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ABSTRACT

We presen$pitzer Space TelescdBRAC and MIPS observations toward a sample of nine high-mass star forming
regions at a distance of around 2 kpc. Based on IRAC and MIP&Z#hotometric results and 2MASEIK, data,
we carry out a census of young stellar objects (YSOs) th &%peld toward each region. Toward seven out of the
nine regions, we detect parsec-sized clusters with around 20 YSOs surrounded by a more extended and sparse dis-
tribution of young stars and protostars. For the other two regions, IRAS 20126+4104 and IRAS 22172+5549, the
former has the lowest number of YSOs in the sample and shows no obvious cluster, and the latter appears to be part of
alarger, potentially more evolved cluster. The deep IRAC imaging reveals at least 12 outRows in eight out of the nine
regions, with nine outl3ows prominent in the 4 band most probably attributed to shockeg étission, two
outBows dominated by scattered light in the 3.6 and shbands, and one out3ow standing out from its hydrocarbon
emission in the 8.0m band. In comparison with previous ground-based observations, our IRAC observations reveal
new outf3ow structures in Pve regions. The dramatically different morphologies of detected outl3ows can be tentatively
interpreted in terms of possible evolution of massive outRows. The driving sources of these outBows are deeply em-
bedded in dense dusty cores revealed by previous millimeter interferometric observations. We detect infrared coun-
terparts of these dusty cores in the IRAC or MIPS 2¥bands. ReRRection nebulae dominated by the emission from
UV-heated hydrocarbons in the & band can be found in most regions and they may imply the presence of young
B stars.

Subject headigs: infrared: stars N ISM: jets and outRows N reRection nebulae N stars: formation N
stars: pr¥main-sequence

Online material:machine-readable table

1. INTRODUCTION also their identibcation since the density of background stars rises
rapidly with increasing maggudes. With the Infrared Array

It is well known that high-mass stars form in dense clustersgj‘lmera (IRAC) and Multiband Imaging PhotometerSipitzer

(Lada & Lada 2003). The research on embedded young cluster
around young intermediate- to high-mass stars has advance
signibcantly via near-infrarediveys (e.g., Testi et al. 1999;
Gutermuth et al. 2005; Kumar et al. 2006). Bmtzer Space
Telescopewith its unprecedented sensitivity at mid-infrared
wavelengths provides a new means for identifying young stellar
objects (YSOs) in star-forming regions through detection of dusty
disks and envelopes. High sensitivity in th&28 m bands is
invaluable for distinguishing young stars from reddened back :
ground stars through infrared excess arising from circumstellarc.entral young stars or protosiare usually detectable In rota-
materials (Allen et al. 2004; Megeath et al. 2004; Whitney et aI'tlonal transitions of CO and othe_r molecules at (sub)millimeter
2004; Gutermuth et al. 2004; Muzerolle et al. 2004). This ca- Wavelengths. In IRAC observations, outfSows can be revealed
pability is particularly valuabléor studies of high-mass star from shockeo! blemission. _Hy_drod_ynaml_c simulations Of.ShOCk
forming regions for two reasond:) such regions are typically M"Cd€ls predict that emission is particularly strong in the
located near the Galactic plane where the density of backgrouné'5 m band (Smith & Rosen 2005). Since the 4rb band is .
stars is high and (2) the member YSOs are often faint due to thielatwelyfree of the emission from hydrocarbons (probably in
large distances to these regions (>1 kpc). The faint magnitud he form of polycyclic aromatic hydrocarbons, or PAHs) com-

of the YSOs complicates not only the detection of members butpare‘.j with the other three bands, and the 5.8 andr@.bands
are signibcantly less sensitive than the shorter wavelength bands,

composite images with emission from different bands coded in
1 Department of Astronomy, Nanjing University, Nanjing, China. %lffererkt C0|Orskcat:: be a dlalgnofsnc t?]OI ngISSIOn In SUtf_ d
2 Harvard-Smithsonian Center for Astrophysics, Cambridge, MA; kqiu@cfa ows. A remarkable example of such a detection can be foun

IPS), a signibcant census of YSOs can be carried out, which
provides a fossil record of the distribution of star formation sites
and information on the environments in which stars and planets
form. This method is particularly effective for bnding extended,
lower density distributions of stars surrounding the dense regions
of embedded clusters.

Extended structures, such as refl3ection nebulae and outl3ows,
_can also be mapped with the IRAC. OutRows emanating from the

.harvard.edu. in the IRAC observations of the HH 46/47 outRow, a collimated
j Department of Physics and Astronomy, University of Toledo, Toledo, OH. bipolar outRow emanating from a low-mass protostar, where the
Max Planck Institute for Astronomy, Heidelberg, Germany. southwestern lobe was clearly seen in the #nhand as a limb-

5 A g :
National Radio Astronomical Observatory, Socorro, NM. : ; . ;
6 Osservatorio Astrobsico di Arcetri, Firenze, Italy, brightened bow shock cavity (Raga et al. 2004; Noriega-Crespo

7 ESO, Karl-Schwarzschild-Strasse 2, D-85748 Garching behm, Germany. etal. 2004b). Smith et'al- (2096) reported the |R_AC det'eCtion of
8 Department of Physics and Astronomy, Agnes Scott College, Decatur, GA.a spectacular outl3ow in the high-mass star forming region DR 21
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TABLE 1
Summary of the Sample

Reference Cente(J2000.0)

IRASLuminosity Distance

Source Name R.A. Decl. L) (kpc) Number of IdentifiedYSOs

AFGL 5142....oiieiieeeeeeeeeeeeeeen 05 30 48.00 +33 47 53.8 3410 1.8 44
IRAS 05358+3543 0539 12.78 +35 45 50.6 3810 1.8 30
G192.16 3.82.............. 05 58 13.52 +16 31 58.3 3410 2.0 31
HH 80-81....ccoovvvee.n. 18 19 12.09 20 47 30.9 162 1.7 48
IRAS 19410+2336 19 43 11.00 +23 44 35.0 40 10 2.1 46
IRAS 20126+4104.......ccoveveereennnn. 20 14 26.00 +41 13 32.0 4010 1.7 19
IRAS 20293+3952......ccoovieeeererernns 20 31 10.70 +40 03 10.0 3810 2.0 31

20 38 36.45 +42 37 34.0 5110 2.0 77

22 19 08.60 +56 05 02.0 3310 2.4 91

by virtue of its brightness in the 4.5n band. Further investiga- facts (OOjailbar,0O OOpulldown,0O OOmuxbleed,0O and OObe
tions of thedSOSWS spectra of the DR 21 outBow veribed that were removed or mitigated using customized IDL scripts de-
the H; lines contribute signibcantly to all four IRAC bands and veloped by the IRAC instrument team (Hora et al. 2004; Pipher
the emission in the 4.5m band is mostly attributed to theeH et al. 2004). There are often OObandwidthO0 artifacts in the 5.8
v ¥4 0Y0 §(9) (4.695 m) line. OutBow activities can also be re- and 8.0 m images, where a decaying trail of the 4th, 8th, and
vealed from scattered light in the IRAC bands. By comparisonin some cases even 12th pixels to the right of a bright or satu-
of the deep IRAC imaging of L1448 with the radiative transfer rated spot is found. Currently there is no correction for this ef-
modeling, Tobin et al. (2007) demonstrated that the observed infect. Mosaics were created at the native instrument resolution of
frared emission in the IRAC bands is consistent with the scattered..%ixel *from the BCD frames using GutermuthOs WCSmosaic
light from the central low-mass protostars escaping the cavitiedDL package (Gutermuth et al. 2008). Since the IRAC data are
carved by molecular outBows. Velusamy et al. (2007) reprocessedndersampled and the pointrepd function (PSF) varies in
the IRAC observations of the HH 46/47 outl3ow using a decon- shape with position and signal, aperture photometry is currently
volution algorithm and found a wide-angle biconical component preferred over the PSF-btting photometry. Source bnding and
in scattered light in addition to the previously reported bow shockaperture photometry were performed using GutermuthOs IDL pho-
cavity. Finally, in some casesdnocarbon emission is visible tometry and visualization tool PhotVis, version 1.10 (Gutermuth
from out3ow cavities, presumably due to the illumination of the et al. 2004, 2008). The radii of the source aperture and the inner
cavity walls by UV radiation from the central source (van den and outer boundaries of the sky annulus were set¥24%and
Ancker et al. 2000). 7.2 respectively. IRAC photometry was calibrated using large-

We have observed a sample of nine high-mass star formingaperture measurements of several standard stars from obser-
regions with the IRAC and MIPS instruments (PID: 3528, PI: vations obtained in Bight (Reach et al. 2005). There i5%
Qizhou Zhang). These regions were chosen according to thealibration uncertainty due to a position-dependent gain for point
following criteria: (1) already imaged with millimeter interfer- sources which is not corrected by the 3at Peld. It is the dominant
ometers; (2) known to have molecular outBows; (3) outside of source of uncertainty in the photometry of IRAC images. Fluxes
the GLIMPSE survey except IRAS 19410+2336; and (4) at aat zero mag are 280.9 Jy at 3/, 179.7 Jy at 4.5m, 115.0 Jy
distance ok 2.5 kpc € 5000 AU at the resolution of IRAC). at 5.8 m, and 64.1 Jy at 8.0m. Magnitudes for 1 DN & are
These regions exhibit far-infrared luminosities ranging frofn 10 setto 19.455 at 3.6m, 18.699 at 4.5m, 16.498 at 5.8 m, and
to 1 L (see Table 1 for source parameters). We carry out a16.892 at 8.0 m, using standard aperture corrections for the
census of YSOs toward each region, and simultaneously zoonmadii adopted (see Table 5.7 in IRAC Data Handbook ver. 3.0).
in on the central massive star formation sites with the aim of Since regions of active star formation often have bright nebu-
searching for infrared counfrarts of millimeter continuum losity in the 5.8 and 8.0m bands, we rejected detections with
sources and infrared emission from outows. In this paper wephotometric uncertainties above 0.25 mag in these two bands,
presentinitial resultsf the observations. k2 we describe the  while for the 3.6 and 4.5m bands detections with uncertainties
observations. We present observational resuk8iand subse-  above 0.2 mag were rejected. The number of detected sources
quent discussion ir 4. A brief summary is given ir 5. and the limiting magnitude for each band toward each region are

listed in Table 2.
2. OBSERVATIONS AND DATA REDUCTION The MIPS (Rieke et al. 2004) observations were undertaken

