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ABSTRACT

We present radio continuum observations of the high-mass young stellar object (HMYSO) G345.4938+01.4677
obtained using the Australia Telescope Compact Array (ATCA) at 5, 9, 17, and 19 GHz. These observations
provide definite evidence that the outer and inner pairs of radio lobes consist of shock-ionized material being
excited by an underlying collimated and fast protostellar jet emanating from a hypercompact Hu region. By
comparing with images taken 6 years earlier at 5 and 9 GHz using the same telescope, we assess the proper motions
(PMs) of the radio sources. The outer west and east lobes exhibit PMs of 64 + 12 and 48 + 13 mas yr”,
indicating velocities projected in the plane of the sky and receding from G345.4938+-01.4677 of 520 and
390 kms~!, respectively. The internal radio lobes also display PM signals consistently receding from the HMYSO
with magnitudes of 17 4= 11 and 35 & 10masyr ' for the inner west and east lobes, respectively. The
morphology of the outer west lobe is that of a detached bow shock. At 17 and 19 GHz, the outer east lobe displays
an arcuate morphology also suggesting a bow shock. These results show that disk accretion and jet acceleration—
possibly occurring in a very similar way compared with low-mass protostars—is taking place in G345.4938
+01.4677 despite the presence of ionizing radiation and the associated hypercompact H i region.
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1. INTRODUCTION

In spite of the preponderant influence of high-mass stars
(M,. > 8 M) on the evolution of galaxies, with them being the
progenitors of core collapse supernovae and the main sources
of chemical enrichment, turbulence, and mixing in the
interstellar medium, the details of their formation are not well
understood (Zinnecker & Yorke 2007; Tan et al. 2014, p. 149).
The formation of high-mass stars is more difficult to study than
that of low-mass stars due to their relative scarcity, larger
distances, shorter formation timescales (<10° years), and large
extinction toward their birth places (Ay > 10).

The currently accepted evolutionary path of high-mass stars
begins inside dense and massive molecular cores where high-
mass young stellar objects (HMYSOs) accrete at rates between
107° to 107> M, yr ' (Tan et al. 2014, p. 149). The young
stars finish their Kelvin—Helmholtz contraction very rapidly
and reach the main sequence (Norberg & Maeder 2000; Keto &
Wood 2006). At this point, the star radiates extreme ultraviolet
(UV) photons that ionize its surroundings, producing a
hypercompact (HC) Hu region. HC Hu regions are observa-
tionally characterized by sizes <0.03pc, densities n, >
10°cm >, emission measures >10°pccm™®, and hydrogen
recombination line (HRL) widths >50kms~!' (Kurtz 2000;
Hoare et al. 2007, p. 181). Eventually, the accretion flow will
stop and the UV radiation and winds from the recently formed
star will disperse the rest of the envelope material, leaving the
O-type star surrounded by a classical Hu region (Zapata
et al. 2010).

Recent observational evidence gathers in favor of accretion
as the preferred high-mass star formation mechanism despite
the radiation pressure, the thermal pressure of the heated

protostellar material, and the ionized gas pressure. In
combination, these processes could theoretically reverse the
accretion flows (Larson & Starrfield 1971; Wolfire &
Cassinelli 1987). High accretion rates have been invoked in
high-mass star formation in order to overcome the radiation
pressure and to choke the development of an H i region (Garay
& Lizano 1999). However, what appears to be crucial in the
solution of the theoretical problems described above is the non-
spherical character of accretion. Disk accretion, in particular, is
an effective way to circumvent the radiation and ionized gas
pressure, allowing the accreting material to reach the young
high-mass stars much more easily by flowing inward, mainly
through the plane perpendicular to the angular momentum
vector of the system (Nakano 1989; Kuiper et al. 2011).
Confirming this theoretical picture entails finding observational
evidence of disk accretion toward HMYSOs. Currently, most
of the evidence is indirect and consists of contracting motions
of molecular clumps, poorly collimated molecular outflows,
and rotationally flattened molecular structures (see Guzman
et al. 2014 and references therein).

For O-type stars, we expect that a fraction 2250% of the final
stellar mass will be accreted after the Kelvin—-Helmholtz
contraction and after the star starts to produce ionizing radiation
(Hosokawa & Omukai 2009; Zhang et al. 2014). If material
during this stage is accreted through a disk, then it is pertinent to
look for evidence of disk accretion toward HC H 1 regions and to
settle the question as to whether or not accretion onto the
HMYSO is maintained after stellar contraction and UV photon
injection. Note that accretion through a disk may only choke the
ionized region near the disk plane, allowing for Hu region
development in the polar regions (Keto 2007). HC Hu regions
indeed exhibit indirect evidence pointing in this direction, such as


http://dx.doi.org/10.3847/0004-637X/826/2/208
http://crossmark.crossref.org/dialog/?doi=10.3847/0004-637X/826/2/208&domain=pdf&date_stamp=2016-08-01
http://crossmark.crossref.org/dialog/?doi=10.3847/0004-637X/826/2/208&domain=pdf&date_stamp=2016-08-01

THE ASTROPHYSICAL JOURNAL, 826:208 (18pp), 2016 August 1

very high column densities (N, > 1023 cm™2), high incidence
(>70%) of infalling motions of the surrounding molecular gas
(Klaassen et al. 2012), molecular outflows, rotationally flattened
molecular structures, and time-varying radio fluxes (Galvan-
Madrid et al. 2008).

Currently, the most direct way to assert that a high-mass star
is accreting from a disk is by finding highly collimated jets
(aperture <5°) with velocities comparable with the escape
velocity of the central object (Livio 2009, pp. 3-9). While low-
velocity and poorly collimated outflows are produced by a
variety of processes, like magnetic braking (Hennebelle
et al. 2011), ionization feedback (Peters et al. 2012), and even
mergers (Bally & Zinnecker 2005), highly collimated and fast
outflows seem to be more reliable signposts of disk accretion
(Seifried et al. 2012). Observationally, collimated jets (e.g.,
Caratti o Garatti et al. 2015; Purser et al. 2016) and keplerian-
like disks (e.g., Kraus et al. 2010; Sanchez-Monge et al. 2013;
Johnston et al. 2015) have been observed to be associated with
luminous HMYSOs, supporting the disk accretion scenario for
high-mass stars.

In this work, we present new observations of the multiple
radio source detected toward the HMYSO G345.4938
+01.4677 (G345.49+1.47 hereafter).® With a bolometric
luminosity of ~32,000 L (assuming a distance of 1.7 kpc,
Lopez et al. 2011), G345.49+1.47 is the dominant central
HMYSO of the ~1000 M, molecular clump associated with
IRAS 16562—3959. The bolometric luminosity of the IRAS
source is (5-7) x 10* L., (L6pez et al. 2011).” Five roughly
aligned radio continuum sources were detected toward
G345.49+41.47 by Guzman et al. (2010). Four of these flank
in an approximately symmetric manner a bright central radio
source located at the position of the HMYSO. In addition,
infrared (IR) 2MASS and GLIMPSE images show emission
extending toward the east and along the direction of the string
of radio sources. Guzman et al. (2010) interpreted the emission
from the central radio source as arising from an ionized
protostellar jet and the rest of the sources as shock-ionized
lobes. The IR appearance of G345.49+1.47 can be understood
as the illuminated inner walls of an outflow cavity which
contains the jet. This emission is enhanced toward the eastern
side of the jet which corresponds—as inferred from observa-
tions of an associated molecular bipolar outflow (Guzman
et al. 2011)—to the blueshifted side of the jet. Similar
interpretations have been proposed for other well-know
HMYSOs associated with radio jets such as G343.1262
—00.0620 (also IRAS 16547—4247, Garay et al. 2003;
Rodriguez et al. 2008).

In contrast to these interpretations, HRL observations of
G345.49+1.47 (Guzman et al. 2014) demonstrated that the
central source is not a protostellar ionized jet but a
photoionized HC H 1 region. The question arises as to whether
or not the radio lobes are being excited by an underlying (and
still undetected) jet, which would be part of a purported disk-jet
system within this HC Hu region. Evidence in this direction
will support the adequacy of the disk-jet star formation
mechanism in the high-mass case, even after the onset of
ionizing radiation. Section 2 of this work describes the new

® We use the nomenclature of the rms survey (http://www.ast.leeds.ac.uk/

rms, Lumsden et al. 2013) based on the Midcourse Space Experiment
coordinates.

7 Note that the rms survey adopts a distance of 2.4 kpc and a luminosity of
1.5 x 10° Ly, for this HMYSO.
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observations performed toward G345.49+41.47. Section 3
presents the results, and Section 4 discusses the interpretation
and jet characteristics. We summarize our conclusions in
Section 5.

