
THERMAL METHANOL OBSERVATIONS OF THE OUTFLOW
FROM THE G31.41+0.31 HOT MOLECULAR CORE

E. Araya,
1,2

P. Hofner,
1,2

S. Kurtz,
3
L. Olmi,

4,5
and H. Linz

6

Received 2007 May 22; accepted 2007 November 15

ABSTRACT

The G31.41+0.31 region hosts one of the most prominent hot molecular cores known. Coincident with the hot
molecular core is an outflow whose orientation has been controversial. We report VLA-C observations of thermal
methanol (70Y61 Aþ, 44 GHz) toward the position of the G31.41+0.31 hot molecular core. Our goals are to clarify the
orientation of the outflow and to study the properties of a molecular outflow from a very young region of massive star
formation. We confirm that the outflow is indeed associated with the hot molecular core. Our observations strongly
suggest that the outflow is oriented in the northeast-southwest direction. The outflow is massive (k15M�), with a dy-
namical time of the order of �4 ; 103 yr, and has a wide-angle bipolar morphology.

Subject headinggs: H ii regions — ISM: clouds — ISM: individual (G31.41+0.31) — ISM: molecules —
radio lines: ISM

1. INTRODUCTION

Massive stars are of critical importance for a number of pro-
cesses related to Galactic structure and evolution of the inter-
stellar medium (ISM). Nevertheless, their formation and early
evolution are poorly understood (e.g., Stahler et al. 2000). Widely
disparate formation models have been proposed, including mono-
lithic and competitive accretion; aswell as coalescence (e.g., Yorke
et al. 1995; Bonnell et al. 1998; Keto & Wood 2006; Bonnell &
Bate 2006). As yet there is no consensus as to whichmechanism
is the most promising, although in recent years indirect evidence
(e.g., outflows and jets) appears to favor the disk accretion sce-
nario. One result that is more clearly established is that themassive
star formation process occurs within hot molecular cores (HMCs;
e.g., Kurtz et al. 2000 and references therein). HMCs host a wealth
of star formation phenomena including outflows, masers, and
possibly accretion disks (Cesaroni et al. 2005; see also Cesaroni
et al. 2007). Whatever the ultimate answer to the nature of the
massive star formation process, it is likely to be achieved by
studies of HMCs, their structure, and the phenomena occurring
within them.

G31.41+0.31 is a massive star formation site located at a
distance of �7.3 kpc (Sewiyo et al. 2004). Cesaroni et al. (1998;
see also Cesaroni et al. 1994a) conducted VLA observations of
highly excited ammonia [NH3 (4,4)] and their data reveal hot
(>200 K), dense (>107 cm�3) molecular gas within a region less
than 0.1 pc in size, i.e., a HMC. Theoretical considerations sug-
gest that such a core should be internally heated (Kaufman et al.
1998) and indeed, high angular resolution VLA continuum ob-
servations (Araya et al. 2003; P. Hofner et al., in preparation)
show two 7 mm continuum sources at the center of the HMC

oriented in a northeast-southwest direction; at least one of them
could be caused by free-free emission from a bow shock. In ad-
dition to NH3, other molecular species show prominent emission
in this region, for example CH3CN (Cesaroni et al. 1994b; Olmi
et al. 1996; Beltrán et al. 2004; Araya et al. 2005), H2S (Gibb
et al. 2004), and SiO and HCO+ (Maxia et al. 2001). Olmi et al.
(1996) conducted Plateau de Bure Interferometer (PdBI) 13CO
observations of the region and report a molecular outflow cen-
tered at the HMC position, and oriented in a northwest-southeast
direction (i.e., almost perpendicular to the orientation of the 7mm
continuum sources). However, the interpretation of the 13CO data
is difficult given the relatively low angular resolution, the large
extent of the 13CO emission, sparse u-v sampling, and the pre-
sence of several 13CO clumps in their map. The G31.41+0.31 re-
gion also shows prominent OH (Gaume & Mutel 1987), CH3OH
(Kurtz et al. 2004), and H2O (Hofner &Churchwell 1996) maser
emission (see x 5). In particular, the 22 GHzH2Omasers mapped
byHofner &Churchwell (1996) show a northeast-southwest dis-
tribution which is approximately parallel to the orientation of the
two 7mm sources in the HMC (Araya et al. 2003; P. Hofner et al.
in preparation).
The outflow in the G31.41+0.31 region is particularly inter-

