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Abstract

Context. High-mass prestellar cores are extremely rare. Until recently, the search for such objects has been hampered by small sample sizes, leading to large ambiguities in their lifetimes and hence the conditions in the cores in which high-mass stars (≳8 M⊙) form.

Aims. Here we leverage the large sample (~580 cores) detected in the ALMA-IMF survey to identify both protostellar and prestellar cores to estimate their relative lifetimes.

Methods. We used CO and SiO outflows to identify protostellar cores. We present a new automated method based on aperture line emission and background subtraction to systematically detect outflows associated with each of the 141 most massive cores. Massive cores that are not driving an outflow in either tracer are identified as prestellar. After careful scrutiny of the sample, we derived statistical lifetime estimates for the prestellar phase.

Results. Our automated method allows the efficient detection of CO and SiO outflows and has a performance efficiency similar to that of more cumbersome classical techniques. We identified 30 likely prestellar cores with M≳ 8 M⊙, of which 12 have core masses M≳ 16 M⊙. The latter group contains the best candidates for high-mass star precursors. Moreover, most of these 12 high-mass prestellar cores are located inside the crowded central regions of the protoclusters, where most high-mass stars are expected to form. Using the relative ratios of prestellar to protostellar cores, and assuming a high-mass protostellar lifetime of 300 kyr, we derive a prestellar core lifetime of 120 kyr to 240 kyr for cores with masses 8 M⊙ < M < 16 M⊙. For 30 M⊙ < M < 55 M⊙, the lifetimes range from 50 kyr to 100 kyr. The spread in timescales reflects different assumptions for scenarios for the mass reservoir evolution. These timescales are remarkably long compared to the 4 kyr to 15 kyr free-fall time of the cores. Hence, we suggest that high-mass cores live ~10 to 30 free-fall times, with a tentative trend of a slight decrease with core mass. Such high ratios suggest that the collapse of massive cores is slowed down by non-thermal support of turbulent, magnetic or rotational origin at or below the observed scale.
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1 Introduction
Understanding star formation strongly relies on unveiling the youngest stages of the evolution from molecular gas to young stars, which are the stages of the protostars and pre-collapse or prestellar cores (e.g., Lada & Adams 1992; Andre et al. 2000 and references therein). These stages still carry the imprint of the physical properties at the onset of collapse and of the prevailing physical processes leading to the birth of a new star. For low-mass star formation, a fairly good census of all protostars and prestellar cores has been obtained with a series of infrared (IR) space telescopes, such as IRAS, ISO, Spitzer, and Herschel leading to a view with a sequence of different observational stages led by clear physical processes.
Low-mass (M < 8 M⊙) prestellar cores (hereafter PSCs) are believed to originate from quasi-static contractions of dense cores and clumps, well described by Bonnort-Ebert spheres, and leading to a gravitational collapse when gravity cannot be contained by the other supports (i.e., thermal, magnetic and turbulent pressures). In nearby molecular clouds, the properties of low-mass PSCs have been widely studied leading to a picture, namely the gravo-turbulent scenario (Padoan & Nordlund 2002), of a probable slow contraction of low-density clump to high-density cores over ~1 Myr (e.g., Jessop & Ward-Thompson 2000; Könyves et al. 2015). The typical thermal Jeans masses are also found to correspond well to the stellar masses suggesting that no additional support to thermal pressure is required to account for low-mass star masses.
In contrast, the steps to form high-mass stars (M > 8 M⊙) are much less well understood. From the observational point of view this is due to the rarity of high-mass stars and the need to search for high-mass protostellar objects at large galactic distances (typically at a distance d > 2 kpc; Motte et al. 2018a). From the theoretical point of view, the modeling and simulations have difficulties in accounting for the full complexity of the required physics to explain the highest stellar masses, which certainly have to involve magnetic fields, turbulence and radiative energy at the same time and over decades of different scales in molecular clouds (e.g., Tan et al. 2014; Stutz & Gould 2016; Commerçon et al. 2022). Low-mass PSCs are easy to study and can be convincingly seen as the reservoir of mass to form stars (Motte et al. 1998; Launhardt et al. 2013; Könyves et al. 2015; Furlan et al. 2016) possibly formed by thermal Jeans instability in dense filaments and clumps, following the core-fed scenario. In contrast, the reservoirs to form high-mass stars are more elusive and seem too massive to be explained by simple thermal Jeans fragmentation, certainly requiring magnetic and turbulent supports to keep possible the core-fed scenario. Continuously driven turbulence could increase the local Jeans masses enough to explain high-mass reservoirs (McKee & Tan 2003). The global gravitational potential well of dense clumps (>0.1 pc scale) could also lead to a competition for accretion from the high infall rates (Bonnell et al. 2001). The reservoir of mass to form high-mass stars could therefore mostly reside at clump scales with powerful convergence of gas down to protostellar scales in a clump-fed scenario (Peretto et al. 2013; Csengeri et al. 2011; Duarte-Cabral et al. 2013; Peretto et al. 2020). It is unclear which exact physical processes are regulating or dominating the evolution of these massive cradles, and at what scale(s) a fragmentation process might yield small-scale concentrations of mass that we would call cores. Hence it remains unclear if high-mass reservoirs can be pinpointed observationally as well-identified objects distinct from their surroundings (Motte et al. 2007; Tigé et al. 2017; Sanhueza et al. 2019; Morii et al. 2023).
Observationally the protoclusters are very dynamical in nature (Schneider et al. 2010; Peretto et al. 2013; Avison et al. 2021; Álvarez-Gutiérrez et al. 2024) and the dense high-mass clumps do not have the required level of turbulence to explain high-mass Jeans fragmentation (e.g., Csengeri et al. 2011). In order to explain the very rare occurrence of high-mass PSCs, Motte et al. (2018a) proposed a scenario in which protostellar cores and their parental clumps simultaneously grow in mass and accrete gas from their surroundings without any high-mass reservoir formed at early stage. The top-heavy core mass functions recently observed in the ALMA-IMF protoclusters (Motte et al. 2018b; Pouteau et al. 2022; Louvet et al. 2024) and its proposed evolution (Pouteau et al. 2023; Nony et al. 2023; Armante et al. 2024) could reflect this effect of progressive increase of core mass from the prestellar to the protostellar phase.
To understand the precise origin of high-mass stars, it is crucial to find very good examples of high-mass PSCs, and to study their physical properties. Such high-mass PSCs are, however, extremely rare, as was recognized early on by Motte et al. (2007) (see also Motte et al. 2018a for a review). To date only a few candidates for high-mass prestellar cores have been found as compact cores that are both massive enough (at least above 16 M⊙) and without any outflow detection (i.e., likely tracing no protostellar activity, see below):