2. OBSERVATIONS

We observed G345.49+4-1.47 using the Australia Telescope
Compact Array® (ATCA) in October of 2014 and in March and
May of 2015 under the project ID number C3006. We observed
3 runs of 12 hr, 1 using the 1.5 km configuration and the other 2
using the 6.0 km configuration. The phase center of the array
was toward R.A. = 16"59™41561, decl. = —40°03/'4374
(J2000). We evenly split the time among two frequency
settings using the Compact Array Broadband Backend (Wilson
et al. 2011) without zooms. The first frequency setting
simultaneously covers the 4.0-6.0GHz and 8.0-10.0 GHz
spectral windows using 2048 channels of 1 MHz width. The
second frequency setting simultaneously covers the
16.0-18.0 GHz and 18.0-20.0 GHz spectral windows, also
using 2048 channels of 1 MHz width. Hereafter, we refer to
each of these four frequency intervals as 5, 9, 17, and 19 GHz,
respectively.

We calibrated the data using the Miriad software (Sault
et al. 1995). The flux scale was determined by comparing with
the calibrator PKS 1934—638. We corrected for atmospheric
and antenna based gain variations by observing the gain
calibrator PKS 1729—37 regularly every 8 minutes. The fluxes
measured toward PKS 1729—-37 were 1.19, 1.27, 1.31, and
1.29Jy at 5, 9, 17, and 19 GHz, respectively, which are within
the observed flux variations.” Deconvolution and imaging was
performed using the Common Astronomy Software Applica-
tions (CASA, McMullin et al. 2007).

We also re-reduced archival data'® taken between 2008
October and 2009 February toward G345.49+1.47 and
originally published by Guzman et al. (2010). The source
PKS 1740—517 was used as a gain calibrator. Since the radio
emission toward G345.49+1.47 is dominated by a central,
compact source of ~13 mlJy at 9 GHz with a spectral index of
~1 (see Section 3), we were able to apply phase self-
calibration. This new reduction and imaging of the 9 GHz
data reaches a noise level similar to that presented in Guzman
et al. (2010) but with less artifacts. In particular, we do not
recover the three aligned sources mentioned by Guzman et al.
(2010) located 4" north of their outer east lobe. Therefore, and
also because these sources were aligned along one of the ridges
of the dirty beam pattern, we conclude that they are likely
spurious.

Table 1 gives the synthesized beams and the noise (measured
as the rms deviations in areas devoid of sources) of the images
taken at 5, 9, 17, and 19 GHz. The first and second rows of
Table 1 list the parameters of the data taken between
2008-2009 and 2014-2015, respectively. We refer hereafter
to these two epochs as 2008,/09 and 2014 /15. Note that no data
were taken at 17 and 19 GHz in the 2008/09 epoch. The
sensitivity difference between the two epochs is due primarily
to the backend bandwidth, being 128 MHz in the 2008/09

8 The Australia Telescope Compact Array is part of the Australia Telescope

National Facility which is funded by the Commonwealth of Australia for
operation as a National Facility managed by CSIRO.
? http:/ /www.narrabri.atnf.csiro.au /calibrators/

This paper includes archived data obtained through the Australia Telescope
Online Archive (http://atoa.atnf.csiro.au).
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Table 1
Observational Parameters
Epoch Synthesized Beam (BMAJ x BMIN, P.A.) Noise
(%" ° (1Jy beam™)
5 GHz 9 GHz 17 GHz 19 GHz 5 GHz 9 GHz 17 GHz 19 GHz
2008,/09 2.74 x 1.74, 2 1.59 x 1.05, 3 91 75
2014/15 249 x 1.36, 3 1.59 x 0.89, 3 0.83 x 0.44, 6 0.78 x 0.39, —3 18 17 30 27

observations versus ~2GHz in the 2014/15 epoch. Fully
calibrated and reduced images are available through the
Dataverse."'

3. RESULTS

The upper panel of Figure 1 shows a contour map of the 17
and 19 GHz data combined taken during the 2014/15 epoch
with labels for each of the detected sources. Clearly detected
are the five sources reported by Guzman et al. (2010), named
outer east, inner east, central, inner west, and outer west and
marked as OE, IE, C, IW, and OW, respectively. Roughly
aligned with these sources and ~5” east of OW, we detect an
additional knot denoted W,. In addition, we detect three other
sources in the field numbered from 1 to 3 in decreasing
declination order. These sources were below the 40 level in the
9 GHz images of Guzman et al. (2010), and therefore they were
not reported. The W; knot is detected in the 2008/09 9 GHz
image at ~5¢0 but, due to the lower fidelity of the images
presented in Guzman et al. (2010), it was not reported as a
separate source.

Figure 1 also shows (middle panel) a three-color near-IR
image of G345.49+1.47 made using J-, H-, and Kg-band
observations obtained from the Vista Variables in the Via-
Lactea survey'> (VVV, Minniti et al. 2010) public data. The
three-color image shows the scattered light from the inner walls
of the outflow cavity associated with the blueshifted side of the
bipolar outflow (Guzman et al. 2011). The three-color image
also shows a near-IR source detected in Kg band whose
position (R.A.=16"59"413645, decl. = —40°03™43764) is
coincident with the central radio source C and has an estimated
apparent magnitude of Ky ~ 12.4. This near-IR source—better
displayed in panels (c) and (d)—is likely the near-IR counter-
part of the embedded HMYSO G345.49+1.47, also associated
with the mid-IR source G345.4938+4-01.4677-Src#2 detected
by Mottram et al. (2007). Note that the nearest 2MASS source
(16594202—-4003450) is located toward the bright tip of the
outflow cavity rather than toward source C.

3.1. Flux Density and Morphology of the Radio Emission

The five radio sources detected toward G345.49+-1.47
during the 2008/09 epoch are detected unambiguously in the
2014/15 images. We were also able to detect at a level of 7o or
better four additional sources due to the improved sensitivity of
the 2014/15 observations: those marked in Figure 1 with
numbers 1, 2, and 3, and knot W, situated at 17”1 from source
C in the P.A. = —87° direction. Knot W, is located between
sources IW and OW and is approximately aligned with them.

" hitp:/ /dx.doi.org/10.7910/DVN/EMZPWU
12 http:/ /vvvsurvey.drupalgardens.com/

Tables 2 and 3 list the positions and primary beam corrected
flux densities,'? respectively, of all the detected sources. We
used two-dimensional (2D) Gaussian fittings to calculate the
positions and the uncertainties of sources 1, 2, 3, Wy, and C,
and of the inner lobes using the imfit task within CASA. The
uncertainty in the position of a Gaussian source is given
approximately by (Condon 1997)

106 (\Nett SNRp)~! (1

where oG is the position standard deviation of the Gaussian
(06 = Opwam/2v2In2), Ny is the quotient between the
source and beam solid angles, SNR;, is the peak intensity of
the source divided by the rms deviation of the image, and
1 <15 <242 is a correction factor that accounts for noise
correlation on scales comparable with the beam size. For
unresolved sources, 1 ~ 1.

The positions listed in Table 2 for the outer lobes (OE and
OW) correspond to the peak intensity determined using the tool
maxfit in CASA. To estimate the uncertainty in these
positions, we explore two approaches. In the first approach,
we note that although the OE and OW lobe images have well-
defined intensity peaks, their morphologies are not adequately
represented by single Gaussians. This is because these sources
are spatially resolved by our observations. Therefore, we use
two Gaussians to model each lobe: one of them fits the
emission near the intensity peak while the other reproduces the
more extended and resolved emission from the lobe. For
example, the skewed appearance of the OW lobe (suggesting a
bow shock) is better reproduced by an extended Gaussian
(~2"5 FWHM) plus a compact source (~0”8 FWHM) shifted
west with respect to the center of the more extended Gaussian
by ~1”. We approximate the uncertainty of the position of the
peak as the uncertainty of the position of the compact Gaussian.
This procedure takes into account the fact that a non-negligible
fraction of the peak comes from a diffuse component, whereas
direct application of Equation (1) without correction would
underestimate the peak position uncertainty. The second
approach consists of using the clean components and the
synthesized beam to generate a model image for each lobe. To
this model image we add simulated random noise (correlated
within the synthesized beam) at the level indicated in Table 1.
Then, we use maxfit to calculate the position of the peak for
each of these simulated images. The standard deviation of these
positions is our uncertainty estimation of the peak position of
each lobe.

