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A B S T R A C T 

Hot cores characterized by rich lines of complex organic molecules are considered as ideal sites for investigating the physical 
and chemical environments of massive star formation. We present a search for hot cores by using typical nitrogen- and oxygen- 
bearing complex organic molecules (C 2 H 5 CN, CH 3 OCHO, and CH 3 OH), based on ALMA Three-millimeter Observations of 
Massive Star-forming regions (ATOMS). The angular resolutions and line sensitivities of the ALMA observations are better 
than 2 arcsec and 10 mJy beam 

−1 , respectively. A total of 60 hot cores are identified with 45 being newly detected, in which 

the complex organic molecules have high gas temperatures ( > 100 K) and hot cores have small source sizes ( < 0.1 pc). So far, 
this is the largest sample of hot cores observed with similar angular resolution and spectral coverage. The observations have 
also shown nitrogen and oxygen differentiation in both line emission and gas distribution in 29 hot cores. Column densities of 
CH 3 OH and CH 3 OCHO increase as rotation temperatures rise. The column density of CH 3 OCHO correlates tightly with that of 
CH 3 OH. The pathways for production of different species are discussed. Based on the spatial position difference between hot 
cores and ultracompact H II (UC H II ) regions, we conclude that 24 hot cores are externally heated, while the other hot cores are 
internally heated. The observations presented here will potentially help establish a hot core template for studying massive star 
formation and astrochemistry. 

Key words: astrochemistry – stars: formation – ISM: molecules. 
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 I N T RO D U C T I O N  

assive stars play an important role in shaping structure and 
v olution of galaxies, b ut also can affect star and planet formation.
hey also are dominant sources of heavy elements and ultraviolet 

adiation (see Zinnecker & Yorke 2007 , and references therein). 
o w massi ve stars form is not yet well understood. During massive

tar formation processes, the hot core phase is particularly important 
ince hot cores may trace the physical and chemical environments 
here massive stars are born. When clouds collapse to form massive 

tars, the material surrounding these objects is heated up, leading to 
he formation of hot cores with rich chemistry. 

Hot cores are characterized by rich line emission from complex 
rganic molecules (COMs) with higher gas temperatures ( > 100 K) 
nd smaller source sizes ( < 0.1 pc; e.g. Kurtz et al. 2000 ; Cesaroni
 E-mail: qin@ynu.edu.cn (SLQ); liutie@shao.ac.cn (TL) 

2  

1
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ublished by Oxford University Press on behalf of Royal Astronomical Society 
005 ). Of the detected 250 molecular species 1 (see also McGuire
021 ), most of COMs, as well as simple molecules, are frequently
bserved in hot cores. Different molecules are used for probing 
ifferent physical components at different scales (van Dishoeck & 

lake 1998 ; Jørgensen, Belloche & Garrod 2021 ; Tychoniec et al.
021 ). Especially, COMs are thought to play an important role in
rebiotic chemistry, which may be linked to the origin of life (e.g.
erbst & van Dishoeck 2009 ; Ceccarelli et al. 2017 ). Therefore,
bserv ations to wards hot cores are crucial in the study of massive
tar formation and astrochemistry. 

Hot cores have been observed towards individual cases and large 
amples of sources by single-dish telescopes (Schilke et al. 1997 ,
001 , 2006 ; Gibb et al. 2000a ; van der Tak, van Dishoeck & Caselli
000 ; Bisschop et al. 2007 ; Fontani et al. 2007 ; Bergin et al. 2010 ;
elloche et al. 2013 ; Halfen, Ilyushin & Ziurys 2013 ; Crockett et al.
014 ; Neill et al. 2014 ; Suzuki et al. 2016 , 2018 ; Widicus Weaver
 ht tps://cdms.ast ro.uni-koeln.de/classic/molecules 
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t al. 2017 ; Ospina-Zamudio et al. 2018 ; Hern ́andez-Hern ́andez et al.
019 ; Coletta et al. 2020 ; Li et al. 2020 ; M ̈oller et al. 2021 ; Xie
t al. 2021 ). Due to small source sizes of hot cores, single-dish
bserv ations suf fer from beam dilution and sample the emission
rom both hot cores and surrounding cold envelopes. The mil-
imetre/submillimetre interferometric arrays (e.g. SMA, NOEMA,
nd ALMA) offer larger bandwidth, higher spatial resolution, and
ncreased sensitivity, which have promoted the hot core observations
reatly, but mainly focused on individual sources or small samples
Liu, Mehringer & Snyder 2001 ; Liu et al. 2002 ; Remijan et al.
003 , 2004 ; Qin et al. 2008 , 2010 , 2015 ; Beuther et al. 2005 , 2009 ;
 ́anchez-Monge et al. 2010 , 2014 ; Rathborne et al. 2011 ; Zapata,
chmid-Burgk & Menten 2011 ; Sakai et al. 2013 , 2018 ; Hern ́andez-
ern ́andez et al. 2014 ; Wu, Liu & Qin 2014 ; Belloche et al. 2016 ,
019 ; Brogan et al. 2016 ; M ̈uller et al. 2016 ; Rong et al. 2016 ;
onfand et al. 2017 ; Orozco-Aguilera et al. 2017 ; Pagani et al. 2017 ;
alau et al. 2017 ; Rivilla et al. 2017 ; Ahmadi et al. 2018 ; Guzm ́an
t al. 2018 ; Tercero et al. 2018 ; Wong & An 2018 ; Bøgelund et al.
019 ; Csengeri et al. 2019 ; Luo et al. 2019 ; Peng et al. 2019 ; Xue
t al. 2019 ; Mottram et al. 2020 ; Ligterink et al. 2020 ; Taniguchi
t al. 2020 ; Fuente et al. 2021 ; Law et al. 2021 ; van der Walt et al.
021 ). Since these observations were made with different spatial
esolution and spectral setup, it is difficult to make a comparison.