	CygX-N53-MM2 was discovered by Duarte-Cabral et al. (2013) along with nine other high-mass protostellar cores; it does not show any strong sign of CO outflow but which is also situated on the side of a strong protostellar outflow from the nearby CygX-N53-MM1 protostellar core.


	G11.11-P6-SMA1 was found in Wang et al. (2014) which is lacking of any outflow emission.


	W43-MM1 #6 was discovered by Nony et al. (2018); it does not drive any strong outflow (it is close to a strong outflow driving high-mass protostar W43-MM1 #3), but has an interesting and unusual weak emission of complex organic molecules pointing to the presence of some warm gas inside it (between 20 and 90K; Molet et al. 2019).


	C2c1a was observed in the Dragon cloud by Barnes et al. (2023); it is a core not driving any CO outflow, but it might not be massive enough to be in the high-mass regime. The relatively high-mass reported in Barnes et al. (2023) is due to a very low adopted temperature close to 9 K (from NH3 gas temperature estimate) and a favorable dust opacity (see Sect. 5.3).




Some additional candidates in the past have been discarded since then: cores G11.92-0.61-MM2 observed by Cyganowski et al. (2014) and C1S by Tan et al. (2013) have been found to be protostellar in nature after follow-up observations (Cyganowski et al. 2022 and Tan et al. 2016 respectively). Some recent studies have searched for high-mass prestellar cores but without success most probably due to the low statistics in the sample of high-mass cores (e.g., Louvet et al. 2019 and Morii et al. 2023 for the ALMA program ASHES). It is thus vital to observe some samples of high-mass PSCs that are more significant.
ALMA-IMF is the largest ALMA survey for high-mass protostellar objects in the relatively nearby high-mass protoclusters of the Galaxy (see Motte et al. 2022 for an overview). As suggested by Sanhueza et al. (2019), if high-mass prestellar cores exist, they are most likely to be found in more massive and possibly more evolved environments than clumps in IR Dark Clouds (IRDC). Xu et al. (2024) also observed that starless cores become more massive in evolved clumps such as protoclusters. The ALMA-IMF survey thus allows us for the first time to search for high-mass prestellar cores in such environments with unprecedented statistics.
At disk and protostar scales (a few hundred au; see, e.g., Commerçon et al. 2022), there is evidence that low- and high-mass star accretion and ejection rely on the same mechanism as the magneto-centrifugal accretion–ejection process (Blandford & Payne 1982; Ferreira et al. 2006) with a magnetic regulation of the angular momentum in the inner parts of the accretion disk (see Matsushita et al. 2017; Kölligan & Kuiper 2018; Csengeri et al. 2018; Olguin et al. 2023 for high-mass protostars).
Accretion onto protostars is possible only if the angular momentum in excess is driven away by ejecting part of the accretion flow through a magnetized jet and wind in the polar directions. The ejection of angular momentum allows the main accretion flows to spiral down onto the inner protostar in the equatorial plane. Since protostars are embedded inside their collapsing envelope and in surrounding dense clumps and filaments, jets and winds have to strongly interact with the surroundings. These interactions lead to a large amount of entrained gas in a roughly momentum conserved manner easily seen in CO line wings since CO is the most abundant observable species in cold dense gas. CO outflows are thus the best tracers of accretion for protostellar objects of all masses. This strong link between CO outflows and accretion onto protostars was first recognized observationally by Bontemps et al. (1996) for low-mass protostars. In addition to CO, SiO is a great tracer of shocks (see, e.g., Gusdorf et al. 2008) and can help identify outflows especially in very crowded regions where the confusion of CO can be important. These outflows can therefore be used to recognize accretion in cold cores to differentiate between prestellar cores (potential infall or slow contraction but no central accretion on a protostar) and protostellar objects (accretion on the central protostar). Here we used the CO and SiO outflow diagnostics as a signpost of protostellar accretion in the ALMA-IMF cores. Despite the above-described arguments pointing to the expected and observed strong link between the protostellar status defined as actively accreting stellar embryos and the detection of CO–SiO outflows, we may consider possibilities that some truly protostellar cores may lack detectable outflows. We discuss these possibilities in Sect. 7.8.
After presenting the dataset in Sect. 2, we describe the CO and SiO outflow automated method to detect in a homogeneous way the outflows associated with the detected protostars of the ALMA-IMF fields in Sect. 3. We then show that, as expected, most of the detected cores are driving outflows (Sect. 4). However, we identify a number of clearly young high-mass cores without outflow, making them excellent candidates to be high-mass PSCs. These sources are described in Sect. 4. We define high-mass PSCs and present the robust sample of high-mass PSC candidates in Sect. 5. Their rarity is discussed in Sect. 6. In Sect. 7, we discuss this result in the context of the expected evolution of a high-mass protostar, and derive a strongly improved lifetime for PSCs for the high-mass regime which can be used to discuss the first implications on the way high-mass stars may form.
Table 1 
Overview of the ALMA-IMF protocluster clouds, their evolutionary stage and angular resolution.

