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ABSTRACT

Continuum data at 25 and 88GHz toward the luminous young stellar object IRAS 16547�4247 (G343.126�0.062)
have been obtained with the Australia Telescope Compact Array. The triple emission source identified previously at
lower frequencies has been detected at 25GHz. For frequencies between 1.4 and 25GHz, the flux density of the central
continuum source is well fitted with a power-law dependence that is consistent with thermal emission from a jet. The
two outer lobes are radio Herbig-Haro objects exhibiting thermal and nonthermal synchrotron emission. At 88 GHz,
one unresolved emission source was detected, centered on the radio jet. At this frequency the emission does not arise
from the jet but from the dusty molecular envelope within which the jet is embedded.

Subject headinggs: ISM: individual ( IRAS 16547�4247) — ISM: jets and outflows — radio continuum: stars —
stars: formation

1. INTRODUCTION

IRAS 16547�4247 (G343.126Y0.062) is the most luminous
young stellar object (YSO) known to harbor a thermal radio jet.
At a distance of 2.9 kpc, the YSO has a bolometric luminosity of
6:2 ; 104 L�, equivalent to that of a single O8 zero-age main-
sequence star. The jet was first detected by Garay et al. (2003)
using theAustralia Telescope Compact Array (ATCA) at 1.4, 2.5,
4.8, and 8.6 GHz, and subsequently observed using the VLA at
8.5 and 14.9 GHz by Rodrı́guez et al. (2005). The jet is part of a
triple radio continuum source that is approximately aligned in the
northYsouth direction. The central radio source corresponds to the
jet, with an opening angle of� 25

�
and the two outer lobes are ra-

dio Herbig-Haro objects. The sources are located at the center of
an isolatedmassive and densemolecular core (�103M�, with H2

density of 5 ; 105 cm�3; Garay et al. 2003). The core is characte-
ristic of themassive and dense cores thought to be the sites ofmas-
sive star formation (Garay 2005). Using the VLT, Brooks et al.
(2003) detected a chain of H2 2.12 �m emission knots extending
over�11000 (1.5 pc at the distance of 2.9 kpc). TheH2 emission has
the morphological characteristics of Herbig-Haro objects arising
from the interaction of a collimated flowwith the ambientmedium.
The alignment of the flow and the central location of the radio jet
imply that these phenomena are intimately linked.Most likely, the
extended H2 component traces gas ejected in the past by the cen-
tral radio jet.

Recently, Garay et al. (2006) have detected a highly energetic
collimated bipolar molecular outflow, centered on the thermal ra-
dio jet andwith lobes extending to�0.6 pc in opposite directions.
The characteristics of the outflow are consistent with its driving
source being a single luminous object of luminosity 1:7 ; 105 L�,
the same source likely to be driving the thermal jet.

Here we report on new continuum data obtained at 25 GHz
(12mm) and 88GHz (3mm) using the recently upgradedATCA.
The data probe two different emission processes: thermal emis-
sion from the ionized jet at 25 GHz, and dust emission from the
molecular envelope at 88 GHz.

2. OBSERVATIONS

For the 3 mm data, observations were made with ATCA on
2005 July 20Y21, over two consecutive periods spanning 5 and
7 hr. Five antennaswere utilized in the array configurationH75C,
which includes baselines from 30 to 89 m. The phase center was
set to R.A. = 16h58m17s, decl. =�42

�
5200700 (J2000). The corre-

lator was configured to a bandwidth of 128 MHz, centered on
88GHz.At this frequency, the primary beam is 3000. The bandpass
and phase calibrators were PKS 1921�293 and PKS 1646�50,
respectively. Pointing was also carried out toward PKS 1646�50
at hourly intervals, resulting in a final pointing uncertainty of�200.
At 3mm,ATCAuses a paddle to implement the ‘‘chopper-wheel’’
method for measuring an above-atmosphere system temperature.
Measurements were taken every hour, yielding system tempera-
tures in the range 200Y400K. The fluxwas calibrated by observ-
ingUranus. Scaling factors of 1.56 and 1.46were adopted for each
of the two observing periods. We estimate the final flux calibra-
tion to be better than 30%.

