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Abstract We have performed millimeter- and submilli-
meter-wave survey observations using the Nobeyama mil-
limeter array (NMA) and the Atacama Submillimeter
Telescope Experiment (ASTE) in one of the nearest inter-
mediate-mass (IM) star-forming regions: Orion Molecular
Cloud-2/3 (OMC-2/3). Using the high-resolution capabil-
ities offered by the NMA (∼several arcsec), we observed
dust continuum and H13CO+(1–0) emission in 12 pre-
and proto-stellar candidates identified previously in single-
dish millimeter observations. We unveiled the evolution-
ary changes with variations of the morphology and velocity
structure of the dense envelopes traced by the H13CO+(1–0)
emission. Furthermore, using the high-sensitivity capabili-
ties offered by the ASTE, we searched for large-scale mole-
cular outflows associated with these pre- and proto-stellar
candidates observed with the NMA. As a result of the CO(3–
2) observations, we detected six molecular outflows associ-
ated with the dense gas envelopes traced by H13CO+(1–0)
and 3.3 mm continuum emission. The estimated CO outflow
momentum increases with the evolutionary sequence from
early to late type of the protostellar cores. We also found that
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the 24 µm flux increases as the dense gas evolutionary se-
quence. We propose that the enhancement of the 24 µm flux
is caused by the growth of the cavity (i.e. the CO outflow
destroys the envelope) as the evolutionary sequence. Our
results show that the dissipation of the dense gas envelope
plays an essential role in the evolution of the IM protostars.
The extremely high-sensitivity and high-angular resolution
offered by ALMA will reveal unprecedented details of the
inner ∼50 AU of these protostars, which will provide us a
break through in the classic scenario of IM star/disk forma-
tion.

Keywords IM protostars · Molecular outflows

1 Introduction

In the last two decades, the development of millimeter in-
terferometers has enabled us to establish a standard scenario
of sun-like (M∗∼1M�) star formation. However, details of
formation and evolution of more massive stars (≥2M�), that
is, intermediate- and high-mass protostars, remain poorly
understood. Studies of the formation and evolution of IM
protostars will allow us to understand whether the estab-
lished low-mass star-formation scenario is applicable to a
wide range of protostar masses. However, there is no sys-
tematic observations toward IM protostars. It is important to
directly verify the accretion and dissipation (or destruction)
processes of dense gas envelopes around IM protostars. For
these purposes, we have performed multi-wavelength and
multi-line survey observations toward IM pre- and proto-
stellar candidates in the OMC-2/3 region.

The OMC-2/3 region (d = 450 pc; Genzel and Stutzki
1989), which is located at the northern part of Orion A
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Table 1 NMA Observational Parameters

H13CO+(1–0) 3.3 mm

Velocity resolution (km s−1) 0.1 –

Rms noise level (Jy beam−1) 0.1 0.001

Primary beam (HPBW in arcsec) 77 (3500 AU)

Spatial resolution (arcsec) 3.5–6.0 (1600–2700 AU)

giant molecular cloud, is one of the nearest active star-
forming regions. There are 28 millimeter- and 33 submil-
limeter dust condensations in this region (Chini et al. 1997;
Lis et al. 1998; Nielbock et al. 2003). Six condensations are
associated with class 0-type SEDs by the Lbol/Lsmm diag-
nose (Chini et al. 1997). In addition, the bolometric lumi-
nosity and core mass of these sources are at least one order
of magnitude larger than low-mass counterparts, suggesting
that these sources potentially form IM protostars (2–3M� or
a A0 star at the ZAMS).

2 Observations

We have observed the H13CO+ (J = 1–0; 86.754330 GHz)
emission and the 3.3 mm continuum emission toward 12
millimeter sources in the OMC-3 region (SIMBA a and
MMS 1 to MMS 10) and northern part of the OMC-2 re-
gion (FIR 2) with the six-elements NMA C+D configura-
tions from 2004 November to 2006 May. The NMA obser-
vational parameters are summarized in Table 1. The CO(3–
2; 345.795990 GHz) data have been taken with the ASTE
10 m telescope located at the Pampa la Bola, Chile during
the period of 2005 September. The On-The Fly (OTF) map-
ping technique was employed to cover the entire OMC-2/3
region. The effective FWHM resolution is 26′′ (correspond-
ing to 0.06 pc). The typical rms noise level was 0.47 K in
T ∗

A with a velocity resolution of 1.08 km s−1. In order to
identify protostars along the OMC filament, we have also
fetched archived 24 µm data obtained by infrared camera
MIPS (Multiband Imaging Photometer) equipped in the in-
frared space telescope Spitzer.