2 Observations and data reduction
The data used for this paper are part of the large program ALMA-IMF1 (#2017.1.01355.L, PIs: Motte, Ginsburg, Louvet, Sanhueza), which targets 15 massive protoclusters located at distances from 2 to 5.5 kpc. Motte et al. (2022) (ALMA-IMF Paper I) describe in detail the ALMA-IMF large program, its objectives and first results. In short, the targets were selected from the ATLASGAL survey carried out with the APEX telescope (Csengeri et al. 2014), from which Csengeri et al. (2017) identified the 200 sub-millimeter brightest star forming clumps covering different evolutionary stages. We used the Atacama Large Millimeter/submillimeter Array (ALMA) interferometer to image these regions in two frequency bands: Band 3 (B3; ~91–106 GHz) and Band 6 (B6; ~216–234 GHz) as described in Motte et al. (2022). Table 1 lists the main characteristics of each protocluster, such as their name and central positions, VLSR, distance from the Sun, evolutionary stage from Motte et al. (2022), the synthesized beam of the continuum maps in arc seconds, and the corresponding physical scale in astronomical unit (au), as well as the synthesized beam in arc seconds of the line datacubes used.
Details of the data reduction process is described in Ginsburg et al. (2022) (ALMA-IMF Paper II) that presents the continuum maps at 1.3 mm and 3 mm for the 15 protoclusters. We use here the catalogs of continuum sources from Louvet et al. (2024) that were obtained with the source extraction algorithm getsf (Men’shchikov 2021). We use the source catalogs extracted from the cleanest continuum maps smoothed to a common physical resolution of 2700 au that corresponds to the poorest resolution of the sample. Sources potentially contaminated by free-free emission were removed from this catalog based on spectral index estimations (see Galván-Madrid et al. 2024 and Louvet et al. 2024 for details). In short, the cleanest continuum maps are obtained by using only line free channels to estimate the continuum. The smoothing was done in order to obtain the same spatial resolution of 2700 au in Band 6 for all the targeted regions. This provides us a sample with a total of 580 gravitationally bound cores on the same linear scale (cores are considered as bounded for MBE/Mcore < 2 in Louvet et al. 2024). We identify the sources based on the core name from Louvet et al. (2024), and the core numbering per each protocluster.
We also make use of the spectral line datacubes from ALMA-IMF, in particular the CO (J = 2–1), the SiO (J = 5–4), and the DCN (J = 3–2) transitions. While the CO and SiO lines are used to trace protostellar outflows, DCN is used to estimate a VLSR for each source individually, similarly as done by Cunningham et al. (2023). The data reduction of the line cubes is presented in detail in Cunningham et al. (2023). We use the spectral line datacubes with the JvM correction (Jorsater & van Moorsel 1995) of the residual flux scale. The continuum is subtracted from the datacubes using the STATCONT procedure (Sánchez-Monge et al. 2018). The SiO (J = 5–4) line is covered in our Band 6 setup and spectral window 1 together with the DCN (J = 3–2) line. The CO (J = 2–1) transition is also in our Band 6 setup and the spectral window 5. We use data only from the ALMA 12 m array configurations. The beam sizes of the linecubes used here are comparable to the continuum ones with a difference up to 35% depending on the region. The synthesized beam sizes and sensitivity of the linecubes is described in Cunningham et al. (2023). We summarize the observing parameters for the spectral line datacubes used here in Table 2.
As described in Cunningham et al. (2023), due to bright and extended CO emission in some regions, we masked channels around their VLSR to avoid cleaning divergences in this spectral window. The G351.77 protocluster still presents strong sidelobes at high velocities in the CO datacube, preventing us from studying the protostellar outflows in this region, overall leaving us with the remaining 14 protoclusters of ALMA-IMF.
Nony et al. (2020) and Nony et al. (2023) used the same CO transition as we use here to distinguish pre- and protostellar cores in the W43 protoclusters. Towner et al. (2024) used the SiO (J = 5–4) transition of ALMA-IMF to search for shocked gas potentially associated with outflows although with no attempt to associate them to their driving sources. Armante et al. (2024) studied the evolved protocluster, G012.80, from ALMA-IMF and they also classified pre- and protostellar cores using the same CO and SiO transitions. A comparison of these studies and our work is presented in Sect. 4.3.
Table 2 
Spectral lines used and their spectral resolution.

