
J0747-3310, J0922-3959, J0538-4405, J1107-4449, J1037-
2934 and J0519-4546 were used as bandpass calibrators.
The visibility data were edited, calibrated and imaged in
CASA. The 12m array data and the 7m array data were
combined with their weighting factors estimated from the
data noise using the CASA task statwt. In the rest of
the paper, if not indicated otherwise, we will show the
combined data. The combined data have projected base-
lines ranging from 7 to 525 m for 12CO and C17O, and
baselines ranging from 7 to 340 m for 13CO, C18O, CS
and C34S. The maximum recoverable scale is about 50′′,

given by the shortest baseline of 7 m. The data were
imaged using the CLEAN algorithm. For the spectral
data we defined a different clean region for each channel,
encircling the area with the brightest emission. For most
of the molecular line maps, robust weighting with the
robust parameter of 0.5 is used in the clean process, ex-
cept for the CS images where we used natural weighting
to maximize the sensitivity. The resulting synthesized
beam is 1.33′′ × 1.28′′ with a P.A. = −60◦ for the 12CO
data cube and 3.2′′ × 1.6′′ (P.A. = −85◦) for the 13CO
and C18O data cubes. The (1σ) rms is ∼ 12 mJy beam−1

for 12CO with a velocity resolution of 0.3 km s−1, and
∼ 14 mJy beam−1 for 13CO and C18O with a velocity res-
olution of 0.1 km s−1. The continuum was obtained by
averaging the emission over all line-free channels of the
8 spectral windows. The total bandwidth is ∼4 GHz.
The synthesized beam and rms of the continuum map
are 1.49′′× 1.36′′ (P.A. = −77◦) and 0.034 mJy beam−1.
Throughout the paper we define the outflow velocity as
the LSR velocity of the emission minus the cloud LSR
velocity which is 5.3 km s−1 (van Kempen et al. 2009).
Figure 1 shows the 12CO (1-0) integrated maps as an
example of the combination of the 12m array data and
the 7m array data. With a similar angular resolution
as the 12m array data, the combined data keep the de-
tailed structures revealed by the 12m array data, while
also showing much more extended emission, especially
around the cloud velocity. Details of the 12CO emission
will be discussed in Section 3.2.

3. RESULTS

3.1. Continuum

A compact continuum source was detected in the
ALMA Cycle 0 observations at ∼100 GHz (Paper I).
With the much higher sensitivity provided by the larger
bandwidth (∼4 GHz) and the coverage of short baselines
by the 7m array observation, our Cycle 1 data reveals
a fainter extended structure in continuum in addition to
the compact component (Figure 2). This extended struc-
ture appears to be elongated (∼ 10′′×5′′, i.e. 4400 AU ×
2200 AU) with its major axis perpendicular to the axis
of the outflow. This extended emission curves towards
the direction of the red-shifted outflow. In particular its
southern part seems to follow the shape of the red-shifted
outflow cavity. On the eastern side, the faintest emission
also appears to follow the shape of the blue-shifted out-
flow cavity. Therefore the extended continuum emission
is likely tracing a flattened envelope which is shaped by
the outflow cavities on both sides.
The peak of the continuum emission is at

8h25m43s.766, −51◦00′35′′.70 (J2000) and has an
intensity of 6.0 mJy beam−1 (0.32 K). The position is
consistent with the ALMA Cycle 0 observation (Paper I)
and previous HST observation of HH 47 IRS (Reipurth
2000). The peak intensity is higher than previously
observed (0.15 K from Paper I), which is likely caused by
the lower beam-dilution produced by the current beam
(which is more than a factor of two smaller than that of
the Cycle 0 observations). The angular resolution of our
continuum observation is still not high enough to resolve
the possible different peaks associated with the binary
(i.e. the individual circumstellar disks surrounding each

Mass-loading	rate	within	15’’:		
Mdot(CO	>	Vesc)	~	3	x	Mdot(infall)	
Ou,low	currently	removes	¾	of	infalling	mass	
è	SFE	~25%	locally		

•  Correc^ng	for	op^cal	depth	at	low	V		
using	12CO,	13CO	and	C18O	
increases	Mflow	by	factor	14		

Zhang	et	al	2016	
ALMA	



Twin	jets	with	synchronous	outbursts:	
first	hints		

636 J. M. Girart and S. Viti: A study of the Re 4 IRS/HH 188 region

Table 3. Tentative identification of HH objects.

Object α(J2000) δ(J2000) Distancea PAa

Num. (08h) (−49◦) (′′) (◦) Notes
1 20m57.s10 34′31.′′2 15.8 148.7
2 20m58.s78 34′58.′′1 15.8 148.7 HH 188
3 21m14.s68 39′32.′′5 333.3 149.7
4 21m18.s80 40′11.′′6 385.0 148.2
5 21m29.s47 43′28.′′5 607.0 149.7

a Distance and position angle with respect to the driving source,
Re 4 IRS, which is assumed to lie between HH-like object 1 and HH 188
(see Sect. 5.1).

angle of ≃149◦. We checked the 2MASS catalogue and neither
of these sources have emission in the near-IR. The lack of red
continuum and near-IR emission suggests that these objects are
probably HH objects, apparently forming part of the same sys-
tem and associated with HH 188.

5. Discussion

5.1. Re 4 IRS and the HH 188 system

Figure 5 shows the spectral energy distribution (SED) of the
driving source of HH 188, Re 4 IRS.

Whitney et al. (2003) carried out detailed radiative transfer
models of protostellar envelopes, showing the expected SED and
the near-IR morphology for different inclination angles and evo-
lutionary stages. By using the Re 4 IRS’s SED and the color
composite JHK image obtained by Zinnecker et al. (1999) we
found that this YSO is possibly a late Class 0 or Class I object,
with an inclination angle of roughly ∼30◦. Graham & Heyer
(1989) pointed out that the near-IR emission associated with
Re 4 IRS has a cometary structure (see Fig. 6), which indicates
that is tracing the scattered stellar light arising from the cavity
created by the outflow. Comparing the images at R, J, H, Ks,
the cometary structure appears to be displaced to the northwest
at increasing wavelength (Graham & Heyer 1989). Taking into
account that at increasing wavelengths the emission arises closer
to the YSO, then the most reliable position of the source is from
the Ks band: from the Zinnecker et al. (1999) image, the po-
sition of Re 4 IRS is α(J2000) = 08h20m58.s24 and δ(J2000) =
−49

◦
34′44.′′6 (with a position uncertainty of <∼0.′′3: Correia, pri-

vate communication).
Figure 6 shows that the near-IR emission associated with

Re 4 IRS is not perfectly aligned with HH 188 and the Hα knot 1:
these two form a position angle of 149◦, whereas the Ks emis-
sion peak of Re 4 IRS has position angle of 158◦ and 140◦
with HH 188 and the Hα knot 1, respectively. This suggests that
the powering source of the HH 188 system should be located
roughly few arcsecs west of near-IR peak emission. A tentative
position for the powering source can be obtained assuming that
it is located equidistantly between HH 188 and the Hα 1, that
is: α(J2000) = 08h20m57.s94 and δ(J2000) = −49

◦
34′44.′′7. This

is ∼3′′ west of the Re 4 IRS position derived previously from
the Ks image. Table 3 shows the distance and position angle of
the different Hα knots with respect to this tentative position: all
the Hα knots are very well aligned with respect to this position
with a position angle of 149◦ ± 1◦. In addition, as can be seen in
Fig. 6, one of the two jets detected by Zinnecker et al. (1999) co-
incides with HH 188 and is also well aligned with the direction
of the HH 188 system. Thus, as already suggested by Zinnecker
et al. (1999), it seems that Re 4 IRS is a binary system. The pro-
tostar powering the HH 188 system is possibly a very embedded
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Fig. 5. Spectral energy distribution of Re 4 IRS, IRAS 08194−4925.
Values at the JHKL near-IR bands (1.2, 1.65, 2.2 and 3.4 µm, respec-
tively) are from Graham (1986). The values from IRAS bands (12,
24, 60 and 100 µm) are from Cohen & Schwartz (1987). Submm and
mm values at 350, 450, 800 and 1100 µm are from Dent et al. (1998)
and at 870 and 1300 µm from Reipurth et al. (1993).

Fig. 6. Overlap of the contour Hα image from the SuperCOSMOS
Hα survey (Parker et al. 2005) and the grey scale VLT Ks image from
Zinnecker et al. (1999). In order to better show the two faint jets, the
Ks image shown here was obtained by convolving the original VLT im-
age with a Gaussian of 0.′′5 × 0.′′2 and PA = 149◦. The dotted line shows
the direction of the proposed HH system associated with HH 188.

object, too faint in the near-IR to be detected. On the other hand,
the protostar associated with the near-IR cometary-like emission
could be the powering source of the other jet detected in the
Ks image (see Fig. 6).

The different Hα knots aligned with HH 188 and Re 4 IRS
span over a length of 10′ or 1.2 pc in projection. The two bright-
est spots are the two farthest and southernmost objects, 4 and 5
from Table 3. The properties of the HH 188 can be derived from
the spectroscopical observations obtained by Graham (1986):
Table 5 of that paper gives the relative intensities (with respect to

K-band	Zinnecker+	1999	

Re	4	IRS				

Haro 6-10
HH 184
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F

G

1'

No. 6, 1999 A GIANT HERBIG-HARO FLOW 2933

FIG. 1.ÈHa image of the region surrounding Haro 6-10 taken with the KPNO 4 m telescope. HH 184E lies along the axis of the giant HH Ñow driven by
the Haro 6-10 binary (see text). North is up, and east is to the left.

FIG. 2.ÈContour plot of the Ha emission in the immediate vicinity of
Haro 6-10. The contours begin at 3 p above the background and increase
multiplicatively by . North is up, and east is to the left.J3 2

Ðnd knot B, already noted by Gomez, Whitney, & Kenyon
(1997). Our deep image shows that it is the brightest part of
a large bow shock facing away from Haro 6-10. Further
along the axis deÐned by A and B we Ðnd another faint knot
(E) at a distance of 4@ from the star. Apparently all of the
features A-E form a single shocked outÑow lobe at a posi-
tion angle of about 230¡. South of Haro 6-10 we Ðnd a
compact bubble-like structure F, and further south about

from the star we see a large faint bow shock, G.1@.5
Together, F and G appear to deÐne a second Ñow axis at
P.A. 175¡, probably related to the binary nature of Haro
6-10 (see ° 6).

Following the axis deÐned by Haro 6-10 and knot E
almost 24@ to the south-west from the star, we have dis-
covered a major, very bright bow shock, here called HH
410. In the opposite direction we have found several other
HH objects, the most distant being HH 411, so the complex
has a total angular extent of about 39@, which at a distance
of 140 pc corresponds to a projected length of about 1.6 pc.
This giant HH Ñow is shown in its entirety in an Ha wide-
Ðeld mosaic CCD image in Figure 3. In the following we
discuss the structure and origin of each of the Ñow com-
ponents.

HH 410 is a bright complex of HH knots about in3@.5
extent and separated into three bright groups (see Figs. 4aÈ

Devine,	Reipurth,	Bally,	Balonek	1999	

Haro	6-10	=	175	AU		binary			

F/G	=	A/B:	synchronous	outbursts	?	
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L34 R. Bachiller et al.: The origin of the HH7–11 outflow

Fig. 1.CO J=2–1 line intensity around HH7–11, integrated in extremely-high-velocity (EHV) intervals of 104 km s−1 width. The LSR velocity

intervals are given in the top left corners. Contours are 1.4, 2.8, 4.2 Jy beam−1 km s−1, and then increase by 2.8 Jy beam−1 km s−1 step. Crosses

mark the positions of VLA sources (Rodrı́guez et al. 1997, 1999), and of SVS 13 and SVS 13B (Bachiller et al. 1998). The arrow indicates

the direction of the SVS 13B molecular outflow, and filled squares mark the positions of HH objects. The dotted line shows the limits of the

observed region. The clean beam is also indicated.

Fig. 2. CO J=2–1 intensity integrated in the standard-high-velocity (SHV) intervals which are indicated in the top left corner (velocities with

respect to the LSR). Contours and symbols are as in Fig. 1.

3. Results

The interferometric CO J=2–1 images of the HH7–11 vicinity

are complex, reflecting the source crowding in the area. In or-

der to summarize our results, we have divided the high-velocity

emission into a limited number of velocity intervals. The most

extreme velocities are presented in Fig. 1. Following Bachiller

& Cernicharo (1990) we will refer to this component as the “ex-

tremely high velocity” (EHV) component, whereas the “stan-

dard high velocity” (SHV) component will designate the emis-

sion at lower velocities shown in Fig. 2. There is some emission

at intermediate velocities exhibiting an intermediate behavior

as compared to the maps discussed here.

3.1. EHV emission: the origin of HH7–11

The EHV emission (Fig. 1) reveals an extended blueshifted

structure,∼25′′ long in the southeast direction from SVS 13, in

good agreement with previous lower resolution maps (Bachiller

& Cernicharo 1990, Masson et al. 1990). This jet-like feature

consists of three well aligned clumps (“molecular bullets”) and

emanates exactly from the position of SVS 13. As can be seen in

the right panel of Fig. 1, the EHV redshifted emission reveals a

small clump (marked “R” in the figure),∼15′′ to the northwest

from SVS 13. This bullet is well aligned with the blueshifted

jet and is therefore likely to trace the redshifted, weaker lobe.

The lower resolution maps already showed that the EHV red-
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EHV	Blue	CO	from	PdBI	@2’’	(Bachiller+2000)			
-  Driven	by	SVS13A	
-  PA	155°:	change	in	direc^on	?	

The	case	of	HH7-11	
-  Op^cal	image	
PA	~	135°	
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TABLE 1
7 mm Continuum Sources

Source

Positiona

(D Config.)bSn

(mJy)
(B Config.)cSn

(mJy) Counterpartda(J2000) d(J2000)

VLA 7 . . . . . . . . 03 28 55.56 !31 14 37.1 10.0 ! 0.5 … IRAS 2A
VLA 10 . . . . . . 03 28 57.37 !31 14 15.9 5.2 ! 0.3 … IRAS 2B
VLA 2 . . . . . . . . 03 29 01.962 !31 15 38.15 9.0 ! 1.0 10.3 ! 1.2 MMS 3
VLA 17 . . . . . . 03 29 03.072 !31 15 51.86 8.5 ! 0.5 6.6 ! 0.6 MMS 2 (SVS 13B)
VLA 4A . . . . . . 03 29 03.735 !31 16 03.95 10.8 ! 0.6e 1.6 ! 0.5 SVS 13
VLA 4B . . . . . . 03 29 03.759 !31 16 03.94 10.8 ! 0.6e 4.3 ! 0.5 MMS 1

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

a Positions given are from the B configuration data (absolute positional error is estimated to be 0!.05), except for
VLA 7 and VLA 10, which are from the D configuration data (absolute positional error is estimated to be 0!.2).

b Flux density from the D configuration data.
c Flux density from the B configuration data.
d See Rodrı́guez et al. (1999) and references therein for a discussion on the sources VLA 7, VLA 10, VLA

2, and VLA 17 and their counterparts. See text for a discussion on VLA 4A and VLA 4B.
e Total flux density of VLA 4A!VLA 4B. The angular resolution in this configuration cannot separate the

emission of each component, although VLA 4B is likely the dominant one.