The IRAC (Fazio et al. 2004) observations were obtainedin the photometry mode duringmpaigns separated by less
from 2005 February to September except IRAS 19410+2336,than 1 month from the IRAC obsvations with the exception
which was observed in 2004 October. Each region was observedf IRAS 22172+5549 (1.5 monthsO separation) and HH 80-81
in the High Dynamic Range mode with 0.4 and 10.4 s integration (5 monthsO separation). The target sources were mapped in the
times per dither, and 16 dithers per map position. The area cov24 and 70 m bands. The MIPS 70m images were severely
ered by all four bands is roughly 55° The total effective in-  saturated and not included in this paper. The @4observa-
tegration time per pixel is 166.4 s. The 0.4 s integration framestions consist of 400 frames witim integration of 2.62 s per
were used to obtain photometry for bright sources. The framesrame, resulting in a total effective integration time of 1048 s.
were processed by ti&pitzerScience Center (SSC) using the The frames were processed by the SSC standard pipeline S16.0
standard pipeline version S13.2 to produce the standard Basifor AFGL 5142, IRAS 05358+3543, and G192.1%.82, and
Calibrated Data (BCD) products. Additional bright source arti- by pipeline S16.1 for the other regions. Mosaics were created
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TABLE 2
Point-Source Detections and Limiting Magnitudes

36 m 45 m 58 m 80 m 24 m

Source Name Number Limiting Mag Number Limiting Mag Number Limiting Mag Number Limiting Mag Number Limiting Mag

AFGL 5142..........c....... 517 18.2060.166 545 17.790 0.168 193 15849 0.170 128 15.073 0215 16 9.774 0.131
IRAS 05358+3543....... 377 17.6740.120 410 17.522 0.185 122 15.168 0.187 76 13.973 0.124 12  8.386 0.148
G192.16 3.82.............. 432 18.3650.158 449 17.788 0.156 130 15.640 0.199 75 15271 0.200 14  9.850 0.084
HH 80-81...ooeverreene. 783  16.5290.129 862 16.057 0.193 578 15.066 0.217 402 13.930 0.239 17  7.821 0.184
IRAS 19410+2336....... 750 16.3850.127 844 16.181 0.119 411 14.807 0.181 203 13.849 0.216 21  7.396 0.067
IRAS 20126+4104....... 630 17.0700.146 808 16.942 0.155 253 15.894 0.241 154 14.807 0.196 7 7.834 0.174
IRAS 20293+3952....... 646 16.9770.130 769 16.609 0.159 282 14.953 0.198 137 13.417 0.159 11  7.932 0.133
W75N s 627 17.0770.140 798 16.869 0.194 227 14.371 0235 115 12732 0.208 11  7.894 0.144
IRAS 22172+5549....... 713  17.4080.085 869 17.053 0.107 355 15.975 0.238 250 15248 0.196 19  8.345 0.093
based on the BCD frames using the SSC MOPEX package, with 3. RESULTS

a pixel size of 1.22%(half of the native instrument resolution).
The central brightest sources in all the regions except IRAS
22172+5549 were signibcantbaturated. Unsaturated point In this section, we carry out a census of YSOs and classify
sources with peaks more thantiries the rms noise level were them using their positions in near- to mid-infrared color-color
identibed using PhotVis 1.10. Aperture photometry with a 5 pixel diagrams. The results of this analysis are shown in Figure 1,
aperture and a sky annulus from 12 to 15 pixels was performed onvhere we display the colors of the detected YSOs in all nine re-
these sources. Multiplying Byto correct for the smaller mosaic ~ gions, and Figure 2, where we show color-composite images of
pixels and by 1.708 to correct from a 5 pixel aperture to inbnite, the regions with the identibed YSOs overlaid. We list the number
and using a zero mag Rux of 7.3 Jy, the aperture photometry wasf identibed YSOs in Table 1, and present the multiband pho-
converted to magnitudes (Winston et al. 2007). The detectiongometry of each YSO in Table 3.
with photometric uncertainties above 0.25 mag were rejected. The Although the criteria we have used to identify YSOs were de-
number of detected sources and the limiting magnitude towardveloped primarily for low-mass stars, we do not select sources
each region are listed in Table 2. in specibc mass ranges. The census will be dominated by low-
The PSF-btting photometry is preferred in crowded beldsmass YSOs, butintermediate-mass YSOs, such as Herbig Ae/Be
with multiple point sources. While in our MIPS 24 images, stars with disks and intermediate-mass protostars, may be iden-
only about 1620 unsaturated objects were detected in each peldiPed by the same method. Since we are observing high-mass star
with a sparse distribution, and in some belds the PSF-btting phoforming regions, high-mass young stars and protostars certainly
tometry is limited by the lackfoideal PSF-generating stars exist in our pelds. Candidate massive protostellar objects in the
which are supposed to be bright, unsaturated, and uncontamilRAC bands have been identiPed with the GLIMPSE survey
nated by nebulosity. To further evaluate the aperture photometry Kumar & Grave 2007); however, the colors of those objects are
guantitatively, we performed PSF-btting photometry on all the less well understood. It is unclear whether this method is effec-
24 m detections using the IDL DAOPHOT package. The ref- tive for identifying high-mass stars with disks or envelopes. In
erence PSF was generated from one to two objects chosen frour sample, there are 12 objects exhibiting obvious infrared ex-
the available in the Peld to be most suitable for PSF-generatingeess in one or more color-color diagrams and also showing ev-
We then compared the returns from the PSF-btting with the aperidence of being an intermediate-high-mass star (labeled as
ture photometry and found that the majority of unsaturated ob]ectsOOnghOO in the last column of Table 3 and marked with blue
agree with each other in 0.2 mag; a few objects show differencesrosses in Fig. 2). These objects show no or weak dust emission
of 0.3Y0.4 mag but these objects are relatively faint and located inin the millimeter continuum (except the exciting star of the H
a spatially varying background; thus the differences are probablyegion W75N(A), which is within a warm dust shell) and appear
due to background subtraction, a limitation to both aperture andvery bright in near-infrared, suggesting the lack of dense en-
PSF-btting photometry. Therefore, in Table 3 we show the apervelopes thus more evolved thapiyal protostars. Part of these
ture photometry with the exception of four objects. These four ob-0bjects are identibed as candidate exciting sources of the sur-
jects are blended with a neighboring brighter object; the resultingrounding UV-heated rel3ection nebulad(3). In contrast, the
magnitudes derived from the contaminated aperture photometryoungest high-mass stars in@ample are still deeply embed-
is consequently 0¥9.6 mag brighter than those determined with ded in dense dusty cores which were identibed as millimeter
the PSF-btting photometry. We show the PSF-btting photometrycontinuum sources in previousténferometric observations.
for these objects and have annotated the table to identify thesdost of these millimeter soursare not detected shortward of
objects. 3.6 m, and in some cases even undetectable at longer wave-
In addition, there are three gty saturated objects in our lengths. Given the extra level of complication and uncertainty in
sample (annotated in Table 3); we derived their magnitudes byidentifying and classifying these youngest high-mass objects, we
manually scaling the PSF, subtracting the PSF from the imagegxclude these objects from this section and discuss them in more
and comparing the averaged residual of the PSF wing with a skydetail inx 3.2.
value taken from an annulus of Mit5 pixels. The tabulated mag- 3.1.1.IRAC Di
nitudes give an averaged residual closest to the sky value. Since S lagram
raising/lowering the magnitudes by 0.1 would give an averaged Allen et al. (2004) and Megeath et al. (2004) have established
residual distinctly higher/lower than the sky value, we adopt ana YSO classibcation scheme in the IRAC color-color diagram
uncertainty of 0.1 mag for these objects. 186 %24:5 versus&8 v28:0. This scheme was conbrmed

3.1. Youmy Stellar Object Census
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Fig. 1.N Color-color diagrams used to identify and classify YSOs. Protostars, Class I/11, and Class Il objects are encircled with circles, triaimesndsde-
spectively. YSOs that can only be identibed in the IRAC-2MASS diagrams are encircled with squares. Arrows in the brst three diagrams are tedddeingsec
from an averaged reddening law in nearby star-forming regions (Flaherty et al. 200f. IRAC diagram. The rectangle marks the Class Il region determined by Allen
etal. (2004) and Megeath et al. (2004). The vertical and horizontal dotted lines represent the requif&8ents®0 > 0:2 and@:6 %44:5 > 0:2, respectively. The
horizontal solid line to the right of the Class |l rectangle labels the criteri@réof%24:5 % 0:4 and&:8 ¥28:0 > 1:1, which is used to distinguish between protostars
and Class |/l objects (Megeath et al. 2008)cf IRAC-2MASS diagrams. Sources more thantd the right of the reddening vectors are identibed as having intrinsic
infrared excessesl The IRAC-MIPS diagram. The outlined region in the upper right corner represents the protostar region. An isolated group of sources in the lower le
of the diagram are recognized as Class Ill/peld stars. Objects located outside of the protostar region and not in the Class lll/Peld starsgjrmpasetdas II.

by Hartmann et al. (2005) with an IRAC survey of a sample of accurately sampled the range of magnitudes and background

known Taurus prénain-sequence stars, even though some am-nebulosities found in the image. We then recovered the pho-

biguities were found in a few cases. Here we adopt this scheme ttometry to determine how many such stars would be mistaken as

classify YSOs detected in all four IRAC bands. T8 %28:0 having infrared excesses due to the nebulosity. Although there

color is insensitive to reddening and is effective at distinguishingwere about 1830 sources witha:8 128:0 > 0:2, only 1Y3 of

between highly reddened background stars with photospheri¢he sources had a color &6 %24:5 > 0:2.

emission only and young stars with circumstellar material. Thus Hence we requir8:6 %24:5 > 0:2 to eliminate pure pho-

we requiréa:8 128:0 > 0:2for all the identiPed YSOs. Bright  tospheres contaminated by hydrocarbon emission nebulosity.