3 A systematic method to detect protostellar outflows
Our goal here is to classify cores from ALMA-IMF into protostellar or prestellar cores. To do so, we make use of the CO (J = 2–1) and SiO (J = 5–4) lines to perform a systematic search for high-velocity emission. Such emission is likely to correspond to directly ejected and gas entrained by ejected material due to protostellar accretion, and can be thus efficiently used to identify protostellar sources.
3.1 Detection of high-velocity excess emission: On–Off spectra
We develop an automatic method to systematically identify protostellar outflows by looking for high-velocity excess emission in the CO and SiO spectra. For this purpose, we use the ellipse corresponding to the extracted continuum source, where the major and minor axes of the ellipse are defined as the FWHM of the fitted 2D Gaussian major and minor axes. We then take the mean of the spectra within this region. We use this spectrum as an On source measurement, and compute an Off source measurement, using an annulus between 2.5 and 3.5 times the FWHM of the On-source ellipse. In this annulus we exclude pixels belonging to another continuum source. See example in Fig. 1 and in Appendix A. With this method, our aim is to measure emission from the ejected and entrained gas from the relatively close vicinity of the source itself. By subtracting the Off measurement from the On, we can search for high-velocity residual emission in the immediate vicinity of the protostellar core, as first introduced by Bontemps et al. (1996) and explained in detail in Duarte-Cabral et al. (2013). This method relies on the principle that any ejection events should accelerate a significant amount of gas inside the core itself so that an excess of outflowing gas on the core (On spectrum) should be detected compared to the average surrounding (Off spectrum).
We compute this differential spectra for all sources with M > 8 M⊙ where we used a conservative temperature estimate of 20 K (see Sect. 4.1) from the catalog of Louvet et al. (2024).
ALMA-IMF targets several of the most active star forming regions of the Galaxy, and therefore we have several complex areas where many cores and outflows overlap. Therefore, to complement our analysis based on differential spectra, we also produced maps of molecular outflows using moment zero maps to study their spatial distribution, as presented in Sect. 3.5.
We show in Fig. 1 the cores #3, #27 and #30 of the W43-MM2 region as an example. The CO (2–1) On–Off spectrum of core #3 shows an excess emission at velocities offset from the source VLSR corresponding to line wings. This example demonstrates that core #3 exhibits an excess in high-velocity emission up to ±75km s−1, corresponding to outflowing and ejected gas, and thus can be classified as a protostellar core. On the opposite, the On–Off spectra of cores #27 and #30 do not show any sign of outflow. The SiO (5–4) spectra of these three cores are shown in Appendix A. From now on all the SiO spectra shown are smoothed by a factor of two in spectral resolution purely for visual clarity, but the analysis has been carried out using the full spectral resolution. The corresponding spectra of each PSC candidate identified in this paper are available on Zenodo (see also Appendix E).
3.2 Noise estimates
The noise distribution of the ALMA-IMF datacubes exhibits some spatial and spectral variations. Spatial variations of the noise distribution for other transitions in the ALMA-IMF has been discussed for example in Bonfand et al. (2024). The CO (J = 2–1) datacube is particular in this context, because channels close to the source VLSR exhibit a higher noise mostly due to side-lobes from missing short spacings.
In order to be able to estimate the significance of CO and SiO emission individually in each velocity channels we have estimated the emission noise using the spatial variation of emission in both for the CO and the SiO lines. For that, we measured the dispersion of the emission for each channel among randomly located On–Off positions. To do so, we first mask all the pixels from the cores of the ALMA-IMF catalog and the noisy edges of the datacubes. We then compute the On–Off spectrum for randomly placed 150 sources with convolved FWHM sizes between 3000 and 5500 au, a random position angle and eccentricity between 0 and 0.8 for each (see Fig. B.1 on Zenodo, see also Appendix B). For each channel, we then extract the mean and standard deviation among the 150 On–Off positions. We use this standard deviation as the noise in each channel (i.e., RMS per channel, see Fig. 2). Placing 150 On–Off random locations allows to account for the spatial variations of the datacube, while doing it for every channel account for the spectral variations.
As an example, we show the noise estimation in Fig. 2 for the W43-MM2 region for two channels (top panel, one with bright and one with weak mean CO emission), and then the noise spectra extracted for both CO and SiO datacubes (middle and bottom panels). The noise spectrum recovers well the fluctuations of emission in the cube (shown on the right y-axis) when we compare the noise over the channels with the mean spectrum of the original datacube (i.e., without masked areas). In Fig. 2 we show our velocity-axis centered on the VLSR of the region. We find that the noise is increasing where the CO emission is bright (i.e., close to the source VLSR) and between 25 and 55 km s−1 for W43-MM2 where there is a significant foreground CO emission (foreground cloud on the line of sight; see Nony et al. 2023; Nguyen-Luong et al. 2017). The noise is globally decreasing for velocities largely offsetted from CO emission at the VLSR, confirming the interest to estimate such a precise noise variation along the velocity channels. In Fig. 2, bottom panel, we see that the typical noise spectrum (for W43-MM2) for SiO is much more uniform than for CO. The mean and standard deviation of the derived noise levels in each of the 14 ALMA-IMF regions, for B6 spw1 and B6 spw5, are shown in Fig. B.2 on Zenodo (see also Appendix B).
	[image: thumbnail]	Fig. 1 Overview of the outflow detection procedure using the On–Off spectra presented in Sect. 3.1. Top Left: Zoomed-in image of the continuum core #3 overlaid on the 1.3 mm dust continuum map of W43-MM2 (in grayscale). The green ellipses correspond to the FWHM of the extracted source sizes to the continuum emission by the getsf algorithm. Colored CO (2–1) contours are 10, 20, 40 and 80 in units of σ, with σ = 14.3, 12.6, 10.8, 9.0 mJy beam−1 km s−1 for cyan, blue, orange and red contours respectively. The corresponding velocity ranges are ±15–23 km s−1 for cyan and orange, −31–42 km s−1 for blue and +31–50 km s−1 for red. These velocities have been centered on the VLSR of the core (see text). Top Right: Example of the On (black ellipse) and Off (red annulus) spectra computation used to estimate the core-averaged background-subtracted spectra, here for core #3. Bottom: Resulting CO(2–1) On (black), Off (red), and On–Off (green) spectra for cores #3, #27 and #30. Core #3 shows clear line wings, representative of its bipolar outflow that can be analyzed in its On–Off spectra. The black and red spectra are computed in the black ellipse and red annulus of the top right panel. The gray dashed lines correspond to the escaping velocity (i.e., the velocity needed to escape the gravitational orbit) presented in Sect. 3.4. The spectra of cores #27 and #30 are extracted with the same method. These core do not show any sign of outflow, as expected for core #30 when looking at the map in the top panel, while the On–Off spectrum of core #27 does not present a blue line wing.



