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Abstract

Context. Hot cores represent critical astrophysical environments for high-mass star formation, distinguished by their rich spectra of organic molecular emission lines. Nevertheless, comprehensive statistical analyses of extensive hot core samples remain relatively scarce in current astronomical research.

Aims. We aim to utilize high-angular-resolution molecular line data from the Atacama Large Millimeter and Submillimeter Array (ALMA) to identify hot cores, with a particular focus on weak-emission candidates, and to provide one of the largest samples of hot core candidates to date.

Methods. We propose to use spectral stacking and imaging techniques of complex organic molecules (COMs) in the ALMA-ATOMS survey, including line identification and weights, segmentation of line datacubes, resampling, stacking and normalization, moment 0 maps, and data analysis, to search for hot core candidates. The molecules involved include CH3OH, CH3OCHO, C2H5CN, C2H5OH, CH3OCH3, CH3COCH3, and CH3CHO. We classify cores with dense emission of CH3OH and at least one molecule from the other six molecules as hot core candidates.

Results. In addition to the existing sample of 60 strong hot cores from the ALMA-ATOMS survey, we have detected 40 new weak candidates through stacking. All hot core candidates display compact emission from at least one of the other six COM species. For the strong sample, the stacking method provides molecular column density estimates that are consistent with previous fitting results. For the newly identified weak candidates, all species except CH3CHO show compact emission in the stacked image, which cannot be fully resolved spatially. These weak candidates exhibit column densities of COMs that are approximately one order of magnitude lower than the ones of the strong sample. The entire hot core sample, including the weak candidates, reveals tight correlations between the compact emission of CH3OH and other COM species, suggesting they may share a similar chemical environment for COMs, with CH3OH potentially acting as a precursor for other COMs. Among the 100 hot cores in total, 43 exhibit extended CH3CHO emission spatially correlated with SiO and H13CO+, suggesting that CH3CHO may form in widely distributed shock regions.

Conclusions. The molecular line stacking technique is used to identify hot core candidates in this work, leading to the identification of 40 new hot core candidates. Compared to spectral line fitting methods, it is faster and more convenient, and enables weaker hot cores to be detected with greater sensitivity.
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1 Introduction
The formation of high-mass stars is critical for the structure and evolution of galaxies (Zinnecker & Yorke 2007). However, our understanding of this process remains incomplete, with many unresolved questions. Among the evolutionary stages of high-mass star formation, the hot core phase is particularly pivotal. Complex organic molecules (COMs) refer to molecules containing carbon and consisting of six or more atoms (Herbst & van Dishoeck 2009). Hot cores are characterized by rich emissions of COMs, high gas temperatures (>100 K), high gas densities (nH2 = 105−108 cm−3) and compact source sizes (<0.1 pc, Kurtz et al. 2000; Cesaroni 2005). Most COMs in space were firstly detected in hot cores (McGuire 2022). Emission lines of different COMs serve as probes of various physical and chemical components within hot cores (van Dishoeck & Blake 1998; Jørgensen et al. 2020; Tychoniec et al. 2021). As a result, the hot-core phase offers a wealth of COM emission lines that trace the birth environment of massive stars, providing key insights into the mechanisms of their formation.
Establishing a large, systematic, and comprehensive sample of hot core candidates is of great importance, yet studies based on such large-scale surveys are still rare. In the single-dish era, observations of hot cores were primarily limited to case studies because of sensitivities constraints (Schilke et al. 1997; Gibb et al. 2000; Schilke et al. 2001, 2006; Fontani et al. 2007). Massive stars, and thus also hot cores, typically form in clusters within massive clumps (Dib et al. 2010; Offner et al. 2023; Zhou et al. 2024). The relatively large beams of single-dish telescopes could not resolve individual hot cores, introducing biases in statistical studies. Now, millimeter/submillimeter interferometric arrays (such as SMA, NOEMA, and ALMA) have been employed with unprecedented broad bandwidths, high sensitivities, and improved resolutions (Hernández-Hernández et al. 2014; Jørgensen et al. 2016; Beuther et al. 2018; Taniguchi et al. 2023), and have enabled more efficient line surveys toward hot cores (Liu et al. 2021; Qin et al. 2022). Dozens of new hot core candidates have been identified in recent large-scale star formation surveys, such as CoCCoa (e.g. Chen et al. 2023), DIHCA (e.g. Taniguchi et al. 2023), and ALMA-IMF (e.g. Bonfand et al. 2024). The ATOMS project has observed 146 massive clumps in the 3 mm band with ALMA (Liu et al. 2020b), providing an excellent dataset for identifying hot cores. Based on the ATOMS data, Qin et al. (2022) compiled a catalog of 60 hot cores exhibiting emission lines from three typical COMs: C2H5CN, CH3OCHO, and CH3OH. To enable the determination of the excitation temperature, they required at least one of the three species to have multiple detected transitions. As a result, their samples focus primarily on bright hot cores due to sensitivity limitations, with less attention given to those candidates with weaker emissions. This may lead to biases in our understanding of hot-core evolution. The ATOMS sample is also covered by the ongoing follow-up ALMA-QUARKS survey (Liu et al. 2024b), which offers higher resolution in ALMA band 6. A complete sample of hot core candidates in band 3 would further aid in studying the inner details of hot cores at different stages. This work focuses on providing a complete sample of hot core candidates from the ATOMS survey through spectral stacking techniques.
The molecular spectral stacking technique involves aligning different spectral lines with low signal-to-noise ratios (S/Ns) and applying proper weights to create a single stacked line with an improved S/N. This technique has been employed at submillimeter and radio wavelengths for over 20 years (Knudsen et al. 2005; Karim et al. 2011; Schruba et al. 2011; Delhaize et al. 2013; Caldú-Primo et al. 2013; Bigiel et al. 2016; Lindroos et al. 2016; Neumann et al. 2023; Ginsburg et al. 2023). Recent line-survey studies of Orion KL have demonstrated the stacking technique’s effectiveness in enhancing the S/Ns of the emission of COMs (e.g., CH3COCH3, Liu et al. 2022) and in detecting radio recombination lines from carbon and oxygen ions (Liu et al. 2023, 2024a; Pabst et al. 2024). This method effectively recovers weaker and previously undetected line emissions. So far, the spectral stacking technique has not yet been systematically applied to search for COMs emission from hot cores. This work aims to use this technique to identify hot cores and study the spatial distribution of COMs in 146 high-mass star-forming clumps using ATOMS band 3 data. Additionally, we have compared the characteristics of faint hot core candidates with the ones of the brighter hot cores, providing new insights into the differences between these two populations.
In this work, we analyze ATOMS band 3 data for the molecules CH3OH, CH3OCHO, C2H5CN, C2H5OH, CH3OCH3, CH3COCH3, and CH3CHO using molecular line stacking techniques. These species were selected for spectral stacking because they all have multiple transitions covered by the ATOMS survey, ensuring a robust dataset for analysis. They have been detected in the most COM-rich hot cores (Peng et al. 2022; Qin et al. 2022), making them ideal tracers for hot core chemistry. CH3OH, CH3OCHO, C2H5CN, and CH3OCH3 are included primarily due to their relatively strong emission, which has made them common tracers of hot core environments (Bisschop et al. 2006; Chen et al. 2023). Their presence in hot cores highlights the complex chemical processes occurring in these regions, with many of them acting as precursors to larger, more complex molecules. C2H5OH (ethanol) is included because it plays an important role as an alcohol in hot cores, providing complementary insights into the organic chemistry alongside methanol (Agúndez et al. 2023). CH3COCH3 (acetone), a ketone, is included for its ability to trace carbonyl chemistry, offering a distinct chemical pathway in star-forming regions (McGuire et al. 2016). CH3CHO (acetaldehyde) is also considered an important tracer for shock regions, as its extended emission has been associated with shock-driven processes in star-forming regions (Chengalur & Kanekar 2003). By selecting these species, which represent a variety of functional groups such as alcohols, aldehydes, ethers, nitriles, and ketones, we ensure a diverse chemical snapshot of hot core chemistry. This diversity is crucial for understanding the complex and varied molecular processes occurring in these environments, making these species ideal candidates for the spectral stacking technique applied in this study.
The structure of the paper is as follows. Section 2 describes the ALMA data. Section 3 details the identification of hot cores and the application of the molecular line stacking technique. Section 4 explores the spatial distributions of COMs. Finally, Section 5 summarizes the key findings of this work.
2 Data
A sample of 146 massive clumps was observed in the ALMA band 3 survey, the ALMA-ATOMS project (ALMA ID: 2019.1.00685.S; PI: Tie Liu). Details of ALMA observations and data reduction can be found in Liu et al. (2020a,b). Observations were conducted using both the Atacama Compact 7-meter Array (ACA) and the 12-meter array (C43-2 or C43-3 configurations) from September to mid-November 2019. This work utilizes the 3 mm continuum data and the two wide-band line data cubes (SPWs 7 and 8) obtained from the 12-meter array, which have angular resolutions ranging from approximately 1.2″ to 1.9″, with the maximum recoverable angular scale ranging from 14.5″ to 20.3″ across the 146 clumps. SPWs 7 and 8 have a large bandwidth of 1875.00 MHz and a spectral resolution of ~1.6 km s−1. The frequency ranges of SPW 7 and SPW 8 are 97 536 to 99 442 MHz and 99 470 to 101 390 MHz, respectively, covering a wide range of COM lines. The mean 1 σ noise level is below 10 mJy beam−1 per channel for line data and 0.4 mJy beam−1 for the continuum. In this work, we select COM lines of seven species, including CH3OH, CH3OCHO, C2H5CN, C2H5OH, CH3OCH3, CH3COCH3, and CH3CHO (Sect. 3.1.2), to directly identify hot core candidates from line emission after stacking.
3 Analysis and results
3.1 Spectral line stacking
Spectral line stacking effectively enhances the S/Ns of emission from COMs. It involves combining the transitions of the same molecular species at different rest frequencies. This technique is implemented by correcting for the rest frequency, reconstructing the coordinate axis, and applying reweighting and normalization before stacking (Liu et al. 2022, 2024a). We applied the spectral line stacking technique to identify hot core candidates, following the procedure displayed in Figure 1. Below, we introduce the details of the line stacking technique.
	[image: thumbnail]	Fig. 1 Flowchart of the molecular spectral line stacking and hot core candidate identification.