esting because it is associated with the HMC. It is thought that
HMCs precede ultracompact H ii (UCH ii) regions in the evo-
lutionary sequence (e.g., Churchwell 2002), so it is likely that the
G31.41+0.31 outflow is still quite young. The orientation of the
molecular outflow inG31.41+0.31 is controversial. Asmentioned
above, Olmi et al. (1996) report that the outflow is oriented in a
northwest-southeast direction, and this has been used by other
authors (e.g., Beltrán et al. 2004) to argue that the northeast-
southwest velocity gradient observed in several molecular lines
(see x 5) is tracing a molecular torus (or disk) instead of a mo-
lecular outflow. Other authors (Gibb et al. 2004), report that the
outflow is not in the northwest-southeast direction but in the east-
west direction. Thus, with the objectives of clarifying the di-
rection of the outflow in the G31.41+0.31 HMC, its relationship
with the 7 mm continuum sources in the region, and its charac-
teristics as an outflow from a very young region of massive star
formation, we conducted high angular resolution CH3OH 44GHz
observationswith theVLA to image the thermal CH3OHemission
of the HMC.
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2. OBSERVATIONS

The observations were conducted on 2004 March 22, with the
VLA in theC configuration.7We observed themethanol (CH3OH)
70Y61 Aþ (�0 ¼ 44069:43MHz, Eu ¼ 64:9 K) transition using
1 IF mode, a bandwidth of 12.5MHz (�85 km s�1), 64 channels
(195.3 kHz channel width,�1.3 km s�1), and a central bandpass
velocity of 98.2 km s�1. The primary beam of the VLA antennas
at this frequency is approximately 10. The phase tracking center
was R:A: ¼ 18h47m34:60s, decl: ¼ �01

�
12046:000 (J2000.0).

We observed the quasars 3C 286 (J1331+305), J1256�057, and
J1851+005 as flux, bandpass, and phase calibrators, respectively.
For the flux calibrator 3C 286we assumed S44 GHz ¼ 1:43 Jy, and
we measured flux densities of 12.3 and 0.76 Jy for the bandpass
and phase calibrators, respectively. The observing mode was
fast-switching with a cycle of 60/40 s (source/calibrator). The
total time on source was approximately 1.5 hr.

The data reduction was conducted with AIPS following the
standard procedure for VLA high-frequency observations.We ob-
tainedHanning smoothed data cubes using natural (�syn ¼ 0:6300 ;
0:4900, P:A: ¼ �13�, rms ¼ 1:8 mJy b�1) and uniform (�syn ¼
0:4400 ; 0:4100, P:A: ¼ �23�, rms ¼ 2:8 mJy b�1) weightings.
Radio continuum emission at 7 mm was detected and removed
from the data before imaging of the final CH3OH data cubes.
Instead of discussing our low-angular resolution and narrow
bandwidth 7 mm detection, we use the higher signal-to-noise and
higher spatial resolution 7 mm continuum observations by Araya
et al. (2003; P. Hofner et al., in preparation); see Figures 1, 4, and 5.