We find that the uncertainties derived using the first method
are larger than those determined using the second method by
about a factor of 2. We decide to follow a more conservative

13 ATCA primary beam responses obtained from http://www.narrabri.atnf.
csiro.au/observing/users_guide.
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Figure 1. Panel (a) Contour map of the radio continuum emission observed at 17 and 19 GHz combined. Contour levels: 7o x 2/ for i = 1-8 and ¢ = 20 uJy. Labels
are attached to each of the sources (Tables 2 and 3). The bar located in the bottom right corner of the map measures 0.05 pc at 1.7 kpc. Panel (b) Three-color image of
G345.49+1.47 made using J (blue), H (green), and Ky (red) data from the VVV survey. Cyan contours are as in panel (a) but drawn at every second level starting from
the first. Panels (c) and (d) show a zoom-in into the region adjacent to G345.49+-1.47 with superimposed cyan contours of the 5 and 9 GHz data, respectively. Contour
levels for panels (c) and (d) are given by (3 + 4') x 50 pJy with i = 0-2 and i = 0...3, respectively. The purple cross in panel (d) indicates the position of 2MASS

16594202—-4003450.

approach and use the first method for the position uncertainty
of the outer lobes. These uncertainties are given in Table 2.
The flux densities listed in Table 3 are derived from
Gaussian fittings for sources C, IE, and IW at 5 and 9 GHz. At
17 and 19 GHz the inner lobes IE and IW show a compact
component, with a deconvolved size of ~078, within
significant extended diffuse emission that cannot be adequately
modeled as a Gaussian. Therefore, we calculate their fluxes
integrating over 5" x 5” boxes. We also calculate the flux
densities of the outer lobes at all frequencies by integrating the

intensity within boxes of 9” x 9”. Note that the flux density of
the OW lobe includes the emission from W;. Source W,
appears to be unresolved and blended with the rest of the OW
lobe emission at 9 GHz. Therefore, in Table 3, we report only
its peak intensity. We also note that source W, is detected in
the 9 GHz 2008,/09 images just below the 5¢ level, but it was
not deemed significant and therefore not reported in Guzman
et al. (2010).

Figure 2 shows the inner region of G345.494-1.47 where
sources C, IE, and IW are clearly distinguishable at the four



Table 2

Position of the Radio Sources

Source

Epoch

R.A. and decl. (J2000)

16:59:..., —40:03:...

5 GHz

9 GHz

17 GHz

19 GHz

IE

w

OE

ow

Wi

Other sources
1

2
3

2008/09
2014/15
2008,/09
2014/15
2008,/09
2014/15
2008/09
2014/15
2008/09
2014/15
2008,/09
2014/15

2014/15
2014/15
2014/15

415623 £+ 03001, 43765 + 0702
41.6273 £ 0.0005, 43.73 + 0.02

41.880 £ 0.003, 44.33 &+ 0.04
41.894 £ 0.003, 44.61 + 0.04
41.350 £ 0.004, 43.09 & 0.04
41.347 £ 0.003, 43.15 + 0.03
44.081 £ 0.004, 52.2 £ 0.2
44.087 £ 0.002 , 52.39 + 0.06
39.829 £ 0.004, 41.62 £+ 0.06
39.802 £ 0.002, 41.59 £ 0.06

40.1207 £ 0.007, 42.71 = 0.2

4126305 £ 020004, 437638 £+ 07007
41.6290 £ 0.0002, 43.728 + 0.006

41.885 £ 0.005, 44.33 &+ 0.04
41.896 £ 0.003, 44.58 + 0.04
41.359 £ 0.005, 43.01 £ 0.03
41.349 £ 0.003, 43.12 &+ 0.03
44.081 £ 0.005, 52.0 £ 0.1
44.099 £ 0.001, 52.23 4+ 0.05
39.830 £ 0.007, 41.4 £ 0.1
39.764 £ 0.001, 41.44 £+ 0.04
40.18 £0.02 425 + 04
40.145 £ 0.002, 42.50 £ 0.09

42.4297 £+ 0.002, 30.9 + 0.2

41.710 £ 0.002, 48.05 & 0.05

41.62760 £ 0.00005, 43.732 + 0.002

41.897 £ 0002, 44.53 £ 0.05
41.346 £ 0002, 43.10 £ 0.03
44.087 £ 0003, 52.36 £ 0.08
39.750 + 0001, 41.61 £ 0.03
40.139 £ 0001 42.75 £ 0.05
42.427 £ 0.002, 30.74 £ 0.06

42.850 £ 0.001, 36.43 £+ 0.07
41.678 £ 0.002, 47.55 &+ 0.09

41.62755 £ 0.00004, 43.705 £ 0.001

41.894 + 0002, 44.51 £ 0.05
41.350 £ 0002, 43.07 £ 0.04
44.091 + 0004, 52.39 £ 0.07
39.753 £ 0001, 41.62 £ 0.05

40.156 £ 0.001, 42.52 £+ 0.06

42.4238 £ 0.0004, 30.98 = 0.05

42.855 £ 0.001, 36.27 &+ 0.05

41.6832 £ 0.0005, 47.95 + 0.02

Note. The two numbers given in columns 3-6 are the seconds and arcsec part of the coordinates of each source. The 5 and 9 GHz positions were obtained from the matched resolution images (see Section 3.2).
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Table 3
Flux Densities
Source 5 GHz 9 GHz 17 GHz 19 GHz
(mJy) (mly) (mJy) (mJy)
Central 7.6 £0.2 13.4 £ 0.2 20.8 + 0.1 23.0 £ 0.1
Inner east 6.0 £ 0.3 6.5+ 04 45+ 0.3 42 + 0.3
Inner west 6.0 £ 0.3 6.0 £ 0.3 44 +0.2 3.8+03
Outer east 8.6 £ 0.1 8.6 £ 0.1 4.6 +£0.1 5.1+ 0.1
Outer west 74 £+ 0.1 6.7 + 0.1 47 +£0.2 4.1 +0.1
w2 0.78 £0.02 0.61 £0.02 0.25 +0.03  0.20 &+ 0.03
Other sources
1 0.14 £ 0.02 038 +£0.06 0.23 +0.04
2 042 +0.05 0.44 +0.06
3 0.26 + 0.03 1.2 +0.1 0.95 + 0.06
Note.

 Intensity at peak.

observed frequencies. Source 3 is not detected at 5 GHz. The
deconvolved angular size of source C, calculated as the
geometric mean of the deconvolved major and minor FWHM
axes, are 390 + 80, 195 4+ 10, and 170 &= 10mas at 9, 17, and
19 GHz, respectively, while it is unresolved at 5 GHz. While
these angular sizes are typically smaller than half of the
synthesized beam, source C is detected with a signal-to-noise
ratio >20 at all frequencies, which helps to reduce the
uncertainty of the angular size estimations (see Condon
et al. 1998, Section 5.2.4). These angular sizes are well fitted
(residuals <5 mas) by a power law in frequency with spectral
index —1.1703. Figure 3 shows the spectral energy distribution
and angular size versus frequency of source C.

3.2. Proper Motions (PMs)

Sources C, IE, IW, OE, and OW are detected in our
observations and were detected in the 2008/09 epoch at both 5
and 9 GHz, allowing us to study possible changes in their
positions. Since the resolutions of the 2014/15 and 2008,/09
images are slightly different, we convolve the images in order
to match their synthesized beams through the procedure
described in detail in the Appendix. The matched synthesized
beam of the 5 and 9 GHz images is 2774 x 1774 with P.
A.=2%9 and 1768 x 1718 with P.A. = 3?3, respectively.
The pixel sizes of the 5 and 9 GHz images (the same for both
epochs) are 0”5 and 0”3, respectively. These are ~1/4 of the
smallest FWHM of the synthesized beams. Table 4 lists the
displacements measured for each source detected at both
epochs according to the difference between the coordinates
given in Table 2.

