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Abstract A total of 197 relatively isolated high-mass star-
forming clumps were selected from the Millimeter As-
tronomy Legacy Team 90 GHz (MALT90) survey data
and their global chemical evolution investigated using
four molecular lines, NoHT (1-0), HCO' (1-0), HCN
(1-0), and HNC (1-0). The results suggest that the global
averaged integrated intensity ratios I (HCO™)/I(HNC),
I(HCN)/I(HNC), I(NpH")/I(HCO™), and I(N,HT)/
I (HCN) are promising tracers for evolution of high-mass
star-forming clumps. The global averaged column densities
and abundances of NoHT, HCO™, HCN, and HNC increase
as clumps evolve. The global averaged abundance ratios
X (HCN)/X (HNC) could be used to trace evolution of high-
mass star forming clumps, X (HCO™)/X (HNC) is more
suitable for distinguishing high-mass star-forming clumps
in prestellar (stage A) from those in protostellar (stage B)
and HII/PDR region (stage C). These results suggest that
the global averaged integrated intensity ratios between HCN
(1-0), HNC (1-0), HCO™ (1-0) and NoH™" (1-0) are more
suitable for tracing the evolution of high-mass star forming
clumps. We also studied the chemical properties of the tar-
get high-mass star-forming clumps in each spiral arm of the
Galaxy, and got results very different from those above. This
is probably due to the relatively small sample in each spiral
arm. For high-mass star-forming clumps in Sagittarius arm
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and Norma-Outer arm, comparing two groups located on
one arm with different Galactocentric distances, the clumps
near the Galactic Center appear to be younger than those far
from the Galactic center, which may be due to more dense
gas concentrated near the Galactic Center, and hence more
massive stars being formed there.
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1 Introduction

High-mass star formation and its early evolution are still
poorly understood (Zinnecker and Yorke 2007; Tan et al.
2014), but chemical studies on the different evolutionary
stages of high-mass star formation provide an important tool
for understanding the underlying physical processes (e.g.
Gerner et al. 2014). The chemical composition of molec-
ular gas undergoing star formation is predicted to evolve
due to the physical changes occurring during the star for-
mation process. The changing physical conditions may lead
to the production and destruction of different molecular
species, and several theoretical models predict changing
molecular abundances of low mass star forming molecular
cores as they evolve from the prestellar to protostellar phase
(Hoq et al. 2013). Despite the numerous dedicated studies
of the chemical properties of high-mass star-forming ob-
jects, their chemical evolution is still rather poorly under-
stood.

Many recent studies have focused on deeper understand-
ing of the chemistry in the various evolutionary stages
of high-mass star formation. Sanhueza et al. (2012) se-
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lected 92 infrared dark cloud (IRDC) clumps and classified
them into quiescent, intermediate, active, and red clumps.
They found that column densities of N,H*, HNC, HN B¢,
HCO™, H3CO™, HCN, HC;3N, HNCO, and SiO, but not
that of CoH, increase with evolution, and NoHt and HCO*
abundances also increase with evolution. Ny HT/HCO™ and
N,H*/HNC abundance ratios could act as chemical clocks,
increasing with clump evolution. Hoq et al. (2013) se-
lected 333 sources from the Millimeter Astronomy Legacy
Team 90 GHz (MALT90) survey, which included 59 qui-
escent, 95 protostellar and 179 HII/ photodissociation re-
gion (PDR) clumps, and investigated the chemical evolu-
tion of those clumps using the NyH* (1-0), HCO™ (1-0),
H3cot (1-0), HCN (1-0), and HNC (1-0) molecular lines.
They found that both NoHt and HCO™ abundances in-
creased as a function of evolutionary stage, whereas the
integrated intensity ratios of NyH' (1-0) to HCO* (1-0)
showed no discernable trend. The HCN (1-0) to HNC
(1-0) integrated intensity ratios showed marginal evidence
of increase as the clumps evolved. Miettinen (2014) stud-
ied the chemical properties of 12 IR-dark and 22 IR-bright
clumps using the MALT90 survey data. He found that the
abundances of SiO, HNCO, and HCO™' were higher in
IR-bright clumps than IR-dark sources, reflecting a pos-
sible evolutionary trend. However, the opposite trend was
found for CoH and NoHT abundances. NoHT/HNC and
HCO™/HNC abundance ratios appeared to increase as the
clumps evolved.

We note that the aforementioned studies do not al-
ways yield fully consistent results. For example, Gerner
et al. (2014) and Sanhueza et al. (2012) suggested that
N,H+/HCO™ abundance ratio could act as a chemical clock
for high-mass star formation, whereas Hoq et al. (2013)
found that NoH/HCO™ abundance ratio shows no discern-
able trend from quiescent to protostellar, and to HII/PDR
stage. HCN/HNC abundance ratios of IRDC, HMPO (high-
mass protostellar object), HMC (hot molecular core) ob-
tained by Gerner et al. (2014) were between 0.3 and 0.6,
whereas the median HCN/HNC abundance ratios for IR-
dark and IR-bright clumps obtained by Miettinen (2014)
were 3.17 and 1.84. One possible reason may be that these
studies were based on single point data or beam averaged
peak data, which is not suitable for tracing chemical evolu-
tion of complete high-mass star forming regions, because
the same telescope with the same beam may obtain dif-
ferent chemical compositions for the same source at dif-
ferent distances by single point observation. Therefore, it
is essential to obtain a sample of relatively isolated high-
mass star forming regions at different stages, and study their
global physical and chemical properties by mapping obser-
vation.

@ Springer

In this paper, we selected 197 relatively isolated high-
mass clumps at different evolutionary stages from all the
MALTO0 survey data and studied their chemical evolution.
The goal was to characterize their global chemical proper-
ties and find chemical clocks tracing their evolution. Sec-
tion 2 briefly describes the archival data, which include
the MALT90 survey, APEX Telescope Large Area Sur-
vey of the Galaxy (ATLASGAL), Galactic Legacy Infrared
Mid-Plane Survey Extraordinaire (GLIMPSE)/Spitzer, and
MIPS/Spitzer Survey of the Galactic Plane (MIPSGAL),
as well as the source sample and classification. Section 3
presents the calculated physical and chemical parameters,
e.g. global averaged integrated intensities, column densities,
abundances, and kinematic distances. Section 4 explores
and discusses global averaged integrated intensity ratios and
abundance ratios of high-mass star forming clumps at dif-
ferent stages for the whole sample and subsamples of each
spiral arm of the Galaxy. Section 5 summarizes the out-
comes.

2 Archival data
2.1 ATLASGAL survey

ATLASGAL (Schuller et al. 2009) is the first systematic
survey of the inner Galactic plane in the sub-mm band.!
This survey was performed with the Large APEX Bolome-
ter Camera (Siringo et al. 2009), an array of 295 bolome-
ters observing at 870 pm (345 GHz). At this wavelength
the APEX Telescope has a full width at half maximum
(FWHM) beam size of 19.2 arcsec. The survey region cov-
ered a Galactic longitude region of |£| < 60° and 280° < £ <
300°, and a Galactic latitude |b| < 1.5° and —2° < b < 1°.
Urquhart et al. (2014) provided a compact source catalog
of this survey, which consists of ~ 10163 massive dense
clumps.

2.2 MALT90 survey

The MALT90 survey is a large international project that
exploited the fast-mapping capability of the ATNF Mopra
22 m telescope and obtained 16 molecular line maps near
90 GHz for 2012 sources to characterize physical and chem-
ical conditions of high-mass star formation regions over a
wide range of evolutionary states (from Pre-stellar cores, to
Proto-stellar cores, and H II regions). The sample of this sur-
vey is a subsample of the ATLASGAL catalog, with angular
and spectral resolution approximately 36” and 0.11 kms™!
(Jackson et al. 2013). The MALT90 data were obtained from
the online archive.> We plotted the molecular maps using the

Uhttp://www3.mpifr-bonn.mpg.de/div/atlasgal/.
2http://atoa.atnf.csiro.au/MALT90/.
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GILDAS? package (Grenoble Image and Line Data Analy-
sis Software).

2.3 GLIMPSE and MIPS surveys

The GLIMPSE survey4 is a mid-infrared survey (3.6, 4.5,
5.8, and 8.0 um) of the inner Galaxy (Benjamin et al. 2003;
Carey et al. 2009) performed with the Spitzer Space Tele-
scope. The angular resolution is better than 2 at all wave-
lengths. GLIMPSE covers 5° < |£| < 65° with |b| < 1°,
2 <|¢| <5° with |b] <1.5° and |£| < 2° with |b| <2°. The
MIPS/Spitzer Survey5 of the Galactic Plane (MIPSGAL) is
a survey of the same region as GLIMPSE at 24 and 70 pm,
using the multiband imaging photometer aboard the Spitzer
Space Telescope (MIPS). The angular resolution at 24 and
70 um is 6” and 18" (Carey et al. 2009). Gutermuth and
Heyer (2015) provided the point source catalog of the MIPS
survey at 24 pm.

2.4 Source selection and classification

The MALT90 survey simultaneously mapped 16 molecular
lines near 90 GHz. Miettinen (2014) provides a list of the
observed lines (see Table 2 therein), and discusses the chem-
ical properties of the molecules in detail. The present paper
focuses on the NoH* (1-0), HCO™ (1-0), HCN (1-0), and
HNC (1-0) lines, as these lines are good tracers for dense
gas, and are commonly used to study chemical evolution of
high-mass star-forming regions.

Due to its resistance to depletion at low temperatures and
high densities, NoH* is an excellent tracer of cold and dense
molecular clouds. Altogether 197 isolated clumps with a
S/N ratio of > 3 in the integrated NoH™ (1-0) emission were
detected. Then, we obtained the integrated intensity maps of
NoH™ (1-0), HCO™ (1-0), HCN (1-0), and HNC (1-0) for
each source (see Fig. 21).

Following Hoq et al. (2013), we classified the 197 clumps
into prestellar, protostellar, and HII/PDR stages. Prestellar
clumps show no obvious signs of embedded stars or proto-
stars, and appear dark in the 3.6, 4.5, 8, and 24 pm bands.
Eighteen out of 197 sources were classified into the prestel-
lar stage (stage A). The remaining 179 sources showed signs
of star forming activities, 74 which had unresolved emis-
sion in the MIPS 24 um band or associated with extended
4.5 um emission, extended green objects or green fuzzies
(Cyganowski et al. 2008), were classified as protostellar
(stage B). The remaining 105 sources were classified into
HII/PDR stage (stage C). HII regions and photodissocia-
tion regions (PDRs) showed extended emission at 8 um,

3http://iram.fr/IRAMFR/GILDAS/.
“http://irsa.ipac.caltech.edu/data/SPITZER/GLIMPSE/.
Shttp://irsa.ipac.caltech.edu/data/SPITZER/MIPSGAL/.

due to fluorescently excited polycyclic aromatic hydrocar-
bon (PAH) emission contained in the 8 um band. The co-
ordinates and evolutionary classification of the 197 sources
are listed in Table 1.

3 Results
3.1 Global averaged integrated intensities and ratios

All detected NpHT (1-0), HCO™ (1-0), HCN (1-0),
and HNC (1-0) for each clump were averaged, the global
average molecular spectra of these lines obtained (see
Fig. 1), and the global averaged integrated intensities for
I(NoHT (1-0)), I(HCO' (1-0)), I(HCN (1-0)), and
1 (HNC (1-0)), and the ratios between them were derived,
as shown in Table 2. The median values of the integrated in-
tensity and integrated intensity ratios of the clumps in each
evolutionary stage were shown in Table 6.

3.2 Global averaged column densities and abundances

Following Sanhueza et al. (2012), the optical depth was de-
rived using

Tob = f[J (Tex) — I (Tg) | (1 —€7™), (1)

where Tpp is the main beam brightness temperature, f is
the filling factor, 7, is the optical depth of the line, Ty is
the background temperature, and J(7T') = hk—”m, his
the Planck constant, k is the Boltzmann constant. To deter-
mine the optical depth of the line, the excitation temperature
(Tex), of the line was assumed to be equal to the dust temper-
ature (Tp). Because our classification follows that of (Hoq
et al. 2013), we use the median values of the dust tempera-
tures (7p) found by Hoq et al. (2013), for each evolutionary
stage: 13.9 K, 17.9 K, and 26.0 K for stage A, B and C,
respectively. The resulting optical depths of NoH™ (1-0),
HCOT (1-0), HCN (1-0), and HNC (1-0) for all clumps are
listed in Table 5. The global averaged column densities were
calculated based on the global averaged molecular spectra
of NyHT (1-0), HCO™ (1-0), HCN (1-0), and HNC (1-0)
of each clump by assuming local thermodynamic equilib-
rium (LTE), using the following formula from Garden et al.
(1991)

3k (Tox+hB/3k)  exp(Ey/kTe)
8m3Bu2R  (J+1) [l —exp(—hv/kTe)]

X frvdv, (2)

where v is the transition frequency and the filling factor is
assumed as 1, 7, is the optical depth of the line, w is the
permanent dipole moment of the molecule, and R is the
relative intensity of the brightest hyperfine transition with
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Table 1 Source information

Source name 1(°) b (°) Stage Av (NoH) (kms™) Visg (kms™1)
QY] ) 3) €} (%) (6)
G000.006+00.156 000.006 +00.156 C —6.42 (0.03) 1.13 (0.06)
G000.053-00.209 000.053 —00.209 C 14.17 (0.03) 2.02 (0.07)
G000.208-00.518 000.208 —00.518 B —1.43 (0.06) 2.76 (0.14)
G000.410-00.504 000.410 —00.504 C 20.29 (0.06) 2.50 (0.13)
G000.633+00.601 000.633 +00.601 C —1.10 (0.04) 1.51 (0.11)
G000.766-00.248 000.766 —00.248 B —47.97 (0.02) 2.94 (0.04)
G000.836+00.183 000.836 +00.183 C 5.84 (0.12) 2.47 (0.25)
G002.534+00.200 002.534 +00.200 B 9.71 (0.03) 2.13 (0.08)
G002.615+00.135 002.615 +00.135 C 96.75 (0.12) 3.59 (0.19)
G002.623+00.237 002.623 +00.237 B 6.51 (0.03) 1.96 (0.06)
G003.274+00.582 003.274 +00.582 B 45.46 (0.48) 17.98 (0.95)
G003.309+00.333 003.309 +00.333 B 83.49 (0.35) 10.98 (0.72)
G003.309-00.399 003.309 —00.399 B 6.36 (0.06) 2.97 (0.10)
G003.350-00.077 003.350 —00.077 C 8.43 (0.21) 5.29 (0.28)
G003.415-00.354 003.415 —00.354 B —24.88 (0.05) 3.62 (0.08)
G003.436-00.572 003.436 —00.572 A 2.67 (0.04) 1.54 (0.10)
G004.627-00.665 004.627 —00.665 B 9.70 (0.04) 2.00 (0.08)
G004.827+00.231 004.827 +00.231 B 13.62 (0.03) 1.95 (0.07)
G004.895-00.127 004.895 —00.127 A 9.14 (0.02) 1.57 (0.06)
G005.505-00.245 005.505 —00.245 A 21.66 (0.06) 2.54 (0.12)
G005.615-00.092 005.615 —00.092 B —26.13 (0.04) 3.01 (0.10)
G005.637+00.238 005.637 +00.238 C 8.21 (0.02) 1.76 (0.04)
G005.831-00.512 005.831 —00.512 C 16.36 (0.03) 1.89 (0.06)
G005.893-00.320 005.893 —00.320 C 10.23 (0.03) 1.83 (0.06)
G006.119-00.636 006.119 —00.636 C 16.39 (0.10) 3.22 (0.16)
G006.188-00.358 006.188 —00.358 C —32.68 (0.04) 2.70 (0.07)
G006.216-00.609 006.216 —00.609 B 18.60 (0.02) 2.03 (0.05)
G006.551-00.097 006.551 —00.097 C 14.95 (0.16) 5.21 (0.23)
G006.796-00.256 006.796 —00.256 C 21.48 (0.02) 2.62 (0.04)
G007.333-00.567 007.333 —00.567 B 20.48 (0.05) 1.96 (0.19)
G007.632-00.109 007.632 —00.109 A 153.90 (0.05) 2.44 (0.11)
G007.993-00.269 007.993 —00.269 B 39.80 (0.04) 2.39 (0.07)
G008.049-00.244 008.049 —00.244 C 39.83 (0.07) 1.53 (0.17)
G008.206+00.190 008.206 +00.190 B 18.89 (0.05) 1.94 (0.11)
G008.350-00.317 008.350 —00.317 C 38.72 (0.04) 2.07 (0.09)
G008.458-00.224 008.458 —00.224 B 37.54 (0.03) 1.97 (0.07)
G008.955-00.535 008.955 —00.535 A 20.54 (0.12) 3.90 (0.20)
G009.037-00.521 009.037 —00.521 B 37.07 (0.04) 2.13 (0.12)
G009.212-00.202 009.212 —00.202 C 42.44 (0.02) 2.37 (0.04)
G009.283-00.149 009.283 —00.149 B 41.29 (0.02) 2.00 (0.05)
G009.422-00.704 009.422 —00.704 B 19.45 (0.05) 2.72 (0.10)
G009.620+00.195 009.620 +00.195 C 4.21 (0.04) 3.22 (0.07)
G009.877-00.748 009.877 —00.748 C 28.18 (0.02) 2.56 (0.03)
G010.473+00.028 010.473 +00.028 C 66.98 (0.06) 5.72 (0.10)
G010.624-00.383 010.624 —00.383 C —2.58 (0.03) 2.95 (0.06)
G010.630-00.510 010.630 —00.510 C —2.94 (0.05) 2.39 (0.12)
G010.661+00.080 010.661 +00.080 A 20.95 (0.11) 3.18 (0.21)
G010.680-00.027 010.680 —00.027 C 50.97 (0.09) 2.70 (0.16)
G010.724-00.332 010.724 —00.332 C —1.45 (0.03) 1.94 (0.08)
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Table 1 (Continued)

