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We have mapped 23 sources in the J=1-0 lines of 12CO, 13CO and C!80 with the 13.7-m telescope at Qinghai

station of Purple Mountain Observatory. The samples were chosen from the massive star formation regions whose single

point lines have the broad-wing profile. The mapping shows that 12 clouds have cores and 5 outflows were identified

with the 12CO J=1-0 lines. Among the 12 cores, systematic velocity shifts were found in 2 cores, and blue asymmetric
double-peak profile of 12CO line was found in IRAS 1952942704, indicating that it may be an infall candidate. Physical

parameters of the cores and outflows were derived from the local thermodynamic equilibrium assumption. The masses

range from ~ 9.4 x 102Mg to ~ 2.2 X 10°Mg. The hydrogen molecule densities range from ~ 3.4 x 102cm™3 to

~ 1.2 x 10*cm™3. The molecular outflows have masses larger than 3.5Mg, and kinetic energies greater than 0.9x1038]J.

The outflows have significantly greater masses and kinetic energies than those from low-mass young stellar objects
(YSOs). For the cores, 2MASS data are available, dozens of 2MASS sources with different colour indices and brightness
are often found around IRAS source, among which the reddest 2MASS source is always within the IRAS error ellipse

thus probably corresponds to the IRAS source.

Keywords: Interstellar matter, molecular cloud, star formation

PACC: 9850E, 9840J, 9840, 9840C

The star formation and galaxy evolution are
closely related to the formation of massive stars, due
to their radiative, kinetic and chemical feedback into
the interstellar medium. However, the formation of
massive stars still remains poorly understood due to
their scarcity and short evolution time scale. In addi-
tion, massive stars are usually born in clusters; hence
their individual formation activities are difficult to re-
solve and study in detail, particularly because of their
larger distances from the Sun than those of low-mass
star formations. The earliest stages of massive stars
are usually associated with hot molecular cores, HyO
maser, CH3OH maser, molecular outflows and ultra-
compact H II regions (UCHII regions).[] HII regions
are useful tracers for high-mass star formation and O
or B stars may have already formed in their centre
recently. It is in these massive molecular cloud cores

where new massive stars may be forming.

Although the CO molecular lines are not high-

density tracers, we can use them to study the basic
properties of the massive molecular cloud cores and
their star formation activities, especially activities of
large scale motions, for example outflow, rotation, and

sometimes infall motion.

We have mapped 23 sources in the J=1-0 lines of
CO and CO isotopes 13CO, C'80. The samples were
chosen from Wu et all?3] and Wu et al,[* mainly mas-
sive star formation regions associated with the H II re-
gion or H,O maser and their CO or 13CO J=1-0 lines
having high-velocity wings in the single-point obser-
vation. All regions are associated with the Infrared
Astronomical Satellite (IRAS) sources through a ref-
erence to IRAS PSC (IRAS Point Source Catalogue).
Most of our mapping regions in the CO J=1-0 lines
used the IRAS as reference position, and the rest used

the maser position.

The CO, 3CO and C'0 J=1-0 lines were ob-
served with the 13.7-m telescope at the Qinghai sta-
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tion of Purple Mountain Observatory, during the pe-
riod from January to December, 2003. The beam size
at 112GHz is 106" x 70", the pointing and track-
The front end
is an SIS (superconductor-insulator—superconductor)
receiver, with which '2CO and its isotopes, '1*CO and

C!80 J=1-0 lines can be observed simultaneously.

ing accuracy is better than 10”.

