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ABSTRACT

We have imaged the outflow from the luminous young stellar object IRAS 20126+4104 (120126) with the Sub-
millimeter Array in CO (3—-2), HCN (4-3), and SiO (5-4) at 1”-2" resolutions within a radius of ~20” from the cen-
tral driving source. Our observations reveal at least three different components of the outflowing gas: (1) A compact
(~4000 AU) bipolar outflow toward the central young stellar object. With a dynamical timescale of ~120 yr, this
component represents a very new jet/outflow activity in 120126. (2) A collimated outflow with an extent of ~0.2 pc
previously detected in SiO (2—1). Both morphology and kinematics favor this component being a jet-driven bow shock
system. (3) An S-shaped CO outflow with an extent of ~0.4 pc. This component records the precession history very
well. Its kinematic feature, where the velocity increases with distance from the Y SO, indicates, independently of other
evidence, that the outflow axis is moving toward the plane of the sky. The three outflow components record the history
of the primary jet precession over scales ranging from a few hundred AU to approximately 0.4 pc. Our results indicate
that CO (3—2) emission is a good tracer to probe the primary jet. The gas densities and SiO relative abundances in
120126 shocks are estimated using the large velocity gradient calculations. The inferred SiO abundances of (1-5) x

10~% in 120126 outflow lobes are comparable to the expected enhancement at shocked regions.
Subject headings: H 1 regions — ISM: clouds — ISM: individual (IRAS 20126+4104) — stars: formation

1. INTRODUCTION

Bipolar molecular outflows are a magnificent phenomenon
commonly identified around both low- and high-mass young stel-
lar objects (YSOs; e.g., Bachiller & Tafalla 1999; Arce et al. 2007).
It is, however, not clear how the bulk of the outflowing gas is ac-
celerated. Observationally, molecular outflows in several cases can
be divided into two components—the “classical” less-collimated
component with low-velocity gas, and the highly collimated
component with extremely high velocity (50-150 km s~ ') gas
(Bachiller & Tafalla 1999; Hirano et al. 2006; Palau et al. 2006).
That the outflow mass spectrum [m(v) < v~ 7] often has a broken
power law, with the slope steepening at outflow velocities vgow 2
10 km s~ (e.g., Su et al. 2004), further indicates different char-
acters between high- and low-velocity gas. A number of theo-
retical models have been proposed to interpret observed outflow
features such as their morphology, kinematics, and energetics.
These models can be divided into four types: (1) jet-driven bow
shock models, (2) wind-driven-shell models, (3) turbulent flows,
and (4) circulation models. The first two types are likely more
promising, although no single type of model can reproduce the
rich characteristics of observed outflows (for recent reviews, see
Bachiller & Tafalla 1999; Arce et al. 2007).

At akinematic distance of ~1.7 kpc, IRAS 20126+4104 (here-
after 120126) is a nearby high-mass star-forming region with a
far-IR luminosity of ~10% L., and colors typical of ultracompact
H 1 regions (Wood & Churchwell 1989). An outflow/jet system
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is clearly identified toward 120126 in a variety of tracers. Within
approximately 10" of the central YSO, a well-collimated outflow/
jet ata position angle (P.A.) of ~120° was revealed in SiO (2-1),
HCO™ (1-0), CH;0H (2-1), CO (7-6), NH; (3, 3), and near-IR
H, emission (Cesaroni et al. 1997, 1999, 2005; Kawamura et al.
1999; Zhang et al. 1999; Shepherd et al. 2000). Furthermore, this
jet can be traced down to a linear scale of a few hundred AU
through water maser emission and 3.6 cm emission from ionized
gas (Hofner etal. 1999; Tofani etal. 1995; Moscadelli et al. 2000).
Recently, multiepoch VLBI observations indicated that the water
maser spots were expanding at speeds of ~35-110kms~! froma
common origin, i.e., the location of the YSO (Moscadelli et al.
2005). On large scales, a north-south molecular outflow with an
extent of ~2" was detected in CO (1-0) (Shepherd et al. 2000).
Near-IR observations in H, and [S 1] also revealed several shock-
excited knots spread in a region of ~2" (Shepherd et al. 2000).
These knots displayed an S-shaped symmetry around the central
young star. The innermost knots lie along the axis of the well-
collimated outflow, while the outer knots are aligned roughly in
the north-south direction. The different outflow orientations in the
large and small scales were attributed to the outflow precession,
and the S-shaped distribution of the shock-excited knots was ar-
gued as recording the precession history (Shepherd et al. 2000;
Cesaroni et al. 2005).

A detailed study of the kinematics and morphology of molec-
ular outflows at high spatial resolutions can provide essential clues
for understanding the processes of acceleration. The association
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TABLE 1
IRAS 20126+4104 OBSERVATIONAL PARAMETERS

Parameter

230 GHz Band

345 GHz Band

Number of antennas.............ceceeeeererveenvennns
Primary beam HPBW (arcsec) ....
Main liNeS ...coovevevieieieieieieeeereeeeee e

Phase center v (J2000.0)......covvevveverieeiennnen
Phase center ¢ (J2000.0).......cccceevrerueureennnnns
Projected baseline range (K4) ..c.cooeveveenne.
Channel spacing (MHz/km s™1) ..................
rms noise level* (mJy beam™")...........c.........
Synthesized beam $ize® ..........coccoocoorvceirnn
Gain calibrator ...........cceeeeeeverieerenneeecnne
Flux calibrator..........cccoeevveneeneniecnncneees
Passband calibrator ..........cocoeeeevereneiccnenienne

1.4" % 0.9"” (P.A. = 80.4°)
BL Lac and 2015+371

8 6
~55 ~35
SiO (5-4) CO (3-2)

HCN (4-3)

20 14 26.00 20 14 26.02

4113 31.50 4113 32.75
16-150 15-80

0.8125/1.1 0.8125/0.7

25 (0.51 K) 70 (0.27 K)

1.8” x1.5"” (P.A. = —33.3%)
MWC 349 and BL Lac
Titan Uranus
3C 279 3C 454.3

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

and arcseconds.
* Ina2kms~! velocity bin.