Source name 1(°) b (°) Stage Av (NoH) (kms™) Visg (kms™1)
QY] ) 3) €} (%) (6)
G010.746+00.015 010.746 +00.015 A 32.14 (0.04) 2.16 (0.06)
G011.033+00.061 011.033 +00.061 C 15.32 (0.29) 6.17 (0.53)
GO011.112-00.399 011.112 —00.399 C —0.23 (0.03) 3.05 (0.05)
G011.903-00.140 011.903 —00.140 B 37.80 (0.07) 3.52 (0.12)
G011.942-00.156 011.942 —00.156 C 42.72 (0.08) 3.74 (0.14)
G012.200-00.033 012.200 —00.033 B 51.11 (0.05) 2.72 (0.10)
G012.418+00.506 012.418 +00.506 C 18.05 (0.03) 2.64 (0.06)
G012.497-00.222 012.497 —00.222 B 35.70 (0.03) 1.89 (0.07)
G012.625-00.017 012.625 —00.017 B 21.69 (0.03) 2.49 (0.06)
G012.680-00.180 012.680 —00.180 C 55.47 (0.04) 3.72 (0.10)
G012.774+00.337 012.774 +00.337 C 18.26 (0.04) 1.54 (0.08)
G012.805-00.318 012.805 —00.318 B 13.73 (0.03) 1.89 (0.06)
G012.905-00.030 012.905 —00.030 B 56.58 (0.02) 2.09 (0.05)
G012.999-00.357 012.999 —00.357 C 15.05 (0.05) 3.40 (0.09)
GO013.131-00.150 013.131 —00.150 C 45.09 (0.03) 1.72 (0.06)
G013.209-00.141 013.209 —00.141 C 51.43 (0.03) 3.08 (0.06)
G013.657-00.599 013.657 —00.599 C 47.91 (0.03) 2.75 (0.06)
G013.904-00.512 013.904 —00.512 B 23.01 (0.05) 1.58 (0.16)
G014.101+00.086 014.101 +00.086 C 8.65 (0.10) 3.79 (0.16)
G014.226-00.511 014.226 —00.511 C 19.85 (0.03) 1.97 (0.06)
G014.245-00.071 014.245 —00.071 C 60.75 (0.12) 4.18 (0.19)
G014.606+00.014 014.606 +00.014 C 25.44 (0.08) 4.05 (0.12)
G014.632+00.308 014.632 +00.308 C 26.19 (0.04) 1.71 (0.10)
G014.777-00.486 014.777 —00.486 B 21.96 (0.04) 1.35 (0.09)
G340.054-00.244 340.054 —00.244 C —53.10 (0.03) 2.98 (0.05)
G340.104-00.313 340.104 —00.313 C —53.41 (0.04) 1.57 (0.10)
G340.229-00.144 340.229 —00.144 A —50.99 (0.09) 3.18 (0.15)
G340.261+00.532 340.261 +00.532 C —57.06 (0.06) 2.09 (0.12)
G340.311-00.436 340.311 —00.436 B —47.96 (0.06) 2.11 (0.14)
G340.632-00.648 340.632 —00.648 B —87.39 (0.06) 2.21 (0.13)
G340.764-00.132 340.764 —00.132 B —39.69 (0.04) 1.93 (0.09)
G340.776-00.119 340.776 —00.119 B —39.74 (0.03) 1.82 (0.06)
G340.785-00.097 340.785 —00.097 B —101.3 (0.04) 2.22 (0.10)
G340.878-00.374 340.878 —00.374 C —43.47 (0.05) 3.14 (0.08)
G340.934-00.233 340.934 —00.233 B —45.49 (0.05) 2.89 (0.09)
G341.034-00.114 341.034 —00.114 A —42.82 (0.03) 1.40 (0.07)
G341.038-00.113 341.038 —00.113 A —42.93 (0.04) 1.76 (0.08)
G341.127-00.350 341.127 —00.350 C —41.77 (0.07) 2.77 (0.11)
G342.484+00.183 342.484 +00.183 C —41.71 (0.03) 1.88 (0.07)
G342.706+00.125 342.706 +00.125 C —41.39 (0.02) 3.07 (0.04)
G342.822+00.382 342.822 +00.382 B —81.80 (0.04) 2.41 (0.08)
G342.824+00.381 342.824 +00.381 B —81.79 (0.03) 2.41 (0.07)
G343.127-00.063 343.127 —00.063 B —30.51 (0.03) 3.24 (0.04)
G343.134-00.484 343.134 —00.484 B —35.85 (0.05) 2.73 (0.08)
G343.353-00.071 343.353 —00.071 B —121.1 (0.04) 2.73 (0.07)
G343.478-00.023 343.478 —00.023 C —27.97 (0.03) 2.73 (0.05)
G343.492-00.068 343.492 —00.068 C —28.30 (0.03) 1.61 (0.07)
G343.520-00.519 343.520 —00.519 B —35.04 (0.02) 2.60 (0.04)
G343.689-00.018 343.689 —00.018 C —34.68 (0.05) 2.14 (0.12)
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Table 1 (Continued)

Source name 1(°) b (°) Stage Av (NoH) (kms™) Visg (kms™1)
QY] ) 3) €} (%) (6)
G343.720-00.223 343.720 —00.223 C —27.22 (0.03) 1.92 (0.06)
G343.738-00.112 343.738 —00.112 B —27.26 (0.04) 2.35 (0.10)
G343.780-00.235 343.780 —00.235 B —27.62 (0.02) 1.87 (0.03)
G344.915-00.229 344915 —00.229 B —85.55 (0.06) 1.99 (0.17)
G345.259-00.035 345.259 —00.035 B —18.25 (0.04) 2.12 (0.09)
G345.261-00.418 345.261 —00.418 C —26.08 (0.06) 2.06 (0.13)
G346.078-00.056 346.078 —00.056 C —84.05 (0.05) 2.78 (0.09)
G346.307+00.114 346.307 +00.114 C —27.95 (0.04) 1.74 (0.09)
G346.369-00.648 346.369 —00.648 B 5.80 (0.01) 0.41 (0.02)
G346.484+00.220 346.484 +00.220 A —16.43 (0.05) 2.53 (0.12)
G347.294+00.132 347.294 +00.132 B —88.88 (0.07) 3.77 (0.11)
G347.627+00.149 347.627 +00.149 C —94.51 (0.06) 4.68 (0.09)
G347.645+00.143 347.645 +00.143 C —94.29 (0.13) 4.07 (0.15)
G347.682+00.207 347.682 +00.207 C —73.09 (0.14) 4.96 (0.24)
G347.871+00.014 347.871 +00.014 C —31.28 (0.10) 4.32 (0.15)
G347.967-00.434 347.967 —00.434 C —96.05 (0.03) 2.72 (0.05)
G348.228+00.413 348.228 +00.413 C —17.00 (0.02) 1.60 (0.05)
G348.290+00.643 348.290 +00.643 B —7.31 (0.04) 1.36 (0.12)
G348.777+00.149 348.777 +00.149 B —66.40 (0.13) 3.77 (0.21)
G348.892-00.179 348.892 —00.179 C 8.05 (0.08) 2.93 (0.14)
G349.137+00.024 349.137 +00.024 C 17.38 (0.10) 4.03 (0.16)
G350.014+00.434 350.014 +00.434 C —31.04 (0.08) 2.60 (0.15)
G350.111+00.092 350.111 +00.092 C —69.79 (0.11) 4.65 (0.19)
G350.183+00.003 350.183 +00.003 C —67.28 (0.07) 4.97 (0.12)
G350.271-00.500 350.271 —00.500 A —22.75 (0.03) 1.43 (0.08)
G350.412-00.062 350.412 —00.062 A —27.03 (0.03) 1.91 (0.08)
G350.506+00.958 350.506 +00.958 C —11.13 (0.02) 1.60 (0.05)
G350.522-00.349 350.522 —00.349 C —22.76 (0.03) 1.92 (0.07)
G350.687-00.491 350.687 —00.491 C —17.87 (0.02) 2.16 (0.05)
G350.688-00.489 350.688 —00.489 C —17.83 (0.03) 2.04 (0.05)
G350.710+01.027 350.710 +01.027 C —3.81(0.03) 1.45 (0.06)
G350.763+00.793 350.763 +00.793 C —4.75 (0.03) 1.11 (0.07)
G351.040-00.336 351.040 —00.336 C —17.97 (0.02) 2.46 (0.04)
G351.532-00.557 351.532 —00.557 B —22.41 (0.02) 2.02 (0.05)
G351.582-00.352 351.582 —00.352 C —95.47 (0.06) 4.19 (0.13)
G352.060+00.603 352.060 +00.603 A 1.19 (0.05) 1.57 (0.12)
G352.072+00.679 352.072 +00.679 B 1.93 (0.03) 2.07 (0.06)
G352.142-01.016 352.142 —01.016 B —12.16 (0.04) 2.43 (0.08)
G352.233-00.162 352.233 —00.162 C —91.32 (0.07) 3.12 (0.13)
G352.315-00.443 352.315 —00.443 C —10.39 (0.04) 2.86 (0.08)
G352.492+00.796 352.492 +00.796 C —1.80 (0.02) 2.17 (0.04)
G352.518-00.155 352.518 —00.155 C —51.39 (0.27) 5.82 (0.37)
G352.684-00.120 352.684 —00.120 C —81.20 (0.05) 1.43 (0.15)
G352.857-00.203 352.857 —00.203 C —56.55 (0.04) 3.14 (0.07)
G352.972+00.925 352.972 +00.925 C —4.40 (0.03) 1.40 (0.08)
G353.010+00.983 353.010 +00.983 C —3.73 (0.06) 2.23 (0.13)
G353.115+00.366 353.115 +00.366 C —2.06 (0.02) 1.79 (0.06)
G353.146+00.663 353.146 +00.663 C —4.26 (0.11) 2.93 (0.21)
G353.147+00.851 353.147 +00.851 C —8.84 (0.03) 1.90 (0.08)
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Table 1 (Continued)

This table list the information of
the all 197 sources. Column 1 is
the source name; Columns 2
and 3 are the Galactic longitude
and the Galactic latitude;
Column 4 list the evolutionary
classifications of the 197
sources; Column 5 list the full
line widths at half maximum
(FWHM) of NoH™* (1-0);
Column 6 list the local standard
of rest (LSR) velocities of
NoHT (1-0)

Source name 1(°) b (°) Stage Av (NoH) (kms™) Visg (kms™1)
QY] ) 3) €} (%) (6)
G353.198+00.927 353.198 +00.927 C —4.31 (0.04) 1.43 (0.08)
G353.215-00.247 353.215 —00.247 C —16.72 (0.08) 1.98 (0.20)
G353.271+00.641 353.271 +00.641 C —4.11 (0.03) 1.76 (0.06)
G353.462+00.563 353.462 +00.563 B —46.21 (0.02) 2.08 (0.05)
G353.547-00.019 353.547 —00.019 C —58.02 (0.15) 3.65 (0.30)
G353.577+00.661 353.577 +00.661 B —0.96 (0.04) 1.80 (0.08)
G353.975+00.256 353.975 +00.256 B 2.69 (0.02) 0.94 (0.07)
G354.206-00.038 354.206 —00.038 C —29.43 (0.06) 2.46 (0.13)
G354.207-00.036 354.207 —00.036 C —29.41 (0.06) 2.83 (0.10)
G354.628-00.610 354.628 —00.610 A —21.81 (0.05) 2.16 (0.10)
G354.813+00.976 354.813 +00.976 B —21.81 (0.05) 2.16 (0.10)
G354.945-00.539 354.945 —00.539 C —5.93 (0.03) 1.86 (0.07)
G355.182-00.419 355.182 —00.419 B —2.84 (0.02) 2.69 (0.04)
G355.249+00.363 355.249 +00.363 B 69.04 (0.27) 6.46 (0.59)
G355.265-00.269 355.265 —00.269 B —2.57 (0.04) 3.00 (0.07)
G355.344+00.148 355.344 +00.148 C 14.32 (0.30) 4.76 (0.59)
G355.412+00.103 355.412 +00.103 B 4.89 (0.04) 1.95 (0.08)
G355.589-00.035 355.589 —00.035 B —18.73 (0.13) 3.42 (0.24)
G355.740+00.655 355.740 +00.655 B —33.81 (0.03) 1.59 (0.06)
G355.829-00.501 355.829 —00.501 C —2.83 (0.08) 2.64 (0.14)
G355.935-00.346 355.935 —00.346 B —17.29 (0.05) 1.59 (0.15)
G356.008-00.424 356.008 —00.424 B —0.46 (0.08) 2.35(0.21)
G356.008-00.758 356.008 —00.758 C —3.60 (0.05) 1.58 (0.11)
G356.255-00.056 356.255 —00.056 C —5.07 (0.07) 2.12 (0.19)
G356.305-00.204 356.305 —00.204 C —8.49 (0.07) 2.28 (0.17)
G356.344-00.068 356.344 —00.068 B —55.24 (0.06) 2.91 (0.10)
G356.372+00.567 356.372 +00.567 B —4.37 (0.06) 1.80 (0.13)
G356.482+00.190 356.482 +00.190 B —5.20 (0.03) 1.73 (0.07)
G356.517+00.664 356.517 +00.664 B —0.67 (0.04) 1.66 (0.10)
G356.662-00.265 356.662 —00.265 B —52.60 (0.04) 2.40 (0.08)
G356.858+00.327 356.858 +00.327 B —14.00 (0.07) 1.93 (0.14)
G357.462-00.339 357.462 —00.339 A 3.99 (0.04) 1.66 (0.12)
G357.554-00.550 357.554 —00.550 C 1.12 (0.03) 2.52 (0.06)
G357.558-00.323 357.558 —00.323 B 2.26 (0.19) 5.79 (0.28)
G357.786-00.311 357.786 —00.311 B 4.68 (0.04) 1.76 (0.08)
G357.921-00.337 357.921 —00.337 C —1.26 (0.15) 3.73 (0.26)
G357.967-00.163 357.967 —00.163 C —3.45 (0.08) 3.71 (0.14)
G357.998-00.154 357.998 —00.154 C —3.89 (0.17) 4.67 (0.33)
G358.388-00.484 358.388 —00.484 C —2.64 (0.04) 2.59 (0.09)
G358.460-00.393 358.460 —00.393 B —3.60 (0.03) 2.63 (0.05)
G358.807-00.087 358.807 —00.087 B —54.10 (0.08) 2.19 (0.22)
G358.980+00.083 358.980 +00.083 B —2.15 (0.04) 1.62 (0.09)
G359.210-00.076 359.210 —00.076 C 31.91 (0.56) 18.74 (1.13)
G359.469-00.035 359.469 —00.035 A —1.63 (0.02) 1.58 (0.08)
G359.716-00.375 359.716 —00.375 C 17.24 (0.03) 1.76 (0.07)
G359.733+00.005 359.733 +00.005 C 70.78 (0.17) 11.50 (0.35)
G359.742+00.027 359.742 +00.027 A —83.67 (0.51) 24.35 (0.89)
G359.911-00.305 359.911 —00.305 B 16.62 (0.04) 1.69 (0.09)
G359.941+00.173 359.941 +00.173 C 15.08 (0.08) 2.46 (0.17)
G359.944+00.152 359.944 +00.152 C 15.00 (0.11) 3.02 (0.23)
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Table 2 Integrated intensities and integrated intensity ratio

