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ABSTRACT

We report sensitive Australia Telescope Compact Array radio continuum observations toward IRAS
15596�5301 and 16272�4837, two luminous objects (L > 2� 104 L�) thought to represent massive star-
forming regions in early stages of evolution (due to previously undetected radio emission at the 1 � level of
2 mJy beam�1). Also reported are 1.2 mm continuum and a series of molecular line observations made with
the Swedish ESO Submillimeter Telescope. The radio continuum observations toward IRAS 15596�5301
reveal the presence of three distinct compact sources, with angular sizes of 2>7–8>8 (FWHM), all located
within a region of 3000 in diameter. Assuming that these are regions of ionized gas, we find that they have
diameters of 0.06–0.2 pc and electron densities of 8� 102 2� 103 cm�3 and that they are excited by early
B-type stars. The 1.2 mm observations show that the dust emission arises from a region of 4200 � 2500

(FWHM) with a total flux of 5.8 Jy, implying a mass of 1:4� 103 M�. The line observations indicate that
IRAS 15596�5301 is associated with a molecular cloud with a FWHM angular size of 3700 (�0.4 pc radius at
the distance of 4.6 kpc), a molecular hydrogen density of �4� 105 cm�3, and a rotational temperature of
�27 K. We suggest that the massive dense core associated with IRAS 15596�5301 contains a cluster of
B stars that are exciting compact H ii regions that are in pressure equilibrium with the dense molecular sur-
roundings. No radio continuum emission was detected from IRAS 16272�4837 up to a 3 � limit of 0.2 mJy.
However, the 1.2 mm observations show strong dust emission arising from a region of 4100 � 2500 (FWHM)
with a total flux of 13.8 Jy, implying a mass of 2:0� 103 M�. The line observations indicate the presence of an
elongated molecular cloud with FWHMmajor and minor axes of 6100 and 4200(0:50� 0:35 pc in radius at the
distance of 3.4 kpc), a molecular hydrogen density of�2� 105 cm�3, and a rotational temperature of�27 K.
The high luminosity (2:4� 104 L�) and lack of radio emission from this massive core suggest that it hosts an
embedded young massive protostar that is still undergoing an intense accretion phase. This scenario is sup-
ported by the observed characteristics of the line profiles and the presence of a bipolar outflow detected from
observations of the SiO emission. We suggest that IRAS 16272�4837 is a bona fide massive star-
forming region in a very early evolutionary stage, being the precursor of an ultracompact H ii region.

Subject headings:H ii regions — ISM: individual (IRAS 15596�5301, IRAS 16272�4837) —
stars: early-type — stars: formation

1. INTRODUCTION

The earliest phase of high-mass star formation is possibly
one of the least understood stages of evolution of massive
stars. Massive stars (M > 8M�) are known to be formed in
dense molecular cores; however, the sequence of processes
leading to their formation is not yet well established. In par-
ticular, the roles of coalescence (Stahler, Palla, & Ho 2000)
and accretion (Osorio, Lizano, & D’Alessio 1999) processes
in the assembling of a massive star are still under debate.
The determination of the physical conditions of the gas dur-
ing the formation and early evolution of massive stars is
difficult because of their scarcity and rapid evolution. In
addition, massive stars are usually born in clusters or
groups; hence, their individual studies are usually afflicted

with confusion, particularly because they are found located,
on the average, at larger distances from the Sun than sites of
low-mass star formation. Massive objects in early evolu-
tionary stages, namely, in the process of assembling the bulk
of their final mass, should be identified by having high bolo-
metric luminosities (>104 L�), strong dust emission, and
very weak or no detectable free-free emission at centimeter
radio wavelengths. The bolometric luminosity has contribu-
tions from the accretion of infalling material and nuclear
burning. Up to the present, only a few systematic searches
for high-mass protostellar objects have been carried out
(Molinari et al. 1996, 1998, 2000; Sridharan et al. 2002).