ore recently, a large sample including 18 well-known high-mass
tar-forming regions was observed by the NOEMA with the same
pectral setup, suggesting that most molecules are destroyed in
v olved cores ha ving less emission lines (Gieser et al. 2021 ). Of
he detected hot cores, a few show chemical differentiation between
itrogen- and oxygen-bearing COMs (e.g. Wyrowski et al. 1999 ;
emijan et al. 2004 ; Kalenskii & Johansson 2010 ; Qin et al. 2010 ,
015 ; Feng et al. 2015 ; Jim ́enez-Serra et al. 2012 ; Allen et al. 2017 ;
ills et al. 2018 ; Suzuki et al. 2018 ; Csengeri et al. 2019 ; Gieser

t al. 2019 ; Lee et al. 2019 ). Chemical differentiation and heating
echanism are still long-standing problems due to a lack of large

ample and systematic observations. 
The ALMA Three-millimeter Observations of Massive Star-

orming regions (ATOMS) project has observed 146 massive clumps
t 3 mm band with ALMA (Liu et al. 2020a , b ). 90 out of a total
f 453 compact dense cores have been considered as hot core
andidates based on the number of emission lines (Liu et al. 2021 ).
ot cores are rich in COM lines. Especially, two typical nitrogen- and
xygen-bearing molecules C 2 H 5 CN and CH 3 OCHO are frequently
etected in hot cores. Spectral windows (SPWs) 7 and 8 were
uned to observe C 2 H 5 CN and CH 3 OCHO with more than three
ransitions, which are suitable for identifying hot cores. Comparing
ith the submillimetre waveband, the lines at 3 mm have much

ess blending problem. Aiming to build up a large sample of hot
ores, we conduct a surv e y using C 2 H 5 CN and CH 3 OCHO lines
ased on the ATOMS continuum and line data at 3 mm band in this
 ork. The tw o molecules can also be used for investigating chemical
ifferentiation among these hot cores. The observations and data
eduction are briefly described in Section 2, and the observational
esults including hot core identification and parameter calculation
re given in Section 3. We discuss the heating mechanism and
itrogen and oxygen differentiation in Section 4. The main results
nd conclusions are summarized in Section 5. 

 OBSERVATION S  

he sample selection and basic observational parameters are de-
cribed in Liu et al. ( 2020 a). In brief, the ALMA band 3 observations
ere made towards 146 massive clumps from 2019 September to
NRAS 511, 3463–3476 (2022) 
id-No v ember with both the Atacama Compact 7 m Array and the
2 m array (C43-2 or C43-3 configurations). The correlator setup was
uned to include eight SPWs, with six windows (SPWs 1–6) having
igher spectral resolutions of ∼0.2–0.4 km s −1 in the lower sideband
nd SPWs 7 and 8 having lower spectral resolutions in the upper
ideband. SPWs 7 and 8 have a broad bandwidth of 1875 MHz
orresponding to a spectral resolution of ∼1.6 km s −1 , which
ere used for continuum imaging and line surv e y purposes. The

requencies of SPWs 7 and 8 range from 97 536 to 99 442 MHz, and
rom 99 470 to 101 390 MHz, respectiv ely, co v ering man y of COM
ines. In addition to the COM lines, the H40 α line at 99 023 MHz
s included in SPW 7 used for H II region identification. SiO (2–1)
ines at 86 847 MHz are tuned in SPW 4 for tracing shocked gas.
ince hot cores have smaller source sizes and COM lines suffer
rom less missing flux problem, we only use the 12 m array data
or identifications of COM lines and hot cores in this work. Data
eduction was done using the CASA software package version 5.6
McMullin et al. 2007 ). The resultant continuum image and line
ubes with the 12 m array data for the 146 clumps have angular
esolutions of ∼1.2–1.9 arcsec and maximum reco v erable angular
cales of ∼14.5–20.3 arcsec. The mean 1 σ noise level is better
han 10 mJy beam 

−1 per channel for lines, and 0.4 mJy beam 

−1 for
ontinuum. Taking an angular resolution of 1.9 arcsec and 3 σ level,
he position accuracy of line images due to the noise is estimated to
e better than 0.3 arcsec by using the formula �θ = 0.45 θFWHM 

S / N (
eid et al. 1988 ). 