® Natural weighting at 230 GHz and robust weighting at 345 GHz.

with both “classical” and collimated outflows makes 120126 one
of the best targets for such a study. We have carried out high-
resolution (~1.5", corresponding to ~2500 AU at a distance of
1.7 kpc) millimeter and submillimeter observations with the Sub-
millimeter Array' (SMA) in SiO (5-4), CO (3-2), and HCN
(4-3) transitions. This paper focuses on the results related to the
morphology and kinematics of the outflow. We identify an ex-
tremely young and compact outflow, a jet-driven bow shock sys-
tem, and an S-shaped outflow. These components are likely related
to the primary jet. The physical conditions in 120126 shocks are
also derived. Because 120126 is associated with a hot molecular
core, an active outflow, and highly excited shocked components,
a large number of transitions were also detected within the broad
4 GHz spectral coverage of the SMA. The detections of many
species allow us to further study the chemistry in massive star-
forming regions, and the results will be presented in another paper
(i.e., S.-Y. Liu et al. 2008, in preparation).

2. OBSERVATIONS AND DATA REDUCTION

The observations were carried out with the SMA on 2004
August 25 and 2005 August 5. We observed SiO (5—4) in the
230 GHz (1.3 mm) band with eight antennas in the extended con-
figuration, with projected baselines ranging from approximately
23 to 210 m (16—150 kA). At the 345 GHz (0.85 mm) band,
CO (3-2) and HCN (4-3) were simultaneously observed with
six antennas in the compact configuration, with projected base-
lines ranging from about 13 to 70 m (15-80 kZ). The half-power
width of the SMA primary beam was ~55” at 217 GHz and ~35"
at 345 GHz. The total available double-sideband bandwidth was
4 GHz. See Ho et al. (2004) for more complete specifications of
the SMA. The spectral resolution was 0.8125 MHz, correspond-
ing to a velocity resolution of ~1.1/0.7 km s~! at 217/345 GHz.
For the 230 GHz band, the absolute flux density scales were de-
termined from observations of Titan, and the bright quasar 3C 279
was used for bandpass calibration. To calibrate relative amplitude
and phase, we observed a pair of nearby compact radio sources,
2202+422 (also known as BL Lac) and 2015+371. For the

' The Submillimeter Array is a joint project between the Smithsonian Astro-
physical Observatory and the Academia Sinica Institute of Astronomy and Astro-
physics, and is funded by the Smithsonian Institution and the Academia Sinica.

345 GHz band, Uranus and 3C 454.3 were used for flux and band-
pass calibration, respectively, and a pair of nearby compact radio
sources, MWC 349 and BL Lac, were used for amplitude and
phase calibration. We calibrated the data using the MIR software
package adapted for the SMA from the software package devel-
oped originally for the OVRO MMA (Scoville et al. 1993). We
made maps using the MIRIAD package. The synthesized beam
size was about 1.4”" x 0.9” with natural weighting at 217 GHz and
approximately 1.8" x 1.5" with robust weighting at 345 GHz. We
smoothed our data to 2.0 km s~ resolution for the analysis pre-
sented below. The rms noise level in a 2.0 km s~! velocity bin was
~25 mJy beam~! at 217 GHz and ~70 mJy beam ! at 345 GHz.
Details of the observation parameters are listed in Table 1.

3. RESULTS
3.1. CO (3-2) Emission

Figure 1 shows channel maps of the blueshifted and redshifted
CO (3-2) emissions associated with 120126. For display purposes,
we have smoothed the channel maps to a velocity resolution of
4.0 km s~'. The outflow in CO (3-2) is detected to velocities
viiow ~ 51 km s~! in the redshifted lobe and vgoy ~ 57 kms~! in
the blueshifted lobe, where vaow = |Vaow — Vise|» With Vaoyw the ap-
parent flow velocity and Vi (=—3.5 kms~!) the systemic velocity
of the source. In this paper we use the notation J for the apparent
velocity and v for the velocity relative to the systemic velocity.
Due to the lack of zero-spacing data to recover the extended emis-
sion filtered out by the interferometric observations, the CO (3-2)
emission near the systemic velocity of the ambient cloud (Vi &
10 km s7') is not shown in Figure 1. The CO (3—2) emission
integrated over the entire line wing (i.e., 11.0 km s S vpow S
57.0/51.0 kms~! for the blueshifted /redshifted lobes) is shown in
Figure 2. The position-velocity (P-V) diagrams of the CO (3-2)
emission along P.A. of 120° and 150° are shown in Figure 3.

Three different components of outflowing gas can be identified
in CO (3-2) emission:

1. First, as shown in Figure 2, the integrated CO (3-2) emis-
sion clearly describes the collimated outflow previously detected
in SiO (2—1) (Cesaroni et al. 1997), with blueshifted gas located
to the northwest and redshifted to the southeast. The P-V diagram
of CO (3-2) along the axis of collimated SiO outflow (i.e., P.A. of
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FiG. 1.—Channel maps of IRAS 20126+4104 in CO (3-2). The local standard of rest (LSR) velocity of each channel is indicated in the upper right corner of each panel.
The LSR velocity of the system is —3.5 km s~!. Solid contours are at 3, 7, 12, 20, 30, 50, 70, 90, 110, 130, 150, 170, and 190 x o, and dotted contours indicate —3, —7,
—12, and —20 x o, where o = 0.05 Jy beam™'. The synthesized beam is shown in the lower left corner of the first panel. The star represents the centroid of 1.3 mm
continuum from Cesaroni et al. (1999), and the triangles mark the positions of the H, knots from Shepherd et al. (2000).