The noise temperature of the system, including the at-
mosphere at zenith, was 250K (single side-band). The
acousto-optical spectrograph (AOS) has 1024 chan-
nels and its total bandwidth is 145.43MHz for 2CO,
42.87TMHz for ¥CO, and 43.3MHz for C'80, respec-
tively. The spectral resolution is 209kHz for 2CO,
78.7kHz for 13CO, and 75.7kHz for C'20, respec-
tively. The antenna temperature Ty was calibrated
with the atmospheric temperature and corrected for
atmospheric absorption, antenna cover loss, radiator
The ra-

diation temperature is calculated by Tr = T /nug,

loss and rearward scattering and spillover.

where 7yp is the antenna main beam efficiency. For
our source, nyp= 42% at 112GHz. The system noise
level was 0.26K at 209kHz resolution with an on source
integration time of 60s. For the mapping observations
the absolute position switch mode was used. The map
size was usually 5’ x 5’ with a step of 1’ except some
sources marked by * in Table 1, whose « (right ascen-
sion in equator coordinate system) step was 1’ X cos ¢

due to the previous observation program, where § is

the declination of these sources. Then if the line was
still strong enough on the border of the map, mapping
was extended until the line intensity reached less than

or equal to half of the maximum value.

We analysed the spectral lines, calculated the
emission intensity and made contours. For sources
with high- velocity wings, we identify the outflows
from the position—velocity (P-V) diagram after ex-
cluding other supersonic motions. The J=1-0 emis-
sion of 12CO, ¥CO and C'®0 were detected in all the
23 sources, but only in two sources, IRAS 06055+2039
and IRAS 1928241814, C*80 were strong enough for
analysing core properties. The results show that there
are cores in 12 sources, outflows in 5 cores, systematic
velocity shifts in 2 cores, and blue asymmetric double-
peak profile of 12CO line in 1952942704 which indi-

(5=7] An example

cates that there may be infall motion.
for cloud core, outflow, systematic velocity shift and
blue line profile are shown in the figure below. Three
sources, namely TRAS 18507+0110, 19291+1713 and
20281+4038 have multiple emissions, and are not suit-
able for analysing star formation activity; six sources
have more than one component, their main compo-
nent was chosen for analysis; and two sources, IRAS
19282+1814 and K47 have cores which can be found
in Wu et al,l¥ but did not display full cores in our

result due to the smaller mapping areas.

Table 1. Core parameters. Column 3 is the dynamical distance D calculated by the observed line centre velocity of 12CO,[°]
except IRAS 06067+2138, whose distance is quoted from Ref.[10]. Column 4 is the excitation temperature calculated by
the peak antenna temperature T of 12¢0.[11 In columns 5-7 are listed AViwrm, optical depth and the average column

density of 13CO within the core area, respectively. The major and minor angular size a and b were taken from the contour

at about half of the maximum, and the linear size R = v/ab/2. They are shown in columns 8-10, respectively. The density

of hydrogen molecules is listed in column 11 and the core mass in column 11. Column 13 is the virial mass calculated

using the AVpwum and the linear size R.112] The last column is the bolometric luminosity of the reference IRAS source

calculated from the PSC flux data.[13]

