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LETTER

Super-rotating protostellar jets
Yuko Matsushita1,2, Satoko Takahashi3,4,5, Shun Ishii1,5, Kohji Tomisaka1,5, Paul T. P. Ho6,7, John Carpenter4, & Masahiro

N. Machida2

1 Protostellar jets are most striking phenomena in star-forming re-2

gions and considered to be an essential ingredient in the star forma-3

tion process. Stars form in gravitationally collapsing clouds. The4

mass of protostar at its birth is equivalent to Jovian mass or 0.1 per-5

cent of the solar mass 1, 2. After the birth, the protostar acquires its6

mass by accreting material from a surrounding rotation disk em-7

bedded in an infalling envelope that is a remnant of the natal cloud8

of the star. Protostellar jets are believed to expel the excess angu-9

lar momentum from the circumstellar region that allows accretion10

on to the star. Here, we report the detection of super-rotating jets11

driven from a protostar FIR 6b (HOPS 60) in Orion Molecular12

Cloud-2 3, 4, 6. The jet rotation velocity exceeds 20 km s−1 and the13

specific angular momentum of the jet is as large as ∼ 1022cm2 s−1,14

which hitherto are the largest that have been observed in proto-15

stellar jets. The extraordinary large rotation velocity and specific16

angular momentum can be explained by a magnetohydrodynamic17

disk wind5. This is clear evidence that magnetic fields play a cru-18

cial role for protostellar evolution and that angular momentum is19

removed by protostellar jets.20

The target FIR 6b (HOPS 60) is located in Orion Molecular Cloud-21

2 (hereafter we call this object FIR 6b) and identified as a Class 0 in-22

termediate mass protostar 4, 6, 7. The distance to FIR 6b is d ∼392 pc8
23

and the systemic velocity is vsys ∼ 11 km s−1 in the Local Standard24

of Rest (LSR)9. FIR 6b has a bolometric luminosity of Lbol = 21.9 L⊙25

6. A low-velocity (∼ 5 km s−1) bipolar outflow was already observed26

in the northeast to southwest direction toward the protostar FIR 6b 7, 10.27

A small amount of gas remains in the envelope around FIR 6b 4, 6, 10. In28

addition, the disk-like structure with a size of ∼ 126 au and ∼ 56 au29

were also inferred from continuum observations at 0.87 mm by the At-30

acama Large Millimeter/submillimetre Array (ALMA) and 9 mm by31

the Very Large Array (VLA), respectively8. Thus, FIR 6b is expected32

to be in the later main accretion phase and considered to be a Class 033

protostar.34

We observed the region around FIR 6b using ALMA. For the first35

time, we confirm the high-velocity components (or high-velocity jets)36

driven from FIR 6b. The high-velocity jets have a well-collimated37

structure within which several knots or blobs are embedded (Fig. 1).38

The length of the jets is ∼ 48000 au as a whole, while the jet width is39

∼ 2400 − 5000 au depending on the distance from the central proto-40

star. Although the CO emission in the southwest direction is slightly41

distorted near FIR 6b, the jets have a roughly point symmetric structure42

toward the central protostar FIR 6b (Fig. 1). The asymmetrical velocity43

structure in the upper- and lower-side of jets is sometimes seen in other44

observations 11. Recent simulation also indicates that the asymmetri-45

cal jet (velocity) can be realized by the temporal asymmetric mass ac-46
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cretion from the infalling envelope onto the circumstellar disk12. The 1

northeast side of the jet moves away from us with a velocity range 2

of 22.5 km s−1 to 87.5 km s−1 with respect to the systemic veloc- 3

ity, while the southwest side is coming toward us with a velocity of 4

10 km s−1 to 27.5 km s−1 with respect to the systemic velocity. Thus, 5

the northeast part corresponds to the red-shifted component (or the red- 6

shifted jet), while the southwest part is the blue-shifted component (or 7

the blue-shifted jet). The propagation direction of the high-velocity 8

components is the same as that of the low-velocity components re- 9

ported in previous studies 7, 10. Since the jets have a velocity range 10

of 10 km s−1 to 87.5 km s−1 with respect to the systemic velocity 11

in the redshifted components, the intrinsic jet peak velocity exceeds 12

100 km s−1 after correcting for jet inclination angle of i = 80◦ with 13

respect to the line of sight. However, the blue-shifted jet has slower 14

velocity than the red-shifted one, and no high velocity component has 15

been observed in the southeast direction. In this paper, we mainly dis- 16

cuss the red-shifted component to focus on the jet rotation in the high 17

velocity component. 18
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Figure 1 | CO (J=2–1) high velocity integrated intensity map (color and

black contour). High velocity components of the CO (J=2–1) emission

are integrated over the LSR velocity ranges of 32.5 to 97.5 km s−1 (red-

shifted component, northeast side) and 17.5 to 0 km s−1 (blue-shifted com-

ponent, southwest side). The 1.3 mm continuum emission is overlaid with

gray contours, which shows the peak toward OMC-2/FIR 6b at (R.A., Dec.)