~120°) shown in Figure 3 (lef?) further indicates that the velocity
structures of the CO (3-2) and SiO (2-1) outflows are very sim-
ilar. A discussion of the nature of this collimated outflow is pre-
sented in § 4.1.

2. Second, there is an S-shaped component with an extent of ap-
proximately 45” (corresponding to ~0.4 pc) along a P.A. of ~150°
with velocities vgoy up to =55 km s~!. Similar to that seen in the
collimated component, the blueshifted gas of the S-shaped compo-
nent is located to the northwest and the redshifted gas to the south-
east. Note that some blueshifted gas (from —55to —15 kms™")
of the S-shaped component is associated with a shock-excited
H, knot which was denoted as H,-1 by Shepherd et al. (2000).
Since the H,-1 knot is located beyond the primary beam of our
SMA observations, its observed CO emission is significantly un-
derestimated. The high-velocity (vgow = 20 km s~ ') redshifted
CO (3-2) gas, on the other hand, does not coincide with any known
H, knot. The P-V diagram along the P.A. of 150° shown in Figure 3
(right) exhibits a distinctive kinematic feature, where the outflow
velocity increases with distance from the central YSO presum-
ably traced by the centroid of the 1.3 mm dust continuum. This is
especially clear for the redshifted component. We discuss the na-
ture of this component in § 4.2.

3. Finally, we identify a compact component with gas veloci-
ties vaow =~ 20—30 km s~! in proximity to the central YSO, as
shown in Figure 4. The projected separation between the high-
velocity CO gas and the YSO is smaller than ~2.5” (correspond-

ing to ~4000 AU). This component demonstrates a bipolar struc-
ture along a P.A. of ~120°, with blueshifted gas present to the
northwest and redshifted gas to the southeast. The nature of this
compact high-velocity outflow is described in § 4.3.

3.2. HCN (4-3) Emission

Figure 5 (left) shows the integrated emission of HCN (4-3)
detected toward 120126. The HCN emission is concentrated along
the axis of SiO (2-1) jet at the two outflow lobes and the central
YSO. The two outflow lobes seen in HCN (4-3) correspond to the
collimated CO (3—-2) component. Toward the YSO, the HCN
(4-3) emission arises from not only the dense core but also the CO
(3—2) compact bipolar outflow. No HCN (4-3) emission is de-
tected toward the S-shaped component seen in CO (3-2). The
two HCN (4-3) outflow lobes are marginally resolved with a
synthesized beam of ~1.6” and have a comparable deconvolved
angular size of approximately 2", corresponding to a linear size of
~3000 AU. The core component is even more compact, with a
deconvolved angular size of only 1.3”.

The P-V diagram of the HCN (4—3) emission along the P.A.
of 120° is shown in Figure 6 (left). The velocity dispersion is
~35 km s~! in the southeast lobe and ~55 km s~! in the north-
west lobe. There is no obvious dependence of velocity on position
within each lobe. By comparing the P-V diagrams (Fig. 3, /eft, and
Fig. 6, left), we find similar velocity extents for both CO (3—2) and
HCN (4-3) at the three locations. The apparent difference seen in
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Fic. 2.—Bipolar molecular outflow of IRAS 20126+4104 in CO (3-2) inte-
grated over the entire line wing (11.0 km s™' < vgoy < 57.0/51.0 km s~ for the
blueshifted/redshifted lobes). Blueshifted and redshifted emissions are shown by
solid and dashed contours, respectively. Contours are 2.1, 4.2, and from 7.0 to 133 in
steps of 14.0 Jy beam™! km s~!. The two dashed lines represent the axes of the
position-velocity diagrams in Fig. 3, and the dotted circle represents the primary
beam of the SMA observations. The synthesized beam is shown in the lower left
corner. The star indicates the centroid of 1.3 mm continuum from Cesaroni et al.
(1999), and the triangles mark the positions of the H, knots from Shepherd et al.
(2000). The collimated outflow and the S-shaped outflow are labeled by thick lines.

the redshifted gas toward the YSO is likely due to the blending of
the HCN (v, = 1, 4-3) transition (as shown in Fig. 7), which is re-
sponsible for the detection of the HCN emission up to Vyow =
+50 km s~! in comparison with the maximum velocity Vioy ~
+30 km s~! of the detectable CO (3—2) emission. The vibration-
ally excited HCN (v, = 1, 4-3) transition appears only in the core
component, and the nondetection toward the outflow lobes is un-
likely due to the sensitivity effect for the following reason. Assum-
ing a similar ratio of the HCN (4-3) intensity to the HCN (v, = 1,
4-3) intensity, we expect a detection at ~15 o level for this vib-
rationally excited HCN transition toward the outflow lobes. We
discuss the nature of this vibrationally excited transition in § 4.4.3.