Fig. 1.—(a) VLA map (A configuration) at 3.6 cm of SVS 13, revealing that it is a binary radio source, with component VLA 4A having a similar flux density as component
VLA 4B (Anglada et al. 2000). Contour levels are "3, 3, 4, 5, and 6 times the rms noise of 14 mJy beam"1. (b) VLA map (B configuration) at 7 mm (this Letter). Contour
levels are "3, 3, 4, 5, 6, 8, and 10 times the rms noise of 0.3 mJy beam"1. The plus signs in this map mark the positions of the 3.6 cm sources. Note that most of the flux
density at this wavelength comes from the VLA 4B component. The half-power contour of the synthesized beam is shown in the lower left corner of each panel.

NGC 1333: VLA 2 (MMS 3), VLA 7 (IRAS 2A), VLA 10 (IRAS
2B), and VLA 17 (MMS 2).

2. OBSERVATIONS

The observations were carried out at 7 mm using the VLA
of the National Radio Astronomy Observatory (NRAO)8 in the
D and B configurations. The D configuration observations were
carried out during 2000 September 7 using two phase centers,
one near SVS 13 [at the position ,h m sa p 03 29 03.57 d p
!31"16" 02!.8 (J2000)] and a second near the source IRAS 2 [at
the position , (J2000)]. Forh m s ′a p 03 28 56.14 d p !31"14 31!.2
all observations, an effective bandwidth of 100 MHz with two
circular polarizations was employed. The absolute amplitude cal-
ibrator was 1331!305 (adopted flux density of 1.45 Jy), and the
phase calibrator was 0336!323, with a bootstrapped flux density
of Jy. The data were edited and calibrated using the2.1! 0.1

8 NRAO is a facility of the National Science Foundation operated under
cooperative agreement by Associated Universities, Inc.

software package Astronomical Image Processing System
(AIPS) of NRAO. Cleaned maps were obtained using the task
IMAGR of AIPS and natural weighting. The resulting synthe-
sized beam size was with , and we2!.0# 1!.6 P.A. p "24"
achieved an rms noise of ∼0.3 mJy beam"1. We detected a total
of five sources, whose positions, flux densities, and counterparts
are given in Table 1.
In order to obtain higher angular resolution data of the SVS 13

field, we carried out B configuration observations during 2001
April 20, May 4, and May 20. The array had then 23 antennas
operating at 7 mm. We observed only the SVS 13 field, using the
same phase center and setup as for the D configuration obser-
vations. The absolute calibrator was 1331!305 (adopted flux den-
sity of 1.45 Jy) and the phase calibrator was 0336!323, with a
bootstrapped flux density of Jy. Because of poor2.8! 0.3
weather conditions on April 20 and May 20, only the May 4 data
were used. Data were processed using AIPS, and cleaned maps
were obtained using natural weighting. The resulting synthesized
beam size was with , and we achieved0!.18# 0!.16 P.A. p "65"

0.3’’	=	70	au	binary	

VLA4B	 VLA4A	

Anglada+2000	
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Figure 4. Difference frame of the 100 mas scale images taken in 2011 and
2013. The cross-correlation box for the most distant shock front is indicated.
The insert shows the inner (youngest) bubble and the subtraction residuals of
SVS 13 in different flux scaling. The scaling is such that bright pixels in the
frame show more flux in 2011 than in 2013. All three shock fronts, therefore,
show the signature of expansion with the dark (2013) features farther away from
SVS 13 than the bright (2011) features.

magnified images and each of the individual 2013 November
22 images. The average of this product in a box centered on
the S(1) bubble feature image varies smoothly with the expan-
sion factor for each of these pairs and the maximum of this
one-dimensional correlation function was simply read from the
table of cross-correlation values. We show the cross-correlation
functions of the 2012 and 2013 high-resolution images in
Figure 5 to illustrate the variations due to noise and decon-
volution noise amplification, and to document how the errors of
this measurement were obtained.

The expansion factor so determined was then converted to a
kinematic expansion age of 32 yr (prior to 2012), i.e., kinematic
starting time of the expansion in 1980, which gives the upper
limit to the true age of the bubble assuming that the bubble
has been expanding at constant velocity. Since, realistically, the
bubble is expanding into the dense environment of a molecular
core, the true age of this youngest bubble will be smaller
than the kinematic expansion age and is, therefore, consistent
with this expanding bubble having been generated in the 1990
photometric outburst of SVS 13 that will be discussed in secion
4.4. In 2012, the apex of the bubble was located 654 mas from
the star. The front end of the bubble, therefore, has moved
with an average projected angular velocity of 20 mas yr−1

(4.7 AU yr−1 = 22.3 km s−1 at 235 pc distance) away from the
star. Similarly, in 2012, the bubble had a radius of 212 mas and
an average radial proper motion of 6.6 mas yr−1 (1.55 AU yr−1 =
7.35 km s−1). The proper motion of the bubble center is,
therefore, the proper motion of the leading shock front minus
the radial expansion: 13.4 mas yr−1 ≈ 15 km s−1.

In order to also obtain an estimate of the kinematic age of the
next two more distant bubbles, we used data cubes obtained in

Figure 5. 10 individual cross-correlation results between individual 2012 and
2013 images taken with the OSIRIS 20 mas spaxel scale. The horizontal axis is
the expansion factor of the 2012 data to match the 2013 data, and the vertical
axis is the average of the product of the two frames, i.e., the cross-correlation
function. The expansion starting dates corresponding to the expansion factors
are also indicated. The error bars indicate the 1σ error of the mean scaling factor.
The mean value corresponds to a kinematic start of the expansion in 1980, an
early limit to the true starting date since the expanding bubble will realistically
be decelerated.

2011 August 21 on Keck II with the 100 mas scale, and similar
measurements obtained on 2013 November 22 on Keck I. The
difference of these two images is shown in Figure 4. The only
shock front where a clear maximum of this correlation function
was detected in these 100 mas data was the most distant of the
three, indicated by a box in Figure 4, separated from the star by
2.′′87 in 2011. For this bow shock front, we derive a kinematic
formation time of 1919 ± 7 and a linear projected proper motion
of 31 mas yr−1. We have not obtained a reliable kinematic age
for the middle shock-excited feature at ≈1.′′5 from the star,
between those two features discussed above (Figure 4). The
fact that this rather poorly defined system of shock fronts lies
pretty precisely in the middle of the 1980 and 1919 (kinematic
formation time) features suggests that this feature must have
formed, again in the kinematic sense without accounting for
deceleration, around 1950. If there is a regular pattern to the
formation of these bubbles, which, with only three examples,
cannot be convincingly established yet, the next outburst could
be expected within the next decade.

It should be noted, as was already pointed out by Khanzadyan
et al. (2003) that the proper motion of the major shock fronts in
the older parts of the SVS 13 outflow indicate a much longer time
interval between shock front generating events: about 500 yr.
It is not clear whether SVS 13 exhibits multiple periods, or
whether the frequency of ejection events has recently increased.
An argument for the latter point of view may be that the outflow
direction has apparently changed in the past century, as we will
discuss now.

As demonstrated by Figure 1, the two previous bubbles are
located more toward the SE of SVS 13 and, for example, Davis
et al. (2006) chose P.A. 159◦ as the best slit orientation to cover
them. The larger chain of HH objects 7 to 11 is oriented along
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that our data are presented in the correct parity and orientation
on the sky.

The precise scale ratio of the nominal 50 mas (used in 2011)
and 20 mas (used in 2012 and 2013) spaxel scales of OSIRIS
was measured on setup data cubes obtained in 2008 while
observing the ≈0.′′25 separation binary σ Orionis (Hodapp et al.
2009). By averaging the component separation measured in each
continuum data cube plane within ±0.1 µm of 2.122 µm, a
ratio of 2.4534 ± 0.0005 between the two spaxel scales was
measured. This value deviates by about 1% from the nominal
scale ratio of 2.5. It should be noted that these deviations from
the nominal spaxel scale ratios and the, even smaller, errors
of this measurement are much smaller than the astrometric
effects of shock-front motion and expansion discussed later
in this paper.

3.3. Lucy–Richardson Deconvolution

The continuum images near the emission line features show
nothing but the unresolved stellar object SVS 13. They are thus
suitable as a PSF kernel for deconvolution of the individual
(wavelength) cube planes. The deconvolution was done with
the Lucy–Richardson algorithm (Richardson 1972) and (Lucy
1974), as implemented in the IRAF STSDAS package. How
fast the Lucy–Richardson algorithm converges depends on the
signal-to-noise ratio in the frame. We tried out different numbers
of iterations and chi-square criteria and chose a combination
that leads to a significant improvement in the spatial resolution
without creating obvious artifacts. Working with the original
data without continuum subtraction led to strong artifacts in
the wings of the overwhelmingly bright stellar source. For
the deconvolution of faint emission features well-separated
from SVS 13, we have therefore worked from the continuum-
subtracted data. For the purpose of the gray-scale and RGB
representations of the images, we have computed a “high-
dynamic-range” version of the image by adding the deconvolved
continuum-subtracted image and a small fraction of the image
flux of the original deconvolved image, effectively creating an
image where the continuum source is strongly suppressed, but
still indicated in the image. Figure 3 shows the S(1) image
from 2011 in grayscale, and false color representations of the
deconvolved “high-dynamic-range” 2012 and 2013 data in the
H2 S(1) line (red), [Fe ii] 1.644 µm (green) and continuum
(blue). Fiducial marks are included to illustrate the expansion
of the S(1) bubble over the course of those 2 yr.

3.4. Spectral Resolution and Wavelength Recalibration

The OSIRIS FRP extracts the data from the raw two-
dimensional detector frame and forms a spectral data cube with
0.2 nm spacing in the H band (fourth grating order) and 0.25 nm
in the K band (third grating order). The OH airglow lines in the
bandpass of the Hn3 and Kn2 filters give us an opportunity to
check the wavelength calibration and to measure the spectral
resolution In particular, the OH(5,3)R1(2) line at 1.644216 µm
is very close to the wavelength of the [Fe ii] 1.644 µm line. For
the analysis of the [Fe ii] line emission, the uniformly distributed
OH emission was eliminated by adjusting the spatial median of
the flux in the image to zero. In contrast, for the wavelength
calibration, the original data were used and the flux in the OH
line was measured. To account for continuum stray light, a
continuum subtraction using the same continuum as for the
[Fe ii] line extraction was used. The individual OH airglow
lines were measured by summing up the flux of 400 pixels

Figure 3. SVS 13 bubble in 2011, 2012, and 2013. False color images composed
of the deconvolved and continuum-subtracted H2 S(1) image (red channel) and
the continuum-subtracted [Fe ii] emission line image from 2012 November 4.
All three images are aligned to better than 1 mas, even though the deconvolution
residuals in the continuum-subtracted images do not align precisely. To mark
the position of the continuum source SVS 13, the blue channel shows 10%
of the continuum near the [Fe ii] line. A few fiducial marks indicate positions
of the bubble rim in 2012. The comparison of these marks to the images taken
earlier and later clearly indicated the expansion motion of the bubble.

without detectable object flux, and measuring the position and
width of the OH airglow lines in the resulting one-dimensional
spectrum using the IRAF task SPLOT. We used the vacuum
wavelengths of OH lines given by Rousselot et al. (2000) and
found that the wavelength calibration provided by the OSIRIS
reduction pipeline required a slight correction in zero point and
dispersion, of order 0.01 nm. After this correction, the individual
OH line positions have residual wavelength errors of 0.008 nm,
about a factor of two larger than the fit residuals given by our
wavelength reference, Rousselot et al. (2000). The OH airglow
lines are, in reality, close doublets with line spacing well below
the resolution of OSIRIS. The measured FWHM of the OH
lines was 0.44 ± 0.06 nm in the Hn3 filter, and 0.61 ± 0.06 nm
in the Kn2 filter, a little more than two wavelength planes in
the OSIRIS data cubes. Near the [Fe ii] line at 1.644 µm, one
wavelength interval of the data cube corresponds to 37 km s−1 in
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C. Lefèvre et al.: CALYPSO view of SVS13 A

Fig. 3. PV diagrams along PA = 155�. Dashed lines indicate the ref-
erence position (VLA 4B) and the systemic velocity Vsys = 8.5 km s�1

(from SO). Contours start at 3� with steps of 14� for SiO(5–4), 7� for
SO(65�54) and 21� for CO(2–1). The color scale displays the inten-
sity in K. Vertical dotted lines indicate the position of the H2 features
of HC14 as labeled in Fig. 2. Red and black crosses show velocities for
which the molecules peak on arcs (b) and (c), respectively. The orange
arrows indicate contamination by complex organic molecules (COMs).

3.3. Jet wiggling and limits on jet rotation

Figure 4 shows a slightly enlarged region of the blueshifted jet in
CO and SiO. It reveals that the S-shaped morphology seen in H2
(HC14) is part of a coherent wiggling pattern traced in SiO and
CO out to 5�600, with a (projected) half-amplitude ↵obs ' 10� and
wavelength �obs ' 300 (700 au), shorter than the 8.500suggested by
Chen et al. (2016). We show in Fig. 4 that this pattern is very
well reproduced by simple models of circular orbital motion or
jet precession of period '100 yr (see Appendix C for details). In
the orbital scenario, a separation of 70 au (i.e. VLA4A) would
imply, through Kepler’s third law, a total mass Mtot ' 7�35 M�
(for eccentricity e = 0.8�0), which is excluded. A realistic
Mtot < 4 M� would thus require a (so far unseen) closer com-
panion 20–32 au from VLA4B, making SVS13A a hierarchical
triple. Its non-detection in NIR images (HC14) implies it would
be substantially fainter than VLA4B. Alternatively, CO jet wig-
gling could be due to jet precession, with the physical cause re-
maining unclear: rigid disk precession induced by a planetary
mass body at 0.5 au, or non-rigid precession of a larger disk, for
which models are still lacking (see Appendix C). Both the orbit-
ing and precessing jet models originating from VLA4B repro-
duce the [FeII] micro-jet observed by HC14 within 0.300, while
if the CO jet originates from a companion to VLA4B, the trun-
cation of the [FeII] jet might be explained by jet collision near
the H2 bubble center (see zoom in Fig. C.1).

