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ABSTRACT

A survey for molecular outflows was carried out by mapping the L& 2-1 line toward a sample of 69
luminousIRAS point sources. Sixty objects haVBAS luminosities from 18to 10 L, and are associated with
dense gas traced by NHdentifying them as high-mass star-forming regions. Among 69 sources, 65 sources have
data that are suitable for outflow identification. Thirty-nine regions show spatially confined high-velocity wing
emission in CO, indicative of molecular outflows. Most objects without identifiable outflows lie withinl &
50¢° where outflow signatures are confused by multiple cloud components along the line of sight. Excluding 26
sources with0° < | < 50¢° , we found 35 outflows out of 39 sources, which yields an outflow detection rate of 90%.
Many of the outflows contain masses of more thanMQ and have momenta of a few hundrst}, km s, at
least 2 orders of magnitude larger than those in typical low-mass outflows. This class of massive and energetic
outflows is most likely driven by high-mass young stellar objects. The high detection rate indicates that molecular
outflows are common toward high-mass young stars. Given the connection between outflows and accretion disks
in low-mass stars, we suggest that high-mass stars may form via an accretion-outflow process, similar to their low-
mass counterparts.

Subject headings. accretion, accretion disks — H regions — ISM: clouds — ISM: jets and outflows —
stars: formation

1. INTRODUCTION Moran 1980). However, the effort of searching for outflows has
been hindered greatly by the large distances to these objects, the
presence of multiple YSOs in the region, and the confusion due
to clouds along the line of sight. There have been several surveys
f molecular outflows toward luminou&AS sources or ultra-

Molecular outflows mark an important phase in the early
evolution of low-mass star formation (see Bachiller 1996 for
a review). Observations accumulated over the past 20 year
have shown that outflows are ubiquitous toward low-mass

. . X compact Hi regions. Broad wings of CO emission are found
young stellar objects (YSOs). It is now believed that outflows ;, a large fraction (between 40% and 90%) of the objects in the
are intimately related to the accretion process, play an important

e ; . -~ "samples (Snell et al. 1988; Snell, Dickman, & Huang 1990;
role in dissipating excess angular momentum in the infalling Wilking et al. 1989; McCutcheon et al. 1991; Shepherd & Chur-
material, and allow the star to build up its mass through ac- chwell 1996.' Oste'rloh Henning, & Léunha}dt 1997: T. K. Sri-
cretion. Molecular outflow is one of the essential building o216t al. 2001, in preparafion). However, in most of the
glr?CksA('jn the gnlc_i'erstanggg% of low-mass star formation (e.g., previous surveys, the objects were not mapped to the full spatial
u, Adams, 1zano )- extent of the wing emission. Because of the complexity of these

8 'Cl\lthough Iftt IS ger(njerall;;] agreeld that fhlghénjasds StMST( ¢ objects, it is conceivable that two cloud components can produce
o) are often (and perhaps always) found in dense clus €rShon-Gaussian line profiles that mimic wing emission. In addition,

ot ormontn. s o o v gt ot canbe fstfom EASposion and, hence woul
' P ! not be detected with a single spectrum towardIfR&S source.

'rt] rﬁack;]es.ablqutf 1”M®’ dcau'g?;efrt tehnoughvrvatlﬂla??ﬁ pressure to Thus, the rate of occurrence of molecular outflows in high-mass
alt spherical infall and inhibit further growth of the core mass star-forming regions is not known.

(Wolfire & Cassinelli 1987). This led to one view that high-mass In this Letter, we present a survey of a flux-limited sample

stars form by the coalescence of low- to intermediate-mass starg ¢ 69| RAS DO P -
; - X point sources with infrared colors similar to compact
(Bonnell, Bate, & Zinnecker 1998). The other view is that since molecular clouds (Richards et al. 1987). A significant improve-

Lhehdynamm?I procelsdseilr?ar the (pr?tﬁ)Sta(; are n(tqt ISOgOp'Cment over the previous surveys is that mapped the objects

igh-mass stars could siil form via infall and accretion. Cur- iy e higher CO transition of = 2-1 . The statstics of the
:\?vn Y tt?wtvc\)/ s%rva lona ?%?S raints etxls bOtW'SC”m'r:ﬁ e e'dsurvey is presented in this Letter, while a detailed analysis of

een the wo. Because of the connection between outliow and,, iy properties will be presented in a future paper.
accretion seen in low-mass stars, surveys of molecular outflows
in high-mass YSOs can shed light on this debate.