Using the line ratios among isotopomers, we can estimate the
optical depth of the observed HCN (4-3) emission. Our SMA
observations also detect HC'SN (4-3) toward the YSO with a
peak intensity approximately 2 times smaller than that of HCN
(4-3) (S.-Y. Liu et al. 2008, in preparation). Assuming the same
excitation temperature and beam filling factor for HCN and HC'°N,
the optical depth of the HCN emission can be roughly estimated
from the equation

S,[HCN(4-3)] ( 1— e‘T>
S, [HCPN@4-3)] ~ \l—e™)’

(1)

where 7 and 7| are the opacities of HCN (4-3) and HC'SN (4-3),
respectively, and /7, = ['*NJ/['"°N]. Given the distance to Galac-
tic center of approximately 7 kpc for 120126, an abundance ratio
["*NJ/[°N] ~ 400 is inferred from Wilson & Rood (1994). Such
an abundance ratio indicates that toward the central YSO the HCN
(4-3) emission is optically thick, with an opacity ~300, and to-
ward the outflow lobes the nondetection of the HC!SN emission
leads to an HCN (4-3) opacity upper limit of ~15.

3.3. SiO (5-4) Emission

Figure 5 (right) shows the integrated SiO (5-4) emission
overlaid on the integrated HCN (4-3) detected toward 120126.
The SiO (5-4) emission is mainly concentrated in the two out-
flow lobes and demonstrates a bowlike structure in both lobes,
while weak SiO emission is also identified toward the central YSO
(from —8 to —2 km s~'; see Fig. 6, right) and the near-IR H,-1
knot (from —16 to —12 km™!; see Fig. 8). Both SiO (5—4) lobes
are very compact and have a similar projected linear size of 2000—
4000 AU. The compact bipolar outflow seen in CO (3-2) and
HCN (4-3) is not detected in SiO (5—4), likely due to a sensitivity
effect. The S-shaped component detected in CO (3-2) is also not
seen in SiO (5—4). The SiO (5—4) outflow lobes coincide spatially
with the HCN (4-3) clumps and near-IR H, spots roughly, al-
though a spatial differentiation between HCN (4-3) and SiO
(5—4), especially in the southeast lobe, can be discerned. Figure 6
(right) displays the P-V diagram of the SiO (5—4) line along a
P.A. of 120°. The SiO (5-4) emission is clearly detected from
—18to+14 kms™!, and there appears to have high-velocity blue-
shifted gas from —40 to —20 km s~! (corresponding to vgow ~
17-37 km s~ !). The velocity structure of the SiO (5-4) emission
along the jet axis is very similar to that of HCN (4-3). The veloc-
ity dispersion is ~35 km s~ in the southeast lobe and ~45 km s ™!
in the northwest lobe. No clear velocity dependence on position
within each SiO lobe can be detected.

The velocity extent of the SiO (5—4) line is not as broad as that
of the SiO (2—-1) transition, which can be detected from —50 to
+25 km s~! (Cesaroni et al. 1999). Furthermore, the integrated
SiO (5—4) emission demonstrates a bow-shaped structure, while
the integrated SiO (2—1) emission exhibits a clear jet-like mor-
phology (i.e., a small-opening angle outflow with an extension
from the YSO to the bow [jet] tips). Assuming the same physical
conditions of the SiO gas at different velocities, the line wings
revealed in the SiO (2—1) transition appear to be too weak to be
detected by our SiO (5—4) observations. Therefore, the differ-
ence in velocity extent likely results from varied brightness tem-
perature sensitivities in observations. The distinction in morphology
ofthe SiO (2—1) and (5—4) emissions, however, is unlikely to be
caused by the sensitivity and/or u-v coverage issues. Assuming a
similar line ratio of SiO (5—4)/SiO (2—1) measured toward the
two lobes, we expect to detect a jet-like morphology in SiO (5—4)
at approximately 5 o levels. Also, the shortest baselines of the
Si0O (2—-1) and (5—4) observations are very similar, about 12 and
16 kA, respectively. The corresponding largest detectable struc-
ture is ~6"—7", approximately twice as large as the detected emis-
sion scales. Therefore, we conclude that the excitation toward the
two lobes is higher than other regions seen in SiO (2-1).

4. DISCUSSION

Using our new SMA measurements, we now discuss possible
scenarios of the outflow/jet using a variety of tracers over scales
ranging from a few thousand AU to ~0.4 pc. In particular, we ex-
amine the precession history using the kinematic structure ob-
served in the S-shaped CO (3-2) outflow, and derive the physical
conditions in 120126 shocks using the large velocity gradient
calculations.

4.1. The Jet-driven Bow Shock System

The details of outflow-driving mechanisms are still not clear,
although outflows have been identified as a common phenomenon
of star formation. The observed outflow characteristics usually fa-
vor the jet-driven bow shock models and wind-driven-shell mod-
els (for a recent review, see Arce et al. 2007). In the jet-driven bow
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The LSR velocity of the system is —3.5 km s~!.
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FiG. 5.—Contour plots of the integrated HCN (4-3) (left) and SiO (5—4) (right) emission. The HCN (4-3) line is integrated from —48 to 24 km s~ and the SiO (5-4)
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panel. The dark ellipse in each panel denotes the synthesized beam. The star indicates the centroid of 1.3 mm continuum from Cesaroni et al. (1999), and the triangles mark
the positions of the H; knots from Shepherd et al. (2000).
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Fic. 6.—Position-velocity diagram of the HCN (4-3) (leff) and SiO (5-4) (right) lines along the collimated outflow axis (i.e., P.A. = 120°). In the left panel, the
emission which likely arises from HCN (v, = 1,4-3) is labeled. In each panel, the dashed horizontal line marks the LSR velocity of the system (i.e., —3.5 kms~1!), and the
star indicates the position of the 1.3 mm continuum from Cesaroni et al. (1999).
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Fig. 7.—Spectrum of HCN (4-3) toward the YSO in 120126. The emission
which likely arises from HCN (v, = 1, 4-3) is labeled.

