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ABSTRACT
Investigating the physical and chemical structures of massive star-forming regions is critical for understanding the formation and
the early evolution of massive stars. We performed a detailed line survey toward six dense cores named as MM1, MM4, MM6,
MM7, MM8, and MM11 in G9.62+0.19 star-forming region resolved in ALMA band 3 observations. Toward these cores, about
172 transitions have been identified and attributed to 16 species including organic Oxygen-, Nitrogen-, Sulfur-bearing molecules
and their isotopologues. Four dense cores MM7, MM8, MM4, and MM11 are line rich sources. Modeling of these spectral lines
reveals the rotational temperature in a range of 72−115 K, 100−163 K, 102−204 K, and 84−123 K for the MM7, MM8, MM4,
and MM11, respectively. The molecular column densities are 1.6 × 1015 − 9.2 × 1017 cm−2 toward the four cores. The cores
MM8 and MM4 show chemical difference between Oxygen- and Nitrogen-bearing species, i.e., MM4 is rich in oxygen-bearing
molecules while nitrogen-bearing molecules especially vibrationally excited HC3N lines are mainly observed in MM8. The
distinct initial temperature at accretion phase may lead to this N/O differentiation. Through analyzing column densities and
spatial distributions of O-bearing Complex Organic Molecules (COMs), we found that C2H5OH and CH3OCH3 might have
a common precursor, CH3OH. CH3OCHO and CH3OCH3 are likely chemically linked. In addition, the observed variation in
HC3N and HC5N emission may indicate that their different formation mechanism at hot and cold regions.

Key words: ISM:abundances – ISM:individual (G9.62+0.19) – ISM:molecules – radio lines:ISM – star:formation

1 INTRODUCTION

High-mass stars play a major role in the evolution of the galaxies.
They affect the formation and evolution of planets, stars, and galax-
ies (Kennicutt 1998; Bally et al. 2005). But the formation process
of high-mass star remains much less understood because of their
comparatively larger distances and shorter lifetimes than low-mass
star. In addition, high-mass stars are usually born in complicated
cluster environments. The process of star formation will inevitably
be influenced by nearby protostars (Krumholz et al. 2014), which
complicates the physical and chemical structures of high-mass star
formation. During the earliest phases high-mass stars remain em-
bedded in their natal molecular clouds. Observationally, their em-
bedded phases can generally be subdivided into four different evolu-
tionary stages: massive dense cores (including starless cores), high-
mass protostellar objects (HMPOs), hot molecular cores (HMCs),
and Hyper/ultra compact Hii regions (H/UC Hii) (e.g., Kurtz et al.
2000; Hoare et al. 2007; Beltrán et al. 2009; Tan et al. 2013; Liu et
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† E-mail: liutie@shao.ac.cn

al. 2021). Investigating the physical and chemical properties of high-
mass star forming cores at different evolutionary stages is important
for understanding the formation and early evolution of massive stars.

G9.62+0.19 is a well known high-mass star forming region at a
distance of 5.2 kpc (Sanna et al. 2009), which hosts several mas-
sive cores at different evolutionary phases (e.g., Testi et al. 1998;
Hofner et al. 1994, 2001; Liu et al. 2017). Multi-wavelength VLA
observations identified nine radio continuum sources (denoted as A-
I) in this region (Garay et al. 1993; Testi et al. 2000). The extended
Hii region "A", cometary-shaped Hii region "B" and compact Hii
region "C" are three evolved Hii regions (Kurtz et al. 1994). The
JCMT/SCUBA 450 µm observations found that new generations of
high-mass young stellar objects ("G9.62 clump") are forming in the
region which is located to the east of the evolved Hii regions (Liu et
al. 2011, 2017). Twelve dense cores (MM1-MM12) have been iden-
tified in this clump through 1.3 mm observations with ALMA (Liu
et al. 2017). Recent ALMA observations at 1 mm wavelength (band
7) with higher resolution further resolved "G9.62 clump" into 23
dense cores (Dall

′

Olio et al. 2019). Among of them, MM4, MM7,
MM8, and MM11 are associated with radio sources "E", "G", "F",
and "D", respectively. Five cores (MM4/E, MM6, MM7/G, MM8/F
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and MM11/D) are considered as high-mass protostars. Based on ob-
servations of CH3OH vt =1 line and the existence of the outflow, Liu
et al. (2017) further classified their evolutionary sequence as follow-
ing: MM6 (HMPO), MM7 (early HMC), MM8 (HMC), MM4 (late
HMC or HC Hii), and MM11 (UC Hii). Presence of collimated SiO
(5-4) and CO (2-1) outflows and absence of CH3OH vt =1 emission
in MM6 are indicative of it to be at HMPO stage. MM7 and MM8 are
associated with centimeter continuum emission (Testi et al. 2000),
outflows, and strong CH3OH vt =1 line emission, and are thus at
comparatively more evolved stage than MM6. CH3OCHO vt=1 was
detected toward the MM8 while not for MM7, indicating that MM8
is hotter and older than MM7. MM4 has centimeter continuum coun-
terpart (Testi et al. 2000), while no outflows implying MM4 to be at a
more evolved phase. Weaker CH3OH vt =1 emission toward MM11
than MM4 suggest that MM11 should be at a more evolved phase,
since the abundance of CH3OH should be close to maximum at hot
core stage and decrease in the UC Hii phase (Gerner et al. 2014). The
other seven cores (MM1, MM2, MM3, MM5, MM9, MM10, and
MM12) are considered to be starless core as they do not show any
signature of outflows. They only show the signature of rare interstel-
lar molecules, especially complex organic molecules (COMs). Su et
al. (2005) reported that many molecular lines including Nitrogen-
bearing molecules and organic molecules have been detected toward
the source F(MM8) and E(MM4) in G9.62+0.19 by Submillimeter
Array (SMA) observations (345 GHz). In general, G9.62+0.19 con-
tains different evolutionary types of dense cores, and harbours rich
chemistry indicating that it is an ideal object to explore the distinct
chemical properties of cores at different evolutionary stages.

Interstellar molecules especially the COMs are useful diagnosis to
study the interstellar environments and evolutionary stages of vari-
ous astronomical sources since they usually exist in special physical
environments. COMs have been detected in warm regions including
hot cores in high-mass star-forming regions such as SgrB2(N) (e.g.,
Belloche et al. 2013, 2016, 2017; Bonfand et al. 2019), G31.41+0.31
(e.g., Rivilla et al. 2017b; Mininni et al. 2020; Colzi et al. 2021),
AFGL 4176 (Bøgelund et al. 2019), NGC 6334I (e.g., Zernickel
et al. 2012; Bøgelund et al. 2018; Ligterink et al. 2020), W51 e2
(Remijan et al. 2004a; Rivilla et al. 2017a), G34.3+0.2 (Lykke et
al. 2015), Orion KL (e.g., Crockett et al. 2014; Cernicharo et al.
2016; Tercero et al. 2018), G331.512-0.103 (Hervías-Caimapo et
al. 2019; Duronea et al. 2019) and hot corinos in low-mass star-
forming regions such as NGC 1333-IRAS 2A and -IRAS 4A (Taquet
et al. 2015), IRAS 16293-2422 (Jørgensen et al. 2012; Richard et al.
2013), and in cold environments such as dark clouds (TMC-1 (e.g.,
McGuire et al. 2018; Agúndez et al. 2021) and L134N (Dickens et
al. 2000)), starless cores (e.g., Bacmann et al. 2012; Vastel et al.
2014; Jiménez-Serra et al. 2016; Molet et al. 2019), and cold outer
envelopes of protostars (e.g., Öberg et al. 2010; Bergner et al. 2017),
Galatic Center molecular clouds such as G-0.02-0.07, G-0.11-0.08,
and G+0.693-0.027 (Requena-Torres et al. 2006, 2008; Zeng et al.
2018; Rodríguez-Almeida et al. 2021), and the disk of an outburst-
ing young star, V883 Ori (Lee et al. 2019). The chemistry in differ-
ent interstellar environments, and the formation of COMs in these
environments are complex and long-standing quest that has been ex-
plored by many researches in the past several years (e.g., Herbst &
van Dishoeck. 2009; Laas et al. 2011; Bacmann et al. 2012; Woods et
al. 2013; Vasyunin & Herbst. 2013; Ruaud et al. 2015; Abplanalp et
al. 2016; Skouteris et al. 2018; Shingledecker et al. 2019). Yet, there
remain huge challenges for revealing a clearer picture of COMs for-
mation. Fundamentally, the chemistry is the result of interactions
of different physical and chemical parameters that are tangled with
each other, with the former includes but not limited to the tempera-

ture, density and evolutionary stages of the cores, and the later pri-
marily depends on the elemental content, grain mantle compositions
and reaction network that represents the chemical contents of the
cores. Thus, when the physical properties of the core are well con-
strained, the observational results, such as the column density and
abundance of individual molecule and the correlations between dif-
ferent molecules, could be used to retrieve the intrinsic chemical
properties.

Here we preform a detailed analysis of the physical and chemical
conditions (e.g., temperature, density, and possible chemical forma-
tion routes of COMs) of dense cores in G9.62+0.19 through ALMA
band 3 observations. The paper is organized as follows. In Sect. 2
we describe the observations and the data reduction. The results for
continuum and line survey are presented in Sect. 3. We model the
spectral lines and calculate the parameters under the LTE assump-
tion in Sect. 4. A general discussion about properties of each core
and chemical differentiation among these cores is presented in Sect.
5. In Sect.6 we give our summary, with a possibility of future inves-
tigations of massive star formation at different evolutionary stages.

2 OBSERVATIONS

G9.62+0.19 was observed with ALMA in band 3 (Project ID:
2019.1.00685.S; PI: Tie Liu), as part of the ATOMS survey, which
was conducted towards 146 IRAS clumps (Liu et al. 2020a,b,
2021). The Atacama Compact 7-m Array (ACA) observations
of G9.62+0.19 were conducted on 1st and 13th October, 2019
with two executions, and the 12-m array observations were con-
ducted on 31th October, 2019. The phase center in both ACA
and 12-m array observations is R.A.(J2000)=18h06m14s.99 and
Decl.(J2000)=−20◦31

′

35′′.4. The spectral windows (SPWs) 1−6 at
the lower sideband have a bandwidth of 58.59 MHz, which cover
dense gas tracers such as J=1-0 transition of HCO+, H13CO+, HCN,
and H13CN, shock tracer SiO J=2-1 and photodissociation region
tracer CCH J=1-0. The other two wide SPWs 7−8 at the upper side-
band covering frequency range of 97.530−101.341 GHz, each with
a bandwidth of 1875 MHz, which are used for continuum emission
and line survey. The spectral resolution is ∼0.2 km s−1, ∼0.1 km
s−1, and ∼1.5 km s−1 for SPWs 1−4, SPWs 5−6, and SPWs 7−8,
respectively (Liu et al. 2021).

The calibrated UV data and images were processed using the
Common Astronomy Software Applications (CASA). All images
are primary beam corrected. The calibration uncertainty on the flux
density is ∼ 10%. Continuum image was constructed from line-free
channels. The synthesized beam size and 1σ rms noise level for the
continuum image from the 12-m array are 1.56′′ ×1.38′′ (∼ 8112 ×
7176 au at a distance of 5.2 kpc, P.A.=87.62◦) and 0.4 mJy beam−1,
respectively. For spectral images, their synthesized beam size is ap-
proximately 1.9′′ × 1.7′′ (∼ 9880 × 8840 au) at the lower band
(SPWs 1−6), and ∼1.6′′×1.4′′ (∼ 8320 × 7280 au) at the upper band
(SPWs 7−8). The 1σ rms noise is about 8 mJy beam−1 per chan-
nel, 10 mJy beam−1 per channel, and 3 mJy beam−1 per channel for
SPWs 1−4, 5−6, and 7−8, respectively. The 12-m+ACA combined
continuum image of G9.62+0.19 has a beam size of 2.3′′ × 1.7′′

(P.A.=85.14◦), and a sensitivity of ∼0.5 mJy beam−1. For spectral
lines, combined SiO (2-1), HCO+ (1-0) and CS (2-1) are utilized to
probe the kinematics of this source. The synthesized beams for SiO,
HCO+, and CS are 2.7′′×2.1′′, 2.5′′×1.9′′, and 2.3′′×1.7′′, respec-
tively, and the sensitivity levels are ∼13, 60, and 48 mJy beam−1 per
channel, respectively.
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3 RESULTS

3.1 ALMA 3 mm continuum emission

Figure 1 shows the 3 mm continuum emission of G9.62+0.19 ob-
served by the 12-m array alone and 12-m+ACA combined data. Six
dense cores (MM1, MM4, MM6, MM7, MM8, and MM11) that
have been previously observed by 1.3 mm continuum emission with
higher angular resolution (0.94′′ ×0.71′′) (Liu et al. 2017) in G9.62
clump are also resolved in our 3 mm data. The positions of MM2,
MM3, MM5, MM9, and MM10 are also marked in Figure 1. How-
ever, these cores are not resolved in 3 mm map possibly because of
the relatively lower spatial resolution of our observations. The ex-
panding cometary-like Hii region "B" is observed to the west of the
G9.62 clump (see Figure 2). The positions, sizes, peak flux density
(Ipeak) and total flux density (S ν) of six dense cores obtained by two
dimensional Gaussian fitting are listed in Table 1. We found that the
size, Ipeak and S ν of each core observed from combined data are
larger than those from 12-m observations alone, since 12-m array
observations are affected by missing flux, then extended emission is
not sampled completely. The observations of 12-m array missed ∼
5% of extended emissions compared to the observations of 12-m +

ACA combined data. More information on continuum emission also
can be found in Liu et al. (2020a).

3.2 Molecular lines identification

We identified spectral line transitions using the eXtended CASA
Line Analysis Software Suite (XCLASS1; Möller et al. 2017). The
molecular spectroscopic parameters in XCLASS are obtained from
Cologne Database for Molecular Spectroscopy (CDMS2; Müller et
al. 2001, 2005) and Jet Propulsion Laboratory (JPL3; Pickett et al.
1998) molecular databases. The software includes myXCLASS pro-
gram, which is used to model data by solving the radiative trans-
fer equation. Under the assumption of local thermodynamical equi-
librium (LTE), XCLASS takes the beam dilution, dust attenuation,
the line opacity, and line blending into account (Möller et al. 2017).
A few constraints are set for proper identification of the molecular
species. The rest frequency must be consistent with the value from
laboratory measurement; for a certain species, all detected transi-
tions from the same source must have a similar LSR velocity; and
transitions for a specific species should have similar spatial distri-
bution owing to that they are excited by similar conditions (Peng et
al. 2017). Furthermore, all lines above the 3σ "detection level" are
available in our identification and follow-up analyses. The spectrum
from 12-m array observations are used for line identification and
following data modeling. In the Appendix A, we make a compari-
son between 12-m array and combined data, suggesting there is no
difference when using them to study the hot core chemistry.