Outflows have been found toward regions where high-mass
stars are formed (Kwan & Scoville 1976; Raglrez, Ho, & We adopted the entire sample of high-mass young stars in

Molinari et al. (1998a). This sample of 69 objects is selected

* Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cam- from a Complet? flux-limited sample Of, the ZGQAS point
bridge, MA 02138. sources that satisfy flux, color, and practical requirements (Palla

2 Istituto di Radioastronomia, CNR, via Gobetti 101, Bologna, 1-40129, Italy. et al. 1991):F60;4m > 100 Jy,0.61< Iog (Feoum/FZSum) <174,

® Istituto di Fisica dello Spazio Interplanetario, CNR, 100 via del Fosso del gnd 0.087< log (F IFs0,m) < 0.52; Galactic latitudgb| <
Cavaliere, Roma, -00133, Italy. 10%: they should not have Upper limits at 25, 60, and 160

“ Oberlin College, Mailroom Box 1634, Oberlin, OH 44074. ! y . .pp L o

s Osservatorio Astronomico di Arcetri, Largo Enrico Fermi 5, Firenze, I- they should have no positional coincidence with knowniH

50125, Italy. regions; and > —30° . The far-IR color criteria were chosen so
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that the sample has colors similar to compact molecular clouds 3.2. Caltech Submillimeter Observatory Telescope
(Richards et al. 1987). Among the 260 sources in the original

L : A subset of the sample was observed at the Caltech Sub-
?\?vrggcljeéléﬁuﬁi\ésvgﬁ)lggsgggn;:]aé \t,\cl)etrréetg:tr;aé:é) mgggﬂgrgolﬁgs millimeter Observatory in July and October of 1997 as backup
The remaining 135 objects in the sample were termedltm*’.“ projects when the weather was not suitable for observations at

I . _higher frequencies. Eight sources were observed in the CO
group (Palla et al. 1991). The original sample has been studleoh'g_ ; > X .
in H,O masers (Palla et al. 1991) with the Medicina J = 2-1line. The maps of the CO = 2—1 line were obtained

32 m telescope and in NHvith the Effelsberg 100 m telescope with a 30’ grid spacing, approximately the angular resolution
(Molinari et al. 1996). The candidate high-mass (proto)stars, aOf the telescope at that frequency. The typical system temper-

subset of the original sample, were mapped in 2 and 6 cm with ature at the.COJ =2-1 I|ne*was about 4,00 K. The rms in
the VLA (Molinari et al. 1998a) and with millimeter and sub- the'spectra IS about O'.05 Kl Eer 0.3 knts channel. The
millimeter wavelengths (Molinari et al. 2000). Various indicators, main-beam efficiency is about 75%.
such as gas temperatures and,;Nit widths, the detection rate
of H,O masers, and radio continuum, suggest that objects in the 4. RESULTS AND DISCUSSION
low group are at an earlier evolutionary stage than those in the P
high group (Palla et al. 1991; Molinari et al. 1996, 1998a, 2000). 4.1. dentification of Outflows
A typical outflow appears as spatially confined wings beyond
the emission from the cloud core. This signature is sought for
in the grid map of CO spectra and the position-velocity dia-

3. OBSERVATIONS AND DATA REDUCTION gram. The position-velocity diagram can be particularly re-
vealing when there are multiple velocity components blended
3.1. NRAO 12 m Telescope closely together in velocity. The position-velocity plots were

also used to determine the velocity range of outflowing gas.