Source name

Integrated intensities

Integrated intensity ratio

(1) I(N;HT)  I(HCO') [I(HCN) [(HNC) I(NHT) I(N;HY) I(NoHT) I(HCO') [(HCO') I(HCN)
(Kkms™)  (Kkms™") (Kkms™") (Kkms™') 7HCO') I(HCN) [(HNC) I(HCN) I(HNC) I(HNC)
2 3) €] (5) (6) 0 (8) 9) (10) (11)
G000.006+00.156  1.98 223 2.94 1.74 0.27 0.21 0.59 0.77 2.13 2.77
G000.053-00.209  1.86 1.90 1.87 1.48 0.31 0.31 0.52 1.00 1.70 1.70
G000.208-00.518  2.88 2.82 1.88 241 353 2.82 1.41 0.80 0.40 0.50
G000.410-00.504  1.83 2.50 2.46 2.20 0.40 028 059 0.71 1.49 2.09
G000.633+00.601  1.47 1.49 1.59 1.05 0.22 0.19 088 0.85 3.99 471
G000.766-00.248 ~ 3.22 1.63 1.69 1.86 5.18 12.00 1.46 2.32 0.28 0.12
G000.836+00.183 1.4 1.16 1.38 1.25 2.39 092 068 0.38 0.29 0.74
G002.534+00.200 2.78 2.42 1.59 1.72 0.71 1.99 1.57 2.81 221 0.79
G002.615+00.135  1.73 1.68 1.72 1.58 0.90 1.16 175 1.29 1.95 1.51
G002.623+00.237 2.22 1.68 1.63 1.84 0.83 2.16 1.00 2.60 121 0.47
G003.274+00.582  1.86 3.42 4.05 1.89 0.21 0.18 086 0.87 4.02 4.65
G003.309+00.333  2.00 1.84 3.55 2.10 0.39 020 068 051 1.73 338
G003.309-00.399  3.06 2.07 2.01 2.13 1.84 159 232 0.86 1.26 1.46
G003.350-00.077  1.93 1.56 171 2.16 3.60 1.93 0.64 0.54 0.18 0.33
G003.415-00.354  3.43 2.82 2.01 2.60 0.98 2.52 111 2.58 1.14 0.44
G003.436-00.572  2.06 1.38 1.50 1.59 2.98 1.74 1.80 0.59 0.60 1.03
G004.627-00.665  2.00 1.53 1.46 1.59 0.85 2.94 1.22 3.44 1.43 0.42
G004.827+00.231 1.78 1.61 1.47 1.36 0.80 0.96 1.16 1.19 1.45 121
G004.895-00.127  2.24 227 1.41 1.88 0.45 234 094 5.17 2.07 0.40
G005.505-00.245  1.57 1.20 111 1.26 9.37 11.04 1.88 118 0.20 0.17
G005.615-00.092  2.20 2.00 1.57 1.39 0.58 1.13 1.91 1.96 3.30 1.68
G005.637+00.238  2.92 2.76 2.39 2.20 0.80 0.91 0.90 1.14 1.12 0.99
G005.831-00.512  3.24 4.16 2.69 2.46 0.32 0.60 078 1.87 2.44 1.30
G005.893-00.320  2.18 2.53 2.15 1.73 0.46 057 097 1.23 2.10 171
G006.119-00.636  1.77 2.69 3.17 1.94 0.20 0.16 051 0.80 2.50 3.14
G006.188-00.358  3.34 3.14 2.99 2.50 0.79 0.62 127 0.79 1.60 2.03
G006.216-00.609  2.85 2.55 3.04 2.02 0.41 032 068 0.79 1.66 2.11
G006.551-00.097  1.77 1.25 1.40 1.30 0.93 0.65 111 0.70 1.19 1.70
G006.796-00.256  3.07 1.89 2.32 221 1.19 0.87 1.05 0.73 0.89 121
G007.333-00.567  2.01 1.85 223 1.69 0.48 0.18 068 0.37 141 3.79
G007.632-00.109  2.56 1.52 1.49 1.79 1.21 18.95 0.38 15.68 031 0.02
G007.993-00.269  3.32 3.00 3.28 227 0.37 026 056 0.70 1.49 2.11
G008.049-00.244  1.39 2.17 1.98 1.48 0.25 042 074 1.67 2.90 1.74
G008.206+00.190  1.54 1.34 1.64 1.19 0.37 0.18 062 0.48 1.66 347
G008.350-00.317  1.74 3.00 3.19 1.93 0.19 0.18 038 0.96 1.99 2.08
G008.458-00.224  1.91 2.82 1.93 1.57 0.30 048 075 1.61 2.53 1.57
G008.955-00.535  1.66 1.20 1.51 1.28 16.82 0.59 1.47 0.04 0.09 2.50
G009.037-00.521  1.75 1.60 1.43 1.44 0.42 118 2.09 2.82 5.00 1.77
G009.212-00.202  2.81 348 1.93 1.84 0.53 1.03 1.52 1.96 2.88 1.47
G009.283-00.149  2.18 2.46 1.64 1.58 0.54 1.08 1.59 1.99 2.92 1.47
G009.422-00.704  1.05 1.16 0.96 1.06 0.35 0.65 0.54 1.86 1.53 0.83
G009.620+00.195  3.04 3.15 3.30 2.71 0.51 052 063 1.02 1.23 1.20
G009.877-00.748  3.95 2.93 2.83 2.06 0.77 0.76 1.57 0.99 2.03 2.05
G010.473+00.028  4.78 5.61 450 3.66 0.50 0.64 098 1.28 1.98 1.55
G010.624-00.383  3.71 8.24 9.86 5.03 0.25 022 046 0.88 1.82 2.07
G010.630-00.510  1.94 238 1.97 1.65 0.31 0.46 1.11 1.48 3.61 2.44
G010.661+00.080 1.99 1.96 1.56 1.93 0.42 264 061 6.38 1.48 0.23
G010.680-00.027  1.86 1.54 1.48 1.42 1.29 1.65 0.79 1.28 0.61 0.48
G010.724-00.332  2.17 2.33 2.03 1.73 0.25 032 095 1.30 3.84 2.95
G010.746+00.015  1.71 1.52 1.37 1.54 0.42 1.03 0.77 2.44 1.83 0.75
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Table 2 (Continued)

Source name

Integrated intensities

Integrated intensity ratio

)] I(N,Ht)  I(HCO') I(HCN) I (HNC) I(NoHY)  IT(NoHY) I(N,HT) IHCO') IMHCO') I(HCN)
(Kkms™") (Kkms™") (Kkms™") (Kkms™") jHCOT) I(HCN) I(HNC) I(HCN) I(HNC) [(HNC)
2 3) 4 Q)] (6) 7 (8) 9) (10) (11)
G011.033+00.061 1.81 1.32 1.25 1.24 0.77 3.74 4.29 4.85 5.56 1.15
GO011.112-00.399  3.38 2.54 1.89 1.92 1.12 1.93 2.14 1.73 1.92 1.11
G011.903-00.140  2.09 1.45 1.34 1.53 0.77 1.23 0.79 1.61 1.03 0.64
G011.942-00.156  2.05 2.13 1.87 1.82 0.43 0.51 0.57 1.18 1.33 1.12
G012.200-00.033  1.83 1.99 1.62 1.46 0.47 0.48 1.01 1.03 2.16 2.10
G012.418+00.506 2.73 3.43 421 2.78 0.27 0.24 0.56 0.89 2.13 2.39
G012.497-00.222  1.91 2.20 2.13 1.63 0.20 0.22 0.50 1.08 2.50 2.32
G012.625-00.017 3.36 2.65 2.32 2.81 1.28 2.06 1.33 1.61 1.04 0.65
G012.680-00.180 2.82 1.77 1.36 1.55 1.19 4.79 2.90 4.02 2.44 0.61
G012.774+00.337 1.79 1.96 2.57 1.75 0.34 0.23 0.55 0.68 1.62 237
G012.805-00.318  2.58 1.23 1.21 1.20 4.31 3.38 3.05 0.78 0.71 0.90
G012.905-00.030  2.61 1.55 1.53 1.61 0.67 1.23 1.02 1.83 1.52 0.83
G012.999-00.357 3.18 1.33 1.37 1.19 1.95 28.04 13.83 14.36 7.08 0.49
G013.131-00.150  2.18 1.70 1.50 1.59 0.30 0.39 0.39 1.31 1.30 0.99
G013.209-00.141  2.45 1.56 1.23 1.43 1.08 2.90 1.28 2.69 1.19 0.44
G013.657-00.599  2.75 2.35 2.35 6.50 0.60 1.14 4.83 1.89 8.01 4.25
G013.904-00.512  1.86 2.00 2.34 1.90 0.55 0.25 0.57 0.46 1.04 2.26
G014.101+00.086 1.81 1.66 1.62 1.40 0.25 0.54 0.50 2.19 2.03 0.92
G014.226-00.511  2.38 2.54 2.70 2.01 0.44 0.40 0.69 0.90 1.55 1.72
G014.245-00.071  1.66 1.48 1.27 1.29 0.62 3.08 0.96 4.96 1.54 0.31
G014.606+00.014  2.96 1.50 1.66 1.58 2.15 1.87 1.42 0.87 0.66 0.76
G014.632+00.308  2.67 1.83 1.77 1.78 0.58 0.86 1.03 1.49 1.79 1.20
G014.777-00.486  1.46 2.10 1.60 1.28 0.12 0.20 0.99 1.67 8.43 5.04
G340.054-00.244 2.93 4.37 3.83 2.98 0.35 0.41 0.72 1.19 2.08 1.74
G340.104-00.313  1.45 1.76 1.62 1.28 0.24 0.31 0.77 1.28 3.21 2.51
G340.229-00.144 1.76 2.83 1.80 2.36 0.18 0.37 0.25 2.11 1.41 0.67
G340.261+00.532  1.66 2.55 2.75 1.67 0.16 0.14 0.34 0.84 2.06 2.44
G340.311-00.436  1.65 1.95 1.83 1.45 0.17 0.22 0.61 1.33 3.67 2.76
G340.632-00.648  1.54 1.34 1.38 1.43 0.79 0.87 0.95 1.09 1.20 1.10
G340.764-00.132  2.32 1.56 1.42 1.41 11.88 6.27 1.40 0.53 0.12 0.22
G340.776-00.119  2.31 1.47 1.44 1.40 3.98 34.63 7.12 8.71 1.79 0.21
G340.785-00.097 2.79 2.47 2.74 2.29 0.38 0.37 0.86 0.97 2.24 2.30
G340.878-00.374  3.91 1.96 1.94 2.13 2.10 1.59 1.23 0.76 0.59 0.77
G340.934-00.233  1.94 1.80 1.33 1.41 0.49 1.40 1.48 2.86 3.03 1.06
G341.034-00.114  1.79 1.43 1.57 1.34 1.21 0.54 0.99 0.44 0.82 1.84
G341.038-00.113  1.61 1.29 1.17 1.24 1.08 2.48 1.27 2.30 1.18 0.51
G341.127-00.350  2.45 2.78 3.04 2.42 0.27 0.27 0.52 1.00 1.93 1.93
G342.484+00.183 2.92 1.94 2.09 1.61 0.47 0.44 1.00 0.93 2.13 2.30
G342.706+00.125 4.35 3.99 2.73 3.13 0.71 1.35 1.37 1.90 1.93 1.02
G342.822+00.382 2.11 2.08 1.79 1.95 0.38 1.45 0.82 3.78 2.15 0.57
G342.824+00.381 2.43 235 1.69 2.07 0.50 1.12 0.82 2.22 1.63 0.74
G343.127-00.063  4.43 4.22 3.80 3.26 0.62 0.95 1.10 1.53 1.79 1.16
G343.134-00.484  2.63 1.80 1.74 1.99 2.01 1.24 0.95 0.62 0.47 0.76
G343.353-00.071  2.75 2.26 2.34 1.97 0.53 1.02 0.95 1.95 1.80 0.92
G343.478-00.023 4.14 3.33 5.54 3.13 0.83 0.47 0.97 0.56 1.17 2.09
G343.492-00.068  2.97 2.08 2.82 229 0.70 0.47 0.98 0.67 1.40 2.07
G343.520-00.519 2.84 1.66 1.60 1.73 1.53 1.42 1.21 0.93 0.79 0.86
G343.689-00.018 2.14 1.79 2.04 1.53 1.01 0.43 0.77 0.43 0.76 1.78
G343.720-00.223  1.93 1.34 1.62 1.32 0.60 0.47 0.75 0.79 1.26 1.60
G343.738-00.112  1.87 1.69 1.69 1.74 0.42 0.39 0.35 0.93 0.84 0.90
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Table 2 (Continued)