3.2.1 Molecular lines from different cores

We identified 16 species toward 6 dense cores of G9.62+0.19. Since
each of the dense core is at different evolutionary stage, the emission
of molecules have diverse characteristics in species and intensity.
Figure 3 presents the species and transition numbers in each core.
Figure 4 and Figure B1 display the full-band beam-averaged spectra
at the six continuum peaks. Transitions with intensity higher than 3σ

1 https://xclass.astro.uni-koeln.de
2 http://cdms.de
3 http://spec.jpl.nasa.gov

MM1
MM2MM3 --------MM4/E

MM5MM6--------
--------MM7/G

--------MM8/F
--------MM10MM9----------

MM11/D---
B

Figure 1. Upper panel: the 3 mm continuum emission of G9.62+0.19
from 12-m array observations. Lower panel: the 3 mm continuum emission
of G9.62+0.19 from 12-m+ACA combined observations. The synthesized
beam size is shown in the bottom left corner. The contour levels are (3, 5, 10,
20, 40, 60, 80, 100, 140, 180) × 0.4 mJy beam−1, and (3, 5, 10, 20, 40, 60,
80, 120, 140) × 0.5 mJy beam−1 for 12-m and 12-m+ACA combined data,
respectively. The cross symbols mark the 3 mm continuum peaks of MM1,
MM4, MM6, MM7, MM8, MM11, and Hii region "B". The filled circles in-
dicate the 1.3 mm continuum peaks (MM2, MM3, MM5, MM9, and MM10)
(Liu et al. 2017). The unit of the gray scale bar on the right is in Jy/beam.

are listed in Table B1. The rest frequencies, quantum numbers, the
line strength (Sµ2), and the upper-level energy (Eu) of each transi-
tions are given in Columns 1 to 4 in the Table. Estimated 1σ RMS is
0.13 K, 0.12 K, 0.13 K, 0.14 K, 0.12 K, and 0.12 K for MM1, MM6,
MM7, MM8, MM4, and MM11, respectively. The noise level σ in
each spectrum is computed in line-free channels.

Below we discuss the line identification toward each core:
MM1: Simple molecular transitions CS J=2-1 and SO 3(2)-2(1),

and a dense gas tracer HC3N J=11-10 are detected in this region.
The ionized gas tracer H40α line is also detected in this core.

MM4: This is a line-rich source, in which a number of molecules
have been detected. Line identification results showed that O-
bearing COMs (e.g., CH3OH v=0, CH3OH vt=1, CH3OCHO,
CH3OCHO vt=1, CH3OCH3, CH3COCH3, and C2H5OH) are de-
tected. The line strength of O-bearing COMs is higher toward the
MM4 than the other cores. Additionally, a few lines of N-bearing

MNRAS 000, 1–40 (2022)
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Table 1. Parameters of Continuum Sources

Name R.A.(J2000) Decl.(J2000) 12-m array 12-m and ACA combined data

size Ipeak S ν size Ipeak S ν

(mJy beam−1) (mJy) (mJy beam−1) (mJy)

MM1 18h06m14s.357 −20◦31
′
25′′.73 3.01′′ ×2.09′′ 8.2±0.6 32.4±2.3 3.73′′ ×2.54′′ 11.1±0.8 38.3±2.1

MM4 18h06m14s.67 −20◦31
′
31′′.52 1.32′′ ×1.06′′ 25.2±1.9 41.4±2.1 1.97′′ ×1.79′′ 30.1±2.0 56.9±5.3

MM6 18h06m14s.772 −20◦31
′
34′′.78 2.05′′ ×0.88′′ 5.3±0.4 10.8±0.7 2.43′′ ×1.95′′ 8.2±0.2 18.5±1.2

MM7a 18h06m14s.798 −20◦31
′
37′′.21 · · · · · · · · · · · · · · · · · ·

MM8 18h06m14s.884 −20◦31
′
39′′.37 2.67′′ ×1.23′′ 13.1±1.0 36.3±4.1 3.05′′ ×1.58′′ 19.2±0.8 46.9±3.2

MM11 18h06m14s.92 −20◦31
′
42′′.95 1.05′′ ×0.75′′ 71.4±3.7 99.1±4.3 1.40′′ ×1.07′′ 77.5±3.3 109.7±4.6

a The 2-D Gaussian fitting toward the MM7 suffered failed convergence due to this core is not well resolved by 3 mm continuum emission.

C
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15.0 18:06:14.0 13.0 12.0

31:20.0
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-20:32:00.0
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RA (J2000)

D
E
C
 
(
J
2
0
0
0
)

Figure 2. Three millimeter continuum emission (white contours) overlaid on
8 µm emission (red contours) with Spitzer/IRAC observation. The red con-
tours are (10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, and 100%) ×
2648 MJy/sr. Three evolved Hii regions A, B, and C are marked with yellow
diamond shapes.

species (e.g., HC3N v7=1, HC3N v7=2, HC5N, and C2H5CN) are
detected toward MM4.

MM6: MM6 contains a few species such as H2CO, CH3OH with
low Eu of 22 K, HC3N v=0, CS, SO, and 34SO, all of which cover
only one transition. Other COMs are not detected.

MM7: O-bearing species containing H2CO, H2CCO, CH3OH,
CH3OH vt=1, CH3CHO, CH3OCHO, CH3OCH3, and C2H5OH, N-
bearing molecules including HC3N v=0 and its 13C isotopologues,
HC3N in vibrational states (v7=1, v7=2), HC5N, C2H5CN, along
with S-bearing species (CS, SO, 34SO, SO2) are identified in this
core. CH3OCHO vt=1 is not excited toward this core.

MM8: MM8 is the richest in molecular species. Sixteen
species are identified in this core including simple species such
as H2CO, CS, SO, and SO2, N-, O-, and S-bearing COMs
(e.g., CH3OH, CH3CHO, CH3OCHO, CH3OCH3, CH3COCH3
C2H5OH, C2H5CN, and CH3SH), with a few in torsionally ex-
cited state (CH3OH vt=1 and CH3OCHO vt=1). Cyanopolyynes
species HC3N in its vibrationally excited states v7=1, v7=2, v7=3,
and v6=1 are observed in this core. We note that three transitions
of HC3N v7=3 at 100.88044, 101.02780, and 101.16989 GHz are

blended with SO2 at 100.87810 GHz, H2CCO at 101.02447 GHz,
and CH3SH at 101.16830 GHz, respectively.

MM11: H40α, H50β and a few O-bearing COMs species such as
CH3OH, CH3CHO, CH3OCHO, CH3OCH3 and C2H5OH are de-
tected toward this core. Cyanoacetylene and its 13C isotopologues
in ground state and in vibrational state v7=1 are also detected, while
cyanoacetylene in higher vibrationally excited states and C2H5CN
are not detected.

It is worth to mention that MM3 and MM9 have larger volume
density (6.1×106 cm−3 and 15.9×106 cm−3) than other four star-
less cores (1.9×106, 2.2×106, 2.8×106, and 0.6×106 cm−3 for MM2,
MM5, MM10, and MM12, respectively; see more details in Table 1
of Liu et al. 2017). Although MM3 and MM9 are not resolved in our
3 mm continuum emission, we extracted the spectra for the position
of those cores which are shown in Figure C1. It shows that species
such as CS, SO, H2CO, CH3OH v=0, HC3N v=0, HC13CCN v=0,
HCC13CN v=0, HC3N v7=1, and HC5N are detected toward MM3;
CS, SO, 34SO, H2CO, CH3OH v=0, HC3N v=0, HC13CCN v=0,
HCC13CN v=0, and CH3CHO are detected at MM9.

3.3 Spatial distributions

The integrated intensity maps of main transitions of Oxygen-,
Nitrogen- and Sulphur-bearing species are shown in Figure 5−7. An-
alyzed the spatial distribution, we note that on the whole, transitions
with low upper-level energy are expected to trace more extended and
diffuse gas structures than with high upper-level energy. Three main
results for emissions of O-, N-, and S-bearing species are as follows:

(i) Emission of CH3OH v=0 covers extended parts, while emis-
sion of its torsional state CH3OH vt=1 with higher upper-level
energy only distributes over the four dense cores MM4, MM7,
MM8, and MM11. The spatial distributions of CH3OCHO vt=1
and C2H5OH concentrate on MM4 and MM8, the other O-bearing
molecules primarily originate from MM4, MM7, MM8, and MM11
(see Figure 5). Meanwhile, the emission from MM4 is stronger than
that from MM8 for O-bearing species except for CH3CHO. The gas
distributions of CH3CHO extended to the eastern region, which is
likely to be affected by an outflow.

(ii) Figure 6a shows the spatial distribution of HC3N v=0, cover-
ing a large scale and extending to MM1 and MM11. In addition,
an outflow originating from MM6 along the northeast-southwest
direction is also traced by HC3N v=0. Emission of its isotopo-
logues HC13CCN v=0 peaks at MM4, MM7, and MM8, since iso-
topic molecules trace denser and more optically thin gas compare
to its main species. HC3N in vibrationally excited state v7=1 peaks
at MM4, MM7, and MM8, and higher energy v6=1 (747 K) only

MNRAS 000, 1–40 (2022)
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Figure 3. Molecules including O-bearing (H2CO, H2CCO, CH3OH, CH3OH vt=1, CH3CHO, CH3OCHO, CH3OCHO vt=1, CH3OCH3, CH3COCH3, and
C2H5OH), N-bearing (HC3N, HC5N, C2H5CN, and NH2D), and S-bearing (CS, SO, 34SO, SO2, 33SO2, SO2 v2=1, and CH3SH) molecules that have been
identified toward the six cores. The numbers on the Y-axis indicate the detected molecular transition number of each core. X-axis presents the molecular name,
in which the label "HC3N-iso" indicates the HC3N isotopologues HC13CCN and HCC13CN; "HC3N-vib" means HC3N in vibrationally excited states v7=1,
v7=2, v7=3, v6=1, as well as HC13CCN v7=1 and HCC13CN v7=1; C2H5CN-iso contains CH3CH13

2 CN, CH13
3 CH2CN, and 13CH3CH2CN.

peaks toward the MM8, implying MM8 to have very warm envi-
ronment. Nitrogen-bearing molecule C2H5CN has similar emission
with those of HC13CCN v=0 and HC3N v7=1. Unlike the above
Oxygen-bearing species that mainly peak at the position of MM4,
the strongest emission of these N-bearing species is mostly located
at MM8 with the exception of HC5N for which the strongest emis-
sion is associated with MM4. Moreover, there is offset between its
main emission peak and continuum emission peak MM4. A similar
scenario is also seen for MM7 (see Figure 6e).

(iii) Similar to N-bearing species, S-bearing molecules mainly
come from the MM4, MM7, and MM8. Observation shows that SO
with low Eu=9 K and CS trace very extended regions. Furthermore,
the collimated northeast-southwest outflow that comes from MM6
can be seen in CS and SO (Eu = 9 K) emission. The gas emission
of SO2 v2=1 with Eu of 900 K is very compact and peaks at MM8.
Emission of CH3SH in low energy (Eu = 14 K) also comes from
MM8, but it is not extremely compact.

4 LTE ANALYSES

In this section, we investigate the physical and chemical proper-
ties of six cores with sufficient number of molecular lines to derive

their physical parameters (rotational temperature, column density,
and abundance) under LTE condition. All LTE modeled spectra are
shown in Figure 4 and Figure B1.

4.1 LTE calculation

We model the observed spectra using the XCLASS suite. The soft-
ware contains an interface for the model optimizer package MAGIX
(Modeling and Analysis Generic Interface for eXternal numerical
codes; Möller et al. 2013), which helps to optimize the fit, finds
the best solutions of parameters, and provides corresponding er-
ror estimates by using different optimization algorithms or algo-
rithm chain. In this work, three algorithm including Genetic, Lev-
enberg–Marquardt, and Markov chain Monte Carlo were adopted.
The main modeling parameters of XCLASS for each molecule are
the source size, rotational temperature, column density, full width
at half maximum of the observed line, and the velocity offset of the
line with respect to the systemic velocity of the object. For the com-
pact components, the source sizes is obtained by two-dimensional
Gaussian fits to the line images. For extended components, the beam
filling factor is always ∼ 1, we adopt very large source size. While
for some species, the source size is comparable to the beam size,
thus the source size is set as free parameters. The velocity offsets
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Figure 4. Beam-averaged spectra toward the MM1, MM6, MM7, MM8, MM4, and MM11. This segment covers frequency range from 98.43 to 98.93 GHz,
the rest of other frequencies are showed in Figure B1. The frequency scale is in terms of rest frequency. The black curves are the observed spectra, and the red
curves indicate the simulated LTE spectra. The horizontal green dashed line indicates the 3 σ noise level in each core. The small panel below each spectrum
shows the transitions that have been zoomed in.
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(d) CH3OH vt=1; 0 to 11 km/s
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(h) C2H5OH; -1 to 11 km/s
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(i) CH3OCH3; -2 to 13 km/s

Figure 5. Spatial distributions of O-bearing molecules observed by 12-m array. The orange background shows the 12-m continuum emission at 3 mm. The
synthetic beam for continuum is indicated in the bottom left corner by the open ellipse. Continuum peaks MM1, MM3, MM4, MM6, MM7, MM8, MM9, and
MM11 are denoted by the white cross symbols. The blue contour levels show the line emission starting from 5σ to the maximum by 2σ, where σ is the rms
noise. The 1σ of H2CO, H2CCO, CH3OH vt=0, CH3OH vt=1, CH3CHO, CH3OCHO, CH3OCHO vt=1, C2H5OH, and CH3OCH3 are 1.17, 0.81, 0.81, 0.77,
0.81, 0.95, 0.77, 0.77, and 0.85 K km/s, respectively. The value of upper-level energy Eu for each species is shown in the right-upper corner of each panel.

and line widths are derived from Gaussian fits to the spectral lines.
The rest of the parameters are set as free parameters, mainly the ro-
tational temperature and column density. Then MAGIX is used to
minimizes the χ2 in the given parameter space.

4.2 Rotational Temperatures and Column Densities

The molecular transitions that are unaffected by blending effect and
cover a large upper-level energy Eu range, are most suitable for
constraining the physical parameters. In our line survey SPW 7−8,
molecular species with more than three detected transitions along
with wide Eu range are used to evaluate the rotational temperature
Trot and source-averaged total column density NT. Table 2 summa-
rizes the best fitting results. All lines above 3σ noise level in the
spectra are analyzed. For each detected line, the optical depth (τline)
computed with XCLASS is listed in Table B1. The CS (2-1) transi-
tion in MM7 and MM8 has the highest optical depths of 1.32 and
1.17, respectively. The optical depth of the other molecular transi-

tions are lower than 1. The fitted rotational temperature and column
density are discussed below.

Ketene (H2CCO): Five unblended transitions of H2CCO spanning
Eu of 15−133 K are detected in MM7, MM8, and MM4. Toward the
MM11, only three transitions are well detected with high S/N (> 3).
The rotational temperatures of 72±19 K, 102±10 K, 102±30 K and
84±23 K, and column densities of (1.6±0.7) × 1015 cm−2, (5.5±0.1)
× 1015 cm−2, (5.0±1.7) × 1015 cm−2, and (1.6±0.7) × 1015 cm−2

toward the MM7, MM8, MM4, and MM11, respectively, are derived
by fitting those uncontaminated transitions (see Table 2).

Methanol (CH3OH): Methanol is detected in ground state toward
MM6, MM7, MM8, MM4, and MM11, and in torsionally excited
state toward MM7, MM8, MM4, and MM11. The number of tran-
sitions over three are identified only toward MM4, allowing the de-
termination of parameters. Transitions of CH3OH v=0 cover a Eu
range from 22 to 889 K and CH3OH vt=1 cover Eu range from
340 to 902 K. The excitation temperature and column density are
159±8 K and (7.5±0.3) × 1017 cm−2 for ground state, 204±20 K
and (9.2±0.7) × 1017 cm−2 for torsional state.
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(f) C2H5CN; -4 to 17 km/s

Figure 6. Spatial distributions of N-bearing molecules. See caption of Figure 5 for more details. The 1σ noise level of HC3N v=0, HC13CCN v=0, HC3N v7=1,
HC3N v6=1, HC5N, and C2H5CN are 1.22, 1.17, 1.08, 0.92, 0.81, and 0.99 K km/s, respectively. The value of upper-level energy Eu for each species is shown
in the right-upper corner of each panel.