shock model, a bow shock forming at the head of the jet interacts
with the ambient gas and produces a molecular outflow (Raga &
Cabrit 1993). In the wind-driven shell model, a wide-angle wind
expelled from a young star blows into the surrounding ambient
gas, producing a molecular outflow (Shu etal. 1991). The primary
jet (wind) is responsible for furnishing sufficient energy and mo-
mentum to drive the molecular outflow. Observationally, in sev-
eral outflows two distinguishable components can be discerned—
a “classical”” component, which appears less collimated and of
low velocity, and a collimated, high-velocity component. One
of the best examples is HH 211, where the low-velocity gas de-
scribes a pair of cavities and the high-velocity component exhibits
awell-collimated jetlike structure (Gueth & Guilloteau 1999). The
jetis associated with a chain of SiO knots, and the innermost knots
are suggested to trace the primary jet launched close to the proto-
star (Hirano et al. 2006; Palau et al. 2006).

In the case of 120126, a small-scale outflow with an extent of
~20" (corresponding to ~0.2 pc) have been identified in several
tracers such as SiO (2-1), HCO™ (2—1) and near-IR H, emissions
(Cesaroni et al. 1997, 1999; Shepherd et al. 2000). The SiO (2-1)
emission shows a jetlike structure, while the outflow in HCO™ ap-
pears more “classical.” Cesaroni et al. (1999) proposed a possible
scenario that the less-collimated low-velocity HCO™ outflow is
fed by the collimated SiO jet. From our SMA observations, CO
(3-2) also describes the jetlike morphology seen in SiO (2—1),
while the emissions of SiO (5—4) and HCN (4-3), both recog-
nized as good tracers of shocks, are concentrated only in the jet
tips associated with the near-IR shock-excited H, knots. In par-
ticular, the integrated SiO (5—4) emission exhibits a bow-shaped
structure. The morphology of the collimated outflow thus favors
the jet-driven bow shock models.

Kinematically speaking, as shown in Figure 6, both the HCN
(4-3) and SiO (5—4) emissions exhibit a similar structure —the
gas at the outflow lobes shows a broad range of velocities (~35—
55kms~!). Similar features have been revealed in outflows from
other star formation regions (e.g., Sollins et al. 2004 and refer-
ences therein). Such broad line widths at the head of the jet are
consistent with the prediction of jet-driven bow shock models
(e.g., Lee et al. 2001). On the contrary, wind-driven models ex-
hibit only a small velocity range at the outflow tip. Therefore, the
evidence in both morphology and kinematics suggests that the
observed collimated SiO (5—4), HCN (4-3), and CO (3-2) gas
describes a jet-driven bow shock system.
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Fic. 8.—Contour plots of the SiO (5-4) emission toward the H,-1 knot. The
SiO (5-4) line is integrated from —16 to —12 km s~'. Contour levels are —0.27,
0.27,0.45,0.63, and 0.81 Jy beam™! km s~!. The dark ellipse in the bottom left
denotes the synthesized beam, and the triangle marks the position of the H,-1
knot from Shepherd et al. (2000).

4.2. The S-shaped CO Emission and the Jet Precession

The integrated CO (3-2) emission clearly comprises an
S-shaped structure and appears to trace the near-IR H, knots
well. One likely interpretation for this morphology is that the
S-shaped CO (3-2) gas has a close relation to the precessing jet.
As mentioned in § 1, the S-shaped distribution of the H,/ Ha knots
has been argued as resulting from the precession of the primary jet
and likely marks the precession history (e.g., Shepherd et al. 2000;
Cesaroni et al. 2005). Moreover, the gradual change of outflow
axis from small (~20") to large (~2') scales provides another piece
of evidence for the precession (Cesaroni et al. 1999; Lebron et al.
2006; Shepherd et al. 2000).

Assuming a constant outflow velocity and that the H, and Ho
knots trace the working surface of a precessing jet, a precession
history was derived by fitting the kinematic structure of the SiO
jet and the distributions of the H, and Ha knots (e.g., Cesaroni
et al. 1999, 2005). The authors concluded the following: (1) The
collimated SiO jet is aligned very close (~9°) to the plane of the
sky. (2) Due to precession, the northwest part (i.e., the blue lobe)
of'the outflow is moving away from the observer, while the south-
east part (i.e., the red lobe) of the outflow is approaching us. In ad-
dition to morphologies, one can further examine the kinematic
structure of the jet/outflow to test the hypothesis of precession.
For example, the kinematics of water maser spots suggest that on
scales of a few hundred AU the jet has already crossed the plane
of the sky (Moscadelli et al. 2005), consistent with the precessing
direction proposed by Cesaroni et al. (2005).

An examination of large-scale kinematics, however, was not
possible because of the missing velocity information of the H, im-
aging. In contrast, if the S-shaped CO (3-2) gas has a close rela-
tion to the primary jet, its velocity structure should play an essential
and independent role in probing the precession history. As shown
in Figure 3 (right), the velocity (along the line of sight) of the red-
shifted S-shaped gas increases with distance from the central YSO.
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Fi6. 9.— Schematic view of the kinematics structure of the precessing outflow
in 120126. Each of the two dashed lines indicates the direction of the primary jet.
Because the present outflow axis is almost aligned on the plane of the sky and both
the red and blue lobes are approaching the plane of the sky (Cesaroni et al. 1999,
2005), the light gray is earlier in time than the dark gray. The figure demonstrates
that the projected velocity (onto the line of sight) of the CO (3-2) gas will increase
as its distance to the outflow centroid due to the change of the inclination (i.e., from
the plane of the sky to the line of sight). This velocity structure is qualitatively con-
sistent with the kinematic structure observed in the S-shaped CO (3-2) outflow.