Central Source. Source C exhibits the smallest displacement,
of the order of 100 mas in the south direction at 9 GHz and in
the south—east direction at 5 GHz. This is somewhat expected
due to the nature of source C: being a HCHu region we
anticipate possible flux density variations (De Pree et al. 2014)
but a relatively stable position. Note that the displacement of
source C is approximately one tenth of the beam size and is
roughly aligned with the N-S maximum elongation direction of
the synthesized beams. Therefore, it is possible that source C’s
apparent PM signal is an artifact of the observations and not
related with a real displacement. For example, it could be due
to using different gain calibrators in the two epochs of
observation. Systematic astrometry shifts between different
epochs of the order of one tenth of the size of the synthesized
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Figure 2. Color images of the radio continuum emission detected toward the
central source and the two inner lobes. From top to bottom: 5, 9, 17, and
19 GHz. Black contours in the images at 17 and 19 GHz are drawn at 30%,
50%, 70%, and 90% of the peak. Green crosses in the 17 GHz image show the
2011 positions of sources IE, C, and IW determined by Purser et al. (2016).

beam are not rare. For instance, in a recent PM study presented
by Masqué et al. (2015) on HH 80-81 using the VLA, they find
shifts of approximately this magnitude as determined from
comparing the positions of extragalactic radio sources.
Unfortunately, there are no strong extragalactic sources in the
field of G345.49+1.47 which could help us to align both
epochs and correct for a global shift. If the PM of source C is
real, then it would imply a speed of ~100kms~! projected in
the plane of the sky, which is unlikely. However, even in this
case, ejecta from the HMYSO would presumably move at a
velocity equal to the source’s velocity plus the ejection
velocity. Therefore, to determine the PMs of the lobes with
respect to the central source, the PM of source C should be
subtracted from the PMs of the rest of the sources, whether or
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Figure 3. Top panel: spectrum of source C, including all previous data. The
dashed line shows the spectrum derived in Guzman et al. (2014). Bottom panel:
angular size spectrum of source C. The dotted line is the best power-law fit to
the geometric mean of the deconvolved major and minor FWHM axes.

not the former is due to a systematic astrometry error.
Hereafter, we subtract source C’s displacement from that of
the rest of the sources.

Inner Lobes. Figure 4 compares the 5 and 9 GHz images
taken in both epochs toward the inner sources (C, IE, and IW).
The arrows in the lower panels represent the PM signals of the
inner lobes and of source C, given in Table 4. The ellipses
show the 1o uncertainty regions. We find that the IE lobe has a
PM equivalent to a velocity in the plane of the sky of
~300km s~!, with a more clear detection than that of the IW
lobe. The PM signal of the IW lobe is weaker, being close to 20
at 9 GHz and only slightly above 1o at 5 GHz. Figure 2(c) also
shows the peak position of the inner lobes determined from
observations at 17 GHz carried out during 2011 (Purser
et al. 2016). The clear displacement observed between our
data and those taken independently provides further support for
the PM of the inner lobes.

Outer Lobes. The morphology of the external lobes OE and
OW is considerably more complex than that of the inner lobes.
Images and contour maps of the 9 GHz emission from the OW
and OE lobes in the two epochs are shown, respectively, in
Figures 5 and 6. We emphasize three characteristics of the OW
lobe’(s) emission: (i) the shape of the main part of the lobe
resembles a detached or bow-shaped shock, (ii) the peak of the
emission has displaced away from the central source by ~17,
and (iii) the presence of the secondary knot W, (see Figure 5).
As shown in Figure 6, the OE lobe’s shape is better defined in
the 2014/15 images respect to the 2008,/09 images. While the
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displacement of the peak position of the OW lobe is readily
patent, that of the OE lobe is less clear. We note that the OE
lobe is likely interacting with a dense gas structure which
appears as a dark patch in the IR three-color image of Figure 1.
Furthermore, the shape of the OE emission at 9 GHz seems to
form an arc curving away from source C. The dashed magenta
line in the top left panel of Figure 6 shows schematically the
location of this arc. A possible interpretation is that it
corresponds to a detached shock produced by the interaction
of jet material with a stationary and dense cloudlet, as in the
model of Schwartz (1978).

The rich structure of the OE and OW lobes introduces an
additional difficulty when measuring displacements between
two epochs. Therefore, we use two methods to measure their
PMs: (i) by calculating the displacement of the peak of the
emission, whose results are given in Table 4, and (ii) by
maximizing the cross-correlation with respect to displacements
between the two images. The cross-correlation method has
been applied frequently in PM studies of extended emission
associated with low-mass protostellar jets (e.g., Reipurth
et al. 1996; Raga et al. 2012). The cross-correlation between
two images /; and I, in a region R is defined as

D el B (x = dx, y — dy)
1/2°
(Sl y) x Yo — dr.y — dy))
@)

where the sums run over all pixels with coordinates (x, y) in R
and (dx, dy) is the displacement of image I, with respect to /.
Clearly, we always have |p,,| < 1. If there is no noise and

Py (dx, dy) =

py,(dx, dy) = 1, then the morphology of the emission inside R
is preserved exactly between I; and I, and [j(x,y) =
constantx b (x — dx, y — cfy). Therefore, in addition to the
best-fit displacement, the maximum value attained by p,, is a
measure of the degree of similarity between the two epochs.
We implement the cross-correlation and its maximization using
PDL'" and the package Minuit. To evaluate the cross-
correlation at sub-pixel size accuracy, we linearly interpolate
the images using the task interpND within PDL.

Table 5 gives the displacements calculated by maximization
of the cross-correlation toward the OE and OW lobes. Columns
2 and 3 give the R.A. and decl. displacements for the 5 GHz
images and column 4 lists the value of p,,,. Columns 5-7 give
these same quantities but for the 9 GHz images. To determine
the uncertainty of each PM signal, we construct synthetic
images of the OE and OW lobes convolving the clean
components of these regions (obtained from the CASA task
clean) and adding simulated Gaussian noise at the level given
by Table 1 (correlated spatially according to the synthesized
beams). We introduce artificial PM signals to each simulation
by shifting one of the synthetic images by a random vector. We
recover the PM signal through cross-correlation maximization
and calculate its difference with the one introduced artificially.
This difference (Aca, Ad) gives us an estimation of the
uncertainty of the cross-correlation method. Repeating this
process N times generates a N X 2 (rowsXxcolumns) matrix of
differences, which we denote D. The correlation matrix DTD
define the uncertainty ellipses of the cross-correlation method.
For simplicity, in Table 5, we only give the projections of the

14 http: //pdl.perl.org/


http://pdl.perl.org/

THE ASTROPHYSICAL JOURNAL, 826:208 (18pp), 2016 August 1

GUZMAN ET AL.

Table 4
Displacements of the Peak Position®
Source 5 GHz 9 GHz
AR.A. Adecl. AR.A. Adecl.
@] @) @] (@]
C 0.05 £ 0.01 —0.08 +0.03 —0.017 £ 0.005 —0.090 £ 0.009
IE 0.07 £+ 0.05 —0.22 £+ 0.06 0.14 + 0.07 —0.16 £+ 0.06
w —0.08 £ 0.06 0.02 £+ 0.05 —0.10 £ 0.07 —0.02 £ 0.04
OE 0.02 £+ 0.05 —-0.1 £0.2 0.22 £+ 0.06 —0.1 £0.1
ow —0.36 £ 0.05 0.11 + 0.08 —0.74 £ 0.08 0.1 £0.1
Note.

 The displacement of source C has been subtracted from the rest of the sources.

1o uncertainties onto the R.A. and decl. axes. We perform this
process on each of the OE and OW lobes at 5 and at 9 GHz
using N = 300. Larger values of N do not change the results
appreciably.

In Figure 7, we summarize the PMs measured independently
in the 9 and 5GHz images. Specifically, plotted are the
velocities projected in the plane of the sky assuming a
timescale of 6years and a distance of 1.7 kpc. Red vectors
indicate velocities derived from the displacement of the peak
(Table 4) and black vectors those derived from maximizing
cross-correlations (Table 5). The dashed line boxes indicate the
regions used to calculate the cross-correlations. The bottom
right inset of panel (b) in Figure 7 shows the PMs of the main
OW lobe (calculated using cross-correlation maximization) and
of the W; knot (calculated as the difference between the
positions given in Table 2). All PMs toward the OW lobe at 9
and 5 GHz are consistent, except that the PM of the peak of the
OW lobe at 9 GHz is a factor of ~2 larger than the rest of the
measurents toward OW.

We further note that the directions of the PMs of the OW and
IW lobes lie along the approximate jet orientation pointing to
the west. Figure 8 shows this more clearly by displaying all of
the PM vectors of the western lobes (OW and IW) with the
same origin. Figure 8 also shows the PMs of the eastern lobes
(IE and OE). The direction of the eastern lobes’ PMs have
considerable more dispersion, although they also apparently
scatter around the direction of the jet. One characteristic of the
OE PMs which repeats at 5 and 9 GHz is the widely different
direction of the PM as determined from the peak compared to
that determined from cross-correlations. The latter seems to
have a strong component toward the north.