Methyl Formate (CH3OCHO): Methyl Formate in ground state is
identified toward MM7, MM8, MM4, and MM11. Excluding lines
with intensity lower than 3σ, the largest number of uncontaminated
transitions (15−54 K) are detected toward MM4. The rotational tem-
peratures of 108±35 K, 152±25 K, 146±10 K, and 123±23 K are ob-
tained toward the MM7, MM8, MM4, and MM11, respectively. The
largest column density of (1.3±0.1) × 1017 cm−2 is obtained toward
MM4. Its first excited torsional states vt=1 (210−225 K) are identi-
fied only toward MM8 and MM4. The fitting of CH3OCHO vt=1
transitions give higher rotational temperatures and column densi-
ties (MM8: 163±35 K, (9.1±0.6) × 1016 cm−2; MM4: 150±33 K,
(1.0±0.4) × 1017 cm−2) than those derived from CH3OCHO v=0.

Dimethyl ether (CH3OCH3): The largest number of transitions
(10 transitions with Eu of 10−196 K) of CH3OCH3 are detected
toward MM4, which have Trot of 106±13 K and NT of (6.6±0.6) ×
1016 cm−2. Six unblended transitions with Eu of 10−101 K, are iden-
tified toward MM8, resulting Trot of 111±30 K and NT of (4.8±0.3)
× 1016 cm−2. Seven transitions spanning 10−101 K give the values
of Trot of 95±32 K and NT of (2.9±0.9) × 1016 cm−2 toward MM11.
For MM7, three transitions with Eu of 10 K are observed. There-
fore, its temperatures and densities cannot be calculated due to lack
of sufficient Eu range.

Acetone (CH3COCH3): Acetone is excited only toward MM8 and
MM4, but all lines in our frequency range have relatively weak in-
tensities. By modeling 5 transitions (Eu of 14−81 K) toward the
MM8 and 12 transitions (Eu of 14−111 K) toward MM4, we ob-
tain the rotational temperatures and column densities are 100±38 K,
(1.0±0.5)× 1016 cm−2 for MM8, and 113±31 K, (1.1±0.2) ×
1016 cm−2 for MM4.

Ethanol (C2H5OH): Ethanol is the isomer of dimethyl ether.
Thirty transitions of gauche-Ethanol and 4 transitions of trans-
Ethanol toard MM4 cover a wide Eu range (35−444 K). A smaller

number of lines are detected toward MM7 and MM8 (MM7: 12;
MM8: 16). Many spectral lines are below 3σ in these two cores.
The rotational temperature is 149±32 K toward MM8, slightly lower
value of 131±4 K toward MM4, and 99±28 K toward MM7. Among
the three cores, the highest column density of (4.6±0.3) × 1016 cm−2

is estimated for MM4. Only two lines are slightly stronger than 3σ
toward MM11.

Ethyl Cyanide (C2H5CN): Ethyl Cyanide is detected toward
MM7, MM8, and MM4. Ten lines of C2H5CN with Eu ranging
from 33 to 118 K are used for model fitting. The best fit pa-
rameters are Trot=115±26 K and NT=(4.4±0.9)×1015 cm−2 to-
ward MM7, 140±21 K and (3.4±0.7)×1016 cm−2 toward MM8,
114±14 K and (4.3±0.3)×1015 cm−2 toward MM4. Additionally,
within the observed bandwidth we detected 20 unblended lines
of C2H5CN isotopologues (10 CH3CH13

2 CN lines, 9 CH13
3 CH2CN

and 1 13CH3CH2CN line) toward MM8. The column densities of
(1.4±0.5)×1015 cm−2 have been estimated by fixing the rotational
temperature similar to that found from main isotopologue C2H5CN.
Therefore, 12C/13C ratio of 24±8 is derived (see Section 4.4 for more
details).

Methyl Mercaptan (CH3SH): Methyl Mercaptan with Eu cover-
ing from 17 K to 53 K are identified toward MM8. Trot and NT are
156±21 K and (3.7±0.9)×1016 cm−2, respectively.

Parameters from molecules with one or two identified transitions:
As mentioned above, some molecules (e.g., methanol, acetaldehyde,
dimethyl ether, etc) are observed with only one or two detected tran-
sitions. In this case, we fix the rotational temperature, then get the
column densities for those species. Assuming the gas temperature
of each core is equal to the average value of rotational temperatures
derived from spectral fits, we use 99 K, 134 K, 137 K, and 100 K
as the gas temperatures toward MM7, MM8, MM4, and MM11. The
derived column densities are listed in Table 2. For CH3CHO, four
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(b) SO (Eu=9 k); -38 to 50 km/s
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(c) SO (Eu=39 k); -5 to 12 km/s
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(d) 34SO; -5 to 12 km/s

18h06m16.0s15.5s 15.0s 14.5s 14.0s

-20°31'25"

30"

35"

40"

45"

50"

R.A.(ICRS)

De
cl.

(IC
RS

)

Eu=48 K

3

4

5

6

7
8

m
Jy

 b
ea

m
1

(e) SO2; -5 to 14 km/s

18h06m16.0s15.5s 15.0s 14.5s 14.0s

-20°31'25"

30"

35"

40"

45"

50"

R.A.(ICRS)

De
cl.

(IC
RS

)

Eu=900 K

3

4

5

6

7
8

m
Jy

 b
ea

m
1

(f) SO2 v2=1; 0 to 13 km/s
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(g) CH3SH; 0 to 14 km/s

Figure 7. Spatial distributions of S-bearing molecules. See caption of Figure 5 for more details. The 1σ noise level of CS v=0, SO (Eu=9 k), SO (Eu=39 k),
34SO, SO2, SO2 v2=1, and CH3SH are 1.77, 1.51, 0.92, 0.88, 0.95, 0.81, and 0.85 K km/s, respectively. The value of upper-level energy Eu for each species is
shown in the right-upper corner of each panel.

cores have NT ranging from 3.4× 1015 cm−2 to 5.3× 1015 cm−2.
The column densities of CH3OH toward MM7, MM8, and MM11
are 3.0 × 1017 cm−2, 4.0 × 1017 cm−2, and 2.0 × 1017 cm−2, re-
spectively. The value of 1.8× 1016 cm−2 for CH3OCH3 at MM7 ,
and 9.0× 1015 cm−2 for C2H5OH at MM11 have been estimated.
Two lines of HC5N and two lines of 13C isotopic of HC3N v=0
(HC13CCN and HCC13CN) are identified toward MM7, MM8, and
MM4, with molecular column densities of ∼ 1014 cm−2.
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Table 2. Model fitting results of detected molecules.

Molecular name MM7 MM8 MM4 MM11

Trot NT χ Trot NT χ Trot NT χ Trot NT χ

(K) 1016cm−2) (10−8) (K) (1016cm−2) (10−8) (K) 1016cm−2) (10−8) (K) (1016cm−2) (10−8)

H2CCO 72±19 0.16±0.07 0.7±0.3 102±10 0.55±0.01 1.5±0.1 102±30 0.50±0.17 1.5±0.6 84±23 0.16±0.07 0.6±0.3
CH3OH 99 30 130.0±11.3 134 40 105.0±8.3 159±8 75.0±3.2 227.0±29.2 100 20 71.4±5.1

CH3OH vt=1 · · · · · · · · · · · · · · · · · · 204±20 92.3±6.5 280.0±39.2 · · · · · · · · ·

CH3CHO 99 0.34 1.5±0.1 134 0.50 1.3±0.1 137 0.53 1.6±0.2 100 0.38 1.4±0.1
C2H5OH 99±28 1.1±0.2 4.8±1.0 149±32 2.1±0.7 5.5±1.9 131±4 4.6±0.3 13.9±1.9 100 0.9 3.2±0.2

CH3OCHO 108±35 1.1±0.5 4.8±2.2 152±25 5.9±0.5 15.5±1.8 146±10 13.0±1.0 39.4±5.7 123±23 3.1±0.8 11.1±3.0
CH3OCHO vt=1 · · · · · · · · · 163±35 9.1±0.6 23.9±2.5 150±33 10.5±4.2 31.8±13.3 · · · · · · · · ·

CH3OCH3 99 1.8 7.8±0.7 111±30 4.8±0.3 12.6±1.3 106±13 6.6±0.6 20.0±3.0 95±31 2.9±0.9 10.4±3.3
CH3COCH3 · · · · · · · · · 100±34 1.0±0.5 2.6±1.3 113±31 1.1±0.2 3.3±0.7 · · · · · · · · ·

C2H5CN 115±26 0.44±0.09 1.9±0.4 140±21 3.35±0.69 9.0±2.0 124±14 0.43±0.03 1.3±0.2 · · · · · · · · ·

CH3CH13
2 CN · · · · · · · · · 140 0.14±0.05 0.37±0.14 · · · · · · · · · · · · · · · · · ·

CH13
3 CH2CN · · · · · · · · · 140 0.14±0.04 0.37±0.14 · · · · · · · · · · · · · · · · · ·

CH3SH · · · · · · · · · 156±21 3.7±0.9 9.7±2.5 · · · · · · · · · · · · · · · · · ·

HC13CCN v=0 99 0.019 0.082±0.007 134 0.056 0.15±0.01 137 0.035 0.10±0.01 · · · · · · · · ·

HCC13CN v=0 99 0.022 0.096±0.008 134 0.060 0.16±0.01 137 0.035 0.10±0.01 · · · · · · · · ·

HC5N 99 0.030 0.13±0.01 134 0.026 0.070±0.006 137 0.060 0.18±0.02 · · · · · · · · ·

Notes. For some species, their fitting errors of column densities are not given because detected transitions are below three. The column densities are derived by assuming the fixed Trot of 99 K, 134 K, 137 K, and
100 K toward MM7, MM8, MM4, and MM11, respectively. The "· · ·" means no molecular lines were detected. χ is abundance of specific molecule relative to H2.
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4.3 Molecular abundance

The fractional abundance of a certain molecule relative to H2 (χ =

NT/NH2 ) can be estimated from the source-averaged total column
density of the certain molecule and that of the molecular hydrogen.
With assumption of optically thin emission from dust, the column
density of H2 can be derived by using the following equation (e.g.,
Frau et al. 2010; Bonfand et al. 2019; Gieser et al. 2021):

NH2 =
S νη

µmHΩκνBν(Td)
, (1)

where Sν is the total integrated flux of the continuum, η = 100 is gas-
to-dust mass ratio (Lis et al. 1991; Hasegawa et al. 1992), µ =2.8 is
the mean molecular mass per H2 molecule (Kauffmann et al. 2008),
mH is the mass of the hydrogen atom, Ω is the solid angle subtended
by the source, κν is the dust absorption coefficient per unit density,
and Bν(Td) is the Planck function at the dust temperature Td.

The dust temperature should equal to the rotation temperature of
the core derived from COMs, since gas and dust are expected to be
thermally coupled well at density higher than 106 cm−3 (Goldsmith
2001). In our case, the H2 densities at four cores are larger than

106 cm−3 (see Table 3). We use the dust continuum emission to es-
timate the column density of H2. However, at 3 mm observations,
free-free emission from ionized gas could contribute to the contin-
uum emission (detailed analyses are provided in Liu et al. 2020a,
2021), which will overestimate the column density of H2. Instead,
we use 1.3 mm continuum data from Liu et al. (2017), and smooth
it to the same spatial resolution as that of 3 mm continuum data. κν
of 0.899 cm2g−1 at 1.3 mm for dust grains with thin ice mantles at a
gas density of 106 cm−3 is adopted (Ossenkopf & Henning 1994).
The NH2 derived from 1.3 mm continuum emission are: (2.3±0.2)
× 1023 cm−2 for MM7, (3.8±0.3) × 1023 cm−2 for MM8, (3.3±0.4)
× 1023 cm−2 for MM4 and (2.8±0.2) × 1023 cm−2 for MM11. The
mean optical depth of continuum can be calculated by (e.g., Frau et
al. 2010; Gieser et al. 2021)

τν = −ln
(
1−

Sν
ΩBν(Td)

)
. (2)

The derived τν toward four cores are on the order of 10−2, guarantee-
ing reliable H2 column density. Toward four cores, the deconvolved
sizes, dust temperatures, total flux densities, values of optical depth,
column densities of H2, and volume densities of H2 are listed in Ta-
ble 3.

The fractional abundances of different species at each position
are given in Table 2. Toward four cores (MM4, MM7, MM8 and
MM11), H2CCO has the lowest abundance, compared with other
O-bearing molecules. The abundances of O-bearing COMs such as
CH3OH, CH3OCHO, C2H5OH and CH3OCH3 toward MM4 are
higher than that toward MM8, while the abundance of C2H5CN is
largest toward MM8.

4.4 Carbon Isotopic Ratio

A large number of studies toward molecular clouds in the Galaxy
showed that 12C/13C ratio is a function of Galactocentric distance
DGC (Langer & Penzias 1990, 1993). Recently, Yan et al. (2019)
has reported a linear fit by observing H2CO and H13

2 CO from 112
sources:

12C/13C = (5.08±1.10)kpc−1 ×DGC + (11.86±6.60), (3)

At a Galactocentric distances of 3.4 kpc, the 12C/13C ratio is 29±8.
We have estimated the 12C/13C ratio from HC3N, C2H5CN and their

13C isotopologues, which are shown in Table 4. The ratios between
HC3N v=0 and its isotopologues are underestimated by a factor of
six, which may due to the large optical depth and possible missing-
flux of HC3N v=0. Other five values are in the range of 23.9−25.6,
which is in good agreement with the value derived from equation 3.

5 DISCUSSIONS

5.1 Physical parameters of individual molecule

In this section we mainly discuss the physical parameters of de-
tected H2CCO, HC5N and other complex molecules. We also com-
pare molecular abundances with respect to H2 and CH3OH derived
in our work with those derived in other sources including high-
mass star forming regions (HMSFRs), low-mass star forming re-
gions (LMSFRs) and Galactic Center molecular clouds (GCMCs).
Molecular abundances for individual source and corresponding ref-
erences can be found in Table 5. Figure 8 shows the molecular
abundance with respect to H2 toward the sources in Table 5. On
average, H2CCO, CH3CHO, and CH3COCH3, which have mean
abundances of 8.8×10−9 − 3.4×10−8 (see Table 5), are relatively
less abundant than other six COMs in HMSFRs, while CH3OH,
C2H5OH, CH3OCH3, CH3OCHO and C2H5CN are usually rich in
these sources. They are 1.2×10−7 − 3.4×10−6 in molecular abun-
dances. In addition, averaged abundances of C2H5OH, CH3OCH3,
CH3OCHO, C2H5CN and CH3SH from HMSFRs are higher than
those from LMSFRs and GCMCs by almost 1-3 orders of magni-
tude. The following is the detailed discussion for each species:

Ketene (H2CCO): When compared the rotational temperatures
Trot (72−102 K) and abundance χ ((6.0−15.0) × 10−9) of H2CCO
with those of other O-bearing species, H2CCO has the lowest Trot
and χ in the four cores (MM4, MM7, MM8, and MM11). It suggests
that this molecule is not produced in very hot and compact regions,
but rather in warm envelopes compared to other species. Previous
observations show that H2CCO has been detected in massive star-
forming regions such as Sgr B2 (e.g., Turner 1977; Nummelin et al.
2000) and Orion KL (Johansson et al. 1984; Crockett et al. 2014),
cold dark cloud TMC-1 (Ohishi et al. 1991), and several deeply em-
bedded protostars like NGC 6334I and NGC 7538 I1 (Ruiterkamp
et al. 2007). Furthermore, these observations reveal that H2CCO has
abundances of ∼ 10−10 relative to H2, which is slightly lower than
the values of the four cores (MM7, MM8, MM4, and MM11) of
G9.62+0.19. Previous observations also shown that H2CCO is more
abundant in the cooler and extended region (Maity et al. 2014).