The assumption of the primary jet having a constant velocity with
time (Cesaroni et al. 2005) would infer a constant velocity of the
CO (3-2) outflowing gas. In this case, the distinctive velocity gra-
dient seen in Figure 3 (7ight) should be the result of a projection ef-
fect, and the observed downstream CO (3-2) gas was ejected
earlier and hence propagates further from the driving young star.

The observed kinematic feature indicates that both the red and
blue lobes are approaching the plane of the sky and the radial ve-
locity will increase with distance to the outflow centroid because
ofthe decrease in inclination (i.e., from the plane of the sky to the
line of sight). A schematic view of this picture is shown in Fig-
ure 9. We note that although the above arguments are mainly based
on the velocity structure seen in the redshifted gas, the kinematics
of the blueshifted gas also support the hypothesis of precession.
As shown in Figure 3 (right), the blueshifted CO gas at the H,-1
knot is perfectly symmetric in position and velocity with respect to
the redshifted component. Thus, we conclude that the S-shaped
CO (3-2) emission records the precession history very well, at least
on scales of ~0.4 pc, and its kinematic structure suggests that, due
to the precession, the outflow axis is moving toward the plane of
the sky. The precessing direction inferred here from the kine-
matics of CO (3-2) gas is consistent with that deduced from the
outflow morphology by Cesaroni et al. (1999, 2005). The present
kinematics of the S-shaped gas allow us to further clarify the rela-
tionship between the S-shaped CO gas and H, emission if the ki-
nematics of the H, knots are available.

In addition to the case of 120126, precessing outflows are not
very unusual, and have been detected at (sub)millimeter, near-IR,
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and optical wavelengths toward both low-mass and high-mass
YSOs, for example, L1157 (Gueth et al. 1996; Bachiller et al.
2001), Cep E (Eisloffel et al. 1996), HH 333 (Bally et al. 1996),
and NGC 7538 IRS1 (Kraus et al. 2006). In most low-mass cases,
the precession angle (i.e., the opening angle of the precession
cone) is less than 10°. Two possible mechanisms leading to such a
jet precession have been proposed by Fendt & Zinnecker (1998),
including the motion of the jet driving the source in a coplanar-
orbital binary system (i.e., the jet axis being perpendicular to the
plane of the binary orbit) and the action of Lorentz forces between
(ionized) jet and interstellar magnetic field. However, neither can
create the large precession angle of 240° seen in 120126 and NGC
7538 IRS1. Shepherd et al. (2000) discussed several possible mech-
anisms which can cause large precession angles and favored the
presence of a companion in a noncoplanar orbit for [20126. Kraus
et al. (2006) also preferred the same interpretation for the large
precession angle discovered in NGC 7538 IRS1. Identifications of
the companion and measurements of the orbital parameters are es-
sential to confirm whether the precession is actually caused by the
presence of a companion.

4.3. The Nature of the Compact Outflow

As mentioned in § 3, we detected compact high-velocity (20—
30 km s~ !) gas in CO (3—2) and HCN (4-3) toward the central
YSO. This component clearly demonstrates a bipolar structure
and is very close to the YSO, with a projected distance smaller
than ~4000 AU (see Fig. 4). Assuming an inclination angle (with
respect to the line of sight) of ~80°, the dynamical timescale of
this component is approximately 120 yr only. In this case, the de-
projected outflow velocity is about 170 km s~!, among the highest
velocities that have been observed in molecular outflowing gas.

The bulk of the molecular outflow detected in low-J CO lines
is thought to mainly comprise swept-up ambient molecular gas
entrained by a high-velocity wind/jet from the central young star
(Bachiller & Tafalla 1999). The mechanisms of entrainment are
not well understood, and the composition of the primary jet/wind
which is responsible for accelerating the ambient material has not
been identified. Molecular outflows often show a power-law rela-
tion between mass and velocity, i.e., m(v) < v~7, with a typical
power index «y around 1.8. In many cases, however, the mass spec-
trum has a broken power law, with the slope steepening at high
velocity (vgow = 10 km s~!; Richer et al. 2000; Su et al. 2004).
One possible explanation for the distinct behavior between high-
and low-velocity gas is that the high-velocity molecular gas is
closely connected to the primary jet (Bachiller & Tafalla 1999).

To examine this hypothesis in 120126, we estimate whether the
momentum supply rate of this compact component is sufficient
to drive the molecular outflow seen in CO (1-0). As shown in
Figure 4, it is difficult to separate the compact component from
other outflowing gas. Here we calculate the momentum supply
rate using only the high-velocity redshift gas with velocity Vyow
between 24.5 and 32.5 km s, where the contamination is much
less severe. Assuming a gas temperature of ~100 K, an inclina-
tion angle of ~80°, and that the CO (3—2) wing emission is op-
tically thin, following Su et al. (2004) the inferred momentum
supply rate is approximately 1 x 1072 M, kms~! yr~!. Although
this is a factor of 6 smaller than that derived from CO (1-0) ob-
servations by Shepherd et al. (2000), it is still possible that the thrust
of the compact component is sufficient to drive the CO (1-0) out-
flow due to the following two reasons. First, because there is sig-
nificant contamination from other components, the contributions
of the blueshifted component and the “low-velocity” redshifted
part are not included in our estimation. Second, observations of
water maser emission suggested that on scales of a few hundred