During the winter of 1998 and 1999, observations of the CO we thgn mak_e maps of int(_egrated co emis_sion to confirm that
the wing emission is spatially confined. Figure 1 shows the

J = 2-1transition were made using the 12 m telescope of the . > ! . '
National Radio Astronomy Observatérat Kitt Peak. In the mt_egrated emission (Fig.a) and the position-velocity plot
winter of 1998, we used the 1 mm SIS array receiver (Payne(F'g' 1b) for IRAS 051373917 as an example.
& Jewell 1995) that consists @ x 4 independent beams. The )
hybrid-correlator spectrometer was set at a bandwidth of 4.2. Outflow Detection Rate
150 MHz, yielding a frequency resolution of 781.2 kHz or a
velocity resolution of 1.02 km$ for the CO= 2-1 tran-
sition frequency. The typical integration time on each position
was about 4 minutes, giving an rms of abdiyt = 0.08
with a system temperature of700 K.

In 1999, we used the 1 mm dual-channel SIS receiver and
the newly commissioned Millimeter Autocorrelator spectrom-

eter with a 75 MHz/150 MHz bandwidth split into 16,384 g5ee | 2 24(r. Within this region, there are 35 outflow sources

channe;ls. We smoqthed the data during data reduc?ion_ 10 gyt of 39 objects. This gives an outflow detection rate of 90%.
resolution of 0.5 kms" per channel. Data of both polarizations T

K q dioi he sianal ‘ > Toward the region wittD° < | <50° , there are four detected
were taken and averaged to increase the signal-to-noise ratiog ,+fio\y sources out of 26 objects, which represents a detection
The typical integration time on each position is about 1 minute. ot of 150%.

With lower receiver temperatures than the 8 beam receiver and 1o kinematic distance and luminosity of the objects in the

the dual polarizations, the rms in the averaged spectra is COM-gmole are shown in Figures 2nd Z. respectivelv. The lu-
parable to those in the 1998 data. All the 12 m maps were P g > Tesp -

acquired at a 2%patial sampling, approximately the resolution

of the telescope at the CD= 2-1 frequency. The main-beam 20’ [ ] 120 F ]

efficiency is about 30%. = ®)
To ensure flat baselines in the spectra, all the data were taken

in position-switching mode. Because of the large spatial coverage

and sensitivity of the array receiver, most reference positions |

suggested in the literature have detectable CO emission and were el |

not suitable as references here. We therefore sought for “clean”

reference positions (i.e., no detectable signal at the LSR velocity ‘ ‘ ‘ bl ‘ \ ]

of the object at the designated rms level) in nearby regions with ost13mast  as 40° -0 20 30 40

the same Galactic longitude as the target source and a few degrees a(1950) Vigg (m s71)

off the Galactic plane. The clean off-positions are norméth42

from the source. Typically, the baselines were flat and suitable Fic. 1.—(a) Integrated emission map anb) (position-velocity plot of the

for discerning outflow signatures. Data reduction was performed €9 J = 2-1 line for IRAS 0513#3919. The range of integration is from
using the CLASS package. —287to —40 km s* for the blue lobesflid contqurs) and from 10 to—23_
km s for the red lobedashed contours), respectively. The contour levels in
(a) are at every 8 K (km$ ) starting from 24 K (km's ). The cross denotes
® The National Radio Astronomy Observatory is operated by Associated the position of thelRAS source. The contour levels ib)(are at 1, 2, 4, 6,
Universities, Inc., under cooperative agreement with the National Science 10, and 15 K. The cut for the position-velocity plot is along the peaks of the
Foundation. blue and red lobes.