Another characteristic of the outer lobes, evident in Figures 5
and 6, is that their morphology has changed somewhat between
the 2008/09 and 2014 /15 epochs. These changes can produce
a PM signal not related to true displacements and they may
account for the differences between the PMs determined using
the two methods (peak position comparison and cross-
correlations maximization). As mentioned before, the value
of p.. 1S a quantitative measure of the image similarity
between the epochs. From Table 5, we note that in all cases
Prmax 18 close to 1 (columns 4 and 7), with the values at 5 GHz
being larger than those measured at 9 GHz. The latter is likely
due to the angular resolution at 5 GHz being lower that at
9 GHz, which helps to homogenize the morphology of the

sources (at very low angular resolution, they would become
two unresolved point sources). To determine how much does
Pmax decreases due to random noise, we calculate it between
identical images of the OE and OW lobes but with the addition
of simulated noise. We obtain values ranging between
0.98-0.99 and 0.94-0.98 for the simulated 5 and 9 GHz data,
respectively, showing that the measured values of p,, are not
fully explained by noise.

We conclude that while the high values of p,,, indicate that
the bulk of the emission from the outer lobes has kept its
morphology, there are still statistically significant changes in
the shape between both epochs. Consequently, the differences
in morphology between the two epochs for the outer lobes
make it necessary to support their interpretation as PMs with
additional evidence, for example, the bipolar anisotropy in the
direction of the PMs shown in Figure 8.

Finally, Figure 9 shows images of the outer lobes at 17 and
19 GHz (2014 /15 epoch only). In part due to the likely filtering
out of extended emission by the interferometer, the morphol-
ogies of lobes OW and OE are much more similar at these
frequencies than they are at 9 or 5 GHz: both outer lobes
display an arcuate morphology, curved in all cases toward
source C. Also plotted in Figure 9 are the peak position of the
outer lobes determined from observations at the same
frequency carried out in 2011 (Purser et al. 2016), confirming
the PM of the OW lobe. The observed displacement of the OE
lobe, on the other hand, seems similar to the PM determined
from the cross-correlation method at 9 GHz, that is, rather
perpendicular to the jet direction.

4. DISCUSSION

We adopt some of the nomenclature used by earlier studies
and denote as G345.49+1.47 the HMYSO which dominates
the luminosity of the massive clump identified with IRAS
16562—3959. Based on its luminosity, the HMSYO has ~15
M while the mass of the IRAS 16562—3959 massive
molecular clump is 1000 M. In this work and in Guzman
et al. (2010), we identify five radio sources associated with
G345.49+1.47: four lobes and source C. The position of the
latter is coincident, within 0”2, with the position of the near-IR
source identified in the Kg band in Section 3. It is also
consistent, within 0”5, with the position of the HMYSO given
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Figure 4. Source C and inner radio lobes around G345.49+1.47. Panels (a) and (b) show 5 GHz contour maps from the 2008,/09 and 2014 /15 epochs, respectively.
Contour levels: (3 + 2°) x 50 pJy with i = 0-5. Panels (c) and (d) show 9 GHz contour maps from the 2008 /09 and 2014/15 epochs, respectively. Contour levels:
(3 + 2) x 50 pJy with i = 0-6. Panels (b) and (d) show the PMs and their 1o uncertainty ellipses derived from the 5 and 9 GHz data, respectively. PMs of source C
—subtracted from the PMs of sources IE and IW—are marked using dashed lines. The velocity scale of the PM vectors is 100 km s~! arcsec ™' (assuming a distance of

1.7 kpc and a 6 years timescale).

by the rms Survey (Lumsden et al. 2013). Source C was also
identified at 3 mm by Guzman et al. (2014, their source 10).

In previous works (Guzmadn et al. 2010, 2011, 2014), the
radio emission between 1 and 100 GHz arising from source C
has been referred to as a “jet,” nomenclature typically used to
denote highly collimated streams of partially ionized, high-
velocity (>100kms~') gas where the ionization is shock
induced (see however, Tanaka et al. 2016). The HRL
observations of Guzman et al. (2014) indicate, however, that
the radio emission from source C corresponds to a HC Hu
region that may be expanding, but at a much lower velocity.
The ionized gas is likely being excited by UV photons arising
from G345.49+1.47. Thus, the “jet” nomenclature for source C
is inappropriate.

4.1. A Fast Protostellar Jet from an HC H 11 Region

In star formation studies, mechanisms involving magnetic
fields threading an accretion disk seem to better explain the
acceleration and collimation of jets. Magneto-centrifugal
acceleration sufficiently close to the star, for example, can
produce velocities comparable to the escape speed. In addition,
the magnetic field can collimate the ejected material close to the
accreting star and explain the narrow cross-section of jets.
Other explanations of jet formation face several theoretical and
observational problems (Cabrit 2007, pp. 21-50).

1. Purely hydrodynamic mechanisms (e.g., Parker type
winds, hydrodynamical nozzles) are able to accelerate
the material only up to a few times the sound speed.
Therefore, to explain velocities in excess of 100 kms™!,

significant amounts of ~10°K gas are needed, which is
not observed. On the other hand, acceleration by stellar
radiation has proven insufficient to explain the momen-
tum deposited in the associated molecular outflows.

2. In the low-mass case, collimation of the jet occurs
relatively near the star, where the jet pressure is still too
large to be confined by the ambient material. Recent
observational evidence suggests that the jet collimation in
high-mass stars also occurs near the HMYSO (Greenhill
et al. 2013; Carrasco-Gonzalez et al. 2015; Caratti o
Garatti et al. 2016). It may be possible that the larger
amount of material in high-mass star cores could help to
confine the jet, but better angular resolution observations
are still necessary to solve this issue.

The relevance of finding collimated jets toward HMYSOs is
that they serve as signposts for disk accretion. Jets moving at
velocities comparable to the escape velocity further indicate
that the ejection mechanism is linked to accretion onto the
central HMYSO, similar to the case for low-mass stars (Shu
et al. 1987; Li et al. 2014, p. 173). PMs of radio lobes tracing
jets have been measured in high-mass (Marti et al. 1998; Curiel
et al. 2006; Rodriguez et al. 2008; Carrasco-Gonzélez
et al. 2010) and low-mass YSOs (Curiel et al. 1993; Rodriguez
et al. 2000). In G345.49+1.47, the evidence for the radio lobes
being excited by an underlying fast jet can be summarized as
follows.

1. Most of the lobes display PMs. The magnitude of the
PMs ranges between fast and highly significant signals
for the OW lobe (=500kms~!) to lower tangential
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velocities (100-300 kms~') for the IE lobe and OE lobe
at 9 GHz.

. The lobes are aligned roughly in the east—west direction
(P.A. = 100°). As shown in Figures 7 and 8, there is an
evident anisotropy in the distribution of directions of the
PMs: eastern lobes move roughly toward eastern
directions (although with a large scatter) and western
lobes move westerly. Both groups of lobes at each side of
G345.49-+1.47 recede from it, as expected in the case of a
protostellar jet. This anisotropy is confirmed even by PMs
detected with a low signal-to-noise ratio, such as those of
the IW lobe.

G345.49+1.47. The shape of the OE lobe at 9 and 5 GHz
is more complex, but its morphology at 17 and 19 GHz
suggests that it might also be a bow shock receding from
G345.49+1.47.

4. A comparison of our 17 GHz images with independent
data taken during 2011 April by Purser et al. (2016)
confirms the PM measurements reported in this work for
the IE, IW, and OW lobes. In addition, evidence of fast
shocks in the form of extended X-ray emission was found
recently toward the OE lobe (V. A. Montes 2016,
personal communication).

Based on the displacements on a timescale of 6 years observed

3. The OW lobe displays an unmistakably bow-shock shape
with an orientation consistent with moving away from

at 9 GHz, we determine that the PMs of the OE, IE, IW, and OW
lobes are 48 4 13, 35 + 10, 17 + 11, and 64 + 12 masyr ',

10
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Figure 6. Color images (left) and contour maps (right) of the 9 GHz emission from the OE lobe. Top: 2008/09 epoch. Bottom: 2014 /15 epoch. The cross in the right
panels show the position of the peak emission observed during 2008,/09 epoch. The contour levels are: from 1 to 7 x 20 with ¢ = 75 pJy in the top right panel and
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Section 3.2.