3.3 VLSR estimation of dust cores
In order to define the velocity ranges corresponding to our definition of high-velocity emission, we need precise and systematic estimates of the VLSR of each dust core. As shown in Cunningham et al. (2023), the typical dispersion of the VLSR for individual sources within our protoclusters can be as high as 12 km s−1, meaning that the determination of the VLSR of individual cores is important to well define the velocity range sufficiently offset from the source VLSR.
Using the same approach as in Cunningham et al. (2023), we perform here an independent estimate of the VLSR of each dense core using the DCN (J = 3–2) transition. We extract the On–Off spectrum of the DCN line towards each core in the same fashion as discussed above, and as in Cunningham et al. (2023), then fit a single component 1D Gaussian. We consider a line detected if the fit has a FWHM larger than the spectral resolution and the measured area is greater than 5σ. We estimate σ by using the noise spectrum presented in Fig. 2 on the channels of the fit area. For a discussion on the noise estimation we refer to Sect. 3.2. If these criteria are not met, we perform the same fitting using the On spectrum. Finally, if none of the fits are good, we use the mean VLSR of each region, as the value for the individual core, estimated with the DCN measurements on the cores where the fits can be performed. The DCN (J = 3–2) spectra and the respective fit for every prestellar core candidate are provided on Zenodo (see Fig E.1 to E.13, see also Appendix E). Our VLSR estimates are in agreement with the estimates of Cunningham et al. (2023) for sources that are classified as exhibiting a single component DCN emission. Compared to the analysis shown in Cunningham et al. (2023), here we go a step further by fitting also the On spectra. From the sample of 141 cores presented in Sect. 4.4, we get 136 individual VLSR, among which 116 are also in Cunningham et al. (2023), from the fit of 106 On–Off and 30 On spectra, while the region VLSR is used for the five cores without a good DCN detection.
	[image: thumbnail]	Fig. 2 Top: Dispersion of the 150 On–Off random selections fluxes in the CO datacube of the region W43-MM2 for channels at velocities of 59.2 km s−1 and 100.1 km s−1. The mean (μ) and standard deviation (σ), which is assumed for the noise in a respective channel, are indicated in the panel. Middle: noise spectra of the CO datacube of the region W43-MM2 (in blue, left y-axis) overlaid with its mean cube spectra (in orange, right y-axis). The mean cube spectra is computed by averaging the fluxes of all the pixels (except those at the edges) at every channel. The green dotted line is centered on the VLSR of the region. The two channels represented in the top panel are indicated with the red dashed lines. Bottom: same as above for the SiO datacube.