nebulosity dominated by hydrocarbon emission features can bé&igure Ia shows théd.6 24:5 versus&:8 %28:0 diagram

found in all the regions and has a very t&@ ¥28:0 color. for objects merged from all nine regions and detectable in all
To assess the impact of nebulosity on creating false detecfour IRAC bands. In this diagram, objects witi2 & 3.6

tions, we added artibcial stars to each of the mosaics. Each at4:5 < 0:8and04 < &8 %28:0 < 1l:1areclassipedasClasslI;

tibcial star was 10 pixels (9to the west of an actual source objectswith&:6 ¥%4:5 > 0:8and%:8 8.0 > 0:2,0r'3:6

that was detected in the 3.6 and 4rB bands, and the magnitude 4:5 0:4 and%&8 v28.0 > 1.1, are classibed as protostars

of the artibcial star in all four IRAC bands was set to the 816 (including Class 0 and Class | objects); while objects with

magnitude of the actual source. Thus, the artibcial stars hada:8 %28:0 > 1:1, which is consistent with that of protostars,

3.6 4.5 and%&:8 v28:0 colors equal to 0. These sources but with G2 < 18:6 %4:5 < 0:4, which is lower than that of
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Fig.2.NIRAC 3.6/4.5/8.0 m (bludgreerred) three-color composite images of all nine regions. Red circles, red triangles, and brown diamonds represent protostars,
Class /11, and Class Il objects, respectively. Yellow squares mark YSOs that can only be identiPed in the IRAC-2MASS diagrams. Blue crostidatesef dater-
mediate- to high-mass young stars (see OOhighOO sources in Table 3 for details).

protostars, are classibed as Class I/1l. For those detected in thabjects contaminated by hydrocarbon emission. In addition, some
24 m band, we reexamine them in the IRAC-MIPS diagram. intrinsic characteristics of YSOs make the classibcation ambig-
From both observations and model calculations!atte uous as well. For example, geometric effects including bipolar out-
145 versush:8 128:0 diagram has been proven quite effective 3ow cavities, Rattenedfperns of envelopes, and pole-on geometry
in separating YSOs with dusty disks or envelops from purely will all make the IRAC colors of protostars much bluer (Hartmann
photospheric emission stars (Hartmann et al. 2005; Robitailleet al. 2005; Robitaille et al. 2006h a few cases the discrimination
et al. 2006). The principal ambiguity for t}&6 %24:5 versus between Class Il objects and Cld&4eld stars is also ambiguous;
%8 18:0 classibcation scheme lies in distinguishing proto- some YSOs with circumstellar Bishave an evacuated or very op-
stars from Class Il objects. From the direction of the reddeningtically thin inner hole and show little infrared excess shortward of
vector in Figure &, the identiped protostars immediately above 8.0 m, and then can be misidentiped as Class lll/peld stars.
the Class Il rectangle @<@6 Y45 <1:2) are likely red- _
dened Class Il objects. In addition, some of the objects immediately 3.1.2.2MASS-IRAC Digrams
to the right of the Class Il rectangle1¥x %:8 %28.0 < 1.5), The IRAC 5.8 and 8.0m bands are far less sensitive than the
which are identibed as protostars or Class I/, are likely Class 113.6 and 4.5 m bands (see the limiting magnitudes in Table 2),
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Fig. 2N Continued

and are often dominated by bright nebulosity in observationsetal. (2007) derived the interstellar extinction laws in IRAC bands
of active star-forming regions. For this reason, we combine thetoward bPve nearby star-forming regions. We adopt the average
IRAC photometric results with data from the 2MABS; Point of the extinction laws derived by Flaherty et al. for our sample.
Source Catalog. We limit thEHKg photometric uncertainty to  From the dispersion of the objects left to the reddening vectors in
be less than 0.1 mag. Since the 4B band is the most sensi- these two diagrams, it seems the adopted reddening law is appli-
tive band to YSOs among all four IRAC bands (Gutermuth et al. cable for our high-mass star forming regions. The positions off-
2004), we use thd H versusH %4:5 andH Kg versus sets of the reddening vectors in these two diagrams, which were
Ks %45 diagrams (Figs.dand ) to identify objects with determined by Winston et al. (2007) for Serpens, also appear to
infrared excess emission but not detected in the IRAC longerbe a good approximation for our regions. However, the complete-
wavelength bands. In Figureb &and X, objects with theH ness of the YSO identibcation from these two diagrams are sig-
45 or Ks %4:5 colors more than 1 beyond the reddening  nibcantly limited by the modest sensitivity of the 2MASS survey.
vectors are identiped as objects with intrinsic infrared excessDeeper near-infrared observations will not only improve the com-
The extinction law in the mid-infrared wavelengths toward star- pleteness but also help to derive a more accurate reddening law
forming regions, in particular toward distant high-mass star form-toward each region, which would improve the reliability of the
ing regions, has not been well ddished. Most recently, Flaherty  YSOs identibcation.
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3.1.3.IRAC-MIPS Digram which have growing excess at 5.8 and 8 due to hydro-
carbon emission. The other isolad-line AGNs which have
Including data at wavelengths longward of 20 is valuable IRAC colors very similar to that of bona Pde YSOs. Gutermuth
for more reliable classibcation of YSOs (Robitaille et al. 2006). et al. (2008) have developed a method based on the Bootes
In Figure 4, we use thé:6 %24:5 versus45 %224 diagram Shallow Survey data to substantially mitigate these contam-
to classify YSOs which are detectable both in the two most sen4nants. In this method, hydrocarbon emission sources, including
sitive IRAC bands and in the MIPS 24n band. Sources with  galaxies and narrow-line AGNSs, can be eliminated by their po-
spectral indexes greater tha@.3 have IRAC-MIPS coloig:6 sitions in the!4:5 45:8 versusa:8 128:0 andid.6 258
45 > 0:652 and4:5 24 > 4:761. These sources would versus4:5 8.0 diagrams, while broad-line AGNs, which are
include both the Rat spectrum and Class | objects in the classitypically fainter than YSOs in tH&pitzetbands, are identibed by
pcation scheme of Greene et al. (1994). In addition, the hightheir positions in the [4.5] vers&&5 v28:0 diagram. Here we
sensitivity of Spitzerdata allows for the detection of previously adopt this method and lower the [4.5] limit in the [4.5] versus
identiped Class 0 sources in the mid-infrared (Noriega-Crespd4:5 ¥28:0 diagram by 1 mag since our regions are far more
et al. 2004a; Rho et al. 2006; Hatchell et al. 2007; Winston et al.distant. To further remove AGNs, we 3816 < 16 for YSOs
2007); consequently, Class 0 sources can also be identiped byot detected in the 8.0m band and requif24 < 8:5 for those
these criteria. Since an infalling envelope is required to explainonly identibable in th&#8:6 %24:5 versus4:5 %24 diagram.
the SEDs of Rat-spectrum Class | and Class 0 sources (CalvalVe blter out a total of 11 extragalactic contaminants in all nine
etal. 1994; Whitney et al. 2003), we refer to the combined set ofregions.
these sources as protostars. In Figakgtiere is clearly an iso-
lated group close to (0, 0). The objects in this group are Class 11/ 3.1.5.Completeness of the Census

beld stars whose emission is dominantly from photospheres. In  Although we are undertaking deep observations toward rela-
this diagram objects outside of the protostar region and not in theively nearby high-mass star forming regions, the completeness
Class lll/Peld star group are classiPed as Class Il. There is aof the YSOs census is limited by a few factors. Bright extended
obvious gap between protostars/Class Il objects and Classlll hebulosity in the IRAC bands can be found in all the regions,
beld stars, suggesting this diagram is very effective in distin-which signibcantly limits the pof-source detection in these
guishing YSOs with circumstellar materials from purely photo- areas. The YSO identibcation from the 2MASS-IRAC diagram
spheric objects. From the objects that can be classibed both in thig limited by the modest sensitivity of the 2MASS survey, while
86 %45 versusa:8 %280 and inthe'@6 24:5 versus  that from the IRAC-MIPS diagram suffers from the signibcant
W5 Y24 diagrams, we bnd that the two classibcation schemessaturation in the MIPS 24m image caused by the central lumi-
are in general consistent; otherwise we adopt the latter if there ijious sources. To further evaluate the completeness of the cen-
an ambiguity. With the IRAC-MIPS diagram we also identify 15 sus quantitatively, we plot histograms of the sources which are
Class Il objects and 2 protostars that cannot be identibed in angounted within 0.5 mag bins of the 3.61 photometry in Figure 3.
of the other three color-color diagrams. In this plot, all the 3.6 m detections with signal-to-noise ratios
sufbcient to be identibed by our point-source plter are plotted with
the gray solid lines, and sources with corresponding multiband
There are mainly two classes of extragalactic contaminantgphotometry so that they can be placed on one or more color-color
that can be misidentibed as YSOs (Stern et al. 2005). One is stadiagrams for an assessmentmffared excess are plotted with
forming galaxies and narrow-line active galactic nuclei (AGNs) the dark dashed lines. Theeitibed YSO members are also

3.1.4.Remaing Extragalactic Contaminants
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Fig. 3.N Histograms of sources in the 0.5 mag bins as a function of ther.Gagnitudes. The gray solid lines plot all the 306 detections in each beld. The dark
dashed lines show sources with multiband photometry, which can be placed on one or more color-color diagrams for search of infrared excested heegagmmo
resent sources that are identibped as YSOs.

plotted with the gray dotted lines. There are two types of com-dusty cores. Of these millimeter sources, the deep IRAC imaging
pleteness in this diagram. The brst is the completeness in thdetects six at 8.0m, bve at 5.8 m, three at 4.5m, and two at

3.6 m band, which declines strongly where a peak is evidentin3.6 m. The low detection rate is consistent with the deep IRAC
the solid gray line histogram. The second is the coupled multi-observations of the other two nearby (1.7 kpc) high-mass star
band completeness to infrared excess sources, which is approXerming regions, NGC 63341 and NGC 6334I(N), where only
imately given where the dark dashed line diverges from the solid

gray line. Since the 3.6m band detects sources of fainter mag-

nitudes than the other bands, we debne the completeness mag- TABLE 4

nitude as the point where the multiband histogram declines more Completeness Estimates

than 30% with respect to the 3.6n histogram. A vertical dash-
dotted line in each plot indicates the completeness magnitude.