Table 5
Displacements of Extended Lobes from Cross-correlation Maximization
Source 5 GHz 9 GHz
AR.A. Adecl. Prnax AR.A. Adecl. Prnax
(//) (//) (//) (//)
OE 0.08 £ 0.07 —0.06 & 0.06 0.94 0.22 £+ 0.08 0.19 £+ 0.08 0.93
ow —0.40 & 0.05 0.10 & 0.08 0.97 —0.38 £+ 0.07 —0.06 & 0.08 0.86

respectively. For the OW lobe, we use the PM calculated by the 140 4+ 90, and 520 + 100kms~' in the plane of the sky,
cross-correlation method because it is in better agreement with respectively. The dynamical times of the lobes, calculated as the
that calculated at 5 GHz. Assuming a distance of 1.7 kpc, these angular distance to source C divided by the PM, are 600 + 200,
PMs correspond to velocities of 390 4+ 100, 280 =4 80, 90 + 30, 200 £ 100, and 330 + 60 years for the OE, IE, IW,

11
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Contour levels: 2 + 2/ x 50 uJy, i = 0-8. Insets at the top left and bottom right corners of Panel (b) show zooms of the OE and OW lobes, respectively, and show the
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and OW lobes, respectively. In principle, the underlying jet has
been active (although likely with bursts of activity) during an
interval spanning at least the range of dynamical times.

The relevance of G345.49+1.47 is that it shows that a
collimated and fast jet can be generated from a HMYSO which
is already producing ionizing radiation. In other cases of jets
associated with HMYSOs with luminosities >30,000 L, like
G343.1262—00.0620 (Rodriguez et al. 2008), IRAS 13481

12

—6124 (Kraus et al. 2010; Caratti o Garatti et al. 2015), or
G35.2—0.7 N (Gibb et al. 2003), it is not clear that the HMYSO
is already producing ionizing photons or that the central radio
source corresponds to a photoionized region. Nevertheless,
recent evidence presented by Beltran et al. (2016) suggests that
the central source of G35.2-0.7 N is a HC Hun region.
Theoretical work describing disk accretion and jet ejection
under the influence of ionizing radiation has been rather scarce.
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Figure 9. Radio continuum images of the outer lobes. Top panels: 17 GHz. Green crosses mark the 2011 peak position of OE and OW determined by Purser et al.
(2016). Bottom panels: 19 GHz. Left panels: OE lobes, right panels: OW lobes.
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Tan & McKee (2003) and Tanaka et al. (2016) investigated the
ionization structure of a parameterized model of a collapsing
massive core (including a disk and a disk wind) under UV
photon injection. However, there are differences between our
physical interpretation and theirs. In Tanaka et al. (2016), the
ionized magnetically accelerated disk wind is the HC Hu
region, predicting HRLs which are wider than the ones
observed toward G345.49+1.47. In Guzman et al. (2014), on
the other hand, we suggest that the expansion of the HC Hu
region is hydrodynamical (instead of magneto-centrifugal). We
modeled the observed HRL widths with a combination of
pressure and opacity broadening, and no contribution from bulk
motions. The radio continuum and HRL emission of the jet
itself is, in our interpretation, not detected.

4.2. Nature of the Radio Emission
4.2.1. Source C and the Lobes

Based on the observations presented in this work, we
provide further support to the simple model of source C, as
consisting of a biconical HC H 11 region (Guzman et al. 2014).
The flux density spectrum of source C (Figure 3, top panel)
follows well the power-law fit in Guzman et al. (2014), except
perhaps by a slight decrement of the observed 17 and 19 GHz
fluxes with respect to the fit. This decrement is unlikely due to
a hypothetical optically thin turn-off since, if such were the
case, the HRL fluxes of source C would be inconsistent with
the continuum flux measured at 3 mm (Guzmén et al. 2014). It
is also apparent from Figure 3 that the spectral index of the
fluxes at 17 and 19 GHz is similar to the overall power-law fit.
Hence, we attribute the offset either to a calibration error that
produces an underestimation of ~12% in the flux of source C,
or to intrinsic flux variations at 17 and 19 GHz (Galvan-Madrid
et al. 2011).

In the lower panel of Figure 3, we plot the observed
deconvolved size of source C as a function of frequency,
showing a clear decrease with frequency. A power-law fit to the
data gives a spectral index of — 1.11’8:2. The apparent size of a
biconical HC Hu region at a given frequency depends on the
distance from the young star at which the free—free emission
becomes optically thin. Using the notation of Reynolds (1986),
this distance depends on frequency as v>!/%. Considering that
the aperture of the wind cavity is proportional to r¢, where r is
the distance to the central young star (e =1 being a conical
wind), g, = —3e in the case of isothermal and non-accelerat-
ing winds. Therefore, the angular size of the source follows the
relation 6 o< v~ °7/¢. We derive ¢ = 0.6°0$ which is compa-
tible with the range of parameters given by Guzmdén et al.
(Guzman et al. 2014, Equation (16)). It is also compatible,
within the uncertainty, with a conical wind.

The spectral energy distribution of the lobes seems to trace
optically thin free—free emission. Power-law least squares fits
to the flux densities of the east and west inner lobes indicate
spectral indices of —0.17 + 0.08 and —0.21 £ 0.08, respec-
tively. The best-fit spectral indexes for the east and west outer
lobes are —0.22 £ 0.03 and —0.32 £ 0.03, respectively. In
each case the error bars correspond to 1o uncertainty derived
from the method described in Lampton et al. (1976), and are
based on flux uncertainties that do not include calibration
errors. We note that the values of the spectral indices are not far
from —O0.1, which is the value expected for optically thin
thermal free—free emission. Furthermore, spectral indices
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between 5 and 9GHz are even flatter (closer to —0.1)
compared with those calculated including the 17 and 19 GHz
fluxes, suggesting that a fraction of the flux at the high
frequencies is being resolved out by the interferometer. We
conclude that the emission from the lobes does not have
spectral indices significatively lower than —0.1, as would be
expected in the case of optically thin synchrotron radiation.
Further interferometer observations with a more complete uv-
plane coverage will allow us to better recover the extended
emission associated with the lobes and to determine whether or
not some fraction of it can be attributed to non-thermal
processes.

4.2.2. Sources 1, 2, and 3

We detect source 1 at 9, 17, and 19 GHz. Because of the
absence of IR or 3 mm counterparts, it is possible that its nature
is extragalactic, possibly a GHz peaked radio-galaxy, as
observed in other regions of star formation (Rodriguez
et al. 2014; Dzib et al. 2015). According to the model of
extragalactic radio source counts of AMI Consortium et al.
(2011, at 15.7 GHz), the probability of detecting one or more
radio sources brighter than 200 pJy inside the primary beam of
the ATCA at 17 GHz (140" FWHM) is ~0.2.

Source 3 exhibits a peak flux density at 17 GHz of 1.2 mJy.
Since the probability of finding one or more radio sources
brighter than 1 mJy inside the 17 GHz primary beam is <0.05,
it is unlikely that source 3 has an extragalactic origin. A more
likely possibility is that source 3 corresponds to free—free
emission from a low-mass YSO (see, for example, AMI
Consortium et al. 2012), presumably forming part of the young
embedded cluster associated with IRAS 16562—3959. This
free—free emission is characterized by a rising spectrum until
the turnover frequency, which in this case might be close to
20 GHz. If this were the case, then we would expect a 0.85 mJy
source at 3 mm. Unfortunately, at 3 mm source 3 apparently
blends with the ~2 mJy source 9 from Guzman et al. (2014)
located 172 (less than one beam size) to the east.

Finally, source 2 is associated with the IR object GLIMPSE
G345.4977+01.4668 (Benjamin et al. 2003), the 3 mm source
18 in Guzman et al. (2014), and the 6 GHz methanol maser
MMB345.498+-1.467 (Caswell et al. 2010). Our observations
provide new support for this source being a HC Hu region
associated with a young high-mass star (Lpo~ 10°Ls).
Keeping recombination equilibrium of this HC Hu region
requires an ionizing photon flux >10*s', consistent with a
B2 star (Thompson 1984). The spectral index measured
between 17 and 99 GHz is 1.0, similar to that observed at
3 mm (Guzmén et al. 2014).

4.3. Jet and Shock Parameters

The five radio sources OE, IE, IW, W, and OW are thought
to trace shocks associated with the protostellar jet from
G345.49+1.47. However, it is not clear whether these shocks
are generated within the jet, or in the interaction zones with the
ambient clump or with previously ejected material filling the
outflow cavities. Theoretical models show that the density
inside outflow cavities could be between 100 and 1000 times
lower than the average density of the clump (e.g., Zhang
et al. 2013).

