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SHOCK-HEATED NH; IN A MOLECULAR JET ASSOCIATED WITH A HIGH-MASS YOUNG STAR
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ABSTRACT

We present the discovery of shock-excited NH, in a well-collimated jet associated with the extremely young
high-mass star IRAS 20126+4104. The NH, (3, 3) and (4, 4) emission is dominated by three clumps along the
SO jet. At the end of the jet, there exists strong and broad (10 km s™*) NH, (3, 3) emission. With typical
brightness temperatures greater than 500 K, the overall emission indicates a weakly inverted population and
appears in an arc, consistent with the excitation by bow shocks. There are two bright spots in the NH, (3, 3)
emission with brightness temperatures of approximately 2000 K. The narrow line width (1.5 km s™* FWHM),
the small sizes (<0"3), and the unusualy high brightness temperature of the features are indicative of maser
emission. Our observations provide clear evidence that NH, (3, 3) masers are excited in shock regionsin molecular

outflows.

Subject headings: H 11 regions— ISM: clouds— ISM: individual (IRAS 20126+4104) —
ISM: kinematics and dynamics— masers— stars: formation — stars: pre—main-sequence

1. INTRODUCTION

IRAS 20126+4106 is a young star lying in the Cygnus X
complex at a distance of 1.7 kpc (Wilking et a. 1989). Its
luminosity of 1.3 x 10* L, corresponds to a zero-age main-
sequence star of spectral type B0.2. Despitethe high luminosity,
sensitive observations with the VLA have failed to detect a
radio continuum counterpart until recently. Recent VLA-B ob-
servations resolved the 3.6 cm continuum source into an elon-
gated structure (Hofner et a. 1999). In conjunction with upper
limits at other wavelengths, Hofner et al. interpreted this source
as emission from an ionized jet. The lack of a detectable H i1
region indicates that the central object is probably a high-mass
protostar. In contrast to the weak centimeter emission, the
source is detected at all wavelengths in the millimeter to sub-
millimeter bands (Cesaroni et al. 1999). Its spectral energy
distribution is consistent with optically thin dust emission with
an emissivity index of 8 =1.

One of the most interesting aspects of the source came from
the spectral line studies: Both the CH,CN (Cesaroni et al. 1997,
1999) and the NH, (1, 1) and (2, 2) lines (Zhang, Hunter, &
Sridharan 1998) show an elongated disklike structure perpen-
dicular to the narrow SiO jet and the HCO" outflow (Cesaroni
et a. 1997, 1999). The velocity field in the disk is consistent
with Keplerian rotation. Although the CO outflow mapped in
the (2-1) transition extends more than 1 pc in the north-south
direction, the CO (7-6) outflow (Kawamura et al. 1999) is
compact (<0.1 pc), with an orientation and size consistent with
the SIO jet and the HCO" outflow.

IRAS 20126+4104 is one of the rare examples of a disk/
jet system surrounding a high-mass young star. It clearly dem-
onstrates that disks are involved in the formation of high-mass
stars. In this Letter, we present the first observations of the
highly excited NH, (3, 3) and (4, 4) lines in this object. Al-
though the presence of highly excited NH, in molecular out-
flows is relatively rare (Bachiller, Martin-Pintado, & Fuente
1993), we have detected shock-heated NH, gas and (3, 3) ma
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sersin the jet. By comparing these lines with other tracers, we
discuss the driving mechanism of the outflow.

2. OBSERVATIONS

Observations of the NH, (J, K) = (3, 3) and (4, 4) inversion
transitions were made with the VLA* in the B configuration
on 1998 October 8 and in the D configuration on 1999 March
27 and May 29. In all the tracks, we observed both polarizations
with a 3.125 MHz bandwidth and 128 channels, yielding a
velocity resolution of 0.3 km s™* at the NH, frequencies. The
nearby continuum source 2013+ 370 (<4° away) was used as
the gain calibrator. The proximity of the two objects is critical
to rapid calibrations in the B-array observations, in order to
track the atmospheric phase variations. We used a calibration
cycle of 110 s with approximately 60 s on the source and
20 s on the cdlibrator. In the more compact D configuration, a
conventional calibration sequence was adopted with a cycle
time of about 18 minutes. In al the experiments, the quasar
3C 286 was used as the flux calibrator. The bandpass calibra-
tions were done by observing 3C 273 or 3C 84.