We have recently started a multiwavelength study of a
sample of 18 luminous IRAS sources in the southern
hemisphere thought to be representative of young mas-

The Astrophysical Journal, 579:678–687, 2002 November 10

# 2002. The American Astronomical Society. All rights reserved. Printed in U.S.A.

678



sive star-forming regions (D. Mardones, G. Garay, &
L. Bronfman 2002, in preparation). The goal is to under-
stand the physical and chemical differences between dif-
ferent stages of early evolution. The objects were taken
from the Galaxy-wide survey of CS(2 ! 1) emission
toward IRAS sources with IR colors typical of compact
H ii regions (Bronfman, Nyman, & May 1996). We
selected sources based primarily on the observed
CS(2 ! 1) line profiles, looking for self-absorbed lines
consistent with inward or outward motions (e.g., Mar-
dones 1998) and/or with extended line wings, possibly
indicating the presence of bipolar outflows. In addition,
the sources were required to have IRAS 100 lm fluxes
greater than 103 Jy and to be in the southern hemisphere
(� < �20�). The luminosity of the IRAS sources, com-
puted using the IRAS energy distribution and the distan-
ces derived by L. Bronfman (2002, private communi-
cation), are in the range 2� 104 4� 105 L�, implying
that they contain at least one embedded massive star.

Most of the selected objects are expected to be associ-
ated with ultracompact (UC) H ii regions, which are
thought to be manifestations of newly formed massive
stars that are still embedded in their natal molecular
cloud. This expectation is confirmed by the radio contin-
uum observations of Walsh et al. (1998), which show that
nine of the 12 sources in both samples have detectable
radio continuum emission (above a 3 � limit of 6 mJy
beam�1 at 8.64 GHz with an angular resolution of
�1>5). The objects that were not detected at radio wave-
lengths are suitable candidates for massive stars in very
early stages of evolution in which dense material is still
falling toward a massive OB-type protostar. In this accre-
tion phase, the high mass accretion rate of the infalling
material quenches the development of a UC H ii region
(Yorke 1984; Walmsley 1995), and the free-free emission
from the ionized material is undetectable at centimeter
wavelengths. The mass accretion rate might also be large
enough that the ram pressure of the infalling gas could
provide the force to prevent the expansion of an H ii

region. We note, however, that due to the limited sensi-
tivity of the Walsh et al. (1998) survey, low-density H ii

regions with emission measures smaller than 4� 105 pc
cm�6 were not detectable. Hence, the lack of detection at
the above limit does not rule out the presence of an opti-
cally thin compact H ii region.

In this paper we report sensitive Australia Telescope
Compact Array (ATCA) radio continuum observations
toward two sources in our sample, IRAS 15596�5301 and
16272�4837, without previously detected radio continuum
emission to place stringent limits on their radio flux density.
The 1 � sensitivity level of 70 lJy at 4.8 GHz achieved in our
observations is 30 times smaller than in previous studies and
is sufficient to detect the emission measure corresponding to
any ionizing OB star within the Galaxy. The main goal is to
establish whether or not these objects correspond to very
young massive objects: that is, massive protostars that have
not yet ionized significant amounts of the surrounding gas.
Also reported in this paper are millimeter continuum and
molecular line observations of IRAS 15596�5301 and
16272�4837 made with the Swedish ESO Submillimeter
Telescope (SEST). The latter observations are part of a molec-
ular line survey toward several high-mass star–forming regions
made in order to determine their physical characteristics and
investigate possible chemical differences.

2. OBSERVATIONS

The observations were made using ATCA1 in Australia
and the 15 m SEST located in La Silla, Chile.