Source name

Integrated intensities

Integrated intensity ratio

)] I(N,Ht)  I(HCO') I(HCN) I (HNC) I(NoHY)  IT(NoHY) I(N,HT) IHCO') IMHCO') I(HCN)
(Kkms™") (Kkms™") (Kkms™") (Kkms™") jHCOT) I(HCN) I(HNC) I(HCN) I(HNC) [(HNC)
2 3) 4 Q)] (6) 7 (8) 9) (10) (11)
G343.780-00.235 2.71 1.98 1.70 1.93 0.94 1.82 1.27 1.94 1.35 0.70
G344.915-00.229  1.88 2.25 1.94 1.73 0.46 0.32 0.41 0.69 0.89 1.29
G345.259-00.035 2.02 1.34 1.39 1.52 11.37 2.74 0.81 0.24 0.07 0.30
G345.261-00.418  1.70 1.71 1.65 1.43 0.71 0.46 0.61 0.64 0.86 1.34
G346.078-00.056  2.74 2.05 2.00 1.88 0.57 0.61 1.36 1.07 2.37 2.22
G346.307+00.114 1.74 1.88 2.04 1.48 0.31 0.34 0.82 1.10 2.62 2.39
G346.369-00.648  2.13 1.90 1.93 1.76 1.04 2.02 1.82 1.94 1.74 0.90
G346.484+00.220 2.61 1.93 2.13 2.12 1.20 1.33 1.15 1.11 0.96 0.86
G347.294+00.132  2.60 1.81 1.61 1.70 0.66 0.69 1.07 1.04 1.62 1.56
G347.627+00.149 4.74 4.88 6.22 4.05 0.48 0.36 0.69 0.75 1.43 1.92
G347.645+00.143  3.45 4.80 5.35 3.75 0.30 0.26 0.70 0.87 231 2.67
G347.682+00.207 2.11 245 1.74 2.00 0.36 0.99 1.11 2.76 3.08 1.12
G347.871+00.014 2.59 3.03 2.58 2.39 0.33 0.50 0.81 1.54 2.48 1.61
G347.967-00.434  2.66 2.44 231 1.85 0.60 0.59 1.34 0.98 2.25 2.29
G348.228+00.413 3.07 3.49 4.16 2.84 0.44 0.28 0.69 0.63 1.56 2.48
G348.290+00.643  1.83 1.99 1.59 1.58 0.23 0.38 0.76 1.65 3.34 2.03
G348.777+00.149  1.77 1.32 1.19 1.29 0.37 1.41 0.93 3.83 2.53 0.66
G348.892-00.179  1.79 2.56 2.76 1.97 0.27 0.39 0.62 1.44 2.29 1.59
G349.137+00.024 3.62 5.57 4.43 3.40 0.21 0.41 1.06 1.97 5.07 2.58
G350.014+00.434 2.01 275 3.06 2.23 0.25 0.21 0.43 0.82 1.71 2.09
G350.111+00.092 8.61 8.63 7.22 7.22 0.43 1.16 0.84 2.71 1.97 0.73
G350.183+00.003 3.02 2.44 1.71 2.70 0.87 1.90 0.82 2.19 0.95 0.43
G350.271-00.500  2.05 1.51 1.79 1.69 0.83 0.64 0.67 0.77 0.80 1.04
G350.412-00.062  2.57 1.97 1.59 1.85 0.37 1.15 1.52 3.08 4.07 1.32
G350.506+00.958 3.66 6.50 7.77 3.00 0.12 0.09 0.33 0.77 275 3.58
G350.522-00.349  3.01 1.86 1.82 2.18 0.80 1.37 0.87 1.72 1.10 0.64
G350.687-00.491  2.35 2.29 1.73 1.69 0.61 1.10 231 1.81 3.79 2.10
G350.688-00.489  3.35 2.86 2.44 231 0.63 1.15 1.21 1.83 1.92 1.05
G350.710+01.027 2.30 2.05 1.98 1.66 0.37 0.33 1.23 0.88 3.29 3.75
G350.763+00.793  1.70 1.58 2.23 1.54 0.25 0.17 0.37 0.68 1.49 221
G351.040-00.336  3.41 2.36 2.54 2.39 1.05 1.14 1.21 1.09 1.15 1.06
G351.532-00.557 2.36 1.62 1.37 1.56 1.38 7.86 1.87 5.69 1.35 0.24
G351.582-00.352  2.65 2.98 1.71 1.94 0.93 1.78 1.67 1.92 1.80 0.94
G352.060+00.603 1.73 1.38 1.51 1.55 0.47 0.38 0.38 0.80 0.81 1.02
G352.072+00.679 2.14 2.88 1.94 1.76 0.47 0.72 0.99 1.52 2.10 1.38
G352.142-01.016  1.76 2.98 1.56 1.65 1.01 0.68 0.83 0.68 0.82 1.21
G352.233-00.162  1.98 1.69 1.61 1.55 0.45 0.58 0.69 1.29 1.53 1.19
G352.315-00.443  2.76 3.10 2.98 2.10 0.32 0.31 0.94 0.98 2.92 2.99
G352.492+00.796  3.29 2.57 2.90 2.39 0.90 0.94 1.06 1.04 1.17 1.13
G352.518-00.155  1.66 1.97 2.36 1.78 0.28 0.20 0.85 0.72 3.09 4.30
G352.684-00.120  1.67 1.79 1.98 1.72 0.35 0.24 0.48 0.69 1.36 1.98
G352.857-00.203  2.12 2.26 2.59 1.91 0.51 0.45 0.67 0.88 1.31 1.48
G352.972+00.925 2.75 3.81 4.90 2.16 0.19 0.19 0.63 1.02 3.35 3.29
G353.010+00.983 1.76 3.51 3.93 1.82 0.09 0.08 0.33 0.92 3.73 4.05
G353.115+00.366  2.49 3.11 3.54 2.18 0.27 0.24 0.61 0.91 2.30 2.52
G353.146+00.663  1.60 7.58 9.68 3.47 0.03 0.03 0.09 0.80 2.56 3.20
G353.147+00.851  2.55 3.41 4.28 2.44 0.37 0.30 0.76 0.82 2.07 2.54
G353.198+00.927 2.11 5.96 8.59 2.86 0.05 0.03 0.12 0.69 2.62 3.80
G353.215-00.247  1.80 1.78 1.67 1.31 0.17 0.32 2.50 1.82 14.47 7.95
G353.271+00.641 2.48 4.85 5.51 2.47 0.12 0.12 0.36 0.98 3.00 3.07
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Table 2 (Continued)

Source name Integrated intensities Integrated intensity ratio
)] I(N,Ht)  I(HCO') I(HCN) I (HNC) I(NoHY)  IT(NoHY) I(N,HT) IHCO') IMHCO') I(HCN)
(Kkms™") (Kkms™") (Kkms™") (Kkms™") jHCOT) I(HCN) I(HNC) I(HCN) I(HNC) [(HNC)
2 3) 4 Q)] (6) 7 (8) 9) (10) (11)
G353.462+00.563 2.59 2.82 2.36 2.00 0.49 1.05 1.07 2.17 221 1.02
G353.547-00.019  1.56 222 2.87 1.82 0.20 0.14 0.42 0.70 2.10 3.01
G353.577+00.661 2.37 237 2.24 1.62 0.30 0.27 0.61 0.88 2.02 2.28
G353.975+00.256  1.98 2.05 1.88 1.80 0.77 0.75 1.11 0.98 1.44 1.48
G354.206-00.038  1.92 1.51 1.54 1.58 1.07 0.66 0.47 0.62 0.44 0.72
G354.207-00.036  2.06 1.83 1.60 1.80 0.59 0.80 1.89 1.36 3.21 237
G354.628-00.610  1.58 2.06 1.63 1.64 0.29 0.41 0.51 1.42 1.76 1.25
G354.813+00.976 1.75 1.33 1.30 1.20 1.84 1.04 1.39 0.57 0.76 1.34
G354.945-00.539 2.38 1.93 2.55 1.63 0.42 0.22 0.65 0.52 1.56 3.01
G355.182-00.419  3.52 3.04 2.32 231 0.62 0.87 1.27 1.41 2.04 1.45
G355.249+00.363 1.67 1.86 1.64 1.74 0.64 0.65 1.19 1.02 1.87 1.85
G355.265-00.269 2.34 1.83 1.49 1.48 0.52 1.04 1.50 2.00 2.88 1.44
G355.344+00.148  1.42 2.44 1.76 1.57 0.22 0.36 0.77 1.63 3.48 2.14
G355.412+00.103  2.77 1.36 1.82 1.65 2.39 1.52 1.25 0.64 0.52 0.82
G355.589-00.035 1.56 1.20 1.26 1.32 1.50 1.19 0.86 0.79 0.57 0.72
G355.740+00.655 1.72 1.61 1.58 1.73 0.79 0.87 0.71 1.10 0.90 0.82
G355.829-00.501  2.85 2.90 2.68 2.66 0.68 0.70 1.08 1.02 1.58 1.55
G355.935-00.346  1.54 1.62 1.49 1.25 0.29 0.40 0.80 1.39 2.80 2.01
G356.008-00.424  1.36 1.72 1.80 1.18 0.38 0.25 1.88 0.67 5.00 7.46
G356.008-00.758  1.71 1.99 1.70 1.74 0.37 0.52 0.77 1.40 2.06 1.47
G356.255-00.056  1.53 1.70 1.47 1.27 0.23 0.42 1.90 1.86 8.43 453
G356.305-00.204 1.54 1.87 1.88 1.48 0.58 0.24 1.08 0.42 1.87 4.47
G356.344-00.068  1.99 1.75 1.51 1.49 0.52 0.83 1.94 1.59 3.74 2.35
G356.372+00.567 3.42 2.66 2.60 2.52 0.64 0.52 0.55 0.81 0.87 1.07
G356.482+00.190 2.02 1.95 1.69 1.82 0.36 0.89 0.81 2.49 2.29 0.92
G356.517+00.664 1.70 1.66 1.68 1.70 0.52 0.49 0.78 0.94 1.52 1.61
G356.662-00.265  2.26 274 2.68 2.19 0.31 0.59 1.02 1.88 3.28 1.74
G356.858+00.327 1.29 1.48 1.50 1.26 0.38 0.45 1.16 1.20 3.05 2.55
G357.462-00.339  2.18 1.31 1.31 1.25 12.41 3.43 1.68 0.28 0.14 0.49
G357.554-00.550  3.92 4.00 3.92 3.03 0.44 0.38 0.76 0.86 1.73 2.00
G357.558-00.323  2.22 1.73 1.39 1.77 2.25 1.69 0.94 0.75 0.42 0.55
G357.786-00.311  1.76 1.54 1.23 1.34 0.66 2.55 1.56 3.88 237 0.61
G357.921-00.337  2.00 1.38 1.08 1.52 2.00 9.31 0.63 4.66 0.32 0.07
G357.967-00.163  2.29 1.16 1.30 1.57 19.96 2.01 2.96 0.10 0.15 1.48
G357.998-00.154  2.36 1.40 1.31 1.37 3.34 4.36 8.73 1.31 2.61 2.00
(G358.388-00.484 3.32 3.08 3.54 2.46 0.59 0.53 1.07 0.89 1.80 2.02
G358.460-00.393  5.44 4.18 3.28 3.36 1.14 1.14 1.73 1.01 1.52 1.51
G358.807-00.087 1.70 1.47 1.55 1.57 0.56 6.76 1.71 12.17 3.07 0.25
G358.980+00.083 2.08 1.70 1.62 1.49 0.84 0.75 1.90 0.90 2.28 2.54
G359.210-00.076  1.88 3.18 423 1.86 0.21 0.15 1.04 0.73 4.93 6.79
G359.469-00.035  2.08 1.68 1.28 1.40 3.67 52.99 1.38 14.45 0.38 0.03
G359.716-00.375  2.63 3.96 5.25 2.56 0.21 0.12 0.31 0.59 1.51 2.56
G359.733+00.005 3.51 4.81 4.94 3.82 0.45 0.42 0.69 0.94 1.53 1.63
G359.742+00.027 1.98 3.62 438 2.54 0.23 0.12 0.53 0.53 232 4.40
G359.911-00.305  2.22 1.98 1.96 1.42 0.20 0.19 0.67 0.91 3.29 3.63
G359.941+00.173 2.54 2.88 221 1.95 0.74 0.46 1.19 0.62 1.62 2.62
G359.944+00.152  3.19 2.81 2.58 220 0.73 0.59 1.46 0.82 2.00 2.45

This table list the integrated intensities of NoH' (1-0), HCO" (1-0), HCN (1-0), HNC (1-0) and their integrated intensity ratios. Column I is
the source name; Columns 2 to 5 list the integrated intensities of NoH' (1-0), HCO™' (1-0), HCN (1-0), HNC (1-0); Columns 6 to 11 list the
integrated intensities ratios
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Fig. 1 This is an example of high-mass star-forming clump,
G350.271-00.500. The left panel shows the contour maps for the inte-
grated intensities of N;HT (1-0), HCO™ (1-0), HCN (1-0) and HNC
(1-0) overlaid on 870 um emission (in gray scale). The red circle in
the bottom left corner represents the FWHM beam size for molecu-
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Fig. 2 Two sources located at the near (G343.492-00.068) and far
(007.632-00.109) distances, their kinematic distances ambiguity was
resolved by HI self-absorption. The NyH* (1-0) spectra (solid black
line) overlaid with the HI 21 cm spectra (bold dashed line), with the
HI data scaled to the peak of NoH™ (1-0). The vertical solid red line
indicates the velocity of the clump. HI spectra were extracted from the
Southern Galactic Plane Survey (McClure-Griffiths et al. 2005) archive

respect to the others. R is only relevant for hyperfine tran-
sitions because it considers the satellite lines corrected by

@ Springer
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lar lines, the enclosed black circle indicates the FWHM beam size of
870 um emission observations. The right panel displays the global av-
eraged spectra of NyH' (1-0), HCO™ (1-0), HCN (1-0) and HNC
(1-0). Levels 1 and 2 of NoHT (1-0), HCO™ (1-0), HCN (1-0) and
HNC (1-0) correspond to 30 and 90, respectively

their relative opacities. R = 5/9 for N,H*, 1 for HCO'
and HNC, and 3/5 for HCN. J is the rotational quantum
number of the lower state, E; = hBJ(J + 1) is the en-
ergy in level J, and B is the rotational constant of the lin-
ear molecule. The dipole moment and rotational constant of
these four molecules are shown in Table 3. The global av-
eraged column densities of N,H*, HCO™*, HCN, and HNC
are shown in Table 4. The median column densities of the
four molecules in each evolutionary stage are shown in Ta-
ble 6.

The average H, column densities of the sources were de-
rived using the LABOCA 870 micron flux densities over the
projected area where the molecular line emission was de-

tected via the formula, Ny, = m, where S, is
v

Table 3 Parameters used for NoHT, HCOT, HCN and HNC column
density calculation

Molecule Dipole moment Rotational constant References
¢ w (D) B (GHz) C))

@) 3
NoH* 3.40 46.586871 1,2,3,10
HCO* 3.89 44.594423 4,5,6, 10
HCN 2.985 44.315976 9
HNC 3.05 45.331980 7,8, 10

The values of the parameters used for NoHY, HCO™, HCN and HNC
column density calculation are list in this table. Column 1 is the
molecule; Column 2 is the dipole moment; Column 3 is the rotational
constant; Column 4 list the references

References: (1) Botschwina (1984); (2) Havenith et al. (1990); (3) Pa-
gani et al. (2009); (4) Botschwina et al. (1993); (5) Yamaguchi
et al. (1994); (6) Lattanzi et al. (2007); (7) Blackman et al. (1976);
(8) van der Tak et al. (2009); (9) Ahrens et al. (2002); (10) Sanhueza
etal. (2012)
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Table 5 Molecular abundances and abundance ratio

Source name

ey

Molecular abundances

Abundance ratios

X(NoH) X(HCO') X(HCN) X(HNC) X(NoH') XMNoH') X(NoH') X(HCO') X(HCO') X(HCN)

(1079 (107%) (107 (107°)  Xx(HCO') X(HCN) X(HNC) X(HCN) X(HNC) X(HNC)

@ 3 @ ® ©) @) ®) ©) (10) (11
G000.006+00.156  0.30 0.25 0.89 0.22 1.19 0.33 1.36 0.28 1.14 4.08
G000.053-00.209  0.35 0.29 1.00 0.27 118 0.35 1.30 0.29 1.10 3.76
G000.208-00.518  0.16 0.09 0.32 0.03 1.88 0.51 5.85 0.27 3.11 11.54
G000.410-00.504  0.41 0.30 1.44 0.34 1.38 0.29 1.22 0.21 0.88 4.27
G000.633+00.601  0.28 0.29 1.02 0.19 0.99 0.28 1.52 0.28 1.54 5.44
G000.766-00.248 ~ 0.24 0.03 0.07 0.10 721 3.62 2.42 0.50 0.34 0.67
G000.836+00.183  0.35 0.39 0.41 0.22 0.91 0.85 1.61 0.94 1.78 1.89
G002.534+00.200 0.37 0.16 0.21 0.08 2.28 1.82 4.86 0.80 2.14 2.67
G002.615+00.135  0.32 0.13 0.41 0.14 247 0.78 2.20 0.32 0.89 2.82
G002.623+00.237  0.41 0.13 0.31 0.20 3.10 1.34 2.06 0.43 0.67 1.54
G003.274+00.582  0.34 0.72 1.87 0.21 0.47 0.18 1.61 0.39 3.42 8.86
G003.309+00.333  0.69 1.49 4.95 0.53 0.46 0.14 1.31 0.30 2.82 9.39
G003.309-00.399  0.29 0.06 0.30 0.10 5.04 0.99 2.83 0.20 0.56 2.87
G003.350-00.077 0.4 0.17 0.35 0.19 2.63 1.25 2.31 0.48 0.88 1.85
G003.415-00.354  0.28 0.09 0.19 0.14 323 1.49 2.04 0.46 0.63 1.37
G003.436-00.572  0.32 0.07 0.32 0.15 4.90 0.99 2.08 0.20 0.42 2.10
G004.627-00.665  0.60 0.22 0.40 0.32 2.67 1.49 1.89 0.56 0.71 1.26
G004.827+00.231  0.43 0.12 0.51 0.22 3.53 0.84 1.97 0.24 0.56 2.34
G004.895-00.127  0.40 0.28 0.28 0.28 1.41 143 1.44 1.01 1.02 1.01
G005.505-00.245  0.07 0.01 0.04 0.03 6.14 2.03 2.11 0.33 0.34 1.04
G005.615-00.092  0.45 0.26 0.46 0.16 1.74 0.99 2.90 0.57 1.67 2.95
G005.637+00.238  0.57 0.24 0.72 0.32 235 0.79 1.78 0.34 0.76 2.25
G005.831-00.512  0.55 0.51 0.91 0.35 1.08 0.61 1.61 0.56 1.49 2.65
G005.893-00.320  0.63 0.45 1.35 0.38 1.39 0.47 1.66 0.34 1.19 3.54
G006.119-00.636  0.29 0.39 1.38 0.26 0.76 0.21 1.11 0.28 1.46 5.25
G006.188-00.358  0.56 0.28 1.05 0.29 2.00 0.53 1.89 0.26 0.95 3.58
G006.216-00.609  0.29 0.18 0.74 0.20 1.56 0.39 1.45 0.25 0.93 375
G006.551-00.097  0.27 0.09 0.43 0.11 2.87 0.62 2.42 0.22 0.84 3.90
G006.796-00.256  0.68 0.22 1.01 0.40 3.18 0.68 1.73 0.21 0.55 2.55
G007.333-00.567  0.25 0.15 0.99 0.17 1.67 0.25 1.46 0.15 0.87 5.88
G007.632-00.109  0.11 0.04 0.89 0.09 2.62 0.13 1.24 0.05 0.47 9.90
G007.993-00.269  0.21 0.16 0.70 0.16 1.36 0.30 1.34 0.22 0.99 4.42
G008.049-00.244  0.91 1.24 2.02 0.64 0.74 0.45 1.41 0.61 1.92 3.13
G008.206+00.190  0.45 0.33 2.06 0.46 1.37 0.22 0.98 0.16 0.71 4.48
G008.350-00.317  0.65 1.10 331 0.74 0.59 0.20 0.88 0.33 1.49 4.49
G008.458-00.224  0.91 1.23 261 0.73 0.74 0.35 1.24 0.47 1.68 3.57
G008.955-00.535  0.16 0.02 1.00 0.10 7.84 0.16 1.56 0.02 0.20 9.92
G009.037-00.521  0.30 0.23 0.36 0.11 1.29 0.83 2.68 0.64 2.08 3.23
G009.212-00.202  0.95 0.64 1.07 0.41 1.49 0.89 2.33 0.60 1.57 2.61
G009.283-00.149  0.70 0.59 0.84 0.33 118 0.83 2.13 0.70 1.81 2.57
G009.422-00.704  0.55 0.76 1.30 0.64 0.73 0.43 0.87 0.58 1.19 2.04
G009.620+00.195  0.31 0.21 0.70 0.28 1.52 0.45 1.14 0.29 0.75 2.54
G009.877-00.748  0.71 0.30 1.01 0.27 2.32 0.70 2.58 0.30 111 3.67
G010.473+00.028  0.39 0.26 0.71 0.22 1.49 0.54 1.73 0.37 1.17 3.19
G010.624-00.383  0.19 0.28 1.06 0.25 0.67 0.18 0.75 0.27 112 4.20
G010.630-00.510  0.59 0.58 1.41 0.35 1.03 0.42 1.69 0.41 1.64 4.02
G010.661+00.080  0.25 0.14 0.53 0.13 1.73 0.46 1.97 0.27 1.14 4.25
G010.680-00.027  0.39 0.12 0.83 0.29 3.19 0.48 1.35 0.15 0.43 2.85
G010.724-00.332  0.62 0.57 1.56 0.39 1.09 0.40 1.57 0.37 1.45 3.95
G010.746+00.015  0.20 0.11 0.24 0.12 1.92 0.84 1.67 0.44 0.87 1.98
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Table 5 (Continued)