3 Survey results

Figure 1b shows distribution of the CO(3–2) high-velocity
emission in OMC-2/3. We totally identified 14 outflows and
eight of them are newly identified in the present study (the
detailed results of the CO(3–2) emission taken with the
ASTE telescope will be in the forthcoming paper). Specif-
ically, eight out of the fourteen outflows, SIMBA a and c,
MMS 2, MMS 5, MMS 7, MMS 9, FIR 2, FIR 6b, and
FIR 6c are accompanied with the 1.3 mm dust condensations

taken with the single-dish observations, and 24 µm Spitzer
sources, suggesting the presence of the heating sources.

We have detected the compact 3.3 mm continuum emis-
sion (i.e., thermal dust emission) with a size scale of a few
× 1000 AU toward the eight 1.3 mm sources, SIMBA a,
MMS 1, MMS 2, MMS 5, MMS 6, MMS 7, MMS 9 and
FIR 2 using the NMA. Seven out of the eight 3.3 mm sources
(i.e., except MMS 1) are associated with the 24 µm Spitzer
sources.

Figure 1c shows integrated intensity maps of the H13CO+
emission taken with the NMA. Significant H13CO+(1–0)
emission has been detected toward nine out of the twelve
1.3 mm sources, SIMBA a, MMS 1, MMS2, MMS 3,
MMS5, MMS6, MMS 7, MMS 8, and FIR 2, with a size
and mass scales of 0.01–0.1 pc and 0.5–5M�, respectively.
The detected H13CO+ envelopes show various morpholo-
gies (centrally condensed, fan-shaped structure, etc.).

Velocity gradients along the major axis, implying rotat-
ing motion, are detected toward 5/12 sources. This velocity
gradient was detected toward both pre- and proto-stellar can-
didates. In addition, along the minor axis in the H13CO+ en-
velope, we detected the gas dispersing motion along and/or
perpendicular to the outflow axis toward 4/12 samples. This
velocity gradient was only detected toward protostellar can-
didates. On the other hand, there is no clear evidence of gas
accreting motion in the H13CO+ emission. From the inten-
sive survey, we unveiled presence or absence of the molec-
ular outflows and central protostars toward millimeter con-
densations in the OMC-2/3 region, and also revealed spatial-
and velocity- structure of the associated dense gas envelopes
traced by the H13CO+(1–0) emission.

4 Discussion

In order to discuss the evolutionary sequence of the IM pro-
tostars, we used six independent multi-wavelength data, our
H13CO+(1–0) and 3.3 mm continuum emission, CO(3–2)
emission and JHKs images taken with the SIRIUS/IRSF,
archive 24 µm Spitzer data, and published VLA-3.6 cm data
from (Reipurth et al. 1999). H13CO+(1–0) emission traces
a distribution and kinematics of the dense gas envelope. The
size and momentum of the molecular outflows traced by the
CO(3–2) emission reflect the age (or) activity of the CO out-
flow. 3.3 mm and 24 µm compact continuum sources trace a
region, which is dense (≥107 cm−3) and hot (>150 K) in-
ner envelope associated with the protostars. Reflection neb-
ula (i.e., cavity-like structure along the molecular outflow)
in JHKS images is related to the dissipation of circumstel-
lar material. Further free-free jet traced by the VLA-3.6 cm
emission show an activity of central jet.

“Pre-stellar” sources, MMS 4, MMS 8 and MMS 10,
have no 3.3 mm and 24 µm compact sources above 3σ sig-
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nal level, suggesting no signature of the dense and hot in-
ner envelope. Upper-limit of average densities estimated by
the 3.3 mm compact dusty component, several ×106 cm−3,
is typically one order of magnitude less than that of proto-
stellar samples in OMC-2/3 (a few ×105 cm s−3). In this
phase, there is no signature of jet and outflow. These ob-
jects are associated with the relatively extended H13CO+(1–
0) component(s).