3.1.1 Standard spectrum of G9.62+0.19
We first constructed a template for hot core spectral lines using the two broad spectral windows, designated as SPW 7 and SPW 8 in the ATOMS survey, from the well-known source I18032-2032 (G9.62 +0.19). Since G9.62+0.19 contains four confirmed hot cores and displays a line forest of COMs at each core, it serves as a good template for hot cores (Watt et al. 1999; Testi et al. 2000; Liu 2000; Stecklum et al. 2002; Gibb et al. 2004; Linz et al. 2005; Liu et al. 2020b; Peng et al. 2022). Figure B.1 (on Zenodo) presents the full-band spectral lines of three hot cores (C1, C2, and C3) in G9.62+0.19. They exhibit spatially identical peaks of continuum and COM emission. Their peak spectra were extracted using CASA (McMullin et al. 2007; CASA Team 2022) and fit using XCLASS1 (Möller et al. 2017) following Peng et al. (2022), assuming local thermodynamic equilibrium (LTE). The critical density of the relevant transitions is typically 106 cm−3 (Goldsmith 2001). The size of a hot core is very compact, with number densities generally above this threshold; therefore, the LTE assumption is valid (Liu et al. 2021). For CH3OH, CH3OCHO, C2H5OH, CH3OCH3, and CH3CHO, the fit parameters from C1 were adopted as the standard parameters. CH3COCH3 and C2H5OH molecules were not detected in C1 (Peng et al. 2022). We adopted the parameters of CH3COCH3 and C2H5OH from the fits of C2 and C3, respectively. For each species, the XCLASS fitting parameters, including the source size, rotational temperature, column density, line width, and the core from which the spectrum was extracted, are listed in Table A.1.
A noise-free standard spectrum was then modeled using XCLASS, adopting the fit parameters (Table A.1), with the velocity offsets set to zero. The standard spectrum, after stacking (Sect. 3.1.4), was adopted to calibrate the column density of the stacked spectra for the entire sample (Sect. 3.2.3). All the transitions adopted for stacking (Sect. 3.1.2) are optically thin in the standard spectrum, and it is therefore natural to assume the same for other hot cores, especially ones with weak COM emission, which are the focus of our study. We note that, in the optically thin limit, both the column density and spectral intensity will be modified by the same beam dilution factor, and their ratio will remain unchanged.
3.1.2 Transitions and weights for stacking
For each of the seven COM species (Sect. 2), by carefully checking the observed spectra and the standard spectrum, we identified the transitions that are: (1) detected in the hot cores of G9.62+0.19 (see upper panels in Figure 3), and (2) unblended with transitions of any other molecular lines. We note that the CH3OH 2(1)-2(1) transition at a rest frequency of frest = 97582.898 MHz (Table B.1) is not included in the stacking. It has a low Eu of 20 K, which makes its emission typically optically thick and extensively distributed in high-mass star-forming regions. All necessary molecular line information from the Jet Propulsion Laboratory (JPL2) molecular databases (Pickett et al. 1998) are accessed through XCLASS. The rest frequencies of these unblended transitions are listed in Table A.1.
In XCLASS, the conversion between the brightness temperature (in K) and the flux intensity of a line was conducted using the following equation:
[image: equation](1)
where I [mJy/beam] denotes the peak flux density, ν [GHz] is the rest frequency of the line (obtained from JPL), and θmaj and θmin [arcsec] represent the major and minor axis lengths of the ALMA synthesized beam at the observed frequency, respectively. The peak brightness temperatures of these transitions on the XCLASS-fit noise-free spectra of G9.62+0.19 are adopted as the weights for line stacking in the following analysis. The weights are also listed in Table A.1.
3.1.3 Resampling
The second and third steps were to cut out and resample the data cube. For each ATOMS source, we cut out a spectral cube with a bandwidth of ~60 km s−1 for each transition selected above. The central frequency of the spectral cube is
[image: equation](2)
where VLSR is the systematic velocity of the source, ν0 is the rest frequency of the transition, and c represents the speed of light. Next, we converted the frequency axis (ν) into the velocity axis (V) using the relation
[image: equation](3)
It should be noted that, for a given species, the velocity resolutions of its different transitions may vary. To align the velocity channels, we further resampled the cut cube of each transition to a velocity resolution of 1.25 km s−1.
3.1.4 Spectral stacking and normalization
In the fourth step outlined in Figure 1, the stacked cube [image: equation] for each species (j) of each source (i) was obtained by averaging the resampled cubes ([image: equation]) of different transitions (denoted as k; see Sect. 3.1.2), weighted according to the values (denoted as Wk) in Table A.1, as is shown below
[image: equation](4)
If the intensities of the different transitions of the same species are proportional to those of the template spectra (Sect. 3.1.2) and exhibit the same noise level, this set of weights could achieve the highest S/N for the stacked cube (Liu et al. 2022). The stacked spectra of the seven COM species, obtained by applying the above procedure to the standard spectrum of G9.62+0.19 (Sect. 3.1.1), are presented in Fig. 2.
	[image: thumbnail]	Fig. 2 The stacked model spectrum of the seven molecules. The solid lines represent the averaged spectra of the template hot cores in G9.62 +0.19 after spectral stacking. The dashed lines show Gaussian fits to the spectra. The integrated areas of the Gaussian fits (in units of Kelvin kilometers per second) are labeled in the upper right corner. The vertical dotted lines indicate the velocity range of ±5 km/s.