3. RESULTS

As in the lower angular resolution observations of Kurtz et al.
(2004), we detected thermal8 and maser CH3OH emission in the
G31.41+0.31 region. In Figure 1 we show the zeroth- and first-
moment velocity maps of the natural weighted data cube. We
also show the 3.6 cm and 7 mm radio continuum from Araya et
al. (2003; P. Hofner et al., in preparation) in the top and bottom
panels, respectively. Thermal CH3OH emission is detected to-
ward the HMC position (see Figs. 1 and 2). A clear northeast-
southwest velocity gradient is observed in the intensity-weighted
velocity field (hereafter velocity map; Fig. 1, bottom panel ).
CH3OH maser emission is distributed throughout the region.
Given the large synthesized beam and low spectral resolution of
our observations, we cannot unequivocally distinguish between
a thermal or nonthermal origin for the CH3OH emission that is
not associated with the HMC. Nevertheless, we favor the non-
thermal (maser) interpretation because of spatially unresolved
emission and/or narrow line widths (e.g., Fig. 2). Taking maser
5 as reference position (Fig. 1, bottom panel ), blueshiftedmasers
are predominately located in the southwest of the map, whereas
redshifted masers are mostly found in an east-northeast region.
The masers appear to be primarily distributed toward the edges
of the radio continuum emission, i.e., the boundary between
ionized and molecular gas. A velocity gradient in the CH3OH
masers (blueshifted [northeast]Yredshifted [southwest]) is de-
tected along a line toward the circular (shell-like) UCH ii region
(masers 13 and 14; �400 northeast from the HMC, see Fig. 1,
bottom panel ). The line parameters of the thermal and maser
CH3OH emission obtained from the natural weighted data cube

Fig. 1.—Top: We show the integrated intensity map obtained from the natural
weighted CH3OH data cube; the 3.6 cm radio continuum fromAraya et al. (2003;
P. Hofner et al., in preparation) is shown in contours. Note the extended CH3OH
emission detected toward the position of the HMC. The brightness temperature of
the CH3OH emission at the position of the HMC is�80 K, and thus the emission
is likely thermal at that position. All other CH3OH emission in the figure appears
to be maser (for clarity, only one component was explicitly marked as maser; but
all are marked with crosses in the bottom panel). However, we cannot rule out
additional thermal emission not associated with the HMC given the low spectral
and spatial resolution of our observations. Bottom: Intensity-weighted velocity
field obtained from the natural weighted CH3OHdata cube is coded by colors.We
also mark the position of the two 7mm radio continuum sources reported by Araya
et al. (2003; P. Hofner et al. in preparation), and the direction of the velocity gradient
and core elongation as determined by visual inspection. The identification number
of the masers is explicitly shown (see Table 1). To produce the figures, signal below
10� in the CH3OH data cube was clipped to improve contrast.

7 TheVLA is operated by theNational RadioAstronomyObservatory (NRAO),
a facility of the National Science Foundation operated under cooperative agree-
ment by Associated Universities, Inc.

8 In this paper we will use ‘‘thermal emission’’ meaning ‘‘quasi-thermal
emission,’’ because maser emissionmay be blendedwith the thermal component.
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are reported in Table 1. The line widths of the maser lines listed
in Table 1 are upper limits because of the relatively large channel
width of the observations (1.3 km s�1) and the use of Hanning
smoothing.

In Figure 3 we show the position-velocity (PV) diagram along
the northeast-southwest velocity gradient (i.e., the major axis of
the HMC). The PV diagram shows two main velocity compo-
nents at�98 km s�1 separated by�100. The brightest component
(southwest) is the peak of the thermal CH3OH emission; how-
ever, it may have contributions from CH3OH maser emission
embedded in the HMC. Future higher angular resolution ob-
servations are required to establish whether the brightest com-
ponent is partially due to maser emission. The PV diagram shows
a non-Keplerian velocity distribution around the HMC center
that has a linear velocity-distance component (a ‘‘Hubble-Law’’
velocity field) as observed in a number of outflows (e.g., Arce
et al. 2007).