3. RESULTS

Figure 1 presents the integrated emission of the NH,
J, K) = (1, 1), (3, 3), and (4, 4) inversion transitions and the
SO J= (2-1) line. In contrast to the extended “core-halo”
structure in the NH; (1, 1) emission, most of the (3, 3) and
(4, 4) emission is found in three discrete clumps, one near the
star and two in the outflow region about 10” to the northwest
and southeast of the star, respectively. The (3, 3) and (4, 4)
emission near the star is broadened to greater than 5 km s™*
(FWHM) and is consistent with the warm gas in the rotating
disk seenin the (1, 1) and (2, 2) emission (Zhang et al. 1998).
The emission also has a component extending to the southeast
of the star. Since this component aigns with the axis of the
SiO emission (Cesaroni et al. 1999), it islikely to be associated
with the jet.

In addition to the emission near the star, the NH, (3, 3) and
(4, 4) emission is found near the end of the SIO jet. It appears

*The Very Large Array is a facility of the National Radio Astronomy
Observatory, which is operated by Associated Universities, Inc., under contract
with the National Science Foundation.
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Fic. 1.—NH; (3, 3) and (4, 4) emission as compared with the NH, (1, 1) emission (Zhang et a. 1998) and the SIO jet (Cesaroni et a. 1999). The NH, (1, 1)
emission is contoured at every 8% of the peak value of 0.50 Jy beam™ (km s™*). The NH, (3, 3) emission in the upper right panel is made with data from
VLA-B and -D arrays with a synthesized beam of 1”. The emission is integrated from —15 to 10 km s™* and contoured at (+1, +3, 5, 7, 9, 11) x 8% of the
peak value of 0.23 Jy beam™* (km s™*). The NH, (3, 3) emission in the lower right panel is made with data from VLA-B only with a synthesized beam of
0’31 x 0'37 at a position angle of 80°. The emission is averaged over —10 to —1 km s and contoured at every 3.5 mJy beam *. The NH, (4, 4) emission in
the lower left panel is made from VLA-D with a synthesized beam of 39 x 3'1 at a position angle of 78° and is contoured at every 8% of the peak value of
0.34 Jy beam™ (km s ™). The gray scale for SIO is from 0.1 to 1.5 Jy beam™* (km s™%). The star marks the position of the 3 mm continuum source, and the
shaded ellipse at the lower left-hand corner of each panel denotes the size of the synthesized beam for the NH, data. The crosses mark the positions of the NH,
(3, 3) masers at «(1950) = 20"12m41%679 + 0:001, 6(1950) = 41°04'18741 + 0702 and «(1950) = 20"12™40:210 + 02001, 6(1950) = 41°04'26"53 + 0!02.

that the (3, 3) clump to the northwest of the star peaks at the
head of the SIO jet and has an arc-shaped structure with the
tip farthest from the star. The (3, 3) emission to the southeast
of the star is offset 2’—3" from the peak of the SiO. The head
of the SiO jet delineates a bow, and the NH, (3, 3) emission
appears in the rear wings of the bow. The (4, 4) emission near
each end of the jet is much weaker than the (3, 3) line. It
appears that the peak of the (4, 4) emission is offset spatially
from the (3, 3) peaks. This offset is more apparent to the
southeast of the star where the (4, 4) emission centers closer
to the axis of the SIO jet, whereas the (3, 3) emission lies on
the sides of the jet.

Figure 2 shows the spectra of the NH, (1, 1), (2, 2), (3, 3),
and (4, 4) lines at the peak positions in the outflow lobes.
Despite the low signal-to-noise ratios in some spectra, it is
apparent that al the detected lines are broadened to a few
km s™?, in contrast to the 1.6 km s™* FWHM in the quiescent
core. In the strongest line (3, 3), the line wings extend to at
least =10 km s™* (at 3 o) from the core systematic velocity.
It isinteresting to note that the (3, 3) lines are nearly symmetric

and that the line centers are close to the core systematic ve-
locity. This means that the bulk of the NH, gas does not move
systematically with respect to the core gas.