3.1.5 Integrated intensity maps of stacked cubes
After stacking, we integrated the emission for the stacked lines within a velocity range of ± 5 km s−1. We chose this value because the typical COM line width, measured as the full width at half maximum (FWHM), for the strong sample of hot cores is approximately 5 km s−1 (Liu et al. 2020b). As is shown in Figure 2, the adopted velocity range for integration covers the majority of the emission in the stacked spectra of G9.62+0.19, while avoiding blending.
Figure 3 shows the integrated intensity maps (moment 0 maps) of the stacked cubes of the seven species for I18032-2032, I15394-5358, and I18434-0242. I18032-2032 (G9.62+0.19) contains four hot cores, labeled as C1, C2, C3, and C4, which were previously identified by Peng et al. (2022) and Qin et al. (2022). This source has the largest number of hot cores in the sample. Its gas kinetic temperature and column density serve as a reference for typical hot cores. I15394-5358 and I18434-0242 are examples of sources with newly identified hot core candidates in this work. The moment 0 maps of the seven species for the other sources that exhibit at least one compact core of CH3OH are displayed in Figure C.1 (on Zenodo).
3.2 Hot core candidates
3.2.1 Identification
We identified hot molecular core (HMC) candidates from the moment 0 maps of the stacked cubes. An HMC candidate was visually identified by the presence of strong (≳5σ), compact CH3OH emission. Here, a compact core is defined as one with a round morphology, where its central brightest part is not resolved or is only partly resolved under the current spatial resolution (Sect. 2). In total, we identified 100 HMC candidates, 60 of which are identical to the ones in the strong sample previously identified by Qin et al. (2022), and the remaining 40 of which are weak candidates newly identified in this work.
These HMC candidates are typically associated with compact emission in other COMs as well. Figure 4 shows the statistics of line detection for all 100 HMC candidates. All 40 newly identified HMC candidates exhibit compact emission of CH3OCHO or C2H5CN. Specifically, 36 show CH3OCHO emission, 29 display C2H5CN emission, 5 reveal C2H5OH emission, 25 demonstrate CH3OCH3 emission, 16 present CH3CHO emission, and only one core shows CH3COCH3 emission. All 60 hot cores previously identified by Qin et al. (2022) exhibit stronger CH3OH emission and more individual COM line transitions than the newly identified weak hot core candidates. In total, 100 hot cores show CH3OH emission, 90 show CH3OCHO emission, 80 show C2H5CN emission, 46 show C2H5OH emission, 77 show CH3OCH3 emission, 59 show CH3CHO emission, and 27 show CH3COCH3 emission.
3.2.2 Two-dimensional Gaussian fitting
Two-dimensional Gaussian fitting was applied to the 100 cores on the moment 0 maps of CH3OH using the CASA imfit procedure. The beam-deconvolved fitting parameters were adopted, including the source size (θsource), the position angle (PA), the peak flux of the integrated intensity (Ipeak; in units of K km s−1), and the total flux of the integrated intensity (Iintegrated; in units of Kelvin kilometers per second per square arcsecond). Here, [image: equation], where a and b represent the deconvolved major and minor FWHM axes of the cores. The sizes of molecular CH3OH emission range from 1092 to 46 884 AU for sources at different distances. The fit peak positions, θsource, PA, Ipeak, and Iintegrated, of CH3OH are summarized in Table B.2.
The same fitting procedure was applied for the other six COM species (if detected). For some hot cores, the emission of CH3CHO displays extended components, making the fitting of CH3CHO less reliable. The extended emission of CH3CHO is discussed further in Sect. 4.3. The fit parameters of the six species are summarized in Tables B.3 and B.4.
3.2.3 Column density
G9.62+0.19 was adopted as the calibration source to estimate the column densities of hot core candidates from their stacked emission. For each species, we integrated the standard spectrum of G9.62+0.19 (after stacking for each species; see Sects. 3.1.1 and 3.1.4) within a velocity range of ± 5 km s−1 (Fig. 2) to obtain the standard integrated intensity (Icali) of the stacked spectrum for that species. This allowed us to quickly determine the intensity of each species by focusing on the relevant spectral features. The column density of the G9.62+0.19 hot-core value, provided in Sect. 3.1.1 and listed in Table A.1, was adopted as the standard column density (denoted as Ncali) for the corresponding species. To evaluate the column density of each species, we used the following conversion formula:
[image: equation](5)
Here, I represents the integrated intensity of the stacked spectrum, and this formula allowed us to scale the species’ column density relative to the standard value.
Applying Eq. (5) to the moment 0 map of a stacked cube results in a column density map for the corresponding species. In Sect. 3.1.5, we have already obtained the beam-deconvolved peak value (Ipeak) of the moment map using 2D Gaussian fitting, enabling us to directly calculate the beam-deconvolved peak column density using Eq. (5). The derived column densities of different species are listed in Tables B.2, B.3, and B.4.
In Figure 5, we compare the beam-deconvolved column densities (Sect. 3.2.3) calculated using the spectral stacking method with the ones derived by Qin et al. (2022) through LTE fitting for the 60 strong hot cores. The results are generally in good agreement, supporting the reliability of column densities estimated through stacking. The details of the hot cores in G9.62+0.19 remain unclear, and we cannot confirm whether different hot core candidates exhibit similar distributions of emitting regions and excitation conditions. The discrepancy in the column densities primarily arises from possible differences in excitation temperatures and spatial patterns of COM emission in G9.62+0.19. Although the transitions chosen for stacking are optically thin, unresolved optically thick regions that cannot be distinguished at the current resolution may also contribute to the discrepancy. Nonetheless, the good agreement between the XCLASS fitting and the stacking conversion suggests comparable excitation conditions for different hot core candidates.
The column densities of the seven molecules span a striking range, covering one to three orders of magnitude. CH3OH stands out with the highest column densities, ranging from 1.4 × 1018 to 4.4 × 1020 cm−2. In comparison, CH3OCHO and CH3OCH3 show column densities approximately half an order of magnitude lower, from 5.3 × 1017 to 2.8 × 1020 cm−2 and from 1.0 × 1018 to 1.4 × 1020 cm−2, respectively. C2H5OH, CH3CHO, and CH3COCH3 exhibit column densities roughly one order of magnitude lower than CH3OH, ranging from 1.3 × 1017 to 5.9 × 1019 cm−2. C2H5CN, with the lowest values, spans a range from 1.6 × 1015 to 7.1 × 1018 cm−2-roughly two orders of magnitude lower than CH3OH. This wide variability in column densities highlights the diverse physical conditions or evolution stages among the 100 hot core candidates under investigation.
	[image: thumbnail]	Fig. 3 Moment 0 maps of the stacked cubes (Sect. 3.1.5) from three example sources – I18032-2032 (G9.62+0.19), I15394-5358, and I18434-0242 – are shown. The contours represent the continuum emission, with levels of [5, 10, 30, 50, 100, 200] multiplied by the root mean square (rms). The rms value is shown in the lower right corner of the figure (in units of Jansky per beam. The white filled white ellipses in the lower right corners of the left panels represent the beam of continuum emission. The red ellipses indicate the deconvolved FWHM sizes from the twodimensional Gaussian fits to the compact cores. The images for the remaining 83 sources, which contain 94 hot cores and candidates, are presented in Fig. C.1 (on Zenodo).



	[image: thumbnail]	Fig. 4 Number of hot cores detected with different COMs. The numbers from Qin et al. (2022), the newly detected numbers from this work, and the total are presented.



	[image: thumbnail]	Fig. 5 Comparison of column densities derived through stacking (y axis; Sect. 3.2.3) and those fit by Qin et al. (2022) (x axis) for the 60 brightest hot cores. The yellow line represents y = x. C denotes the correlation coefficient.