Source name

Molecular abundances

Abundance ratios

(M X(NoHt) X(HCO™) XHCN) XMHNC) XMNHT) X®N,HY) X®N,H') XHCO'T) X(HCO") X(HCN)
(107%) (107%) (107 (107")  x@ECO') X(HCN) X(HNC) X(HCN) X(HNC)  X(HNC)
@ 3 4 ®) ©) @) ®) © (10) (1n
GO011.033+00.061 0.59 0.22 1.16 0.11 2.66 0.51 5.40 0.19 2.03 10.56
GO11.112-00.399  0.69 0.22 0.50 0.21 3.19 1.39 3.28 0.44 1.03 2.36
G011.903-00.140  0.17 0.08 0.20 0.11 2.14 0.87 1.57 0.40 0.73 1.81
G011.942-00.156  0.72 0.60 1.51 0.61 1.19 0.47 1.18 0.40 0.99 2.49
G012.200-00.033  0.23 0.19 0.53 0.14 1.24 0.43 1.65 0.35 1.34 3.84
G012.418+00.506 0.30 0.36 1.25 0.29 0.84 0.24 1.03 0.28 1.22 4.30
G012.497-00.222 031 0.61 1.58 0.35 0.51 0.20 0.89 0.39 1.74 4.51
G012.625-00.017  0.26 0.09 0.18 0.13 2.85 1.43 2.00 0.50 0.70 1.39
G012.680-00.180  0.37 0.10 0.34 0.08 373 1.10 4.47 0.29 1.20 4.08
G012.774+00.337  0.19 0.17 0.69 0.18 1.09 0.28 1.04 0.25 0.96 3.77
G012.805-00.318  0.32 0.20 0.42 0.05 1.60 0.78 6.17 0.49 3.85 7.90
G012.905-00.030  0.26 0.09 0.26 0.10 2.89 1.00 273 0.35 0.94 2.73
G012.999-00.357  0.84 0.37 2.05 0.16 2.29 0.41 5.38 0.18 235 13.15
G013.131-00.150  0.50 0.31 1.46 0.38 1.61 0.34 1.31 0.21 0.81 3.81
G013.209-00.141  0.43 0.12 0.17 0.18 3.56 2.53 2.38 0.71 0.67 0.94
G013.657-00.599  0.67 0.31 0.70 0.22 2.13 0.95 3.05 0.45 1.43 3.21
G013.904-00.512  0.23 0.12 0.84 0.19 1.89 0.27 1.22 0.14 0.65 4.50
G014.101+00.086 0.27 0.45 0.64 0.37 0.60 0.42 0.73 0.70 1.22 1.75
G014.226-00.511  0.31 0.21 0.75 0.23 1.46 0.41 1.35 0.28 0.93 3.30
G014.245-00.071  0.29 0.16 0.23 0.19 1.81 1.23 1.55 0.68 0.85 1.26
G014.606+00.014  0.53 0.06 0.84 0.22 9.14 0.63 2.45 0.07 0.27 3.89
G014.632+00.308  0.52 0.21 0.65 0.22 2.46 0.80 2.39 0.33 0.97 3.00
G014.777-00.486  0.34 0.58 1.22 0.15 0.58 0.28 231 0.48 3.95 8.22
G340.054-00.244  0.28 0.30 0.84 0.24 0.95 0.34 1.20 0.36 1.27 3.54
G340.104-00.313  0.43 0.46 1.30 0.34 0.92 0.33 1.27 0.35 1.38 3.89
G340.229-00.144  0.16 0.20 0.41 0.27 0.80 0.38 0.57 0.48 0.71 1.50
G340.261+00.532  0.44 0.54 1.99 0.44 0.80 0.22 0.99 0.27 1.23 4.48
G340.311-00.436  0.48 0.54 1.16 0.31 0.90 0.42 1.55 0.46 1.73 373
G340.632-00.648  0.26 0.13 0.52 0.20 2.02 0.51 1.29 0.25 0.64 2.54
G340.764-00.132  0.31 0.32 0.37 0.15 0.95 0.84 2.00 0.89 2.11 2.38
G340.776-00.119  0.36 0.04 0.35 0.09 10.11 1.03 4.05 0.10 0.40 3.95
G340.785-00.097  0.18 0.13 0.47 0.12 1.38 0.38 1.46 0.27 1.05 3.87
G340.878-00.374  0.57 0.12 0.41 0.26 4.80 1.38 2.23 0.29 0.46 1.62
G340.934-00.233  0.26 0.14 0.29 0.10 1.82 0.90 2.63 0.49 1.44 2.92
G341.034-00.114  0.16 0.06 0.34 0.10 245 0.46 1.55 0.19 0.63 3.36
G341.038-00.113  0.17 0.07 0.18 0.09 241 0.95 2.03 0.40 0.84 2.14
G341.127-00.350  0.46 0.41 1.70 0.42 112 0.27 111 0.24 0.99 4.08
G342.484+00.183  0.34 0.20 0.62 0.16 1.77 0.55 221 0.31 1.25 4.00
G342.706+00.125 0.70 0.37 0.61 0.32 1.90 1.14 2.19 0.60 1.16 1.92
G342.822+400.382  0.55 0.59 0.54 0.44 0.94 1.03 1.25 1.09 1.33 1.22
G342.824+00.381 0.74 0.54 0.89 0.52 1.38 0.83 1.43 0.60 1.04 1.72
G343.127-00.063  0.17 0.09 0.21 0.09 1.83 0.82 1.82 0.45 0.99 221
G343.134-00.484  0.36 0.08 0.35 0.19 4.62 1.05 1.94 0.23 0.42 1.85
G343.353-00.071  0.14 0.08 0.16 0.08 1.81 0.86 1.71 0.48 0.94 1.98
G343.478-00.023  0.41 0.18 0.96 0.24 2.26 0.42 1.69 0.19 0.75 4.01
G343.492-00.068  0.53 0.17 0.91 0.31 3.05 0.59 1.73 0.19 0.57 2.94
G343.520-00.519 031 0.08 0.29 0.16 3.98 1.07 1.95 0.27 0.49 1.82
G343.689-00.018  0.55 0.20 1.07 0.33 274 0.51 1.68 0.19 0.61 3.8
G343.720-00.223  0.46 0.22 0.88 0.27 2.09 0.52 1.68 0.25 0.80 3.24
G343.738-00.112  0.28 0.19 0.06 0.29 1.43 4.29 0.95 2.99 0.67 0.22
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Table 5 (Continued)

Source name

Molecular abundances

Abundance ratios

(M X(NoHt) X(HCO™) XHCN) XMHNC) XMNHT) X®N,HY) X®N,H') XHCO'T) X(HCO") X(HCN)
(107%) (107%) (107 (107")  x@ECO') X(HCN) X(HNC) X(HCN) X(HNC)  X(HNC)
@ 3 4 ®) ©) @) ®) © (10) (1n
G343.780-00.235  0.94 0.38 0.69 0.41 2.47 1.37 2.29 0.56 0.93 1.68
G344.915-00.229  0.29 0.25 0.88 0.28 1.17 0.32 1.02 0.28 0.88 3.16
G345.259-00.035  0.37 0.13 0.31 0.11 2.83 1.22 3.31 0.43 1.17 271
G345.261-00.418  0.50 0.24 1.10 0.25 2.09 0.45 1.96 0.22 0.94 4.33
G346.078-00.056  0.49 0.26 1.26 0.25 1.88 0.39 2.00 0.21 1.07 5.12
G346.307+00.114 037 0.33 0.97 0.23 .12 0.38 1.59 0.34 1.42 4.18
G346.369-00.648  0.77 0.35 0.70 0.30 2.17 1.10 2.57 0.50 1.18 2.35
G346.484+00.220 0.13 0.04 0.11 0.06 3.48 .12 2.16 0.32 0.62 1.93
G347.294+00.132  0.18 0.09 0.29 0.11 2.03 0.64 1.73 0.32 0.85 2.70
G347.627+00.149  0.58 0.35 1.47 0.39 1.67 0.39 1.49 0.24 0.89 378
G347.645+00.143 032 0.35 1.24 0.28 0.91 0.25 1.11 0.28 1.22 4.37
G347.682+00.207 1.07 0.62 2.35 0.63 1.74 0.46 1.71 0.26 0.98 3.74
G347.871+00.014 0.42 0.40 0.93 0.31 1.04 0.45 1.34 0.44 1.29 2.96
G347.967-00.434 039 0.21 0.69 0.18 1.92 0.57 2.23 0.30 1.16 3.91
G348.228+00.413  0.58 0.39 1.91 0.42 1.46 0.30 1.36 0.21 0.93 451
G348.290+00.643 0.21 0.26 0.46 0.13 0.79 0.44 1.58 0.56 1.99 3.57
G348.777+00.149  0.25 0.16 0.36 0.13 1.58 0.69 1.89 0.44 1.20 275
G348.892-00.179  0.32 0.47 1.02 0.33 0.67 0.31 0.96 0.47 1.44 3.08
G349.137+00.024  0.48 0.59 1.04 0.26 0.80 0.46 1.85 0.57 231 4.04
G350.014+00.434 0.26 0.27 1.01 0.27 0.96 0.25 0.97 0.26 1.01 3.82
G350.111+00.092  0.39 0.26 0.51 0.24 1.52 0.77 1.61 0.51 1.06 2.08
G350.183+00.003 0.66 0.27 0.56 0.44 2.46 1.18 1.52 0.48 0.62 1.29
G350.271-00.500  0.21 0.09 0.29 0.15 2.32 0.72 1.41 0.31 0.61 1.98
G350.412-00.062  0.15 0.08 0.11 0.06 1.86 1.33 2.36 0.71 1.27 1.78
G350.506+00.958  0.18 0.35 1.25 0.20 0.53 0.15 0.91 0.28 1.72 6.16
G350.522-00.349  0.75 0.19 0.62 0.44 4.03 1.20 1.69 0.30 0.42 1.41
G350.687-00.491  0.96 0.52 0.94 0.29 1.84 1.02 3.30 0.56 1.80 3.23
G350.688-00.489  0.78 0.41 0.78 0.37 1.89 1.00 2.13 0.53 1.13 2.13
G350.710+401.027 0.56 0.44 1.70 0.27 1.26 0.33 2.07 0.26 1.65 6.30
G350.763+00.793  0.41 0.49 2.04 0.48 0.84 0.20 0.86 0.24 1.02 4.27
G351.040-00.336  0.66 0.25 0.75 0.33 2.64 0.88 1.98 0.33 0.75 2.25
G351.532-00.557  0.48 0.09 0.20 0.13 523 243 3.86 0.47 0.74 1.59
G351.582-00.352  0.30 0.15 0.27 0.10 1.97 1.11 3.02 0.57 1.53 271
G352.060+00.603 0.20 0.16 0.60 0.22 1.25 0.34 0.94 0.27 0.75 2.80
G352.072+00.679 0.32 0.28 0.50 0.14 1.15 0.64 2.35 0.56 2.04 3.65
G352.142-01.016 037 0.24 0.61 0.29 1.55 0.61 1.26 0.39 0.81 2.06
G352.233-00.162  0.50 0.26 0.79 0.39 1.92 0.64 1.28 0.33 0.67 2.01
G352.315-00.443  0.40 0.39 1.24 0.27 1.04 0.33 1.49 0.31 143 4.58
G352.492+00.796 0.51 0.16 0.60 0.29 3.13 0.84 1.76 0.27 0.56 2.08
G352.518-00.155  0.29 0.34 1.36 0.24 0.86 0.22 1.25 0.25 1.45 5.79
G352.684-00.120  0.38 0.31 1.49 0.39 1.23 0.26 0.97 0.21 0.79 3.77
G352.857-00.203  0.37 0.26 0.93 0.31 1.40 0.39 1.17 0.28 0.84 2.96
G352.972+400.925 1.05 0.98 3.42 0.75 1.07 0.31 1.40 0.29 1.31 4.56
G353.010+00.983 0.54 1.40 472 0.63 0.39 0.12 0.87 0.30 2.24 7.55
G353.115+00.366  0.40 0.36 1.30 0.35 113 0.31 1.17 0.28 1.03 3.74
G353.146+00.663 0.08 0.36 1.29 0.23 0.23 0.06 0.35 0.28 1.52 5.53
G353.147+00.851 039 0.40 1.57 0.30 0.99 0.25 1.28 0.25 1.30 5.15
G353.198+00.927 0.14 0.24 1.07 0.17 0.58 0.13 0.84 0.22 1.46 6.50
G353.215-00.247  0.48 0.48 1.09 0.16 1.00 0.44 3.05 0.44 3.04 6.98
G353.271+00.641 0.20 0.40 1.32 0.24 0.50 0.15 0.86 0.31 171 5.62
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Table 5 (Continued)