Using the procedure outlined above, we identified 39 mo-
lecular outflows in the sample of 65 sources that have data
suitable for outflow identification. This gives an outflow de-
K tection rate of 60%. Table 1 summarizes the results for objects
in different categories. FigureaZpresents the distribution of
the objects in Galactic coordinates. It is apparent that the out-
flow objects are located predominantly in the region with

60 |- ~

6(1950)
Position Offset (")
(=]

T

39°18" |
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minosity is computed from thERAS fluxes and the kinematic  that molecular outflows and,® masers are connected. However,
distance. As seen in Figuré2he average distance for sources it is interesting to point out that 16 CO outflows are found in
with 0° < | < 50° is similar to that with > 5C° . In addition, the 36 objects with no detectable,® masers. This result suggests
luminosities for the two groups are similar. Therefore, the lack that outflows may develop before the appearance0fidasers.
of molecular outflow detections toward the objects with<0

| < 5C¢° is probably not due to the large distances to the sources, 4.3. Masses and Momenta in Outflows

or to the effect of luminosity, but to the presence of multiple
velocity components along the line of sight toward the Galactic

molecular ring. Nearly all sources without outflow identifica- hat th i ; icallv thi h
tion have multiple cloud components that are blended together.2SSUme that the CO line wings are optically thin. We use the
ne-of-sight velocity when calculating the momentum. Because

Under such circumstances, the outflow signatures are obscureJL X o X . .
the wing emission can be partially optically thick and the out-

by emission from clouds at slightly different velocities. Thus, L - ) .
the detection rate of 90% derived for objects wiith 50° flow axis is not necessarily along the line of sight, both quan-
representative of the whole sample. tities are lower limits. he distribution of outf q
In the sample, there are nine sources with luminosities less _ F19ure 3f pr(re]sentsh'g ﬁ istribution of out OWf masr?_eﬁ an
than 16 L., a conventional criterion to separate high-mass momenta for the 30 high-mass YSQS?( 10° L) for whic .
stars from the low- to intermediate-mass stars. We did not € outflow parameters can be determined. We excluded objects
exclude them when computing the detection statistics becauséé".'th L <10 dLﬁ becaur?e of ]flhe uncertainty in the k}rllemaﬁc
many sources with low luminosities have large uncertainties Istance and, enr(l:e,t e out r?w mass. .Nlneteehn outrlows have
in distance and thus in luminosity. The outflow detection rate Masses greater than M. The remaining 11 have masses
remains the same if these sources are excluded from thdfm 1 t0 10M.. Nineteen of the flows have momenta greater
than 50M, (km s™*). Thirteen of them have momenta greater

statistics. , :
Outflow detections for subsamples according toltveand ~ than 100M,, (km s). These results can be compared with a
similar study conducted toward 45 low-mass YSOs with lu-

high classification and the occurrence masers are given el ;
g ofoH g minosities of 0.4-28_, (Bontemps et al. 1996); without the

in Table 1. The number of objects in some subgroups is small, ; X A
correction for the optical depth effect and inclination angle of

and the statistics may not be significant. In addition, samples Ty o

with 0°< | <5C° are contaminated by complex CO spectra. N€ outflow, the momenta are all less thahld, (km s), with

Overall, outflows are detected in both tloev andhigh groups. typ'ﬁal lvalues of 0.M, (km s=). H fows ind

Furthermore, outflow detection rates are higher (see Table 1) in  1he large masses and momenta in these outflows indicate

objects with HO masers. This result is consistent with the notion that the outflows in high-mass star-forming regions may be
different from those associated with low-mass stars. What is

the engine driving those massive molecular outflows? For most
of the outflows in our sample, we found that tH®AS source

In computing the outflow mass, we adopt a CO abundance
[CO/H,] = 10°* (Frerking, Langer, & Wilson 1982). We also