4 Discussion
4.1 Source-stacking spectrum of hot-cores
For each of the 100 hot core candidates, we extracted the fullband spectra of SPW 7 and SPW 8 at the peak location of CH3OH (after stacking). First, these frequency axis of these spectra were corrected through
[image: equation](6)
Here, v′ is the corrected frequency axis. We then resampled the spectra to have aligned channels with a channel width of 0.49 MHz. A source-stacking template spectrum was obtained by averaging these spectra with equal weighting. The stacked spectrum is shown in Figure 6. Thanks to the improved S/N from source stacking, the rich emission lines of COMs can be identified. We fit the template spectrum with the emissions of species already identified from G9.62+0.19 (Liu et al. 2020b; Peng et al. 2022) using XCLASS. The rest frequencies, transitions, and state temperatures of these molecules are compiled in Table B.1. The source-stacking spectrum can serve as a template for HMC studies, providing a reference for the rapid identification of molecular species in the same band. In addition to the identified transitions, there are plenty of line features yet to be identified in the ATOMS sample. We do not attempt to identify them in this work, which focuses on spectral stacking of the ATOMS hot core candidates. Instead, the source-stacking spectrum offers a valuable template for hot-core research in future studies. The source-stacking technique can also enhance sensitivity for molecular identification in follow-up surveys, such as the ALMA-QUARKS survey in band 6 (Liu et al. 2024b).
4.2 Correlations of complex molecules
Figures 7 and C.2 (on Zenodo) show the correlations between the column densities of molecular pairs for the seven molecules, including both the strong hot cores and the weak candidates. One of the most significant features is that the column densities of weak hot core candidates lie at the lower end of the linear correlation trend for different COM species across the entire sample. This supports the validity of estimating column density through stacking (Sect. 3.2.3) and may suggest that the similarity in excitation conditions observed in hot cores could also be applicable to the weak hot core candidates.
We summarized the correlation coefficients of different molecular pairs in the lower-right panel of Figures 7. Among them, three molecular pairs exhibited strong correlations (with correlation coefficients close ≳ 0.9): CH3OH versus CH3OCHO, CH3OCHO versus C2H5CN, and CH3OCHO versus CH3OCH3 (Figure 7). Their correlation coefficients are 0.89, 0.88, and 0.94, respectively. CH3OH, CH3OCHO, and C2H5CN demonstrate consistently strong correlations in their column densities.
The strong correlation between CH3OCHO and CH3OCH3 has been observed in low-(Li et al. 2024), intermediate-(Ospina-Zamudio et al. 2018), and high-mass star-forming regions (e.g., Bisschop et al. 2007; Coletta et al. 2020; Li et al. 2024). This close relationship can be attributed to a common precursor, CH3O (Garrod & Herbst 2006; Garrod et al. 2008; Garrod 2013; Öberg 2016), or alternatively CH3OCH3 may act as a precursor to CH3OCHO (Balucani et al. 2015). Moreover, both species are strongly correlated with CH3OH (Fig. 7), supporting the hypothesis that their precursor, CH3O, is likely produced through the photodissociation of CH3OH in a hot-core environment. As an isomer of CH3OCH3, C2H5OH also exhibits a strong correlation (0.86) with CH3OCHO. This suggests that the chemical environments for forming the two isomers (C2H5OH and CH3OCH3) in hot cores share similarities.
The weakest correlation occurs between CH3OH and CH3COCH3. This can be attributed to the distinct formation and excitation mechanisms of these molecules. CH3OH is abundant in hot cores and may form primarily through grain-surface reactions (Herbst & van Dishoeck 2009). In contrast, CH3COCH3 (acetone) is a more complex molecule that forms through both gas-phase reactions and surface reactions on dust grains (Combes et al. 1987; Singh et al. 2022). The differences in their formation pathways could lead to varying physical conditions in hot cores, which may result in the observed weak correlation.
The strong correlation between the nitrogen-bearing molecule C2H5CN and the oxygen-bearing molecule CH3OCHO confirms that both are excellent tracers of hot cores, with the hot core environment governing their generation and/or the excitation of their emission. C2H5CN also shows a strong overall correlation with CH3OCH3, with a correlation coefficient of 0.86. However, different spatial distributions between the nitrogen-bearing C2H5CN and oxygen-bearing species are observed in some sources (e.g., IRAS 17158-3901, 17160-3707, and 18032-2032; see Figure C.3 (on Zenodo)). Therefore, whether the nitrogen and oxygen differentiation is common in our sample of high-mass star-forming regions remains uncertain due to the limited angular resolution in our observations (Qin et al. 2022). In future studies utilizing higher-resolution and more sensitive data from the ALMA-QUARKS project (Liu et al. 2024b), a more comprehensive analysis of the differentiation between nitrogen and oxygen species in hot cores will be achievable.
	[image: thumbnail]	Fig. 6 Spectrum averaged over all 100 hot core candidates (Sect. 4.1). The transitions identified in the averaged spectrum (see Table B.1) are labeled with the corresponding species names. The transitions selected for spectral stacking (Sect. 3.1.2) in this work are marked with red labels displaying the species names. The 3σ (0.2 K) noise level is indicated by horizontal pink lines.



4.3 Spatial distributions of complex molecular line emission
The emission lines of COMs, with the exception of CH3CHO, generally exhibit compact emission, concentrated around the average position of the peak emission of the seven molecules. In contrast, CH3CHO displays more extended emission in certain sources, such as I8032-2032 and I15394-5358, as is shown in Figure 3. The sizes of the emission regions for the seven molecules were measured in each source and are compared in Figure 8. The deconvolved sizes of the emission regions for CH3OH, CH3OCHO, C2H5CN, C2H5OH, CH3OCH3, and CH3COCH3 range from approximately 940 to 57 306 AU, while the deconvolved sizes for CH3CHO range from 4033 to 91 884 AU.
We compared the integrated intensity maps of the stacked cube of CH3CHO with the ones of SiO (2–1) and H13CO+ (1–0), both of which typically exhibit extended emission in the ATOMS sample. In 43 sources, CH3CHO shows emission that is as extended as that of SiO and H13CO+, as is demonstrated in Figure 9. To quantify this, we calculated the correlation between the integrated intensity maps of CH3CHO, SiO, and H13CO+for these 43 sources. The distribution of the correlation coefficients is shown in Figure 10. We find that CH3CHO exhibits a strong correlation with H13CO+, with correlation coefficients exceeding 0.8. This suggests that CH3CHO is likely widely distributed throughout some high-mass star-forming regions, similar to H13CO+, a common tracer of dense gas. In particular, for several sources (I13079-6218, I13134-6242, I13140-6226, I16071-5142, I16272-4837, I16318-4724, I16348-4654, and I18507+0121), CH3CHO shows a strong correlation with SiO, with correlation coefficients greater than 0.8. This finding supports the possibility that CH3CHO could be formed in shock-processed regions, a hypothesis that warrants further investigation in future studies (Chengalur & Kanekar 2003).
	[image: thumbnail]	Fig. 7 Comparison of the column density correlations among the seven molecules. The first three panels show the correlations of molecular column densities, with the red lines representing the linear fit in log scale. The correlation coefficients (labeled as ‘C’ in the upper left corner) are displayed in each panel. Blue and yellow points represent the column densities obtained through stacking of the 60 strong hot cores and 40 weak candidates, respectively. Gray points indicate the column densities of strong hot cores fit by Qin et al. (2022). The bottom right panel displays the correlation coefficients between all species. Each cell is colored, with a deeper color representing a higher correlation coefficient. The p value, which is also displayed in each panel, quantifies the statistical significance of the observed correlation. A smaller p value (typically <0.05) indicates a stronger, more statistically significant correlation, while larger p value suggest weaker or less significant relationships between the variables.



	[image: thumbnail]	Fig. 8 Relation between the beam-deconvolved sizes (in log scale) of hot core candidates for different species, with the x and y axes values representing the core sizes of CH3OH and the other six species, respectively. The dashed red line represents y = x. The dashed black line shows the linear fit of all data points, except those of CH3CHO. The dashed pink line shows the linear fit of the CH3CHO data. The shaded regions indicate the standard deviation range of the data.



5 Conclusions
We conducted a systematic survey of hot molecular cores in 146 high-mass star forming regions using the ATOMS band 3 data through molecular spectral stacking technique. The complex molecules used in this study are CH3OH, CH3OCHO, C2H5CN, C2H5OH, CH3OCH3, CH3CHO, and CH3COCH3. The primary findings of this work are summarized as follows:

	(1) Using spectral stacking techniques, we identified 100 hot core candidates that show strong and compact COMs emissions. Among them, 60 hot cores were previously identified by Qin et al. (2022). The other 40 are newly identified in this work.