Source name Molecular abundances Abundance ratios
(M X(NoHt) X(HCO™) XHCN) XMHNC) XMNHT) X®N,HY) X®N,H') XHCO'T) X(HCO") X(HCN)
(107%) (107%) (107 (107")  x@ECO') X(HCN) X(HNC) X(HCN) X(HNC)  X(HNC)
@ 3 4 ®) ©) @) ®) © (10) (1n
G353.462+00.563  0.42 0.31 0.48 0.24 1.38 0.89 1.78 0.64 1.29 2.01
G353.547-00.019  0.31 0.30 1.45 0.28 1.02 0.21 1.11 0.21 1.09 5.25
G353.577+00.661 0.27 0.26 0.72 0.19 1.06 0.38 1.45 0.36 1.36 3.81
G353.975+00.256  0.30 0.11 0.43 0.16 2.79 0.69 1.89 0.25 0.68 2.73
G354.206-00.038  0.40 0.13 0.64 0.25 3.10 0.63 1.60 0.20 0.52 2.53
G354.207-00.036  0.72 0.33 0.88 0.23 2.18 0.82 3.08 0.38 1.42 3.76
G354.628-00.610  0.21 0.22 0.44 0.20 0.96 0.47 1.05 0.49 1.09 2.22
G354.813+00.976  0.30 0.07 0.45 0.14 4.01 0.65 2.13 0.16 0.53 3.25
G354.945-00.539  0.68 0.50 2.95 0.51 1.34 0.23 1.32 0.17 0.98 5.77
G355.182-00.419  0.43 0.27 0.61 0.22 1.59 0.70 1.94 0.44 1.22 2.77
G355.249+00.363  0.37 0.17 0.58 0.20 222 0.63 1.87 0.29 0.84 2.95
G355.265-00.269  0.30 0.21 0.34 0.13 1.44 0.89 2.29 0.61 1.59 2.59
G355.344+00.148 0.24 0.32 0.57 0.23 0.75 0.42 1.03 0.56 1.38 2.45
G355.412+00.103  0.32 0.04 0.26 0.12 7.27 1.25 2.62 0.17 0.36 2.09
G355.589-00.035  0.29 0.09 0.46 0.02 3.19 0.63 17.45 0.20 5.46 27.64
G355.740+00.655  0.29 0.13 0.38 0.23 2.30 0.78 1.30 0.34 0.57 1.67
(G355.829-00.501  0.68 0.36 1.04 0.36 1.89 0.65 1.88 0.35 1.00 2.88
G355.935-00.346  0.22 0.12 0.43 0.09 1.89 0.52 2.54 0.28 1.34 4.86
G356.008-00.424  0.25 0.18 0.82 0.10 1.42 0.31 2.56 0.22 1.80 8.37
G356.008-00.758  0.43 0.34 0.80 0.33 1.27 0.54 1.29 0.42 1.02 2.40
G356.255-00.056  0.65 0.62 1.34 0.40 1.04 0.48 1.62 0.47 1.56 3.35
G356.305-00.204  0.30 0.18 1.27 0.16 1.72 0.24 1.93 0.14 1.12 8.17
G356.344-00.068  0.31 0.17 0.39 0.14 1.82 0.79 2.22 0.43 1.22 2.81
G356.372+00.567 0.39 0.17 0.75 0.22 2.26 0.51 1.79 0.23 0.79 3.51
G356.482+00.190 0.30 0.24 0.44 0.23 1.23 0.67 1.29 0.55 1.06 1.93
G356.517+00.664 0.34 0.15 0.59 0.18 2.28 0.57 1.84 0.25 0.81 3.23
G356.662-00.265  0.25 0.25 0.45 0.15 1.02 0.55 1.72 0.55 1.69 3.10
G356.858+00.327 0.37 0.35 0.90 0.22 1.08 0.42 1.71 0.39 1.58 4.12
G357.462-00.339  0.12 0.08 0.24 0.08 1.51 0.52 1.60 0.35 1.06 3.07
G357.554-00.550  0.58 0.45 1.45 0.41 1.30 0.40 1.40 0.31 1.09 3.52
G357.558-00.323  0.16 0.03 0.16 0.09 473 1.04 1.77 0.22 0.38 1.71
G357.786-00.311  0.34 0.12 0.23 0.12 2.88 1.45 2.76 0.50 0.96 1.91
G357.921-00.337  0.43 0.07 0.18 0.31 6.43 2.40 1.37 0.37 0.21 0.57
G357.967-00.163  0.22 0.12 0.49 0.05 1.80 0.45 4.57 0.25 2.54 10.18
G357.998-00.154  0.63 0.07 0.42 0.05 9.66 1.49 12.60 0.15 1.30 8.46
(G358.388-00.484  0.56 0.21 0.97 0.12 2.67 0.57 4.78 0.22 1.79 8.34
G358.460-00.393  0.42 0.12 0.44 0.15 3.35 0.95 2.80 0.28 0.84 2.95
G358.807-00.087  0.16 0.17 0.48 0.07 0.94 0.33 2.41 0.35 2.57 7.25
(G358.980+00.083  0.53 0.25 1.00 0.17 2.10 0.53 3.10 0.25 1.48 5.89
G359.210-00.076  0.38 0.54 1.42 0.20 0.69 0.27 1.90 0.38 2.74 7.16
G359.469-00.035  0.05 0.02 0.62 0.03 2.44 0.08 1.64 0.03 0.67 20.93
G359.716-00.375  0.32 0.45 2.06 0.42 0.73 0.16 0.77 0.22 1.07 4.92
G359.733+00.005  0.48 0.30 1.07 0.37 1.61 0.45 1.30 0.28 0.81 291
G359.742+00.027 0.06 0.09 0.21 0.04 0.69 0.29 1.61 0.42 2.36 5.64
G359.911-00.305  0.19 0.22 0.78 0.12 0.88 0.25 1.58 0.28 1.80 6.48
G359.941+00.173  0.28 0.11 0.27 0.11 2.60 1.03 2.66 0.40 1.03 2.59
G359.944+00.152  0.37 0.12 0.30 0.11 3.08 1.25 3.39 0.41 1.10 2.72

This table list the molecular abundances of NoH (1-0), HCO™ (1-0), HCN (1-0), HNC (1-0) and their abundance ratios. Column 1 is the source

name; Columns 2 to 5 list the molecular abundances of NoHT (1-0), HCO* (1-0), HCN (1-0), HNC (1-0); Columns 6 to 11 list the abundance
ratios
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Table 6 Median values of derived clump properties for each evolu-
tionary stage

Property Stage A Stage B Stage C
[€)) (Median) (Median) (Median)
@) 3 (C))
Integrated intensity (Kkms~1)
I(NoH™) 1.99 2.10 2.38
1(HCO™) 1.52 1.86 2.38
I(HCN) 1.51 1.66 2.32
I(HNC) 1.61 1.67 1.91
Integrated intensity ratios
I(NoH)/I(HCO™) 0.96 0.57 0.45
I(HCO™)/I (HNC) 0.89 1.66 1.95
1(HCO™)/I (HCN) 1.30 1.20 0.98
I(N,H")/1 (HNC) 0.96 1.02 0.82
I(NoH')/I (HCN) 1.24 0.95 0.46
I (HCN)/I (HNC) 0.81 1.21 1.98
Column densities (10!3 cm™2)
Ny, H+ 1.2 1.5 2.4
Nhuco+ 0.4 0.5 0.9
Nucen 1.1 1.5 2.9
Nunc 0.6 0.7 1.1
Molecular abundance (10~9)
X (NoHY) 0.16 0.31 0.43
X (HCO) 0.08 0.17 0.30
X (HCN) 0.31 0.46 1.01
X (HNC) 0.10 0.16 0.27
Abundance ratios
X (N,H)/X (HCO™) 2.12 1.82 1.49
X (NoH')/X (HCN) 0.50 0.70 0.45
X (NoHT)/X (HNC) 1.61 1.89 1.60
X (HCO™)/X (HCN) 0.33 0.39 0.29
X (HCO™)/X (HNC) 0.73 1.05 1.11
X (HCN)/X (HNC) 2.18 2.84 3.76

This table list the summary median values of derived clump properties
for each evolutionary stage. Column I list the properties of the sources;
Columns 2 to 4 list the median values of each evolutionary stages

the total 870 micron flux density over the line-emitting area;
R is the gas-to-dust mass ratio, assumed = 100; 2 is the
solid angle; w is the mean molecular weight of the inter-
stellar medium, assumed = 2.8; mpy is the mass of a hy-
drogen atom; B, is the Planck function for dust tempera-
ture Tp; and «, is the dust-absorption coefficient, taken as
1.85 cm? g~! (Ossenkopf and Henning 1994). Global aver-
aged H» column densities corresponding to four molecules
of each clump are shown in Table 4. Finally, the abundances
X(N,H™"), X(HCO™), X (HCN), X (HNC), and abundance
ratios between them were derived for each clump, as shown
in Table 5. The median abundance and abundance ratios of
the clumps in each evolutionary stage are shown in Table 6.

Table 7 Distance information

Source name Stage Dy (kpc) Dgc (kpe) Spiral arm
(1 2 (3) ) )]
G000.208-00.518 B 18.5 10.00 2
G000.633+00.601 C 25.23 16.73 1
G003.350-00.077 C 12.33 3.88 1
G003.415-00.354 B 21.05 12.58 2
G004.627-00.665 B 2.8 5.71 2
G004.827+00.231 B 3.43 5.09 2
G004.895-00.127 A 2.6 5.91 2
G005.505-00.245 A 12.5 4.12 1
G005.637+00.238 C 2.5 6.02 1
G005.831-00.512 C 13.27 4.89 3
G005.893-00.320 C 14.18 5.79 3
G006.119-00.636 C 3.35 5.18 2
G006.188-00.358 C 5.1 3.47 4
G006.216-00.609 B 3.5 5.04 2
G006.551-00.097 C 13.58 5.23 3
G006.796-00.256 C 3.7 4.85 2
G007.333-00.567 B 3.46 5.09 2
G007.993-00.269 B 4.7 3.90 4
G008.049-00.244 C 11.94 3.72 1
G008.206+00.190 B 3.09 5.46 2
G008.350-00.317 C 4.56 4.04 2
G008.458-00.224 B 4.47 4.13 2
G008.955-00.535 A 3.09 5.47 2
G009.037-00.521 B 12.28 4.11 1
G009.212-00.202 C 4.57 4.06 2
G009.283-00.149 B 4.5 4.12 2
G009.422-00.704 B 13.67 5.47 3
G009.620+00.195 C 5.2 3.48 4
G009.877-00.748 C 13 4.85 1
G010.473+00.028 C 5.63 3.14 3
G010.624-00.383 C 17.7 9.48 4
G010.630-00.510 C 16.98 8.77 4
G010.661+00.080 A 13.68 5.55 3
G010.680-00.027 C 11.81 3.80 1
G010.724-00.332 C 5.2 3.53 4
G010.746+00.015 A 12.83 4.75 1
G011.033+00.061 C 2.87 5.71 2
GO011.112-00.399 C 16.4 8.22 4
G011.903-00.140 B 4.1 4.57 2
G011.942-00.156 C 4.1 4.57 2
G012.200-00.033 B 12 4.11 1
G012.418+00.506 C 2.33 6.24 1
G012.497-00.222 B 12.78 4.84 1
G012.625-00.017 B 12.9 4.97 1
G012.680-00.180 C 4.59 4.15 2
G012.774+00.337 C 14.4 6.39 3
G012.805-00.318 B 14.51 6.50 3
G012.905-00.030 B 11.77 3.97 1
G012.999-00.357 C 1.9 6.66 1
G013.131-00.150 C 12.5 4.64 1
G013.209-00.141 C 4.6 4.16 2
G013.657-00.599 C 4.3 4.44 2
G013.904-00.512 B 2.59 6.02 1
G014.101+00.086 C 5.67 3.30 4
G014.226-00.511 C 2.29 6.31 1
G014.245-00.071 C 11.6 3.96 1
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Table 7 (Continued)

Source name Stage Dy (kpc) Dgc (kpc)  Spiral arm
1 2) (3) ) (5)
G014.606+00.014 C 2.74 5.89 1
G014.632+00.308 C 13.52 5.71 3
G014.777-00.486 B 13.84 6.03 3
G340.054-00.244 C 4 4.93 2
G340.104-00.313 C 12 4.94 3
G340.229-00.144 A 12.11 5.02 3
G340.261+00.532 C 11.84 4.79 1
G340.311-00.436 B 12.26 5.13 4
G340.632-00.648 B 5.12 4.04 4
G340.764-00.132 B 12.68 5.43 4
G340.776-00.119 B 12.68 5.43 4
G340.785-00.097 B 9.9 3.37 3
G340.878-00.374 C 34 5.40 2
G340.934-00.233 B 12.39 5.17 4
G341.034-00.114 A 3.36 5.43 2
G341.038-00.113 A 3.37 5.42 2
G341.127-00.350 C 34 5.40 2
G342.484+00.183 C 12.6 5.17 3
G342.706+00.125 C 12.64 5.18 3
G342.822+00.382 B 5.08 3.94 4
G342.824+00.381 B 5.08 3.94 4
G343.127-00.063 B 2.8 5.88 2
G343.478-00.023 C 2.71 5.95 2
G343.492-00.068 C 2.74 5.92 2
G343.520-00.519 B 32 5.51 2
G343.689-00.018 C 13.08 5.47 3
G343.720-00.223 C 13.59 5.93 4
G343.738-00.112 B 2.67 5.98 2
G343.780-00.235 B 2.72 5.94 2
G344.915-00.229 B 10.84 3.44 3
G345.259-00.035 B 14.09 6.26 4
G345.261-00.418 C 2.8 5.84 2
G346.078-00.056 C 10.7 3.19 3
G346.307+00.114 C 13.32 5.45 3
G346.369-00.648 B 17.05 9.02 2
G346.484+00.220 A 14.2 6.26 4
G347.294+00.132 B 10.67 3.03 3
G347.682+00.207 C 11.11 3.34 3
G347.871+00.014 C 3.4 5.22 2
G347.967-00.434 C 5.53 3.30 4
G348.228+00.413 C 15.2 7.09 4
G348.290+00.643 B 1.29 7.24 1
G348.777+00.149 B 11.25 3.35 3
G348.892-00.179 C 19.7 11.48 2
G349.137+00.024 C 11.3 3.36 3
G350.014+00.434 C 12.83 4.70 3
G350.111+00.092 C 11.4 3.36 3
G350.183+00.003 C 5.49 3.23 4
G350.271-00.500 A 13.37 5.20 3
G350.412-00.062 A 34 5.18 2
G350.506+00.958 C 14.55 6.33 4
G350.522-00.349 C 3.1 5.47 2
G350.687-00.491 C 2.7 5.85 2
G350.688-00.489 C 2.7 5.85 2
G350.710+01.027 C 15.62 7.36 4
G350.763+00.793 C 1.12 7.40 1
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Table 7 (Continued)

Source name Stage Dy (kpc) Dgc (kpc)  Spiral arm
(1 2 (3) 4) 5
G351.040-00.336 C 2.89 5.66 2
G351.532-00.557 B 13.2 4.95 3
G351.582-00.352 C 5.1 3.53 4
G352.060+00.603 A 16.7 8.37 4
G352.072+00.679 B 16.9 8.56 4
G352.142-01.016 B 14.21 5.91 3
G352.315-00.443 C 2.1 6.43 1
G352.492+00.796 C 0.68 7.83 1
G352.972+00.925 C 15.38 7.02 4
G353.010+00.983 C 15.52 7.16 4
G353.115+00.366 C 15.89 7.52 4
G353.146+00.663 C 16 7.63 4
G353.147+00.851 C 14.53 6.18 4
G353.198+00.927 C 15.37 7.00 4
G353.215-00.247 C 3.74 4.81 2
G353.271+00.641 C 1.19 7.32 1
G353.577+00.661 B 16.17 7.78 4
G353.975+00.256 B 17.4 8.99 2
G354.206-00.038 C 11.99 3.64 1
G354.207-00.036 C 11.99 3.64 1
G354.628-00.610 A 12.47 4.09 3
G354.813+00.976 B 4.32 4.22 4
G354.945-00.539 C 14.71 6.29 4
G355.182-00.419 B 1.2 7.30 1
G355.249+00.363 B 12.16 3.76 1
G355.265-00.269 B 15.55 7.11 4
G355.412+00.103 B 3 5.51 2
G355.589-00.035 B 4.34 4.19 4
G355.829-00.501 C 15.36 6.91 4
G355.935-00.346 B 14.08 5.63 3
G356.008-00.424 B 16.25 7.79 4
G356.008-00.758 C 1.7 6.81 1
G356.255-00.056 C 14.52 6.06 3
G356.305-00.204 C 13.64 5.19 3
G356.372+00.567 B 1.8 6.70 1
G356.482+00.190 B 14.39 5.93 3
G356.517+00.664 B 16.1 7.63 4
G356.662-00.265 B 5.1 342 4
G356.858+00.327 B 12.34 3.88 1
G357.462-00.339 A 20.94 12.45 2
G357.554-00.550 C 17.59 9.11 4
G357.558-00.323 B 18.57 10.08 2
G357.786-00.311 B 23.85 15.36 1
G357.921-00.337 C 3.16 5.34 2
G357.967-00.163 C 14.63 6.14 3
G357.998-00.154 C 2.87 5.63 2
G358.388-00.484 C 24 6.10 1
G358.460-00.393 B 2.9 5.60 2
G359.941+00.173 C 4.6 3.90 4
G359.944+00.152 C 4.6 3.90 4

This table list the distance information of the sources. Column 1 is the
source name; Column 2 list the evolutionary classifications of the 197
sources; Column 3 list the kinematic distance of the sources; Column 4
list the distance from the Galactic Center of the source; Column 5 list
the classifications of the sources lie in different spiral arms



The global chemical properties of high-mass star forming clumps at different evolutionary stages

Page 25 0f 55 191

3.3 Distance

Distance is critical to derive the physical parameters of the
clump and determine its position in the Galaxy. The kine-
matic distance of each clump was derived by using on the
Galactic rotation model of Reid et al. (2009) (R, is the
Galactocentric distance of the Sun, and ®, is the circu-
lar rotation speed of the Sun. R, = 8.4 £ 0.6 kpc, ®, =
254 + 16 kms~!) with the radial velocity derived from
N,H* (1-0). The local standard of rest (LSR) velocities
of NoHT (1-0) are listed in Table 1 and HI data from the
Southern Galactic Plane Survey (SGPS) (McClure-Griffiths
et al. 2005) were used to resolve possible kinematic distance

ambiguity (Fig. 2). Finally, the kinematic distances of 162
clumps (see Table 7) were obtained. The kinematic distances
of clumps located within the direction —3° < £ < 3° were
not derived due to large errors.