4. CH3OH OUTFLOW IN G31.41+0.31

Based onour observations the diameter of theHMC is�0.14pc
(28 ; 103AU). Using only data from the inner 0.09 pc region of
the core (to minimize contamination due to nearby masers), the
FWHM of the CH3OH thermal emission is �7.9 km s�1; the
correspondent mass of a virialized core of such characteristics is

greater than �700 M�.
9 In order to estimate the total gas mass

in the region (following Mehringer &Menten 1997), we assume
optically thin CH3OH emission and a CH3OH abundance of 10�6,
i.e., similar to the abundance measured in the Orion star-forming
region (Mehringer & Menten 1997 and references therein). We
also assume a gas temperature of 180 K, i.e., the average of the
core and halo temperatures based on CH3CN observations by
Olmi et al. (1996). The gas mass derived from our CH3OH ob-
servations is �340 M�, in agreement with the 350 M� value
obtained from 3 mm dust continuum observations (Gibb et al.
2004 based on Maxia et al. 2001 data).10 That the virial mass is
greater than the gas mass suggests that the kinematic structure
traced by the velocity gradient is not stable; this could be caused
by an outflow or by an unstable molecular torus (e.g., Cesaroni
et al. 1994b). We note that the gas mass value could match the
virial mass if the CH3OH abundance were a factor of �2 smaller
than the assumed value.
To explore the nature of the northeast-southwest velocity gra-

dient detected in the HMC (see Fig. 1, bottom panel ), we created
uniform weighted maps to increase the angular resolution. In
Figure 4 we show the channel maps of the CH3OH emission
associated with the HMC obtained from the uniform weighted
cube. We also mark the position of the 7 mm radio contin-
uum sources from Araya et al. (2003; P. Hofner et al., in prep-
aration). In Figure 5 we show a composite figure of the 92.9 and
103.5 km s�1 CH3OH channel maps shown in Figure 4. Themor-
phology observed in the 92.7 and 103.5 km s�1 channel maps is
consistent with a wide angle molecular outflow oriented in the
northeast-southwest direction. Although the physical properties
of the G31.41+0.31 outflow clearly indicate an origin from a
massive object (see below), it is interesting to point out the mor-
phological similarity to outflows detected toward low-mass star-
forming regions such as the CO (1Y0) outflow in L1228 (Arce &
Sargent 2004). The orientation of the outflow is parallel to the
line connecting the two 7 mm radio continuum sources. Given
that one or both of the continuum sources could be tracing ionized
bow shocks (P. Hofner et al., in preparation), this parallel orien-
tation further supports the outflow interpretation for the CH3OH
velocity gradient.
In the case of the outflow interpretation, assuming conical sym-

metry with an inclination angle of 45
�
, and followingMehringer

& Menten (1997) and Gibb et al. (2004), we estimate the fol-
lowing outflow properties: a dynamical time of the order of
�4 ; 103 yr, mass in the outflow �15 M�, kinetic energy �8 ;
1045 ergs, a momentum of �110M� km s�1, a mass flow rate of
�4 ; 10�3 M� yr�1, and a mechanical luminosity of �20 L�.
These estimates must be considered lower limits because we
used only the properties of a single red and blue channel (Fig. 5)
for the calculations, we assumed optically thin emission, the
CH3OH abundance could be smaller (the total mass is inversely
proportional to the abundance; we assumed an abundance of
10�6, see above), and our CH3OH observations are not sensitive
to gas at densities substantially lower than 107 cm�3. These val-
ues are similar to those measured for other outflows frommassive
star-forming regions in theGalaxy (e.g.,Wink et al. 1994; Shepherd
et al. 1998; Klaassen et al. 2006), and thus our outflow inter-
pretation of the CH3OH velocity gradient is physically reason-
able. Furthermore, CH3OH can be released from grains in shocks,
and thus CH3OH is an outflow tracer expected to be observed in

Fig. 2.—Examples of CH3OH spectra obtained from the natural weighted data
cube. The CH3OH spectrum of the HMC (top panel ) shows a broad (FWHM ¼
7:9 km s�1) Gaussian line. An example of one of the masers profiles is shown in
the bottom panel.