For the gas nearest the star, Zhang et al. (1998) derived an
optical depth of 2.8 in the (1, 1) main hyperfine component
and a rotational temperature of 45 K, consistent with that de-
rived from the (3, 3) and (4, 4) transitions in our present ob-
servations. Toward the outflow lobes, assuming that the (1, 1),
(2, 2), and (4, 4) lines are optically thin and the NH; gas is
thermalized, we use the standard rotational diagram to derive
the temperature of the gas. We obtain rotational temperatures
T, of 65 and 85 K for the southeast and northwest lobes,
respectively. The column density of NH, determined from the
analysis is 1.4 x 10" and 1.2 x 10" cm™2 in the southeast
and northwest |obes, respectively.

Compared with the rotational temperature of the NH, gas,
the (3, 3) emission near each end of the jet has unusually high
brightness temperatures. The lower right panel in Figure 1
shows the NH, (3, 3) emission at the head of the jet. Even
when the emission is averaged between —10 and —1 km s,
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Fic. 2—Line spectra of the NH; (1, 1), (2, 2), and (3, 3) lines from the
peak position of NH, (3, 3) near the head of the SiO jet. The data are from
the VLA-D array with a synthesized beam of about 3'5. The vertical dotted
line marks the core systematic velocity of —3.7 km s™.

the highest brightness temperature of the (3, 3) emission®
reaches 240 K. Theline peaks measured at 0.3 kms™* resolution
have typical brightness temperatures that are more than 500 K.
The highest brightness temperature arises from two compact
spots. Imaged at aresolution of 0729 x 0727, the two features

® The conversion of flux density in units of Jy beam™ to brightness tem-
perature in kelvins follows K/(Jy beam™) = 120(100 GHz/»)*(1'/6)?, where 6
is the angular resolution.
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have peak intensities of 79 and 65 mJy beam™*, corresponding
to brightness temperatures of 2.2 x 10° and 1.8 x 10° K, re-
spectively. In addition, these features have a narrow line width
of 1.5 km s in FWHM. The compactness, the narrow line
width, and especially the high brightness temperature all in-
dicate maser emission in the NH, (3, 3) line.

4. DISCUSSIONS
4.1. Origin of NH, Gas in the Outflow

The elevated temperatures (=65 K) and line broadening of
the NH,; gas in the outflow indicate the heating and energy
injection of the gas. The heating provided by a star of 10" L,
to the gas and dust at a distance of 0.086 pc (10”) yields an
equilibrium temperature of about 25 K. Since this temperature
is far less than the observed rotational temperature and since
the temperature enhancement is confined only to the jet, the
heating of the NH, gas is not likely to arise directly from the
stellar radiation. It is known that the SiO and H, emissionsin
molecular outflows are by-products of shock activities (Bach-
iller 1996). The spatia coincidence of the NH, and SiO emis-
sions in this object and the arclike structure in the NH, and
SiO emissionsin the close vicinity of H, (Cesaroni et a. 1997)
indicate that NH, is excited in the bow shock. Such a model
is consistent with findings from the CO (7—6) observations
(Kawamura et a. 1999) in which the CO gas forms in the
trailing regions of the shock.

Although the NH; (3, 3) emission shows a good spatial cor-
relation with the high-velocity SiO gas, the profiles of the SIO
and NH, lines are very different. Figure 3 presentsthe position-
velocity plot of the NH, (3, 3) and (4, 4) emissionin comparison
with the SIO emission from Cesaroni et al. (1999). The SIO
emission is detectable at +50 km s from the cloud velocity
and delineates a jet that accelerates with distance from the star.
The NH; (3, 3) and (4, 4) lines, on the other hand, are limited
to a much narrower velocity range of about less than
+10kms™.