3.4 Identification of outflow emission
From our analysis above, we obtain a spectrum representing the CO and SiO emission for each dust core. As a next step we analyse these spectra to search for emission at high velocities compared to the source VLSR. We define the velocity range to search for gas that can escape the core gravitational potential by computing the escape velocity for a core mass of M = 50 M⊙ and a radius r of 3000 au as [image: equation], where G is the gravitational constant. We obtain an escape velocity of 5.4 km s−1, which is then used to define the velocity limits to identify outflowing gas. Since the CO emission from the protocluster is usually broader than this limit we actually adopt a slightly larger value of > ±6 km s−1 around the VLSR to search for possible significant outflowing gas emission. This threshold in velocity offset is used systematically for all cores2. We consider emission as significant in two steps: if at least two consecutive channels exceed 5σ (sigma computed with the RMS per channel presented in Sect. 3.2), then the emission is directly considered as significant; if this first criteria is not reached but the sum of the emission in five consecutive channels or less exceed the 5σ threshold (sigma still computed with the RMS per channel, taking into account the variations per channel), it is also considered as significant emission. These criteria are considered for both CO and SiO lines, however significant emission in the high-velocity part in one of the two lines is considered sufficient to be considered as an outflow.
The method described above is the first step of our detection procedure. In the case of crowded regions, outflows from nearby protostars can deposit some momentum on the detected cores, therefore it is necessary to also visually check the spatial distribution of outflowing gas to support our systematic outflow detection method (see next section). For this we have also automatically produced moment zero maps of outflows in both CO and SiO.
3.5 Molecular outflow maps
To complement the On–Off method presented above, we compute moment zero maps of the blue- and redshifted wings of the CO(2–1) and SiO(5–4) lines, that are then compared to the continuum map and the position of continuum cores. The visual inspection of maps of high-velocity lobes is the usual method to recognize outflows and their driving sources which are placed at the center of the usual bipolar configuration of molecular outflows (see, e.g., Armante et al. 2024; Nony et al. 2023; Avison et al. 2021; Nony et al. 2020; Li et al. 2020; Cunningham et al. 2016; Duarte-Cabral et al. 2013). Here the velocity ranges of integration are chosen as the best compromise to cover the full CO and SiO emission in the line wings. We try to avoid a too strong contamination from the broad CO emission of the region, while keeping the same velocity ranges (compared to VLSR) for the 14 ALMA-IMF protoclusters. We then choose as a reference to have low- and high-velocity contours at velocity offsets with respect to the VLSR at ±15–30 km s−1 and ±30–50 km s−1 for CO, and ±10–25 km s−1 and ±25–50 km s−1 for SiO. These ranges can slightly change depending on the region to avoid some possible strong CO foreground or background cloud contamination. Figure 3 shows the example for the W43-MM2 region with the CO and SiO molecular outflow maps on the left and right panel, respectively. Some CO contamination is, however, still present in the outflow map, shown by the north blueshifted low-velocity emission (cyan contours) and the southeast blueshifted high-velocity emission (blue contours). This emission is not collimated and not associated with a continuum core, therefore it is not considered as outflow emission. The CO and SiO outflow maps of each high-mass PSC candidate identified from this work (see Sect. 4.1 below) are presented on Zenodo (see also Appendix E) with the corresponding velocity range plotted on the spectra and the characteristics for each map in the caption. The noise for each velocity range to represent the contours is obtained from the noise estimation presented in Sect. 3.2.
4 Results and analysis
4.1 High-mass cores in ALMA-IMF
We estimate the core masses using the classical formula modified to correct from optically thick emission as in Pouteau et al. (2022) (see their appendix B), which converts the integrated flux ([image: equation]) and peak flux ([image: equation]) at 1.3 mm into a mass:
[image: equation](1)
Here [image: equation] is the solid angle of the beam at 1.3 mm, d is the distance between the region and the Sun, κ1.3 mm is the dust opacity defined by κ1.3 mm = 0.1(ν/1000 GHz)β cm2 g−1 which encompasses a gas-to-dust ratio of 100, at the central frequency ν of the observations in the Band 6 of each region, with β = 1.5 chosen to be the same as in Louvet et al. (2024) and Pouteau et al. (2022), which is the typical opacity index for cold and dense gas at the core scale (Andre et al. 1993; Ossenkopf & Henning 1994). B(Td, ν) is the Planck function at the frequency ν and dust temperature Td.
To cover most of the potential precursors of high-mass stars, we perform the systematic outflow detection on all cores above 8 M⊙ using a dust temperature of 20 K. This temperature could be in practice lower for PSCs without internal source as the cooling times are short at such high densities (shorter than free-fall times for an isothermal collapse; see for instance Commerçon et al. 2022 and references therein), and could be as low as 10–15 K as observed in recent claims for high-mass PSCs such as in Mai et al. (2024), Barnes et al. (2023), Morii et al. (2023), or Sanhueza et al. (2017) in which they used NH3 or rotational diagram of CH3OH lines to derive gas temperatures. At a temperature of 15 or 10 K, our proposed threshold would then correspond to 12 or 16 M⊙. A total of 141 cores were found above this threshold. The final adopted dust temperatures are further discussed object by object in Sect. 4.5 below.
	[image: thumbnail]	Fig. 3 CO (left) and SiO (right) molecular outflows map of the W43-MM2 region overlaid on the 1.3 mm dust continuum map (in grayscale). The green ellipses represent the FWHM of the continuum cores convolved by the beam size. Moment 0 contours of the blueshifted wings are overlaid on the continuum map at low velocity in cyan and high-velocity in blue. Moment 0 contours of the redshifted wings are overlaid on the continuum map at low velocity in orange and high-velocity in red. CO and SiO contours are 10, 20, 40, and 80 in units of σ, with σ = 18.9, 11.0, 18.1, 6.4 mJy beam−1 km s−1 for CO, and σ = 4.4, 5.7, 4.5, 5.7 mJy beam−1 km s−1 for SiO, for cyan, blue, orange and red contours respectively. The corresponding velocity ranges are ±15–30 km s−1 and ±30–45 km s−1 for CO and ±10–25 km s−1 and ±25–50 km s−1 for SiO.



4.2 Systematic detection of outflows
We use both the On–Off spectra (step 1) and the outflow lobe maps in CO and in SiO (step 2) described above in Sect. 3 to search for outflows associated with the 141 cores from ALMA-IMF with M > 8 M⊙.
Our primary and first criterion to decide whether a core is driving an outflow is based on the detection of a significant emission in the high-velocity ranges in CO and/or in SiO in the On–Off spectrum towards the core. As a second step then we use the outflow lobe maps to check whether a possible significant detection of an excess (compared to the surroundings as measured in the Off spectrum) of outflowing gas towards the core could not be due to a nearby outflow (from another source). This would deposit some detectable momentum onto the targeted core. This happens often in the crowded regions like the ALMA-IMF central clumps. When such a clear nearby interacting outflow is present we consider to revise the On–Off result leading to a possible non-detection of an outflow despite a significant excess on the source. This second criterion is slightly more subjective since it is based on the visual inspection of the maps but is necessary to reject clear cases of a significant influence of nearby outflows.
In practice to select potential prestellar core candidates not driving an outflow we adopt the following two steps:

	The CO and SiO spectra show no excess above 5σ in the blue- or redshifted high-velocity ranges as defined in Sect. 3.5;


	If an excess is detected in the On–Off spectra onto the source, there is a nearby outflow driven by another source which convincingly explain this excess.