We model the jet as having a circular cross-section of area
A = 7TRJ-2, density pj, and velocity V;. This highly supersonic
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(M; ~ 100) jet is ramming through an stationary ambient
medium of density p, and driving a detached bow shock
traveling through the ambient medium at velocity V. The
shock speed of the detached shock is not necessarily Vi—
except at its apex—because a large fraction of the shock front
corresponds to weaker, oblique shocks. As a first approx-
imation, we assume that the bow shock sweeps a transverse
area A;. Conservation of momentum implies that (Chernin
et al. 1994)

(Vi — V)P pAj = Vi pAs. 3)

On the other hand, the escape velocity from a 15 M, star—the
estimated mass of the HMYSO—of radius 5.2 R, (Davies et al.
2011; Mottram et al. 2011) is V.. ~ 1050 kms~'. Under a
wide range jet acceleration mechanisms, we expect the velocity
of the jet not exceeding (at least by a large factor) the escape
velocity of the accreting compact object (Ferreira et al. 2006).
In fact, most jets appearing in several astrophysical situations
have velocities comparable with V... (Livio 2009, pp. 3-9). In
the case of G345.49+1.47, V.. is within a factor of ~2
compared with the projected velocities measured toward the
OE and OW lobes, 390 and 520 km s, respectively. Hereafter,
we use the average and the unbiased standard deviation
between these two values, 460 + 90kms~!, as the projected
shock velocity and its uncertainty, respectively. We can express
this projected shock velocity as V;sin(i), where i is the
inclination angle between the jet direction and the line of sight.
In Guzmédn et al. (2011), we estimated i = 80° from the
molecular outflow. However, we prefer to leave i as a free
parameter because this estimation was obtained using relatively
low angular resolution data and an extremely simple geome-
trical model of the outflow. Note also that i may vary along the
jet due to precession, which may help to explain the difference
of transverse velocities between the inner and the outer lobes.
We summarize the conditions expected between the shock, jet,
and escape velocities by

460 + 90 kms~!/sin(i) ~ Vi < V; < Vese &~ 1050 km s~ .
“4)

These conditions imply that i > 26° and, in combination with
Equation (3),

&:4ﬁ_
Pj Vs
where a = A;/A,. The mass and momentum rates produced by

one side of the jet, on the other hand, are given by

A}Ij = 7TRj2 iV

2
1) < (16 = 070 )

(6)

Py = 7R} oV} = MV, ™
respectively.

We define € as the fraction of the jet’s momentum being shed
to the ambient medium through the shock. We approximate this
fraction using (Chernin et al. 1994)

o) 2
EZM:L[I_E], ®

pViAi @ Y
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where the second equality is derived from Equation (3). We can
constrain the rate of momentum being injected in the ambient
medium (615}) using the radio emission of the lobes ( F',) under
the assumption that it corresponds to shocked ambient material
using

2 0.1 ~032
hd |_ 2.56Pj( Y ) ( % )
Jy kpc? GHz 500 kms™!

045
) Mo kms'yr !,

e
- (104 K ®
This equation assumes that the radio emission corresponds to
optically thin and completely ionized free—free gas (see Curiel
et al. 1989 and Cabrit & Bertout 1992). For the OW bow shock
(the OE shock is similar), Fg gy, = 5.7 = 0.6 mJy. We assume
that the uncertainty is dominated by absolute calibration
uncertainties, which we conservatively assume to be 10% (the
measurement uncertainty is much less). Assuming d = 1.7 kpc
and T, = 7000 K (Guzman et al. 2014), and using V; = 460 £
90/sin(i)kms~!, we conclude that EPj =09 +1) x 103
(sin(i))°32 M, kms 'yr~', where the uncertainty is derived
from the the mean shock velocity and the radio flux at 9 GHz.

Furthermore, we estimate the jet’s dynamical time, Zqyy j, as the
projected mean distance of the outer lobes from the HMYSO
(0.21 +0.05 pc) divided by the projected mean velocity of the
outer lobes, obtaining f4y,; = 450 £ 140 years. The inclination
is not relevant for this calculation. We then estimate how much
momentum the OW bow shock has injected in the ambient
medium as fqyn; X €P, obtaining 4 + 1(sin(i))"*3 M, kms~.
The momentum of the molecular outflow associated with
G34549+147, on the other hand, is 2Pco~ 15+ 2
M kms~! (Guzmén et al. 2011), where the factor of two takes
into account that we are summing the blue and redshifted sides.
We assume that the uncertainty of the outflow momentum is
dominated by a 10% uncertainty in the absolute calibration, but
we stress that there are other sources of bias need to be kept in
mind (Cabrit & Bertout 1990; Downes & Cabrit 2007). We
follow the prescriptions given by Downes & Cabrit (2007) and
drop the usual cos(i)~! inclination correction factor. This factor
strongly overestimates the real momentum of jet-driven mole-
cular outflows because an important fraction of the gas moves in
transverse directions with respect to the jet.

Because the momentum injected by the OW bow shock is
comparable within a factor of 2 with that of one side of the
molecular outflow, we conclude that at most a few bow shocks
similar to the OW lobe could have driven the entire molecular
flow reported in Guzmén et al. (2011). In particular, since the
sizes of the jet and of the molecular outflow are similar, it is
possible that the latter was driven by the OE and OW shocks.
We note, however, that the dynamical time of the molecular
outflow (calculated according to the “perpendicular” timescale
defined in Downes & Cabrit 2007) is ~2000 years, larger than
that of the outer lobes. In addition, the well developed bipolar
near-IR cavities and the K¢ emission extending much farther
than the molecular flows (Guzman et al. 2011, Figure 5) seem
to indicate that the ejection of material is older than f4y,;.
Further observations will determine whether or not the
observed extended Ky emission corresponds to shocked H,
evidencing older outflow activity.

The density of the pre-shocked material can be estimated from
the peak brightness of the lobes as follows. Using the averaged
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17-19 GHz data, we find that the peak intensity of the OW lobe
is 6.8 + 0.7 x 107* Jybeam ' at a mean frequency of 18 GHz.
This intensity is equivalent to a brightness temperature of
7.7 + 0.8 K, using a beam solid angle of 0.38 arcsec”. At 9 GHz,
on the other hand, the measured peak brightness temperature of
the OW lobe is 17 + 2 K with a beam of 1.61 arcsec’. We can
estimate the intrinsic peak brightness temperature (7) of the
OW lobe using the relation T, = Tp/(1 + €,/€) (Wilson
et al. 2013, chapter 7), where () is the solid angle subtended by
the source, €, is the beam size, and T}, is the measured brightness
temperature. Assuming that the emission comes from optically
thin free—free gas, the quotient between the measured peak
temperatures at frequencies v, and 1, is given by
/v 2 (1 + 2/ /(1 + Q,1/Q). From this relation
and the peak temperature quotient between 9 and 18 GHz, we
derive Qg ~ 1.0 & 0.3 arcsec?. Hence, Ty ~ 11 + 3 K. Based
on the free—free emission model from shocks of Curiel et al.
(1989), the brightness temperature at 18 GHz is given in the
optically thin limit by

1.68 0.45
T, = 0.105 K| —L2 ( % ) ( & ) :
103 pem=3 JA 100 kms™! 104K

(10)

where T, is the temperature of the shock-ionized gas and p, is
the ambient density. Using V, = 460 4 90/sin(i) kms~!,
T, = Ty = 11 £ 3K, and assuming 7, = 7000 K, we derive
p, = (9 £ 4) x 10° u(sin(i))'%® cm . This is also compar-
able with the density derived from Ghavamian & Hartigan
(1998, Figure 7). Note that in this calculation, we are assuming
that the shock velocity is given by the PM of the OW lobe. This
approximation is valid because we are using the peak
brightness temperature occurring at the apex of the bow shock
where the shock front is close to normal.

Using this value of the pre-shocked material, we obtain the
effective size of the OW shock, R, defined as (/A /7. Clearly,
a = Rj2 /Rsz. From Equations (7) and (8) we derive

[ er ]l /2
Ry = > ~ 1400 + 200 au,
WA

Y

where using the values of e, and p, estimated above cancels the
dependence on inclination and on V. The value for R obtained in
Equation (11) is within a 20% of the half angular size of the OW
lobe, which is 221", equivalent to 1700 au. This consistency is not
entirely trivial since Equation (11) was not derived using measured
sizes from the images but using the PMs, the total flux of the lobe,
the peak brightness temperature, and the quotient between the
brightness temperatures at two frequencies. Hereafter, we assume
that R, ranges between 1400 and 1700 au. Using these values for
R, we can constrain o by assuming that the W, lobe corresponds
to an inner shock inside the jet. Since W is unresolved and our
smallest synthesized beam has a FWHM with an equivalent
physical size of 960 au, we assume that the transverse size of the
jet (2Ry) is smaller than half of the beam size, or Rj < 240 au.
We can derive a rough lower limit for R; by noting that the
spectrum of the emission from the W, knot does not seem to arise
from optically thick gas. While the flux density of W;—fixed by
the observations, see Table 3—is ocneszS, the optical depth of the

knot is given by T nesz. By requiring 7 < 1, we derive that
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R; > 50 =+ 10 au. Combining the previously derived constraints
on R, and R;, we finally derive 9 x 107* < o < 0.03.