Data at 12mmwere obtainedwithATCAon2005May 2 over a
period of 7 hr. All six antennaswere used in the array configuration
750A, spanning baselines from 77 m to 3.7 km. The bandwidth
was set to 128 MHz, centered on 24.896 GHz. At this frequency,
the primary beam is 20. The bandpass and phase calibrators were
PKS 1921�293 and PKS 1646�50, respectively. Pointing was
also carried out toward PKS1646�50 at hourly intervals, resulting
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in a final pointing uncertainty of �200. The system temperatures
varied between 35 and 55 K, and the flux was calibrated by ob-
serving PKS 1934�638 and adopting a value of 0.75 Jy. The final
flux calibration has an uncertainty of 10%.

Both data sets were edited and calibrated using the MIRIAD
software package according to standard procedures. Additional
self-calibrationwas performed, solving for phase only over a solu-
tion interval of 5minutes at 3mmand 7minutes at 12mm.All data
were then Fourier transformed. The resulting 3mm imagewas de-
convolved using uniform weighting and the CLEAN algorithm,
and then restored with a synthesized beam of 5:700 ; 4:500, P.A. =
�78.2�. The rms noise of the final image is�0.2mJy beam�1. The
resulting 12mm imagewas deconvolved using natural weighting
and restoredwith a synthesized beamof 1:700 ; 0:800, P.A. = 14.9�,

and then corrected for the primary beam. The rms noise of the final
image is �0.07 mJy beam�1.

3. RESULTS

Figure 1 shows the ATCA detected emission at 25 and 88GHz
toward IRAS 16547�4247. Prominent at 25 GHz are three emis-
sion sources thatwere first identified at lower frequencies byGaray
et al. (2003) and labeled as the central sources and the outer north
and south lobes. The angular separation between the lobes is 18.700,
and they are symmetrically offset from the central source by 9.200.
The central source is displaced about 0.200 to the northeast of the
line that joins the peak flux densities of the lobes. At 88GHz, one
central emission source was detected. The source is unresolved
with the rather coarse ATCA synthesized beam, and the position

Fig. 1.—ATCA images of IRAS16547�4247 at 25GHz (left) and 88GHz (right).At 25GHz, the contour levels are 0.3 (5�), 0.6, 0.9, 1.2, 1.5, 1.8, 3, 6, and 9mJy beam�1.
At 88 GHz, the contour levels are�1, 1 (5 �), 4, 10, 20, 30, 50, 70, and 90 mJy beam�1. The synthesized beams (1:700 ; 0:800, P.A. =14.9� at 25 GHz, and 5:700 ; 4:500, P.A. =
�78.2� at 88 GHz) are shown in the bottom left corner of each panel. The location of the peak 25 GHz emission is marked by a cross.

TABLE 1

Observed Parameters

Peak Position

Frequency

(GHz) R.A. (J2000) Decl. (J2000)

Peak Flux

(mJy)

Total Flux

(mJy)

Deconvolved Size

(arcsec ; arcsec; deg)

Central Source

25....................... 16 58 17.219 �42 52 07.30 12.5 � 0.4 15.8 0:80 ; 0:24; �18.5

88....................... 16 58 17.157 �42 52 08.15 97.8 � 0.8 113.3 2:96 ; 1:02; �67.1

North Lobe (N2)

25....................... 16 58 16.939 �42 51 58.38 1.2 � 0.1 4.6 3:53 ; 0:88; �3.3

South Lobe (S1)

25....................... 16 58 17.482 �42 52 16.357 1.7 � 0.1 5.8 3:32 ; 0:86; 8.7

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and
arcseconds.
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of the peak intensity coincides with the central 25 GHz source, to
within the positional uncertainty of the data (�200).

The observed parameters of each of the detected emission
sources were determined from a linearized least-square fit to a
Gaussian ellipsoid function. The results are listed inTable 1 andwill
be discussed individually in more detail in the following section.

Figure 2 shows the detected 25GHz emission comparedwith the
H2 2.12 �m emission detected in the study by Brooks et al. (2003).
Only the central southern part of the H2 2.12 �m flow is shown.

4. DISCUSSION

4.1. Central Jet Source

Based on previous work, the central source at frequencies in
the radio range 1.4 to 14.9 GHz was found to have a power-law
dependence with frequency, of the form S� / �� , which is con-
sistent with thermal emission from an ionized biconical jet (� ¼
0:6; Reynolds 1986). It was proposed that the source of ioniza-
tion for the jet is likely to beUVphotons producedwhen a neutral
wind shocks against surrounding high-density material. At higher
frequencies (in the submillimeter to near-infrared regime), the
emissionwas found to arise fromone single concentration centered
on the radio jet (albeit with a larger angular size of 2500), and was
found to originate primarily from thermal dust emission in the sur-
rounding molecular core environment.