Acetaldehyde (CH3CHO): Under the assumption of fixed temper-
ature, relatively lower column densities ((3.4−5.3) × 1015 cm−2) and
abundances ((1.3−1.6) × 10−8) of CH3CHO are obtained toward
four cores than that for other species. Moreover, the spatial distribu-
tion of CH3CHO is not well coincident with the positions of MM4,
MM8, and MM11. It might imply that CH3CHO tend to trace more
externally extended gas.

Methanol (CH3OH): CH3OH v=0 has high abundances between
7.1×10−7 and 2.3×10−6 toward four cores. This species is efficiently
formed in molecular clouds from early to evolved stage. The gas
distributions cover a more extended region. The much higher tem-
perature (204 K) and abundance (2.8×10−6) for CH3OH in the first
excited torsional state (vt=1) derived toward MM4. CH3OH vt=1
with very high excitation energy should originate from a very warm
and compact region.

Ethanol (C2H5OH): The abundances toward MM7
((4.8±1.0)×10−8), MM8 ((5.5±1.9)×10−8), and MM11 (
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Table 3. Properties of four dense cores derived by 1.3 mm smooth data.

Position source size a Td
b Ipeak S ν

a τν NH2 nH2

(K) mJy beam−1 (mJy) (10−2) (1023cm−2) (106cm−3)

MM7 2.3′′ ×1.3′′ 99 16.8±0.9 109.7±0.6 0.96 2.3±0.2 ∼1.7
MM8 2.6′′ ×1.4′′ 134 45.2±1.8 305±15 1.60 3.8±0.3 ∼2.6
MM4 2.1′′ ×1.8′′ 137 40.4±1.9 266±14 1.38 3.3±0.4 ∼3.6
MM11 2.8′′ ×1.8′′ 100 26.0±1.1 229±11 1.18 2.8±0.2 ∼1.6

Notes. a The deconvolved size and total flux density of each core are obtained from 2D Gaussian fitting to
1.3 mm continuum. b The dust temperatures for four dense cores are estimated from the average rotational
temperature for detected species.

Table 4. Isotopologue Ratios.

Ratio MM8

HC3N v=0/HC13CCN v=0 ∼4.2
HC3N v=0/HCC13CN v=0 ∼4.0
HC3N v7=1/HC13CCN v7=1 ∼25.6
HC3N v7=1/HCC13CN v7=1 ∼24.2
CH3CH2CN/CH3CH13

2 CN 23.9±9.8
CH3CH2CN/CH13

3 CH2CN 23.9±8.4
CH3CH2CN/13CH3CH2CN 23.9

Notes. Detected spectral lines of HC3N v=0,
HC3N v7=1, and their 13C isotopologues are
below three, the column densities of these
species are modelled by assuming the rota-
tional temperatures is equal to C2H5CN.

(3.2±0.2)×10−8) do not present obvious differences. The abundance
increases to (1.4±0.2)×10−7 toward MM4. The derived temperature
are 149±32 K for MM8 and 131±4 K for MM4, which is consistent
with the understanding that C2H5OH usually has rotational tem-
perature higher than 100 K in in massive hot cores (e.g., Bisschop
et al. 2007). Column density ratios between C2H5OH and CH3OH
in four dense cores range from 0.037 to 0.061 (see Table 5), which
consistent with the mean value 0.064+0.066

−0.041 measured from several
HMSFRs (Taquet et al. 2015).

Dimethyl ether (CH3OCH3): CH3OCH3 is an isomer of C2H5OH.
It has a lower temperature (MM8: 111±30 K, MM4: 106±13 K)
than C2H5OH. The CH3OCH3/C2H5OH abundance ratios are ∼1.6,
2.3, 1.4, and 3.2 toward MM7, MM8, MM4, and MM11, respec-
tively, indicating that CH3OCH3 is more abundant than C2H5OH
in dense cores. Meanwhile, it can be seen from Figure 8 that abun-
dances of CH3OCH3 are generally higher than those of C2H5OH in
HMSFRs. Also, the averaged abundance ratio between CH3OCH3
and C2H5OH for those regions is around 2.5. The abundances of
two species are nearly same for three LMSFRs IRAS 16293-2422B,
NGC 1333-IRAS 2A, and NGC 1333-IRAS 4A. The formation effi-
ciency of these two isomers in various environments may be differ-
ent.

Methyl Formate (CH3OCHO): For the G9.62+0.19, its tempera-
tures are between 108 K and 152 K. The abundance increases by
an order of magnitude from MM7 (4.8×10−8) to MM4 (3.9×10−7).
The rotational temperatures of ground state and first torsional ex-
cited state are similar considering the uncertainties. This is con-
sistent with the findings of Favre et al. (2011), who obtained sim-
ilar temperatures between CH3OCHO v=0 and CH3OCHO vt=1 in
Orion KL region. Taquet et al. (2015) gives an averaged CH3OCHO
abundance with respect to CH3OH of 0.14+0.18

−0.06 for HMSFRs. The

abundances in our three cores MM4, MM8, and MM11 are 0.17,
0.15, and 0.16, respectively, which are consistent with 0.14+0.18

−0.06.
However, the abundance of 0.037 toward MM7 are lower than the
mean value derived in other HMSFRs.

Acetone (CH3COCH3): CH3COCH3 shows low temperature
(100−113 K) and abundance (2.6×10−8 − 3.3× 10−8) in MM8 and
MM4. The abundances are larger than those derived from Orion KL
hot core and compact ridge regions (∼ 10−9 for Orion KL; see Ta-
ble 5).

Ethyl Cyanide (C2H5CN): C2H5CN is usually used as a hot core
tracer because of its high rotational temperature. We found that the
temperatures are 115±26 K, 140±21 K and 124±21 K for the MM7,
MM8 and MM4, respectively. It may be destroyed by UV radia-
tion in the MM11 region. Its abundance is larger by nearly one or-
der of magnitude toward MM8 than that toward MM7 and MM4.
Furthermore, C2H5CN abundances toward HMSFRs (average value
of ∼10−7) are obviously higher than those toward LMSFRs and
GCMCs (∼10−10) (see Table 5).

Cyanobutadiyne (HC5N): Because fewer than three lines were de-
tected, Trot and NT could not be obtained from spectral line fits.
We derived column densities and abundances of HC5N v=0 toward
three cores with the assumption of Trot = 99 K, 134 K, and 137 K
for MM7, MM8, and MM4, respectively. The derived HC5N abun-
dance in the range of (7.0−18) × 10−10 are slightly lower than that
in other four hot cores G10.30-0.15, G12.89+0.49, G16.86-2.16 and
G28.28-0.36 (6.3 × 10−10 − 4.2 × 10−9) (Taniguchi et al. 2017)
and in Galactic Center molecular cloud G+0.693-0.027 (1.9 × 10−9)
(Zeng et al. 2018), and slightly higher than the value measured from
L1527 (WCCC) ((1.2±0.3) × 10−10) (Jørgensen et al. 2002; Sakai
& Yamamoto 2013). A very low HC5N abundance, 1.1 × 10−11

has been measured toward the outer cold envelope of IRAS 16293
(Jaber et al. 2017). The peaks of the gas emission are not well associ-
ated with the continuum peaks MM4, MM7 and MM8. Such results
seem to imply that HC5N is not excited in the densest part of three
dense cores, especially for MM4 and MM7. Fontani et al. (2017)
also found that the emission of HC5N in the protocluster OMC-2
FIR4 is not associated with continuum emission.

Methyl Mercaptan (CH3SH): Few S-bearing COMs has been de-
tected in the ISM so far. As one of the simplest S-bearing COMs,
CH3SH has been detected in a few high-mass star-forming regions
like Sgr B2(N) (Müller et al. 2016), Orion KL (Kolesniková 2014),
G327.3-6 (Gibb et al. 2000) and G31.41+0.31 (Gorai et al. 2021),
low-mass protostar IRAS 16293-2422 (Majumdar et al. 2016),
and Galactic Center molecular cloud G+0.693-0.027 (Rodríguez-
Almeida et al. 2021). In these sources, CH3SH has the tempera-
ture range ∼ 68−200 K and abundance from 1.0×10−9 to 9.4×10−8

for above hot cores, but lower temperature (32 K) and abundance
(5.0×10−10) for solar-type protostar IRAS 16293-2422, a much

MNRAS 000, 1–40 (2022)



ATOMS X 13

lower temperatures of 8.5−14.9 K and abundance of 4.8×10−9 for
G+0.693-0.027. Our observations give the rotational temperature of
156±21 K and abundance of (9.7±2.5)×10−8 toward MM8, which is
consistent with the upper limit of the parameter range derived from
other hot cores.
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Table 5. Molecular abundances relative to CH3OH and H2 obtained in G9.62+0.19 and other regions.

Source [H2CCO] [CH3OH] [CH3CHO] [C2H5OH] [CH3OCH3] [CH3OCHO] [CH3COCH3] [C2H5CN] [CH3SH] Reference
/[CH3OH] /[H2] /[CH3OH] /[H2] /[CH3OH] /[H2] /[CH3OH] /[H2] /[CH3OH] /[H2] /[CH3OH] /[H2] /[CH3OH] /[H2] /[CH3OH] /[H2] /[CH3OH] /[H2]

High-mass star forming regions
G9.62+0.19 (MM4) 6.7(-3) 1.5(-8) 1 2.3(-6) 7.1(-3) 1.6(-8) 6.1(-2) 1.4(-7) 8.8(-2) 2.0(-7) 1.7(-1) 3.9(-7) 1.5(-2) 3.3(-8) 5.7(-3) 1.3(-8) − − this work
G9.62+0.19 (MM7) 5.3(-3) 7.0(-9) 1 1.3(-6) 1.1(-2) 1.5(-8) 3.7(-2) 4.8(-8) 6.0(-2) 7.8(-8) 3.7(-2) 4.8(-8) − − 1.5(-2) 1.9(-8) − − this work
G9.62+0.19 (MM8) 1.4(-2) 1.5(-8) 1 1.1(-6) 1.3(-2) 1.3(-8) 5.3(-2) 5.5(-8) 1.2(-1) 1.3(-7) 1.5(-1) 1.6(-7) 2.5(-2) 2.6(-8) 8.5(-2) 9.0(-8) 9.3(-2) 9.7(-8) this work
G9.62+0.19 (MM11) 8.0(-3) 5.7(-9) 1 7.1(-7) 1.9(-2) 1.4(-8) 4.5(-2) 3.2(-8) 1.5(-1) 1.0(-7) 1.6(-1) 1.1(-7) − − − − − − this work
Orion KL (HC)a − − 1 1.8(-6) − − 2.0(-2) 3.6(-8) 3.4(-2) 6.1(-8) 7.4(-2) 1.3(-7) 1.5(-3) 2.8(-9) − − − − 1
Orion KL (CR)b − − 1 1.3(-6) − − 4.6(-3) 4.9(-9) 9.3(-2) 1.2(-7) 2.2(-1) 2.9(-7) 4.6(-4) 1.0(-10) − − − − 1
Orion KL (HC) − − 1 2.2(-6) − − − − 3.1(-2) 6.8(-8) − − − − 4.1(-2) 8.9(-8) − − 2
Orion KL (CR) − − 1 1.2(-6) − − − − 1.4(-1) 1.7(-7) 2.8(-1) 3.3(-7) − − − − − − 2
Orion KL (HC) 3.3(-3) 6.9(-10) 1 2.1(-7) 2.8(-2) 5.8(-9) 3.0(-2) 6.3(-9) 6.3(-1) 1.3(-7) 1.1(-1) 2.3(-8) 2.1(-2) 4.5(-9) 4.5(-2) 9.6(-9) − − 3
Orion KL (CR)c 2.9(-3) 1.3(-9) 1 4.3(-7) 4.5(-2) 1.9(-8) 2.0(-2) 8.6(-9) 6.9(-1) 2.9(-7) 3.4(-1) 1.5(-7) 2.9(-3) 1.2(-9) 7.7(-3) 3.3(-9) − − 3
Sgr B2(N1) 3.4(-2) 1.3(-8) 1 3.9(-7) 8.1(-3) 3.2(-9) 5.2(-2) 2.0(-8) 1.1(-1) 4.3(-8) 2.5(-2) 9.6(-9) − − 1.1(-1) 4.1(-8) 1.7(-3) 6.5(-10) 4
Sgr B2(N2) 6.8(-2) 2.1(-8) 1 3.0(-7) 1.8(-2) 5.5(-9) 9.1(-2) 2.8(-8) 2.1(-1) 6.5(-8) 3.3(-2) 1.0(-8) − − 4.9(-1) 1.5(-7) 4.6(-3) 1.4(-9) 4
Sgr B2(M) 7.0(-2) 8.0(-9) 1 1.1(-7) 1.0(-4) 1.2(-11) 3.7(-3) 4.3(-10) 1.3(-3) 1.5(-10) 4.0(-3) 4.6(-10) − − 1.8(-3) 2.0(-10) 1.8(-3) 2.1(-10) 4
Sgr B2(N2) 8.3(-3) − 1 2.4(-5) 1.1(-2) 2.6(-7) 5.0(-2) 1.2(-6) 5.5(-2) 1.3(-6) 3.0(-2) 7.3(-7) 1.0(-2) − 1.6(-1) 3.8(-6) 8.5(-3) 2.1(-7) 5, 12
Sgr B2(N3) − − 1 8.3(-6) 1.1(-2) 9.4(-8) 4.1(-2) 3.4(-7) 1.3(-1) 1.1(-6) 2.3(-1) 1.9(-6) − − 4.3(-2) 3.6(-7) 1.1(-2) 9.4(-8) 5
Sgr B2(N4) − − 1 9.8(-8) 4.0(-2) 3.9(-9) 1.0(-1) 9.8(-9) 3.6(-1) 3.5(-8) 4.4(-1) 4.3(-8) − − 5.6(-2) 5.5(-9) 3.8(-2) 3.7(-9) 5
Sgr B2(N5) − − 1 2.2(-6) 1.3(-2) 2.8(-8) 5.0(-2) 1.1(-7) 2.3(-1) 5.0(-7) 1.2(-1) 2.7(-7) − − 3.4(-2) 7.6(-8) 1.8(-2) 3.9(-8) 5
AFGL 4176 1.2(-3) 1.6(-8) 1 1.4(-5) 2.7(-3) 3.8(-8) 1.4(-2) 1.9(-7) 2.4(-2) 2.5(-8) 3.1(-2) 4.3(-7) 4.2(-3) 5.8(-8) 1.0(-3) 1.4(-8) − − 6
NGC 6334I 4.3(-4) 2.0(-9) 1 4.7(-6) − − 1.0(-2) 4.7(-8) 2.1(-1) 1.0(-6) 5.1(-2) 2.4(-7) − − − − − − 7
G31.41+0.31 − − − − − − − 8.4(-9) − 8.4(-8) − 4.2(-8) − − − − 2.3(-2) 2.7(-8) 8, 9
7 high-mass YSOsd 1.7(-4) 3.2(-10) 1 1.9(-6) 2.9(-5) 5.6(-11) 1.9(-2) 3.6(-8) 4.1(-1) 7.7(-7) 8.9(-2) 1.7(-7) − − 8.9(-3) 1.7(-8) − − 10
Average − 8.8(-9) − 3.4(-6) − 3.4(-8) − 1.2(-7) − 3.0(-7) − 2.7(-7) − 1.8(-8) − 3.1(-7) − 5.3(-8) −