	(2) We estimated the column densities for seven molecules at the peak positions of the CH3OH emission. Among the seven molecules, CH3OH has the highest column density. The column densities of CH3OCHO and CH3OCH3 are approximately half an order of magnitude lower than that of CH3OH. C2H5OH, CH3CHO, and CH3COCH3 are an order of magnitude lower, while C2H5CN is about two orders of magnitude lower than CH3OH.




(3) A tight correlation between the column densities of CH3OCHO and CH3OCH3 (correlation coefficient of 0.94) is found in our hot core sample. Strong correlations are also witnessed between the pairs of CH3OCHO/CH3OH, CH3OCH3/CH3OH, and C2H5OH/CH3OCHO. These chemical links suggest that CH3OH serves as a precursor for several COMs.
(4) CH3CHO exhibits significantly extended emission in 43 of the 100 hot core candidates. The extended emission features of CH3CHO in these 43 sources are similar to the ones of SiO and H13CO+. This suggests that CH3CHO is widely distributed and may be formed in shock regions within some high-mass star-forming clumps.
Overall, this study significantly expands the sample of hot core candidates through the spectral stacking method, providing a reliable approach for identifying molecular species in high-=mass star-forming regions. The method serves as a valuable tool for future investigations into molecular distributions and formation processes in these environments.
	[image: thumbnail]	Fig. 9 Comparison of moment 0 maps of CH3CHO (after spectral stacking), SiO, and H13CO+. The background emission shows 3 mm continuum emission. The white, yellow and red contours are for H13CO+ emission, SiO, and CH3CHO, respectively. Their contour levels are [5, 10, 15, 30, 50, 100, 200] × Rms(1, 2, 3). Rms(1), Rms(2) and Rms(3) are shown in the lower right corners, representing the noise values for CH3CHO, SiO, and H13CO+, respectively, with units of Kelvin kilometers per second. The beam of continuum emission is placed in the lower left corner of the image.



	[image: thumbnail]	Fig. 10 Kernel density estimate (KDE) smoothed distribution of correlation coefficients between the moment 0 maps of CH3CHO (after stacking), SiO (2–1), and H13CO+ (1–0). The KDE curves were generated using the gaussian_kde tool from the scipy package in Python. The vertical lines indicate the peaks of the distributions.
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Appendix A  Parameters of molecular transitions
Table A.1 
Parameters of molecular transitions


Appendix B  Additional tables
Table B.1 shows the molecular line parameters for lines marked in Figure 6. Table B.2 lists line parameters of CH3OH. Table B.3-B.4 lists the Physical parameters of CH3OCHO C2H5CN C2H5OH CH3OCH3 CH3CHO CH3COCH3.
Table B.1 
Identified transitions from stacked spectra of 100 hot cores

Table B.2 
Line parameters of CH3OH


Appendix C  Additional figures
Figure C.1 (on Zenodo) shows the spectral lines of three cores (C1, C2, C3) in G9.62 +0.19, with the molecular spectral lines in Table A.1 annotated. Figure C.2 (on Zenodo) presents the correlations of molecular column densities. Figure C.3 (on Zenodo) illustrates the comparison of moment 0 maps of CH3CHO (after spectral stacking), SiO and H13CO+.

Appendix D  Moment maps
Figure D.1 (on Zenodo) displays the moment 0 map obtained by stacking seven molecules.
Table B.3 
Physical parameters of CH3OCHO C2H5CN C2H5OH

Table B.4 
Physical parameters of CH3OCH3 CH3CHO CH3COCH3
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	[image: thumbnail]	Fig. 1 Flowchart of the molecular spectral line stacking and hot core candidate identification.
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	[image: thumbnail]	Fig. 2 The stacked model spectrum of the seven molecules. The solid lines represent the averaged spectra of the template hot cores in G9.62 +0.19 after spectral stacking. The dashed lines show Gaussian fits to the spectra. The integrated areas of the Gaussian fits (in units of Kelvin kilometers per second) are labeled in the upper right corner. The vertical dotted lines indicate the velocity range of ±5 km/s.
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	[image: thumbnail]	Fig. 3 Moment 0 maps of the stacked cubes (Sect. 3.1.5) from three example sources – I18032-2032 (G9.62+0.19), I15394-5358, and I18434-0242 – are shown. The contours represent the continuum emission, with levels of [5, 10, 30, 50, 100, 200] multiplied by the root mean square (rms). The rms value is shown in the lower right corner of the figure (in units of Jansky per beam. The white filled white ellipses in the lower right corners of the left panels represent the beam of continuum emission. The red ellipses indicate the deconvolved FWHM sizes from the twodimensional Gaussian fits to the compact cores. The images for the remaining 83 sources, which contain 94 hot cores and candidates, are presented in Fig. C.1 (on Zenodo).
In the text



	[image: thumbnail]	Fig. 4 Number of hot cores detected with different COMs. The numbers from Qin et al. (2022), the newly detected numbers from this work, and the total are presented.
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	[image: thumbnail]	Fig. 5 Comparison of column densities derived through stacking (y axis; Sect. 3.2.3) and those fit by Qin et al. (2022) (x axis) for the 60 brightest hot cores. The yellow line represents y = x. C denotes the correlation coefficient.
In the text



	[image: thumbnail]	Fig. 6 Spectrum averaged over all 100 hot core candidates (Sect. 4.1). The transitions identified in the averaged spectrum (see Table B.1) are labeled with the corresponding species names. The transitions selected for spectral stacking (Sect. 3.1.2) in this work are marked with red labels displaying the species names. The 3σ (0.2 K) noise level is indicated by horizontal pink lines.
In the text



	[image: thumbnail]	Fig. 7 Comparison of the column density correlations among the seven molecules. The first three panels show the correlations of molecular column densities, with the red lines representing the linear fit in log scale. The correlation coefficients (labeled as ‘C’ in the upper left corner) are displayed in each panel. Blue and yellow points represent the column densities obtained through stacking of the 60 strong hot cores and 40 weak candidates, respectively. Gray points indicate the column densities of strong hot cores fit by Qin et al. (2022). The bottom right panel displays the correlation coefficients between all species. Each cell is colored, with a deeper color representing a higher correlation coefficient. The p value, which is also displayed in each panel, quantifies the statistical significance of the observed correlation. A smaller p value (typically <0.05) indicates a stronger, more statistically significant correlation, while larger p value suggest weaker or less significant relationships between the variables.
In the text



	[image: thumbnail]	Fig. 8 Relation between the beam-deconvolved sizes (in log scale) of hot core candidates for different species, with the x and y axes values representing the core sizes of CH3OH and the other six species, respectively. The dashed red line represents y = x. The dashed black line shows the linear fit of all data points, except those of CH3CHO. The dashed pink line shows the linear fit of the CH3CHO data. The shaded regions indicate the standard deviation range of the data.
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	[image: thumbnail]	Fig. 9 Comparison of moment 0 maps of CH3CHO (after spectral stacking), SiO, and H13CO+. The background emission shows 3 mm continuum emission. The white, yellow and red contours are for H13CO+ emission, SiO, and CH3CHO, respectively. Their contour levels are [5, 10, 15, 30, 50, 100, 200] × Rms(1, 2, 3). Rms(1), Rms(2) and Rms(3) are shown in the lower right corners, representing the noise values for CH3CHO, SiO, and H13CO+, respectively, with units of Kelvin kilometers per second. The beam of continuum emission is placed in the lower left corner of the image.
In the text