2.1. ATCA

The ATCA radio continuum observations were made in
2000 May 23, using the 6D configuration, which utilizes all
six antennas and covers east-west baselines from 77 m to 5.9
km. Observations were made simultaneously at the frequen-
cies of 4.800 and 4.928 GHz, each spanning a bandwidth of
128 MHz. At these frequencies, the FWHM primary beam
of ATCA is 100. The total integration time for each source
was 270 minutes, obtained from 15 minute scans taken over
a wide range of hour angles to provide good (u, v)-plane cov-
erage. The calibrator PKS 1600�48 was observed before
and after every on-source scan in order to correct the ampli-
tude and phase of the interferometer data for atmospheric
and instrumental effects. The flux density was calibrated by
observing PKS 1934�638 (3C84) for which values of 5.83 Jy
at 4.8 GHz and 5.65 Jy at 4.9 GHz were adopted. Standard
calibration and data reduction were performed using
MIRIAD (Sault, Teuben, &Wright 1995). Maps were made
by Fourier transformation of the uniformly weighted inter-
ferometer data using the AIPS task MX. The noise level in
each image is 70 lJy, close to the expected theoretical limit
of 50 lJy. The synthesized (FWHM) beams were
2>30� 1>68 for IRAS 15596�5301 and 2>46� 1>64 for
IRAS 16272�4837.

2.2. SEST

2.2.1. Millimeter Continuum

The 1.2 mm continuum observations were made in 2001
September using the 37 channel SEST Imaging Bolometer
Array (SIMBA). The half-power beamwidth of a single ele-
ment is 2400, and the separation between elements on the sky
is 4400. We made the observations in the fast-mapping mode,
using a scan speed of 8000 s�1. Our observing blocks con-
sisted of 50 scan lines in azimuth of length 80000 and
separated in elevation by 800, giving a map size in elevation
of 40000. This block required�15 minutes of observing time.
Two blocks were observed for each source. The data were
reduced in a standard fashion, applying sky-opacity correc-
tion, calibration using a counts-to-flux conversion factor
derived from maps of bright planets, baseline subtraction,
and rejection of correlated sky noise using the software
package MOPSI. The rms noise level in the final maps is 0.1
Jy, with a pixel binning of 800. Uncertainties in the pointing
accuracy are estimated at 1 � ¼ 500.

2.2.2. Molecular Lines

The molecular line observations were carried out in two
epochs. During 1999 June, we used as a back end the
high-resolution acousto-optical spectrometers, which
provided a channel separation of 43 kHz and a total band-
width of 43 MHz. We observed, at the position of the
IRAS sources, molecular line emission in 10 transi-
tions: CS(2 ! 1), CS(5 ! 4), CS(7 ! 6), C34S(2 ! 1),
SiO(2 ! 1), SO(65 ! 54), HCO+(1 ! 0), HCO+(3 ! 2),
H13CO+(1 ! 0), and C18O(2 ! 1), with integration times

1 The Australia Telescope Compact Array is funded by the Common-
wealth of Australia for operation as a national facility managed by CSIRO.
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on source ranging from 3 to 6 minutes. System temperatures
were typically �220 K at 3 mm, �350 K at 1 mm, and �700
K at 0.8 mm. In addition, we mapped, with angular spacings
of 3000, the CS(2 ! 1) and CS(5 ! 4) emission within
regions of 2<5 and the SiO(2 ! 1) emission within regions
of 2<5� 1<5, centered on the IRAS positions. These obser-
vations were made in order to investigate the kinematics of
the molecular gas.

During 2000 March, we made a survey of molecular line
emission using as a back end the low-resolution acousto-
optical spectrometers providing a channel separation of 700
kHz and a total bandwidth of 1.0 GHz. The 100/150 GHz
and 115/230 GHz pairs of solid-state imaging spectrometer
receivers were used to simultaneously observe lines in,
respectively, the 3/2 mm and 3/1 mm wavelength ranges.
We observed 39 spectral windows, 1.0 GHz wide each,
within the 85–250 GHz frequency range. System tempera-
tures were typically�200 K at 2 and 3 mm, and�400 K at 1
mm. The integration times on source were 5 minutes, result-
ing in antenna temperature rms noises of typically 20 mK.
A detailed description of these observations is given in
G. Garay, J. Pineda, & D.Mardones (2002, in preparation).
All the observations were performed in the dual beam-
switching mode, with a beam separation of 1104700 in azi-
muth.