 RESULTS  

.1 Line and hot core identifications 

s stated before, 453 compact dense cores were found in 146 massive
lumps (Liu et al. 2021 ). We have inspected the line emission of the
53 cores one by one and extracted spectra at the line-rich positions.
n total, 60 line-rich cores are considered as hot core candidates.
he results are in good agreement with those by Liu et al. ( 2021 ),
here 54 cores were found in a statistic manner to have significant
etection of at least 20 COM transitions with line intensities larger
han the 3 σ level. Then we use the eXtended CASA Line Analysis
oftware Suite (XCLASS 

2 ; M ̈oller, Endres & Schilke 2017 ) for
urther line identification and parameter calculation. The XCLASS
ccesses the Cologne Database for Molecular Spectroscopy (M ̈uller
t al. 2001 , 2005 ) and Jet Propulsion Laboratory molecular databases
Pickett et al. 1998 ). Assuming that the molecular gas satisfies the
ocal thermodynamical equilibrium (LTE) condition, the XCLASS
olves a radiative transfer equation and produces synthetic spectra
or specific molecular transitions by taking the source size, beam
lling factor, line profile, line blending, excitation, and opacity into
ccount. In the XCLASS modelling, the input parameters are the
ource size, beam size, line velocity width, velocity offset, rotation
emperature, and column density (M ̈oller et al. 2017 ). In our case,
e take deconvolved angular sizes of the continuum sources as

ource sizes, which are listed in Table 1 . The velocity offsets with
espect to systemic velocities of the hot cores are determined when
eferred to commonly detected CH 3 OH line at 100.6389 GHz.
herefore, we set rotation temperatures, column densities, and
elocity widths as free parameters to simulate the observed spectra.
o obtain optimized rotation temperature and column density
arameters, we employ Modeling and Analysis Generic Interface

https://xclass.astro.uni-koeln.de/
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or eXternal numerical codes ( MAGIX ; M ̈oller et al. 2013 ) for further
alculation. Note that we only consider line-rich species of C 2 H 5 CN,
H 3 OCHO, and CH 3 OH molecules in this work. 
The frequency setup covers many of C 2 H 5 CN and CH 3 OCHO

ransitions in SPWs 7 and 8. The observed C 2 H 5 CN and CH 3 OCHO
ransitions span upper level energies of 30–139 and 22–58 K, 
espectively. Therefore, we do not expect very hot gas components 
o be detected. Only a few CH 3 OH lines are tuned in our observations
ith upper level energies ranging from 17 to 724 K. More than three

ransitions of C 2 H 5 CN and CH 3 OCHO are detected in the 59 line-
ich cores. The line transitions of C 2 H 5 CN and CH 3 OCHO in IRAS
9018 −816 are too weak to derive the rotation temperature, but three
H 3 OH transitions are detected. Rotation temperatures and column 
ensities can be derived simultaneously. The XCLASS calculations 
uggested that all the 59 line-rich cores have gas temperatures 
igher than 100 K, derived from C 2 H 5 CN and CH 3 OCHO. IRAS
9018 −4816 has a gas temperature abo v e 100 K based on CH3OH
ine data. Considering the distances (Liu et al. 2021 a) and source
izes, the 60 cores have source sizes smaller than 0.1 pc. We then con-
rm the 60 cores as hot cores, and give their coordinates, rotation tem-
eratures, and column densities in Table 1. We have checked the lit-
rature and found that 15 of these hot cores have been reported before
I18089 −1732, Beuther et al. 2004 ; I16060 −5146, I16065 −5158, 
12326 −6245, I14498 −5856, and I15254 −5621, Araya et al. 2005 ;

ookerjea et al. 2007 ; I18507 + 0110/G34.43 + 0.24, Beltr ́an et al.
009 ; Dedes et al. 2011 ; IRAS 18056 −1952/G10.47 + 0.03, Rolffs
t al. 2011 ; I18507 + 0121/G34.26 + 0.15, Sakai et al. 2013 ; Calcutt
t al. 2014 ; I16547 −4247, I17233 −3606, and I18182 −1433, 
ern ́andez-Hern ́andez et al. 2014 ; I18032 −2032/G9.62 + 0.19, Liu

t al. 2015 ; I17175 −3544/NGC 6334I, Brogan et al. 2016 ; Fu &
in 2016 ; I17441 −2822/Sgr B2(M), S ́anchez-Monge et al. 2017 ;
all’Olio et al. 2019 ). Thus, 45 hot cores are newly detected in
ur work. This is currently the largest hot core sample observed 
ith similar angular resolution and spectral co v erage. 41 cores 
ave more than three CH 3 OH transitions detected. Note that this
s a lower limit since the frequency setup of C43-2 and C43-3
onfigurations has a 48 MHz difference, which leads to two CH 3 OH
ransitions not co v ered in C43-3 observations. For CH 3 OH with
ess than three transitions detected, column densities are estimated 
y assuming gas temperatures equal to the rotation temperatures of 
he oxygen-bearing molecule CH 3 OCHO, or equal to the rotation 
emperatures of C 2 H 5 CN in case that CH 3 OCHO is not detected. 

Fig. 1 presents sample spectra towards a few hot cores with mod-
lled molecular spectra (C 2 H 5 CN, CH 3 OCHO, and CH 3 OH) o v erlaid
n the observed ones. Clearly, lots of C 2 H 5 CN and CH 3 OCHO lines
re observed, and a large number of lines are emitted from C 2 H 5 CN
nd CH 3 OCHO species. The spectra emitted from the hot cores also
ho w dif ferent emission features. From Fig. 1 and the figures in the
upporting Information available online, one can see that line peak 

ntensities of C 2 H 5 CN are larger than those of CH 3 OCHO in 19
ores, while the opposite is seen in 5 cores. It is worth mentioning that
 2 H 5 CN line emission is absent in four cores, while CH 3 OCHO is not
etected in nine cores. The differences in line emissions from these 
ores may imply differences in physical and chemical environments 
mong these sources. 