In Fig. 4, we show an example of a protostellar core and a prestellar source using both CO and SiO spectra and maps. These sources are representative of the simplest cases where there is no outflow confusion. The left panel shows the protostellar core #1 of the G328.25 region, known to be a hot core precursor (Csengeri et al. 2019; Bouscasse et al. 2022), where both the CO and SiO spectra show line wings representative of its bipolar outflow (e.g., Csengeri et al. 2018), clearly driven by the central source. The right panel confirms the prestellar nature of the core #6 of W43-MM1 as proposed by Nony et al. (2018). Neither the CO, nor the SiO spectra exhibit emission in the line wings, and no outflow is driven from the core shown in the CO and SiO maps.
As expected, a large number of the 141 targeted cores are found to drive outflows. However, 42 of these cores are found with no significant sign of outflowing activity, which are then considered to be PSC candidates. The CO and SiO outflow maps of the 12 most massive of these 42 PSC candidates are displayed in Fig. 5. In the different panels of Fig. 5, centered on these 12 high-mass PSCs, we see a number of cores associated with outflow lobes qualifying them as protostellar cores. On the other hand, at the center of these maps we see each PSC candidate that we propose showing no sign of outflow driven by these cores.
We note that outflows mostly in the plane of the sky could be missed when searching for outflowing gas at velocities projected on the line of sight larger than 6 km s−1. For a typical maximum, de-projected velocity of the outflow of 50 km s−1 (see typical outflows in Fig. 5), and assuming uniform distributions of the opening angles of the outflow from 0 to 30° and of the inclination angles between 0 and 90°, we obtain a fraction of non-detectable (above 6 km s−1) outflows of 0.0175 (1.75%). This fraction represents less than one missed outflow among the 42 PSC candidates. Even with more extreme values with the maximum velocity at 30 km s−1 and the maximum opening at 20° the fraction of missed outflows stays relatively low at 7.35%, leading to typically three (one) missed outflows among the 42 PSC candidates (12 HM PSC candidates) respectively.
Finally we note that in crowded regions, where the confusion between outflow lobes is large, at least in projection, the adopted methodology may result in some PSCs being miss-classified as protostellar cores. It is difficult to evaluate to which extend this happens but we argue that the On–Off approach is the only systematic and homogeneous way to identifiy the most probable driving sources.
	[image: thumbnail]	Fig. 4 Top left: CO and SiO spectra of the protostellar source #1 of the G328.25 region. On, Off, and On–Off spectra are the black, red, and green spectra respectively. The insets in the top left corner of each spectrum are the signal-to-noise ratio (S/N) for On and On–Off spectra, revealing the significant part of each one. The colored spaces on the spectra are the velocity ranges used to make molecular outflows maps. Bottom left: zoomed-in image on source #1 of the G328.25 region driving a bipolar outflow. The contour colors are the same as in Fig. 3. The CO and SiO contours are 5, 10, 20, and 40 in units of σ, with σ = 60.1, 60.4, 61.9, 62.7 mJy beam−1 km s−1 for CO, and σ = 38.9, 49.0, 38.1, 49.6 mJy beam−1 km s−1 for SiO, for cyan, blue, orange and red contours respectively. Top right: same as top left, but for the prestellar source #6 of the W43-MM1 region. Bottom right: same as bottom left but for the prestellar source #6 of the W43-MM1 region. The CO and SiO contours are 10, 20, 40, and 80 in units of σ, with σ = 32.6, 18.6, 49.5, 15.3 mJy beam−1 km s−1 for CO, and σ = 6.4, 7.4, 7.3, 7.2 mJy beam−1 km s−1 for SiO, for cyan, blue, orange and red contours respectively.



4.3 Comparison with previous ALMA-IMF outflow results
Nony et al. (2020) and Nony et al. (2023) previously used the CO (J = 2–1) outflow lobe maps to visually identify outflows in the W43-MM1, W43-MM2 and W43-MM3 regions. These works were based on careful and relatively time consuming investigation of the outflow maps and cubes.
The comparison with our present results is therefore extremely interesting to validate the method since the data are the same (ALMA-IMF dataset). We see that our more automated method based on the On–Off spectra gives exactly the same identification of outflows for 26 protostellar common sources with Nony et al. (2020) and Nony et al. (2023). We see discrepancies in the identification of outflows for one core that we classify here as protostellar and for three out of 11 cores which we here consider as not driving any outflow. We classify W43-MM1 source #203 as protostellar due to a detection in the redshifted wing in the On–Off spectrum and its associated lobe, while Nony et al. (2020) classified it as prestellar. Among the three other sources, two (W43-MM1 #30 and W43-MM2 #9)4 do not have any significant emission at high velocities in their On–Off spectrum and their outflow maps show no sufficient evidence of association with the surrounding lobes to validate an outflow from these cores. W43-MM1 #30 was indeed labeled as tentative in Nony et al. (2020). W43-MM2 #25 has no significant emission at high velocities in the On–Off spectrum in CO, but has a possible weak extend in high velocities (up to ~±10 km s−1) in SiO, at the limit of the significance (4.8 and 2.5 σ in the blue and red parts respectively). In Nony et al. (2023) this source is an outflow source due to some weak red lobes in CO. But these lobes are weak and are situated at relatively large distance from the core making very uncertain the association of these lobes with the core. Altogether, we therefore can conclude that our automated fast method is validated against the more classical approach of Nony et al. (2020, 2023) for 36 out 38 cores (95 %) in W43 with a disagreement for only two sources, W43-MM1 #20 and W43-MM2 #2.
Towner et al. (2024) used the SiO (J = 5–4) line to search for emission that could be associated with jet and outflow activity, independent of the core positions towards all ALMA-IMF fields. In that work however there was no attempt to associate the detected high-velocity lobes with the cores, making it difficult to compare with the results presented here. However, we perform a visual comparison between our SiO lobes with the catalog of SiO lobes in Towner et al. (2024). We recover ~80% of the SiO structures find in Towner et al. (2024). The remaining 20% lobes do not affect our classification since none are directly associated with the cores in consideration here.
Finally, Armante et al. (2024) classified pre- and protostellar cores using the same CO and SiO lines as this study. Above our mass threshold, we have the same identification for four protostellar cores and one prestellar. For core #66 in G012.80 however, there is a difference in the identification of outflows. Armante et al. (2024) classified it as prestellar, while we classify it as protostellar due to a red excess detection in the On–Off spectrum, and blue and red lobes centered on the core in the outflow lobe maps. Armante et al. (2024) rejected it as protostellar due to the lack of SiO lobes centered on the core, leading to the difference of classification. Overall we have an agreement on five out of six cores (~80%).
	[image: thumbnail]	Fig. 5 CO(2–1) and SiO(5–4) molecular outflow maps centered on the 12 most massive PSC candidates, represented as the center green ellipse with an annulus in each panel (cores #1A and #1B of G333.60 are displayed as one core here, see Sect. 4.4). The ellipses in red are cores classified as protostellar (due to an association with an outflow) with a mass greater than 8 M⊙, and ellipses in orange are protostellar cores with a mass between 4 and 8 M⊙. The filled green ellipses are other PSC candidates (i.e., with M > 8 M⊙ at 20 K) while the empty green ellipses are low-mass cores which have not been analyzed here. Moment 0 contours of the blueshifted wings are overlaid on the continuum map at low velocity in cyan and high-velocity in blue. Moment 0 contours of the redshifted wings are overlaid on the continuum map at low velocity in orange and high-velocity in red. The arrows represent the direction of the outflows driven by the protostars. The mass and the location of the candidate (i.e., classified as clustered or as isolated, see Sect. 5.3 for the details of the classification) are presented in each SiO map. The parameters of each map can be found on Zenodo (see also Appendix E).
continued.