	[image: thumbnail]	Fig. 10 Kernel density estimate (KDE) smoothed distribution of correlation coefficients between the moment 0 maps of CH3CHO (after stacking), SiO (2–1), and H13CO+ (1–0). The KDE curves were generated using the gaussian_kde tool from the scipy package in Python. The vertical lines indicate the peaks of the distributions.
In the text
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        The stacked model spectrum of the seven molecules. The solid lines represent the averaged spectra of the template hot cores in G9.62 +0.19 after spectral stacking. The dashed lines show Gaussian fits to the spectra. The integrated areas of the Gaussian fits (in units of Kelvin kilometers per second) are labeled in the upper right corner. The vertical dotted lines indicate the velocity range of ±5 km/s.
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        Moment 0 maps of the stacked cubes (Sect. 3.1.5) from three example sources – I18032-2032 (G9.62+0.19), I15394-5358, and I18434-0242 – are shown. The contours represent the continuum emission, with levels of [5, 10, 30, 50, 100, 200] multiplied by the root mean square (rms). The rms value is shown in the lower right corner of the figure (in units of Jansky per beam. The white filled white ellipses in the lower right corners of the left panels represent the beam of continuum emission. The red ellipses indicate the deconvolved FWHM sizes from the twodimensional Gaussian fits to the compact cores. The images for the remaining 83 sources, which contain 94 hot cores and candidates, are presented in Fig. C.1 (on Zenodo).
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        Number of hot cores detected with different COMs. The numbers from Qin et al. (2022), the newly detected numbers from this work, and the total are presented.
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        Comparison of column densities derived through stacking (y axis; Sect. 3.2.3) and those fit by Qin et al. (2022) (x axis) for the 60 brightest hot cores. The yellow line represents y = x. C denotes the correlation coefficient.
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        Spectrum averaged over all 100 hot core candidates (Sect. 4.1). The transitions identified in the averaged spectrum (see Table B.1) are labeled with the corresponding species names. The transitions selected for spectral stacking (Sect. 3.1.2) in this work are marked with red labels displaying the species names. The 3σ (0.2 K) noise level is indicated by horizontal pink lines.
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        Comparison of the column density correlations among the seven molecules. The first three panels show the correlations of molecular column densities, with the red lines representing the linear fit in log scale. The correlation coefficients (labeled as ‘C’ in the upper left corner) are displayed in each panel. Blue and yellow points represent the column densities obtained through stacking of the 60 strong hot cores and 40 weak candidates, respectively. Gray points indicate the column densities of strong hot cores fit by Qin et al. (2022). The bottom right panel displays the correlation coefficients between all species. Each cell is colored, with a deeper color representing a higher correlation coefficient. The p value, which is also displayed in each panel, quantifies the statistical significance of the observed correlation. A smaller p value (typically <0.05) indicates a stronger, more statistically significant correlation, while larger p value suggest weaker or less significant relationships between the variables.
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        Relation between the beam-deconvolved sizes (in log scale) of hot core candidates for different species, with the x and y axes values representing the core sizes of CH3OH and the other six species, respectively. The dashed red line represents y = x. The dashed black line shows the linear fit of all data points, except those of CH3CHO. The dashed pink line shows the linear fit of the CH3CHO data. The shaded regions indicate the standard deviation range of the data.

      

    

  
    
      Fig. 9 

      
        [image: thumbnail]
      

      
        Comparison of moment 0 maps of CH3CHO (after spectral stacking), SiO, and H13CO+. The background emission shows 3 mm continuum emission. The white, yellow and red contours are for H13CO+ emission, SiO, and CH3CHO, respectively. Their contour levels are [5, 10, 15, 30, 50, 100, 200] × Rms(1, 2, 3). Rms(1), Rms(2) and Rms(3) are shown in the lower right corners, representing the noise values for CH3CHO, SiO, and H13CO+, respectively, with units of Kelvin kilometers per second. The beam of continuum emission is placed in the lower left corner of the image.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Kernel density estimate (KDE) smoothed distribution of correlation coefficients between the moment 0 maps of CH3CHO (after stacking), SiO (2–1), and H13CO+ (1–0). The KDE curves were generated using the gaussian_kde tool from the scipy package in Python. The vertical lines indicate the peaks of the distributions.

      

    

  
    
      Table A.1 

      Parameters of molecular transitions

      
        


	molecules
	θsource
	Tk
	Ns
	ΔV
	Ntrans
	frequency
	weights
	database



	
	″
	K
	× 1015 cm−2
	km/s
	
	GHz
	
	





	
	
	
	
	
	
	97.678803
	0.22
	JPL



	CH3OH (C1)
	1.6
	100
	200
	5
	3
	98.030648
	0.10
	JPL



	
	
	
	
	
	
	100.638872
	3.87
	JPL



	




	
	
	
	
	
	
	98.190658
	0.52
	JPL



	
	
	
	
	
	
	98.270501
	0.23
	JPL



	
	
	
	
	
	
	98.278921
	0.95
	JPL



	
	
	
	
	
	
	98.424207
	0.67
	JPL



	
	
	
	
	
	
	98.431803
	0.94
	JPL



	
	
	
	
	
	
	98.435802
	0.74
	JPL



	
	
	
	
	
	
	98.682615
	0.81
	JPL



	
	
	
	
	
	
	98.712001
	0.65
	JPL



	CH3OCHO (C1)
	1.2
	123
	32
	5
	17
	98.747906
	0.73
	JPL



	
	
	
	
	
	
	98.792289
	0.73
	JPL



	
	
	
	
	
	
	99.133272
	0.24
	JPL



	
	
	
	
	
	
	99.135762
	0.17
	JPL



	
	
	
	
	
	
	100.294604
	0.95
	JPL



	
	
	
	
	
	
	100.308179
	0.79
	JPL



	
	
	
	
	
	
	100.482241
	1.01
	JPL



	
	
	
	
	
	
	100.490682
	1.14
	JPL



	
	
	
	
	
	
	100.681545
	1.31
	JPL



	




	
	
	
	
	
	
	98.523872
	3.17
	JPL



	
	
	
	
	
	
	98.533987
	0.42
	JPL



	
	
	
	
	
	
	98.544164
	0.69
	JPL



	C2H5CN (C3)
	1.4
	140
	1.2
	4.5
	8
	98.559927
	0.12
	JPL



	
	
	
	
	
	
	98.566615
	1.59
	JPL



	
	
	
	
	
	
	98.701070
	1.63
	JPL



	
	
	
	
	
	
	99.681461
	1.76
	JPL



	
	
	
	
	
	
	100.614281
	1.86
	JPL



	




	
	
	
	
	
	
	97.535908
	0.23
	JPL



	
	
	
	
	
	
	98.230313
	0.32
	JPL



	C2H5OH (C1)
	1.6
	100
	9
	4
	5
	98.583898
	0.28
	JPL



	
	
	
	
	
	
	98.983548
	0.29
	JPL



	
	
	
	
	
	
	99.524091
	0.29
	JPL



	




	CH3OCH3 (C1)
	1.6
	95
	30
	4
	2
	99.324430
	1.38
	JPL



	
	
	
	
	
	
	99.836443
	0.32
	JPL



	




	
	
	
	
	
	
	98.863314
	0.67
	JPL



	CH3CHO (C1)
	1.6
	100
	3.8
	5
	3
	100.127164
	0.10
	JPL



	
	
	
	
	
	
	100.645229
	0.10
	JPL



	




	
	
	
	
	
	
	98.800398
	0.29
	JPL



	CH3COCH3 (C2)
	1.4
	140
	20
	5
	4
	99.052559
	0.37
	JPL



	
	
	
	
	
	
	99.256107
	0.16
	JPL



	
	
	
	
	
	
	99.542604
	0.13
	JPL





      

      
Notes: Column 1 lists the molecule names. Columns 2 to 5 provide the best-fit molecular parameters from XCLASS, as used in Peng et al. (2022), including beam-deconvolved source size, rotational temperature, and column density. Column 6 shows the number of transitions (Ntrans) listed here for stacking. Column 7 contains the rest frequencies of the transitions, and Column 8 indicates the weights. All molecules are sourced from the JPL molecular database.