.2 Line images 

ine images of various molecules can provide valuable information 
n their spatial distributions and possible chemical routes. We choose 
hree molecular line transitions of C 2 H 5 CN, CH 3 OCHO, and CH 3 OH
t 98 523, 98 792, and 100 639 MHz for the images, respectively. The
ample images are shown in Fig. 2 , and other images are presented
n the Supporting Information available online. Overall, most of the 
 2 H 5 CN, CH 3 OCHO, and CH 3 OH emissions are associated with the
ontinuum images, though there are position offsets between peaks 
f the line and continuum images. All the line images show compact
ource structure and the three line emissions mainly distribute o v er
mall regions, indicating hot core properties. It can be seen that the
mission peaks of C 2 H 5 CN are coincident with those of CH 3 OCHO
n 28 cores. Considering a position accuracy of 0.3 arcsec in line
mages, 29 cores clearly show nitrogen and oxygen separation, i.e. the 
missions of C 2 H 5 CN and CH 3 OCHO peak at different positions. So
ar, only a few hot cores exhibit nitrogen and oxygen differentiation
n space. Our observations provide the largest hot core sample 
ith positional separation between nitrogen- and oxygen-bearing 
olecules. 

.3 Rotation temperatures, column densities, and abundances 
elati v e to CH 3 OH 

rom Table 1 , one can see that the rotation temperatures of C 2 H 5 CN,
H 3 OCHO, and CH 3 OH are in the ranges 100–285, 100–230, and
00–290 K, respectively. Most of the cores have gas temperatures 
f 100–200 K for the three species. When compared with C 2 H 5 CN
nd CH 3 OCHO, CH 3 OH has the largest column densities ranging
rom 8.6 × 10 16 to 1.5 × 10 19 cm 

−2 , which is two to three orders
f magnitude higher than those of C 2 H 5 CN and one to two orders
f magnitude higher than those of CH 3 OCHO. Fig. 3 shows the
elationships between rotation temperatures and column densities 
or the three molecules in our sample. Column densities of CH 3 OH
ncrease as their rotation temperatures rise. A linear fitting to the data
ives log( N (CH 3 OH)) = 0.022 T rot + 14 with a correlation coefficient
f 0.86. A similar trend is seen for CH 3 OCHO with the relation
og( N (CH 3 OCHO)) = 0.017 T rot + 14 and a correlation coefficient of
.68. The linear fitting to C 2 H 5 CN data gives a correlation coefficient
f 0.29, suggesting that column densities of C 2 H 5 CN are not sensitive
o its rotation temperatures, though a weak increasing trend is seen.
he results appear to indicate that the two oxygen-bearing molecules 
re chemically related species or the two species reside in the same
strophysical environments. 

Fig. 4 presents the relationships of column densities among 
he three species. Overall, column densities of both C 2 H 5 CN and
H 3 OCHO hav e a positiv e correlation with that of CH 3 OH. The

inear fittings give log( N (CH 3 OCHO)) = 1.1log( N (CH 3 OH))–2.5
nd log( N (C 2 H 5 CN)) = 1.2log( N (CH 3 OH))–5.1 with correlation
oefficients of 0.95 and 0.82 for CH 3 OCHO and C 2 H 5 CN, respec-
ively. The models suggested that the oxygen-bearing molecules 
H 3 OCHO and CH 3 OH and the nitrogen-bearing molecule C 2 H 5 CN
ave different forming pathways (Charnley, Tielens & Millar 1992 ; 
odgers & Charnley 2001 ). Probably, the column densities of 

he three molecules depend on the initial cloud environments. 
s shown in Fig. 3 , the column densities of the oxygen-bearing
olecules CH 3 OCHO and CH 3 OH correlate well with the rotation

emperatures, while the nitrogen-bearing molecule C 2 H 5 CN does 
ot follow the same trend. A possible explanation is that excitation
f CH 3 OCHO and CH 3 OH depends on both temperature and den-
ity, while excitation of C 2 H 5 CN is mainly related to its column
ensity. 
Among the detected COMs so far, CH 3 OH has the highest gas-

hase abundance relative to H 2 . The infrared observations have 
hown that CH 3 OH is the most abundant molecule relevant to water
ce (e.g. Dartois et al. 1999 ; Ehrenfreund & Charnley 2000 ; Gibb
t al. 2000b ). Grain-surface chemical models also suggested that 
MNRAS 511, 3463–3476 (2022) 
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Figure 1. Sample spectra in SPW 7 for four typical hot cores. The observed spectra are shown as black curves and the XCLASS modelled spectra are coded in 
colour. The spectra of the other sources are available in the supplementary material. 
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he formation of many of other COMs (especially the oxygen-
earing molecules) is related to CH 3 OH. From the abundance criteria,
he CH 3 OH can be taken as one of the reference molecules to
ompare with other sources. The relative abundances defined by f
 N ( x )/ N (CH 3 OH) are listed in Table 1 , where x is the specific
olecule CH 3 OCHO or C 2 H 5 CN. The relative abundances range
NRAS 511, 3463–3476 (2022) 
rom 8.4 × 10 −4 to 4 × 10 −2 for C 2 H 5 CN and from 2.2 × 10 −2 