4 Discussion

4.1 Global averaged integrated intensities and ratios

Feedback from star formation can change the physical con-
ditions and chemical composition of star forming clumps. It
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Fig. 3 The histograms of the global averaged integrated intensities of
NoH™T (1-0), HCO™ (1-0), HCN (1-0) and HNC (1-0) for the stage A,
B and C, respectively. The name of the evolutionary stage is given on

Number Of Sources

Stage A

oo u

NN
o

o o

N
oo U

Stage C

- N
o O

10

1 2 3 4
HNC Integrated Intensity (K km s™")

(d)
the fop right corner of each panel. The vertical solid lines indicate the

median values of the integrated intensities for each evolutionary stage.
The median values are given in Table 6

@ Springer



191 Page 26 of 55

Y.-J. Zhang et al.

40 Stoge A
30+ T
20 T
g ! Stoge B | o
2 2
3 -1 >
[e} (e}
wn w
5 18
o ©
2 |2
€ €
S S
=z =z
" Stoge C Stage C_|
0 IR + 2 . 3 4 1 2 3 4
N,H* /HCO* Integroted Intensity Ratio N,H*/HCN Integroted Intensity Rotio
(a) (b)
Stage A 40 Stage A
30 7
- 20 -
10 *
40 el —_—
Stage B Stage B

Number Of Sources

Stage C

1 2 3
N,H*/HNC Integrated Intensity Ratio

(c)

Number Of Sources
)
o

1 2 3
HCO*/HCN Integrated Intensity Ratio

(d)

Stage C

Number Of Sources

1 2 3
HCO*/HNC Integrated Intensity Ratio

(e)

Stage A_|

Fig. 4 The histograms of the global averaged integrated intensity
ratios of I(NpHT (1-0))/I(HCO™ (1-0)), I(N;HT (1-0))/I (HCN
(1-0)), I(N;H* (1-0))/I(HNC (1-0)), I(HCO™ (1-0))/I (HCN
(1-0)), 1(HCO™ (1-0))/I (HNC (1-0)) and I (HCN (1-0))/I (HNC
(1-0)) for the stage A, B and C, respectively. The name of the evo-

@ Springer

Number Of Sources

1 2 3
HCN/HNC Integrated Intensity Ratio

()

4

Stage A_|

Stage B_|

lutionary stage is given on the fop right corner of each panel. The
vertical solid lines indicate the median values of the integrate intensity
ratios for each evolutionary stage. The median values are given in Ta-

bl

eb



The global chemical properties of high-mass star forming clumps at different evolutionary stages

Page 27 of 55 191

is reasonable to expect that the global averaged integrated
intensities of molecules and the ratios between them will
change with clump evolution.

Figure 3 shows global averaged integrated intensities
for I(N,H* (1-0)), I(HCO™ (1-0)), I (HCN (1-0)), and
I(HNC (1-0)) of all sources in stages A, B and C. Me-
dian values of I(NoHT (1-0)) increase by ~ 6 % and
~ 13 % from stage A to B and B to C. Median values of
I (HNC (1-0)) increase by ~ 4 % and ~ 14 % from stage
A to B and B to C. Median values of I (HCO™ (1-0)) in-
crease by ~ 22 % and ~ 28 % from stage A to B and B

to C. Median values of I (HCN (1-0)) increase by ~ 10 %
and ~ 40 % from stage A to B and B to C (see the cor-
responding median values in Table 6). I (N;H' (1-0)) and
I(HNC (1-0)) increase relatively slowly with evolutionary
stage, whereas I (HCO™ (1-0)) and I (HCN (1-0)) increase
much faster.

From Fig. 4 and Table 6, we can see that median val-
ues of I (NoH* (1-0))/1 (HCO™ (1-0)) decrease by ~ 41 %
and ~ 21 % from stage A to B and B to C. Median val-
ues of I (N,H™ (1-0))/I (HCN (1-0)) decrease by ~ 23 %
and ~ 52 % from stage A to B and B to C. Median val-
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Fig. 5 The histograms of the global averaged column densities of
NoHT, HCO*, HCN and HNC for the stage A, B and C, respectively.
The name of the evolutionary stage is given on the top right corner of
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each panel. The vertical solid lines indicate the median values of the
column densities for each evolutionary stage. The median values are
given in Table 6
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ues of I(HCO™)/I(HNC) increase by ~ 86 % and ~
18 % from stage A to B and to C. Median values of
I (HCN (1-0))/I (HNC (1-0)) increase by ~ 50 % and ~
64 % from stage A to B and B to C. Thus, these four
ratios are promising tracers from stage A to B and B
to C.

We note that there is significant overlap in these line ra-
tios between different stages (Fig. 4). One possible reason
could be that high-mass star formation is a complex and con-
secutive process, rather than being separable into completely
distinct stages.

4.2 The global averaged abundances and ratios
between them

Global averaged column density N(NpH™) and abundance
X (NoH™) increase from stage A to B, and B to C (Figs. 5(a)
and 6(a)). The N;H' column densities lie in the range
7.0 x 10!2-8.8 x 1013 cm™2, with median values for stages
A,B,and Cof 1.2 x 1013, 1.5 x 10'3, and 2.4 x 103 cm~2,
respectively. The NoH™ abundances lie in the range 5.0 x
10712-1.1 x 10~?, with median values increasing by 95 %
and 41 % from stage A to B and B to C. CO is a major de-
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Fig. 6 The histograms of the global averaged abundances of NoH™,
HCO™, HCN and HNC for the stage A, B and C (in logarithm), re-
spectively. The name of the evolutionary stage is given on the top right
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the evolutionary stage is given on the top right corner of each panel.
The vertical solid lines indicate the median values of the abundance
ratios for each evolutionary stage. The median values are given in Ta-
ble 6

stroyer of NoH™, so N;H™' abundance should be relatively
high in stage A clumps since CO is frozen out onto dust
grains at this evolutionary stage, then decrease in stages B
and C with CO being released back into the gas phase as the
dust temperature increases. However, the observed result is
contrary to this prediction, N,HT abundance increase as a
function of the evolution stage. And this result was also ob-
served in other samples (Sanhueza et al. 2012; Hoq et al.
2013; Miettinen 2014).

In the case of HCO™, as CO is the parent molecule, the
HCO™ abundance should be depleted in the early, prestellar
phase and increase in the later, warmer phases when CO is
released back into the gas phase (Caselli et al. 1999; San-
hueza et al. 2012; Hoq et al. 2013). This accords well with
the observed global averaged column density N(HCO™)

and abundance X (HCO™) which increase as the clumps

@ Springer



191 Page 30 of 55

Y.-J. Zhang et al.

evolve (Figs. 5(b) and 6(b)). The HCO™ column densities
lie in the range 1.0 x 10'2-3.4 x 10'3 cm~2, with median
values for stages A, B, and C of 4.0 x 1012, 5.0 x 10!2, and
9.0 x 10'2 cm™2, respectively. The HCO™ abundances lie
in the range 1.0 x 107'1-1.5 x 10~?, with median values
for stages A, B, and C of 8.0 x 1071, 1.7 x 10719, and

3.0 x 10719, increasing by ~ 106 % and ~ 77 % from stage
A to B and B to C. Median values of X (N,H1)/X (HCO™)
for stages A, B, and C decrease by ~ 14 % and ~ 18 %
from stage A to B and B to C (Fig. 7(a), Table 6). This sug-
gests that production of HCO™ is very efficient in stages B
and C.
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Fig. 9 The histograms of the global averaged integrated intensity
ratios of I(NpHT (1-0))/I(HCO™' (1-0)), I(N;HT (1-0))/I (HCN
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(1-0)) for the stage A, B and C in each spiral arm of the Galaxy, re-
spectively. The name of the spiral arm is given on the fop right corner
of each panel. The vertical solid lines indicate the median values for
each spiral arm. The median values are given in Table 8
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Figures 5(d) and 6(d) show that N(HNC) and X (HNC)
increase as a function of evolutionary stage. The HNC col-
umn densities lie in the range 5.0 x 10'1'—4.4 x 1013 cm~2,
with median values for stages A, B, and C of 6.0 x 1012,
7.0 x 10!2, and 1.1 x 10'3 cm™2, respectively. The HNC
abundances lie in the range 2.0 x 10711275 x 10719, its

median values increase by ~ 54 % and ~ 75 % from
stage A to B and B to C. Since HNC transfers to HCN at
high temperature (the high temperature limit means 24 K)
(Schilke et al. 1992; Hirota et al. 1998; Vasyunina et al.
2011; Han et al. 2015), it is reasonable to expect N (HNC)
and X (HNC) to decrease, while N(HCN) and X (HCN) in-
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Fig. 10 The histograms of the global averaged abundance ratios (in
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respectively. The name of the spiral arm is given on the top right cor-
ner of each panel. The vertical solid lines indicate the median values
for each spiral arm. The median values are given in Table 8
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crease as clumps evolve. This result was also observed in
other samples (Sanhueza et al. 2012; Miettinen 2014). As
expected, N (HCN) and X (HCN) increase with clump evo-
lutionary stage (Figs. 5(c) and 6(c)). The HCN column den-
sities lie in the range 1.0 x 1012-1.8 x 10* ¢cm™2, with me-
dian values for stages A, B, and C of 1.1 x 1013, 1.5 x 1013,
and 2.9 x 103 cm™2, respectively. The HCN abundances
lie in the range 4.0 x 1071149 x 10_9, its median values,
increase by ~ 50 % and ~ 117 % from stage A to B and
B to C. Median values of X(HCN)/X (HNC) increase by
~ 30 % and ~ 32 % from stage A to B and B to C (Fig. 7(f),
Table 6).

Therefore, X (HCN)/X (HNC) could be used to trace evo-
lution from stage A to B and B to C. On the other hand, me-

dian values of X (HCO™)/X (HNC) increase by ~ 43 % and
~ 6 % from stage A to B and B to C (Fig. 7(e), Table 6),
it is more suitable for distinguishing high-mass star forming
clumps in stage A from those in stages B and C.

4.3 Chemical properties of high-mass star forming
clumps in spiral arms

4.3.1 Clumps in different spiral arms

The high-mass star forming clumps were identified on the
Galactic plane, and the spiral arm positions were taken from
Cordes and Lazio (2002) (Fig. 8). The Sagittarius, Scutum-
Centaurus, Perseus, and Norma spiral are hereafter called
spiral arm 1, 2, 3, and 4, respectively.
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Fig. 11 The histograms of the global averaged integrated inten-
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Galaxy, respectively. The name of the evolutionary stage is given on
the top right corner of each panel. The vertical solid lines indicate the
median values of the integrate intensity ratios for each evolutionary
stage. The median values are given in Table 8
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Fig. 12 The histograms of the global averaged abundance ra-
tios (in logarithm) of X (N,H')/X(HCO"), X(N,H")/X(HCN),
X (NpHT)/X (HNC), X(HCO™)/X(HCN), X (HCO™")/X (HNC) and
X (HCN)/X (HNC) for the stage A, B and C in the spiral arm 1 of the

Figures 9 and 10 show the global averaged integrated
intensity ratios and abundance ratios of high-mass star
forming clumps located in spiral arms 1-4 separately.
There are no significant regular changes among the spiral
arms.

Figures 11 and 12 show global averaged integrated in-
tensity and abundances ratios for the high-mass star form-
ing clumps at different evolutionary stages located in spi-
ral arm 1, and their median values are shown in Ta-
ble 8. Median values of I(N,H* (1-0))/I (HCO™ (1-0))
increase by ~ 38 % from stage A to B, with no sig-
nificant variation from stage B to C. Median values of
I(N,H' (1-0))/1 (HCN (1-0)) decrease by ~ 44 % and
~9 % from stage A to B and B to C. Median values of
I (HCN (1-0))/I (HNC (1-0)) increase by ~ 292 % from
stage A to B, with no significant variation from stage

-5 0.0 0.5
10g,0(HCO*/HNC Abundance Ratio)

(e)

0.0 0.5 1.
10g,4(HCN/HNC Abundance Ratio)

®)

Galaxy, respectively. The name of the evolutionary stage is given on
the top right corner of each panel. The vertical solid lines indicate the
median values of the abundance ratios for each evolutionary stage. The
median values are given in Table 8

B to C. They are suitable for distinguishing clumps in
stage A from those in stages B and C. Median values of
I(NoHT (1-0))/I (HNC (1-0)) decrease by ~ 18 % and
~ 28 % from stage A to B and B to C. Median values of
I(HCO" (1-0))/I (HCN (1-0)) decrease by ~ 28 % and
~ 25 % from stage A to B and B to C. They could be used
to trace evolution from stage A to B and B to C.