No. 1, 2007

AU the jet has already crossed the plane of the sky (Moscadelli
etal. 2005). Thus, the compact component may be even closer to
the plane of the sky, causing the thrust to be underestimated here.
We note that the momentum supply rates of the small-scale
collimated SiO jet and the large-scale CO (1-0) outflow appear
to be comparable. The momentum supply rate inferred from the
SiO (2-1) jet scaling to an SiO abundance of (1-5) x 1073 (see
§4.4.1) and correcting for the inclination is approximately (6 x
1073)~(3 x 1072) M, km s~! yr~! (Cesaroni et al. 1999). On the
other hand, the discontinuity of the near-IR H, emission suggests
episodic activities in 120126 outflow. If this is the case, the pulses
of the momentum supply rate derived from the episodic (primary)
jet should be large than that from the “classical” outflow due to
the short timescale of the episodic activities. A detailed study of
the time interval of the episodic events is required to conclude
whether the thrust of the compact CO (3-2) gas is sufficient to
drive the large-scale outflow seen in CO (1-0). Alternatively, two
other possible compositions (i.e., atomic gas and ionized gas) of
the primary jet should be considered if the thrust of the high-
velocity molecular gas is actually not sufficient.

In summary, all the three outflow components seen in CO (3-2)
have a close relation to the primary jet undergoing precession over
scales ranging from ~4000 AU to ~0.4 pc. With extremely high
velocity (~170 km s~') gas and a very short dynamical timescale
(~120 yr), the innermost compact (~4000 AU) component rep-
resents a very latest outflowing event. Both the morphology and
kinematics suggest that the collimated component with an extent
of ~0.2 pc describes a jet-driven bow shock currently interacting
with the ambient gas. Finally, on scales of ~0.4 pc, the S-shaped
CO gas records the history of the (primary) jet precession very well.
Its kinematics suggest that, due to precession, the outflow axis is
moving toward the plane of the sky. The morphologies of the three
components further suggest episodic activities in the 120126 outflow.
We note that the redshifted gas of the compact component is not de-
tected in the CO (1-0) emission reported by Shepherd et al. (2000).
We conclude that high-velocity (vgow = 10 kms~!) CO (3-2) emis-
sion is a good tracer to probe the primary jet.

4.4. Shocks and High-Excitation Regions in IRAS 20126+4104

SiO and HCN have been recognized as good tracers of shocks.
Both theoretical models and observational results suggest that
Si0O abundances can be enhanced by several orders of magnitude
at the head and along the axes of molecular outflows (e.g., Schilke
etal. 1997; Bachiller 1996 and references therein). The abundance
of HCN in a chemically active outflow lobe of L1157 is enhanced
by 2 orders of magnitude with respect to the prestellar core
(Bachiller & Pérez Gutiérrez 1997).

In the case of 120126, the strong SiO (5—4) and HCN (4-3)
emissions are closely related to the shock-excited near-IR H,
knots. A spatial differentiation between SiO (5—4) and HCN (4-3),
however, can be discerned in the 120126 outflow, as shown in Fig-
ure 5. The SiO (5-4) emission mainly arises from the bow tips,
while the HCN (4-3) emission is associated with the shock wings.
This is especially clear in the southeast lobe. A similar spatial dif-
ferentiation between CH30H and SiO (2—1) toward 120126 out-
flow had been reported by Cesaroni et al. (2005). In addition, there
appears to be a similar spatial segregation between SiO and HCN
in the outflow from the low-mass YSO L1157 (Bachiller et al.
2001). The spatial differentiation may result from different physical
conditions and chemical reaction networks in shocked regions.

4.4.1. Physical Conditions Inferred from SiO Lines

We explore the physical conditions of the shocked regions
with large velocity gradient (LVG) calculations using our SMA

OUTFLOW FROM IRAS 20126+4104 579

SiO (5—4) data and the SiO (2—1) results reported by Cesaroni
etal. (1999). We used the LVG code written by L. G. Mundy and
implemented as part of the MIRIAD package (Sault et al. 1995).
In order to compute the line ratio of the two SiO transitions, we
convolved the SiO (5—4) channel maps to a Gaussian beam of
1.8" x 1.6" to match the angular resolution of the SiO (2—1) maps.
The SiO (5—-4)/(2—-1) line ratios are in the range 1-2. Assuming a
gas temperature of ~300 K, similar to that in the low-mass cases
(e.g., Nisini et al. 2007), the LVG calculations suggest at both
lobes gas densities of (2—4) x 10° cm ™ and SiO relative abun-
dances X(SiO) of (1-5) x 10~8. The inferred SiO abundance and
gas density will be approximately an order of magnitude lower
and higher, respectively, if a gas temperature as low as 30 K is
assumed. The inferred SiO abundances in the 120126 outflow
lobes are consistent with the picture of enhancement in shocked
regions, as identified at low-mass outflows. Recently, a study of
multiple SiO transitions suggested an SiO abundance of a few x
1078 in L1448 and L1157 bullets (Nisini et al. 2007), while in
typical dark clouds the X(SiO) is less than 10! (Ziurys et al.
1989).

4.4.2. Physical Conditions Inferred from HCN (4-3)

With its high critical densities 210° cm~3, HCN is often used
to trace dense molecular gas. Indeed, HCN transitions have been
detected toward Class 0 and Class I low-mass YSOs and in hot
molecular cores associated with high-mass YSOs (e.g., Park et al.
1999; Hatchell et al. 1998). From a chemistry viewpoint, HCN
plays an essential role in nitrogen chemistry in hot-core sources
and shocked regions (Viti & Williams 1999a, 1999b). The abun-
dances of HCN in molecular outflows can be enhanced by 2 or-
ders of magnitude with respect to their core components (e.g.,
Bachiller & Pérez Gutiérrez 1997). The enhancement is attributed
to shock chemistry.