9 The 285M� virial mass reported by Cesaroni et al. (1994a) is smaller than
our estimate because of the narrower NH3 line width.

10 Based on 1.4 mm observations, Gibb et al. (2004) report a mass between
156 and 850 M�.
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thermal emission toward high-density regions (k107 cm�3;
Mehringer & Menten 1997).

5. CH3OH OUTFLOW INTERPRETATION WITH RESPECT
TO OTHER MOLECULAR TRACERS

In this section we explore the consistency of our outflow in-
terpretation with respect to other molecular tracers:

5.1. Masers

In Figure 5 we show with crosses the H2O (22 GHz) masers
detected by Hofner & Churchwell (1996, angular resolution
�0.400). The H2O masers are mostly distributed in northeast-
southwest direction, and are coincident with the center of the
HMC. Their spatial distribution is similar to the orientation of
the CH3OH velocity gradient reported in this work. H2O masers
are known tracers of shocked gas mostly associated with jets and
outflows (e.g., Goddi et al. 2005; Moscadelli et al. 2005; Hofner
et al. 2007; see also review by Fish 2008),11 which supports our
interpretation of a CH3OH outflow in the northeast-southwest
direction.

In Figure 5 we also show the distribution of OH 1.667 and
1.665 GHz (circles) masers in the region from the Gaume &
Mutel (1987) survey. The OH masers are mostly located within
the ‘‘outflow’’ region as extrapolated from the CH3OH bipolar
structure. The 1.667 GHz OH masers show a velocity gradient
red/blueshifted in the east-west direction, with a slight northeast-
southwest inclination and a distribution reminiscent of a preces-
sing jet. SomeOHmasers have been found associatedwith bipolar
outflows in massive star-forming regions (e.g., Argon et al. 2003;
de Buizer 2006). Thus, as in the case of H2O, the OH maser
distribution is consistent with our interpretation of a molecular

TABLE 1

CH
3
OH Line Parameters

ID

�

(J2000.0)

�

(J2000.0)

S�
(mJy)

VLSR

(km s�1)

�V>3 �
a

(km s�1)

R
S� dv

(mJy km s�1) Notesb

1............................... 18 47 33.96 �01 12 48.5 23(4) 99.5(1.3) 6.6(2.6) 77(7) V

2............................... 18 47 34.02 �01 12 48.3 108(4) 95.5(1.3) 9.3(2.6) 407(8) V, M

3............................... 18 47 34.15 �01 12 50.0 34(5) 92.9(1.3) 8.0(2.6) 44(8) V

4............................... 18 47 34.20 �01 12 49.8 419(3) 94.2(1.3) 6.6(2.6) 1265(8) V

5............................... 18 47 34.26 �01 12 48.9 44(4) 95.5(1.3) 8.0(2.6) 133(8) V

HMC ....................... 18 47 34.31 �01 12 45.9 782(13) 98.05(0.06) 18.5(2.6) 6600(104) G

6............................... 18 47 34.35 �01 12 48.4 244(6) 102.2(1.3) 15.9(2.6) 906(11) V, M

7............................... 18 47 34.38 �01 12 47.6 50(9) 100.9(1.3) 10.6(2.6) 248(11) V, M

8............................... 18 47 34.41 �01 12 46.2 70(6) 102.2(1.3) 12.0(2.6) 165(10) V, M

9............................... 18 47 34.42 �01 12 40.5 32(4) 100.9(1.3) 6.6(2.6) 84(8) V

10............................. 18 47 34.46 �01 12 47.8 96(5) 100.9(1.3) 6.6(2.6) 284(8) V

11............................. 18 47 34.50 �01 12 44.4 55(4) 99.5(1.3) 6.6(2.6) 178(8) V

12............................. 18 47 34.53 �01 12 46.1 22(4) 95.5(1.3) 9.3(2.6) 52(8) V, M

13............................. 18 47 34.53 �01 12 43.2 52(4) 102.2(1.3) 9.3(2.6) 127(9) V, M

14............................. 18 47 34.55 �01 12 43.0 78(7) 98.2(1.3) 8.0(2.6) 87(8) V, M

15a........................... 18 47 34.59 �01 12 49.0 381(4) 99.5(1.3) 23.9(2.6) 1763(13) V, M