= (05h35m23s.34, −05◦12′03′′.970). The integrated CO emission shows

a well-collimated structure that is distributed from the northeast to the south-

west direction centered around FIR 6b. Several knots corresponding to the local

emission peaks indicated by arrows are found within the jets. The synthesized

beams are denoted in the left bottom with a black open ellipse for the CO emis-

sion and filled gray ellipse for the 1.3 mm continuum emission, respectively.

The contour levels of the CO emission are 5σ, 10σ, 15σ, and 20σ, (1σ = 1.0

Jy beam−1 · km s−1), and those of the 1.3 mm continuum emission are 8σ,

40σ, 80σ, 120σ, 160σ, 240σ, and 320σ (1σ = 0.2 mJy beam−1).

Fig. 2 shows maps of the mean velocity obtained from the CO 19

(J=2–1) emission. A clear velocity gradient is found along the jet 20

short-axis in the red-shifted jet (Fig. 2a). The northern part of the red- 21

shifted jet is moving towards the front and the southern part is moving 22

1



toward the back. The velocity shifts along the minor axis by 25 km s−1
1

to 50 km s−1. Thus, the red-shifted jet seems to rotate around its long2

axis. Several alternative interpretations might be considered to explain3

the velocity gradient such as jet precession, twin jets and asymmetrical4

jet structure13. Thus, we need to carefully investigate the cause of the5

velocity gradient.6

When the jet precesses, the velocity gradient tends to appear along7

the jet long-axis or the jet propagation direction. On the other hand,8

the jet velocity would not be significantly changed along the jet short-9

axis in the precession model 14, 15. In addition, the precessing jet should10

have a strong wave-like structure as a whole15, while the observed jet is11

straight in both the red-shifted and blue-shifted lobes in the integrated12

intensity map (Fig. 1).13

If FIR 6b is a binary system, two protostars can drive two jets. In14

such a case, the velocity gradient (Fig. 2a) can be potentially explained15

by twin jets if the direction of jets is slightly different each other. It16

seems that the red-shifted jet splits along its long-axis in the velocity17

map (Fig. 2a). However, we cannot see any signature of the twin jets in18

the integrated intensity map (Fig. 1). In addition, there is no evidence19

for a protobinary system in the dust continuum within the ALMA at20

1.3 mm data at 400 au spatial resolution (Fig. 1) nor in ALMA at 0.8721

mm and VLA at 9 mm observations at 40 au resolution8. Thus, it is not22

plausible to consider that the jet are composed of twin flows.23

On the other hand, when the jet has an asymmetric or complex24

velocity distribution, the velocity gradient would appear in the jet short-25

axis. However, the distribution of CO emission is rather smooth (Fig. 1)26

and the velocity gradient is systematic. Thus, the velocity gradients27

within the jets cannot be explained just by the asymmetric nature.28

We conclude that rotation is most plausible to interpret the velocity29

gradient of the jet seen in velocity map (Fig. 2a). It is difficult to explain30

the velocity gradient with other models except for rotation. In addition,31

there are similarities between numerical simulations of protostellar jets32

and the observations. A winding configuration of velocity gradient seen33

in the velocity map can be confirmed in the simulation of the rotating34

jet18. The knotty structures seen in the integrated intensity map (Fig. 1)35

are also produced in simulations and can be explained by time-variable36

mass ejection16.37

The position-velocity (PV) diagrams are useful to qualitatively and38

quantitatively estimate the jet properties. There are two intensity peaks39

in the PV diagrams cutting along the short-axis each red-shifted com-40

ponent at R1, R3, R7, or R9 (Fig. 3b-3e). The peaks are located in the41

second and fourth quadrant independent of the cutting position. The42

tendency seen in the PV diagrams agrees well with typical characteris-43

tic of rotating cylinder 21. It should be noted that the PV diagrams taken44

in this observation (Fig. 3) do not agree with those seen in the numerical45

simulations of the precessing jet14, 15. The two emission peaks would46

correspond to the wall or edge of the jet where the integrated inten-47

sity along the line of sight should be strong. In addition, the directions48

of velocity gradient are the same in all the cutting positions. This is49

natural if the velocity gradient is attributed to the jet rotation.50

51

Using the position-velocity diagram, the jet rotation velocity vφ52

and the distance from the jet axis (or radius in the cylindrical coordi-53

nate) rrot are estimated as54

vφ =
1

sin i

vblue − vred
2

, (1)

and55

rrot =
lshift
2

, (2)

respectively 13, where vblue and vred are the velocity at emission56

peak of red-shifted and blue-shifted components in each PV diagram57

(Fig. 3). The jet rotation axis was determined using the PV diagrams,58
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Figure 2 | CO mean velocity maps. (a) Northeast-side (or red-shifted)

jet. The velocity map with the LSR velocity range of 32.5 km s−1 to

97.5 km s−1 excluding the component at the systemic velocity between

vLRS = 7.5 and 12.5 km s−1. (b) Southwest-side (or blue-shifted) jet. The

velocity map with the velocity range of −17.5 km s−1 to 0 km s−1 excluding

the component at the systemic velocity. The 1.3 mm continuum emission is also

plotted in each panel with gray contours as same as in Fig. 1. The ellipses in the

bottom left corner are the synthesized beams sized for the CO J=2–1 emission

(black) and the 1.3 mm continuum emission (gray).