Figure 3 shows the spectral energy distribution (SED)measured
for IRAS 16547�4247, using the center of the triple continuum
source for the radio frequencies. Included in the analysis are the
new data obtained from this study at 25 and 88GHz. For frequen-
cies up to 25 GHz, the data are well fitted with a power-law de-
pendence with a spectral index of 0:54 � 0:02. This is consistent
with thermal emission from a jet and with the indices derived
previously. At 25GHz, the position angle of the deconvolvedma-
jor axis is�18.5

�
, which is consistent with the value measured at

8.5 and 14.9 GHz and with the alignment of the north and south
lobes. The angular size is 2:9600 ; 1:0200 � 0:0600. Using their
8.5 and 14.9 GHz data, Rodrı́guez et al. (2005) noted a power-
law angular size index of �0.56, in accordance with a thermal jet
whose angular dimensions diminish with increasing frequency
(Reynolds 1986). Extrapolating to 25GHz, we expect the angular
size of the source to be �0.500, which is nearing the resolution
limit ofATCAat this frequency. (Deconvolving the current 25GHz
data using uniform weighting yields a restoring beam of 1:0100 ;
0:30700).

It is worth noting that extending from the northwestern edge
of the 25 GHz emission peak is a faint emission knot with a peak
flux of �1 mJy. This knot is not so obvious in the previous data
sets. Its location matches the orientation of the north and south
lobes, and it is tempting to speculate that this is a new knot emerg-
ing from the jet. Perhaps the even fainter extension seen to the
southeast is its counterpart.

As noted inGaray et al. (2003), if the high luminosity of IRAS
16547�4247 is produced by a single ZAMS star, it would be an
O8 star, which emits a rate of ionizing photons of 2:2 ; 1048 s�1.
If embedded in a constant density medium, this star is expected
to generate an H ii region with a flux density of 2.7 Jy at optically
thin radio frequencies, far in excess of the observed values around
�10 mJy toward the central jet source. We argue that this source
is still in the preYmain-sequence phase inwhich intense accretion
is taking place, and that the high mass accretion rate of the infall-
ing material quenches the development of a sizeable H ii region
(e.g., Yorke 1984; Walmsley 1995). Based on measured molecu-
lar line profiles, Garay et al. find evidence for large-scale infalling
motions of the molecular gas, with an estimated mass infall rate
of 10�2 M� yr�1, large enough to prevent the development of a
compact H ii region. They suggest that the source of ionization of
the IRAS16547�4247 jet isUVphotons producedwhen a neutral

Fig. 2.—VLT H2 2.12 �m emission (Brooks et al. 2003) overlaid with the
ATCA25GHz emission contours shown in Fig. 1. For theVLTimage, the data have
been continuum subtracted.

Fig. 3.—Spectral energy distribution of IRAS 16547�4247. Triangles:
ATCA andVLA continuum fluxes toward the central continuum source (this work;
Rodrı́guez et al. 2005; Garay et al. 2003). Square: SIMBA 1.2 mm continuum
flux (Garay et al. 2003).Circles: IRAS andMSX fluxes. Star: TIMMI2 12 �mflux
(Brooks et al. 2003). For frequencies up to 25 GHz, the data are represented by
emission from a thermal jet whose flux density has a spectral index of 0.54. Data
at higher frequencies (�88 GHz) are represented by the sum of two modified
blackbody functions of the form B�(Td) 1� exp ½�(�/�o)

� �
� �

, with dust tem-
peratures of 29 and 110 K.
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wind shocks against surrounding high-density material (Curiel
et al. 1987).

Using the observed flux density at 5 GHz of 7mJy and the dis-
tance of 2.9 kpc, the outflowmomentum rate versus radio contin-
uum luminosity relationship reported byAnglada (1996) predicts
a momentum rate in the outflow of 0.28M� yr�1 km s�1. This is
in excellent agreement with the momentum outflow rate derived
from the molecular observations, of 0.3M� yr�1 km s�1 (Garay
et al. 2006). Since Anglada’s relationship was established for ob-
jects of low/intermediate luminosity, the agreement argues in
favor of shock excitation for the jet emission.Wewarn, however,
that extrapolation to high-luminosity objects is not warranted.