We assume the HCN (4-3) emission to be optically thin and in
LTE with a gas temperature of 300 K, and derive an HCN column
density of (1-2) x 10'* cm~2 in 120126 outflow lobes. Due to the
lack of a direct estimate of the gas column density toward HCN out-
flow lobes, we assume a gas column density of ~1 x 10?2 cm™2
inferred from SiO emission, although a spatial variation in density
may occur. We estimate an HCN abundance of ~(1-2) x 108 in
the outflow lobes. The assumption of optically thin emission re-
sults in an underestimation of the column density and hence the
abundance of HCN if the HCN (4-3) emission is actually opti-
cally thick toward the outflow lobes. The inferred HCN abundance
is about an order of magnitude larger than that seen in outflows and
star-forming cores (Jorgensen et al. 2004), but approximately an
order of magnitude smaller than that seen in the L1157 outflow
(Bachiller & Pérez Gutiérrez 1997).

4.4.3. The Nature of the Vibrationally Excited HCN Emission

As mentioned in § 3.2, toward the YSO the vibrationally ex-
cited HCN (v, = 1, 4-3) is detected. With with an upper energy
level of ~1000 K, this detection cannot be explained by colli-
sional pumping of gas at ~25 K, corresponding to the peak bright-
ness temperature of the optically thick HCN (4-3) emission.
Below we discuss three possible origins of the HCN (v, = 1,
4-3) emission. First, since the core size inferred from the HCN
(1, = 1, 4-3) emission is approximately a factor of 3 smaller
than that from HCN (4-3), a temperature profile of 7' o< ¢,
a = 2, can solve the problem. Another possibility is that the HCN
gas has a small filling factor and hence the gas temperature is un-
derestimated when assuming 7j = Tgs. A filling factor of ~0.1
will be able to interpret the detection of HCN (v, = 1, 4-3).
Finally, the vibrationally excited HCN line can also result from
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infrared pumping due to the powerful infrared radiation fields
generated by the surrounding warm, obscure dusty envelope.
This further explains the nondetection of HCN (v, = 1, 4-3)
toward the outflow lobes. We note that the HCN (v, = 1, 4-3)
emission is also detected toward the massive star-forming core
(G9.62+0.19-F (Y.-N. Su et al. 2008, in preparation). G9.62+0.19-F
likely harbors a high-mass protostar, and hence can emit strong in-
frared radiation fields.

5. SUMMARY

120126 provides a unique laboratory for better understanding
the properties of outflows from massive young stars. We have
imaged the outflow associated with the luminous YSO 120126 in
CO (3-2), HCN (4-3), and SiO (5—4) with the SMA at angular
resolutions of 17-2”. Our main results can be summarized as
follows:

1. Observations in CO (3-2) reveal at least three different com-
ponents of the outflowing gas: a compact high-velocity com-
ponent toward the YSO (within a projected distance smaller
than ~4000 AU), a collimated bipolar outflow with an extent
of ~0.2 pc previously detected in SiO (2-1), and an S-shaped
component with an extent of ~0.4 pc symmetric with respect to
the central young star.

2. Assuming an inclination of ~80° (with respect to the line
of sight) for the compact component, we obtain a deprojected ve-
locity of ~170 kms~!, among the highest gas velocities that have
been detected in molecular outflows. With a dynamical timescale
~120 yr, the compact component represents a very latest outflow-
ing event in 120126.

3. The collimated outflow is also detected in HCN (4-3) and
SiO (5—4). The morphology and kinematic structure of the colli-
mated component seen in CO, SiO, and HCN all favor a jet-driven
bow shock system in 120126. Furthermore, a spatial differentia-
tion between SiO (5—4) and HCN (4-3) can be discerned in the
two outflow lobes. The former mainly arises from the bow tips and

the latter from the shock wings. The spatial segregation may result
from the different physical conditions and chemical reaction net-
works in shocked regions.

4. The S-shaped CO (3—-2) emission appears to trace (on the
scales of ~0.4 pc) the near-IR H, knots, an indicator of preces-
sion in 120126 outflow. The S-shaped CO gas exhibits a dramatic
kinematic feature, where the outflow velocity increases with dis-
tance from the YSO. The kinematic structure indicates, indepen-
dently of other evidence, that the outflow axis is moving toward
the plane of the sky due to precession. The inferred precessing
direction is consistent with that proposed by Cesaroni et al. (1999,
2005) based on the outflow morphology. We conclude that the
S-shaped CO (3-2) emission can trace well the precession his-
tory, at least on scales of ~0.4 pc.

5. All the three outflow components seen in CO (3-2) are
closely related to the precessing primary jet over scales ranging
from a few thousand AU to ~0.4 pc. The morphologies of the three
components further suggest episodic activities in 120126 outflow.
Our SMA results indicate that high-velocity (vfow = 10 km s71)
CO (3-2) emission is a good tracer to probe the primary jet.

6. The physical conditions of the shocked regions are inferred
with the line ratio of SiO(5—4)/SiO(2-1). Assuming a gas tem-
perature of 300 K, the LVG calculations suggested that at both
lobes gas densities of (2—4) x 10° cm ™3 and SiO relative abun-
dances X(SiO) of (1-5) x 1078, The inferred SiO abundances in
120126 outflow lobes are comparable to the expected enhance-
ment at shocked regions.
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