in which the half distance of two emission peaks is adopted as the axis 1

(Fig. 3). In the position velocity diagrams, the jet width lshift was cal- 2

culated from the distance between two peaks (Fig. 3). The disk incli- 3

nation angle is estimated to i = 80◦ with respect to the line of sight 4

in past observation 6. We also estimated the jet inclination angle us- 5

ing the 1.3 mm continuum emission which presumably traces the disk 6

around FIR 6b. The disk inclination angle was estimated to be i = 42◦ 7

with i ≡ arccos(Lmin/Lmaj) where the deconvolved size along the 8

major Lmaj and minor Lmin axes are 1.1 × 0.82 arcsec (416 × 312 9

au) which is calculated from the two-dimensional Gaussian fitting. A 10

disk inclination angle of i = 55◦ was inferred from recent higher an- 11

gular resolutions8. Therefore, the jet inclination angles were estimated 12

to 40◦, 60◦, and 80◦ in this and other observations. Recent theoretical 13

study showed that the inclination angle of the disk (or normal direction 14

of the disk) changes depending on the spatial scale17. Thus, it is dif- 15

ficult to accurately determine the inclination angle of the disk and jet 16

from observations. Here, we adopt the jet inclination angle i = 80◦ 17

which gives the minimum rotation velocity and specific angular mo- 18

mentum. 19

The measured rotation velocities are in the range of vφ = 11.2 − 20

28.4 km s−1, while the jet radius (or the distance from the jet axis) is in 21

the range of rrot ∼ 220−800 au (Table 1). The rotation velocities esti- 22

mated for FIR 6b are the highest among those reported in other sources 23

even after correcting for the jet inclination angle: vφ = 6− 15 km s−1
24

for DG Tau19, ∼ 2 km s−1 for CB 2620, ∼ 5 − 14 km s−1 for SVS 25

13A13, and ∼ 10 km s−1 for Orion Source I21. With the jet velocity 26

and radius, the specific angular momentum of the jet at each position is 27

also estimated as j = vrot × rrot. The specific angular momentum is 28

2



L
S

R
 v

e
lo

c
it
y
  
 (

k
m

/s
)

Offset from the jet long-axis (arcsec)

(b) R1 (c) R3 (d) R7 (e) R9

V
LSR

30 40 50 60 70 80V
LSR

 - V
sys

40 50 60 70 80 90

(a)

R1

R9 R6

R3
◉

◉

◉

◉

◉

◉
◉

◉◉

R2

R4
R5

R7

R8

D
e
c
lin

a
ti
o
n

Right Ascension

Figure 3 | Position-velocity (PV) diagrams perpendicular to the long axis of the red-shifted jet. (a) The mean velocity map. R1–R9 indicate slices of the

position–velocity diagram at 13, 19, 25, 29, 33, 38, 42, 46, and 49 arcsec from the center of the 1.3 mm continuum emission. (b)-(e) Position-velocity diagrams for

(b) R1, (c) R3, (d) R7, and (e) R9 are shown, respectively. The horizontal dashed line indicates the LSR velocity of 70 km s−1 (the center speed of jet rotation),

while the vertical one corresponds to the position of the jet axis which is denoted by dots in panel (a). The contour levels are -5σ, 5σ, 10σ, 20σ, 25σ, 50σ, 75σ,

and 100σ (1 σ = 10 mJy beam−1).

Table 1 Physical properties of the jet for i = 80◦

Position j r0 rrot vφ vp rA
[cm2 s−1] [au] [au] [km s−1] [km s−1] [au]