4.2. Molecular Dust Core

It is clear fromFigure 3 that the flux densitymeasured at 88GHz
does not follow the emission trend seen at the lower frequencies
for a thermal jet. Instead, it is consistentwith the trend seen at higher
frequencies (in the submillimeter tomid-infrared) for thermal emis-
sion arising from dust. In this frequency range, the data shown in
Figure 3 have been fit using twomodified blackbody functions of
the form B�(Td) 1� exp (� ��)½ ��s; where �� is the dust optical
depth, B�(Td) is the Planck function at the dust temperature Td ,
and �s is the solid angle subtended by the dust-emitting region.
The opacity was assumed to vary with frequency as ��, i.e., �� ¼
(�/�o)�, where �o is the frequency at which the optical depth is
unity. To obtain a good fit to the data, a model with two tempera-
ture components was used. From the fit we derive that the colder
dust component has a temperature of 29K, an angular size (assum-
ing aGaussian flux distribution) of 2900 (FWHM), that � is�2.1,
in agreement with tabulated opacities (Ossenkopf & Henning
1994) and derived values for high-mass star-forming regions, and
that thewavelength at which the opacity is unity is�120�m. The
temperature of the hot dust component is 110 K, with an angular
size of 0.800 (FWHM).

In summary, the continuum flux density measured at 88 GHz
is in good agreement with the two-temperature dust model that
was fit to the data at the higher frequencies. (The 88 GHz data
point falls slightly below the fit, most likely because some flux
was resolved out by the interferometer.) The flux values at milli-
meter wavelengths are dominated by emission coming from the
cold (29 K) dust component, and the flux values in the mid infra-
red regime are dominated by dust that is hotter (110 K) and from
a smaller region. The contribution at 88 GHz from the hot com-
ponent is negligible

The continuum emission at 88 GHz has a deconvolved size of
2:900 ; 1:000, with an uncertainty of 0.0500. Single-dish data pre-
viously obtained at 250 GHz by Garay et al. (2003) with a beam
size of 2400 revealed amorphology slightly elongated in the north-
south direction, with a deconvolvedmajor andminor axes of 3300

and 2500, and a position angle of 3�. The mass derived from the
central source is 1:3 ; 103 M�. Results from the molecular line
observations (also by Garay et al. 2003, and with the same beam
size) show IRAS 16547�4247 to be associated with a dense and
massive molecular clump of similar angular extent. This is con-
sistent with the cold dust component fitted to the spectral energy
distribution of IRAS 16547�4247 (Fig. 3). In addition, Garay
et al. (2006) found that the observed size of the molecular line
emitting region is different for various transitions, and is corre-
lated with the beam size of the telescope used to observe the line.
This is to be expected if the physical properties of the clump are
not homogenous, such as for a clump whose density and temper-
ature change with distance from the center (Ladd et al. 1991;
Adams 1991). It may also be that the more compact emission de-

tected by ATCA at 88 GHz corresponds to the inner core of the
cold molecular/dust clump imaged at 250 GHz. If this were the
case, it is interesting to note that the outer radio continuum emis-
sion lobes are located just outside this core.
The luminosity obtained from integrating under the fitted curve

in Figure 3 is similar to the total far-infrared luminosity computed
using the IRAS fluxes (Casoli et al. 1986) of �6:2 ; 104 L� (as-
suming a distance of 2.9 kpc).Whether the bulk of this luminosity
can be attributed to a singlemassive star or a cluster of lowermass
stars has yet to be discerned. However, it is worth restating here
that the characteristics of the recently discovered collimated mo-
lecular bipolar outflow centered on the jet are consistent with a
driving source of 1:7 ; 105 L� (Garay et al. 2006).

4.3. North and South Lobes

The north and south lobes were first identified as having neg-
ative spectral indices of�0.6 and�0.3, respectively, by Garay
et al. (2003). Both thermal and nonthermal synchrotron knots of
radio emission have been found in associationwith collimated stel-
lar winds and Herbig-Haro flows (e.g., HH80Y81, Martı́ et al.
1998; HH1Y2, Rodrı́guez et al. 2000; Serpens, Curiel et al. 1993).
The emission knots are formed at the shocked working surfaces
of the flows,where the collimated flows interactwith the surround-
ingmagnetizedmedium. In the higher angular resolution study by
Rodrı́guez et al. (2005) at 8.5GHz, the north and south lobeswere
found to break up into several components, all forming a string-
like structure in the general direction of both the H2 2.12�mflow
and the orientation of the central radio jet. The brightest compo-
nent in the northern lobe (N1) was found to have a spectral index
of 0.17, corresponding to optically thin thermal emission, and the
brightest component in the southern lobe (S1) the spectral index
wasmeasured at�0.6. For a strong shock, a synchrotron spectral
index close to �0.5 is expected (Reynolds 1986).
At 25GHz, the northern lobe is slightly elongated in the northY