Finally, under the circumstances suggested in this section, the
brightness of the bow shocks and its associated Mach disk should
be similar (Hartigan 1989). We can estimate the distance between
the Mach disk and the bow shock using the expression {R; c? / 2V,
(Raga & Cant6 1998), where ¢ ~ 10 kms~! is the sound speed
of the ionized gas and & is close to unity for p; =~ p, Since
¢ /V: < 0.02sin(i) for G345.49+1.47, we expect the Mach disk
and bow-shock emission to be blended in our observations. Based
on this, we rule out W as being the Mach disk associated with the
OW lobe.

4.4. Mass Accretion Rate
We can obtain a lower bound on the mass outflow rate MJ of
the jet using Equations (4), (5), (6), (10), and (11):
R p, Vs

1.6 + 0.7
= (1.2 £ 0.8) x 1075sin(i)*68 M, yr—\.

M;= 7R} p,V; >
(12)

To estimate the accretion rate onto the HMYSO, M,.., we can
assume it is related with the jet’s mass outflow rate through
2Mj = f. My, where and f, typically ranges between 0.1 and
0.4 (e.g., Tomisaka 1998; Banerjee & Pudritz 2006; Seifried
et al. 2012). Unfortunately, with the current data it does not
seem possible to give an upper limit on MJ because the density
of the jet is not constrained by the observations. In principle, it
could be possible that p; > p, (with a large Mj) and € < 1, that
is, a very dense jet piercing the clump depositing a very small
fraction of its momentum in the medium.

We can constrain from below the accumulated mass in the
central object using

. M
M*=2f _Jdt>12:|:8(t*
o f fo \Myr

where ¢, is the HMYSO age. The last inequality in Equation (13)
uses (12) and assumes that MJ and f, have been constant during
the entire HMYSO lifetime. Since G345.4941.47 is in the HC
H 1 region phase, we assume that its age is ~10° years (Guzmén
et al. 2012). Although with quite large uncertainties, we can
conclude that the jet characteristics are roughly consistent with
disk accretion rates of the order of a few times 10+ M, yr
(assuming f, = 0.1-0.2), which are sufficient to account for the
current mass of the HMYSO.

) sin(0)*¥M,,  (13)

5. SUMMARY

We have observed the HMYSO G345.49+1.47 in radio
continuum at 5, 9, 17, and 19 GHz using the ATCA between
2014 October and 2015 May. Our main results are summarized
as follows.

1. By comparing observations separated by 6 years, we
determine that the PMs of the OE, IE, IW, and OW lobes
are 48 £ 13, 35+ 10, 17 £ 11, and 64 + lZmasyrfl,
respectively. Assuming a distance of 1.7kpc, these PMs
correspond to velocities of 390 £ 100, 280 =+ 80,
140 4= 90, and 520 4= 100kms~! in the plane of the sky,
respectively.
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2. The PMs of the lobes are directed away from G345.49
+1.47. In addition, the morphology of the outer lobes—
especially of that of the western outer lobe—are
consistent with detached bow shocks.

3. We interpret these results as evidence that the radio lobes
are produced in working surfaces associated with a highly
collimated protostellar jet. The radio lobes match the IR
extended emission, which is likely tracing the illuminated
inner outflow cavity containing the jet. The jet’s velocity
is comparable with the HMYSO escape velocity, which is
also the case for jets detected toward low-mass YSOs.
We propose that a mechanism of jet ejection and disk
accretion similar to that of low-mass stars is acting in
G345.49+1.47. The presence of ionizing radiation or the
HC H 1 region does not hinder this process.

4. We observe emission arising from a previously unde-
tected ionized knot (W;) in the jet path located between
the outer and inner west lobes.

5. We determined that the size spectral index of the HC Hu
region (source C) is —1.173, which is compatible with a
bipolar (and possibly biconical) ionized region.

6. The momentum injected by the bow shocks in the past
~500 years is comparable to the observed momentum of
the molecular outflow. We propose that the previously
reported bipolar molecular outflow reflects only a
relatively recent fraction of the history of ejection from
G345.49+1.47 (Guzman et al. 2011). Further observa-
tions will determine whether or not there are indications
of older ejection of material located farther from the
HMYSO.

7. The characteristics of the jet are roughlz?/ consistent with
disk accretion rates of the order of 10~* M. yr~', which
are sufficient to account for the current estimated mass of
G345.49+1.47 in ~10° years.

A.E.G. acknowledges support from FONDECYT through
grant 3150570. G.G. acknowledges support from CONICYT
through project PFB-06. The authors thank an anonymous
referee for the constructive comments and suggestions which
helped to improve this manuscript.

APPENDIX
ANGULAR RESOLUTION MATCHING

In order to compare the features in maps made with different
beam shapes, it is convenient to transform the images to a
common beam. This is important for disentangling real
morphological differences from artifacts introduced by the
instrument and the observing technique. When both images are
characterized by Gaussian and radially symmetric beams, the
beam sizes are matched by convolving the image associated
with the smaller beam, characterized by a FWHM = 0, with a
symmetric Gaussian of FWHM = §, such that § + 6% = 62,
where O is the FWHM of the larger Gaussian beam. The larger
Gaussian beam is the optimal common beam shape which can
be attained without deconvolving the images.

Finding an optimal convolving beam when the two images
are characterized by elliptical Gaussian beams is more
involved. This is usually the case in interferometry, where
the images’ resolution are determined by their synthesized
beams. In order to reach a common resolution, one possibility
is to convolve the images with each other’s beams. However,
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this solution is not optimal and it does not match with the
procedure described above for circular beams.

In this appendix, we derive a solution which is optimal in
the sense it minimizes the sum in quadrature of the major and
minor semiaxes of the convolving beams. Denoting by a,
By, and By, the P.A., major, and minor FWHM axes,

respectively, of an elliptical Gaussian beam, we define
2
by 5 R(—qy), where R(a;) is the rota-
1,min
tion matrix associated with «;. Subscripts 1 and 2 refer to
quantities for each one of the images. Let D = M, — M,
and d; and d, be its eigenvalues. We define B =
R(ap)AR(—ap), where R(ap) is the rotation matrix asso-
ciated with the normalized eigenvectors of D and A; is a
diagonal matrix defined as (A;); = —min(d;, 0) for i = 1, 2.
We define B, in the same way, but with diagonal terms equal
to max(d;, 0). Matrices B; and B, define the Gaussians that
match the beams of both images via convolution with M, and
M,, respectively (that is, B + M, = B, + M,). We still need
to prove that they are the optimal solutions.

Clearly, B; and B, are positive semi-definite (PSD) matrices
and B, — B; = D. Every PSD matrix represents a (maybe
degenerate) Gaussian beam. We now prove that among all
other PSD matrices X such that X + D is PSD, B, minimizes
the sum in quadrature of its eigenvalues. Let r; be the
eigenvectors associated with the negative (or negatives)
eigenvalues of D and F(X) the sum of the squares of the
eigenvalues of a matrix X. Then F(X) > Zj(roer)z. Since
D + X is PSD, we have that d; + roer > 0, and because
d; <0< roer, we conclude that (roer)2 > djz. Therefore
FX) > Zj dj2 = F(By). Similarly, for each PSD matrix Y
such that Y — D is PSD, B, minimizes F. Therefore, if X and Y
are PSD and fulfil M} + X =M, + Y, then F(X) + F(Y) >
F(B)) + F(B,). Therefore, B; and B, minimize the sum in
quadrature of their eigenvalues and fulfill B, + M, = B, + M,
(see also Horn & Johnson 2012, Section 5.2).

Matrices B and B, define the convolving beams. The P.A.
is ap and the FWHM axes squared are given in the diagonal
terms of A;. If By (respectively, B,) is 0, then we only need to
convolve the second (first) image by the beam described by
the parameters of B, (B;). If one of the convolving beam’s
axes is zero (as it may happen when both beams are of similar
size but have different orientations), then the convolving
beam is degenerate and infinitely narrow in one direction. In
practice, we limit the minimum axis of the convolving beam
to 3 pixels.

B
M, == R(ay)
0
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