o 2.8 × 10 −1 for CH 3 OCHO, respectively, which are in agreement
ith previous results in hot cores (Mookerjea et al. 2007 ; Qin et al.
010 ; Feng et al. 2016 ; Allen et al. 2017 ; Bonfand et al. 2017 , 2019 ;
uzm ́an et al. 2018 ; Bøgelund et al. 2019 ; Molet et al. 2019 ; Law

t al. 2021 ). 
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Figure 1. continued Sample spectra in SPW 8 for four typical hot cores. The observed spectra are shown as black curves and the XCLASS modelled spectra 
are coded in colour. The spectra of all the sources are available in the supplementary material. 
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 DISCUSSION  

.1 Heating mechanism 

bserv ationally, the e volutionary sequence of high-mass star forma- 
ion starts from massive pre-stellar cores to high-mass protostellar 
bjects (HMPOs), hot cores, hypercompact H II (HC H II ) and UC
 II re gions, where massiv e stars are already formed (e.g. Menten,
illai & Wirowski 2005 ; Beuther et al. 2007 ). During the processes
f massive star formation, the gravitational energy is converted into 
hermal energy to form the HMPOs. The radiation from HMPOs, HC
MNRAS 511, 3463–3476 (2022) 
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Figure 2. Sample images of the continuum and organic molecular lines. In the left-hand panels, the background shows the three-colour image composed of 
H40 α (red), SiO (green), and Spitzer 4.5 μm (blue), and the white contours represent the 3 mm continuum; the green rectangles mark the imaging regions of the 
right-hand panels. In the right-hand panels, the background shows the 3 mm continuum. The red, cyan, and yellow contours represent the integrated intensities 
of C 2 H 5 CN, CH 3 OH, and CH 3 OCHO, respecti vely. The contour le vels are 10 to 90 per cent (stepped by 20 per cent) of the peak values. The innermost contour 
has a level of 95 per cent of the peak value. The images of all the sources are available in the supplementary material. 
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 II and UC H II regions can heat up their immediate environments
o form hot cores. Therefore, hot cores are observed to be associated
ith dense and hot regions near the young HMPOs and the UC H II

egions. 
In this section, we want to differentiate internal and external

eating mechanisms by comparing the relative position of line
mages of COMs and UC H II regions. Radio continuum at centimetre
avelength and radio recombination lines are characteristics of the
C H II regions associated with newly formed high-mass young

tars. ATOMS co v ers the H40 α line transition, which can be used
or identifying UC H II regions. Fig. 2 presents sample images of the
ontinuum, organic molecular, H40 α, and SiO lines. From the left-
and panels of Fig. 2 and the figures in the Supporting Information
vailable online, 28 UC H II regions are identified based on H40 α line
mages. When comparing the continuum and H40 α images with the
H 3 OH line images, we find that the morphologies of CH 3 OH line

mages are similar to those of continuum images, and that the CH 3 OH
missions peak at the peak positions of the continuum, for most
NRAS 511, 3463–3476 (2022) 
ources without associated UC H II regions. We note that although
RAS 08303 −4303, IRAS 13484 −6100, IRAS 16484 −4603, IRAS
7158 −3901, IRAS 17233 −3606, and IRAS 18182 −1433 have no
C H II region counterparts, their CH 3 OH emission peaks are located
ffset from those of continuum emissions. Probably, shocks traced
y the 4.5 μm and SiO push the molecular materials a way. F or
he sources having H40 α line emission, peaks of CH 3 OH are offset
rom the continuum images except for IRAS 18056 −1952. Previous
olecular line images were observed to be not al w ays consistent
ith the continuum emission in the cases where continuum emission

ncludes contributions from dust and free–free emission of UC H II

egions. Also no internal energy sources were identified, suggesting
hat these hot cores are externally heated (e.g. Wyrowski et al. 1999 ;
e Buizer et al. 2003 ; Mookerjea et al. 2007 ). Then we simply

lassify the observed hot cores in our work into two categories:
xternally heated hot cores and internally heated hot cores. 24 hot
ores are thought to be heated by adjacent UC H II regions, and the
ther sources are classified as internally heated hot cores, suggesting

art/stac219_f2.eps
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Figure 3. Relationships between column densities and rotation temperatures 
for CH 3 OH, CH 3 OCHO, and C 2 H 5 CN. The open squares indicate the derived 
column densities and rotation temperatures for the hot cores. The bars indicate 
the 1 σ errors. The data points without error bars in the upper panel are for 
the sources without three CH 3 OH lines detected. The linear least-squares fit 
is shown as a red solid line. 
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Figure 4. Correlations of column densities of CH 3 OH, CH 3 OCHO, and 
C 2 H 5 CN. The open squares indicate the column densities and the bars indicate 
the 1 σ errors. The linear least-squares fit is shown as a red solid line. 
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hat some hot cores are not simply linked to HMPOs and precursors
o UC H II regions in the evolutionary sequence during massive 
tar formation (Law et al. 2021 ), but they only trace physical and
hemical environments of hot, dense, and line-rich regions. Note that 
e consider IRAS 18056 −1952 and I18032 −2032c1 as internally 
eated since both line and continuum images of the two sources peak
t UC H II region positions. 