Completeneds

. . 0,
For sources with the 3.6m photometry brighter than the com- Source Name [3.8] o)
pleteness magnitude, we calculate the ratio of the number OfaFGL 5142.......oooooooeooooooeeeeee 15 84
sources that can be placed on one or more color-color diagrammAS 05358+3543...........cc.cceeeerceerereennn. 14.5 79

for the search of infrared excess to the number of the total deG192.16 3.82........ 15 81
tections (Table 4). The actualropleteness to infrared excess HH80-81 ..o, 13.5 84
sources is presumably higher since they will have stronger emislRAS 1941042336 ... 135 73
sion in the IRAC bands than Peld stars and young stars withoutRAS 20126+410% ..o 14.5 3
disks. IRAS 20293+3952.... 13 85

L2 N PO 125 75

IRAS 22172+5549..........oovvvvverernerrrern. 145 76

3.2.Central Massie Star Formation Sites

. . . . . . & Completeness magnitudes at 3ré derived from Fig. 3.
Previous interferometric stuel have identibed dusty cores b For sources with the 3.6m photometry brighter than the completeness

at the center of each region through the millimeter continuummagpitude, the fraction of the sources that can be placed on one or more color-
emission, and so far bve regions show multiple or a cluster ofcolor diagrams.
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TABLE 5
Infrared Counterparts of Millimeter Cores

R.A. Decl.
Source (J2000.0) (J2000.0) [3.6] [4.5] [5.8] [8.0] [24] References

AFGL 5142......ccccveeiieeieen, 053047.94 +334754.2 ... 0.632 0.005 1

IRAS 05358+3543................. 053913.04 +354551.2 ... 7.582 0.020 6.250 0.015 5.098 0.011 < 0.626 2,3
G192.16 3.82....cceeeevveeenn 0558 13.55 +163158.2 9.068.009 7.726 0.007 6.915 0.007 5.954 0.014 < 0.626 4,5

HH 80-81.....cccceeeeennnnn. 181912.11 -204731.0 ... 4.104 0.050 3.040 0.081 < 0.626 6

IRAS 19410+2336 1943 11.25 +234403.2 6.682018 4.624 0.008 3.365 0.004 2.780 0.008 < 0.626 7,8
IRAS 20126+4104 2014 2597 +411333.1 ... 5.422 0.060 < 0.626 9, 10
IRAS 20293+3952 20311292 +400323.0 ... 1.123 0.021 11, 12,13
W75N i 2038 36.49 +4237335 ... 6.161 0.22 4.451 0.017 3.346 0.018 < 0.626 14

REFERENCES FOR INTERFEROMETRIC MILLIMETER CONTINUUM OBSERVATIONS.—(1) Zhang et al. 2007; (2) Beuther et al. 2002; (3) Beuther et al. 2007;
(4) Shepherd & Kurtz 1999; (5) Shepherd et al. 2004a; (@h&xoet al. 2003; (7) Beuther et al. 2003; (8) Beuther & Schilke 2004a; (9) Shepherd et al. 2000;
(10) Cesaroni et al. 2005; (11) Beuther et al. 2004b; (12) Beuther et al. 2004c; (13) Palau et al. 2007; (14) Shepherd 2001.

one out of eleven SMA 1.3 mm sources shows a detectable in-
frared counterpart (Hunter et al. 2006). Kumar & Grave (2007)
suggested that the IRAC band emission of candidate massive
protostellar objects arises from the luminous envelopes around
the protostars rather than their photospheres or disks. In our
sample, the number of detected infrared counterparts increases
with the increasing wavelength of the band, despite the fact that
the 3.6 and 4.5 m bands are much more sensitive than the 5.8
and 8.0 m bands. This implies a steeply rising SED in the IRAC 49
bands, which is consistent with the interpretation that the emis-
sion is mostly coming from the dense envelopes. All the six
millimeter sources detected in one or more IRAC bands appear
signibcantly saturated in the MIPS 2¢h band, while there are
two millimeter sources detected at 2¢ without saturation but 48
undetectable in any of the four IRAC bands. We list the IRAC or
MIPS 24 m photometry of detected millimeter sources in Table 5.
In our sample, high-mass stars deeply embedded in dusty cores
are early-B types estimated from far-infrared luminosities, ioniz- o .o
ing UV radiation Ruxes (if UC H regions are detected), and core 337 47
masses. Also considering they are associated with molecular out- 05
Bows indicative of active accretion, we refer to these deeply em-
bedded B stars as proto-B stars.

Inall nine regions, massive molecular out3ows have been iden-
tiPed in millimeter lines of CO and/or SiO. In the IRAC obser-
vations, the central high-mass sources are found to be associated
with extended nebulosity. Several mechanisms produce extended ~ 15"
nebulosity in the IRAC bands. Prominent features from hydro-
carbons appear in the 3.6, 5.8, and &®bands, with the stron-
gest emission features in the 81® band (Werner et al. 2004).
Vibrational and rotational Hines appear in all four bands, with
the weakest and most spatially conPned emission in then3.6
band (Smith et al. 2006; Smith & Rosen 2005); thishhission o
is most apparent in the 4.3n band due to the high sensitivityof ~ 33~ 48" 00"
this band and presence of strong rotational lines (Smith & Rosen
2005). Finally scattered light may also produce nebulosity which
is expected to be the strongest in the 3r6band. To distinguish
between these different mechanisms, we employ 3.6/ to-
color and 3.6/4.5/8.0m three-color composite images to high-
light emission from shockedth outRows, scattered light from 05" 30™ 50° 485
outlRow cavities, and emission from UV-heated hydrocarbons. R.A. (J2000)
We identify a total of 12 outf3ows in eight out of the nine regions.
Ref3ection nebulae and externally heated rimmed clouds are de- Fig. 4. NAFGL 5142. () The 3.6/4.5/8.0 m (bluggreerred) three-color
tected as well. composite of the central part. The short and long arrows mark the orientations

In the fo"owing Subsections' we discuss each region Sepa_Of two detected jetsbf The 3.6/4.5 m (bluggreen) two-color composite of the

; feoi : area labeled by a rectangle &),(to more clearly show the short jet prominent
rately. For Figures¥lL6, the 3.6, 4.5, and 8.0m emissions in inthe 4.5 m band. Contours are high-velocity CO emission from outBow B in

qu_)r composi_tes are codedin blue,.green, and red- respectivelyihang et al. (2007). Plus signs in both panels mark the millimeter continuum
millimeter continuum cores from previous observations are marketheaks (MM¥MMS) from Zhang et al. (2007).

Dec. (J2000
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Fig. 5.NAFGL 5142: the 3.6/4.5/8.0 m (bludgreerred) three-color com-
posite of the inner massive star formation site, to show a comparison between the
point-source detections in the IRAC bands and previous millimeter continuum o .
observation. The star symbol denotes a protostar identibed from the color-color 357 45
diagrams. Plus signs mark the millimeter continuum peaks (¥MMA5) from
Zhang et al. (2007).

as plus signs; CO and SiO outRBows from previous observations are
shown in contours; additional symbols (arrows, dashed curves,
etc.) are merely to highlight the IRAC out3ows from the ambient

. . h
ref3ection nebulae or scattered light. 05" 39™ 16° 12° o8*
Right Ascension (J2000)

3.2.1.AFGL 5142

In Figure 4. a short jet in the east and a |0ng jet in the west Fig.6.N IRAS 05358: the 3.6/4.5 m two-color composite of the central part. .
. The arrows mark the orientations of three detected jets, which are labeled OOJet1,0C

are de.tec.:ted' The short jet coincides with t.he axis of one of theOOJetZ,C)O and 00Jet300 from east to west. Solid and dashed contours denote |
three jetlike molecular outBows detected in the C@LY2&nd and redshifted CO emission from Beuther et al. (2002). Plus signs mark the 3.1 mm
SO (6Y5,4) with the SMA (outBow B in Zhang et al. 2007; see continuum peaks from Beuther et al. (2007).
contours in Fig. B). The long jet, on the other hand, coincides with
the axis of an extended remnant outl3ow detected in GO (2
with the CSO telescope (Hunter et al. 1995). The emission frombright PSF wing of a nearby saturated source, resulting in a po-
these two jets is most prominent in the 4 band, in agree-  tential overestimate of the Bux by aboutY@3 Jy. The driving
ment with the previous ground-based 2.12 H, v %2 1Y0 S(1) sources of the multiple CO/SO outB3ows have not been unam-
observations (Hunter et al. 1995; Chen et al. 2005). Apparentlybiguously identiPed. Zhang et al. (2007) suggested MM3 may be
the IRAC imaging of this region reveals internal driving agents the powering source of the CO outRow coincident with the short
of two molecular outl3ows. jetin Figure 4. The long jet is apparently powered by a relatively
Toward the center of AFGL 5142, Zhang et al. (2007) de- more evolved young B star (denoted by a blue cross in B)g. 2
tected Pve millimeter continuum sources (WMIM5 in Fig. 5).
In Figure 5 a bright source residing #8orthwest of MM1 3:2.2.IRAS 05358+3543
(marked with a star symbol) is detected in the 2MASBand, In Figure 6 three highly collimated jets emanating from a
all four IRAC bands, and the MIPS 24n band (see the detec- group of millimeter continuum sources are detected in the central
tionat =09'30M47.98, =33 4754.99J2000.0]in Table 3).  part of IRAS 05358+3543 (hereafter referred as IRAS 05358).
It is classibed as a protostar in 886 24:5 versusia:8 Jet 1 coincides with a well-collimated outBow in CQWlLre-
80 and@:6 %45 versus45 24 diagrams. The pro- ported by Beuther et al. (2002) (see contours in Fig. 6). Jet 2
jected offset between this source and MM1 is marginally within coincides with the axis of a high-velocity CO outRBow (outRow B
the IRAC astrometry allowance. Thus it is still possible that in Beuther et al. 2002). Several knots from these two jets are
this source is the infrared counterpart of MM1. However, Zhang almost exactly coincident with the previously identibed 2h2
et al. (2007) detected a forest of molecular lines toward MM1 H, knots (Porras et al. 2000; Jiang et al. 2001; Beuther et al.
and suggested that it is the driving source of a jetlike molecular2002; Kumar et al. 2002). Beuther et al. (2002) did not report the
out3ow, which implies that the protostar deeply embedded inidentibcation of jet 3, but weak emission features coincident
MM1 is actively accreting. Such a protostellar core is usually ob-with this jet can be found in their 2.12n H,image. Kumar et al.
scured in th& band (e.g., Walther et al. 1990; Aspin et al. 1991; (2002) suggested the existence of this jet, but the emission ap-
and observations of other regions in our sample). Consideringpears to be weaker since thejrdbservations are less deep than
the source is detected in the 2MABSband, a survey with lim-  that of Beuther et al. (2002). In the IRAC imaging (Fig. 6), a
ited sensitivity, we suggest that it is most likely a different source chain of emission knots in thjst can be identiPed and even its
rather than the infrared counterpart of MM1. But the 24 tip can be identibed despite tbentamination by a nebulous
emission can still arise from MM1 and/or other millimeter sources knot. There is no reported detection of an out3ow toward this jet in
given its relatively low resolution G°; thus we list the 24 m millimeter CO or SiO observations. However, in the northern lobe
photometry in Table 5. The 24m detection is located at the of the SiO (1) outRow proposed by Beuther et al. (2002, their
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photometry in Table 5. At higher resolutions1f§, the MM1
core splits into two subcores at 876 and 1.2 mm (Beuther