Source Ref. Position D Tex AVrwaMmi1s T3 Nizgo A b R nH2 M My Lol
J2000 /kpc /K /km-571 /101'scrr172 /arcmin /arcmin /pc /1()301r173 /103M@ /103M@ /103L®
1) (2) (3) (4 (5) (6) (7) (8) (9) (o) (11) (12) (13) (14
0042045530 |00244™57.5° +55947™18°% 5.0 22 1.9 0.38 14 4 2.5 2.3 0.90 8.9 1.7 16
0533543609 |05"36™52.5° +36910™49° 15 19 4.0 0.46 31 5 2.5 7.8 0.57 223 26 20
0605542039 [06208™32.8% +20939™16% 2.4 44 3.9 0.49 130 5 2.1 9.0 41 6.7 16
0606742138 |06709™48.0° +21938™11° 2.0 19 2.4 0.72 23 3 3 0.88 3.7 2.1 3.4 0.35
064464-0029* [06247™12.9° +00926™06° 6.0 18 2.2 0.18 4.9 2 1.5 1.5 0.47 1.8 1.5 23
1912040917 [19%14™23.7% +09923™14% 4.1 14 3.6 0.67 18 3 2 1.5 1.7 3.5 4.0 40
19529+42704*|19"54™59.7° +27912™52° 3.4 24 2.6 0.35 25 2 3 1.4 2.6 6.7 2.0 39
4.0 24 2.6 0.35 25 2 3 1.1 3.2 4.6 1.7 56
20100+3643*|20P11™54.1% +36952™28% 4.2 15 3.4 0.29 8.2 1.5 1.5 0.94 1.2 0.94 2.2 7.0
210744-4949*21209™07.9° +50902™00° 9.5 17 3.5 0.2 5.9 2 1.5 2.4 0.35 5.6 6.3 84
9.8 17 3.5 0.2 5.9 2 1.5 2.5 0.34 5.9 6.1 89
225704-5912*|22559™06.5° +59928™28° 5.0 35 3.3 0.33 54 2 3 1.8 4.4 24 4.2 48
2350446012 |23252™58.2° +60928™44° 4.0 23 2.6 0.33 18 2.5 4 1.6 1.6 6.8 2.3 8.2
S157 23016™04.3° 460901™41° 4.4 32 2.9 0.27 27 2 5 2.0 1.9 11 3.6 85
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Fig.1. Examples of spectral lines, core, outflow, rotation and infall: (a) 12¢0, 83Cc0o, C*® O spectral lines of S157 offset (1, 0). (b)
Contours of **CO emission from —46.0 to —40.8km-s~!. Contours are at 8, 10, 12, 14, 16, 18K km-s~'. The square denotes the HII region,
the cross denotes the HoO maser source, the triangle denotes the IRAS source and the shaded ellipse shows the beam size. (c) 2¢o, 3co
spectral lines of IRAS 2107444949 at offset (0, 1). (d) Blueshifted 2CO emission contours from —81.1 to —75.3 km-s~!(solid lines) and
redshifted emission contours from —69.2 to —62.1 km-s~* (dashed lines). All contour levels begin from 3K km-s~" with increasing steps of
1.0K km-s~!. The cross denotes the H,O maser source and the triangle denotes the TRAS source. (e) The 12C0 spectral line of the TRAS
2350446912 at offset (1, —4) (-6, —8), (1,0) and (—1,1), respectively. (f) Position—velocity contours graph of 23504+6012. The contour levels
begin from 0.4 K with increasing steps of 0.6 K. (g) The *>CO spectral line of the1952942704 at offset (0, —2) and (0, 2), respectively. (h)

Contours of **CO emission integrated from 19.3 to 23.5 km's™ !, contour levels from 7.3 to 14.8 with steps of 1.4K km s~ 1.
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Assuming that the gas is in local thermodynamic
equilibrium (LTE)!® and taking the molecular abun-
dance ratio of [*2CO]/[**CO]=89, we can calculate the
excitation temperature of 12CO and the optical depth
of 13CO with the radiation transfer theory. And as-
suming that the peak optical depth of '*CO is the
average optical depth of the area, we can calculate
the average column density of *CO with the optical-
depth correction. Taking the molecular abundance ra-
tio [12CO]/[H3]=1x10"%, the parameters of the whole
molecular cloud core, whose the most abundant com-
ponent is Hy, can also be derived. The main derived
parameters and some observed parameters of cores are
listed in Table 1.

The emission of '3CO and C'¥0 J=1-0 shows
that the gas in these sources is cold and dense. The
excitation temperature of 2CO ranges from ~15 to
~43 K, the average column density of ¥CO is ~(5-
130)x10'%cm=2, and the average numeral density of
H; of the core areas is ~(0.35-12)x103cm~3.

It has been shown that emission line widths of
massive cores are often greater than those of low-
mass cores, according to Wu et all'* and the refer-
ences quoted therein. The typical line width of 13CO
J=1-0 is 1.3km-s ! for the low-mass cores in the sur-
veys of Myers et al.['5! Of our 12 cores, 7 have 13CO
J=1-0 line widths greater than 3.0km-s~!, 4 have
line widths greater than 2.5km-s~!, the last one IRAS
0042045530 only has 1.9km-s~! line width. Among
the 12 cores, 11 cores have one or more IRAS sources
having bolometric luminosity Ly > 103Lg, indicat-
ing that they should have high-mass young stellar ob-
jects (YSOs).