R 1 9.2× 1021 0.97 216 28.4 344 25.0

R 2 1.4× 1022 1.21 440 23.9 364 36.7

R 3 1.9× 1022 1.37 529 23.9 381 46.4

R 4 1.4× 1022 1.18 480 19.3 367 35.4

R 5 1.7× 1022 1.29 700 16.2 379 42.1

R 6 1.5× 1022 1.09 549 18.8 410 35.2

R 7 1.7× 1022 1.21 760 15.2 402 40.4

R 8 1.5× 1022 1.08 800 12.2 402 34.0

R 9 1.3× 1022 1.00 804 11.2 407 30.9

in the range of 9.2× 1021 cm2 s−1
≤ j ≤ 1.9× 1022 cm2 s−1 (Table1

1). The maximum specific angular momentum estimated in this study2

is one or two orders of magnitude larger than those reported in other3

sources. The specific angular momenta calculated in previous studies4

are j ∼ 3.5× 1020 cm2 s−1 for DG Tau19, ∼ 1.5× 1020 cm2 s−1 for5

CB 2620 and ∼ 7.5 × 1020 cm2 s−1 for Orion Source I21. Among the6

jets where the rotation speed was measured, only the rotating jet bullet7

SVS 13A has a comparable but slightly smaller value of the specific8

angular momentum (∼ 9.8× 1021cm2 s−1)13.9

It is crucial to explore the launching radius r0 of the jet in order10

to clarify the jet driving mechanism. Based on the Bernoulli’s the-11

orem and the angular momentum conservation law, we can estimate12

the jet launching radius24. Using the same method, recent ALMA13

observations estimated the launching radius r0 of both low-velocity14

outflow and high-velocity jet for different objects; r0 ∼ 10 − 100 au15

for the low-velocity outflows21, 22 and r0 ∼ 0.05 − 7 au for the high-16

velocity jets13, 23. For FIR 6b, the launching radii are estimated using17

the toroidal vφ and poloidal vpol velocities and jet radius of each posi-18

tion with the analytical solution25
19

r0 = 0.7 au
( rrot
10 au

)2/3 ( vφ
10 km s−1

)2/3

( vpol
100 km s−1

)−4/3
(

Mstar

1 M⊙

)1/3

, (3)

where the poloidal velocity components of the jet are derived with20

vpol =
1

cos i

vblue + vred
2

. (4)

The mass of the central protostar is simply assumed to be Mstar =21

0.1 M⊙. Note that the dependence of the estimated launching radius22

on the protostellar mass is weak (eq. 3). The rotation velocity and23

radius estimated in the PV diagrams give the jet launching radius in 1

the range of r0 = 0.97 − 1.37 au (Table 1). Thus, the jet is expected 2

to be driven by the intermediate region of the circumstellar disk where 3

magnetic field is expected to be coupled with neutral gas16, not by the 4

region very close to the protostar. Therefore, these observations are 5

most consistent with the disk wind mechanism5, 26, but do not support 6

the X-wind and entrainment mechanisms27, 28. The jet is directly driven 7

from the wide range of circumstellar disk in the disk wind mechanism, 8

while it is driven only from the region very close to the protostar (. 9

0.01 au) in the others. It should be noted that high-velocity jets with 10

a small amount of angular momentum are expected in the X-wind and 11

entrainment scenarios, because the jets appear in the region near the 12

protostar where the angular momentum is not large. 13

The very large specific angular momentum of the jet cannot be 14

simply explained. For example, the centrifugal radius is estimated as 15

rcent = j2/(GMstar), in which the Keplerian rotation is assumed. 16

With j = 1022 cm2 s−1 and Mstar = 0.1M⊙, the centrifugal radius 17

becomes rcent = 4.9 × 105 au. The centrifugal radius estimated here 18

is much larger than the disk-like structure observed around FIR 6b, and 19

not realistic. Thus, the jet needs to receive the very large angular mo- 20

mentum in some way. Only the magnetic effect provides a solution 21

to the large specific angular momentum and the origin of the super- 22

rotation of the jet. 23

To investigate the effect of magnetic field on the angular momen- 24

tum transfer, the Alfvén radius rA
25 at each position is estimated using 25

rA =

√

rrotvφ
Ω0

, (5)