Fig. 5 shows the cumulative distributions of the rotational tem- 
eratures and column densities of C 2 H 5 CN and CH 3 OCHO of the
wo groups of hot cores, the internally heated ones and the externally
eated ones, respectively. No statistical difference of the rotational 
emperatures of C 2 H 5 CN between the two groups can be found.
he rotational temperatures of CH 3 OCHO tend to be higher in
he externally heated hot cores than in the internally heated hot
ores, although this difference is not very much significant with a
 -value of 0.14 given by the Kolmogorov–Smirnov (KS) test. The
xternally and internally heated cores show no obvious difference 
with a p -value of 0.25) in the cumulative distributions of the column
ensities of CH 3 OCHO. While significant difference (with a p -value
f 0.027) can be seen between the cumulative distributions of the
olumn densities of C 2 H 5 CN ( N C 2 H 5 CN ), the values of N C 2 H 5 CN 

n the externally heated hot cores are a factor of 2 higher than
hose in the internally heated hot cores. Of course, one may expect
hat higher temperature components from highly excited lines are 
hifting towards the UC H II regions for the externally heated hot
ores, while higher temperature components will be located at the 
usty continuum peaks for internally heated hot cores. Future high- 
ngular-resolution and high-frequency observations co v ering high- 
nergy line transitions can verify the occurrence and characteristics 
f externally and internally heated mechanisms in detail. 

.2 Nitrogen and oxygen differentiation 

itrogen and oxygen differentiation has been suggested in some hot 
ores (Blake et al. 1987 ; Wyrowski et al. 1999 ; Qin et al. 2010 ,
015 ; Fayolle et al. 2015 ), showing different rotation temperatures
nd abundances, and nitrogen- and oxygen-bearing COMs peaking 
t different spatial positions. Observations have shown that many hot 
ores have excitation temperatures of nitrogen-bearing COMs higher 
han those of oxygen-bearing COMs (van ’t Hoff et al. 2020 , and
eferences therein). Derived abundances of oxygen- and nitrogen- 
MNRAS 511, 3463–3476 (2022) 
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Figure 5. The cumulative distributions of the rotational temperatures (upper panels) and column densities (lower panels) of C 2 H 5 CN (left-hand panels) and 
CH 3 OCHO (right-hand panels). The parameters of the internally heated ones and the externally heated ones are shown in blue and orange colours, respectively. 
The vertical dashed lines represent the corresponding median values. The p -value of the KS test between the cumulative distributions of the two groups of hot 
cores is shown in the upper left-hand corner of each panel. 
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earing COMs have positive correlations with the other oxygen-
nd nitrogen-bearing COMs, respectively (e.g. Bisschop et al. 2007 ;
ergner et al. 2017 ; Suzuki et al. 2018 ). The observations have also

hown that nitrogen-bearing COMs peak at a protostar position, while
xygen-bearing COMs are peaked offset from the central source (Qin
t al. 2010 ; Fayolle et al. 2015 ). 

From Table 1 , rotation temperatures of C 2 H 5 CN in most hot cores
re generally lower than those of CH 3 OH, which is inconsistent
ith previous observations. As stated in Section 3.1, a possible

xplanation is that our 3 mm observations of C 2 H 5 CN lines have
ow upper level energies of 30–139 K, and then the hot components
f the cores are not sampled. The LTE calculations find CH 3 OCHO
nd CH 3 OH molecules to have larger column densities than that
f the nitrogen-bearing molecule C 2 H 5 CN. The column density of
H 3 OH correlates well with that of CH 3 OCHO, but also has a
ositive correlation with C 2 H 5 CN, which also conflicts with previous
esults as stated abo v e. Probably, our targeted lines of the C 2 H 5 CN
nd CH 3 OCHO have low upper level energies, which only sample the
reshly e v aporated species, and then cannot probe the innermost and
ottest structure of the hot cores. Nitrogen and oxygen separation is
learly seen in 29 hot cores, in which C 2 H 5 CN and oxygen-bearing
NRAS 511, 3463–3476 (2022) 
olecules peak at different spatial positions (see Fig. 2 and the
gures in the Supporting Information available online). 

.3 Chemistry 

OMs are suggested to be particularly important in both astrophysics
nd astrochemistry, but also to be linked to the origin of life. Ho we ver,
o firm conclusions about their formation are reached, even for
ommonly detected CH 3 OCHO and C 2 H 5 CN. Various chemical
odels are proposed to interpret their origination (Millar, Herbst &
harnle y 1991 ; Charnle y et al. 1992 , 1995 ; Caselli, Hase ga wa &
erbst 1993 ; Rodgers & Charnley 2001 , 2003 ; Garrod & Herbst
006 ; Garrod, Widicus Weaver & Herbst 2008 ; Öberg et al. 2009 ;
aquet, Ceccarelli & Kahane 2012 ; Choudhury et al. 2015 ; Taquet
t al. 2015 ; Taquet, Wirstr ̈om & Charnley 2016 ; Pols et al. 2018 ).
n summary, main chemical routes are gas-phase and grain-surface
hemical reactions as well as interaction between gas-phase and
rain-surface molecules. Large sample observations of their relative
bundances and spatial distributions will be able to provide clues in
nvestigating their forming pathways. 
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Higher gas-phase abundances of CH 3 OH are derived from 