Median values of X(HCOT)/X(HNC) increase by
~ 80 % from stage A to B, but show no significant variation
from stage B to C. Median values of X (HCN)/X (HNC)
increase by ~ 124 % and ~ 12 % stage A to B and
B to C. They are suitable for distinguishing clumps in
stages A from those in stage B and C. Median values of
X (NoH')/X (HCN) decrease by ~ 60 % and ~ 17 % from
stage A to B and B to C, it is suitable for distinguishing
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Table 8 Summary of properties

on different spiral arms

@ Springer

Spiral arm Property Stage A Stage B Stage C Each spiral arm
€8 2) (Median) (Median) (Median) source (Median)
3) 4) 5) (6)

Integrated intensity ratios

1 I1(N,H*)/I (HCO™) 0.42 0.58 0.59 0.59
1 (HCO™)/I (HNC) 1.01 2.10 1.80 1.87
I(HCO™)/I (HCN) 1.80 1.30 0.98 1.08
I(NpHT)/I (HNC) 1.33 1.09 0.79 0.90
I(NoH™)/I (HCN) 1.03 0.58 0.53 0.65
I(HCN)/I (HNC) 0.46 1.81 1.72 1.72

Abundance ratios

1 X (NoH1)/X(HCO™) 4.03 1.74 1.81 1.89
X (N,HT)/X (HCN) 1.44 0.57 0.48 0.54
X (N,H1)/X (HNC) 1.89 1.83 1.52 1.67
X (HCO™)/X (HCN) 0.39 0.39 0.28 0.31
X (HCO™)/X (HNC) 0.61 1.09 1.02 1.02
X (HCN)/X (HNC) 1.51 3.37 3.76 3.51

Integrated intensity ratios

2 I(N,H*)/I (HCO™) 1.14 0.80 0.66 0.77
I(HCO™)/I (HNC) 1.00 1.43 1.96 1.44
I(HCO™)/I (HCN) 1.37 1.01 1.38 1.19
I (NoH™)/I (HNC) 1.37 1.11 1.02 1.11
I (N,H™)/I (HCN) 1.74 1.14 0.95 1.10
I(HCN)/I (HNC) 0.92 0.90 1.53 1.21

Abundance ratios

2 X (N,H)/X (HCO™) 2.13 2.17 2.11 2.14
X (N,H1)/X (HCN) 0.74 0.87 0.63 0.84
X (N,HT)/X (HNC) 1.58 1.89 1.85 1.89
X (HCO™)/X (HCN) 0.37 0.28 0.33 0.33
X (HCO™)/X (HNC) 0.93 0.73 1.16 0.93
X (HCN)/X (HNC) 2.60 2.34 3.14 2.73

Integrated intensity ratios

3 I(NpH™)/I (HCO™) 0.35 0.38 0.46 0.42
I(HCO™)/I (HNC) 1.45 1.62 1.98 1.90
I(HCO)/I (HCN) 1.76 1.39 1.23 1.28
I(NoH™)/I (HNC) 0.56 0.86 1.00 0.90
I(NoH™)/I (HCN) 0.52 0.68 0.57 0.61
I (HCN)/I (HNC) 0.85 1.21 1.78 1.51

Abundance ratios

3 X (N,HT)/X (HCO™) 1.34 1.55 1.52 1.54
X (N,HT)/X (HCN) 0.47 0.61 0.47 0.48
X (N,HT)/X (HNC) 1.23 1.73 1.71 1.69
X (HCO™)/X (HCN) 0.39 0.44 0.33 0.34
X (HCO™)/X (HNC) 0.90 1.06 1.16 1.11
X (HCN)/X (HNC) 2.10 2.75 3.77 3.45
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Table 8 (Continued)

Spiral arm Property Stage A Stage B Stage C Each spiral arm
(1) ) (Median) (Median) (Median) source (Median)
3) “) 5) (6)
Integrated intensity ratios
4 I(N,H*)/I(HCO™) 0.84 0.50 0.42 0.47
I(HCO™)/I (HNC) 0.88 1.79 2.00 1.87
I(HCO™)/I (HCN) 0.95 1.09 0.88 0.92
. ) I(N,H1)/1 (HNC) 0.77 0.95 0.76 0.82
Thlg_ table 1115‘ th; summary [(NaH*)/I (HCN) 0.86 1.04 0.38 0.51
median values of each spira
arm. Column 1 lists the location I(HCN)/I (HNC) 0.94 1.34 245 1.87
of the sources (spiral arm 1, 2, 3 Abundance ratios
and 4);,C"l”f”t1l’l’ 2 list the 4 X(N;HT)/X(HCOY) 237 1.42 1.30 1.37
properties of the sources; "
Columns 3 to 5 list the median X(NHT)/X(HCN) 0.73 0.64 0.40 0.51
values of each evolutionary X (NoH')/X (HNC) 1.55 2.00 1.40 1.62
stages; Column 6 list the median X (HCO™1)/X (HCN) 0.30 0.43 0.29 0.30
values of each spiral arms X (HCO™)/X (HNC) 0.69 1.36 1.12 1.17
(including all evolutionary X (HCN)/X (HNC) 236 3.23 391 3.55
stages)
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Fig. 13 The histograms of the global averaged integrated intensity
ratios of I(NpHT (1-0))/I(HCO™' (1-0)), I(NH™ (1-0))/I1 (HCN
(1-0)), I(N;H™ (1-0))/I(HNC (1-0)), I(HCO" (1-0))/I(HCN
(1-0)), I1(HCO™ (1-0))/I (HNC (1-0)) and I (HCN (1-0))/I (HNC
(1-0)) for the stage A, B and C in the spiral arm 2 of the Galaxy,

respectively. The name of the evolutionary stage is given on the top
right corner of each panel. The vertical solid lines indicate the median
values of the integrate intensity ratios for each evolutionary stage. The
median values are given in Table 8
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Fig. 14 The histograms of the global averaged abundance ratios (in
logarithm) of X (NoH")/X (HCO™), X (NoH)/X (HCN), X (NoH)/
X (HNC), X(HCO')/X(HCN), X(HCO™)/X(HNC) and X (HCN)/
X (HNC) for the stage A, B and C in the spiral arm 2 of the Galaxy,

clumps in stage A from those in stages B and C. Median
values of X (HCO™)/X (HCN) show no significant variation
from stage A to B, but decrease by ~ 27 % from stage B
to C, it could be used to distinguishing clumps in stage A
and B from those in stage C.

Figures 13 and 14 show global averaged integrated in-
tensity and abundances ratios for high-mass star forming
clumps at different evolutionary stages located in spiral
arm 2, and their median values are shown in Table 8. Me-
dian values of I (NoHT (1-0))/1 (HCO™ (1-0)) decrease by
~ 30 % and ~ 17 % from stage A to B and B to C. Me-
dian values of I(N,HT (1-0))/1 (HCN (1-0)) decrease by
~ 35 9% and ~ 17 % from stage A to B and B to C. Me-
dian values of I (HCO™ (1-0))/I (HNC (1-0)) increase by
~ 43 9% and ~ 37 % from stage A to B and B to C. They
could be used to trace evolution from stage A to B and B
to C. Median values of I (HCN (1-0))/I (HNC (1-0)) show
no significant variation from stage A to B, but increasing

@ Springer
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respectively. The name of the evolutionary stage is given on the top
right corner of each panel. The vertical solid lines indicate the median
values of the abundance ratios for each evolutionary stage. The median
values are given in Table 8

by ~ 70 % from stage B to C, it is suitable for distinguish-
ing clumps in stages A and B from those in stage C. Me-
dian values of I(N,H* (1-0))/1 (HNC (1-0)) decrease by
~ 19 % from stage A to B, but show no significant variation
from stage B to C. Median values of X (N,H™)/X (HNC)
increase by ~ 2 % from stage A to B, but show no sig-
nificant variation from stage B to C. They are suitable for
distinguishing clumps in stage A from those in stages B
and C.

Figures 15 and 16 show global averaged integrated in-
tensity and abundances ratios for high-mass star forming
clumps at different evolutionary stages located in spiral
arm 3, and their median values are shown in Table 8. Me-
dian values of I (NoH* (1-0))/I (HCO™ (1-0)) increase by
~9 % and ~ 21 % from stage A to B and B to C. Me-
dian values of I (HCO™ (1-0))/I (HNC (1-0)) increase by
~ 12 % and ~ 22 % from stage A to B and B to C. These
two ratios are more suitable for distinguishing clumps in
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Fig. 15 The histograms of the global averaged integrated inten-
sity ratios of I(N,H* (1-0))/I(HCO' (1-0)), I(NoH* (1-0))/
I(HCN (1-0)), I(NoH* (1-0))/I (HNC (1-0)), I(HCO™ (1-0))/
I(HCN (1-0)), I(HCO™" (1-0))/I (HNC (1-0)) and I (HCN (1-0))/
I(HNC (1-0)) for the stage A, B and C in the spiral arm 3 of the

stage A and B from those in stage C. Median values of
I(HCO™ (1-0))/1 (HCN (1-0)) decrease by ~ 21 % and
~ 12 % from stage A to B and B to C, it is more suitable
for distinguishing clumps in stage A from those in stage B
and C. Median values of I/ (HCN (1-0))/I (HNC (1-0)) in-
crease by ~ 42 % and ~ 47 % from stage A to B and B to C.
Median values of I (N,H' (1-0))/I (HNC (1-0)) increase
by ~ 54 % and ~ 17 % from stage A to B and B to C. These
two ratios could be used to trace evolution from stage A to
B and B to C.

Median values of X(N,H')/X(HNC) increase by
~ 40 % from stage A to B, but show no significant variation
from stage B to C, it is suitable for distinguishing clumps
in stage A from those in stages B and C. Median values of
X (HCN)/X (HNC) increase by ~ 32 % and ~ 37 % from
stage A to B and B to C, it could be used to trace evolution
from stage A to B and B to C.
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Galaxy, respectively. The name of the evolutionary stage is given on
the fop right corner of each panel. The vertical solid lines indicate the
median values of the integrate intensity ratios for each evolutionary
stage. The median values are given in Table 8

Figures 17 and 18 show global averaged integrated in-
tensity and abundances ratios for high-mass star forming
clumps at different evolutionary stages located in spiral
arm 4, and their median values are shown in Table 8. Me-
dian values of I (NoHT (1-0))/I (HCO™ (1-0)) decrease
by ~40 % and ~ 17 % from stage A to B and B to C,
median values of 7(HCO™ (1-0))/I (HNC (1-0)) increase
by ~ 102 % and ~ 12 % from stage A to B and B to C,
these two ratios are more suitable for distinguishing clumps
in stage A from those in stage B and C. Median values
of I(HCN (1-0))/I (HNC (1-0)) increase by ~ 42 % and
~ 83 % from stage A to B and B to C, it could be used to
trace evolution of high-mass star forming clumps.

Median values of X (N,HT)/X(HCO™) decrease by
~40 % and ~9 % from stage A to B and B to C, it is
suitable for distinguishing clumps in stages A from those
in stage B and C. Median values of X (N,H')/X (HCN) de-
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Fig. 16 The histograms of the global averaged abundance ra-
tios (in logarithm) of X (N,H*)/X(HCO™1), X(N,H')/X(HCN),
X (N,H')/X (HNC), X(HCO™")/X(HCN), X(HCO")/X(HNC) and
X (HCN)/X (HNC) for the stage A, B and C in the spiral arm 3 of the

crease by ~ 12 % and ~ 38 % from stage A to B and B to C,
it is suitable for distinguishing clumps in stages A and B
from those in stage C. Median values of X (HCN)/X (HNC)
increase by ~ 37 % and ~ 21 % from stage A to B and B
to C, it could be used to trace evolution from stage A to B
and B to C.

Here we only discuss those ratios that show significant
variations, i.e. by more than 15 %. These results are signif-
icantly different from those derived from the whole sample
(Sects. 4.1 and 4.2). One possible reason is that there are too
few sources in each spiral arm to provide consistency.

4.3.2 High-mass star forming clumps located in the same
spiral arm, near and far from the Galactic Center

High-mass star forming clumps in spiral arms 1 (Sagittarius

arm) and 4 (Norma-Outer arm) could be divided into two
groups according to their distance from the Galactic Cen-

@ Springer
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Galaxy, respectively. The name of the evolutionary stage is given on
the fop right corner of each panel. The vertical solid lines indicate the
median values of the abundance ratios for each evolutionary stage. The
median values are given in Table 8

ter (Fig. 8). In spiral arm 1, there are two groups of clump
concentrations, one group locating in the Galactocentric dis-
tance range 3.6—4.9 kpc, and the other one at 616 kpc. Sim-
ilarly, in spiral arm 4 there are also two groups of clumps,
one at the Galactocentric distances of 3.2 to 4.3 kpc, and the
other at 5.1-9.5 kpc. Since more dense gas concentrates near
the Galactic center, the probability of high-mass star forma-
tion occurring should be higher, and so more high-mass star
forming clumps should be in earlier stages of star formation.

From the previous sections, global integrated inten-
sity and abundance ratios NoHY/HCO™, HCO™/HNC and
HCN/HNC are sensitive to evolution of high-mass star form-
ing clumps, and so these ratios were compared between the
near and far groups.

Figure 19 shows the groups for spiral arm 1. Me-
dian values for the near and far groups are 0.61 and
0.55 for I(N,H' (1-0))/1(HCO™ (1-0)), 1.85 and 2.04
for I(HCO™ (1-0))/I(HNC (1-0)), 1.37 and 1.47 for
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Fig. 17 The histograms of the global averaged integrated inten- Galaxy, respectively. The name of the evolutionary stage is given on

sity ratios of I(NpH™ (1-0))/1 (HCO*t (1-0)), I(N,HT (1-0))/ the fop right corner of each panel. The vertical solid lines indicate the
I(HCN (1-0)), I(NH' (1-0))/I (HNC (1-0)), I(HCO" (1-0))/  median values of the integrate intensity ratios for each evolutionary
I(HCN (1-0)), I(HCO* (1-0))/I (HNC (1-0)) and I(HCN (1-0))/  stage. The median values are given in Table 8

I (HNC (1-0)) for the stage A, B and C in the spiral arm 4 of the

I (HCN (1-0))/1 (HNC (1-0)), 2.05 and 1.59 for X(N,H")/ 5 Summary and conclusions
X (HCO™),0.91 and 1.02 for X (HCO™')/X (HNC), and 3.03

and 3.89 for X (HCN)/X (HNC), respectively. A total of 197 relatively isolated high-mass star forming
For the near and far groups in the spiral arm 4 (Fig. 20), clumps were selected from all the MALT90 survey data and

median values are 0.66 and 0.43 for I(N,H' (1-0))/ classified into prestellar, protostellar, and HII/PDR stages.

Their chemical evolution was investigated based on four
I(HCO™ (1-0)), 1.63 and 2.04 for I (HCO™ (1-0))/I (HNC
1( . 1(27 ))d ; 182“; ; H(‘;\I (1 . /I(HN)é i o), molecular lines, NyH* (1-0), HCO™ (1-0), HCN (1-0) and
(1-0)), 1.27 and 2.18 for I( (1-0)/1( (1-0), HNC (1-0). The findings were as follows:
1.94 and 1.25 for X(NoHT)/X(HCO™), 1.07 and 1.30

for X (HCO™)/X (HNC), and 2.72 and 3.78 for X (HCN)/ 1. Global averaged integrated intensities I (N;H' (1-0)),
I(HCO™ (1-0)), I(HCN (1-0)), and I(HNC (1-0))

of high-mass star forming clumps all showed increas-
ing trends with increased evolutionary stage. Global

X (HNC), respectively. These results indicate that the near
group is younger than the far group overall, and hence sup-

port a scenario of more massive stars being formed near the averaged line ratios /(HCO™ (1-0))/I (HNC (1-0)),
Galactic Center. However, it should be noted that the sample I (HCN (1-0))/I (HNC (1-0)), I (NoH* (1-0))/1 (HCO*
sizes of the near and far groups in spiral arms 1 and 4 are (1-0)) and I (N,HT (1-0))/1 (HCN (1-0)) could be used
too small to provide a statistically significant result. to trace evolution of high-mass star forming clumps.
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Fig. 18 The histograms of the global averaged abundance ra-
tios (in logarithm) of X (N,H*)/X(HCO™1), X(N,H')/X(HCN),
X (N,H')/X (HNC), X(HCO™")/X(HCN), X(HCO")/X(HNC) and
X (HCN)/X (HNC) for the stage A, B and C in the spiral arm 4 of the

2. Global averaged column densities of N,H*, HCO™,
HCN, and HNC increase as high-mass star forming
clumps evolve.

3. Global averaged abundances X(NpH™), X (HCO™),
X (HCN) and X (HNC) increase with evolutionary stage.
The abundance ratio X (HCN)/X (HNC) could be used
to trace evolution of high-mass star forming clumps,
X (HCO™)/X (HNC) is more suitable for distinguishing
high-mass star forming clumps in stage A from those in
stages B and C.

4. Our results suggest that the global averaged line ratios
based on the whole clump display more obvious trends
with its evolution, and they are suitable for tracing the
evolution of high-mass star forming clumps. On the other
hand, the global abundance ratios based on the whole
clump do not show much more advantages compared to
those results derived from the beam-averaged peak data

@ Springer

(e)

®)

Galaxy, respectively. The name of the evolutionary stage is given on
the fop right corner of each panel. The vertical solid lines indicate the
median values of the abundance ratios for each evolutionary stage. The
median values are given in Table 8

or single point observation, only X (HCN)/X (HNC) dis-
play an obvious trend of increase as clumps evolve.

5. The global chemical properties of high-mass star form-
ing clumps in each spiral arm of the Galaxy are signifi-
cantly different from those derived from the whole sam-
ple. One possible reason is that the sources in each spi-
ral arm are too few to provide consistency, while another
possible contributing factor could be that the physical
and the chemical properties of each spiral arm are dif-
ferent.

6. For high-mass star forming clumps in spiral arms 1 and 4,
the clumps near the Galactic Center appear younger than
those far from the Galactic center. One possible reason
for this is that the Galactic Center region contains more
dense molecular gas, which can lead to an elevated rate
of high-mass star formation.
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