where Ω0 =
√

GMstar/r30 is the Keplerian angular velocity at the jet 26

launching radius. The Alfvén radius is in the range of rA = 25.0 − 27

46.4 au (Table 1). The ratio of the Alfvén radius to the jet launching 28

radius λ is as large as λ ≡ rA/r0 = 25.8 − 33.9. Thus, the long 29

magnetic lever arm efficiently transports the angular momentum from 30

the circumstellar region for the super-rotating jet case29. 31

The magnetic pressure dominates the ram pressure within the 32

Alfvén radius. Therefore, the large λ means that the magnetic field 33

plays a dominant role near the protostar. The large lever arm is ex- 34

pected to be realized in a later main accretion phase during which the 35

density of the infalling envelope should be low. The low density causes 36

a small ram pressure, while the magnetic field should be strong near 37

the protostar. As a result, the magnetic-dominated region expands as 38

the infalling envelope dissipates or the density of the infalling envelope 39

lowers. 40

Since the jet launching region is distributed in the range of 0.97− 41

1.37 au (Table 1), the foot points of the magnetic field lines connecting 42

3



to the jet (Fig. 2) are also distributed in the same range of the circum-1

stellar disk. Thus, wirelike strong (or hard) magnetic field lines origi-2

nated in the circumstellar disk near the protostar (0.97−1.37 au) swing3

the fluid elements located very far from the foot points of the magnetic4

field lines (25.0 − 46.4 au). Since the fluid elements are frozen to the5

magnetic field lines, they are forced to corotate with the Keplerian ve-6

locity at foot points of the magnetic field lines (Fig. 4). As a result, the7

fluid elements receive the angular momentum and are expelled from8

the circumstellar region by magnetic effect30. On the other hand, a par-9

cel of gas in the circumstellar disk near the protostar loses the angular10

momentum and falls onto the protostar29. Therefore, the excess angu-11

lar momentum is ejected from the circumstellar disk by the rotating jet,12

and the gas whose angular momentum has been removed by the jet falls13

onto the protostar and promotes the protostellar growth.14

The protostellar jets were observed by CO emission using ALMA.15

A clear velocity gradient is confirmed along the short axis of the jet16

and is attributed to the rotation of the jet. Using the PV diagrams and17

analytical estimate, the properties of the jets are obtained. The rotation18

velocity and specific angular momentum of the jets are extraordinarily19

large. The super-rotation of the jet is realized by the angular momen-20

tum transfer due to the magnetic effect. In addition, the jet launch-21

ing points are expected to be located far from the protostellar surface.22

These findings are well match with the disk wind hypothesis as the23

jet driving mechanism. The study could unveil the final phase of the24

protostellar evolution.25

Figure 4 | Schematic view of the super-rotating jet. The magnetic field line

inside the Alfvén radius (thick dotted and solid red lines) rotates rigidly with

the Keplerian velocity at its foot point and accelerates the gas elements located

at the tip. The magnetic field line (red curve) is strongly twisted within the jet.

The angular velocity of the jet is the same as that of the foot point and thus the

super-rotation (blue arrows) is realized.