We stress that the combination of CO jet wiggling and
velocity variability creates transverse velocity gradients, that
could be mistaken for jet rotation at low angular resolution. A
likely example is the gradient reported by Chen et al. (2016)
across “Bullet 2”, the EHV CO bullet located '1000 further south
(see Fig. 5): its lateral extent (±2.500) matches precisely the

Fig. 4. Left panels: centroid velocity (color) and integrated intensity
(contours) in CO(2–1) EHV a) and SiO(5–4) EHV+IHV c). Best
fit wiggling models are overplotted in red, orange, and green (see
Appendix C for details). Right panels: transverse PV diagrams of
CO(2–1) b) and SiO(5–4) d) at the three distances indicated in each
sub-panel, and perpendicular to mean PA = 155�. Red lines are visual
cues.
extrapolation of small-scale wiggling (↵obs ' 10�) and its veloc-
ity range (VLSR ' –105 to –90 km s�1) is typical of radial velocity
fluctuations along the inner EHV jet (Sect. 3.2). To constrain the
level of rotation in the EHV jet with minimal confusion from
wiggling, we present in Fig. 4 transverse PV cuts in CO and
SiO within 1.800 of the source. No consistent transverse gradi-
ent is found at our resolution. The jet radius 0.400 and veloc-
ity width <10 km s�1, corrected for an inclination of 20�, set a
conservative upper limit to the specific angular momentum of
1500 au km s�1, four times smaller than in Chen et al. (2016).
If the jet is steady, axisymmetric, and magneto-centrifugally
accelerated to 100 km s�1 from a Keplerian disk, the launch ra-
dius would be < 4 au⇥ (M?/M�)1/3 (Anderson et al. 2003).

3.4. Evidence for multiple jets and origin of HH7–11

B00 noted that the CO EHV jet at PA' 155� lies in a markedly
di↵erent direction from the chain of optical Herbig-Haro (here-
after HH) objects HH7-11, at PA' 130�, and interpreted it as
a recent change of ejection direction in a single jet. Below we
argue that these two flows are actually driven by two distinct
sources. First, ejection along HH7-11 still seems active: Fig. 4c
reveals an unresolved SiO knot of unknown origin (�15� in both
SiO and SO, and denoted “knot X” hereafter) at a smaller PA and
much lower radial velocity (�33 km s�1 < VLSR < �20 km s�1)
than the local EHV CO jet. These properties are more typi-
cal of H2 emission toward the wings of HH10–11 (Davis et al.
2000, 2001), suggesting a new event in the HH chain. A faint
hint of EHV CO towards HH11 is also seen closer in Fig. 5.
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Fig. 1.CO J=2–1 line intensity around HH7–11, integrated in extremely-high-velocity (EHV) intervals of 104 km s−1 width. The LSR velocity

intervals are given in the top left corners. Contours are 1.4, 2.8, 4.2 Jy beam−1 km s−1, and then increase by 2.8 Jy beam−1 km s−1 step. Crosses

mark the positions of VLA sources (Rodrı́guez et al. 1997, 1999), and of SVS 13 and SVS 13B (Bachiller et al. 1998). The arrow indicates

the direction of the SVS 13B molecular outflow, and filled squares mark the positions of HH objects. The dotted line shows the limits of the

observed region. The clean beam is also indicated.

Fig. 2. CO J=2–1 intensity integrated in the standard-high-velocity (SHV) intervals which are indicated in the top left corner (velocities with

respect to the LSR). Contours and symbols are as in Fig. 1.

3. Results

The interferometric CO J=2–1 images of the HH7–11 vicinity

are complex, reflecting the source crowding in the area. In or-

der to summarize our results, we have divided the high-velocity

emission into a limited number of velocity intervals. The most

extreme velocities are presented in Fig. 1. Following Bachiller

& Cernicharo (1990) we will refer to this component as the “ex-

tremely high velocity” (EHV) component, whereas the “stan-

dard high velocity” (SHV) component will designate the emis-

sion at lower velocities shown in Fig. 2. There is some emission

at intermediate velocities exhibiting an intermediate behavior

as compared to the maps discussed here.

3.1. EHV emission: the origin of HH7–11

The EHV emission (Fig. 1) reveals an extended blueshifted

structure,∼25′′ long in the southeast direction from SVS 13, in

good agreement with previous lower resolution maps (Bachiller

& Cernicharo 1990, Masson et al. 1990). This jet-like feature

consists of three well aligned clumps (“molecular bullets”) and

emanates exactly from the position of SVS 13. As can be seen in

the right panel of Fig. 1, the EHV redshifted emission reveals a

small clump (marked “R” in the figure),∼15′′ to the northwest

from SVS 13. This bullet is well aligned with the blueshifted

jet and is therefore likely to trace the redshifted, weaker lobe.

The lower resolution maps already showed that the EHV red-
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Fig. 5. Wide field CO maps of the SVS 13A outflow corrected from
primary beam attenuation, in three velocity ranges: blue: EHV (�150
to �68 km s�1), green: IHV (�68 to �28 km s�1), red: Sred (+10 to
+40 km s�1). The three arrows show the directions of the three jets: to
HH11 (PA = 133�, pink), the wiggling H2/CO jet (PA = 155± 10�,
solid and dashed blue lines) and the third jet suggested by ve-
locity sign reversal (PA ' 0�, gray). The pink cross shows the
SiO/SO knot X at –28 km s�1. Pink contours show HH11 extension
(Noriega-Crespo & Garnavich 2001). Dotted black contours outline
the EHV Bullet 2 as mapped by B00. Dashed segment shows where
Chen et al. (2016) reported possible rotation. VLA4A/4B are indicated
as yellow crosses.

Second, we find that EHV CO “bullets” are not younger but co-
eval with HH7–11 knots. We note a close pairing in distance
between HH11 and CO Bullet 2 (see Fig. 5), and between HH10
and the third CO Bullet at '2500 (Fig. 1 of B00). Likewise, the
knot X lies right next to a striking local broadening of the EHV
CO jet, that may signal a nascent CO bullet. Since the two jets
have similar projected extents, and also similar proper motions:
26�52 km s�1 for HH10-HH11 (Noriega-Crespo & Garnavich
2001, scaled to 235 pc), 35 km s�1 for the H2 arc (HC14) we
are forced to conclude that HH7-11 knots and CO bullets trace
quasi-simultaneous recurrent events occurring in two di↵erent
directions (in projection), that is two distinct jets from two dis-
tinct sources. Their jet orientations di↵er only by 9� in 3D3.

We also report tentative evidence for a third jet from
SVS 13A. As shown by the dark gray curve in Fig. 5, a curved
chain of red-shifted knots is present in the blue outflow lobe, and
a symmetric blue-shifted chain in the northern red lobe. Such a
velocity sign reversal is not expected for outflow rotation about
the VLA4B jet axis4. Hence, it might trace a third jet at PA' 0�.

4. Discussion and conclusions

The CALYPSO view reveals the coexistence of at least two, and
possibly three distinct jets from SVS13 A = VLA4A/4B: (1) a

3 i' 20� for the CO jet, i' 16� for HH11 (Noriega-Crespo &
Garnavich 2001, scaled to 235 pc) and �PA ' 20� yield �✓(3D)= 9�.
4 It requires a ratio of rotation to poloidal speeds V�/Vp > 1/ tan(i) ' 3,
unlike current MHD wind models (Casse & Ferreira 2000).

wiggling CO/H2 jet of mean PA ' 155�, confirmed to originate
from the vicinity of VLA4B (as suggested by HC14); (2) the
HH7–11 chain, quasi-synchronous with CO jet bullets but in a
di↵erent PA ' 130�140�; (3) a tentative jet at PA' 0�. In line
with this, SVS13A is found to host two, and up to three possible
jet sources: VLA4A (where we find 0.01 M� of dusty material
within 50 au, and hot corino emission), the NIR source VLA4B,
and a putative 20–30 au stellar companion VLA4Bc, if CO and
SiO jet wiggling is due to orbital motion.

The close pairing we uncover between major ejection
episodes in the “twin” CO and HH7-11 jets implies a common
external trigger, making SVS13 A a strong case for the role of
stellar encounters in accretion and ejection bursts in young stars
(Reipurth et al. 2014; Audard et al. 2014). Based on the event
period P' 300 yr (bullet projected separation '1000), we pro-
pose that synchronous disk instabilities are triggered by close
perihelion approach of VLA4A in an eccentric orbit around
VLA4B. Kepler’s third law yields an orbit semi-major axis
a ' 45 (Mtot/M�)1/3(P/300 yr)2/3 au, consistent with this sce-
nario. No small-scale jet being currently visible from VLA4A,
the origin of HH7–11 remains ambiguous. It could be episod-
ically launched from VLA4A at periastron passage, and the
CO jet from VLA4B; or the HH7–11 and CO jets could both
arise from the putative 20�30 au close binary VLA4B/4Bc, with
VLA4A acting merely as external destabilizing agent, and pos-
sibly driving the third jet at PA' 0�. Searches for the tentative
companion are needed to pin-point the source of each jet in
this complex system. In either scenario, SVS 13A is launching
the twin CO and HH7-11 jets from quasi-coplanar disks3 sepa-
rated by 20�70 au, making it highly reminiscent of L1551-IRS5
(Lim & Takakuwa 2006).
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Figure 1. Upper: an [Fe ii] narrowband filter (λc = 1.644 µm, ∆λ = 0.026 µm) image of the L1551 IRS 5 jets taken on 2002 November 27. Note that the emission
includes both the continuum and [Fe ii] line. Lower: the area covered by the present slit-scan observations is shown with a thick solid-line rectangle superimposed on
the contour version of the upper image. The continuum peak, PHK1, PHK2, and PHK3 (Knot D) are indicated. The red dotted lines trace the brightest parts of the
northern and southern jets. The thick plus sign marks the midpoint of the L1551 IRS 5 VLA sources (Campbell et al. 1988). The North is up and the East is left.

(Bachiller 1996). The HVC, on the other hand, consistently
shows a narrow line width (∼40 km s−1), is extended farther
away from IRS 5 VLA, and is dominated by intensity at PHK2,
a bright [Fe ii] knot that was located ∼ 4.′′7 away from IRS 5
VLA. However, the previous observations did not fully cover
the [Fe ii] emission region, and the morphology and kinematics
of the HVC and LVC, and their interrelation have remained
unclear—especially at PHK1, where the northern and southern
jets merge together spatially and the LVC is no longer separated
from the southern jet because both the two have a similar
velocity.

The presence of two velocity components in jet emissions is
an important clue to understanding the launching mechanism
of outflows from young stellar objects. Magnetocentrifugal ac-

celeration has been widely accepted as a promising explana-
tion for the launching mechanism of outflows from a young
star–disk system (see Königl & Pudritz 2000; Shu et al. 2000;
Pudritz et al. 2007; Shang et al. 2007). There are two popular
models based on this magnetocentrifugal mechanism: the “X-
wind model” (Shang et al. 2007) and the “disk-wind model”
(Pudritz et al. 2007). The X-wind model postulates that an out-
flow originates from a very narrow radial range of an accretion
disk near its inner edge, where the highly concentrated stellar
magnetic field interacts with the disk. The disk-wind model as-
sumes that an outflow is launched from the wider radial range
of an accretion disk. The terminal velocity of a magnetocen-
trifugally accelerated outflow scales with the Keplerian rotation
velocity at its launching radius (Königl & Pudritz 2000). Thus,
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Figure 1. Continuum-subtracted velocity channel maps of the Z CMa [Fe ii] 1.257 µm jet emission with the dashed lines delineating the P.A. of the jet structures.
Contour levels start at 1%–2% of the maximum and increase by factors of

√
2. The emission below S/N = 3 is masked. Jet A (P.A. ∼ 245◦) is revealed, the origin of

which is the Herbig Be star (H). This jet shows signs of possible precession (also see Figures 2 and 3) which explains why the chosen P.A. does not correspond exactly
to the jet axis (on the smallest scales). A lower velocity jet, Jet B at a P.A. of ∼235◦ is also seen. This jet extends to ∼0.′′4 and is clearly driven by the FUOR (F). Note
the position of knot K1 and the lower velocity emission associated with both jets. Panel (f) is a channel map extracted from an SINFONI observation obtained in 2008
December. Due to the smaller pixel scale and shorter integration time only Jet B was detected. It is included here as it confirms that the FUOR is the driver of Jet B.
K1 is also detected in the SINFONI data.

two jets driven by the Z CMa system. What is clear from these
observations is that the Herbig Be star is the driver of the parsec-
scale outflow (P.A. = 245◦) and that the FUOR is driving a 0.′′4
micro-jet at a P.A. of ∼235◦.

2. OBSERVATIONS AND DATA REDUCTION

The multiple component FEL profiles observed by Poetzel
et al. (1989) combined with the subsequent conflicting detec-
tions of the Z CMa jet strongly suggested to us the presence
of more than one jet launched from within the Z CMa sys-
tem. With this in mind, we used the OH-Suppressing Infra-Red
Imaging Spectrograph (“OSIRIS”) to investigate the two jets
theory. OSIRIS is an integral field spectrometer (IFS) designed
to work with the laser guide star and adaptive optic (AO) sys-
tem on the W.M. Keck II telescope (Wizinowich et al. 2006).
It is a lenslet-based IFS which provides a spectral resolution
of 3800 (∼80 km s−1) from 1–2.5 µm and offers a range of
narrow and broadband filters of varying pixel scales and hence
fields of view (FOV; Larkin et al. 2003). The observations were
taken on the night of 2009 December 22 and in all cases the

long axis of the detector was set at a P.A. of 230◦. The AO sys-
tem was used in Natural Guide Star mode with Z CMa itself as
the guide star. As we wished to focus on observing the Z CMa
[Fe ii] 1.257 µm and 1.644 µm jet emission we used the Jbb
(1.18–1.416 µm), Hbb (1.47–1.8 µm), Jn2 (1.23–1.29 µm), and
Hn3 (1.59–1.68 µm) filters. The Jbb and Hbb were chosen with
the 20 mas pixel scale and the Jn2 and Hn3 with the 35 mas
scale. The data were reduced using the OSIRIS data reduction
pipeline which provides for the sky-subtraction, correction of
various artifacts and the extraction of the individual spectra into
a data cube. The cosmic-ray correction, continuum subtraction,
and mosaicing steps were done using specifically designed IDL
routines. For further details on these procedures please refer to
Agra-Amboage et al. (2009). Also note that the data have not
been flux calibrated at this stage. As the Hbb and Jn2 obser-
vations were found to be of lower signal-to-noise ratio (S/N)
we present here the Jbb and Hn3 results. The FOV of the in-
dividual Jbb and Hn3 observations was 0.′′32 × 1.′′28 and 1.′′68
× 2.′′24, respectively. However, as the source was positioned
differently in each observation the mosaicing process increased
the respective FOVs to approximately 0.′′6 × 1.′′6 and 2.′′4 × 3.′′4.
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Figure 5. Orbiting source jet model for the wiggle plotted on top of Figure 1. The red and blue curves are derived from our best-fit model (see the text in Section 3).