south direction. The location of the peak emission corresponds
to the N2 8.5 GHz emission component detected by Rodrı́guez
et al. (2005). If we consider the peak flux at 25 GHz and the flux
density at 8.5 GHz, then the spectral index is 0.18, indicative of
a flat spectrum consistent with optically thin thermal emission.
The 25 GHz emission from the southern lobe is centered on the
S1 8.5 GHz emission component. Using the peak 25 GHz flux,
the spectral index of the source is�0:54 � 0:04, consistent with
nonthermal synchrotron emission. The presence of both thermal
and nonthermal emission toward the lobes can be expected in a
shock wave moving through a magnetized mediumwhere a frac-
tion of the electrons will be accelerated to relativistic velocities,
producing the nonthermal synchrotron emission, while most of
the electrons (with a thermal distribution of velocities) will pro-
duce the thermal free-free component (Crusius-Wätzel 1990). This
scenario has been proposed byCuriel et al. (1993) andGaray et al.
(1996) to explain amixture of positive, flat, and negative spectral
indices observed toward the lobes of the Serpens and Cepheus
HW2 jets, respectively. In both cases, the flat and positive spec-
tral indices are associated to the brightest shock-excited emission
knots, while the negative indices appear to be associated with the
faint and extended emission between the knots. In the case of
IRAS 16547�4247, the brightest component ( labeled N1) in the
northern lobe in the 8.5 and 14.9 GHz data of Rodrı́guez et al.
(2005) was found to have a spectral index of 0.17, corresponding
to optically thin thermal emission. It remains unclear whywe have
not detected this component at 25 GHz.
The slight misalignment of the central source from the line that

joins the position of the peak flux densities of the lobes at 25GHz
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(0.200) has been noted in previous observations, although with a
higher value of 0.500. Rodrı́guez et al. (2005) points out that such
misalignment appears common among the handful of triple radio
sources where both lobes and the central jet source are simulta-
neously detected. Similar ’’wiggles’’ are also frequently observed
in the trajectory of HH jets fromyoung stellar objects. As discussed
by Masciadri & Raga (2002), a wiggling jet pattern may be ex-
plained in terms of precession of the jet outflow axis or by an
orbital motion of the young star. Distinguishing between the two
cases via direct observation remains challenging, and yet both cases
indicate the existence of an interaction between at least two bodies
in orbit around a baricenter. ( In the case of a precessing outflow,
the tidal force from a binary system induces the precession of a
circumstellar disk that is not parallel to the orbital plane).

As noted earlier, the southern lobe coincides with a bright H2

2.12 �m emission knot (see Fig. 2). No such emission is detected
toward the northern lobe. This is consistent with the inclination
of the molecular outflow that is present, since its southern lobe is
blueshifted,while its northern lobe is redshifted (Garay et al. 2006).
Under this geometry, a large extinction is expected toward the

northern lobe, which could explain the lack of associated H2

2.12 �m emission.

5. CONCLUSIONS

Continuum emission at 25 and 88 GHz has been detected to-
ward IRAS 16547�4247.At 25GHz, the emission arises from an
ionized jet and two lobes representing radioHerbig-Haro objects.
The lobes are formed at the shocked working surfaces, where the
collimated flows from the jet interact with the surrounding me-
dium. The emission at 88 GHz arises from dust emission from the
molecular envelope that hosts IRAS 16547�4247 and its jet. It is
clear from the SEDmeasured for IRAS16547�4247 that frequen-
cies close to 40 GHz (7mm)mark the boundary of the two differ-
ent emission regimes.With the future upgrade to 7mmplanned for
ATCA in 2007, wewill be able to obtain a key data point for future
SED studies of IRAS 16547�4247 and other luminous young
stellar objects harboring jets.

We thankBobSault for his helpwith the offline data calibration.
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Curiel, S., Cantó, J., & Rodrı́guez, L. F. 1987, Rev. Mex. AA, 14, 595
Curiel, S., Rodrı́guez, L. F., Moran, J. M., & Cantó, J. 1993, ApJ, 415, 191
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