We also calculated the virial mass (M;,). As-
suming a constant density distribution that can give
an upper-limit to our estimation of virial mass, the
virial mass is given byl'?l M, = 210RAV? (Mg),
where R measured in pc (parsec) is the cloud core
radius and AV measured in km-s~! is the full width
at half-maximum (FWHM) intensity of *CO J=1-0
line in the present paper. Comparing the core masses
with their virial masses, we can estimate if the cores
are unstable for the gravitational collapse. In 8 cores
the masses are greater than their virial masses, indi-
cating that they are the star forming regions indeed.
For the remaining 4 cores whose masses are less than
their virial mass, there may be some unstableness in
the cloud cores.'?!

An estimate of the outflow parameters was also
obtained, following the method used by Snell et al.[1]
Similarly assuming the high-velocity gas being in LTE
and optically thin, the total column density of high-
velocity gas can be obtained. With the area of the red
and blue lobes, the mass M can be deduced. In a sim-
ilar way, the momentum and energy can be calculated
from the summation of [T(v)vdv and [ T(v)v*dv
over the lobes, respectively. A characteristic velocity
can be determined by < V' >= P/M, and dynamical
time scale got by t = R/Viax, the driving force and
mechanical luminosity by F = P/t, L., = E/t, and
the stellar mass loss rate by M = P/(t - V), where
the terminal velocity of the stellar wind V,, is taken
to be 1000km/s.[17] In addition, we give a uniform in-
clination of 45° to the velocity < V > to correct for
the projection effects. The results are presented in
Table 2.

Table 2. Outflow parameters. Column 2 is the typical AVewnum of 12CO. Column 3 lists the blue or red lobe,

and if the dynamical distance D have two values, the related parameters are calculated twice for the different D.

The parameters of outflows are listed in columns 4-12, respectively.

source AVrwHM12 Lobe R M P E <V > ta F Lo M
/km-s~* /pc /Mg /Mgkm-s~—* /10%%J /km-s~! /10°yr /10 °Mgkm-s ‘yr~' /Ly /107 "Mg yr—*

00420+5530 3.08 Blue 2.0 42 180 6.1 4.3 3.3 5.5 0.15 5.5

Red 2.0 29 156 7.0 5.5 3.2 4.9 0.18 4.9

20100+3643 4.15 Red 0.53 3.5 21 0.90 6.0 0.75 2.8 0.10 5.6

1952942704 5.50 Red near 1.2 7.1 68 5.1 9.7 1.3 5.2 0.31 5.2

Red far 1.4 9.7 100 7.4 9.7 1.6 6.2 0.37 6.2

21074-+4949 4.52 Blue near 1.6 22 168 9.9 7.8 1.9 8.7 0.42 8.7

Blue far 1.7 23 177 11 7.8 2.0 9.0 0.43 9.0

Red near 1.6 17 184 15 11 1.5 12 0.8 12

Red far 1.7 18 196 19 11 1.6 13 0.82 13

S157 4.15 Red 0.76 21 197 14 9.3 0.75 26 1.6 26
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Our outflow parameters are significantly larger
than those produced by low-mass YSOs. We find the
mass in the single lobe of outflows ranges from 3.5
to 42.3 Mg, momentum P=21 to 79 Mgkm-s~1, me-
chanical energy E=9x10%" to 1.6x10%°J and stellar
mass-loss rate M = 4.9 x 107 to 2.6><10_6M®yr_1,
much larger than those found for low-mass outflows.
Among the 5 outflows, three outflows which only show
red lobe parameters are not monopolar outflows be-
cause their blue side is polluted by the other compo-
nents.