26

1. Larson, R. B. Numerical calculations of the dynamics of collapsing proto-27

star. Mon. Not. R. Astron. Soc. 145, The First Galaxies., 271 (1969).28

2. Masunaga, H. & Inutsuka, S. A Radiation Hydrodynamic Model for Pro-29

tostellar Collapse. II. The Second Collapse and the Birth of a Protostar.30

Astrophys. J. 531, 350 (2000).31

3. Dijkstra, M., Mezger, P. G., Wink, J. E. & Zylka, R. Lambda 1.3 MM32

dust emission from the star-forming cloud cores OMC 1 and 2. Astron.33

Astrophys. 228, 95 (1990).34

4. Chini, R. et al. Dust Filaments and Star Formation in OMC-2 and OMC-3.35

Astrophys. J. Let. 474, L135 (1997).36

5. Blandford, R. D. & Payne, D. G., Hydromagnetic flows from accretion 1

disks and the production of radio jets. Mon. Not. R. Astron. Soc. 199, 2

883–903 (1982). 3

6. Furlan, E. et al. The Herschel Orion Protostar Survey: Spectral Energy 4

Distributions and Fits Using a Grid of Protostellar Models. Astrophys. J. 5

Supp. 224, 5 (2016). 6

7. Takahashi, S. et al. Millimeter- and Submillimeter-Wave Observations of 7

the OMC-2/3 Region. III. An Extensive Survey for Molecular Outflows. 8

Astrophys. J. 688, 344 (2008). 9

8. Tobin, J. J. et al. The VLA/ALMA Nascent Disk and Multiplicity (VANDAM) 10

Survey of Orion Protostars. II. A Statistical Characterization of Class 0 11

and Class I Protostellar Disks . Astrophys. J. 890, 130 (2020). 12

9. Ikeda, N. et al. A Survey of Dense Cores in the Orion A Cloud . Astro- 13

phys. J. 665, 1194-1219 (2007). 14

10. Shimajiri, Y. et al. Millimeter- and Submillimeter-Wave Observations of 15

the OMC-2/3 Region. IV Interaction between the Outflow and the Dense 16

Gas in the Cluster Forming Region of OMC-2 FIR 6. PASJ 61, 1055 17

(2009). 18

11. Matsushita, Y. et al. A Very Compact Extremely High Velocity Flow toward 19

MMS 5/OMC-3 Revealed with ALMA. Astrophys. J. 871, 221 (2019). 20

12. Matsumoto, T. et al. Circumstellar Disks and Outflows in Turbulent Molec- 21

ular Cloud Cores: Possible Formation Mechanism for Misaligned Sys- 22

tems. Astrophys. J. 839, 69 (2017). 23

13. Chen, X. et al. Rotating Bullets from A Variable Protostar. Astrophys. J. 24

824, 72 (2016). 25

14. Raga, A. et al. A precessing, variable velocity jet model for DG Tauri. 26

Astron. Astrophys. 367, 959 (2001). 27

15. Masciadri, E. et al. The Precession of the Giant HH 34 Outflow: A Possi- 28

ble Jet Deceleration Mechanism . Astrophys. J. 580, 959 (2002). 29

16. Machida, M. N. & Basu, S., The First Two Thousand Years of Star For- 30

mation . Astrophys. J. 876, 149 (2019). 31

17. Machida, M. N. et al. Misalignment of magnetic fields, outflows, and discs 32

in star-forming clouds . Mon. Not. R. Astron. Soc. 491, 2180 (2020). 33

18. Staff, J. E. et al. Hubble Space Telescope scale 3D simulations of MHD 34

disc winds: a rotating two-component jet structure. Mon. Not. R. Astron. 35

Soc. 446, 3975 (2015). 36

19. Bacciotti, F. et al. Hubble Space Telescope/STIS Spectroscopy of the 37

Optical Outflow from DG Tauri: Indications for Rotation in the Initial Jet 38

Channel. Astrophys. J. 576, 222 (2002). 39

20. Launhardt, R. et al. Rotating molecular outflows: the young T Tauri star 40

in CB 26 . Astron. Astrophys. 494, 147 (2009). 41

21. Hirota, T. et al. Disk-driven rotating bipolar outflow in Orion Source I. 42

Nature Astronomy 1, 0146 (2017). 43

22. Alves, F. O. et al. Molecular outflow launched beyond the disk edge. 44

Astron. Astrophys. 603, L1 (2017). 45

23. Lee, C.-F. et al. A rotating protostellar jet launched from the innermost 46

disk of HH 212. Nature Astronomy 1, 0152 (2017). 47

24. Mestel, L., Magnetic Braking by a Stellar Wind—I. Mon. Not. R. Astron. 48

Soc. 138, 359 (1968). 49

25. Anderson, J. M. et al. Locating the Launching Region of T Tauri Winds: 50

The Case of DG Tauri. Astrophys. J. Let. 590, L107 (2003). 51

26. Tomisaka, K. Collapse of Rotating Magnetized Molecular Cloud Cores 52

and Mass Outflows . Astrophys. J. 575, 306 (2002). 53

27. Shu, F. et al. Magnetocentrifugally Driven Flows from Young Stars and 54

Disks. I. A Generalized Model . Astrophys. J. 429, 781 (1994). 55

28. Arce, H. G. et al. Magnetocentrifugally Driven Flows from Young Stars 56

and Disks. I. A Generalized Model . Protostars and Planets V 245, 245- 57

260 (2007). 58

29. Pudritz, R. E. & Ray, T. P. The Role of Magnetic Fields in Protostellar 59

Outflows and Star Formatio. Astrophys. J. 6, 54 (2019). 60

30. Pudritz, R. E. & Norman, C. A., Bipolar Hydromagnetic Winds from Disks 61

around Protostellar Objects . Mon. Not. R. Astron. Soc. 301, 571 (1986). 62

Acknowledgements This work was financially supported by the Grants-in- 63

Aid for JSPS Fellows (YM). This paper makes use of the following ALMA data: 64

ADS/JAO.ALMA2017.1.01353.S. ALMA is a partnership of ESO (represent- 65

ing its member states), NSF (USA) and NINS (Japan), together with NRC 66

(Canada), MOST and ASIAA (Taiwan), and KASI (Republic of Korea), in co- 67

operation with the Republic of Chile. The Joint ALMA Observatory is operated 68

by ESO, AUI/NRAO and NAOJ. 69

Author Contributions Y.M. and S.T. initiated the project. The ALMA data 70

analysis was done by Y.M. S.T and S.I. Theoretical model was suggested by 71

K.T and M.M. All authors worked on the interpretation of the results. The text 72

was written by Y.M and M.M and edited by other authors. 73

Author Information Reprints and permissions information is available at 74

www.nature.com/reprints. The authors declare no competing financial inter- 75

ests. Readers are welcome to comment on the online version of the pa- 76

per. Correspondence and requests for materials should be addressed to Y.M. 77

(mathcat.e2.718@gmail.com). 78

4



Table 2 Jet parameters with different jet inclination angles with respect to the line of sight

i = 40◦ i = 60◦

Position j r0 vφ vp rA j r0 vφ vp rA
[cm2 s−1] [au] [km s−1] [km s−1] [au] [cm2 s−1] [au] [km s−1] [km s−1] [au]

