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Astrophysical jets play important roles in many interesting astronomical phe-
nomena, such as star formation and active galactic nuclei. The jets are thought
to be driven by rotating disks through magneto-centrifugalprocesses. However,
quantitative understanding of the jet-driving mechanism has been difficult be-
cause examples showing rotation in both disk and jet are rare. One of the im-
portant quantities in the models of jet engine is the size of the jet-launching
region. The bipolar jet of the NGC 1333 IRAS 4A2 protostar shows a lateral

velocity gradient that can be seen throughout the jet imagedin an SiO line,
2500–8700 AU from the driving source. The velocity gradientsuggests that the
SiO jet is rotating around its axis. The jet rotation is consistent with the ro-
tation of the accretion disk. The disk-jet rotation kinematics suggests that the
jet-launching region on the disk, or the outflow foot-ring, has a radius of about
2 AU, which supports the disk-wind models. The rotation of the IRAS 4A2 jet
confirms the crucial role of jets in the early phase of star formation process.

Figure 1.— Map of the circumstellar disk of IRAS 4A2 in the NH3 (2, 2) and (3,
3) lines (Choi et al. 2010). Contours show the intensity distribution averaged over
the whole velocity interval. Cyan and red images show the blueshifted and redshifted
emission, respectively. Shown in the bottom left-hand corner is the restoring beam:
FWHM = 0.′′3. Straight line: major axis of the disk. Arrows: direction of the bipolar
jet (Choi 2005).

Figure 2.— Map of the NGC 1333 IRAS 4A2 bipolar jet in the SiOv = 0 J = 1 →

0 line (Choi 2005; Choi et al. 2011). Blue, cyan, green, yellow, and red images show
the emission atVLSR = –9.4, –4.7, 0.0, 14.8, and 19.6 km s−1, respectively. The
schematic diagram shows the position of IRAS 4A2, the size and spin of the accretion
disk, and the streamline of the southwestern SiO jet.

In star formation processes, as in any astrophysical processes involving accretion
disks, the loss of angular momentum is essential. The spin-down mechanism is not well
understood, but the transportation of angular momentum by aprotostellar jet is thought to
be one of the important processes. To understand this process quantitatively, it is important
to study the kinematics of a system showing the rotation in both disk and jet.

NGC 1333 IRAS 4A2 is a Class 0 protostar and drives a prominentbipolar jet. The
jet imaged in the SiOv = 0 J = 1 → 0 line is extremely well collimated, and the
jet axis is close to the plane of the sky (Choi 2005; Choi et al.2006). The accretion disk
of IRAS 4A2 is bright in the NH3 lines and displays a Keplerian-like rotation (Figure 1;
Choi et al. 2007, 2010). The derived mass of the central protostar is 0.08M⊙.

The IRAS 4A2 jet was observed using the Very Large Array in theSiO line (Choi
2005). The SiO jet displays a lateral velocity gradient: thenorthwestern side is blueshifted
relative to the southeastern side (Figure 2). Since the sense of lateral velocity gradient is
consistent throughout the whole system (the southwestern jet, the disk, and the northeast-
ern jet), the most natural and obvious explanation is that the velocity gradient is caused
by the rotation around the jet/disk axis. The PV diagrams made along the lateral direction
suggest that either the SiO emission comes from a cylindrical layer around the flow axis
or the SiO jet is rotating like a rigid body.

The jet radius increases with the distance from the protostar, suggesting that the shape
of the SiO jet is similar to a cone. The rotation speed and the angular speed seem to de-
crease, which is expected from the conservation of angular momentum when the jet has a
finite opening angle. The average specific angular momentum is∼1.5× 1021 cm2 s−1.

The proper motion of H2 jet gives the plane-of-the-sky velocity of 71 km s−1 (Choi
et al. 2006). If this value can be applied to the SiO jet, the total specific energy and an-
gular momentum can be calculated at each position. These quantities are conserved along
the field line as protostellar outflows are considered cold magnetohydrodynamic winds
(Anderson et al. 2003). One of the interesting quantities inmany models of jet driving
mechanism is the location of the jet-launching region on thedisk. The energy and angular
momentum extracted from the disk are in an electromagnetic form at the base (or foot) of
the jet and almost completely converted to a kinetic form in the observed part of the jet.
Therefore, the jet radius and rotation speed measured from the SiO jet can be used to derive
the angular speed at the base of the jet, which can be converted to the radius of outflow
foot-ring. The measured foot-ring radius is in the range of 1.5–2.8 AU, which supports
the disk-wind models that predict jets launched from an extensive area on the disk with a
radius of a few AU (Pudritz et al. 2007).

If enough mass can be loaded, the jet can carry away the angular momentum in the
disk so that the mass accretion can continue. The required ratio of mass ejection to mass
accretion can be approximately obtained by comparing the specific angular momenta in
the jet and disk. For IRAS 4A2, the derived mass ejection efficiency is only a few percent,
which is smaller than the typical value (5%–10%) of young stellar objects. Therefore, the
jet seems to be playing an essential role in the growth of the protostar IRAS 4A2.
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