Low-mass star forming regions
IRAS 16293-2422Be 4.8(-3) 4.0(-9) 1 8.3(-7) 1.2(-2) 1.0(-8) 2.3(-2) 1.9(-8) 2.4(-2) 2.0(-8) 2.6(-2) 2.2(-8) 1.7(-3) − 3.6(-4) 3.0(-10) 4.8(-4) 4.0(-10) 11, 12, 13
NGC 1333-IRAS 2A 1.4(-3) 1.4(-9) 1 1.0(-6) − − 1.6(-2) 1.6(-8) 1.0(-2) 1.0(-8) 1.6(-2) 1.6(-8) − − 3.0(-4) 3.0(-10) − − 14
NGC 1333-IRAS 4A 2.1(-3) 9.2(-10) 1 4.3(-7) − − 1.0(-2) 4.3(-9) 1.0(-2) 4.3(-9) 3.1(-2) 1.4(-8) − − 4.0(-4) 1.7(-10) − − 14

Galactic Center molecular clouds
G+0.693 f 1.6(-2) 7.0(-9) 1 4.5(-7) 5.7(-2) 3.6(-8) 6.9(-2) 3.1(-8) 6.0(-2) 2.7(-8) 1.0(-1) 4.7(-8) − − − − − − 15, 16
G+0.693 f − − 1 1.1(-7) − − 4.2(-2) 4.6(-9) − − − − − − − 3.0(-10) 4.3(-2) 4.8(-9) 17, 18
G-0.02 6.4(-3) 2.0(-9) 1 3.0(-7) 3.5(-2) 1.0(-8) − − − − 3.4(-2) 1.0(-8) − − − − − − 16
G-0.11 1.5(-2) 1.6(-8) 1 1.1(-6) 2.7(-2) 3.0(-8) − − − − 7.1(-2) 7.8(-8) − − − − − − 16

Notes. X(Y) means X × 10Y . a Correspond to "ET peak" in Fig. 1 of Tercero et al. (2018). b Correspond to "MF peak" in Fig. 1 of Tercero et al. (2018). c Correspond to "mm3b" in Feng et al. (2015).d The
abundance for each molecule is the average value from 7 high-mass YSOs including AFGL 2591, G24.78, G75.78, NGC 6334 IRS1, NGC 7538 IRS1, W 3(H2O), and W 33A. e The abundances relative to H2 are
derived by using the lower limit of H2 column density (1.2 × 1025 cm−2) from Jørgensen et al. (2016). Thus the abundances relative to H2 from this source should be upper limits. f Requena-Torres et al. (2006)
and Requena-Torres et al. (2008) used H2 column density of 4.1 × 1022 cm−2 for abundance calculations, while Rodríguez-Almeida et al. (2021) and Zeng et al. (2018) used the value of 1.35 × 1023 cm−2.
References. (1) Tercero et al. (2018); (2) Crockett et al. (2014); (3) Feng et al. (2015); (4) Belloche et al. (2013); (5) Bonfand et al. (2019); (6) Bøgelund et al. (2019); (7) Zernickel et al. (2012); (8) Rivilla et al.
(2017b); (9) Gorai et al. (2021); (10) Bisschop et al. (2007); (11) Jørgensen et al. (2018); (12) Jørgensen et al. (2020); (13) Drozdovskaya et al. (2019); (14) Taquet et al. (2015); (15) Requena-Torres et al. (2006);
(16) Requena-Torres et al. (2008); (17) Rodríguez-Almeida et al. (2021); (18) Zeng et al. (2018).
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5.2 Evolution of dense cores

In order to study the variations of temperatures and molecular abun-
dance with the evolutionary sequence of the dense cores, the stage of
each core need to be evaluated. According to the detected molecular
species, molecular abundance, and line kinematic properties (e.g.,
outflow) of each core, the stage of the cores are classified as listed in
Table 6. The general criteria for determining the relative evolution-
ary stage of the cores are summarized as follows.

Starless core/prestellar core should not drive an outflow. Spectra
of this kind of core appears line-poor. MM3 and MM9 were not
observed by centimeter continuum (Testi et al. 2000) and do not
have outflow activities. They also do not excite abundant molecu-
lar lines (see Figure C1). Those lines (e.g., CS, SO, 34SO, H2CO,
CH3OH v=0, HC3N v=0, etc.) detected in MM3 and MM9 are prob-
ably remnant emission from MM4 and MM11, respectively. MM3
and MM9 are considered as massive starless core candidates.

MM6 is more evolved, in which a collimated outflow is seen
through CS (2–1), SO (32–21) and SiO (2–1) (see Figure 7 and
Figure 9) emission. SiO (5–4) emission with ALMA 1.3 mm data
presented by Liu et al. (2017) also showed this bar-like structure
associated with MM6, which is very collimated and dominated
by blueshifted emission. A small population of molecules such as
CH3OH are excited in this stage.

MM7, MM8, and MM4 may evolved into HMC phase. HMCs
should have outflows, but this kind of outflows are not as highly
collimated as from HMPOs. The significant feature of HMCs is
that rich complex organic molecules and even in vibrationally
and torsionally excited states (e.g., HC3N v7=1, HC3N v6=1,
CH3OH vt=1, and CH3OCHO vt=1) exist in this phase. The vi-
brationally and torsionally excited states of molecules have higher
upper energy levels and should be excited at a higher kinetic tem-
perature. It suggests that molecules with higher Eu are good indica-
tors for a more evolved region (Gieser et al. 2021). CH3OCHO vt=1
is not detected toward MM7, suggesting MM7 is less evolved than
MM8 and MM4. For MM8 and MM4, we note that CH3OH v=0
with 889 K and CH3OH vt=1 with 771 K are excited at MM4 but
absent at MM8. Gas emission of outflow tracers (CS, SO, and SiO,
see Figure 7 and 9), along with the spectra of HCO+, SiO, and CS
lines (Figure 10) which show broader wing structure in the MM8
compared to MM4. All tracers do not show any signature of molec-
ular outflows in MM4. So maybe MM4 is older than MM8.

H40α recombination line toward MM1 and MM11 indicating that
they evolved into an H/UC Hii stage. In this phase, molecules are
hard to be detected since they are destroyed by UV radiation. Mean-
while hydrogen recombination lines emerge. MM1 is line-poor with
only a few simple molecules like CS, SO, and HC3N v=0 detected
and is not associated with outflows. However, ionized gas tracer
H40α is observed in this core. MM1 lies ∼0.8′′ to the south-east of
the Hii region C, it is likely that H40α line is from the envelope of the
Hii region C. A few COMs emission still exist in the MM11 region,
meanwhile H40α and H50β lines are excited.

In spite of different phases presenting different physical condi-
tions, it should be noted that during the star-forming process, dif-
ferent evolutionary stages show a vague boundary, and they are not
fully separable.

Figure 11 shows that the rotational temperatures Trot and molecu-
lar abundances (CH3OH, CH3OCHO, C2H5OH, C2H5CN, CH2CO,
CH3OCH3, CH3COCH3, and CH3SH) vary with evolutionary stage.
This figure only present those parameters that have been derived
via LTE fitting to uncontaminated molecules. The mean values of
the two parameters are: Trot = 99±28 K, χ= (3.0±1.2)×10−8 for

MM7, Trot = 134±27 K, χ= (1.0±0.2)×10−7 for MM8, Trot =

137±21 K, χ= (6.9±1.7)×10−7 for MM4, and Trot = 100±18 K,
χ= (7.4±2.6)×10−8 for MM11. The data points of molecules (e.g.,
CH3CHO and CH3OCH3 in MM7) for which column density is de-
rived under the fixed rotational temperature are excluded from the
figure. The molecular excitation temperature was adopted to be the
gas temperature for each core. Among the four regions, the tempera-
ture of MM8/hot-core is similar to MM4/evolved-hot-core, which is
higher than those of MM7/early-hot-core and MM11/UC Hii. MM7
should not have a comparatively hotter environment because it has
not evolved into typical hot core phase. Methanol in torsional state
was observed toward MM4 containing three transition lines with Eu
up to 340−902 K, which trace very hot and dense region. So the
highest temperature appears toward the MM4. MM11/UC H Hii is
slightly colder than MM8 and MM4, which is due to the colder and
outer part of the gas components traced by CH3OCHO, CH3OCH3
and H2CCO. From the Figure 11 and Table 2, one can see that
MM4/evolved-hot-core has higher abundances of O-bearing species
than other regions, while the highest abundance of C2H5CN is seen
in MM8. Methanol in ground and torsional states has high abun-
dance ∼ 2.5×10−6, making the mean value of abundance of MM4 to
be seven times higher than those of MM8. In brief, molecular abun-
dance increases with increasing age, except in the last phase MM11
which shows a decrease in abundance probably due to the destruc-
tion of molecules by the UV radiation. The molecular abundances
increasing with evolution were also found by Gerner et al. (2014)
and Coletta et al. (2020).

5.3 Chemical differentiation

5.3.1 Chemical Differentiation between Nitrogen-bearing and
Oxygen-bearing species

Chemical differentiation between N-bearing and O-bearing species
was found both in high-mass star-forming regions such as Orion KL
(Friedel & Snyder 2008; Wang et al. 2009; Crockett et al. 2015),
W3(OH) (Wyrowski et al. 1999; Qin et al. 2015), W75N (Remi-
jan et al. 2004b), and G19.61-0.23 (Qin et al. 2010), and in low-
mass star-forming regions such as IRAS 16293−2422 (Kuan et al.
2004). These results imply that N-bearing and O-bearing molecules
mainly exist in different environments. Our spectral line survey fur-
ther revealed that the chemical difference between N-bearing and
O-bearing molecules also exists in G9.62+0.19. While O-bearing
molecules such as CH3OH, CH3OCHO, C2H5OH, and CH3OCH3
mostly associated with MM4 (see Figure 5), the strongest emission
peaks of N-bearing species C2H5CN and HC3N are located toward
the MM8 (see Figure 6). The derived abundances shows that MM4
is an O-rich source, while MM8 is rich in N-bearing species. This
result is consistent with the previous interferometric observations
that C2H5CN emission is the strongest toward the region F (MM8)
whereas CH3OCHO and CH3OCH3 are the brightest toward the re-
gion E (MM4) (Su et al. 2005).

The N- and O-bearing difference may arise because of different
physical properties (initial temperature) during the gravitational col-
lapse phase (Caselli et al. 1993; Yamamoto 2017). As predicted by
chemical models, the relatively low initial temperature (lower than
20 K) at molecular accretion phase could keep CO for a long dura-
tion on the grain surface and thus may produce O-bearing molecules
by the hydrogenation of CO. In contrast, if the temperature at this
phase is as high as 40 K (Caselli et al. 1993), grain surface CO could
be easily desorbed to the gas phase, leading to the formation of more
N-bearing COMs compared to the O-bearing species. Furthermore,
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Figure 8. Abundances of COMs relative to H2 toward four dense cores of G9.62+0.19 and other sources listed in Table 5. The sources labeled as Orion KL
(HC)-ref.1 and Orion KL (CR)-ref.1 refer to that the observed results are from Reference 1 in Table 5. Same for Orion KL (HC)-ref.2, Orion KL (CR)-ref.2,
Orion KL (HC)-ref.3, Orion KL (CR)-ref.3, Sgr B2(N2)-ref.4 and Sgr B2(N2)-ref.5.

apart from the desorption of CO, a more important process is that
atomic hydrogen is quickly desorbed from the dust grain surface.
This hinders the formation of O-bearing species. In contrast, atoms
C and N easily migrate on dust grain surface, forming CnN and thus
initiate the N-bearing COM chemistry. A consistent findings from
recent work (Wang et al., in preparation) also presented that the ini-
tial temperature of 15 K and 23 K at collapse phase can produce
abundant O-bearing and N-bearing species, respectively. Consider-
ing that the MM8 region could be externally heated at the gravi-
tationally collapse phase due to its proximity to H II "B", its ini-
tial temperature at accretion phase is likely to be higher than that of

MM4. The N/O variation seen in MM8 and MM4 is very likely to
be caused by the different initial environments of these two cores.

5.3.2 Chemical relationships of Oxygen-bearing molecules

Chuang et al. (2021) suggest that COMs described by the for-
mula C2HnO2 (n=4 and 6) may have similar formation routes.
COMs with formula C2HnO (n=2, 4 and 6) are also chemi-
cal links through hydrogenation reaction on interstellar grains:

H2CCO
2H
−→CH3CHO

2H
−→C2H5OH (Charnley & Rodgers 2005). In

our work, C2HnO family such as H2CCO, CH3CHO, C2H5OH, and
CH3OCH3, C2HnO2 family like CH3OCHO, and CH3OH which is
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Table 6. Evolutionary stage for each core.

Position Molecular species or continuum emission Line kinematic property Stage

MM6 simple molecules; COMs (only one CH3OH transition) collimated outflow HMPOs

MM7 rich COMs; no vibrationally or torsionally excited states of molecules molecular outflows early HMCs

MM8
rich COMs; vibrationally excited state of H3CN, torsionally excited
states of CH3OH and CH3OCHO

molecular outflows HMCs

MM4
rich COMs; CH3OH v=0 and CH3OH vt=1 with higher upper energy
level; centimeter continuum emission a no molecular outflows evolved HMCs

MM11 H40α, H50β; a few COMs; centimeter continuum emission a no molecular outflows HMCs/UC Hii region

MM1 line-poor; H40α no molecular outflows evolved Hii region

Notes. a Testi et al. (2000)

considered as the precursor of some larger O-bearing COMs (e.g.,
C2H5OH, CH3OCH3, and CH3OCHO) (Blake et al. 1987; Öberg
et al. 2009; Maity et al. 2015; Bergantini, Maksyutenko & Kaiser.
2017) are simultaneously detected. In order to explore possible

chemical links among O-bearing molecules, we compare the col-
umn density of several molecules (see Figure 12), as the formation
process of COMs can be tested by investigating how their abun-
dances/column densities are related.

Moreover, comparisons of the very limited sample can not testify
the potential chemical link among species well. We included more
observing results from HMSFRs, to LMSFRs and GCMCs as listed
in Table 5. Since column densities of these O-bearing COMs have
been derived from various observational equipments with different
spatial resolution and spectral setup, comparison of column density
is not very helpful to derive sound conclusions for chemical links
among O-bearing COMs. It is more reliable to compare the abun-
dance of COMs relative to CH3OH. The column density ratios be-
tween O-bearing species and CH3OH from other types of sources in
Table 5 are plotted in Figure 13. By the analyses of the molecular
relationship in our four dense cores (see Figure 12), together with
molecules from literature (see Figure 13), the main points for possi-
ble chemical correlations between specific molecules are discussed
as follows:

(1) CH3OH/C2H5OH, CH3OH/CH3OCH3: The preliminary
results from Figure 12 reveal that there is a tight positive correlation
between CH3OH and C2H5OH, and also the positive correlation be-
tween CH3OH and CH3OCH3, is suggestive of similar formation
route for both the species. Here, the synthesis of C2H6O isomers
ethanol (C2H5OH) and dimethyl ether (CH3OCH3) has great poten-
tial via radical-radical recombination that the hydroxymethyl radical
(CH2OH) and methoxy radical (CH3O) react with methyl radical
(CH3) (Maity et al. 2015).

CH3 + CH2OH −→ C2H5OH (grain surface) (4)

CH3 + CH3O −→ CH3OCH3 (grain surface) (5)

The productions of hydroxymethyl radical (CH2OH) and methoxy
radical (CH3O) through unimolecular decomposition of methanol
have been identified in Bennett & Kaiser (2007); Bennett et al.
(2007). Then the main path to produce the radical CH3O and

CH2OH would likely be the photodissociation process as follows:

CH3OH + hν −→ CH2OH + H (grain surface) (6)

CH3OH + hν −→ CH3O + H (grain surface) (7)

The spatial distributions of CH3OH, CH3OCH3, and C2H5OH that
are mainly shown toward the MM4, MM7, MM8, and MM11, sug-
gest that C2H5OH and CH3OCH3 might have a common precursor,
CH3OH. Correlation coefficient of 0.89 for CH3OH/CH3OCH3 to-
ward G10.6-0.4 (Law et al. 2021) and 0.86 for CH3OH/CH3OCH3
and CH3OH/C2H5OH toward seven high-mass hot cores (Bisschop
et al. 2007) also support that C2H5OH and CH3OCH3 are tightly
correlated with CH3OH.