R1 1.4×1022 9.3 43.6 78.3 168 1.0×1022 4.3 32.3 120 81.5

R2 2.2×1022 11.6 36.6 82.9 247 1.6×1022 5.3 27.1 127 120

R3 2.9×1022 13.1 36.6 86.8 313 2.1×1022 6.1 27.1 133 152

R4 2.1×1022 11.2 29.6 83.5 238 1.6×1022 5.2 21.9 128 115

R5 2.6×1022 12.4 24.9 86.1 284 1.9×1022 5.7 18.5 132 138

R6 2.4×1022 10.4 28.8 93.3 237 1.8×1022 4.8 21.3 143 115

R7 2.7×1022 11.6 23.3 91.4 272 2.0×1022 5.4 17.3 140 132

R8 2.2×1022 10.3 18.7 91.4 229 1.7×1022 4.8 13.9 140 111

R9 2.1×1022 9.6 17.1 92.7 208 1.5×1022 4.5 12.7 142 101

METHODS 1

ALMA observation and data reduction. Mosaicking observations in the millimeter CO (J = 2–1; 230.538 GHz) molecular line and the 1.3 mm continuum 2

were carried out with the ALMA 12m array on 19 April 2018 and with the ACA 7m array (Morita array) on 7, 10, 11, and 17 January 2018. The data was 3

obtained through the Cycle 5 program 2017.1.01353.S (PI: S. Takahashi). The OMC-2/FIR 6 region covers 3.8′ × 3.9′ area centered at (R.A., Dec.) = 4

(05h35m21s.700, −05◦12′51′′.000) with the Nyquist sampling. In the ALMA 12m array and ACA 7m array observations, the mosaic fields consist of 5

108 and 42 pointings with the total on-source duration per pointing of 20 and 260 seconds, respectively. The overview of the full survey at OMC-2/FIR 6

6 region will be presented in a separate paper (Matsushita et al. in prep 2020). In this paper, we presented the result in the area centered on OMC-2/FIR 7

6b. Two spectral windows with a 1875 MHz width are allocated to the continuum observations centered at 233.100 and 215.200 GHz. Two other spectral 8

windows are placed at the frequency of CO J = 2–1 and SiO J = 5–4 with a 938 MHz width and a 244 kHz frequency resolution (velocity resolution of 9

0.64 km s−1 ) in the dual polarization mode. The SiO emission is not detected in FIR 6b. The arrays consisted of 44 and 11 antennas for the ALMA 12m 10

array and the ACA 7m array observations, respectively, with projected baseline coverage from 15.1 to 500.2 m and 8.9 to 48.9 m. The primary beam size 11

was 25.2′′ and 43.2′′, and the system temperature was from 70 to 180 K and 60 to 210 K for the ALMA 12m array and the ACA 7m array, respectively. 12

The flux, gain, and bandpass calibrators were J0423-0120, J0541-0211, and J0423-0120 for the ALMA 12m array, and J0522-3627 and J0607-0834, 13

J0542-0913, and J0423-0120 for the ACA 7m array. 14

The data were calibrated using the Common Astronomy Software Application (CASA), 31 version 5.1.1 with the ALMA pipeline and imaged with 15

CASA version 5.4.0. The visibility data of the CO line emission was separated from continuum emission using “uvcontsub” task in CASA. Line free 16

emissions are added to provide a total effective continuum bandwidth of 5.75 GHz. In order to combine the ACA 7m array and ALMA 12m array data 17

for the CO line, we used the CASA task “concat” with the weight of 20:1. Only the ALMA 12m array data were used to image of the 1.3 mm continuum 18

emission. The CO and 1.3 mm continuum data were imaged by the CASA task “tclean” with a robust weight of 0.5. The primary beam correction was 19

applied. The synthesized beam of the final cube of the CO data and image of continuum data are 4.5 × 2.5 arcsec with the position angle of −87.0◦ and 20

1.0 × 0.78 arcsec with the position angle of −73.6◦, respectively. Achieved noise levels are 30 mJy beam−1 for the CO image cube with the velocity 21

resolution of 2.5 km s−1 and 0.5 mJy beam−1 for the 1.3 mm continuum image. 22

23

Channel map of red-shifted and blue-shifted components. Figs. 5 and 6 show the channel maps of the red-shifted (northeast side) and blue-shifted 24

(southwest side) jets. In the figures, the jet axis is determined to pass through the emission peaks of three knots on the map of the LSR velocity 70 km s−1
25

in Fig. 5. In the LSR velocity range of 30− 70 km s−1, the emission peaks show a deviation from the jet axis in the northeast direction in Fig. 5. On the 26

other hand, in the LSR velocity range of 70− 95 km s−1, the deviation from the jet axis is confirmed in the the southwest direction. Although the velocity 27

gradient depends on the distance from the position of FIR 6b, the emission peak is seen on both side of the jet axis in the channel map. In addition, we can 28

confirm three knots or relatively strong emission peaks in Fig. 5. We cannot confirm the emission peak on both sides of the jet axis in the blue-shifted jet 29