“Class A” sources, SIMBA a, MMS 5 and FIR 2 are asso-
ciated with 3.3 mm and faint 24 µm compact sources, sug-
gesting the presence of the dense and inner hot envelope.
Further 0.1 pc-scale CO outflow is detected toward each ob-
ject. These results imply that protostars are already formed
in central region and may begin mass accretion, although we
did not detect mass accretion directly. Detected velocity gra-
dient along the major axis implies the rotational motion of
the envelope traced by the H13CO+ emission. We also found
an evidence the dense gas traced by the H13CO+ emission
entrained by the CO outflow. In this phase, we did not detect
signature of free–free jet and reflection nebula.

“Class B” sources, MMS 2, MMS 7 and MMS 9 are as-
sociated with 3.3 mm and bright 24 µm compact sources,
suggesting presence of the dense and hot envelope. Both of
a 0.5–1.0 pc scale of CO outflow and free–free jet are as-
sociated with the objects. In addition, JHKs images show
reflection nebula around the heating source, suggesting the
formation of the cavity along the outflow axis. Fan-shaped
structure traced by the H13CO+ emission with a size scale
of 0.1 pc have been observed in this phase. The peak po-
sition of the H13CO+ emission does not coincide with the
3.3 mm continuum emission.

From these results, we consider that the above classifi-
cation with observational results suggest the formation sce-
nario of the IM protostars with dissipating processes of cir-
cumstellar materials. Since protostars are formed in denser
region (≥a few ×107 cm−3) traced by the 3.3 mm contin-
uum emission taken with the NMA, inner hot envelope are
observed by the 24 µm emission. Class A corresponds to
the earlier evolutionary stage of the proto-stellar core with
a rotating envelope traced by the H13CO+(1–0) emission.
In this phase, small scale outflow with a size scale of 0.1
pc is observed. Class B corresponds to the later evolution-
ary stage of the proto-stellar cores. We detected dense gas
dissipation in H13CO+(1–0) emission toward MMS 2 and
MMS 7 (Detailed descriptions are in Takahashi et al. 2006).
On the other hand, we did not detect significant H13CO+
emission toward MMS 9, implying dissipation of the dense
gas. In Class B, large scale outflows (0.5–1 pc) are observed.

Furthermore we found the relation between the outflow
growth and evolution of the circumstellar gas. Figure 2
shows a 24 µm flux densities plotted as a function of the
outflow momenta derived from CO(3–2) observations. Our

Fig. 2 The outflow momentum derived by CO(3–2) emission plotted
as a function of the 24 µm flux

results show that the 24 µm flux has a positive correlation
with the CO outflow momentum except for one object. In
addition, Objects with the higher CO outflow momentum
and 24 µm flux denoted by a shaded area in Fig. 2, are asso-
ciated with a cm jet and bright reflection nebula in the NIR
image. The presence of the cm jet and NIR nebula implies
the formation of cavities along the outflow axis and the dis-
sipation of the dense gas envelope. These phenomena are
consistent with the dense core dissipation from Class A to
ClassB denoted by Fig. 2. We consider that the dissipation
of the dense gas plays an essential role in the evolution of
the IM protostars.

Acknowledgements The authors acknowledge N. Kusakabe and
A. Ishihara for helping us to reduct SIRIUS/IRSF data. S. Takahashi
was financially supported by the Japan Society for the Promotion of
Science (JSPS) for Young Scientists.

References

Chini, R., et al.: Dust filament and star formation in OMC-2 and OMC-
3. Astrophys. J. 474, L135 (1997)

Genzel, R., Stutzki, J.: The Orion Molecular Cloud and star-forming
region. Annu. Rev. Astron. Astrophys. 27, 41 (1989)

Lis, D.C., et al.: 350 µm continuum imaging of the Orion A Molecular
Cloud with the submillimeter high angular camera. Astrophys. J.
509, 299 (1998)

Nielbock, M., et al.: The stellar content of OMC-2/3. Astron. Astro-
phys. 408, 245 (2003)

Reipurth, B., et al.: VLA detection of protostars in OMC-2/3. Astro-
phys. J. 118, 983 (1999)

Takahashi, S., et al.: Millimeter- and submillimeter- wave observations
of the OMC-2/3 region. I. Dispersing and rotating core around
the intermediate-mass protostar MMS7. Astrophys. J. 651, 933
(2006)


	A new evolutionary scenario of intermediate-mass star-formation revealed by multi-wavelength observations of OMC-2/3
	Abstract
	Introduction
	Observations
	Survey results
	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