et al. 2007). One of the two subcores coincides with a point
source at 7.9 m detected with the Gemini North telescope
(Longmore et al. 2006). The substructure of MM1 cannot be re-
solved in the IRAC observations. The Bux of 0.586 Jy at &0
(38:0 ¥25:098) is consistent with the Bux of 0.68 Jy at 7rf
reported in Longmore et al. (2006), suggesting that the Bux of
the IRAC source is dominated by the subcore coincident with
the 7.9 m detection. MM1 (or more precisely, one of the two
subcores in MM1) is suggested as the driving source of jet 1
(Beuther et al. 2007). A reliable one-to-one association between
jet 2, jet 3, and any two millimeter sources in this region cannot
be established with the current data.

3.2.3.G192.16 3.82

05" 39™ 1355 12.55 Shepherd et al. (1998) detected a west-east bipolar outf3ow in
Right Ascension (J2000) CO (1IY0) in G192.16 3.82 (hereafter referred as G192). The
eastern lobe of this outBow is detected in the 3.6 and A5
Fig. 7.N IRAS 05358: the 3.6/4.5/8.0m three-color composite of the inner  bands. In Figure 8 the most prominent features of this lobe are
massive star formation site, to show a comparison between the point-source dg9OgreenOO nebulosities within the area outlined by two dashed lines.
tections in the IRAC bands and previous millimeter continuum observation. The he emission to the west of theeteatures is confused by the
dashed contours are for the 3.1 mm continuum emission with three peaks labeleg . . A A =~ .
OOMM1,60 GOMM2,60 GOMM3OO (Beuther et al. 2007). The two white dasH¥dibEgRection nebula, but a OOblueOO V-shaped structure, with
denote bandwidth artifacts in the 8.61 band. the millimeter source at the tip, is still discernible in the three-
color composite of the beld (Figc)2 The overall structure of
the eastern lobe in the IRAC imaging, i.e., the green features as
Fig. 8), the highest contours show elongation coincident with well as the V-shaped inner part, roughly coincides with but far
jet 3. Considering SiO is a good shock tracer at (sub)millimeterexceeds the eastern lobe of the CO outBow. The prominence in
wavelengths, the elongated SiO emission could be at least pathe 4.5 m band and coincidence with previous ldnd [Sii]
tially powered by jet 3. detections (Devine et al. 1999jengly suggest that the green
At the center of this region, Beuther et al. (2002, 2007) de- nebulosities are shock excited khots. The base of the western
tected three millimeter continuum sources 2t%3°%esolutions  lobe of the CO outBow is also detected in the IRAC imaging,
(marked as MMYMMS in Fig. 7). The brightest emission feature  with the prominent feature being a candle-ame-shaped struc-
in Figure 7 coincides with MM1; two northern OOredOO featutese (delineated by a dashed curve in Fig. 8, but more prominent
(denoted by two white dashed circles) are not real but OObarid-Fig. 2c); this structure is previously detected in #band
widthOO artifacts. An investigation of the emission in individuaimaging (Shepherd et al. 1998; Devine et al. 1999). One inter-
bands shows that emission features coincident with MM2 andesting aspect of this outBow is that although the eastern lobe is
MM3 are discernible in the 3.6 and 4.5n bands but are not  Plled with shocked Kknots, a collimated component cannot be
identiPed by our point-source Plter. The emission feature coinfound either in our IRAC imaging or previous observations. The
cident with MM1 is marginally discernible in the 3.én band, CO outBow appears to be driven by a wide-angle wind revealed
and identibed as a point source longward of 46 The MIPS in the IRAC, H , and [Sii] observations.
24 m emission from this area is signibPcantly saturated. From A proto-B star surrounded by an Udildegion and embedded
its extremely red IRAC color$45 %:5:8 ¥ 1:33 anda:8 in a dense dusty core was suggelsas the driving source of the
8.0 ¥4 1:15) and position coincidence with MM1, we suggest outlRow (Shepherd & Kurtz 1999; Shepherd et al. 2004a). A
that this source is the infrared counterpart of MM1 and list its bright source coincident with the millimeter continuum peak is
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Fig. 8.NG192: the 3.6/4.5 m two-color composite of the central part. Solid and dashed contours are the lowest contours of red- and blueshifted CO outRow,
respectively (Shepherd et al. 1998). Two red dashed lines in the east outline the area blled with OOgreenOO nebulosities, and the recedassetiecamdietRame-
shaped structure (this structure is more prominent in the three-color composit. Higelus sign marks the millimeter continuum peak from Shepherd et al. (1998).
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Fig.9.N G192: the 3.6/4.5/8.0 m three-color composite of the inner massive 48

star formation site, to show a comparison between the point-source detections in
the IRAC bands and previous millimeter continuum observation. The plus sign
marks the millimeter continuum peak from Shepherd et al. (1998).

49
detected in the IRAC bands and shows very red IRAC colors

(Fig. 9). We suggest that it ibe infrared counterpart of the

millimeter source and list its photometry in Table 5. A detailed
comparison between the infrared and millimeter emission in the

region will be presented in a future work (D. S. Shepherd et al., _20° 50
in preparation).

3.2.4.HH 80-81

An extraordinarily well-collimated and powerful radio jet was
previously detected in HH 80-81 (Marbal. 1993, 1995, 1998;
see contours in Fig. 10). Having the radio jet right at the axis, the
Spitzedata for the Prst time reveals a bipolar cone-shaped cavity Fig. 10,8 HH 80-81: the 8.0 m band emission in gray scale and the 6 cm
with its emission most prominent in the 8.th band with an continuum emission from Martd al. (1993) in contours. The plus sign marks the
extent of about 4 pc (Fig. 10). Low-mass protostellar outRows 7 mm continuum peak from @wez et al. (2003).
are often found to consist of two components, with an axial nar-
row jetlike component surrounded by a wide-angle biconical com-the UV photons by gas and dust in the outl3ow and perhaps by the
ponent (Lee et al. 2006; Palau et al. 2006). It is unclear whethercircumstellar environment around the central source. Two addi-
outBows emanating from high-mass young stars or protostars magional re3ection nebulae are found on both sides of the bipolar
exhibit two components similar to low-mass out3ows. Our IRAC cavity; these appear to be heated by two young B stars (see Table 3)
imaging as well as previous radio continuum observations of theand not directly connected to the outBow cavity.

HH 80-81 outBow provides the best case of a two-component The central driving source of the outf3ow has been detected in
outRow emanating froma4@ source. The remarkable prom- the centimeter (Mattét al. 1993, 1999) and millimeter¢@Gez
inence in the 8.0 m band suggests that the emission of the et al. 2003) continuum. Mid-infrared emission from this source
IRAC biconical structure is from hydrocarbons heated by UV has been detected at¥18 m in the ground-based observations
photons from the central source. Single-dish observations re{Aspin etal. 1994; Stecklum et al. 1997). In Figure 11 the centroid
vealed a large bipolar outRow in COYQ) (Yamashita et al.  of the emission feature in the 3.6 band is about®hortheast
1989; Benedettini et al. 2004), with the northern lobe being offset from the millimeter peak. This feature coincides with a
blueshifted and the southern mbedshifted. The orientation K-band knot detected in previous ground-based observations
of the CO outRBow is roughly coistent with the IRAC outBow  (their IRS 2, Aspin etal. 1991, 1994; Stecklum et al. 1997). From
structure. In the three-color composite image (Fig, 2 curved its high polarization and relatively large FWHM, Aspin et al.
structure in the northern lobe stands out in the Bn6emission (1991) argued that it is a nebulous knot of gas/dust rather than
(blug). This curved structure is very bright in previous near- a point source. The emission feature in the 4rbband shows
infraredK-band observations and has been suggested as the wadllongation toward the position of the millimeter peak. The cen-
of a parabolic cavity (Aspin et al. 1991). The dominant 316 troid of the emission feature in the 5.8 and 8rf bands, dis-
emission from this structure may be partly explained by the scat-carding the bandwidth artifagt the north, coincides with the
tered light in this structure being enhanced by forward scatteringmillimeter peak. We suggest that the emission in the 3.6 and
and lower extinction. The 8.0m emission within this structure 4.5 m bands is mostly attributed the IRS 2 knot, while that

is spatially limited to the inner edge of the parabolic wall. This in the long-wavelength bands is mostly coming from the milli-
may suggest that part of the northern lobe cavity is shielded frommeter core, and their photometry is listed in Table 5. The MIPS

18" 19™M 185 148 108 06°
Right Ascension (J2000)



1018 QIU ET AL. Vol. 685

6\ 25!!
O 3
o

N

2

C

9

-‘6 3OII
£

= _

O

a
-20° 47" 35"

18" 19M 1265 1228 11.85
Right Ascension (J2000)

Fig.11.N HH 80-81: the IRAC band emission from the inner massive star formation site, to show a comparison between the point-source detections amtiie IRAC b
and previous millimeter continuum observation. The plus sign marks the 7 mm continuum peaksftemegal. (2003).

24 m emission in the central part of this region is signibcantly
saturated.