(Fig. 6). 30

31

Low-velocity component. Figs. 7a and 7b show the integrated intensity and mean velocity maps of the low velocity components (5 − 20 km s−1 with 32

respect to the systemic velocity). The cavity like-structures are confirmed in both heads of red-shifted and blue-shifted jets in Fig. 7a. In the moment 1 33

map (Fig.7b), the velocity gradient along the short axis of the jet cannot be identified. Thus, there is no clear sign of the rotation motion in the low-velocity 34

components. As seen in Fig. 2a, the rotation motion is confirmed only in the high velocity component of 20 − 85 km s−1 with respect to the systemic 35

velocity. The outflow (or jet) velocity should be proportional to the Keplerian velocity at the outflow driving radius. Thus, it is natural that the rapid 36

rotation is observed only in the high-velocity component, because the foot point of the high-velocity outflow (or jet) is located near the protostar where the 37

Keplerian rotation is high. On the other hand, non-detection of the rotation motion in the low-velocity components would be attributed to the driving radius 38

located much far from the central protostar where the Keplerian rotation velocity is small. 39

40

Dependence of jet parameters on the jet inclination angle. In the main text, we adopted the jet inclination angle i = 80◦ with respect to the line of 41

sight6. The inclination angle of the disk is inferred to be i = 42◦ from our observations of the 1.3 mm continuum and i = 55◦ from published, higher 42

angular resolution continuum observations8. Since the jet physical quantities depend on the inclination angle, those for i = 40◦ and 60◦ are listed in 43

Table 2. In any case, the specific angular momentum exceeds j = 1022 cm2 s−1. The jet launching radii for i = 40◦ and 60◦ extend to ∼ 4 − 13 au 44

which is considerably far from the central protostar. The maximum rotation velocity exceeds 40km s−1. Therefore the adopted inclination angle does not 45

significantly affect the conclusions. Thus, we can confidently reject the X-wind and entrainment scenarios both by the distant launching radius and the rapid 46

jet rotation in this observation. It should be noted that although the CO outflow discussed in this study supports the disk wind scenario, we are not denying 47

the X-wind scenario. If we find a faster component with a small amount of angular momentum in other wavelength ranges, it might correspond to the jet in 48

the X-wind model. The disk wind and X-wind can coexist and they should contribute to the angular momentum transfer in different radii of the disk. 49
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Figure 5 | CO (J=2–1) channel map of the red-shifted flow. The channel maps presented in the LSR velocity range between 30 km s−1 and 95 km s−1, which

corresponds to the relative velocity range of 19km/s to 84km/s with respect to the system velocity (vsys = 11 km s−1). The center value of the LSR velocity

is described in each panel. The plus symbol at the center corresponds to the position of protostar FIR 6b measured in the 1.3 mm continuum. The broken lines

indicate the axes of the red-shifted (northeast side) and blue-shifted (southeast side) jets. The jet axis of the red-shifted components is determined on the map of

70.0 km s−1 . The contour levels are 3σ, 5σ, 10σ, 15σ, 20σ, 30σ, 40σ, 60σ, 80σ, and 100σ (1σ = 30 mJy beam−1 · km s−1). The black open ellipses in

the bottom left corner is the synthesized beam size.

1

31. McMullin, J. P. et al. CASA Architecture and Applications. ASPC 376, 127 (2007).2
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Figure 6 | CO (J=2–1) channel map of the blue-shifted flow. Same as Fig. 5. The channel maps presented in the LSR velocity range between −10 km s−1 and

0 km s−1, which corresponds to the relative velocity range of -22km/s to -11km/s with respect to the system velocity (vsys = 11 km s−1).
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Figure 7 |(a) CO (J=2–1) integrated intensity map of the low velocity component. The LSR velocity range of 0 to 30 km s−1 are integrated excluding the

LSR velocity range around the systemic velocity of 7.5 to 12.5 km s−1. The plus symbol at the center corresponds to the position of protostar FIR 6b. The

contour levels are 5σ, 10σ, 15σ, and 20σ (1 σ = 2.0 Jy beam−1 · km s−1). The black open ellipse in the bottom left corner is the synthesized beam size. (b)

CO (J=2–1) mean velocity map (color). As same as in Fig. 7a but for the mean velocity of the low velocity components. The contour represents the integrated

intensity are shown in Fig. 7a. (c) CO (J=2–1) line profile. The blue-shifted emission is detected in the LSR velocity range of −20 − 10 km s−1, while the red

shifted emission is detected around 10− 100 km s−1.
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Figures

Figure 1

CO (J=2–1) high velocity integrated intensity map (color and black contour). See PDF for legend.



Figure 2

CO mean velocity maps. See PDF for legend.

Figure 3



Position-velocity (PV) diagrams perpendicular to the long axis of the red-shifted jet. See PDF for legend.

Figure 4

Schematic view of the super-rotating jet. See PDF for legend.



Figure 5

CO (J=2–1) channel map of the red-shifted �ow. See PDF for legend.



Figure 6

CO (J=2–1) channel map of the blue-shifted �ow. See PDF for legend.

Figure 7

CO (J=2–1) integrated intensity map of the low velocity component. See PDF for legend.