    

  
    
      Table B.1 

      Identified transitions from stacked spectra of 100 hot cores

      
        


	Species
	Transition
	Frequency (MHz)
	Elow (K)
	Eup (K)
	database





	g-CH3CH2OH
	23(1,23)-23(0,23),vt=1-0
	97536.849
	277.00973
	281.69073
	JPL



	g-CH3CH2OH
	29(1,28)-29(2,28),vt=1-0
	97546.875
	415.6889
	420.37038
	JPL



	g-CH3CH2OH
	26(0,26)-26(1,26),vt=1-0
	97549.692
	336.03248
	340.71410
	JPL



	g-CH3CH2OH
	24(1,24)-24(0,24),vt=1-0
	97562.811
	295.9081
	300.59035
	JPL



	⋯
	⋯
	⋯
	⋯
	⋯
	⋯





      

      
Notes. The entire version in a machine-readable format is available at the CDS. The table presents the spectral lines resulting from the stacked observations of 100 hot core canditates. It includes information on the transitions, frequency, upper and lower energy level in K. The labeling of these molecular lines is based on G9.62+0.19.




    

  
    
      Table B.2 

      Line parameters of CH3OH

      
        


	ID
	Source
	RA
	DEC
	Distance
	θsource
	PA
	
	CH3OH
	



	




	
	
	h m s
	° ′ ″
	kpc
	″
	°
	Ipeak K km s−1
	Iintegrated K km s−1 arcsec2
	N × 1016 cm−2





	1
	I08303-4303
	08:32:08.68
	-43:13:45.78
	2.3
	1.26±0.12
	168±42
	34.30 ± 1.20
	134.24 ± 7.04
	414.00±14.00



	2
	I08470-4243
	08:48:47.79
	-42:54:27.90
	2.1
	0.56±0.04
	113±21
	86.50 ± 1.10
	215.68 ± 4.48
	1040.00±10.00



	3
	I09018-4816
	09:03:33.46
	-48:28:01.69
	2.6
	0.93±0.36
	10±27
	32.20 ± 1.60
	113.28 ± 8.32
	388.00±19.00



	4
	I10365-5803N
	10:38:32.16
	-58:19:08.43
	2.4
	0.98±0.25
	54±76
	8.58 ± 0.25
	55.68 ± 2.56
	103.00±3.00



	5
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯





      

      
Notes. The entire version in a machine-readable format is available at the CDS. Column 1 lists the ID number. Column 2 provides the names of the hot core candidates, with a superscript ‘N’ indicating the hot core candidates newly identified in this work. Columns 3 to 7 contain the parameters of the hot core candidates, including peak position, distance from the Sun, deconvolved size, and position angle. The distances from the Sun are compiled in Liu et al. (2020b). The peak positions, sizes, and position angles of the hot core candidates are derived from 2D Gaussian fitting of the CH3OH integrated intensity maps. Columns 8 to 10 present the peak fluxes, integrated fluxes, and column densities.




    

  
    
      Table B.3 

      Physical parameters of CH3OCHO C2H5CN C2H5OH

      
        


	ID
	Source
	
	CH3OCHO
	
	C2H5CN
	
	C2H5OH
	
	
	



	




	
	
	Ipeak K km s−1
	Iintegrated K km s−1 arcsec2
	N × 1015 cm−2
	Ipeak K km s−1
	Iintegrated K km s−1 arcsec2
	N × 1015 cm−2
	Ipeak K km s−1
	Iintegrated K km s−1 arcsec2
	N × 1015 cm−2





	1
	I08303-4303
	5.67 ± 0.39
	49.60 ± 4.16
	47.10±3.20
	3.73 ± 0.46
	19.68 ± 3.36
	1.58±0.20
	-
	-
	-



	2
	I08470-4243
	23.60 ± 0.63
	67.20 ± 2.88
	196.00±5.00
	4.22 ± 0.48
	20.48 ± 3.20
	1.79±0.20
	2.47 ± 0.34
	5.18±1.25
	11.80±1.60



	3
	I09018-4816
	2.42 ± 0.28
	28.80 ± 3.84
	20.10±2.30
	-
	-
	-
	-
	-
	-



	4
	I10365-5803N
	0.49 ± 0.08
	8.80 ± 1.76
	4.07±0.58
	-
	-
	-
	-
	-
	-



	5
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯





      

    

  
    
      Table B.4 

      Physical parameters of CH3OCH3 CH3CHO CH3COCH3

      
        


	ID
	Source
	
	CH3OCH3
	
	CH3CHO
	
	CH3COCH3
	
	
	



	




	
	
	Ipeak K km s−1
	Iintegrated K km s−1 arcsec2
	N × 1015 cm−2
	Ipeak K km s−1
	Iintegrated K km s−1 arcsec2
	N × 1015 cm−2
	Ipeak K km s−1
	Iintegrated K km s−1 arcsec2
	N × 1015 cm−2





	1
	I08303-4303
	16.50 ± 1.00
	134.88±10.40
	56.40±3.40
	5.24 ± 0.90
	62.40±12.48
	6.22±1.07
	-
	-
	-



	2
	I08470-4243
	19.60 ± 1.00
	65.60±5.28
	67.00±3.40
	-
	-
	-
	-
	-
	-



	3
	I09018-4816
	6.02 ± 0.73
	48.64±7.36
	20.60±2.50
	1.43 ± 0.24
	404.80±68.80
	1.70±0.28
	-
	-
	-



	4
	I10365-5803N
	-
	-
	-
	-
	-
	-
	-
	-
	-



	5
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯
	⋯





      

      
Notes. The entire version in a machine-readable format is available at the CDS. Ipeak, Iintegrated, N represent the peak flux value, total integrated flux value, and molecular column density of CH3OCHO C2H5CN C2H5OH CH3OCH3 CH3CHO CH3COCH3.




    

  OEBPS/aa52762-24-eq8.png
_ Neat I
Lo





OEBPS/aa52762-24-eq9.png





OEBPS/aa52762-24-fig9_small.jpg





OEBPS/aa52762-24-eq4.png





OEBPS/aa52762-24-eq5.png
(D',)





OEBPS/aa52762-24-eq6.png
_ I WD;
ik
YW,





OEBPS/aa52762-24-eq7.png









OEBPS/aa52762-24-fig5_small.jpg





OEBPS/aa52762-24-eq1.png
T =1222% 10‘—
V26r0i0min





OEBPS/aa52762-24-fig2_small.jpg





OEBPS/aa52762-24-eq2.png
ve=vo1-

Visr





OEBPS/aa52762-24-eq3.png





OEBPS/aa52762-24-fig8_small.jpg





OEBPS/aa52762-24-fig1.jpg
wiLine identification & weights

wSegmentation of line datacube
EJResample

(&dStacking and Normalization
EMoment 0 maps

\

Spatial - Molecular
distributions Hot core candidates column density






OEBPS/aa52762-24-fig2.jpg
Tmb (K)

3.0

2.5

20

=
5

1.0y -————

0.5

CH30CHO
C;HsCN
CH3OH
C,HsOH
CH30CH3
CH3CHO
CH3COCH3
CH3OCHO(Fit)
CoHsCN(Fit)
CH3OH(Fit)
C2HsOH(Fit)
CH3OCHg3(Fit)
CH3CHO(Fit)

CH3COCH5(Fit)

G9 62-+0. 19 Gaussian fitting area

,l

CH30CHO: 3.85
CyHsCN: 2.83
CH3OH: 16.58
C2H5OHZ 1.88
CH30CH3: 8.77
CH3CHO: 3.20
CH3COCH31 1.61

- ——
0930 =25 —20 -15 -10

=5
Veloaty (km/s)

0 15 20 25 30





OEBPS/aa52762-24-fig3.jpg
CH,0CHO T CaHsOH CHy00H,

s 0.0002% numberi7 sumben numbeny 2 numben;
e ) . %

e

RAGCRS)
(Kime)
5"

1 5

oros ETEEY cHyoH CaHiON

@/

® IpRy® oww

IMPIPITO 163 15
RAGCRS)

numbor.17 number2

o
Rms0.0012
® IR otk number:2 number.d

67048 041 034






OEBPS/aa52762-24-fig4.jpg
S

=
N
o

Counts of hot core

140

100
80
60
40
20

Source Core

New Candidates
100 I Qin et al.2022
90 Total Candidates
80 77
60 59
54 51 - 52
A0 36 41 43
7 2 25 2627
16
A N él i 1
0‘2‘ Cz\o 5}% 0‘2‘ Cz{’: Cbo (:20
& O (ﬂg\ (;\g\ ° Q&O R [oX
o C 9 X