3.2.5.IRAS 19410+2336

As outlined with a dashed ellipse in Figure 12, an elliptical
nebula orientated in the nortletasouthwest direction can be
identibped from the extended &sion in the central part of
IRAS 19410+2336 (hereafter IRAS 19410). In interferometric
CO observations, multiple outfs emanating from the center
of this region show very complex morphologies (Beuther et al.
2003). The axis of one outBow proposed by Beuther et al., which
is shown in contours in Figure 12, coincides with the major axis
of the IRAC elliptical nebula. Jetlike 2.12n H, emission along
the axis of this outBow was detected as well (Beuther et al.
2003). The elliptical nebula, witlvo local cavities at the ends
of the major axis, is only detectable in the 3.6 and 4n5hands
and appears more prominent in the 3m6 band, suggesting the
emission is dominated by scattered light from the central source. 30 43 45~
Apparently the IRAC imaging of the IRAS 19410 outRow re-
veals a less collimated component than the 2rhZH, jet.

The driving source of this outBow is suggested to be deeply
embedded in a dusty core traced by millimeter continuum emis-
-Sion ata resolption Of:500;. 3:5-?0( Beuther et Q.l. 2003). Th-e Fig. 12.NIRAS 19410: the 3.6/4.5/8.0m three-color composite of the cen-
infrared emission from this iimeter source is detected in tral part. The dashed ellipse outlines {RAC elliptical structure. Solid and

all four_ IRAC bands and the phqtome’gry is listed in Table 5. gashed contours show blue- and redshifted lobes from a CO outf3ow by Beuther
There is a 2MASX-band detection, with the photometry of etal. (2003), respectively, and the plus sign a millimeter continuum peak therein.
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Fig. 13.NIRAS 20126: the IRAC band emission from the central pajtThe 3.6 m emission. To highlight the bipolar nebula a high-pass bltering in IDL has been
applied to the imagebl Same asd), but for the 8.0 m emission. Infrared emission from the central source is detected at this wavelength. The two dashed circles mark
bandwidth artifacts induced by the central bright soumy&.He 3.6/4.5/8.0 m three-color composite, with an SiOr{2 jet from Cesaroni et al. (1999) overlaid in red
contours. In each panel the crossing lines outline the wall of the IRAC biconical structure. The plus sign marks the 1.2 mm continuum peak fretralC £22080)i

10:802 0:044,at 0.7°%way from the millimeter continuum  are precessing, the dense ghiore efbcient in entraining a
peak. As we discussed 113.2.1, it is more likely another star collimated molecular outf3ow via strong shock activities, while
rather than the infrared counterpart of the millimeter source. Thehe more tenuous wind component is less efpcient in evacuating
MIPS 24 m emission from the source is signibcantly saturated.a cavity. Consequently, the jetlike SiO outl3ow can be detected
At a higher resolution (5°% 1°9, the millimeter core splits into  very close to the current position of the precessing jet while the
multiple sources (Beuther & Schilke 2004a); our IRAC observa- cavity revealed by the scattered light more or less lags behind.
tions cannot resolve those sources. A detailed comparison between A dense dusty core, which harbors a proto-B star driving the
the IRAC observations and higipatial-resolution millimeter  outf3ow, was previously detected in the millimeter continuum
continuum observations of this region will be presented in a fu- (Shepherd et al. 2000; Cesaroni et al. 2005). In the 4.5 anab.8
ture work (J. A. Roeo et al., in preparation). bands the emission feature coincident with the millimeter source
is discernible. In the 8.0m band (Fig. 1B), a point source at this
3.2.6.IRAS 20126+4104 position is detected and the photometry is listed in Table 5. At

In Figures 13 and 12 a bipolar outBow in IRAS 20126+ higher resolutions¢0.5°, two emission regions oriented along
4104 (hereafter referred as IRAS 20126) is detected as a limbthe outBow axis and separated by a dark lane were detected
brightened biconical cavity. The cavity structure, in particular at near- and mid-infrared wavelengths (Sridharan et al. 2005;
the wall of the northwestern lobe, is clearly detected in the 3.6,De Buizer 2007). The source in the 81@ band may encompass
4.5, and 5.8 m bands and its prominence in the 3.6 and 4tb the previously detected double sources.
bands suggests that the emission is dominated by the scattered
light. The molecular outBow in IRAS 20126 has been interpreted 3.2.7.IRAS 20293+3952
as driven by a precessing jet based on the S-shaped locus of the In Figure 14, ahead of a previously detected high-velocity
2.12 m H,knots and the orientation variation between the inner CO outBow (Beuther et al. 2004b), a short jet is detected in the
jetlike SiO outBow and the larger CO outBow (Cesaroni et al.
1997, 1999; Shepherd et al. 2000; Lebet al. 2006; Su et al.
2007). The jet-precessing scenario is also consistent with the pres-
ence of a double system detected at centimeter and near-infrared
wavelengths (Sridharan et al. 2005; Hofner et al. 1999, 2007). Our
IRAC observations put new insight into the out3ow property of
this luminous source. The IRAC biconical structure far exceeds
inner SiO outRow and covers part of the larger CO out3ow. From
the limb-brightening, the cavity wall has PAs from 33 to

65 .The PA 33 wallis signipcantly offset from the axis

of the larger CO outBow which is nearly in a north-south ori-
entation (Shepherd et al. 2000; Lebmet al. 2006), while the
PA 65 wall has approximately the same orientation as the
jetlike SiO outl3ow. A natural intpretation of the cavity (with 40° 03 00"
the limb-brightening) is that it traces a less collimated biconical
component of the IRAS 20126 outfRow, rather than being swept
up by a jet precessing from nbrsouth to the current position —— s
of PA 33 . However, in contrast to the HH 80-81 outlRow 200 31715 13
(x3.2.4), the jet component in this region coincides with the wall, Right Ascension (J2000)
not the axis, of the biconical cavity. While multiple outBows can _ . _
be one possibility, another possibility can be derived by adopt—cenFt'rEi]i-I t”;::‘ I?r?esarzr%??ﬁ;ii fh-g’:ﬁz?égfgft;‘;‘Zf;gﬁ:n‘g‘?ﬁ]ﬂi‘f‘l";he
Ing Fhe precessing scenario ahd theoretical model unifying band. The contours show blueshifted high-velocity CO emission in a jetlike out-
the jet-driven and wind-driven low-mass outf3ows (Shang et al.gow and the plus sign the millimeter continuum peak from Beuther & Schilke
2007): when the underlying atijet and the co-existing wind  (2004a).
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Fig. 15.N'W75N: the 3.6/4.5 m two-color composite of the central part. The
double arrows mark the orientation of a large-scale bow-shaped structure. Solid
and dashed contours are the lowest contours of red- and blueshifted emission in a
CO outRow, respectively (Shepherd et al. 2003). Plus signs mark the millimeter
continuum peaks from Shepherd (2001).

IRAC imaging with an extent of about 4pwith the most prom-
inent emission in the 4.5m band. In orientation the IRAC jet
well coincides with the CO outBow. This outBow was also de-
tected in thermal emissions of SiO and{CiH (Beuther et al.
2004b; Palau et al. 2007), whioften trace shock activities in
outBows. In the previous 2.12n H, observations, the overall
structure was not detected but a faint knot can be found at the
southeastern end of the IRAC jet (knot C in Fig. 2 of Kumar et al.
2002). We suggest that the IRAC imaging for the prst time re-
veals the interval driving agent of the CO/SiO4CH outR3ow.

A millimeter continuum source, which may harbor an
intermediate-mass protostar, is suggested to be the driving source”_ , __
of the CO/SiO/CHOH outRow (Beuther et al. 2004b, 2004¢c; 42~ 37 15
Palau et al. 2007). The infrared emission from the millimeter hoom .s S s s
source is only detected in the MIPS 2% band (Table 5). Asin 200 38 41 39 . 37 35
the case of AFGL 514%@.2.1), the 24 m detection is located Right Ascension (.2000)
atthe bl’lght PSF .Wlng ofa nearby saturated source, reSU|t|ng ina Fig.16.NW75N: the IRAC band emission of the area labeled as a rectangle in
potential overestimate of the source Bux by abotfDBJy. Fig. 15. 6) The 3.6 m emission, with emission levels between 8.2 and 80 My sr

shown in gray scale and that beyond 80 MJy ém colored contours. The con-
3.2.8.W75N tour levels in MJy sr! are labeled at the top of the imagd®).$ame asg), but for
; ; ; the 4.5 m emission. The emission between 10.7 and 130 MJyisshown in

'T‘ Flg_ure 15 mU|t|p|e bOW_Shw structures in W75N can rgyscale and that beyond 130 MJy%sn colored contoursc] The g.)46/4.5/8.0m
be identiPed. The most remarkable one, marked by the dOUbIéJnree-coIor composite. In each panel a solid curve outlines the edge of a small
arrows, forms a large-scale bipolar bow-shaped structure. Th@ow-shaped structure and the plus signs mark the millimeter continuum peaks
shell of the southwestern lobe and the tip of the northeaster{MM1YMM4)from Shepherd (2001). The crosses)miark the centimeter con-
lobe of this structure are clearly revealed in the 4rBband. tinuum peaks revealed by Hunter et al. (1995) and Torrelles et al. (1997).