15b........................... 18 47 34.55 �01 12 48.8 34(4) 86.2(1.3) 18.6(2.6) 1212(12) V, M

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
a �V>3 � is the line width for S� > 3�; two channel widths are reported as uncertainty.
b G stands for line parameters derived from aGaussian fit of the line profile shown in Fig. 2, top panel. This is the only spectral feature considered

to be thermal. The FWHMof the Gaussian profile is 7.9(0.2) km s�1. The 1 � statistical noise from the baseline is reported as uncertainty in the peak
flux density. Except for the�V>3� uncertainty, the uncertainties are 1 � errors from the fit. The position corresponds to the centroid of the HMC. The
flux density of the peak channel is 817 mJy. V stands for the CH3OHmasers, for which we report the peak position and flux density (and respective
errors) obtained with the task JMFIT in AIPS. VLSR is the LSR velocity of the peak intensity channel. We report one channel width as error of VLSR

and 2 � times the square root of the number of channels in the line as error in
R
S� dv. M indicates that multiple maser components overlapped.

Fig. 3.—Position-velocity diagram along the major axis of the HMC (from
the natural weighted data cube; Fig. 1). The cross in the top right corner of the
figure represents the error bars for the velocity (two channel widths) and position
(�syn). The thick vertical line marks the location of the geometrical center of a
segment connecting the two 7 mm radio continuum sources (see Fig. 1, bottom
panel ). Note the velocity distribution around the center of the HMC (inclined line
based on visual inspection) that is consistent with a molecular outflow.

11 H2O masers have also been claimed to trace disks (e.g., Torrelles et al.
1998).
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outflow in the northeast-southwest direction. We note, however,
that OHmasers also appear to trace torus or disk structures toward
other massive star-forming regions (e.g., Edris et al. 2005); thus
OH masers are not exclusive tracers of outflow material.

5.2. Nonmaser Outflow Tracers

Olmi et al. (1996) conducted PdBI observations of the 13CO
(1Y0) line in G31.41+0.31 with a synthesized beam of �300, i.e.,
substantially lower angular resolution than our observations
(�syn � 0:400). They report two 13CO main spectral components,
one at a velocity of �94 km s�1, and the other at �101 km s�1,
that are similar to the velocities of the red and blue CH3OH
channel maps shown in Figure 5. The 13CO emission is clearly
redshifted toward the north and blueshifted toward the south.

Whether the velocity gradient is oriented northwest-southeast or
northeast-southwest is a point of controversy: Olmi et al. (1996)
argue that the velocity gradient (i.e., the 13CO outflow) is ori-
ented northwest-southeast; however, their conclusion is affected
by the presence of multiple clumps in the field, extended 13CO
emission, optical depth effects and sparse u-v coverage. Thus, we
consider that the precise orientation of the outflow cannot be
determined based only on the 13CO data of Olmi et al. (1996); we
conclude that the available 13CO data do not invalidate our in-
terpretation of a northeast-southwest outflow.
Other molecular probes that are good tracers of shocked gas in

outflows are SiO and H2S (see review by Arce et al. 2007). Gibb
et al. (2004) conducted H2S BIMA observations (�syn � 1:800)
and found a velocity gradient dominant in the line core in the