4. DISCUSSION

4.1. SMM1: A Very Low-mass Protobinary?

It has been argued that almost all stars must form in binary
or multiple systems because of the fragmentation of star-
forming dense molecular cores (Goodwin et al. 2007). Could
the source SMM1 itself be a protobinary in the Class 0 phase
(i.e., the early phase of star formation) since the wiggle is
reasonably reproduced by an orbiting source jet model? In order
to investigate this possibility, we evaluate here the possible mass
of the source, assuming that the source is a binary. Let Mj be
the mass of the jet source, Mc be the mass of the companion,
and m be the mass ratio of the jet source to the companion, i.e.,
Mj = mMc, then the binary separation is a = (1 + m)Ro. From
Kepler’s third law of orbital motion, the total mass of the binary
in terms of the model parameters is then

Mt ≈ 9.5 × 10−4 (1 + m)3

×
(

vj

100 km s−1

)2 ( κ

1◦

)3 △z

100 AU
M⊙. (7)

With the best-fit values of κ and △z, and the jet velocity
vj = 170 km s−1, we have

Mt ≈ 6.9 (1 + m)3 MJup. (8)

To determine the value of m, we resort to the previous estimation
of the mass of the source. Previously, the mass of the source has
been estimated to be ∼60 MJup from an evolutionary model
(Froebrich et al. 2003). This mass is also consistent with that
derived from the HCO+ rotating envelope-disk, assuming that
the rotation is Keplerian (Paper I). If we adopt this mass as
the total mass of the binary, then m ≈ 1. This value of m
is in good agreement with that found in the binaries of very
low mass stars and brown dwarfs (Close et al. 2003; Bouy
et al. 2006), which tend to have equal mass companions. In
addition, the binary separation would be 2Ro ∼ 4.6 AU, also
consistent with that found in those binaries (Close et al. 2003;
Bouy et al. 2006), which have a range of separation between 0
and 30 AU. Therefore, SMM1 itself could indeed be a very low
mass protobinary because of the fragmentation at the beginning
of star formation (see, e.g., Machida et al. 2008b). It is unclear,
however, why the jet source, with only ∼30 MJup, can have such
an energetic collimated jet, but the companion as massive as the

jet source does not have a jet or an outflow. It is also unclear if
this protobinary will remain substellar in the final stage since it
is surrounded by a compact envelope with an estimated mass of
∼50 MJup (although it is a lower limit; see Lee et al. 2007b) at
the eastern edge of the ammonia envelope (Paper I). Also, since
the source SMM1 could form a triple system with the source
SMM2 detected at ∼84 AU to the southwest with a planetary
mass (Paper I), could the source SMM2 be ejected from the
SMM1 binary system in the early stage of star formation because
of dynamical decay (Goodwin et al. 2007)? If so, could then the
dynamical decay lead to a strong outflow activity, as postulated
by Reipurth (2000)? HH211, if indeed a triple system consisting
of a close binary (<30 AU) with a third component at ∼100 AU,
would be quite similar to those found in Upper Scorpius by Bouy
et al. (2006).

4.2. The Mass-loss Rate and Accretion Rate

Here, we estimate the mass-loss rate of the jet and the
accretion rate toward the central source, in order to compare
their ratio with that predicted in the current jet launching models.
The (two-sided) mass-loss rate of the jet can be given by

Ṁj ∼ 2vjmH2Nb, (9)

where N and b are the column density of the jet and the beam size
perpendicular to the jet axis, respectively, as given in Section 2.3,
and mH2 is the mass of an H2 molecule. With the jet velocity vj ∼
170 km s−1, the mass-loss rate is Ṁj ∼ 1.8 × 10−6 M⊙ yr−1, as
found in Lee et al. (2007b). The mechanical luminosity of the
jet is then

Lj = 1
2
Ṁjv

2
j ∼ 4.3 L⊙, (10)

roughly the same as the bolometric luminosity of the source,
which is Lbol ∼ 3.6 L⊙ (Froebrich 2005). The jet is likely
powered by accretion as in the current jet launching models
(see, e.g., Shu et al. 2000; Pudritz et al. 2007), and our result
suggests that the jet can indeed carry away a large fraction
of the accretion power in the early phase of star formation
as pointed out by Cabrit (2002). Therefore, the accretion rate
should be estimated using both the bolometric luminosity of the
source and the mechanical luminosity of the jet. Assuming that
the source SMM1 is a single protostar with a stellar mass of
M∗ ∼ 60 MJup (Froebrich et al. 2003; Paper I) and a stellar

HH211	Lee	et	al.	2010,	SMA	map	
è	R0	=	2.3	Au	
-  Vjet	=	170	km/s	è		Period	43	yr,	Mtot	~	60	Mjup	!?					
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Figure 1. Ratio τp/τo between the precession and orbital periods for an accretion
disk around a star of mass M1 in circular orbit with a companion star of mass M2
(obtained from the analytic model of Terquem et al. 1999). Curves for values
a/rd = 2, 3, and 4 for the ratio between the separation between the stars in the
binary system and the outer disk radius are shown.

where a is the separation between the two stars (in circular
orbits), rd is the outer radius of the disk, and α is the half-
opening angle of the precession cone (which in principle is
a free parameter). For a discussion of this equation and of the
conditions necessary for the disk to have a rigid body precession
see Terquem et al. (1999) and Papaloizou & Terquem (1995).
The precession of the disk is retrograde. A recent discussion
of models of precessing accretion disks in binaries is given by
Montgomery (2009).

Combining Equation (1) with the equations for a circular
orbit, it is simple to obtain the ratio τp/τo between the precession
and orbital periods:

τp

τo

= Ω
ω

= 32
15 cos α

(
a

rd

)3/2 (
1 +

M2

M1

)1/2 (
M1

M2

)
, (2)

where ω is the precession and Ω is the orbital frequency.
This expression has been derived previously by Anglada et al.
(2007). Terquem et al. (1999) claim that the tidal truncation of
the accretion disk will lead to ratios between the orbital and
disk radii with values a/rd = 2 → 4. If we assume that the
precession angle α is small (so that cos α ≈ 1), Equation (2)
gives τp/τo as a function of M2/M1 (where star 1 is the one that
has the accretion disk under consideration).

In Figure 1, we plot τp/τo (for a/rd = 2, 3, and 4, spanning
the allowed range for this ratio) as a function of M2/M1
(for cos α ≈ 1). From this figure, we see that τp/τo is a
monotonically decreasing function of M2/M1. If we consider
binary stars with M2/M1 < 10, we find that the ratio between
the precession and orbital periods always satisfies the condition
τp/τo > 2.

2.2. The Jet/Counterjet System

If the star+precessing disk system ejects a jet/counterjet flow,
this bipolar outflow will be affected by both the precession
and the orbital motion of the star+disk jet source. If we have
a ballistic, constant ejection velocity jet, the effect of a full
precession period will be seen over a distance

Dp = 2πvj

ω
, (3)

from the source, where vj is the ejection velocity and ω is the
precession frequency. This would correspond to a full loop of a

precession spiral with half-opening angle α (a free parameter of
the problem).

Analogously, the effect of a full orbital period will be seen
over a distance

Do = 2πvj

Ω
, (4)

from the source, where Ω is the orbital frequency. As discussed
by Masciadri & Raga (2002), the orbital motion results in a
jet with spiral loops of length Do (see Equation (4)) and half-
opening angle

β = arctan
(

vo

vj

)
≈ vo

vj

, (5)

where vo is the orbital velocity, and the second equality is
valid for vo ≪ vj . The spiral resulting from the orbital motion
has mirror symmetry between the jet and counterjet lobes (as
opposed to the point symmetry of the precession spiral).

Given the fact that from the disk precession models, we expect
that Ω/ω = τp/τo ∼ 10 (see Section 2.1), the spiral resulting
from the orbital motion will have loops of ∼1/10 the size of
the loops resulting from the precession. Therefore, we would
expect the jet/counterjet system to have a mirror-symmetric
spiral shape close to the ejection source (at distances ∼Do,
see Equation (4)) and a transition to a broader, point-symmetric
precession spiral at larger distances from the source (at distances
∼Dp ∼ 10Do, see Equation (3)).

Finally, in order for the orbital motion to have a visible effect
we probably need to have a half-opening angle β (of the spiral
produced by the orbital motion, see Equation (5)) of at least
β ∼ 1◦. It is clear from observational studies that side-to-side
wiggles corresponding to “precession spirals” with half-opening
angles of ∼1◦ are indeed detectable (see, e.g., Anglada et al.
2007).

Assuming that the jet has vj ∼ 300 km s−1, this requires a
vo ∼ 5 km s−1 orbital velocity. For a system of total mass M1 =
M2 = 1 M⊙, this would imply an orbital radius ro ∼ 4 AU,
and a period τo ∼ 27 yr.

For such a close binary, we see that the orbital radius (ro ∼
4 AU) is much smaller than both the length Do ∼ 1500 AU and
the width do ∼ Do tan β ∼ 25 AU of the spiral loops (resulting
from the orbital motion, see Equations (4) and (5)). For larger
values of the opening angle β (of the spiral produced by the
orbital motion), the orbital radius ro has even smaller values,
always satisfying the ro ≪ do, Do condition.

Because of this, in the analytic model derived in the following
section we will consider that the orbital radius has a negligible
size. Therefore, the only effect of the orbital motion is to
introduce a time dependence in the direction in which the jet/
counterjet system is ejected. The shifts in the position of the
source (due to the orbital motion) are negligible.

3. THE ANALYTICAL MODEL

Let us assume that we have a jet/counterjet system from
a source that is orbiting around the origin of an xyz, center
of mass coordinate system in a circular orbit of radius ro and
frequency Ω (the orbital period being τo = 2π/Ω). The orbit
lies on the xy-plane. The orbital radius ro of the jet source is
related to the separation a of the binary system through the
relation ro = aM2/(M1 + M2) (where M1 is the mass of the jet
source and M2 of the companion).

The ejection direction precesses (around an axis passing
through the position of the source, and parallel to the z-axis)

•  solid	(retrograde)	precession	driven	by	
inclined	companion	(Terquem	1999)		
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Figure 1. Ratio τp/τo between the precession and orbital periods for an accretion
disk around a star of mass M1 in circular orbit with a companion star of mass M2
(obtained from the analytic model of Terquem et al. 1999). Curves for values
a/rd = 2, 3, and 4 for the ratio between the separation between the stars in the
binary system and the outer disk radius are shown.

where a is the separation between the two stars (in circular
orbits), rd is the outer radius of the disk, and α is the half-
opening angle of the precession cone (which in principle is
a free parameter). For a discussion of this equation and of the
conditions necessary for the disk to have a rigid body precession
see Terquem et al. (1999) and Papaloizou & Terquem (1995).
The precession of the disk is retrograde. A recent discussion
of models of precessing accretion disks in binaries is given by
Montgomery (2009).

Combining Equation (1) with the equations for a circular
orbit, it is simple to obtain the ratio τp/τo between the precession
and orbital periods:

τp

τo

= Ω
ω

= 32
15 cos α

(
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where ω is the precession and Ω is the orbital frequency.
This expression has been derived previously by Anglada et al.
(2007). Terquem et al. (1999) claim that the tidal truncation of
the accretion disk will lead to ratios between the orbital and
disk radii with values a/rd = 2 → 4. If we assume that the
precession angle α is small (so that cos α ≈ 1), Equation (2)
gives τp/τo as a function of M2/M1 (where star 1 is the one that
has the accretion disk under consideration).

In Figure 1, we plot τp/τo (for a/rd = 2, 3, and 4, spanning
the allowed range for this ratio) as a function of M2/M1
(for cos α ≈ 1). From this figure, we see that τp/τo is a
monotonically decreasing function of M2/M1. If we consider
binary stars with M2/M1 < 10, we find that the ratio between
the precession and orbital periods always satisfies the condition
τp/τo > 2.

2.2. The Jet/Counterjet System

If the star+precessing disk system ejects a jet/counterjet flow,
this bipolar outflow will be affected by both the precession
and the orbital motion of the star+disk jet source. If we have
a ballistic, constant ejection velocity jet, the effect of a full
precession period will be seen over a distance

Dp = 2πvj

ω
, (3)

from the source, where vj is the ejection velocity and ω is the
precession frequency. This would correspond to a full loop of a

precession spiral with half-opening angle α (a free parameter of
the problem).

Analogously, the effect of a full orbital period will be seen
over a distance

Do = 2πvj

Ω
, (4)

from the source, where Ω is the orbital frequency. As discussed
by Masciadri & Raga (2002), the orbital motion results in a
jet with spiral loops of length Do (see Equation (4)) and half-
opening angle

β = arctan
(

vo

vj

)
≈ vo

vj

, (5)

where vo is the orbital velocity, and the second equality is
valid for vo ≪ vj . The spiral resulting from the orbital motion
has mirror symmetry between the jet and counterjet lobes (as
opposed to the point symmetry of the precession spiral).

Given the fact that from the disk precession models, we expect
that Ω/ω = τp/τo ∼ 10 (see Section 2.1), the spiral resulting
from the orbital motion will have loops of ∼1/10 the size of
the loops resulting from the precession. Therefore, we would
expect the jet/counterjet system to have a mirror-symmetric
spiral shape close to the ejection source (at distances ∼Do,
see Equation (4)) and a transition to a broader, point-symmetric
precession spiral at larger distances from the source (at distances
∼Dp ∼ 10Do, see Equation (3)).

Finally, in order for the orbital motion to have a visible effect
we probably need to have a half-opening angle β (of the spiral
produced by the orbital motion, see Equation (5)) of at least
β ∼ 1◦. It is clear from observational studies that side-to-side
wiggles corresponding to “precession spirals” with half-opening
angles of ∼1◦ are indeed detectable (see, e.g., Anglada et al.
2007).

Assuming that the jet has vj ∼ 300 km s−1, this requires a
vo ∼ 5 km s−1 orbital velocity. For a system of total mass M1 =
M2 = 1 M⊙, this would imply an orbital radius ro ∼ 4 AU,
and a period τo ∼ 27 yr.

For such a close binary, we see that the orbital radius (ro ∼
4 AU) is much smaller than both the length Do ∼ 1500 AU and
the width do ∼ Do tan β ∼ 25 AU of the spiral loops (resulting
from the orbital motion, see Equations (4) and (5)). For larger
values of the opening angle β (of the spiral produced by the
orbital motion), the orbital radius ro has even smaller values,
always satisfying the ro ≪ do, Do condition.

Because of this, in the analytic model derived in the following
section we will consider that the orbital radius has a negligible
size. Therefore, the only effect of the orbital motion is to
introduce a time dependence in the direction in which the jet/
counterjet system is ejected. The shifts in the position of the
source (due to the orbital motion) are negligible.