Molecule






OEBPS/aa52762-24-fig5.jpg
CH30H_stacked/CH;OH_fit CH30CHO_stacked/CH3;0CHO_fit C2HsCN_stacked/C;HsCN_fit

1901 c:o.68 7 185) coosl - o 175
Y & >
§ 185 - 2180 § 170
g 5 g B
S 180 S s 2165
3 g 3
t 115 8170 £ 160
g ] %

\ o ' 15.5
z 170 g 1651 ; g

> S £
£ ) L 150
5 165 . £ 160 S

170 175 160 185 150 195 155 160 165 17.0 175 180 185 15 16 17

CH30H_fit (log) cm~2 CH30CHO_fit (log) cm~2 CHsCN_fit (log) cm~2





OEBPS/aa52762-24-fig6.jpg
HOODTHD

L

0=NOHIOHD e

=
:v )
8
g
3
8
FHI0DHD w
0=A'OHOFHD =
226
0S¢ .
HOE*HD —
o33
" 3 8
NOgPHOHD
e—
0=ANDH?D —
HO®HZD6-
NDPHIeFHD
NDe PHO®HD
NOTHIEHD .
NDgrPHIFHD .
5 ¢ =
2.3
2+ 9 =
8% % jax:
QF & oX
3° =85
FHOOHD ~= S
& —~8%
g ="
& El
5 - £
o HOSHZD6~
~

“(HO%HO)-Boe
HOPHE6
0=ANDHE)

97800

Spw7_
L)WN\;\,\Wu,«.J,V

HOSHED™6 <
AN

/
LA

NerdPHOHD
05y

Wl

H

208
N PHOTH.
HOHD
0=N'OHOOHD

¥

Aot

/o
LA AN

97600

\

HOSHED6 <

HOTHD

|

o Al

HOSHO6 =

14
12
10
8
6
4
2

IR

99400

2
2-0=A"HOEHD w
3
HOOFHD —_—
A
NOPHOE*HD

M)

0=A"®HD0DHD

DlOSIH

99200

EHIOTHD
NOgrSHE. -

OHDOfHD

LS VRN .. O

o
oo

=

“HOHD)-Boe
0=N'OHDOFHD
0=A"THD0DHD
HHO®HD)-e9b
D(OYIH

99000

Frequency [MHz]

Spw8_99450,100380

HOPHO®HD6

et

/)
//
R

ZT0=NOHIHD
HOSHZD
OHOHD.

spw7_98465,99450

OHIFHD
HOTHOHHDD ==

e

98800

0=NEHI0IEHD
0=A"OHIOHD

HO?HDHD-6.
00
OHOOHD

NOSHED
OHIOFHD ——
HOPHIFHI6.

y SHOODFHD.
V-T=SNNOTHOHD

J A

"y

98600

NDEZHOTHD.
NOSHOD —_—
HO0DFHD:

HOSHY-B

14

NEOH.

”J

W

12

0=RNIHD =

HOHIEHO-B
EHDODEHD ——

b

T=LA'NEOH ==

W

A

J

T=SANEOH
NDgPHOHD ——

A

HOSHED

(SN

NOZHIgFHD

OHIHD
N ?HOFHD
000%H ——

n

-

|

=A'OHDOHD
05—

.

100000

HOZHIEHDY

T=ANDDOH

HOMHOPHD B ——

| ENNPY. V.V W VSIS

HDO%HD-

ZO=INHOHD
HOPHOEHD6 ——=
HOPHD

|

0=NNIEOIH
0=A'NIIOH

HOOHD

OHOOTHD

HOODPHD
HOPHOTHDA
“(HOHO)-e00

0=N'OHDO'HD

IR . | .

® o «
]9y

10

100200

99800

99600

Frequency [MHz]
spw8_100380,101350

14

l
L

HOMHOHO-6

ZO=NHOHD
0=ANSDH
2= INHSEHD

ZT0=NOHIOHD.

0=NNIHIHD

=2

|
1

P Y, W ¥ S

CH3SHve<

HOPHOEHOA

EHDOFHD s

0=A"?0S

2(HO?HD)-e96

OHOOFHD
Z=ANEIH

OHDOFHD

|
NI

OHIEHD.

L

HOFHD

J

I
\

NO?HO®HD

-

EHD0DEHD

0=N'OHDOHD =
T=IANEOH ———
HOHOFHO6 ——
HOOFHD
0=NHD0HD

[N

NOTHOHIE:
@
MRS

© ¢ ~ o

12

)
B

101000 101200
Frequency [MHz]

100800

100600

100400





OEBPS/aa52762-24-fig7.jpg
18.5

18.0/

-
N
n

Log(Ncws;ocHo) cm™2
e
5 S
[ =}

16.0;

15.5

C=0.89 CH30CHO/CH30H

P = 1.84e-32 st

18.5,

C,HsCN/CH;0CHO -

Log(Nc,hsen) cm
T
5 & 5 5 5% B
v o 0 5 o o

B
> 0
0 o

165 17.0 175 18.0 185 19.0
Log(NcH,0n) cm™2

195

18.0;

17.5

-2
-
X
o

Log(Nchsoch,) cm
o
&

16.0]

CH30CH3/CH30CHO
C=094

P = 4.83e-36

15.5 16.0 16.5 17.0 17.5 18.0

Log(Ncu,ocHo) cm™2

18.5

-
o
[
ol
o
o|

Log(NcwsocHo) €cm™—2

Seven Molecules

CH30CHO

CzHsCN

CzHsOH

CH30CH3

CH3CHO

CH3COCH3 - 0.38

C\'\’OY:‘,\'\300“%1“5C“u"‘"°‘2;ﬂa°°“éﬂ;°“°

16.5 17.0 17.5 18.0 18.5

0.9

0.8

0.7

0.6

-04





OEBPS/aa52762-24-fig8.jpg
Molecules-X(AU)

Source size for six molecules as a function of methanol

10°

T T T T

104E

Best Fit
- x=y

---- CH3CHO Fit
-4 CH30CHO
4 CyHsCN
4 C3HsOH
4 CH30CH;
4 CH3CHO
- CH3COCH3
1

107
CH3OH (AU)





OEBPS/aa52762-24-fig10_small.jpg





OEBPS/aa52762-24-fig9.jpg
DEC (ICRS)

DEC (ICRS)

Intensity (Jy/beam.km/s)
0.02 0.03 0.04

35'00"

Rms(1)=3.500e-01
0.01 Rms(2)=8.280e-02
P Rms(3)=1.560e-01

13h11m18s 165 14s 128
RA (ICRS)

Intensity (Jy/beam.km/s)
0.10 0.15 0.20 0.25 0.30

-47°00'15"

01'00"
Rms(1)=4.993e-01
0.2 Rms(2)=3.532e-02
‘ £ 1PC) Rms(3)=8.930e-02

6"38m32s  31% 308 29s 28s
RA (ICRS)






OEBPS/aa52762-24-fig1_small.jpg





OEBPS/dash.png





OEBPS/aa52762-24-fig4_small.jpg
i





OEBPS/aa52762-24-fig7_small.jpg





OEBPS/aa52762-24-fig3_small.jpg





OEBPS/aa52762-24-fig10.jpg
KDEyae (l0g scale)

Distribution of Correlation Coefficients

} — cHscHo & sio
—— CH3CHO & H13CO*
—— Sio & HI3CO*

10° i ——- Peak CH3CHO & Sio: {0.77:.2f}

——- Peak CH3CHO & H13CO*: {0.76:.2f}
——- Peak Sio & H3CO*: {0.82:.2f}

1072 i

1073
1071 10°
Correlation Coefficient (log scale)






OEBPS/aa52762-24-fig6_small.jpg
il
L b