3. RESULTS

3.1. Radio Continuum Emission

Figure 1 shows a map of the 6 cm radio continuum emis-
sion from IRAS 15596�5301. Three compact radio sources
(labeled A, B, and C) were detected within a region of 3000 in
diameter. Their positions, flux densities, and sizes are given
in Table 1. Their peak flux densities are in the range 1.1–2.8
mJy beam�1, close to the sensitivity limit in the survey of

Walsh et al. (1998). The less compact source (object A)
appears to have an irregular shell-like structure.

No radio continuum emission was detected toward IRAS
16272�4837 within a region of 30 in radius centered on the
IRAS position.We set a new 3 � upper limit for the 6 cm flux
density of IRAS 16272�4837 of 0.2 mJy, about 30 times
smaller than that previously reported byWalsh et al. (1998).
We detected, however, emission from a region located about
40 northwest of the array phase center, with a total flux
density (corrected by primary beam) of 122 mJy. The mor-
phology of the emission is complex, showing an elongated
bipolar-like structure with a peak located at � ¼ 16h30m

35 90, � ¼ �48�40047>6 (J2000.0).

3.2. Millimeter Continuum Emission

Figure 2 presents maps of the 1.2 mm continuum emis-
sion observed with SEST, revealing the presence of strong
emission toward both IRAS sources. The 1.2 mm emission
associated with IRAS 15596�5301 has a peak position at
� ¼ 16h03m 32 99, � ¼ �53�0902000 (J2000.0), a flux density
of 5:8� 0:3 Jy, and a peak flux density of 2.0 Jy beam�1. It
shows an elongated morphology, with deconvolved major
and minor axes of 42>1 and 24>6 at P:A: ¼ 46�. The 1.2 mm
emission detected toward IRAS 16272�4837 has a peak
position at � ¼ 16h30m 58 97, � ¼ �48�4305500 (J2000.0), a
flux density of 13:8� 0:9 Jy, and a peak flux density of 4.6
Jy beam�1. It has an elongated morphology, with decon-
volved major and minor axes of 41>0 and 24>7 at
P:A: ¼ 142�.

3.3. Molecular Line Emission

The molecular line survey indicates that IRAS
15596�5301 and 16272�4837 have similar chemical char-
acteristics. This is illustrated in Figure 3, which shows
rotational diagrams of the emission from selected species
(CH3OH, CH3CN, CH3CCH, and HCCCN) with opti-
cally thin lines and at least five observed transitions. The
average rotational temperature derived from these dia-
grams is 27 K for both sources. Overall, we detected
emission from more than 20 species toward both objects.
Table 2 summarizes the derived properties of the molecu-
lar emission in selected species. Column densities, rota-
tional temperatures, and abundances relative to CO are
given in columns (2)–(4). The column densities of opti-
cally thick species, such as CO and CS, were determined
as follows. The optical depths of a pair of an optically
thick line and an optically thin line of an isotopic species
are determined, for a given abundance ratio, from the
ratio of their observed brightness temperatures. From
these opacities, and assuming an excitation temperature
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Fig. 1.—ATCA map of the 6 cm radio continuum emission from IRAS
15596�5301. The angular resolution is 2>30� 1>68 (FWHM beam is
shown in the bottom left corner). Contour levels are �3, 3, 6, 9, 12, 18, 24,
30, and 36 times 70 lJy beam�1 (=1 � noise level).

TABLE 1

Observed Parameters of Radio Continuum Emission

Position

H ii Region � (J2000.0) � (J2000.0)

Flux

Density

(mJy)

Angular

Size

(arcsec)

A.................. 16 03 31.01 �53 09 32.9 43.4 9.7� 8.0

B .................. 16 03 31.80 �53 09 21.5 9.0 3.0� 2.5

C.................. 16 03 31.91 �53 09 31.1 3.0 6.1� 2.6

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