3. THE ANALYTICAL MODEL

Let us assume that we have a jet/counterjet system from
a source that is orbiting around the origin of an xyz, center
of mass coordinate system in a circular orbit of radius ro and
frequency Ω (the orbital period being τo = 2π/Ω). The orbit
lies on the xy-plane. The orbital radius ro of the jet source is
related to the separation a of the binary system through the
relation ro = aM2/(M1 + M2) (where M1 is the mass of the jet
source and M2 of the companion).

The ejection direction precesses (around an axis passing
through the position of the source, and parallel to the z-axis)

Raga+2009	
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Figure 3. Locus of the jet obtained from the ballistic analytic model (described in Section 3) for five parameter combinations.

gasdynamic code described by Esquivel et al. (2009). This code
uses a second order algorithm with HLLC fluxes (Toro et al.
1994) and a piecewise linear reconstruction with a minmod slope
limiter.

The parameterized cooling function described by Raga et al.
(2009) is included in the energy equation. We have assumed
that the flow has fully ionized H, and have imposed a minimum
possible temperature of 104 K. Therefore, we are modeling a
flow which is fully photoionized either by the radiation of one
of the two stars in the binary, or by an external photoionizing
radiation field.

The numerical simulation is carried out in a (1.25, 1.25, 5.0)×
1016 cm domain (resolved with 256 × 256 × 1024 grid points).
Therefore, the initial diameter of the jet (2rj = 40 AU; see
Section 4.1) is resolved with ≈ 12 grid points.

The time-dependent jet and counterjet inflow conditions are
imposed within a cylinder (of radius rj = 20 AU and length
h = 27 AU) at the center of the computational grid. Outflow
conditions are applied in all of the grid boundaries. The time
integration is carried out until the heads of the jet/counterjet
system reach the boundaries of the computational domain.

4.3. Results

Figures 4 and 5 show the column density computed from
the numerical simulation by integrating the H number density
along the y-axis (left), x-axis (center), and z-axis (right). Fig-
ure 4 shows the column density stratifications obtained after a
t = 5 yr time integration, when the heads of the jet and the
counterjet have reached a distance of ≈ 5 × 1015 cm from the
outflow source. At this early time, the jet and counterjet beams
only show the reflection-symmetric spiral shape resulting from
the orbital motion of the outflow source.

Figure 5 shows the column density stratifications obtained
after a t = 35 yr time integration. At this time, both the
(reflection-symmetric) orbital motion spiral and the larger-
scale (point-symmetric) spiral shape due to the precession are
apparent. The heads of the jet and counterjet have developed into
broad, flat-topped bow shocks in which one can see small-scale
structures due to the orbital motion and larger-scale structures
due to the precession.

5. CONCLUSIONS

A jet/counterjet system ejected from one of the stars in a
binary system will be affected by the orbital motion of the jet
source. This motion produces a jet/counterjet system with a
mirror-symmetric, spiral shape.

A precession of the outflow axis produces a point-symmetric
spiral shaped jet/counterjet system. This precession could be
associated with a precession in the accretion disk around the
outflow source, which would be reflected in a similar precession
for the outflow axis.

The models of Papaloizou & Terquem (1995) and Terquem
et al. (1999) imply that the ratio between the precession period
and the orbital period has a value τp/τo ∼ 2 → 20 (see
Section 2.1 and Figure 1). This implies that the loops of the
precession spiral will have length scales ∼2 → 30 times
larger than the size of the loops due to the orbital motion (see
Section 2.2). Because of this, the jet/counterjet system will have
a small-scale, mirror-symmetric spiral close to the source, and
a large-scale, point-symmetric spiral shape at larger distances
from the source.

We illustrate this result with an analytic, ballistic jet model.
The results from this model show the transition from mirror to

Expect		
Tau_p	>>	tau_orbit	



CO	cavity	walls	are	not	twin	precessing	
jets…		

(Vorb= 0.53± 0.02 km s−1, with more than 26σ confidence
level) for the NE–SW jet suggests that the wiggles produced by
Vorb in Equations (4) and (5) are trustworthy. For the N–S jet,
the orbital velocity 0.1 ± 0.03 km s−1 with the confidence level
of ∼3σ is insufficient to support the existence of oscillation.
Nevertheless, the orbital velocity and radius (as well as period)
of the NE–SW jet-driving source is independent of the result of
the fit of the N–S jet and should be reliable. As a result, the
best-fit model implies a very small binary separation of ∼0 55
which is consistent with the SMA and JVLA continuum
observations (see Section 4.2.1).

Figure 8 also includes the best-fit model assuming a systemic
velocity of 4 km s−1 based on the N2H

+ (1–0) observations
toward the parent core (Tobin et al. 2012a; Hsieh et al. 2015).
However, this model is not adopted since N2H

+ (1–0) does not
necessarily trace the systemic velocity of the central objects.
On the other hand, with the systemic velocity kept as a free
parameter, the best fit yields VLSR ∼ 3.5 km s−1, which is close
to the velocity of 3.4 km s−1 found by Stanke et al. (2006) on
the basis of the CO (3–2) outflow observations.

4.1.4. Orbital Evolution and Mass Accretion Models

The early evolution of binary systems has been a long-
standing problem and is still poorly understood. The evolution
of the multiplicity frequency has recently been studied based on
high-resolution interferometric surveys (Reipurth et al. 2014).
Several studies have resolved a number of multiple systems at
the Class 0/I stage (Looney et al. 2000; Chen et al. 2008, 2009;
Maury et al. 2010; Enoch et al. 2011; Tobin et al. 2013). The
most thorough survey was presented in Chen et al. (2013), and
they found the multiplicity frequency of Class 0 protostars to

be approximately twice as high as that of Class I sources and
pre-main-sequence stars, which could be interpreted as binary
evolution (migration) in the early stages (Zhao & Li 2013).
Note that Chen et al.ʼs sample includes IRAS 16253, but they
did not resolve the binary system.
Our best fit of the jet wiggling pattern in the PV diagram

(Figure 8) leads to a problem: we do not see the wiggles due to
the orbital motion in the jet in the spatial domain. Figure 9(a)
shows the predicted spatial wiggling pattern corresponding to
the best-fit model in the PV diagram in which the southernmost
patch of H2 emission is not fit. We propose that a time-variable
orbital motion could be the answer to this problem. Here, we
provide several simple models to approach the problem
considering migration and mass accretion.
We start from Kepler’s third law:

( )Q
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a
GM
4

, 6orb
2

2 3
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where Porb is the orbital period, a is the binary separation, and
Mtot is the total mass of the central objects. Thus, the orbital
velocity and period have the following relations with Mtot and
a:
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Considering the binary separation a (i.e., R1+ R2) as a function
of time a(t), we replace the orbital velocity and binary
separation in Equation (5) by the time-dependent functions
Vorb(t) and R(t) assuming a constant total mass Mtot. Three
models with time-dependent separation are shown in

Figure 9. Same as Figure 6, but with models that also include the orbital motion. The models assume that the mass of the central stars are constant (left), increase
linearly (middle), and increase suddenly (right) with colors corresponding to the solid-line models in Figure 10.
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Fig. 11.— Two jet model fit (colored lines) on top of the jet points used in the fits (colored

circles) and the contours representing the CARMA CO moment 0 image. The colors of the

lines and points represent the velocity with respect to the cloud velocity.
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Fig. 1. Left panel: Spitzer/IRAC 8 µm observations of the L1157 outflow (Looney et al. 2007; Takami et al. 2011). The resolution is ⇠100.98 and the
intensity color scale is logarithmic from 0.05 to 5 mJy/sr. The precession model (black line) is overplotted. Middle panels: the precession model
(black line) is overplotted on integrated CO 1�0 and SiO 2�1 maps of the L1157 outflow by Gueth et al. (1996, 1998; IRAM-30 m + PdBI data,
|V � Vsys| = 0�11 km s�1 for CO and 0�18 km s�1 for SiO, HPBW: 300.6 ⇥ 300.0, PA = 90� for CO, 200.8 ⇥ 200.2, PA = 56� for SiO). The first contour
is at 5� with steps of 3� (1� = 0.5 Jy km s�1/beam for CO, and 0.2 Jy km s�1/beam for SiO). The black squares indicate the driving source,
L1157-mm, and the blueshifted knots. Right panels: zoom-in on the inner jet revealed by CO 2�1 and SiO 5�4 maps obtained with IRAM-PdBI
as part of CALYPSO. The emission is integrated over high blue- and redshifted velocities (in |V �Vsys|) (blue/red contours) (HVb = 22�57 km s�1,
HVr = 36�63 km s�1). CO 2�1 also shows emission at low velocities (green contours; LVb < 22 km s�1, LVr < 36 km s�1) . The gray-scale traces
the continuum emission at 1.3 mm. The white squares indicate the continuum peak and the inner HV knots B0 and R0. The ellipse in the bottom
left corner shows the beam HPBW (000.88 ⇥ 000.60, PA = 12� for CO, 000.85 ⇥ 000.75, PA = 0� for SiO). The first contour is at 5� with steps of 3�
(1� ⇠ 1.3 mJy/beam for continuum, and ⇠50, 70, 180 mJy km s�1/beam for SiO, CO HV, and CO LV, respectively). The precession is plotted in
steps of 0.0025 ⇥ P, i.e., ⇠4.1 yr, where P = 1640 yr is the precession period (black squares).

Kwon et al. (2015) proposed instead that the curved CO struc-
tures are not tracing swept-up cavities but a pair of precess-
ing, misaligned jets. However, so far no jet was imaged close
to the source in mm/sub-mm interferometric maps. Only very
recently, Tafalla et al. (2015) reported the detection of SiO high-
velocity emission by using single-dish IRAM-30 m observa-
tions, supporting the occurrence of a jet in the inner 1100 around
L1157-mm.

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

2. Observations and data reduction

The central 2000 region toward the L1157-mm protostar was
observed with the IRAM PdBI in February, March, and
November 2011 using the A and C configurations. The short-
est baseline is ⇠20 m and the longest is ⇠760 m, allowing us
to recover emission at scales from ⇠800 to ⇠000.8 at 1.3 mm. The
SiO 5�4 and CO 2�1 lines at 217 104.98 and 230 538.00 MHz
were observed using the WideX backend, which covers a 4 GHz
spectral window with a spectral resolution of ⇠2 MHz, which
is ⇠3.2�3.4 km s�1 at the considered wavelengths. The cali-
bration was carried out with GILDAS-CLIC2 following stan-
dard procedures. The phase rms was 50� and 80� for the
A and C tracks, respectively, the pwv was 0.5�1 mm (A) and
⇠1�2 mm (C), and the system temperature was ⇠100�160 K (A)
and 150�250 K (C). The uncertainty on the absolute flux cali-
bration is 15% and the typical rms noise per spectral resolution
channel ⇠3�9 mJy/beam. Images were produced using robust
weighting, resulting in a clean beam of ⇠000.85 ⇥ 000.75 (PA = 0�)
for SiO 5�4 and ⇠000.88 ⇥ 000.60 (PA = 12�) for CO 2�1.

1
http://irfu.cea.fr/Projects/Calypso

2
http://www.iram.fr/IRAMFR/GILDAS

3. Asymmetric molecular jet

Figure 1 shows in the left panel a H2 Spitzer map of the L1157
outflow reported by Looney et al. (2007), in the middle panel
IRAM-PdBI maps of the blueshifted outflow lobe in CO 1�0
and SiO 2�1 at ⇠300 resolution (Gueth et al. 1996, 1998), and in
the right panel a zoom-in on the central 1000 au around the pro-
tostar in CO 2�1 and SiO 5�4 at much higher resolution (⇠000.8)
obtained from our IRAM-PdBI CALYPSO observations. Both
CO 2�1 and SiO 5�4 show compact emission at high blue- and
redshifted velocities, probing a molecular jet. The high-velocity
range (HV) is defined based on SiO 5�4, which solely shows
emission at high velocities, that is, at 22 < |V �Vsys| < 57 km s�1

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

The HV CO 2�1 and SiO 5�4 emission reveals for the first
time the base (⇠200 au) of the bipolar high-velocity jet driv-
ing the large-scale outflow, in agreement with what was recently
suggested by Tafalla et al. (2015) based on spatially unresolved
IRAM-30 m observations of the SiO 5�4 and 6�5 lines. The
molecular jet consists of a blue- and a redshifted knot (named
B0 and R0) located along PAjet ⇠ �17� with an emission peak at
⇠000.22 and ⇠000.61 distance from L1157-mm, respectively. The
position velocity diagram of the CO 2�1 and SiO 5�4 emission
extracted along the jet PA is shown in Fig. A.1. The jet width
is estimated by a Gaussian fit of the CO intensity profile per-
pendicular to the jet axis (the jet is not resolved transversally in
SiO because of the larger beam size). CO has a FWHM at the
emission peak of ⇠000.77 in the redshifted knot and ⇠000.9 in the
blueshifted knot. This corresponds to intrinsic widths of ⇠000.25
(i.e., ⇠60 au), and ⇠000.5 (i.e. ⇠125 au), respectively, after correct-
ing for beam smearing (the e↵ective resolution across the jet is

L4, page 2 of 5

A&A 593, L4 (2016)

Fig. 1. Left panel: Spitzer/IRAC 8 µm observations of the L1157 outflow (Looney et al. 2007; Takami et al. 2011). The resolution is ⇠100.98 and the
intensity color scale is logarithmic from 0.05 to 5 mJy/sr. The precession model (black line) is overplotted. Middle panels: the precession model
(black line) is overplotted on integrated CO 1�0 and SiO 2�1 maps of the L1157 outflow by Gueth et al. (1996, 1998; IRAM-30 m + PdBI data,
|V � Vsys| = 0�11 km s�1 for CO and 0�18 km s�1 for SiO, HPBW: 300.6 ⇥ 300.0, PA = 90� for CO, 200.8 ⇥ 200.2, PA = 56� for SiO). The first contour
is at 5� with steps of 3� (1� = 0.5 Jy km s�1/beam for CO, and 0.2 Jy km s�1/beam for SiO). The black squares indicate the driving source,
L1157-mm, and the blueshifted knots. Right panels: zoom-in on the inner jet revealed by CO 2�1 and SiO 5�4 maps obtained with IRAM-PdBI
as part of CALYPSO. The emission is integrated over high blue- and redshifted velocities (in |V �Vsys|) (blue/red contours) (HVb = 22�57 km s�1,
HVr = 36�63 km s�1). CO 2�1 also shows emission at low velocities (green contours; LVb < 22 km s�1, LVr < 36 km s�1) . The gray-scale traces
the continuum emission at 1.3 mm. The white squares indicate the continuum peak and the inner HV knots B0 and R0. The ellipse in the bottom
left corner shows the beam HPBW (000.88 ⇥ 000.60, PA = 12� for CO, 000.85 ⇥ 000.75, PA = 0� for SiO). The first contour is at 5� with steps of 3�
(1� ⇠ 1.3 mJy/beam for continuum, and ⇠50, 70, 180 mJy km s�1/beam for SiO, CO HV, and CO LV, respectively). The precession is plotted in
steps of 0.0025 ⇥ P, i.e., ⇠4.1 yr, where P = 1640 yr is the precession period (black squares).