sub)millimetre-wavelength observations towards massive star for- 
ation regions, which is attributed to icy CH 3 OH e v aporated from

rain mantles, leading to a large abundance by various chemical 
odels. From Fig. 3 , column densities of CH 3 OH increase as rota-

ion temperatures rise, providing additional evidence that CH 3 OH 

riginates from the grain surface and is then released into gas 
hase when the gas temperature is higher than 100 K. Our large
ample observations give a positive correlation between CH 3 OH and 
H 3 OCHO, which appears to indicate that CH 3 OCHO is formed 

n gas phase and is related to the e v aporated CH 3 OH as proposed
y Charnley et al. ( 1992 , 1995 ). Ho we ver, gas-phase mechanisms
y molecule–ion reactions have very low efficiency in producing 
H 3 OCHO (Horn et al. 2004 ; Geppert et al. 2005 ). The relationship
etween the observed column densities and rotation temperatures 
f CH 3 OCHO shows the same trend as of CH 3 OH, which has also
een reported by pre vious observ ations (Law et al. 2021 ), which
ay hint that CH 3 OCHO also originates from the grain surface 

nd then is e v aporated into phase as temperature increases. The
arm-up model developed by Garrod et al. ( 2006 ) suggested that
H 3 OCHO is mainly synthesized on the grain surface at lower 

emperatures and gas-phase reactions play a dominant role in forming 
H 3 OCHO when the gas temperature is abo v e 200 K. In this scheme,

he formation of CH 3 OCHO is attributed to both grain-surface and 
as-phase reactions. In our case, the observations of CH 3 OCHO 

ransitions at 3 mm band have low upper level energies and should
ample freshly e v aporated species. The rotation temperatures of 
H 3 OCHO in most cores are lower than 200 K. We then fa v our that
H 3 OCHO observed by us at a lower frequency band is synthesized
n the grain surface. Future higher angular resolution observations of 
igh-energy level lines can detect inner and even hotter components 
f the hot cores, and can test if the gas-phase reactions play an
mportant role in forming CH 3 OCHO. 

C 2 H 5 CN can be formed by ion–molecule reactions in gas phase,
ut the processes are quite slow. Grain-surface reactions through 
ydrogenation of HC 3 N are a more efficient mechanism (Blake 
t al. 1987 ; Caselli et al. 1993 ; Charnley et al. 2004 ). Con-
rary to the two complex oxygen-bearing molecules, the column 
ensities of C 2 H 5 CN did not show a positive correlation with
ts rotation temperatures. A possible explanation is that C 2 H 5 CN
ends to have a higher gas temperature than the oxygen-bearing 
OMs, while our lower energy level lines can only trace lower 
xcitation temperatures in the outer envelopes of the hot cores 
 ̈Oberg et al. 2013 ). Large amounts of C 2 H 5 CN are not fully
 v aporated from the grain surface. Surprisingly, the column den- 
ities of C 2 H 5 CN correlate well with those of CH 3 OH, which
s inconsistent with previous observations. Previous observations 
ave shown that nitrogen-bearing molecules have a strong corre- 
ation with other nitrogen-bearing molecules and no correlation 
ith oxygen-bearing COMs (Bisschop et al. 2007 ; Bergner et al. 
017 ; Suzuki et al. 2018 ). As argued before, our observations
ay only sample freshly e v aporated species, which have not in-

olved in subsequent gas-phase reactions yet. The observed cor- 
elation between C 2 H 5 CN and CH 3 OH may reflect initial chem-
cal environments or physical dif ferences (v an ’t Hoff et al.
020 ). 
The spatial separation between C 2 H 5 CN and the two oxygen- 

earing molecules can be seen from Fig. 2 and figures in the
upporting Information available online. But no obvious temperature 
ifferentiation is observed as in Orion KL, W3(OH) complex, and 
34.26 + 0.15 (Blake et al. 1987 ; Wyrowski et al. 1999 ; Mookerjea
t al. 2007 ; Crockett et al. 2014 ; Qin et al. 2015 ), due to our targeted
ines having low upper level energies. Another reason is that in most
ases our beam may co v er part of both nitrogen and nitrogen cores.
itrogen and oxygen differentiation is a long-standing problem. 
ifferent chemical models give different explanations (Caselli et al. 
993 ; Rodgers & Charnley 2003 ; Garrod et al. 2008 ; van ’t Hoff
t al. 2020 ). Higher resolution observations of highly excited lines
rom various COMs towards a large sample of hot cores are needed
o interpret the observed differentiation. 

 C O N C L U S I O N S  

e have performed a systematic hot core survey employing C 2 H 5 CN,
H 3 OCHO, and CH 3 OH commonly observed in hot cores, based on

he data obtained by the ATOMS project. We summarize the main
esults as follows. 

(1) The ATOMS project at 3 mm band was set up to co v er multiple
 2 H 5 CN, CH 3 OCHO, and CH 3 OH transitions, which were then used

or deriving their rotation temperatures and column densities. We 
dentify a dense core as a hot core if more than three transitions
f the COMs are identified and have rotation temperatures above 
00 K. In total, 60 hot cores are identified, out of which 45 are newly
etected, thus representing the largest hot core sample with similar 
ngular resolution and spectral co v erage. 