Fig. 4.—Channel maps from the uniform weighted CH3OH cube. The plus signs mark the position of the two 7 mm radio continuum sources shown in Figs. 1 and 5.
(Araya et al. 2003; P. Hofner et al. in preparation). Note the CH3OH bipolar lobe morphology from the 92.9 and 103.5 km s�1 channels suggestive of a wide-angle outflow
oriented at the same position angle as the two 7 mm radio continuum sources.
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northeast-southwest direction, while the line wings separate in
the east-west direction. They argue that the outflow is in the east-
west direction and that the northeast-southwest velocity gradient
may instead be tracing rotation of the molecular core. However,
after close inspection of Figure 8 and the PV diagrams presented
in Gibb et al. (2004), we find that the northeast-southwest and
east-west velocity gradients could be interpreted as signatures of
a single wide-angle northeast-southwest outflow. Nevertheless,
the velocity field seen in H2S is complex, and it is difficult to
uniquely disentangle its kinematic components.

Maxia et al. (2001) report Owens Valley Radio Observatory
SiO (2Y1) observations toward the G31.41+0.31 HMC with
�syn ¼ 5:900 ; 3:700. As in the case of CH3OH (Fig. 1) and H2S,
they detected a northeast-southwest velocity gradient. Maxia
et al. (2001) favor the torus interpretation of the northeast-
southwest velocity gradient but state that the data are not con-
clusive in this regard. The SiO (2Y1) transition can be enhanced
in shocked regions; thus it is likely that the SiO is tracing out-
flow material. We conclude that the Maxia et al. (2001) SiO data
are consistent with our interpretation of a northeast-southwest
outflow.

5.3. Hot Molecular Cores Tracers

The HMC in G31.41+0.31 has been observed in several mo-
lecular transitions that are typical tracers of hot and/or dense
material, i.e., tracers of hot molecular cores.

Cesaroni et al. (1998) conducted high angular resolution (�syn �
0:400) VLA observations of the NH3 (4,4) main and satellite
transitions. As in the case of our CH3OH observations, the NH3

(4,4) main line traces a northeast-southwest elongated structure
with a velocity gradient in the same direction. Cesaroni et al.
(1998) report that neither the rotation or outflow interpretation of
the northeast-southwest velocity gradient can be ruled out; how-
ever, they preferred the rotation hypothesis based on the 13CO

observations of Olmi et al. (1996) discussed above. However, it
would not be surprising that NH3 is partially tracing the outflow
(e.g., Bachiller et al. 1993; Zhang et al. 2007), and thus, the NH3

(4,4) data are consistent with our outflow interpretation.
CH3CN is another well-known tracer of density and temper-

ature in hot molecular cores. Cesaroni et al. (1994b) conducted
CH3CN (J ¼ 6Y5) observations with PdBI (�syn � 200). They
found a northeast-southwest velocity gradient consistent with the
kinematics and position of the CH3OH emission reported in this
work. They discussed the possible nature of the velocity gradient
(outflow or disk), and concluded that both options are possible,
but that in either case, the lifetime of the structure should be short
(of the order of 103Y104 yr). In subsequent observations, Olmi
et al. (1996) report IRAM 30 m + PdBI observations of the
J ¼ 6Y5 transition of CH3CN. The combined IRAM 30 m +
PdBI map of the K ¼ 0þ K ¼ 1 CH3CN transitions shows an
elongation in the northwest-southeast direction, i.e., perpendic-
ular to the CH3OH velocity gradient. We speculate that this
northwest-southeast elongated structure could be tracing a mo-
lecular torus perpendicular to the northeast-southwest outflow.
More recently, Beltrán et al. (2004) report PdBI observations of
the J ¼ 12Y11 transition of CH3CN (�syn � 100). As in the pre-
vious CH3CN observations, they detected a northeast-southwest
velocity gradient. Based on the direction of the 13CO velocity
gradient reported in Olmi et al. (1996), they ruled out the outflow
possibility to explain the northeast-southwest velocity gradient.
As mentioned above, we do not consider that the 13CO data of
Olmi et al. (1996) unambiguously establish the outflow direc-
tion, so the outflow interpretation of the northeast-southwest ve-
locity gradient cannot be ruled out based only on the Olmi et al.
(1996) 13CO data. Finally, although CH3CN traces elongated
(torus) structures toward several massive star-forming regions
(e.g., Cesaroni et al. 1997), we note that CH3CN can also trace
molecular outflows in massive star-forming regions (e.g., Wink
et al. 1994); therefore, it is not unreasonable to believe that the
CH3CN velocity gradient is tracing the molecular outflow in
G31.41+0.31, and thus consistent with our northeast-southwest
outflow interpretation.