(2) CH3OCHO and CH3OCH3: Column densities between
CH3OCHO and CH3OCH3, from each type of core, are also cor-
related (see Figure 12). Moreover, abundances of CH3OCHO and
CH3OCH3 relative to CH3OH (see Figure 13) from three kinds
of objects present the positive correlation. The tight correlation
of CH3OCHO and CH3OCH3 was presented from Bisschop et al.
(2007); Brouillet et al. (2013); Coletta et al. (2020) as well. The
molecular abundance ratio between CH3OCHO and CH3OCH3 is
found to be ∼1 in different type of source including high-mass
star-forming regions (e.g., Bisschop et al. 2007; Brouillet et al.
2013; Rivilla et al. 2017b; Law et al. 2021), intermediate-mass star-
forming regions (Ospina-Zamudio et al. 2018), hot corinos (Taquet
et al. 2015), Galactic centre clouds (Requena-Torres et al. 2006) and
protostellar shock region (Lefloch et al. 2017). However, the ratio is
reported to be ∼2 for prestellar cores (Jiménez-Serra et al. 2016) and
Comets (Biver & Bockelée-Morvan 2019). In our work, ratios are
estimated to be 0.6±0.3, 1.3±0.1, 2.0±0.3, and 1.1±0.5 toward the
MM7, MM8, MM4, and MM11, respectively. In addition, our 3 mm
observations showed that CH3OCHO and CH3OCH3 have similar
gas distributions. These observation results may imply a potential
link between these two species, which shares common precursor
methoxy radical (CH3O) through reactions (8) and (9) (Garrod &
Herbst. 2006; Garrod et al. 2008; Öberg et al. 2010), protonated
methanol CH3OH+

2 with reactions (10) and (11) (Blake et al. 1987),
or production of CH3OCHO from CH3OCH3 via the sequence (12)
(Balucani et al. 2015):

CH3O + HCO −→ CH3OCHO (grain surface) (8)
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Figure 9. Upper panel: Integrated intensity (-15 to 45 km s−1) of SiO (2−1)
observed by ALMA 12-m+ACA combined data. The contours are (10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 98%) × 5.3 Jy/beam km s−1.
Lower panel: SiO outflow observed by 12-m array. The cyan contours repre-
sent blueshifted gas with LSR velocities ranging from -15 to -2 km s−1. The
red contours represent redshifted emission with velocities 12 to 43 km s−1.
The synthesized beam is shown in the bottom left corner. The contours are
(10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%) × 3.6 Jy/beam
km s−1. The names of the six densest cores are labeled.

CH3O + CH3 −→ CH3OCH3 (grain surface) (9)

CH3OH+
2

H2CO
−→ CH3OCHO (gas phase) (10)

CH3OH+
2

CH3OH
−→ CH3OCH3 (gas phase) (11)

CH3OCH3
Cl/F
−→ CH3OCH2

O
−→ CH3OCHO (gas phase) (12)

(3) C2HnO2 family: The correlation plots (see Figure 12)
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Figure 10. Beam-averaged spectra of HCO+ (1-0), SiO (2-1), and CS (2-1)
at five protostellar cores, observed by 12-m and ACA combined data.

for each pair of H2CCO/CH3CHO, H2CCO/C2H5OH, and
H2CCO/CH3OCH3 showed that there is no clear relationship
between H2CCO and other C2HnO group molecules. The gas
distribution of CH3CHO extend to east, which shows that the
emission of CH3CHO is not very similar to H2CCO and
C2H5OH. These results challenge the prediction that COMs in
the formula of C2HnO have chemical correlation. Figure 13
shows a positive correlations between N(H2CCO)/N(CH3OH)
and N(C2H5OH)/N(CH3OH), and weak correlation between
N(H2CCO)/N(CH3OH) and N(CH3OCH3)/N(CH3OH). The chem-
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Figure 11. The rotational temperatures (upper) and molecular abundances
(lower) of eight species (CH3OH (in ground state (v=0) and torsionally
excited state (vt=1)), CH3OCHO (in v=0 and vt=1), C2H5OH, C2H5CN,
H2CCO, CH3OCH3, CH3COCH3, and CH3SH) from four dense cores.

ical links among molecules in C2HnO formula cannot be determined
at the moment.

(4) CH3OCHO and CH3CHO: Although Figure 12 and Fig-
ure 13 showed another possible chemical link between CH3OCHO
and CH3CHO, gas distributions of CH3OCHO are considerably dif-
ferent from those of CH3CHO. The chemical correlation between
them should be further investigated.

To better characterize the chemical properties, more samples in
various astrochemical environments and future chemical models are
needed. In the near future, we are on track to study the chemistry
of the COMs by considering more sources observed in the ATOMS
project. In addition, these sources belong to different evolutionary
stages so that we can draw a general picture on the properties of the
COMs revealed from these sources. This will help us to set strong
constraints on the chemical networks.

5.3.3 Chemical relationships of Nitrogen-bearing molecules

Hot core tracers (HC3N and its vibrationally excited lines) found
to be abundant with the evolution of the center protostar (Bergin et
al. 1996; Taniguchi et al. 2019; Zhang et al. 2021). Earlier, longer
chain cyanopolyynes HC2n+1N (n>2) have been thought to be de-
tected in the early stage of star formation and absent in protostellar
cores (e.g., Suzuki et al. 1992; Hirota et al. 2009). Recent obser-
vations found that longer cyanopolyynes have been detected in hot
cores (e.g., Belloche et al. 2013; Esplugues et al. 2013; Green et al.
2014; Taniguchi et al. 2017, 2018). Previous papers proposed that
cyanopolyynes are efficiently formed via the neutral–neutral reac-
tion "C2nH2 + CN −→ HC2n+1N + H" in the warm region (e.g.,
Chapman et al. 2009; Taniguchi et al. 2019). HC5N also can be
formed via the reaction "CCH + HC3N −→ HC5N + H" in the gas
phase (Taniguchi et al. 2019). At low temperature, the route "N +

Cn+1H −→ HCnN + C", where n = 3, 5, 7, is thought to significantly
contribute to the formation of cyanopolyynes. Recently, it has been
suggested that HC5N/HC3N abundance ratios in the cold objects are
higher than those in massive hot cores (Jaber et al. 2017). So, there
exists contradiction between HC5N and HC3N in production rates.
The formation mechanism of cyanopolyynes is not fully understood
by now.

In our work, Figure 6 shows the integrated intensity maps of
HC3N v=0, and its isotopes, and HC3N in vibrationally excited state
v7=1 all peak at the position of the continuum peak. However, the
distribution of HC5N has its own unique characteristics which differ
from the distributions of HC3N. Therefore, it seems that HC5N is
not generated from HC3N. Fontani et al. (2017) studied the inter-
mediate mass protocluster OMC-2 FIR4, and found that the spatial
distribution of HC3N is not coincident with that of HC5N, namely
that HC3N emission is associated with the continuum peak FIR4,
HC5N distributes over the eastern part of the continuum peak. They
proposed that enhanced cosmic-ray ionisation rate will promote the
production of HC5N. For HC5N in G9.62+0.19, the line intensity ra-
tio between MM3 and MM4 is about 1.3, while for HC3N the ratio
is around 0.5. Additionally, MM3 and MM4 are supposed to be at
starless core and evolved HMCs stage, respectively. This imply that
the synthesis of HC5N is different from HC3N in the early stage.
The neutral–neutral reaction between C4H2 and CN may not be the
formation pathway of HC5N in G9.62+0.19, which support the idea
that formation mechanisms of HC3N and HC5N may differ in vari-
ous interstellar environments (Taniguchi et al. 2019).

In addition, the distribution of C2H5CN (see Figure 6) is almost
identical to that of HC3N, predicting that C2H5CN is correlated with
HC3N in formation mechanism (e.g., hydrogenation of HC3N on
grain surface to form C2H5CN).

6 CONCLUSIONS

We have preformed line survey using ALMA 3 mm observations
toward the complex massive star-forming region. The detailed line
modeling and analysis show that there exhibit chemical differentia-
tion in this region. The main results are summarised as follows:

1. Six dense cores are detected in 3 mm continuum emis-
sion. The molecular richness, kinematics, and physical and chem-
ical properties are different in these dense cores. MM1 is con-
sidered as an Hii region because it shows H40α emission. MM6
is at HMPOs with collimated outflow. MM7, MM8, and MM4
are line-rich regions, which are considered to be at HMCs phase.
Among them, MM7 is at the earlier stage because of fewer de-
tected molecules and MM4 is at a more evolved stage due to the
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Figure 12. Comparison between the column densities of O-bearing species toward four cores MM7, MM8, MM4, and MM11. The point with error bar
means that this value is obtained from model fitting, while one without error bar represents that the value derived by assuming a fixed rotational temperature
and source size. The data points with red denote the possible chemical links between CH3OCHO/CH3CHO, CH3OCHO/C2H5OH, CH3OCHO/CH3OCH3,
CH3OH/CH3OCH3, and CH3OH/C2H5OH.
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Figure 13. Comparison of the column density ratios with respect to CH3OH between O-bearing species for the sources listed in Table 5.

absence of outflows. MM11 shows a combination of HMCs and
UC Hii region, as it has the detection of COMs (such as CH3CHO,
CH3OCHO, CH3OCH3, and C2H5OH), and hydrogen recombina-
tion lines such as H40α and H50β. In short, their evolutionary se-
quence is MM6→MM7→MM8→MM4→MM11→MM1.

2. Modeling of the detected spectral lines, we have derived ro-
tational temperatures from 72 to 115 K toward MM7, 100 to 163
K toward MM8, 102 to 204 K toward MM4, and 84 to 123 K to-
ward MM11. Molecular column densities are on the orders of 1015

− 1016 cm−2 toward MM7, MM8, and MM11, 1015 − 1017 cm−2

toward MM4.

3. The emission of N-bearing and S-bearing molecules is
strongest toward MM8, while emission of O-bearings is dominated
by core MM4. Besides, the largest abundances of N-bearing and O-
bearing molecules appear in MM8 and MM4, respectively. These all
indicate clear chemical differentiation of N/O between MM8 and
MM4. Such chemical differentiation might be affected by differ-
ent initial temperature toward the MM8 and MM4 at their accretion
phase.

4. We found tight correlations between the column density
of molecular pairs CH3OH/C2H5OH, CH3OH/CH3OCH3, and
CH3OCHO/CH3OCH3. Furthermore, the similar spatial distribution
between them is seen, indicating that each pair is likely chemically
linked, and may share a common precursor. The gas distribution of
CH3CHO is less correlated to H2CCO and C2H5OH. Their column
density/abundance correlations are not very clear. It seems likely that
the chemical link of O-bearing COMs in the formula C2HnO is un-
certain at present work.

5. The comparison of HC3N and HC5N suggests that they trace
different gas structures, and the formation mechanisms of HC3N and
HC5N may differ in hot and cold regions.
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APPENDIX A: SPECTRA FROM 12-M ARRAY AND 12-M +

ACA COMBINED DATA.

Interferometric observations can filter out large scale structure. The
combination data from interferometric and single-dish observations
sample small-scale components and extended structures simultane-
ously. In this work, the spectra we used is from 12-m observations
alone. We claim that this is safe for our data modeling, because the
dense cores of G9.62+0.19 are very compact (see Table 1). The in-
formation from these cores are not lost. Figure A1 compare the spec-
trum of MM8 from 12-m with 12-m + ACA combined data. It ex-
hibited that 2′′-averaged spectrum from two observations are very
similar in line intensity and line profile (see panel (a) and (b) in
Figure A1). Spectrum extracted from 10′′area showed that strong
lines such as CS and HC3N appeared minor difference in line inten-
sity(see panel (c) and (d)). This implies that the structures smaller
than 10′′are almost unaffected by missing flux, while larger scale
structures may be affected. Therefore, 12-m array and combined data
have no difference when using them to study the hot core chemistry,
but 12-m array data have higher angular resolution for better inves-
tigating the compact cores.

APPENDIX B: DETECTED MOLECULAR LINES FROM
SIX DENSE CORES.
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Figure A1. Spectra at the MM8 peak from 12-m array (red) and 12-m + ACA combined data (blue). Spectra in panel (a) and (b) are averaged over 2′′area.
Panel (c) and (d) show the averaged spectra over 10′′. The frequency range is 97.53 − 99.40 GHz for (a) and (C), while 99.46 − 101.34 GHz for (b) and (d).
The zoom-in spectra of CS, HC3N, and a part of relatively weak lines from 98.50 to 98.75 GHz are also showed.
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Table B1: Transitions of detected molecules toward G9.62+0.19

Rest Frequency Quantum Numbersa S i jµ
2 Eu Line Optical Depth(τline)

(GHz) (Debye2) (K) MM1 MM6 MM7/G MM8/F MM4/E MM11/D
Hydrogen Recombination Line

99.02295 H(40)α · · · · · ·
√b

· · ·c · · · · · · · · ·
√

99.22520 H(50)β · · · · · · · · · · · · · · · · · · · · ·
√

Formaldehyde (H2CO)
101.33299 J(Ka,Kc) = 6(1,5)−6(1,6) 5.06 88 · · · 7.46(-1) 1.01(-1) 1.83(-1) 3.25(-1) 4.59(-2)

Ketene (H2CCO)
100.09451 J(Ka,Kc) = 5(1,5)−4(1,4) 28.79 27 · · · · · · 7.10(-3) 4.23(-2) 7.02(-2) 3.56(-2)
101.00245 5(3,3)−4(3,2) 19.20 133 · · · · · · 5.92(-3) 1.98(-2) 3.33(-2) 1.33(-2)
101.02447 5(2,4)−4(2,3) 8.40 67 · · · · · · 6.42(-3) b 1.40(-2) · · ·

101.03223 5(2,3)−4(2,2) 8.40 67 · · · · · · 6.76(-3) 8.26(-3) 1.33(-2) · · ·

101.03671 5(0,5)−4(0,4) 10 15 · · · · · · 1.81(-2) 1.66(-2) 2.64(-2) 1.54(-2)
Methanol (CH3OH vt = 0)

97.58279 J(Ka,Kc) = 2(1,1)−1(1,0)A 4.85 22 · · · 2.46(-2) 2.33(-1) 2.09(-1) 3.05(-1) 2.35(-1)
97.67768 21(6,16)−22(5,17)A 22.90 729 · · · · · · · · · bd 2.42(-2) · · ·

97.67880 21(6,15)−22(5,18)A 22.90 729 · · · · · · · · · b 2.42(-2) · · ·

98.03064 24(6,19)−23(7,16)A 6.4 889 · · · · · · · · · · · · 1.33(-2) · · ·

98.03068 24(6,18)−23(7,17)A 6.4 889 · · · · · · · · · · · · 1.33(-2) · · ·

100.63887 13(−2,12)−12(−3,10)E 15 234 · · · · · · 8.87(-2) 1.45(-1) 2.63(-1) 9.21(-2)
101.18545 6(2,4)−6(−1,5)E 0.09 75 · · · · · · · · · · · · b · · ·

101.29341 7(2,5)−7(−1,6)E 0.19 91 · · · · · · · · · b b · · ·

(CH3OH vt = 1)
99.37434 J(Ka,Kc) = 15(6,10)−14(7,8)E 11.11 771 · · · · · · · · · · · · 7.13(-3) · · ·