This bow-shaped structure has previously been detected in the

2.12 m H,imaging by several authors (Davis et al. 1998, 2007; by a solid curve in Fig. 16). This structure is clearly detected in
Shepherd et al. 2003), but not reported in previous IRAC obserthe 3.6 and 4.5 m bands and appears more prominent in the
vations toward the DR 21/W75N region carried out during the 4.5 m band (Figs. 1&and 1). Its orientation approximately
science veribcation period &pitzer(Persi et al. 2006; Davis  coincides with the axis of a CO outRow proposed by Shepherd
etal. 2007), probably because their observations are far less deeg al. (2003).

in integration. The southwestern lobe coincides with the bound- At the center of the large northeast-southwest bow-shaped
ary of the redshifted lobe of a large outBow detected in @@)(1  structure, Shepherd (2001) detected a group of four millimeter
(Shepherd et al. 2003), suggesting the bow-shock-driven natureontinuum sources (labeled MM#M4 in Fig. 16a). Embed-

of this molecular outf3ow. In addition to this remarkable struc- ded in MM1 is a cluster of four centimeter continuum sources,
ture, at least Pve bow-shaped structures pointing to the southeastith three within an area of °%and another about®o the

of the region can be found in Figure 15. These structures may besouth (Fig. 16; Hunter etal. 1994; Torrelles et al. 1997; Shepherd
shocked H OOPngersOO tracing multiple bow shocks driven fragnal. 2003). Of the four centimeter sources, the northernmost one
the center of the region, roughly in a fashion similar to the fa- was interpreted as an ionized radio jet while the other three were
mous H Pngers in the Orion KL region (Schultz et al. 1999; suggested to be UC iHregions excited by proto-B stars. It is still
Nissen etal. 2007). Zooming in on the inner part of this region, unclear which is driving the large-scale CO outf3ow. Shepherd
the IRAC imaging reveals a new bow-shaped structure (outlinedet al. (2003) suggested that the brst UiCrelgion from the north

. 6/4.5/8.0 u
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(namely VLA 2)is likely to be the driving source. The resolution W75N is surrounded by a relatively extended Hgion. The
of our IRAC observation does not allow us to shed any further spectral types of the exciting stars of these twid fidgions,
light on this issue. S¢pherd et al. (2003) suggested that the derived from the Lyman continuum photos required to produce
second UC Hi region from the north (namely VLA 3) is the the observed ionized emission, are B1 and B0.5 for that in IRAS
driving source of the CO outl3ow whose axis approximately 20293 and W75N, respectively (Palau et al. 2007; Shepherd
coincides with the newly discovered small bow-shaped structureet al. 2004b). Toward the two sources in HH 80-81, compact
in the IRAC image. However, the CO outf3ow is very compact centimeter continuum was detected as well (Mertd. 1993),
and conbned to within 5°°from MM1 while the bow-shaped and the estimated rates of Lyman continuum photos suggest
structure is about 860.5 pc in projection) away from the group B3YB2 stars being the exciting sources of these two reRection
of the millimeter sources. In projection MM3 is closer to the axis nebulae. There is no repodtdetection of a distinct Hregion
of this bow-shaped structure and thus more likely to be the driv-surrounding the other candigaexciting sources. We suggest
ing source of this structure. The infrared emission from MML1 that they are young B stars capable of providing FUV radia-
is marginally discernible in the 3.6m band (Fig. 16). From tion strong enough to excite hydrocarbon emission but EUV too
4.5 (Fig. 1®) to 8.0 m itis clearly identibed as a point source, weak toionize its environment. Spectroscopic studies are needed
and the photometry is listed in Table 5. The MIPS 2#emis- to further investigate whether these stars have circumstellar disks
sion from the source is signibcantly saturated. and to conbrm their spectral types. There are also UV-heated re-
Rection nebulae for which an exciting source cannot be identi-
Ped with the existing data, but the need of FUV photons to heat
IRAS 22172+5912 (hereafter IRAS 22172) is the only region hydrocarbons and the lack of signibcant free-free emission also
in our sample toward which no outl3ow signature is found in suggest a B-type star being the exciting source. To lower the op-
the IRAC bands, although a bipolar outBow in CO and MCO tical depth in FUV and consequently allow the stars to heat the
has been detected with the OVRO array (Molinari et al. 2002; surrounding hydrocarbons, these B stars must have cleared most
Fontani et al. 2004). The peak of the dust emission, which wasof the surrounding gas. On the other hand, as discusge}12n
detected in the OVRO 2.6 and 3mn continuum observations  the central massive star formation site in each region shows milli-
at  4°%6%resolutions, is about®8offset from the geometric  meter continuum cores harboring deeply imbedded proto-B stars.
center of the bipolar moleculautf3ow (Molinari et al. 2002;  Thusitappears that most regions in the sample are forming B stars
Fontani etal. 2004). The IRAC and MIPS 2d imaging does  at a range of evolutionary stages.
not detect infrared emissiorofn the millimeter source but re- In two regions, IRAS 20126 and IRAS 22172, the central
veals two protostars at the center of this beld (see Fidlt2e massive star formation sites are embedded in a bright large-scale
southern protostar coincidesttvthe geometric center of the structure which is prominent in the 8.6n band. These two
CO outBow and thus can be a candidate for the driving sourcestructures are externally heated rimmed clouds.
of the outBow. For the millimetesource, the lack of infrared
emission shortward of 24m and the apparent nonassociation 4. DISCUSSION
with the molecular outBow suggest that the source is at a very
young evolutionary stage. Furth@ub)millimeter continuum
and line observations with high sensitivity and higher resolu- One of the distinctive features of massive star formation is
tions are needed to verify whether it is at a prestellar stage othat it occurs in clusters. Consequently, understanding the role
harbors deeply embedded protostars. of clustering in the formation of high-mass stars is an essential
. - step toward a theory of massive star formation. A controversial
3.3.UV Heated Refection Nebulae andiftiRimmed Clouds issue is whether clusters are necessary for the formation of high-
The IRAC imaging of the sample reveals mainly three classesnass stars, or whether clusters are merely the by-product of the
of extended emission: AHemission dominated nebulae most formation of high-mass stars in dense massive molecular cores.
prominent in the 4.5m band ¢reen; scattered light dominated In a near-infrared survey of intermediate-mass Herbig Ae/Be
nebulae most prominent in the 3.6n band blue); and UV stars, Testi et al. (1999) found a smooth transition between the
heated hydrocarbon emission dominated reRection nebulae mosbw-density aggregates of young stars associated with stars of
prominent in the 8.0m band (ed). The brst two classes have spectral type A or later, and the dense clusters associated with
been discussed in detail ¥8.2. O and early-B type stars. They argued that the presence of
The UV-heated reRRection nebulae can be found in most re-dense clusters is required foettormation of high-mass stars.
gions. While the brst two classes of extended emission are found’he smooth transition suggested that there may be a fundamental
in outl3ows or outf3ow cavities and thus imply a very young evo- relationship between the mass of the most massive star and the
lutionary stage of the central source, most of the UV-heated renumber and/or density of stars in a cluster. However, de Wit
Rection nebulae are associated with young but relatively moreet al. (2005) found evidence that 4% of O stars form in isolation.
evolved B stars (one exception being the biconical cavity of theThis is evidence that clusters are not necessary for the formation
HH 80-81 outRBow). For the cometary nebula in AFGL 5142, the of O stars, although Parker & Goodwin (2007) argued that the
southwestern nebula in IRAS 05358, the southeastern and northisolated O stars may actually form in small clusters.
western nebulae in HH 80-81, the central nebula in IRAS 20293, To test whether massive stars can form without low-mass stars
and the northern and central nebulae in W75N, a bright source atequires identibcation of young massive objects without asso-
the center is detected (denoted as a blue cross in Fig. 2). Theggated clusters of low-mass stars; only in these cases can we
sources show infrared excess in our census of YSOs based orule out the possibility that aritandant cluster dispersed due
color-color diagrams, and most of them were previously sug-to dynamical evolution. Inid-band survey of eight high-mass
gested to be intermediate- to high-mass young stars (see anngtar forming cores, Sollins & Megeath (2004) found one core,
tation of Table 3). They are mdgkely the exciting sources of NGC 6334I(N), showing evidence of high-mass star formation
the surrounding refRection nebel Of these sources, the onein without evidence for a cluster of embedded low-mass stars (also
IRAS 20293 shows an UC H region and the central one in see Megeath & Tieftrunk 1999; Hunter et al. 2006), although a

3.2.9.IRAS 22172+5912

4.1. Clusterirg
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cluster may still exist deeply embedded in the cloud (Persietal. 8°
2005). It is important to search for other potential examples of
massive star formation without the presence of a dense cluster.
With its ability to identify YSOs through infrared excesses and
detect deeply embedded protost&gifzeris well suited to this
task. Although such regions may yet form clusters, the identip-
cation of high-mass young or protostars without a dense cluster ¢
would demonstrate that low-mass stars are not required for the =
formation of massive stars.

Our survey of young intermediate- to high-mass (proto)stars
( 10°Y10°L ) can directly address the role of clustering in the 80
early stages of intermediate- and high-mass forming stars. The
Spitzerdata provide the ability to directly identify likely YSOs | 4
by the detection of mid-infrared excesses. The advantage of this@
approach over previous near-infrared source counting methods-
is that the sample does not signiPcantly suffer from contamina-
tion by background stars which can be signibcant for high-mass ¢
star forming regions in the Galactic plane (Pratap et al. 1999). =
Also, the mid-infrared colors are much more sensitive to proto-
stellar objects, and candidate protostellar objects can be identibed " X ‘
through their colors. However, the bright mid-infrared nebulosity 103 10* 10°
in high-mass star forming regions, th°¥3°4angular resolution Luminosity(Lo)
of the IRAC data, and the modest sensitivity of the 2MASS pho- Fia. 17 T ber of detected YSO the IRAS luminosayTh

imi 1 i 1 i H 9. . € numper of aetecte S VS. the uminossay.l(he

L?,?;E:rﬁélgﬂ Itotg?yd(\e/;[zcgggecgt?ﬁgrggﬁ’shnsp&mfgg; Itr; rggl?nncsog_numger of YSOs counted from those wilt6 < 14. The data points for IRAS
plete in all of the. regions. Furthermore, we expect that a certairﬁ)z)ls?:rﬁgigoﬁi%figoe: Xﬁ{r'fa'f’swfhlé_p'“s sign and a cross, respectively.
fraction of the stars do not have disks and will not be identibed in

our analysis; the fraction of stars without disks is approximatel . .
30% for)i Myr old low-mass stars (Herez et al. 2%%7)_ yreglon shows a large number of stars for its measured IRAS far-

We group the objects by their total far-infrared luminosity, as Infrared luminosity. The other exception is IRAS 20126, which
measured from thERASpoint-source catalog; this luminosity 1as the lowest number of associated YSOs in the sample. Unlike
will be dominated by the most massive objects in the regions. inthe other regions, IRAS 20126 shows no obvious cluster in the

all the regions, associated low-mass YSOs are detected. ThB€!d: Thisis unlikely to be solely the effect of incompleteness,
103L regions, AFGL 5142, G192, IRAS 05358, and IRAS with the a\gerage signal of about 2.5 MJy’sat 4.5 m and