Kwon et al. (2015) proposed instead that the curved CO struc-
tures are not tracing swept-up cavities but a pair of precess-
ing, misaligned jets. However, so far no jet was imaged close
to the source in mm/sub-mm interferometric maps. Only very
recently, Tafalla et al. (2015) reported the detection of SiO high-
velocity emission by using single-dish IRAM-30 m observa-
tions, supporting the occurrence of a jet in the inner 1100 around
L1157-mm.

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

2. Observations and data reduction

The central 2000 region toward the L1157-mm protostar was
observed with the IRAM PdBI in February, March, and
November 2011 using the A and C configurations. The short-
est baseline is ⇠20 m and the longest is ⇠760 m, allowing us
to recover emission at scales from ⇠800 to ⇠000.8 at 1.3 mm. The
SiO 5�4 and CO 2�1 lines at 217 104.98 and 230 538.00 MHz
were observed using the WideX backend, which covers a 4 GHz
spectral window with a spectral resolution of ⇠2 MHz, which
is ⇠3.2�3.4 km s�1 at the considered wavelengths. The cali-
bration was carried out with GILDAS-CLIC2 following stan-
dard procedures. The phase rms was 50� and 80� for the
A and C tracks, respectively, the pwv was 0.5�1 mm (A) and
⇠1�2 mm (C), and the system temperature was ⇠100�160 K (A)
and 150�250 K (C). The uncertainty on the absolute flux cali-
bration is 15% and the typical rms noise per spectral resolution
channel ⇠3�9 mJy/beam. Images were produced using robust
weighting, resulting in a clean beam of ⇠000.85 ⇥ 000.75 (PA = 0�)
for SiO 5�4 and ⇠000.88 ⇥ 000.60 (PA = 12�) for CO 2�1.
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http://irfu.cea.fr/Projects/Calypso
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http://www.iram.fr/IRAMFR/GILDAS

3. Asymmetric molecular jet

Figure 1 shows in the left panel a H2 Spitzer map of the L1157
outflow reported by Looney et al. (2007), in the middle panel
IRAM-PdBI maps of the blueshifted outflow lobe in CO 1�0
and SiO 2�1 at ⇠300 resolution (Gueth et al. 1996, 1998), and in
the right panel a zoom-in on the central 1000 au around the pro-
tostar in CO 2�1 and SiO 5�4 at much higher resolution (⇠000.8)
obtained from our IRAM-PdBI CALYPSO observations. Both
CO 2�1 and SiO 5�4 show compact emission at high blue- and
redshifted velocities, probing a molecular jet. The high-velocity
range (HV) is defined based on SiO 5�4, which solely shows
emission at high velocities, that is, at 22 < |V �Vsys| < 57 km s�1

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

The HV CO 2�1 and SiO 5�4 emission reveals for the first
time the base (⇠200 au) of the bipolar high-velocity jet driv-
ing the large-scale outflow, in agreement with what was recently
suggested by Tafalla et al. (2015) based on spatially unresolved
IRAM-30 m observations of the SiO 5�4 and 6�5 lines. The
molecular jet consists of a blue- and a redshifted knot (named
B0 and R0) located along PAjet ⇠ �17� with an emission peak at
⇠000.22 and ⇠000.61 distance from L1157-mm, respectively. The
position velocity diagram of the CO 2�1 and SiO 5�4 emission
extracted along the jet PA is shown in Fig. A.1. The jet width
is estimated by a Gaussian fit of the CO intensity profile per-
pendicular to the jet axis (the jet is not resolved transversally in
SiO because of the larger beam size). CO has a FWHM at the
emission peak of ⇠000.77 in the redshifted knot and ⇠000.9 in the
blueshifted knot. This corresponds to intrinsic widths of ⇠000.25
(i.e., ⇠60 au), and ⇠000.5 (i.e. ⇠125 au), respectively, after correct-
ing for beam smearing (the e↵ective resolution across the jet is
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Summary	(part	1)	
•  Striking	jet	universality	in	Mej/Macc,	collima^on		

–  Process	independent	of	stellar	B	and	Ω	

–  Collima^on	by	disk	B-field	<	5	au	

•  ALMA	reveals	rota^ng	slow	disk	winds	at	various	stages	and	
M★	
–  Small	lever	arm:	Magneto-rota^onal	or	Thermal	?		
–  Role	in	disk	accre^on	and	dissipa^on	?	Link	to	disk	B-structure	?		
–  NB:	Launch	radius	oãen	underes^mated	by	Jobs		

•  CO	ou,low	cavi^es	bowshock-driven,	not	wind-driven	
–  Broadening	by	internal	jet	shocks	and	jet	wandering	
–  S^ll	an	impact	on	final	stellar	mass	(25%	in	HH46?)	
– May	need	to	revise	:	es^mates	of	flow	age	and	driving	power,			
ou,low	feedback	prescrip^on	in	simula^ons	



Summary	(part	2)	
•  Synchronous	outbursts	in	twin	jets	(SVS13A)	

–  Favor	external	outburst	triggered	by	^dal	interac^ons		
–  Implica^ons…	cf.	Bo	Reipurth’s	talk	

•  Jet	bending	offers	key	insight	into		
–  close	binaries		20-300	au	
–  disk	precession	:	^dal	warps	?	MHD	warps	?	Asymmetric	
infall	?		

•  Jet	/	ou,low	chemistry	
–  Strong	test	for	MHD	DW	models	(eg.	Yvart+2016)	
–  Fast	jet	ini^ally	atomic	and	dust-free	(Herschel	and	
SOFIA):	molecule	forma^on	despite	UV	field	?	

–  First	Hydrosta^c	Core	ou,low	tracers	



SOFIA:	CepE	ou,low	A&A 581, A4 (2015)

Fig. 2. Left: CO J = 2–1 velocity-integrated emission of the protostellar jet observed with the PdBI. The emission is integrated between −135
and −110 km s−1 and between +40 and +80 km s−1 towards the southern and northern lobes, respectively. Right: the three kinematic components
in the southern lobe of the Cepheus E outflow as seen by the PdBI at 1′′ resolution in the CO J = 2–1 line: a) outflow cavity emission be-
tween −15 and −12 km s−1 (color); b) HH377 bowshock emission between −77 and −64 km s−1 (yellow contours); c) jet emission between −135
and −110 km s−1 (blue contours). First contour and contour interval are 20% and 10% of the peak intensity, respectively. The white stars mark
the location of the positions observed with SOFIA (−8.5′′, −23′′) and Herschel (HSO), IRAM, and JCMT (−12′′, −18′′). The beam width at
half-power of SOFIA in the CO J = 16–15 and of HIFI in the J = 5–4 are drawn by a solid and a dotted circle, respectively.

Table 1. CO line observation parameters and velocity-integrated line flux of the outflow components: jet, shock, outflow cavity.

CO ν Eu Telescope HPBW Feff Beff ∆! rms Jet Shock Outflow cavity
transition (GHz) (K) (”) ( km s−1) (Tmb mK) K km s−1 K km s−1 K km s−1

1–0 115.2713 5.5 IRAM 21.4 0.95 0.78 0.51 11 1.38 – 17.0
2–1 230.5380 16.6 IRAM 20.0 0.92 0.45 1.30 50 6.14 – 67.8
3–2 345.7959 33.2 JCMT 20.0 1.0 0.67 0.54 77 9.38 – 101.8
4–3 461.0408 55.3 JCMT 10.7 1.0 0.45 0.61 509 23.31 – 252.8
5–4 576.2679 83.0 HIFI 37.4 0.96 0.75 0.14 7 5.21 3.4 33.9
9–8 1036.9124 248.9 HIFI 20.5 0.96 0.74 0.14 11 7.28 12.5 42.1
12–11 1381.9950 431.3 SOFIA 21.7 0.95 0.55 0.04 81 2.33 8.1 13.7
13–12 1496.9229 503.1 SOFIA 17.7 0.97 0.67 0.037 48 3.05 12.2 20.5
14–13 1611.7935 580.5 HIFI 13.2 0.95 0.71 0.19 55 3.32 10.5 18.2
16–15 1841.3455 751.7 SOFIA 14.5 0.97 0.65 0.030 58 2.83 13.9 21.0
13CO
2–1 220.3987 15.9 IRAM 11.2 0.92 0.61 2.7 8 – – 5.3
5–4 550.9263 79.3 HIFI 38.5 0.95 0.75 2.5 11 – – 0.68

Notes. The root-mean square (rms) are expressed in units of main-beam brightness temperature per velocity interval of 1 km s−1. Fluxes are
integrated between −140 and −100 km s−1, −90 and −50 km s−1, and −50 and −17 km s−1 for the jet, HH377, and the outflow cavity, respectively.
They are expressed in units of main-beam brightness temperature.

and again in January and February 1998 in configurations A
and B. In order to cover both lobes of the outflow, a mosaic of
seven fields overlapping at half power was observed, covering
an area of approximately 24′′ × 90′′. The size of the synthesized
beam is 1.07′′ × 0.87′′ and makes a PA of 73 deg. We used a
spectral correlator configured to give 128 channels of 2.5 MHz

(3.25 km s−1 at the frequency of the CO J = 2–1 line), allow-
ing coverage of the full velocity range of outflow emission.
Calibration was carried out following standard procedures, us-
ing the GILDAS/CLIC software6.

6 http://www.iram.fr/GILDAS/
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produce these features. The contribution of shocks might also
explain why some sources show slight excess emission in one
wing compared to our symmetric steady model, such as the blue
wing in NGC 1333-IRAS 2A (see discussion in Sect. 4.2.1) and
in Ser MM3. Alternatively, it may be possible that the ejection
process is intrinsically asymmetric. Ser MM4 is a case in point,
where the red and blue wings may be reproduced by disk wind
models viewed at the same inclination and with the same stellar
mass but with a di↵erent accretion rate and rmax

0 in either lobe.

4.2. Line profiles of excited H2O lines

Another important test of the MHD disk wind model as a can-
didate for the broad component of the H2O 557 GHz line in
protostars is whether it could also explain the component shape
and intensity in lines of higher excitation. Sources from Figure 4
with a rich dataset in this respect are the three Class 0 protostars
in NGC 1333, and L1448-MM. We examine each of these sets
in turn.

4.2.1. Class 0 protostars in NGC 1333

NGC1333 IRAS 2A, IRAS 4A, and IRAS 4B are three well-
studied prototypes of embedded Class 0 protostars in the Perseus
complex (d = 235pc). They were observed with Herschel/HIFI
in several water lines by Kristensen et al. (2010). Figure 5
presents a comparison of all observed H2O line profiles in each
source with synthetic predictions for our grid models that most
closely match the fundamental 557 GHz profile (reproduced in
the top row). The same models with a smaller rmax

0 are also
shown as dashed curves.

It can be seen that overall, the grid model that best matches
the broad component of the 557 GHz line also reproduces re-
markably well the wing intensity and shape in more excited H2O
lines. Therefore, the excitation conditions in molecular magneto-
centrifugal disk winds seem adequate to explain the broad com-
ponent in excited H2O lines as well. The asymmetric blue wing
in IRAS 2A, present in all lines, would trace an additional emis-
sion component not included in the steady disk wind model,
e.g. shocks. The contribution of shocks to the blue wing H2O
emission in IRAS2A is supported by the detection in the same
velocity range of dissociative shock tracers in Herschel spectra
(Kristensen et al. 2013) and of compact bullets along the jet in
the interferometric map of Codella et al. (2014b).

4.2.2. L1448-MM

L1448-MM in Perseus (d = 235pc) is the first source where
high-velocity bullets were detected (Bachiller et al. 1990), and
where source characteristics were identified as pointing to an
earlier evolutionary status than Class 1 sources (Bachiller et al.
1991), eventually leading to the introduction of the new Class
0 type (Andre et al. 1993). Figure 6 compares the six water
line profiles observed with Herschel/HIFI towards L1448-MM
by Kristensen et al. (2011) with predictions for the grid model
best matching the 557 GHz line profile. As noted earlier, we
do not attempt to reproduce the separate peaks centered at ±50
km s�1 (EHV bullets), which are known to trace internal shocks
not included in our steady-state model, and we concentrate on
the central broad component. While the modeled 557 GHz line
wings are too narrow, the situation improves for lines of higher
excitation. The evolution in relative peak intensities is also re-
produced well by the model.
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Figure 5. Comparison of observed H2O line profiles (in black)
towards NGC1333-IRAS 2A, 4A, and 4B by Kristensen et al.
(2010) with synthetic predictions (solid red curves) for the grid
model best fitting the 557 GHz line in each source with para-
meters listed at the bottom. Predicted profiles for a smaller rmax

0 =
6.4 AU are also shown for comparison (dashed green).

Figure 6 also shows that the weaker blue wing could be re-
produced by a smaller rmax

0 = 3.2 AU than the red wing, where
rmax

0 = 6.4 AU gives a good match. Alternatively, the intensity
asymmetry between the blue and red wings could reflect di↵er-
ent H2O abundances between the two lobes, caused for example
by a di↵erent level of external FUV illumination. A possible ex-
treme example of this e↵ect is HH46-IRS, where the blue jet
lobe is known to propagate out of the parent globule into a dif-
fuse HII region, and the blue wing of the H2O 557 GHz profile
is almost entirely lacking (cf. Fig 4).

4.3. Correlation of 557 GHz line luminosity with envelope
density

Kristensen et al. (2012) searched for correlations in their sample
between

R
TdV (200 pc), the integrated intensity of the 557 GHz

line in the Herschel beam scaled to a distance of 200 pc (i.e. a
quantity proportional to the line luminosity) and various intrinsic
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Fig. 11. Abundances relative to H nuclei of important O, C, and S-bearing species along a flow line launched at 1 AU, for our Class 0 (left), Class I
(middle) and Class II models (right).

H2O: when the wind temperature exceeds ≃400 K, oxygen not
locked in CO is converted to H2O through the endothermic reac-
tions of O and OH with H2 in Eqs. (43), (44). Together with
H3O+ recombination, this reaction is efficient enough to bal-
ance the water destruction processes active in Class I/II jets
(FUV photodissociation, photoionization, reaction with H+3 ).
The asymptotic abundance of water is thus similar and quite high
on the 1 AU streamline for all 3 classes5, at ≃5−10 × 10−5.