(2) The observations have shown that line intensities of C 2 H 5 CN
re stronger than those of CH 3 OCHO lines in 19 cores, while the
pposite is observed in 5 cores. There is total absence of C 2 H 5 CN
ine emission in four cores, while CH 3 OCHO lines are not detected
n nine cores. Probably, the different spectral features reflect the 
ifferences in physical and chemical environments. 
(3) Line images of the three molecules show compact source 

tructure concentrated on small regions for the hot cores. There 
re 28 hot cores associated with UC H II regions. Based on relative
ositions between UC H II regions and CH 3 OH emission peaks, we
lassify the detected cores into two cate gories: e xternally heated and
nternally heated hot cores. 24 hot cores are externally heated by
adiation from adjacent UC H II regions, while the others are heated
nternally. 

(4) Our large sample shows that column densities of CH 3 OCHO 

nd CH 3 OH correlate well with their rotation temperatures, and 
olumn densities of the two molecules have a positive correlation. 
he results support that CH 3 OCHO and CH 3 OH originate from the
rain-surface chemistry. 
(5) Nitrogen and oxygen differentiation is observed in 29 hot cores 

ith nitrogen- and oxygen-bearing molecules peaking at different 
ositions, but no clear differences in temperature and column density 
re seen from our data. 

In summary, our ALMA 12 m array observations provide the 
argest robust hot core sample with similar angular resolution and 
pectral co v erage. 24 hot cores are considered to be heated by external
nergy sources, and therefore hot cores may not be considered at the
volutionary sequence of massive star formation. The targeted lines 
f ATOMS have upper level energies of less than 139 K for C 2 H 5 CN
nd CH 3 OCHO; hence, the hottest components are not observed. The
eating mechanisms as well as nitrogen and oxygen differentiation in 
otation temperature is needed to be verified by future observations 
f highly excited lines of various COMs. The future observations can
lso test whether gas-phase chemical reactions play an important role 
n higher temperatures, as suggested by chemical models. 
MNRAS 511, 3463–3476 (2022) 
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Á., Schw ̈orer A., Comito C., 2021, A&A , 651, A9 
ookerjea B., Casper E., Mundy L. G., Looney L. W., 2007, ApJ , 659,

447 
ottram J. C. et al., 2020, A&A, 636, A118 
 ̈uller H. S. P. et al., 2016, A&A , 587, A92 
 ̈uller H. S. P., Schl ̈oder F., Stutzki J., Winnewisser G., 2005, J. Mol. Struct. ,

742, 215 
 ̈uller H. S. P., Thorwirth S., Roth D. A., Winnewisser G., 2001, A&A , 370,

L49 
eill J. L. et al., 2014, ApJ , 789, 8 

¨ berg K. I., Boamah M. D., Fayolle E. C., Garrod R. T., Cyganowski C. J.,
van der Tak F., 2013, ApJ , 771, 95 

¨ berg K. I., Garrod R. T., van Dishoeck E. F., Linnartz H., 2009, A&A , 504,
891 

rozco-Aguilera M. T., Zapata L. A., Hirota T., Qin S.-L., Masqu ́e J. M.,
2017, ApJ , 847, 66 

spina-Zamudio J., Lefloch B., Ceccarelli C., Kahane C., Favre C., L ́opez-
Sepulcre A., Montarges M., 2018, A&A , 618, A145 

 agani L., F avre C., Goldsmith P. F., Bergin E. A., Snell R., Melnick G.,
2017, A&A , 604, A32 

alau A. et al., 2017, MNRAS , 467, 2723 
eng Y., Rivilla V. M., Zhang L., Ge J. X., Zhou B., 2019, ApJ , 871, 251 
ickett H. M., Poynter R. L., Cohen E. A., Delitsky M. L., Pearson J. C.,

M ̈uller H. S. P., 1998, J. Quant. Spectrosc. Radiat. Transfer , 60, 883 
ols S., Schw ̈orer A., Schilke P., Schmiedeke A., S ́anchez-Monge Á., M ̈oller
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 ́anchez-Monge Á. et al., 2014, A&A , 569, A11 
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igure 3. Images of the continuum and organic molecular lines for
xternally heated hot cores. In the left-hand panels, the background 
hows the three-colour image composed of H40 α (red), SiO (green), 
nd Spitzer 4.5 um (blue), and the white contours represent the
 mm continuum; the green rectangles mark the imaging regions of
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the integrated intensities of C 2 H 5 CN, CH 3 OH, and CH 3 OCHO, 
respecti vely. The contour le vels are 10 to 90 per cent (stepped by 
20 per cent) of the peak values. 
Figure 4. Images of the continuum and organic molecular lines for 
internally heated hot cores. In the left-hand panels, the background 
shows the three-colour image composed of H40 α (red), SiO (green), 
and Spitzer 4.5 um (blue), and the white contours represent the 
3 mm continuum; the green rectangles mark the imaging regions of 
the right-hand panels. In the right-hand panels, the background shows 
the 3 mm continuum. The red, cyan, and yellow contours represent 
the integrated intensities of C 2 H 5 CN, CH 3 OH, and CH 3 OCHO, 
respecti vely. The contour le vels are 10 to 90 per cent (stepped by 
20 per cent) of the peak values. 
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