20293, show parsec-sized clusters with around 20 YSOs sur22 MJy s 1at 8.0 min the central parsec area, compared to

rounded by a more extended amsse distribution of young ~ 0:> MJy sr-at4.5 m and 67 MJy sr" at 8.0 m for HH 80-

stars and protostars. Thel0® L regions IRAS 19410 and 81 and 3.8 MJysriat4.5 mand 72 MJy sr-at8.0 m for

HH 80-81 also show clusters and extended components. ExcedBAS 19.410' . . . .

for AFGL 5142, the clusters associated with these regions do not, More rigorous studies of this sample await deeper near-infrared

show concentrations of stars toward the central massive object&lat@ to complement tigpitzer3.6 and 4.5 m imaging. How-
ver, the analysis here already illustrates several features. First,

This may be due to the decrease in completeness toward th X
y P ﬁ-lere does seem to be a trend of the number of associated YSOs

bright nebulosities in the cemat regions. Finally, the P& L . oo . .
9 g y with luminosity. Second, these regions show both clusters in the

region W75N shows a cluster that is both richer and more spa
tially extended. This region also shows a paucity of sources incentral 1 pcas well as more extended haI_os Qf sources afo‘%”d the
clusters. Finally, there doessse to be a signibcant dispersion

the bright nebulous center of the region, further indicating that: h ber of iated YSOS f : L far-inf q
the observations are signibcantly limited by incompleteness. in the number of associate s for a given total far-inirare

In Figure 17 we plot the number of sources as a function of luminosity, with one luminous source, IRAS 20126, showing no

the source luminosity. To mitigate the effects of incompletenessObV'ous cluster. The lack of a cluster warrants future work; if

on our samples, we plot the number of sources with B18hag- conbrmed this would demonstrate that the formationidf* L
nitudes lower than 13 and 14. Given a typkal %3:6 color of sources is not dependent on the presence of deep clusters.

0.25,anextinction ofx  0:25 at 1.8 kpc, and an age of 1 Myr, "
these limits correspond to masses of 1.2 andV.5 Baraffe 4.2.OutBows and OutBow @iies
et al. 1998). The two plots show a trend of increasing number of For a sample of nine high-mass star forming regions asso-
associated YSOs with increasing total luminosity. In particular, ciated with CO and/or SiO outl3ows, the deep IRAC imaging
the number of YSOs in the 38L region (W75N) is signib-  reveals outl3ows and outl3ow cavities toward eight regions, il-
cantly higher than those in10* L regions, which again are lustrating that the IRAC imaging can be an effective tool for out-
somewhat higher in number than thd0® L regions. It is Row detection. For the jets in IRAS 05358, AFGL 5142, and
possible that a trend of increasing incompleteness with highedRAS 20293, the bow shock shells in W75N, and the nebulos-
far-infrared luminosities is decreasing the slope of this trend. ities in the eastern lobe of the G192 out3ow, the prominence in
There are two main exceptions to this trend: IRAS 22172 andthe 4.5 m band and coincidence with the ground-based 2n1.2
IRAS 20126. IRAS 22172 appears to be part of a larger, poten-H, detections (if detected in the 2.1&h H, line) suggest that the
tially more evolved region which has undergone signibcant gasemission can mostly be attributed to shockedehtission, al-
clearing. The clearing of the gas would also lower the fraction of though the contribution from HBr (4.052 m), COv %2 1Y0
light absorbed by dust and re-emitted in the infrared; hence thig4.45v4.95 m) lines cannot be ruled out without spectroscopic
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observations. A detailed investigation of the emission in the centimeter continuum reveal a remarkable two-component out-
biconical cavity in IRAS 20126 shows strong evidence for the Bow with a biconical cavity surrounding an axial radio jet. Strong
scattered light being damant in the 3.6 and 4.5m bands centimeter continuum was detected toward the central driving
(K. Qiu et al., in preparation). The elliptical structure in IRAS source of the HH 80-81 out3ow, presumably suggesting that the
19410 appears relatively diffuse and most prominent in thesource is relatively more evolved compared with that of IRAS
3.6 mband. The emission in this outBow can be dominated by20126. The outf3ow cavity of HH 80-81 also shows emission
the scattered light as well. The clear prominence of the biconicaln the mid-infrared hydrocarbon features, suggesting that UV
structure in HH 80-81 that is suggested is dominated by UV-heatedadiation from the central saies is heating the cavity walls.
hydrocarbon emission. Therefore, if the IRAC biconical cavity in IRAS 20126 is a com-
plementary, less-collimated component of the previously detected
SiO jet, there will be a large evolutionary timescale for the exis-
Both theoretical models and high-spatial-resolution observatence of both a highly collimated jetlike component and a less
tions suggest an evolutionary scenario for low-mass outf3ows: asollimated biconical component for outf3ows from proto-B stars.
low-mass stars evolve from Class 0 through Class | to Class IIWith the existing data it is very difbcult to determine whether the
stages, the mass loading in the winds and density structure in theentral source of IRAS 20126 is more evolved than those of
cores conspire to produce the widening of outBows (Fuller & AFGL 5142 and IRAS 05358, and whether the central source of
Ladd 2002; Arce & Sargent 2006; Shang et al. 2007), while for HH 80-81 is younger than those of W75N and G192. Presum-
massive outl3ows, whether or not an evolutionary picture existsably it is likely that the IRAS 20126 and HH 80-81 out3ows,
is unknown (Beuther & Shepherd 2005). with the former being younger, represent evolutionary stages be-
The detected outRows in the sample show dramatically differ-tween that of the AFGL 5142 and IRAS 05358 outl3ows, for
ent morphologies. We detect highly collimated jets, bow shockwhich both internal driving agents and entrained gas appear well
shells, and biconical cavities. Given the extreme complexity of collimated, and that of the W75N and G192 outf3ows, for which
the CO observations (Beuther et al. 2003) and relatively con-only poorly collimated structures can be found around the central
fused emission in the IRAC imaging compared with the other driving sources.
regions, we leave out the IRAS 19410 outBow in the follow-  However, such atrend is only a tentative interpretation based on
ing discussion. Consideringtj1 in IRAS 05358, the short jet  current observations of a small sample. The question of whether
in AFGL 5142, and the jet in IRAS 20293, the IRAC obser- there is an evolutionary picture for massive outBows is far from
vations reveal the internal ging agents of well-collimated conclusive, and remains an elpgational challenge. In high-
CO outfRows in these regions. The powering sources of jet Imass star forming regions, multiple outf3ows with complicated
in IRAS 05358 and the short jet in AFGL 5142 are suggestedstructures are often detected. Due to relatively larger distances
to be deeply embedded proto-B stars, toward which only veryand the crowded clustering mode, it is very difpcult with the
weak radio continuum was detected (Beuther et al. 2007; Zhangurrent facilities to reliably identify the driving source of a mas-
et al. 2007). The jetin IRAS 20293 is most likely driven by an sive outf3ow. Also, resolving the launching zone of a massive
intermediate-mass protostaosting no detectable centimeter outf3ow, which is of greatimportance for investigate driving mech-
emission (Beuther et al. 2004b). In contrast, the large-scaleanisms, requires extremely high spatial resolution and high sen-
CO outBows in W75N and G192 appear to be poorly collimated sitivity. In addition, observations of outBows in more luminous
within <0.5 pc from the central driving sources. In W75N, objects [ = 10° L ), in particular high-spatial-resolution obser-
proper-motion observations of water masers by Torrelles et alvations, are still rare (the combined bolometric luminosity of
(2003) delineated a noncollated shell outRow at a 160 AU  UC Hii regions in MM1 in W75N is 166 L ). Extensive and
scale expanding in multiple directions with respecttothe WIC H comprehensive studies of outows in this luminosity regime
region VLA 2, which may drive the large-scale CO outRow, as would be crucial for testing possible evolutionary scenarios
suggested by Shepherd et al. (2003). The bipolar bow-shapedf massive outl3ows and understanding formation processes of
structure beyond 1 pc detected in the 2.12n H, and the IRAC O-type stars.
4.5 m imaging could be the remnant of a collimated compo- 5 SUMMARY
nent. For the G192 outBow, no collimated component can be :
found within 2.4 pc from the driving source. The proposed  We have described initial results of mid-infrared imaging
central driving sources of these two poorly collimated outf3ows observations toward nine high-mass star forming regions made
are found to be surrounded by UCiiHegions. If we adopt the  with the IRAC and MIPS cameras on bo&itzer The regions
centimeter free-free emission as an indicator of the relative evoluwere selected for the presence of luminous $£10 young ob-
tion between these sources, there seems to be a trend of evolutigects driving molecular outBows. The observed belds are approx-
for the related outBows: both internal driving agents and entrainedmately ¥; 5° corresponding to physical widths oR.5Y3.5 pc
molecular outBows appear to be highly collimated for the youn-for the source distances ranging frorh.7 to 2.4 kpc.
gestsources (e.g., IRAS 05358, AFGL 5142, IRAS 20293); as Using the ¥24 m Spitzemphotometry in combination with

4.2.1.An Bwolutionary Picture of Massge OutRBows?

the central source evolves to form a signibcant Udégion, near-infrared 2MASS data, we identify a total of 417 YSOs with
only poorly collimated out3ow structures can be found aroundinfrared excesses attributed to circumstellar disks or envelopes,
the central driving sage (e.g., W75N, G192). including at least 12 candidates of intermediate- to high-mass

For the IRAS 20126 outf3ow, it remains ambiguous whether young stars. In most regions, thpatial distribution of these
it is merely composed of a precessing jet and consequentlyy SOs shows both a cluster component centered on the sites of
larger structures are all entrained/swept up by this jet or whethemassive star formation as well as a more extended distribution of
it has a jetlike component as well as a biconical component withY SOs outside the cluster. The number of YSOs grows with the
a moderate opening angle. Toward the central driving source oftotal far-infrared luminosity, with two signibcant exceptions:
this out3ow, very weak centimeter continuum was detected, pretRAS 22172 appears to be part of a larger, more evolved region;
sumably suggesting that the source is at a very young evolutionaryRAS 20126 appears to be a*ll0 protostar with only 19 as-
stage. For the HH 80-81 outRow, dspitzerdata and previous  sociated YSOs and no central cluster.