C, O, S atoms, OH and SO: OH and atomic C and O have low
abundances along the Class 0 streamline, where CO and H2O
are well shielded. In contrast, high abundances of these species
≃0.5−1 × 10−4 are predicted in the outer regions of the Class I
and Class II streamlines, following CO and H2O partial pho-
todissociation (see Fig. 11). Concerning sulfur, it is mainly in
the form of atomic S beyond 100 AU along the Class 0 stream-
line, and is mainly photoionized into S+ in the Class I/II cases,
where the FUV field is more intense (see Fig. 8). The asymptotic
abundance of SO is substantial in the Class 0 only, at a level of
3 × 10−7. These predicted characteristics for Class 0 jets are in
line with the relative abundance of SO to CO ≃ 2 × 10−3 re-
ported by Tafalla et al. (2010), and with the mass-flux traced by
atomic sulfur lines being possibly as large as that inferred from
CO (Dionatos et al. 2010).

3.2. Effect of increasing launch radius in the Class I model

In Fig. 12 we illustrate in the Class I case the effect of the launch
radius on the wind chemistry and temperature. We plot a range
of r0 of 1−9 AU corresponding to a range in final flow speed
of 90 km s−1 to 30 km s−1. The streamline from Rsub = 0.2 AU
is also shown for comparison. The main effect is that the flow
has an “onion-like” thermal-chemical structure, with stream-
lines launched from larger radii having higher H2 abundance
and lower temperature and ionization. The behavior with r0 is
discussed in more detail below.

We do not present results for the interval 0.2 < r0 <
1 AU in the Class I jet, as the minimum H2 photodissociation
timescale there becomes similar to or less than the flow time (see

5 In the Class 0 streamline, cold dust grains hold an additional H2O
reservoir in the form of ice, of assumed abundance 10−4 (Flower &
Pineau des Forêts 2003), that could be later released in the gas phase
in shock waves.

discussion in Sect. 3.1.3). Accurate H2 abundances on these in-
ner streamlines await a detailed non-local treatment of H2 shield-
ing, not taken into account in the present preliminary approach.
For the same reason, we do not present results at r0 > 1 AU for
the Class II jet, but we note that the effect of increasing r0 will be
qualitatively the same as in the Class I case (i.e. higher H2 abun-
dance and lower temperature). We also do not present results at
r0 > 1 AU in the Class 0 case, since most H2 and CO molecules
survive already at a launch radius just beyond the sublimation
radius Rsub = 0.2 AU (see Sect. 3.1.3).

3.2.1. Ionization and drift speed at various r0

Wind streamlines are initially less ionized at larger r0
(Figs. 12f,g), due to the larger attenuation of X-rays and
FUV photons by intervening streamlines (Fig. 12c). At large dis-
tances, they recombine to an asymptotic fractional ionization of
a few 10−5, dominated by S+.

The drift speed does not exceed about 10 km s−1 and re-
mains less than 30% of the bulk flow speed out to r0 = 9 AU
(Fig. 12d). Therefore, magnetocentrifugal forces appear able to
lift molecules out to disk radii of 9 AU for the typical parameters
of Class I sources, in the MHD solution investigated here.

3.2.2. Temperature and molecule survival at various r0

The gas temperature at larger launch radii follows a similar be-
havior to that found at r0 = 1 AU (i.e. a gradual rise on a
scale z ≃ r0, followed by a shallow decrease), but the tem-
perature peak is shifted to larger z (i.e. lower nH) and reaches
a smaller peak value (see Fig. 12a). Therefore, H2 chemical
oxydation and collisional dissociation are less efficient than for
r0 = 1 AU. As a result, the H2 abundance increases with r0 and
more than 90% of the molecules survive for launch radii ≥3 AU
(Fig. 12h). Photodissociation of H2, which was already too slow
for r0 = 1 AU, is further reduced by the additional screening
from intervening wind streamlines and plays no role.

In contrast, we find that photodissociation remains the ma-
jor destruction process for CO out to r0 = 9 AU. The drop in
CO abundance towards the inner r0 = Rsub streamline largely
exceeds the factor 2 assumed in our “local” computation of the
CO self-screening column (see Fig. 12i). The plotted CO abun-
dances for r0 > Rsub should thus be considered as upper limits
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H2O: when the wind temperature exceeds ≃400 K, oxygen not
locked in CO is converted to H2O through the endothermic reac-
tions of O and OH with H2 in Eqs. (43), (44). Together with
H3O+ recombination, this reaction is efficient enough to bal-
ance the water destruction processes active in Class I/II jets
(FUV photodissociation, photoionization, reaction with H+3 ).
The asymptotic abundance of water is thus similar and quite high
on the 1 AU streamline for all 3 classes5, at ≃5−10 × 10−5.

C, O, S atoms, OH and SO: OH and atomic C and O have low
abundances along the Class 0 streamline, where CO and H2O
are well shielded. In contrast, high abundances of these species
≃0.5−1 × 10−4 are predicted in the outer regions of the Class I
and Class II streamlines, following CO and H2O partial pho-
todissociation (see Fig. 11). Concerning sulfur, it is mainly in
the form of atomic S beyond 100 AU along the Class 0 stream-
line, and is mainly photoionized into S+ in the Class I/II cases,
where the FUV field is more intense (see Fig. 8). The asymptotic
abundance of SO is substantial in the Class 0 only, at a level of
3 × 10−7. These predicted characteristics for Class 0 jets are in
line with the relative abundance of SO to CO ≃ 2 × 10−3 re-
ported by Tafalla et al. (2010), and with the mass-flux traced by
atomic sulfur lines being possibly as large as that inferred from
CO (Dionatos et al. 2010).

3.2. Effect of increasing launch radius in the Class I model

In Fig. 12 we illustrate in the Class I case the effect of the launch
radius on the wind chemistry and temperature. We plot a range
of r0 of 1−9 AU corresponding to a range in final flow speed
of 90 km s−1 to 30 km s−1. The streamline from Rsub = 0.2 AU
is also shown for comparison. The main effect is that the flow
has an “onion-like” thermal-chemical structure, with stream-
lines launched from larger radii having higher H2 abundance
and lower temperature and ionization. The behavior with r0 is
discussed in more detail below.

We do not present results for the interval 0.2 < r0 <
1 AU in the Class I jet, as the minimum H2 photodissociation
timescale there becomes similar to or less than the flow time (see

5 In the Class 0 streamline, cold dust grains hold an additional H2O
reservoir in the form of ice, of assumed abundance 10−4 (Flower &
Pineau des Forêts 2003), that could be later released in the gas phase
in shock waves.

discussion in Sect. 3.1.3). Accurate H2 abundances on these in-
ner streamlines await a detailed non-local treatment of H2 shield-
ing, not taken into account in the present preliminary approach.
For the same reason, we do not present results at r0 > 1 AU for
the Class II jet, but we note that the effect of increasing r0 will be
qualitatively the same as in the Class I case (i.e. higher H2 abun-
dance and lower temperature). We also do not present results at
r0 > 1 AU in the Class 0 case, since most H2 and CO molecules
survive already at a launch radius just beyond the sublimation
radius Rsub = 0.2 AU (see Sect. 3.1.3).

3.2.1. Ionization and drift speed at various r0

Wind streamlines are initially less ionized at larger r0
(Figs. 12f,g), due to the larger attenuation of X-rays and
FUV photons by intervening streamlines (Fig. 12c). At large dis-
tances, they recombine to an asymptotic fractional ionization of
a few 10−5, dominated by S+.

The drift speed does not exceed about 10 km s−1 and re-
mains less than 30% of the bulk flow speed out to r0 = 9 AU
(Fig. 12d). Therefore, magnetocentrifugal forces appear able to
lift molecules out to disk radii of 9 AU for the typical parameters
of Class I sources, in the MHD solution investigated here.

3.2.2. Temperature and molecule survival at various r0

The gas temperature at larger launch radii follows a similar be-
havior to that found at r0 = 1 AU (i.e. a gradual rise on a
scale z ≃ r0, followed by a shallow decrease), but the tem-
perature peak is shifted to larger z (i.e. lower nH) and reaches
a smaller peak value (see Fig. 12a). Therefore, H2 chemical
oxydation and collisional dissociation are less efficient than for
r0 = 1 AU. As a result, the H2 abundance increases with r0 and
more than 90% of the molecules survive for launch radii ≥3 AU
(Fig. 12h). Photodissociation of H2, which was already too slow
for r0 = 1 AU, is further reduced by the additional screening
from intervening wind streamlines and plays no role.

In contrast, we find that photodissociation remains the ma-
jor destruction process for CO out to r0 = 9 AU. The drop in
CO abundance towards the inner r0 = Rsub streamline largely
exceeds the factor 2 assumed in our “local” computation of the
CO self-screening column (see Fig. 12i). The plotted CO abun-
dances for r0 > Rsub should thus be considered as upper limits
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produce these features. The contribution of shocks might also
explain why some sources show slight excess emission in one
wing compared to our symmetric steady model, such as the blue
wing in NGC 1333-IRAS 2A (see discussion in Sect. 4.2.1) and
in Ser MM3. Alternatively, it may be possible that the ejection
process is intrinsically asymmetric. Ser MM4 is a case in point,
where the red and blue wings may be reproduced by disk wind
models viewed at the same inclination and with the same stellar
mass but with a di↵erent accretion rate and rmax

0 in either lobe.

4.2. Line profiles of excited H2O lines

Another important test of the MHD disk wind model as a can-
didate for the broad component of the H2O 557 GHz line in
protostars is whether it could also explain the component shape
and intensity in lines of higher excitation. Sources from Figure 4
with a rich dataset in this respect are the three Class 0 protostars
in NGC 1333, and L1448-MM. We examine each of these sets
in turn.

4.2.1. Class 0 protostars in NGC 1333

NGC1333 IRAS 2A, IRAS 4A, and IRAS 4B are three well-
studied prototypes of embedded Class 0 protostars in the Perseus
complex (d = 235pc). They were observed with Herschel/HIFI
in several water lines by Kristensen et al. (2010). Figure 5
presents a comparison of all observed H2O line profiles in each
source with synthetic predictions for our grid models that most
closely match the fundamental 557 GHz profile (reproduced in
the top row). The same models with a smaller rmax

0 are also
shown as dashed curves.

It can be seen that overall, the grid model that best matches
the broad component of the 557 GHz line also reproduces re-
markably well the wing intensity and shape in more excited H2O
lines. Therefore, the excitation conditions in molecular magneto-
centrifugal disk winds seem adequate to explain the broad com-
ponent in excited H2O lines as well. The asymmetric blue wing
in IRAS 2A, present in all lines, would trace an additional emis-
sion component not included in the steady disk wind model,
e.g. shocks. The contribution of shocks to the blue wing H2O
emission in IRAS2A is supported by the detection in the same
velocity range of dissociative shock tracers in Herschel spectra
(Kristensen et al. 2013) and of compact bullets along the jet in
the interferometric map of Codella et al. (2014b).

4.2.2. L1448-MM

L1448-MM in Perseus (d = 235pc) is the first source where
high-velocity bullets were detected (Bachiller et al. 1990), and
where source characteristics were identified as pointing to an
earlier evolutionary status than Class 1 sources (Bachiller et al.
1991), eventually leading to the introduction of the new Class
0 type (Andre et al. 1993). Figure 6 compares the six water
line profiles observed with Herschel/HIFI towards L1448-MM
by Kristensen et al. (2011) with predictions for the grid model
best matching the 557 GHz line profile. As noted earlier, we
do not attempt to reproduce the separate peaks centered at ±50
km s�1 (EHV bullets), which are known to trace internal shocks
not included in our steady-state model, and we concentrate on
the central broad component. While the modeled 557 GHz line
wings are too narrow, the situation improves for lines of higher
excitation. The evolution in relative peak intensities is also re-
produced well by the model.
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Figure 5. Comparison of observed H2O line profiles (in black)
towards NGC1333-IRAS 2A, 4A, and 4B by Kristensen et al.
(2010) with synthetic predictions (solid red curves) for the grid
model best fitting the 557 GHz line in each source with para-
meters listed at the bottom. Predicted profiles for a smaller rmax

0 =
6.4 AU are also shown for comparison (dashed green).

Figure 6 also shows that the weaker blue wing could be re-
produced by a smaller rmax

0 = 3.2 AU than the red wing, where
rmax

0 = 6.4 AU gives a good match. Alternatively, the intensity
asymmetry between the blue and red wings could reflect di↵er-
ent H2O abundances between the two lobes, caused for example
by a di↵erent level of external FUV illumination. A possible ex-
treme example of this e↵ect is HH46-IRS, where the blue jet
lobe is known to propagate out of the parent globule into a dif-
fuse HII region, and the blue wing of the H2O 557 GHz profile
is almost entirely lacking (cf. Fig 4).

4.3. Correlation of 557 GHz line luminosity with envelope
density

Kristensen et al. (2012) searched for correlations in their sample
between

R
TdV (200 pc), the integrated intensity of the 557 GHz

line in the Herschel beam scaled to a distance of 200 pc (i.e. a
quantity proportional to the line luminosity) and various intrinsic
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produce these features. The contribution of shocks might also
explain why some sources show slight excess emission in one
wing compared to our symmetric steady model, such as the blue
wing in NGC 1333-IRAS 2A (see discussion in Sect. 4.2.1) and
in Ser MM3. Alternatively, it may be possible that the ejection
process is intrinsically asymmetric. Ser MM4 is a case in point,
where the red and blue wings may be reproduced by disk wind
models viewed at the same inclination and with the same stellar
mass but with a di↵erent accretion rate and rmax

0 in either lobe.

4.2. Line profiles of excited H2O lines

Another important test of the MHD disk wind model as a can-
didate for the broad component of the H2O 557 GHz line in
protostars is whether it could also explain the component shape
and intensity in lines of higher excitation. Sources from Figure 4
with a rich dataset in this respect are the three Class 0 protostars
in NGC 1333, and L1448-MM. We examine each of these sets
in turn.

4.2.1. Class 0 protostars in NGC 1333

NGC1333 IRAS 2A, IRAS 4A, and IRAS 4B are three well-
studied prototypes of embedded Class 0 protostars in the Perseus
complex (d = 235pc). They were observed with Herschel/HIFI
in several water lines by Kristensen et al. (2010). Figure 5
presents a comparison of all observed H2O line profiles in each
source with synthetic predictions for our grid models that most
closely match the fundamental 557 GHz profile (reproduced in
the top row). The same models with a smaller rmax

0 are also
shown as dashed curves.

It can be seen that overall, the grid model that best matches
the broad component of the 557 GHz line also reproduces re-
markably well the wing intensity and shape in more excited H2O
lines. Therefore, the excitation conditions in molecular magneto-
centrifugal disk winds seem adequate to explain the broad com-
ponent in excited H2O lines as well. The asymmetric blue wing
in IRAS 2A, present in all lines, would trace an additional emis-
sion component not included in the steady disk wind model,
e.g. shocks. The contribution of shocks to the blue wing H2O
emission in IRAS2A is supported by the detection in the same
velocity range of dissociative shock tracers in Herschel spectra
(Kristensen et al. 2013) and of compact bullets along the jet in
the interferometric map of Codella et al. (2014b).