99.73094 6(−1,6)−5(−0,5)E 12.56 340 · · · · · · 1.60(-2) 3.62(-2) 6.82(-2) 1.94(-2)
99.77283 20(−3,17)−21(−4,18)E 70.53 902 · · · · · · · · · 8.65(-3) 2.40(-2) b

Acetaldehyde (CH3CHO)
98.86331 J(Ka,Kc) = 5(1,4)−4(1,3)E 60.69 17 · · · · · · 1.58(-2) 8.09(-3) 1.22(-2) 1.72(-2)
98.90094 5(1,4)−4(1,3)A−− 60.70 16 · · · · · · 1.58(-2) 8.30(-3) 1.21(-2) 1.71(-2)

Methyl Formate (CH3OCHO,v=0)
97.65127 J(Ka,Kc) = 10(4,7)−10(3,8)E 2.43 43 · · · · · · · · · · · · b · · ·

97.69426 10(4,7)−10(3,8)A 2.45 43 · · · · · · · · · · · · 6.52(-3) · · ·

98.18233 8(7,1)−7(7,0)E 5 54 · · · · · · · · · · · · 1.24(-2) · · ·

98.19065 8(7,2)−7(7,1)A 5 54 · · · · · · · · · 1.22(-2) 3.25(-2) 1.38(-2)
98.19065 8(7,1)−7(7,0)A 5 54 · · · · · · · · · 1.22(-2) 3.25(-2) 1.38(-2)
98.19146 8(7,2)−7(7,1)E 5 54 · · · · · · · · · 1.22(-2) 3.25(-2) 1.38(-2)
98.27050 8(6,2)−7(6,1)E 9.3 45 · · · · · · · · · 8.87(-3) 2.42(-2) 1.09(-2)
98.27892 8(6,3)−7(6,2)E 9.3 45 · · · · · · 4.49(-3) 2.34(-2) 6.21(-2) 2.57(-2)
98.27976 8(6,3)−7(6,2)A 9.3 45 · · · · · · 4.49(-3) 2.34(-2) 6.21(-2) 2.57(-2)
98.27976 8(6,2)−7(6,1)A 9.3 45 · · · · · · 4.49(-3) 2.34(-2) 6.21(-2) 2.57(-2)
98.42420 8(5,3)−7(5,2)E 13 38 · · · · · · 6.01(-3) 1.30(-2) 3.54(-2) 1.63(-2)
98.43180 8(5,4)−7(5,3)E 13 38 · · · · · · 9.69(-3) 2.18(-2) 5.71(-2) 2.33(-2)
98.43276 8(5,4)−7(5,3)A 13 38 · · · · · · 9.69(-3) 2.18(-2) 5.71(-2) 2.33(-2)
98.43580 8(5,3)−7(5,2)A 13 38 · · · · · · 7.43(-3) 1.32(-2) 3.61(-2) 1.68(-2)
98.60685 8(3,6)−7(3,5)E 18.24 27 · · · · · · 1.05(-2) 2.00(-2) 5.50(-2) 2.59(-2)
98.61116 8(3,6)−7(3,5)A 18.27 27 · · · · · · b b b 2.46(-2)
98.68261 8(4,5)−7(4,4)A 15.96 32 · · · · · · 9.80(-3) 1.62(-2) 4.39(-2) 2.00(-2)
98.71200 8(4,5)−7(4,4)E 15.43 32 · · · · · · 9.22(-3) b 4.42(-2) 2.03(-2)
98.74790 8(4,4)−7(4,3)E 15.44 32 · · · · · · 9.05(-3) 1.64(-2) 4.50(-2) 2.10(-2)
98.79228 8(4,4)−7(4,3)A 15.96 32 · · · · · · 9.74(-3) 1.70(-2) 4.64(-2) 2.17(-2)
98.83952 11(4,8)−11(3,9)E 2.74 50 · · · · · · · · · · · · 6.92(-3) · · ·

98.87522 11(4,8)−11(3,9)A 2.75 50 · · · · · · · · · · · · 7.01(-3) · · ·

99.13327 9(0,9)−8(1,8)E 3.35 25 · · · · · · · · · 3.78(-3) 1.02(-2) · · ·

99.13576 9(0,9)−8(1,8)A 3.35 25 · · · · · · · · · 3.76(-3) 1.02(-2) · · ·

100.07860 9(1,9)−8(1,8)E 23.50 25 · · · · · · b b b b
100.08054 9(1,9)−8(1,8)A 23.51 25 · · · · · · b b b 3.32(-2)
100.29460 8(3,5)−7(3,4)E 18.25 27 · · · · · · · · · 1.95(-2) 5.29(-2) 2.42(-2)
100.30817 8(3,5)−7(3,4)A 18.28 27 · · · · · · · · · 1.98(-2) 5.40(-2) 2.49(-2)
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Table B1: continued.

Rest Frequency Quantum Numbersa S i jµ
2 Eu Line Optical Depth(τline)

(GHz) (Debye2) (K) MM1 MM6 MM7/G MM8/F MM4/E MM11/D
100.48224 8(1,7)−7(1,6)E 20.63 23 · · · · · · 1.40(-2) 2.34(-2) 6.43(-2) 3.01(-2)
100.49068 8(1,7)−7(1,6)A 20.63 23 · · · · · · 1.41(-2) 2.31(-2) 6.31(-2) 2.92(-2)
100.68154 9(0,9)−8(0,8)E 23.54 25 · · · · · · 1.43(-2) 2.89(-2) 7.44(-2) 3.34(-2)
100.68336 9(0,9)−8(0,8)A 23.54 25 · · · · · · 1.44(-2) 2.86(-2) 7.64(-2) 3.50(-2)
100.69466 5(3,3)−5(1,4)E 0.04 15 · · · · · · · · · · · · 7.20(-3) · · ·

(CH3OCHO,v=1)
97.57730 J(Ka,Kc) = 8(5,3)−7(5,2)E 13.00 225 · · · · · · · · · 6.87(-3) 1.01(-2) · · ·

97.59716 8(3,6)−7(3,5)A 18.21 215 · · · · · · · · · 9.90(-3) 1.47(-2) · · ·

97.66140 8(4,5)−7(4,4)A 15.91 220 · · · · · · · · · 8.66(-3) 1.29(-2) · · ·

97.75288 8(4,4)−7(4,3)A 15.91 220 · · · · · · · · · 8.70(-3) b · · ·

97.88566 8(5,4)−7(5,3)E 12.99 225 · · · · · · · · · · · · 9.90(-3) · · ·

97.89711 8(4,4)−7(4,3)E 16.02 219 · · · · · · · · · · · · b · · ·

98.17629 8(4,5)−7(4,4)E 15.97 219 · · · · · · · · · b b · · ·

98.68242 8(3,6)−7(3,5)E 18.08 215 · · · · · · · · · b b · · ·

98.81529 8(3,5)−7(3,4)E 18.22 215 · · · · · · · · · · · · 1.55(-2) · · ·

99.08951 8(3,5)−7(3,4)A 18.22 215 · · · · · · · · · · · · 1.51(-2) · · ·

99.48905 9(1,9)−8(1,8)A 23.42 213 · · · · · · · · · 1.30(-2) 1.96(-2) 9.33(-3)
99.57554 8(1,7)−7(1,6)A 20.58 210 · · · · · · · · · 1.17(-2) 1.79(-2) 8.46(-3)
99.57741 9(1,9)−8(1,8)E 23.56 212 · · · · · · · · · 1.43(-2) 1.73(-2) 8.68(-3)
99.86910 8(1,7)−7(1,6)E 20.67 210 · · · · · · · · · 1.15(-2) 1.74(-2) b
100.13691 9(0,9)−8(0,8)A 23.46 213 · · · · · · · · · · · · 2.05(-2) · · ·

100.22668 9(0,9)−8(0,8)E 23.60 212 · · · · · · · · · 1.33(-2) 2.01(-2) 9.28(-3)
Dimethyl ether (CH3OCH3)

97.99062 J(Ka,Kc) = 16(3,14)−15(4,11)AA 38.07 137 · · · · · · · · · · · · 7.30(-3) · · ·

97.99338 16(3,14)−15(4,11)EE 60.92 137 · · · · · · · · · · · · 1.22(-2) · · ·

97.99617 16(3,14)−15(4,11)AE 22.84 137 · · · · · · · · · · · · b · · ·

99.18316 25(6,19)−24(7,18)EE 90.22 347 · · · · · · · · · · · · 4.89(-3) · · ·

99.32436 4(1,4)−3(0,3)AE 26.18 10 · · · · · · 1.48(-2) 4.79(-2) 7.45(-2) 4.19(-2)
99.32521 4(1,4)−3(0,3)EE 69.82 10 · · · · · · 1.48(-2) 4.79(-2) 7.45(-2) 4.19(-2)
99.32607 4(1,4)−3(0,3)AA 43.63 10 · · · · · · 1.48(-2) 4.79(-2) 7.45(-2) 4.19(-2)
99.83366 14(2,13)−13(3,10)AA 28.85 101 · · · · · · · · · · · · 8.03(-3) · · ·

99.83645 14(2,13)−13(3,10)EE 46.17 101 · · · · · · · · · 8.93(-3) 1.32(-2) 6.81(-3)
99.83924 14(2,13)−13(3,10)AE 17.31 101 · · · · · · · · · · · · 8.20(-3) · · ·

100.43416 22(5,18)−21(6,15)AA 50.94 266 · · · · · · · · · · · · b · · ·

100.43546 22(5,18)−21(6,15)EE 81.42 266 · · · · · · · · · · · · b · · ·

100.46043 6(2,5)−6(1,6)AE 28.84 25 · · · · · · b 1.61(-2) 2.85(-2) 1.58(-2)
100.46307 6(2,5)−6(1,6)EE 76.92 25 · · · · · · b b b 2.55(-2)
100.46572 6(2,5)−6(1,6)AA 48.07 25 · · · · · · b b b 1.54(-2)
100.94683 19(4,16)−18(5,13)AA 26.95 196 · · · · · · · · · · · · · · · · · ·

100.94900 19(4,16)−18(5,13)EE 71.88 196 · · · · · · · · · 6.03(-3) 8.49(-3) · · ·

100.95109 19(4,16)−18(5,13)EA 17.96 196 · · · · · · · · · · · · · · · · · ·

Acetone (CH3COCH3)
98.05239 J(Ka,Kc) = 17(6,11)−17(5,12)EE 872 111 · · · · · · · · · b 8.25(-3) · · ·

98.05353 17(7,11)−17(6,12)EE 872 111 · · · · · · · · · b 8.25(-3) · · ·

98.60072 16(5,11)−16(4,12)EE 736 96 · · · · · · · · · b 1.30(-2) · · ·

98.60097 16(6,11)−16(5,12)EE 736 96 · · · · · · · · · b 1.30(-2) · · ·

98.65151 5(5,1)−4(4,1)EE 496 14 · · · · · · · · · b 8.96(-3) · · ·

98.73857 16(5,11)−16(4,12)AA 276 96 · · · · · · · · · b 6.42(-3) · · ·

98.73883 16(6,11)−16(5,12)AA 461 96 · · · · · · · · · b 6.42(-3) · · ·

98.80089 5(5,0)−4(4,0)EE 498 14 · · · · · · · · · 6.40(-3) 9.39(-3) · · ·

99.05250 15(4,11)−15(3,12)EE 598 81 · · · · · · · · · 9.17(-3) 1.18(-2) · · ·

99.05255 15(5,11)−15(4,12)EE 598 81 · · · · · · · · · 9.17(-3) 1.18(-2) · · ·

100.35030 8(2,6)−7(3,5)EE 694 25 · · · · · · · · · 8.60(-3) 1.21(-2) · · ·

100.50706 8(3,6)−7(2,5)AA 434 25 · · · · · · · · · 5.07(-3) 7.14(-3) · · ·

gauche-Ethanol (g-C2H5OH)
97.53590 J(Ka,Kc) = 21(1,21)−21(0,21),vt = 1−0 26.06 246 · · · · · · 9.23(-3) 1.49(-2) 3.73(-2) · · ·

97.53684 23(1,23)−23(0,23),vt = 1−0 28.49 282 · · · · · · 9.36(-3) 1.17(-2) 3.55(-2) · · ·
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Table B1: continued.

Rest Frequency Quantum Numbersa S i jµ
2 Eu Line Optical Depth(τline)

(GHz) (Debye2) (K) MM1 MM6 MM7/G MM8/F MM4/E MM11/D
97.54687 29(1,28)−29(2,28),vt = 1−0 17.84 420 · · · · · · · · · · · · 7.12(-3) · · ·

97.54969 26(0,26)−26(1,26),vt = 1−0 32.12 341 · · · · · · · · · 5.99(-3) 1.54(-2) · · ·

97.56281 24(1,24)−24(0,24),vt = 1−0 29.69 301 · · · · · · · · · · · · 1.86(-2) · · ·

97.57400 20(1,20)−20(0,20),vt = 1−0 24.85 230 · · · · · · 7.92(-3) 1.05(-2) 2.66(-2) · · ·

97.60039 25(1,25)−25(0,25),vt = 1−0 30.91 320 · · · · · · · · · · · · 1.64(-2) · · ·

97.63132 27(0,27)−27(1,27),vt = 1−0 33.34 362 · · · · · · · · · · · · 1.34(-2) · · ·

97.64950 19(1,19)−19(0,19),vt = 1−0 23.64 214 · · · · · · 8.56(-3) 1.11(-2) 2.81(-2) · · ·

97.69853 27(1,27)−27(0,27),vt = 1−0 33.33 362 · · · · · · · · · · · · 1.33(-2) · · ·

97.70888 28(0,28)−28(1,28),vt = 1−0 34.54 384 · · · · · · · · · · · · 1.16(-2) · · ·

97.75561 28(1,28)−28(0,28),vt = 1−0 34.55 384 · · · · · · · · · · · · 1.19(-2) · · ·

97.77430 18(1,18)−18(0,18),vt = 1−0 22.42 199 · · · · · · b 1.14(-2) 2.96(-2) · · ·

97.78411 29(0,29)−29(1,29),vt = 1−0 35.76 407 · · · · · · · · · · · · 1.03(-2) · · ·

97.81598 29(1,29)−29(0,29),vt = 1−0 35.76 407 · · · · · · · · · · · · 9.88(-3) · · ·

97.82895 30(1,29)−30(2,29),vt = 1−0 18.45 444 · · · · · · · · · · · · 6.19(-3) · · ·

97.85747 30(0,30)−30(1,30),vt = 1−0 36.98 430 · · · · · · · · · · · · 8.22(-3) · · ·

97.87745 51(4,48)−51(3,48),vt = 1−0 36.98 430 · · · · · · · · · · · · 8.21(-3) · · ·

97.96283 17(1,17)−17(0,17),vt = 1−0 21.21 185 · · · · · · 1.10(-2) 1.20(-2) 3.06(-2) · · ·

98.23031 16(1,16)−16(0,16),vt = 1−0 20 171 · · · · · · 1.18(-2) 1.22(-2) 3.19(-2) 8.52(-3)
98.58509 15(1,15)−15(0,15),vt = 1−0 18.79 158 · · · · · · 1.16(-2) 1.25(-2) 3.30(-2) · · ·

98.82369 29(2,28)−29(1,28),vt = 1−0 17.84 420 · · · · · · · · · · · · 7.62(-3) · · ·

98.87828 13(1,13)−13(0,13),vt = 1−0 16.37 135 · · · · · · · · · · · · 1.87(-2) · · ·

98.94626 28(2,27)−28(1,27),vt = 1−0 17.23 397 · · · · · · · · · · · · 8.86(-3) · · ·