S 1 e is located at/near the center of the flow. This indicates that the
@ £ S0 PG o _ e % Eulena SN .(a)i high-mass star is likely to be the driving source of the outflow.
0 e e e T 0 However, since high-mass stars typically form in a cluster with
o 1@ ) stars of lower masses, it remains possible that massive outflows
eeree are driven by low-mass YSOs in the cluster. A single low-mass
star cannot power the massive outflow since a typical outflow
—,——— associated with a low-mass star has a momentum at least 2
oL . . (b)] orders of magnitude lower than those observed here. Could
—_ L7 %&D . o . - high-mass outflows be powered byeoup of low-mass stars?
a. Lo - 7. Toa 1 This scenario would require the alignment of the outflow axes
< 5 and the polarity of a large number of low-mass YSOs. Such
© : ] an alignment has not been observed even in binary systems
01g 7 . 0 3 such as L1551 IRS 5 in which the two jets are abouUt&tart
1 " " L L 1 L L " L 1 L L L L Il " L L L 1 L " P
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Fic. 2.—Distribution of the sample iraf Galactic coordinatesbj kinematic
distances, andcj luminosity. The filled squares are tHBAS point sources Fic. 3.—Distribution of outflow mass and momentum for 30 objects with
with identifiable outflows. The open squares arel R&S point sources without luminosities greater than 1@, and for which reliable mass estimates are

identifiable outflows. determined.
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TABLE 1
CO OuTFLOW DETECTION RATE

NUMBER OF OUTFLOWS AND
DETECTION RATE?

CATEGORY | <50° I >50° Total

Total ......... 4/26 35/3990%)  39/65

High ...... 1/7 2212492%) 23/31

Low....... 3/19 13/1587%) 16/34
With H,0

High ...... 02 16/1794%)  16/19

Low....... 0/3 717 100%) 7110
Without H,O:

High ...... 1/5 6/7 86%) 7112

Low....... 3/16 6/8 15%) 9/24

#The outflow detection rate toward® @l <
50° may not be representative because of the con-
fusion in CO spectra by multiple cloud compo-
nents along the line of sight.

in projection (Itoh et al. 2000). Thus, it is most likely that the
high-mass YSOs are responsible for the massive outflows.
The direct association of molecular outflows with their driv-

SEARCH FOR CO OUTFLOWS
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ward high-mass YSOs. This has interesting implications for
how high-mass stars are formed. Studies of low-mass YSOs
have suggested that infall and accretion processes drive the
outflow. The infalling/accreting material with excess angular
momentum escapes the gravitational potential of the star and
is directed to the polar axis of the accretion disk (e.g., Shu et
al. 2000). The widespread existence of molecular outflows in
high-mass YSOs suggests that high-mass stars may also form
through infall and accretion. Similar to low-mass stars, disks
and jetlike outflows have been detected toward high-mass stars
(Cesaroni et al. 1997, 1999; Zhang, Hunter, & Sridharan 1998;
Zhang et al. 1999; Hunter et al. 1999). Detailed models are
required to understand the driving mechanism of molecular
outflows in high-mass stars (Churchwell 1997:rigl 1999).

5. CONCLUSIONS

We present a survey of CO outflows toward a sample of the
flux-limited IRAS point sources. Most objects in the sample are
luminous (16-1C L), high-mass young stars. Excluding the
objects with0° < | < 50° where confusion by clouds along the

ing sources requires high angular resolution mapping. In five line of sight dominates the CO spectra, we found 90% of the
sources of the sample observed with interferometers (Molinari Sample to possess molecular outflows. The outflows are mas-
et al. 1998b; Hunter et al. 1999; Cesaroni et al. 1999; Shepherdsive, typically having masses of more than Q,. This un-

et al. 2000), the core in which the high-mass (proto)star is Piased survey suggests that outflows are common in high-mass
embedded is located at the center of the outflow. Observationsstars and can appear even before th® hhaser phase. Drawing

of outflows toward other high-mass young stars also confirm analogies to the low-mass counterparts, we suggest that high-

such an association (Shepherd et al. 1998n€pet al. 1999).

4.4, Implications for High-Mass Star Formation

The high detection rate of molecular outflows in high-mass
young stars implies that molecular outflows are common to-

mass stars may form via an accretion-outflow process, similar
to the low-mass stars.

We are grateful to the NRAO 12 m telescope operators who
helped us during many long sessions of observations.
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