The difference in kinematics suggests that SiO and NH, are
produced differently in the shock. The lack of NH, emission
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Fic. 3—Position-velocity plot of the NH, (3, 3) and (4, 4) emission in comparison with that of the SIO (2-1) emission. The cut was made at a position angle
of 118° along the jet axis with the position offset from the 3 mm continuum source (the star in Fig. 1). The contours for the (3, 3) and (4, 4) emissions are drawn
in steps of 10 and 3 mJy beam™, respectively. The data are from the VLA-D array with a synthesized beam of about 35. The vertical dashed line marks the

core systematic velocity.
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at high forward velocities aong the jet direction is probably
the result of disassociation: The NH, molecules are destroyed
if the shock velocities are too high. In the extreme case of
nonradiative Jtype shocks, for instance, the velocity of the
postshock gas v, is (3/4)v,, where v, is the shock velocity (see
Hollenbach 1997). According to Cesaroni et a. (1999), the
maximum velocity of the SIO emission, after correcting for the
inclination angle, can be as large as 200 km s *; this implies
v,> 260 km s, At such velocities, the NH, molecules are
disassociated in the thin layer of the working surface, and it
takes more than 10° yr for them to form (Bergin, Neufeld, &
Melnick 1998; E. A. Bergin 1999, private communication).
The abundance enhancement of SiO, on the other hand, ismore
favorable at higher impact velocities because of higher sput-
tering yield for Si atoms and the relatively short timescales
(~10? yr) for the Si—O reaction (Pineau des Foréts, Flower, &
Chieze 1997). It islikely that the observed hot NH; liesin the
oblique part of the working surface where the shock velocity
is low. The lack of NH, emission near the southeast tip of SIO
supports this scenario. Toward this region, the NH, (3, 3) emis-
sion appears only toward the rear wings of the bow where the
temperatures are likely to be lower than those toward the tip.

In comparison, in the well-studied low-mass outflow L1157,
both the NH, (3, 3) and SiO lines are skewed to high velocities
(Tefdla & Bachiller 1995; Zhang et a. 1995), although the
NH,; line shows far less of the high-velocity wings than the
SiO line. A critical difference between the two sources may
lie in the shock velocity: The highest velocity of the SiO emis-
sion (17 km s%) in the L1157 outflow suggests a much lower
shock velocity than that in the IRAS 20126+4104 outflow.
Therefore, NH, in L1157 is likely to survive in the working
surface and gives rise to the high-velocity wings observed in
that object.

4.2. Inversion and Masing of the NH; (3, 3) Line

The high brightness temperature (~500 K) of the (3, 3) gas
near the head of the jet indicates population inversion. For a
metastable transition (J, K) of NH,, the total optical depth is
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given by
—
8 3 K2 2 2w|n2 e(hv/kTa)_ 1
QK= — K AN, K) ——e—
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where u = 1.468 D, Av is the FWHM of the line, and N(J, K)
is the column density of the transition (see Ho & Townes 1983
and Ungerechts, Winnewisser, & Walmsley 1986). The optical
depth is related to the brightness temperature via T, = (T, —
2.7 K)(1—e77). Assuming N(3, 3) = 10® cm 2 and Av = 1.5
km s (see § 3), we find T,, = —18 K and 7(3, 3) = —3 for
Tz = 500 K. Although the actual values may vary depending
on the column density, we always obtain negative excitation
temperature and optical depth, which are clear indicators of
population inversion. The population inversion of the NH,
(3, 3) emission has been detected toward a number of sources
(e.g., W51, Zhang & Ho 1995; NGC 6334, Kraemer & Jackson
1995; DR 21(OH), Mangum & Wootten 1994 and Mauers-
berger, Wilson, & Henkel 1986). NH, (3, 3) inversion canform
through collisional excitation of NH, by H, (Walmsley & Un-
gerechts 1983) in which the upper level of the NH, (3, 3) state
exchanges with its (0, O) state, while the lower level of the
(3, 3) state exchanges with the (1, 0) state. Since the transition
between the (3, 3)* and (0, 0) states involves a change of parity
and thus is more preferred, the (3, 3)* state can be over-
populated.

In conclusion, we observed shock-excited NH, (3, 3) emis-
sion in the outflow lobes of the young high-mass (proto)star
IRAS 20126+4104. The high brightness temperatures (>500
K) of the emission indicate a population inversion in the
(3, 3) state. There are two compact features of the NH, (3, 3)
emission with brightness temperatures exceeding 1800 K. Our
observations show that the inversion occurs in the arc-shaped
structure near the head of the jet, clearly indicating shock-
induced inversion.

This project was partialy supported by ASI grant ARS-98-
116 to the Osservatorio Astrofisico di Arcetri.
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