98.98354 14(1,14)−14(0,14),vt = 1−0 17.58 147 · · · · · · 1.19(-2) 1.22(-2) 3.19(-2) · · ·

99.86441 25(2,24)−25(1,24),vt = 1−0 15.41 332 · · · · · · · · · · · · 1.19(-2) · · ·

100.19432 6(1,6)−5(1,5),vt = 0−0 9.32 75 · · · · · · · · · 6.83(-3) 1.93(-2) · · ·

100.36505 6(1,6)−5(1,5),vt = 1−1 9.32 80 · · · · · · · · · 6.08(-3) 2.07(-2) · · ·

100.45207 24(2,23)−24(1,23),vt = 1−0 14.80 312 · · · · · · · · · · · · 1.31(-2) · · ·

101.24363 23(2,22)−23(1,22),vt = 1−0 14.19 292 · · · · · · · · · · · · 1.46(-2) · · ·

trans-Ethanol (t-C2H5OH)
99.52409 J(Ka,Kc) = 17(3,14)−17(2,15) 18.34 141 · · · · · · 1.35(-2) 1.37(-2) 3.58(-2) 1.04(-2)
99.97588 18(3,15)−18(2,16) 19.42 157 · · · · · · 1.30(-2) 1.28(-2) 3.41(-2) · · ·

100.35895 16(3,13)−16(2,14) 25.70 127 · · · · · · 1.50(-2) 1.39(-2) 3.56(-2) · · ·

100.99010 8(2,7)−8(1,8) 8.83 35 · · · · · · 1.00(-2) 7.55(-3) 2.09(-2) · · ·

Cyanoacetylene (HC3N, v=0)
100.07638 J = 11−10 152.56 29 4.87(-2) 2.44(-1) 2.69(-1) 2.53(-1) 2.50(-1) 2.23(-1)

(HC13CCN, v=0)
99.65184 J = 11−10,F = 11−10 153.19 29 · · · · · · 4.58(-2) 5.25(-2) 5.53(-2) 8.44(-3)

(HCC13CN, v=0)
99.66146 J = 11−10,F = 11−10 153.19 29 · · · · · · 4.41(-2) 3.95(-2) 4.60(-2) 6.66(-3)

(HC3N,v7=1)
100.32241 J = 11−10, l = 1e 151.18 350 · · · · · · 4.90(-2) 1.43(-1) 1.00(-1) 5.94(-3)
100.46617 J = 11−10, l = 1 f 151.15 350 · · · · · · 4.86(-2) 1.44(-1) 9.79(-2) b

(HC3N,v7=2)
100.70878 J = 11−10, l = 0 151.73 671 · · · · · · 9.46(-3) 4.28(-2) 9.01(-3) · · ·

100.71106 J = 11−10, l = 2e 146.72 674 · · · · · · 9.37(-3) 4.16(-2) 8.52(-3) · · ·

100.71439 J = 11−10, l = 2 f 146.71 674 · · · · · · 7.65(-3) 3.19(-2) 8.28(-3) · · ·

(HC3N,v7=3)
100.88044 J = 11−10, l = 1e 150.48 985 · · · · · · · · · b · · · · · ·

101.02780 J = 11−10, l = 3 140.45 991 · · · · · · · · · b · · · · · ·

101.16989 J = 11−10, l = 1 f 150.48 985 · · · · · · · · · b · · · · · ·

(HC3N,v6=1)
100.24058 J = 11−10, l = 1e 151.48 747 · · · · · · · · · 1.74(-2) · · · · · ·

100.31938 J = 11−10, l = 1 f 151.46 747 · · · · · · b b b · · ·

(HC13CCN,v7=1)
99.88792 J = 11−10, l = 1e 151.17 345 · · · · · · · · · 1.06(-2) · · · · · ·

100.03251 J = 11−10, l = 1 f 151.17 345 · · · · · · · · · b · · · · · ·

(HCC13CN,v7=1)
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Table B1: continued.

Rest Frequency Quantum Numbersa S i jµ
2 Eu Line Optical Depth(τline)

(GHz) (Debye2) (K) MM1 MM6 MM7/G MM8/F MM4/E MM11/D
99.90177 J = 11−10, l = 1e 151.17 347 · · · · · · · · · b · · · · · ·

100.04531 J = 11−10, l = 1 f 151.17 347 · · · · · · · · · 1.02(-2) · · · · · ·

Cyanodiacetylene (HC5N,v=0)
98.51252 J = 37−36 2080.91 90 · · · · · · 3.03(-2) 1.86(-2) 3.36(-2) b
101.17467 J = 38−37 2137.61 95 · · · · · · 3.10(-2) 1.85(-2) 3.52(-2) · · ·

Ethyl Cyanide (CH3CH2CN)
97.84469 J(Ka,Kc) = 19(3,16)−19(2,17) 18.91 92 · · · · · · · · · b · · · · · ·

97.87509 34(4,31)−33(5,28) 8.22 274 · · · · · · · · · · · · · · · · · ·

98.17757 11(2,10)−10(2,9) 157.60 33 · · · · · · 4.19(-2) 2.09(-1) 4.61(-2) · · ·

98.52387 11(6,5)−10(6,4) 114.54 68 · · · · · · 7.25(-2) 3.79(-1) 7.75(-2) · · ·

98.52467 11(7,4)−10(7,3) 97.02 83 · · · · · · 6.57(-2) 3.71(-1) 5.80(-2) · · ·

98.53208 11(8,3)−10(8,2) 76.81 99 · · · · · · 6.00(-2) 3.03(-1) 5.74(-2) · · ·

98.53398 11(5,6)−10(5,5) 129.36 56 · · · · · · 5.78(-2) 3.11(-1) 6.59(-2) · · ·

98.54416 11(9,2)−10(9,1) 53.90 118 · · · · · · 1.37(-2) b 1.59(-2) · · ·

98.55992 11(10,1)−10(10,0) 28.30 139 · · · · · · b b · · · · · ·

98.56679 11(4,7)−10(4,6) 141.49 46 · · · · · · 4.08(-2) 2.07(-1) 3.95(-2) · · ·

98.61009 11(3,9)−10(3,8) 150.93 38 · · · · · · 3.84(-2) 1.93(-1) b · · ·

98.70110 11(3,8)−10(3,7) 150.93 38 · · · · · · 3.85(-2) 1.93(-1) 4.19(-2) · · ·

99.07060 32(3,29)−32(2,30) 37.29 240 · · · · · · b b · · · · · ·

99.25344 15(2,14)−15(1,15) 8.83 56 · · · · · · b b · · · · · ·

99.68146 11(2,9)−10(2,8) 157.63 33 · · · · · · b 2.12(-1) 4.86(-2) · · ·

100.03442 18(3,15)−18(2,16) 17.34 84 · · · · · · · · · b · · · · · ·

100.61428 11(1,10)−10(1,9) 161.58 30 · · · · · · 4.13(-2) 2.18(-1) 5.16(-2) · · ·

101.09167 10(1,10)−9(0,9) 9.77 24 · · · · · · b b · · · · · ·

(CH3CH2
13CN)

97.69154 J(Ka,Kc) = 11(2,10)−10(2,9) 154.84 33 · · · · · · · · · b · · · · · ·

98.03285 11(6,6)−10(6,5) 112.51 68 · · · · · · · · · 1.69(-2) · · · · · ·

98.03285 11(6,5)−10(6,4) 112.51 68 · · · · · · · · · 1.69(-2) · · · · · ·

98.04150 11(8,4)−10(8,3) 75 99 · · · · · · · · · 1.84(-2) · · · · · ·

98.04150 11(8,3)−10(8,2) 75 99 · · · · · · · · · 1.84(-2) · · · · · ·

98.05374 11(9,3)−10(9,2) 52.96 118 b
98.07271 11(4,8)−10(4,7) 138.99 46 · · · · · · · · · 9.25(-3) · · · · · ·

98.07461 11(4,7)−10(4,6) 139.02 46 · · · · · · · · · 9.59(-3) · · · · · ·

98.11741 11(3,9)−10(3,8) 148.26 38 · · · · · · · · · 1.04(-2) · · · · · ·

98.20621 11(3,8)−10(3,7) 148.27 38 · · · · · · · · · 1.01(-2) · · · · · ·

99.17252 11(2,9)−10(2,8) 154.88 33 · · · · · · · · · 1.16(-2) · · · · · ·

100.10973 11(1,10)−10(1,9) 158.73 40 · · · · · · · · · 1.11(-2) · · · · · ·

(CH3
13CH2CN)

97.67201 J(Ka,Kc) = 11(2,10)−10(2,9) 154.84 33 · · · · · · · · · 1.13(-2) · · · · · ·

98.03964 11(7,5)−10(7,4) 95.31 81 · · · · · · · · · 1.77(-2) · · · · · ·

98.04058 11(6,6)−10(6,5) 112.52 67 · · · · · · · · · 1.74(-2) · · · · · ·

98.04556 11(8,4)−10(8,3) 75.45 98 · · · · · · · · · · · · · · · · · ·

98.05296 11(5,6)−10(5,5) 127.09 55 · · · · · · · · · 1.58(-2) · · · · · ·

98.08734 11(4,8)−10(4,7) 139 46 · · · · · · · · · 9.14(-3) · · · · · ·

98.08968 11(4,7)−10(4,6) 138.99 46 · · · · · · · · · 9.06(-3) · · · · · ·

98.13485 11(3,9)−10(3,8) 148.26 38 · · · · · · · · · 1.02(-2) · · · · · ·

98.23779 11(3,8)−10(3,7) 148.26 38 · · · · · · · · · b · · · · · ·

99.27963 11(2,9)−10(2,8) 154.89 33 · · · · · · · · · 1.13(-2) · · · · · ·

100.15582 11(1,10)−10(1,9) 158.73 30 · · · · · · · · · 1.15(-2) · · · · · ·

(13CH3CH2CN)
98.16534 J(Ka,Kc) = 11(1,10)−10(1,9) 158.73 29 · · · · · · · · · 1.17(-2) · · · · · ·

(C2H5C15N)
97.72519 J(Ka,Kc) = 11(1,10)−10(1,9) 161.60 29 · · · · · · · · · · · ·

√
· · ·

101.17615 12(1,12)−11(1,11) 175.64 33 · · · · · · · · · b b · · ·

Ammonia (NH2D)
99.11881 J(Ka,Kc) = 5(2,4)0a−5(1,4)0s 87 261 · · · · · · · · · 4.24(-2) 3.24(-2) 9.76(-3)
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Table B1: continued.

Rest Frequency Quantum Numbersa S i jµ
2 Eu Line Optical Depth(τline)

(GHz) (Debye2) (K) MM1 MM6 MM7/G MM8/F MM4/E MM11/D
Carbon Monosulfide (CS)

97.98095 J = 2−1 8 7 2.33(-1) 4.62(-1) 1.32(0) 1.17(0) 3.28(-1) 6.55(-1)
Sulfur Monoxide (SO)

99.29987 J(N) = 3(2)−2(1) 6.91 9 5.06(-2) 1.05(-1) 4.12(-1) 4.51(-1) 3.55(-1) 1.94(-1)
100.02964 4(5)−4(4) 0.84 39 · · · · · · 3.79(-2) 4.11(-2) 2.89(-2) 1.72(-2)

(34SO)
97.71532 J(N) = 3(2)−2(1) 6.91 9 · · · 1.12(-2) 3.81(-2) 6.35(-2) 4.46(-2) 1.26(-2)

Sulfur dioxide (SO2, v=0)
97.70233 J(Ka,Kc) = 7(3,5)−8(2,6) 2.51 48 · · · · · · 3.76(-2) 3.06(-2) 5.12(-2) · · ·

100.87810 2(2,0)−3(1,3) 0.43 13 · · · · · · · · · b 1.20(-2) · · ·

(33SO2, v=0)
98.25793 J(Ka,Kc) = 2(2,0)−3(1,3),F = 7/2−7/2 0.07 13 · · · · · · · · · 1.63(-2) · · · · · ·

98.25810 2(2,0)−3(1,3),F = 5/2−7/2 0.41 13 · · · · · · · · · 1.63(-2) · · · · · ·

98.26062 2(2,0)−3(1,3),F = 3/2−5/2 0.27 13 · · · · · · · · · · · · · · · · · ·

98.26089 2(2,0)−3(1,3),F = 5/2−5/2 0.09 13 · · · · · · · · · · · · · · · · · ·

98.26380 2(2,0)−3(1,3),F = 7/2−9/2 0.60 13 · · · · · · · · · b · · · · · ·

98.26623 2(2,0)−3(1,3),F = 1/2−3/2 0.17 13 · · · · · · · · · b · · · · · ·

(SO2, v2=1)
98.26469 J(Ka,Kc) = 16(2,14)−15(3,13) 8.20 900 · · · · · · · · · 2.35(-2) 5.60(-3) · · ·

99.17739 27(3,25)−26(4,22) 8.74 1136 · · · · · · · · · · · · · · · · · ·

Methyl Mercaptan (CH3SH)
100.11021 J(Ka,Kc) = 4(1,3)−3(1,2)A 6.23 17 · · · · · · · · · b · · · · · ·

101.02974 4(−1,4)−3(−1,3)E 6.22 17 · · · · · · · · · b · · · · · ·

101.13915 4(0,4)−3(0,3)A 6.64 12 · · · · · · · · · 1.21(-2) · · · · · ·

101.13965 4(0,4)−3(0,3)E 6.64 14 · · · · · · · · · 1.21(-2) · · · · · ·

101.15687 4(3,1)−3(3,0)E 2.91 51 · · · · · · · · · · · · · · · · · ·

101.15932 4(−2,3)−3(−2,2)A 4.98 31 · · · · · · · · · 8.79(-3) · · · · · ·

101.15999 4(−3,2)−3(−3,1)E 2.91 52 · · · · · · · · · 8.79(-3) · · · · · ·

101.16065 4(3,1)−3(3,0)A 2.91 53 · · · · · · · · · 8.27(-3) · · · · · ·

101.16069 4(−3,2)−3(−3,1)A 2.91 53 · · · · · · · · · 8.27(-3) · · · · · ·

101.16715 4(−2,3)−3(−2,2)E 4.98 30 · · · · · · · · · b · · · · · ·

101.16830 4(2,2)−3(2,1)E 4.98 30 · · · · · · · · · b · · · · · ·

101.17981 4(2,2)−3(2,1)A 4.98 31 · · · · · · · · · · · · · · · · · ·

101.28436 4(1,3)−3(1,2)E 6.22 18 · · · · · · · · · 5.71(-3) · · · · · ·

For the line optical depth, X(Y) means X × 10Y .
a Quantum numbers of the upper and lower levels. For each species, the levels are labelled at the first transition. A and E refer to symmetry state.
b "
√

" indicates that the transition of H(40)α is detected.
c "· · ·" indicates that the transition is not detected, or the line intensity of transition is below 3σ.
d "b" indicates that the transition is blended with other molecules.
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APPENDIX C: LINE SPECTRA AT EIGHT DENSE CORES
OF G9.62+0.19.
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Figure B1. Same as Figure 4, but for frequency range from 97.53 to 98.00 GHz. The black curves are the observed spectra, and the red curves indicate the
simulated LTE spectra. The horizontal green dashed line indicates the 3 σ noise level in each core.
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Figure B1. Continued. Frequency range from 98.00 to 98.43 GHz.
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Figure B1. Continued. Frequency range from 98.93 to 99.404 GHz.
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Figure B1. Continued. Frequency range from 99.458 to 99.905 GHz.
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Figure B1. Continued. Frequency range from 99.905 to 100.38 GHz.
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Figure B1. Continued. Frequency range from 100.38 to 100.85 GHz.
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Figure B1. Continued. Frequency range from 100.85 to 101.34 GHz.
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