Systematic velocity shift was found in 2 sources
TRAS 2010043643 and 23504+6012.
gion is only shown partly for IRAS 2010043643, and

there is high-velocity molecular gas in the core re-

The core re-

gion. The velocity gradient from north to south
is 0.29km-s~!pc!. A rotation with angular ve-
locity 9.3x107'®s~! can account for it. For IRAS
23504+6012 the velocity gradient from north to south
is 0.30km-s~'pc!, and a rotation with angular veloc-
ity 9.8x1071°s™! can account for it. There are some
line wings in the 12CO J=1-0 lines of the two sources.
We also found blue asymmetric double-peak pro-
files of '2CO lines in the core of IRAS 19529+2704.
The line positions are associated with the core contour
intensity peak and about 2’ south away from the IRAS
1952942704, which is larger than the beam width and
out of the IRAS ellipse of error. In Fig.1(g), we can
see that a line of offset (0, 2) is single-peaked obvi-
ously and its line-center velocity is exactly at the dip
position of the line at position of offset (0, —2). The
collapse demands that the optical-thin line has a sin-
gle peak at the corresponding position of the double-
peak optical-thick line.'8] But our *CO lines have a
little similar blue asymmetric double-peak profile, in-
dicating that it may be somewhat optical-thick for the
13CO0, and the S/N ratio of C'20 is not enough to as-
certain if the C'®O lines have a single-peak feature. So
this source needs more sensitive and higher space reso-
lution observations with dense environment molecular
probes such as HCN, HCO* and optical-thin lines.
The 2MASS data were employed and the local
stars of 2MASS sources are removed. Most of our
TRAS sources in the 12 cores can find correspondence
in 2MASS sources within their TRAS error ellipse.
There is often not only one 2MASS source in the IRAS
error ellipse, for example, the IRAS 1952942704 has
5 2MASS sources within its IRAS error ellipse and 52
2MASS sources within 1’ region centered at the IRAS

source position, which indicates that massive stars are

often formed in clusters. However, we can always
find a red bright source corresponding to the IRAS
For example, 2MASS J19545807+2711589,
whose JHK magnitudes are 16.2, 14.0 and 12.9, re-
spectively, coincides with TRAS 19529+4-2704. An in-

frared cluster locates in the northern part of the CO

source.

core (see Fig.1(h)); while the southern part is dark
in both 2MASS and POSS images. Thus the star
formation is occurring from north to south. 2MASS
J19545807+2711589(or 2MASS J19545807+2711589),
about 30 arcsec from the cluster, at the interface of the
two parts, is really young.

The reference position of S157 cloud core locates
about 5 arcmin south-west to the HII region.'?! Its
2MASS image shows that there is a small bar-like in-
frared cluster wedging into the molecular cloud from
south-west. The CO cloud core emission peak is
about 1 arcmin east to the reference position, IRAS
23138+-5945.

The 12 cloud cores in our sample are very young
in general. They are associated with IRAS sources
whose colour indices satisfied the criteria of UCHII
region.[2) Eight sources are associated with water
masers.[21:22] Their masses range from several hun-
dreds to tens of thousands of solar mass. Most 13CO
line widths at half maximum intensity are larger than
or close to 3km-s~1.[23] All these above indicate that
these cloud cores are possible massive star formation
regions. Among the five outflow sources, gravitational
collapse may be ongoing in IRAS 1952942704 and the
spectra in IRAS 20100+ 3643 and 2350446012 show
the characteristics of rotation. All are the important
dynamic processes of star formation.

In summary, 23 sources have been mapped in the
J=1-0 transition of 12CO, 3CO and C'30 and anal-
ysed for star formation activities. Twelve cores and
5 outflows were identified as our result. These cores
and outflows are mostly massive (Mww:w?’ — 105M®,
Moutiow = 3.5 — 42Mg) and mostly associated with
high bolometric luminosity (Lp, = 10° — 10°Lg)
IRAS sources. In addition, two rotational cores and an
infall candidate were found in these high mass cores.
The line widths of 10 massive cores are greater than
2.5km-s~!, obviously greater than the line width of
low-mass cores. And the 2MASS data indicate that
the massive star formation region often has several or
dozens of infrared sources within it.

Future high-resolution observations in multiple
molecular lines and IR imaging are required to locate

the central driving engine and determine if more than
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one outflow exists within our telescope beam.
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