6. IMPLICATIONS OF THE CH3OH
OUTFLOW DETECTION

Our observations confirm the existence of an outflow in the
G31.41+0.31 HMC, supporting the mounting evidence for out-
flows during the HMC phase of massive star formation (e.g.,
Gibb et al. 2004; Hofner et al. 2001). Given the physical char-
acteristics of the outflow (see x 4), it cannot be driven by a low-
mass star but rather requires a massive young stellar object as
also concluded byGibb et al. (2004). The CH3OH outflow shows
a wide-angle (>60�) bipolar morphology. We cannot rule out
that the wide-angle bipolar structure is caused by the super-
position of several molecular outflows (e.g., Puga et al. 2006),
or whether the outflow is mostly driven by only one young mas-
sive (proto)star. If the latter option were correct then our obser-
vations would show that youngmassive (proto)stars can produce
wide-angle molecular outflows well before the formation of an
UCH ii region.

Based on the bipolar wide-angle gas distribution, a circulation
model (see Arce et al. 2007) seems as a promising scenario to
explain the outflow morphology. If our interpretation of an out-
flow in the G31.41+0.31 is correct, then infall signatures would
be expected. Indeed, Wyrowski et al. (2006) recently reported
infall evidence inG31.41+0.31 based onAPEXCO observations.

Fig. 5.—In red and blue we show the 92.9 and 103.5 km s�1 channel maps
from Fig. 4, respectively; in black contours we show the 7 mm continuum from
Araya et al. (2003; P. Hofner et al. in preparation). We mark the H2O 22 GHz
masers (Hofner & Churchwell 1996) with plus signs (+) and OH masers (Gaume
&Mutel 1987) with circles. Note that most of the masers are contained within the
extrapolated outflow region (black lines).
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7. SUMMARY

We report high angular resolutionVLAobservations of CH3OH
emission (44 GHz) toward the massive star-forming region
G31.41+0.31. We detected CH3OH maser emission that is dis-
tributed toward the edges of the radio continuum, i.e., at the
interface between ionized gas and molecular material, support-
ing the idea that 44GHzCH3OHmasers originate in shocked gas
environments. The CH3OH masers are primarily blueshifted to-
ward the southwest of the region, whereas the redshifted masers
are mostly toward the east and northeast of the region. We also
detected a CH3OH maser velocity gradient associated with the
shell-like UCH ii in G31.41+0.31.

We detected CH3OH (quasi)thermal emission from the
G31.41+0.31 HMC symmetrically distributed with respect to the
two 7 mm radio continuum sources reported by Araya et al.
(2003; P. Hofner et al., in preparation). We found a northeast-
southwest velocity gradient in the CH3OH thermal brightness
distribution. We present evidence based on our observations and
comparison with other continuum and molecular data that lead
us to conclude that the northeast-southwest velocity gradient is
likely tracing an outflow. The outflow has a mechanical lumi-

nosity of the order of �20 L�, a massk15M�, and shows a clear
bipolar morphology, supporting the mounting observational evi-
dence for the existence of bipolar massive outflows during the
HMC phase. The outflow has a wide opening angle indicating
that young massive stellar objects can drive wide-angle flows
well before the formation of an observable UCH ii region.
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T. L. 1994, A&A, 281, 505
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