4.2.2. L1448-MM

L1448-MM in Perseus (d = 235pc) is the first source where
high-velocity bullets were detected (Bachiller et al. 1990), and
where source characteristics were identified as pointing to an
earlier evolutionary status than Class 1 sources (Bachiller et al.
1991), eventually leading to the introduction of the new Class
0 type (Andre et al. 1993). Figure 6 compares the six water
line profiles observed with Herschel/HIFI towards L1448-MM
by Kristensen et al. (2011) with predictions for the grid model
best matching the 557 GHz line profile. As noted earlier, we
do not attempt to reproduce the separate peaks centered at ±50
km s�1 (EHV bullets), which are known to trace internal shocks
not included in our steady-state model, and we concentrate on
the central broad component. While the modeled 557 GHz line
wings are too narrow, the situation improves for lines of higher
excitation. The evolution in relative peak intensities is also re-
produced well by the model.
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Figure 5. Comparison of observed H2O line profiles (in black)
towards NGC1333-IRAS 2A, 4A, and 4B by Kristensen et al.
(2010) with synthetic predictions (solid red curves) for the grid
model best fitting the 557 GHz line in each source with para-
meters listed at the bottom. Predicted profiles for a smaller rmax

0 =
6.4 AU are also shown for comparison (dashed green).

Figure 6 also shows that the weaker blue wing could be re-
produced by a smaller rmax

0 = 3.2 AU than the red wing, where
rmax

0 = 6.4 AU gives a good match. Alternatively, the intensity
asymmetry between the blue and red wings could reflect di↵er-
ent H2O abundances between the two lobes, caused for example
by a di↵erent level of external FUV illumination. A possible ex-
treme example of this e↵ect is HH46-IRS, where the blue jet
lobe is known to propagate out of the parent globule into a dif-
fuse HII region, and the blue wing of the H2O 557 GHz profile
is almost entirely lacking (cf. Fig 4).

4.3. Correlation of 557 GHz line luminosity with envelope
density

Kristensen et al. (2012) searched for correlations in their sample
between

R
TdV (200 pc), the integrated intensity of the 557 GHz

line in the Herschel beam scaled to a distance of 200 pc (i.e. a
quantity proportional to the line luminosity) and various intrinsic
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Models:	Yvart+2016	
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O. Dionatos et al.: Herschel spectral-line mapping of the HH211 protostellar system

Fig. 3. Line maps for the resolved OH line doublets. The yellow cross indicates the position of the protostar HH211-mm.

Fig. 4. Line maps of the 3P1–3P2 and the 3P0–3P1 [O I] transitions at
63.18 and 145.5 µm (upper and lower panels, respectively). Notice that
color-encoded flux levels are a factor of ⇠15 higher in the 63.18 µm map.
Dashed ellipses in the upper panel delineate the outflow dimensions
considered in the calculation of the [O I] mass flux (see Sect. 4.4)

H2 emission as recorded in the Spitzer/IRAC bands and the
212�101 H2O emission maps, Tafalla et al. (2013) conclude that
the two emissions correlate in both shape and intensity. The
higher energy maps presented here demonstrate that the H2O
morphology can be significantly different compared to the H2
images. In addition the IRAC images used for comparisons in
Tafalla et al. (2013) display a significant contribution from con-
tinuum emission in the region around the protostar. While this
emission can mimic the H2O line-pattern excited within the
envelope, it is not detected in the H2 maps presented in Paper I.

The hydroxyl emission shown in Fig. 3 shows a strong peak at
the tip of the SE lobe. This coincides with the spot of the highly
excited OH emission detected with Spitzer (Tappe et al. 2008)
and therefore the Herschel lines are most likely associated with

the lower-energy branch of that emission. Morphologically, the
OH peak is very similar to the high-J CO pattern presented in
Fig. 1. In a few cases OH maps show peaks also at the on-source
and NW positions that resemble more the lower-J CO or the
321�212 H2O emission patterns. Similarly collimated emission
is also found in the atomic ([Si II], [Fe II] and [S I]) maps pre-
sented in Paper I. The chain of emission spots along the SE–NW
axis, and the single strong emission region at the SE tip, seem to
confirm the findings of Wampfler et al. (2013) that OH is mainly
excited in shocks. While the SE peak emission corresponds to
the tip of the terminal shock, Tappe et al. (2008) found that
the OH excitation is related to the UV radiation produced at the
shock-front. This is also consistent with results of the excitation
analysis that follows in Sect. 4.1.

The 3P1–3P2 oxygen line is by more than an order of mag-
nitude the brightest line detected in the surroundings of HH211.
Such high levels were also found in previous studies of line
emission around embedded protostars (e.g. Green et al. 2013).
The oxygen maps presented in Fig. 4 show two well delineated,
nearly symmetric outflow lobes that appear thinner towards the
center of symmetry and come in contact at the position of the
protostar. Close to the driving source, [O I] emission appears,
to the available angular resolution, narrow and almost linear
resembling the high-velocity molecular jets observed in CO and
SiO (e.g. Gueth & Guilloteau 1999; Hirano et al. 2006; Lee et al.
2007, 2010). This pattern is still clear, albeit less sharp for the
3P0–3P1 transition (lower panel of Fig. 4) that is a factor of ⇠15
weaker than the 3P1–3P2 line. The oxygen emission morphology
also appears very similar to that of molecular hydrogen (Paper I),
the only difference being that even mid-IR H2 is not traced very
close to the protostar due to extinction from the envelope. A
close morphological association between the emission pattern
of H2 rotational transitions and the [O I] lines has also been
established in the case of the outflows in NGC 1333 (Dionatos
& Güdel 2017). The analysis presented in Sect. 4.4 provides
further evidence of a physical relation between [O I] and H2.

4. Analysis and discussion

4.1. Excitation

To a first approximation, we attempt to study the physical con-
ditions of the excited gas by the use of Boltzmann diagrams,
in which the populations of an excited level of a molecule are
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Fig. 3. Line maps for the resolved OH line doublets. The yellow cross indicates the position of the protostar HH211-mm.

Fig. 4. Line maps of the 3P1–3P2 and the 3P0–3P1 [O I] transitions at
63.18 and 145.5 µm (upper and lower panels, respectively). Notice that
color-encoded flux levels are a factor of ⇠15 higher in the 63.18 µm map.
Dashed ellipses in the upper panel delineate the outflow dimensions
considered in the calculation of the [O I] mass flux (see Sect. 4.4)
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212�101 H2O emission maps, Tafalla et al. (2013) conclude that
the two emissions correlate in both shape and intensity. The
higher energy maps presented here demonstrate that the H2O
morphology can be significantly different compared to the H2
images. In addition the IRAC images used for comparisons in
Tafalla et al. (2013) display a significant contribution from con-
tinuum emission in the region around the protostar. While this
emission can mimic the H2O line-pattern excited within the
envelope, it is not detected in the H2 maps presented in Paper I.

The hydroxyl emission shown in Fig. 3 shows a strong peak at
the tip of the SE lobe. This coincides with the spot of the highly
excited OH emission detected with Spitzer (Tappe et al. 2008)
and therefore the Herschel lines are most likely associated with

the lower-energy branch of that emission. Morphologically, the
OH peak is very similar to the high-J CO pattern presented in
Fig. 1. In a few cases OH maps show peaks also at the on-source
and NW positions that resemble more the lower-J CO or the
321�212 H2O emission patterns. Similarly collimated emission
is also found in the atomic ([Si II], [Fe II] and [S I]) maps pre-
sented in Paper I. The chain of emission spots along the SE–NW
axis, and the single strong emission region at the SE tip, seem to
confirm the findings of Wampfler et al. (2013) that OH is mainly
excited in shocks. While the SE peak emission corresponds to
the tip of the terminal shock, Tappe et al. (2008) found that
the OH excitation is related to the UV radiation produced at the
shock-front. This is also consistent with results of the excitation
analysis that follows in Sect. 4.1.

The 3P1–3P2 oxygen line is by more than an order of mag-
nitude the brightest line detected in the surroundings of HH211.
Such high levels were also found in previous studies of line
emission around embedded protostars (e.g. Green et al. 2013).
The oxygen maps presented in Fig. 4 show two well delineated,
nearly symmetric outflow lobes that appear thinner towards the
center of symmetry and come in contact at the position of the
protostar. Close to the driving source, [O I] emission appears,
to the available angular resolution, narrow and almost linear
resembling the high-velocity molecular jets observed in CO and
SiO (e.g. Gueth & Guilloteau 1999; Hirano et al. 2006; Lee et al.
2007, 2010). This pattern is still clear, albeit less sharp for the
3P0–3P1 transition (lower panel of Fig. 4) that is a factor of ⇠15
weaker than the 3P1–3P2 line. The oxygen emission morphology
also appears very similar to that of molecular hydrogen (Paper I),
the only difference being that even mid-IR H2 is not traced very
close to the protostar due to extinction from the envelope. A
close morphological association between the emission pattern
of H2 rotational transitions and the [O I] lines has also been
established in the case of the outflows in NGC 1333 (Dionatos
& Güdel 2017). The analysis presented in Sect. 4.4 provides
further evidence of a physical relation between [O I] and H2.

4. Analysis and discussion

4.1. Excitation

To a first approximation, we attempt to study the physical con-
ditions of the excited gas by the use of Boltzmann diagrams,
in which the populations of an excited level of a molecule are
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Fig. 1. CO line maps, starting from the J = 38�37 transition at 69 µm in the upper left corner to J = 14�13 at 183 µm at the lower right panel.
The J = 23�22 map is blended and dominated in the central and northwest regions by the 414�303 o-H2O line. The yellow cross indicates the
position of the protostellar source and the dashed circles in the lower left panel delineate the three extraction regions for which excitation diagrams
are constructed (see Sect. 4.1).

cluster of pixels towards the SE. This cluster becomes brighter in
subsequent maps with decreasing Jup and remains the brightest
region of emission for all CO transitions. Maps with Jup  28
show some emission around the position of the protostellar
source HH 211-mm and towards the tip of the NW lobe, how-
ever this emission becomes significant only for the maps with
Jup  22. The CO emission around the protostellar source peaks
slightly to the SE from the position of HH 211-mm and remains
brightest, second only to the SE peak in all Jup  22 maps.
The NW tip of the outflow becomes apparent in the maps with
Jup  22, yet it remains fainter compared to the emission from
the SE and on-source positions. This applies also in the Jup = 23

map where CO is blended with the 414�303 o-H2O line and
therefore the morphology corresponds to the combined emis-
sion pattern from both molecules (see also Fig. 2). The shape
of all regions of CO emission appears rather rounded, with the
only exception being the maps for Jup  16 at the on-source
position that appear more elongated and closer to the water emis-
sion pattern (Fig. 2). The CO emission trend from all transitions
observed with Herschel/PACS appears quite different compared
to the morphology of lower-J (2–1 and 3–2) CO maps obtained
with interferometers (Gueth & Guilloteau 1999; Lee et al. 2007),
a fact that cannot only be attributed to the difference in angular
resolution (see also the [O I] maps below). High-J CO emission
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Fig. 2. Line maps for the ortho and para nuclear spin isomers of H2O (upper and lower panels, respectively). The 414�303 map in the upper right
panel is blended with the Jup = 23 CO line. The yellow cross indicates the position of the protostar HH211-mm.

appears mostly localized at the positions of the terminal bow-
shocks and around the protostar and does not seem to trace the
outflow-lobe structure or the molecular jets, as observed in low-
J CO lines. The Jup  22 pattern resembles the H2 and [Si II]
emission presented in Paper I, with the difference that mid-IR
line emission close to the protostar is highly extincted by the
surrounding envelope.

In Fig. 2, we present the emission pattern of the ortho and
para forms of the water molecule (upper and lower panels,
respectively). Water appears to be, in most cases, central-
ized around the protostar. Ortho transitions often display some
weaker emission toward the SE and NW positions, with the SE
emission being in most cases stronger in comparison to the NW.
The most prominent map showing H2O emission in the out-
flow is from the 212�101 transition at 179.5 µm. Maps of the
same transition observed with PACS in line-spectroscopy mode
(Tafalla et al. 2013) are in excellent agreement to the ones pre-
sented here. In contrast to CO, the shapes at the maxima in
the ortho-water emission maps are ellipsoidal, with the major
axis extending towards the SE–NW direction. In all maps, the
H2O emission maximum remains well centered at the position of
HH 211-mm. Higher energy ortho-water transitions such as the
321�212 in the upper left panel of Fig. 2 display localized patches
of emission over a linear path that connects the SE and NW
regions while running through the position of the driving source.
The same pattern can also be noticed for a series of weaker, ten-
tative H2O detections presented in Fig. A.1 showing also in a
couple of cases a locus of relatively bright emission to the NW.

In contrast to the emission pattern in the ortho-H2O maps,
para-H2O has a very distinct morphology, displaying emission
only around the position of the protostar. The emission pattern
is consistent, being elongated in the brightest para transition and
rather rounded in the other two. This apparent difference can be
attributed to the line strength and lack of sufficient contrast in
the fainter maps.

The elongated, centrally-peaked emission pattern for both
ortho- and para-water forms has only some resemblance to
on-source emission of the lowest J CO transitions presented
in Fig. 1. The major axis of the central emission measures
⇠3000, which approximately equals the size of the two-sided SiO
jet (Lee et al. 2007). Based on this similarity some of the water
emission may arise from the chain of shocks within the SiO
molecular jet, as appears to be the case for the 321�212 tran-
sition map. However the peak of the H2O emission is always
coincident with the protostar, which indicates that the latter is
the main source of excitation for the H2O lines. In this sce-
nario, the elongated emission pattern to the SE and NW can
be attributed to radiation generated very close to the protostar
which then escapes through the outflow cavities and excites the
material on the cavity walls. Radiative excitation of the enve-
lope material may also explain the detection of para-water lines
only in the surroundings of the protostellar source (see Sect. 4.3).
These findings are also consistent with the 557GHz H2O line-
shape observed with Herschel HiFi (Tafalla et al. 2013), showing
slowly moving material which cannot be associated with the
outflows. Based on the morphological similarities between the
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and	Thank	you	Hans	!	

•  For	giving	us	the	most	beau^ful	jets	to	work	
with	!		

•  For	making	SOFIA	such	a	GREAT	instrument	for	
jet	/	ou,low	studies:	[OI],	OH,	high-J	CO,	H2…	!	

•  For	inspiring	us	to	work	on	crucial	ques^ons,	
many	we	s^ll	can’t	answer	today	!		
– Origin	of	jets	and	jet	precession	?		
– blue	/	red	asymmetries	?		