4.4 The complete list of PSC candidates
To arrive to the 141 cores above 8 M⊙ (using a temperature of 20 K) presented in the previous sections, that we classified into pre and protostellar cores, we have performed an additional verification to scrutinize and hence verify the continuum emission of these cores and verify that they are indeed compact individual cores.
We use the results of the GExt2D algorithm that is based on the 2D second derivative of the continuum map to check the presence of strong local curvature peak for each core. Also since the Louvet et al. (2024) catalog, used in this work, is actually based on images smoothed to a homogeneous physical scale of 2700 au, we may have signs of sub-fragmentation when investigating the original ALMA-IMF images and the 2D second derivative maps at the native resolution. We remove any cores that do not show either a strong local curvature or that have indications of multiple peaks in the second derivative map. In this later case, sources that lead to fragments below the 8 M⊙ cut-off are removed. On the other hand, some sources could appear as multiple at the native resolution, but each fragment can still be massive enough to stay in our list of cores. This is the case for the G333 #1 source, which corresponds to the most massive core of the complete list of PSCs with 148 M⊙ at 20 K. Figure 6 shows the second derivative map produced by GExt2D revealing that this core splits into two continuum peaks. From the ratio of flux density measurements towards both peaks at the native resolution, we estimate the fraction of the total mass distributed in both cores which are presented in Table A.1 (also available at the CDS). In the final complete list of PSC candidates, we have therefore split G333 #1 into G333 #1A (northeast core) and #1B (southwest core) adding a candidate in the list7.
We also verify that the PSC candidates we recognize are not associated with a hot core which would point to a strong central heating source. We checked into the 76 hot core catalog of Bonfand et al. (2024), and found that only one of our PSC candidates (W43-MM1 #30) seem to spatially coincide with a methyl formate peak. However in Bonfand et al. (2024) this peak is weak (weakest methyl formate peak of the W43-MM1 hot core catalog), and could actually correspond to a spatial contamination from the extended hot core–methyl formate emission which is observed in this part of the W43 region. We also note that none of our PSC candidates in the W43 regions have been classified as hot cores in the Brouillet et al. (2022) study.
Our final catalog contains 42 individual PSC candidates and 99 individual protostellar cores candidates, above the threshold of M > 8 M⊙ at 20 K. The PSC candidates are presented in Table A.1 (also available at the CDS) along with their physical properties we discuss in the following section.
Except the eight PSC candidates in common with the W43 study of Nony et al. (2023) and the one in common with the G012.80 study of Armante et al. (2024), the other PSC candidates from the sample of 42 cores presented here are newly found PSCs. Among these eight PSCs in the W43 regions that are in common to our study, core #6 from W43-MM1 is one of our most massive candidates and was discovered in Nony et al. (2018). Core #12 from W43-MM2 and core #21 from W43-MM1 were also presented as possible high-mass prestellar cores in Nony et al. (2023) (labeled as core #22 and #134). The five other cores were under 16 M⊙ and not proposed to be high-mass PSC candidates in Nony et al. (2023).
	[image: thumbnail]	Fig. 6 Second derivative map of G333.60 showing a zoomed-in image of core #1. The beam of the smoothed continuum map of G333.60 is shown at the bottom left.



4.5 Basic properties of the PSC candidates
Table A.1 published at the CDS, presents the list of 42 candidates above 8 M⊙ at 20 K, together with the name of the host region, their number, their right ascension and declination coordinates (ICRS), the range of mass and the size of the core as well as the corresponding average density and free-fall time.
The dust temperatures to adopt to estimate the masses from dust emission are difficult to establish for such distant regions for which the FIR data required to observe the peak of the spectral energy distribution of dust emission have too low spatial resolution to resolve individual cores. As argued in Sect. 4.1 in such dense cores the cooling times are low pointing to possible low temperatures most probably below 20 K (see also Bhandare et al. 2018). On the other hand, the observed regions are filled by warm gas and dust due to high-mass star feedbacks as shown in the dust temperatures obtained with PPMAP in Dell’Ova et al. (2024) using Herschel data and derived down to 2.5″ scale (i.e., between two and five times larger than the typical core size). These PPMAP temperatures are obtained from the lowresolution Herschel maps with beam sizes between 12″ and 18″ at 160 and 250 μm by a guided (Bayesian) method using also the high-resolution 1.3 mm ALMA-IMF images. The PPMAP dust temperatures are estimated by averaging over the pixels of each source in the uncorrected dust temperature maps of Dell’Ova et al. (2024). We use these 2.5″ scale temperatures to derive a maximum dust temperature for each core and adopt 20 K as a conservative lowest temperature. Using these as upper and lower limits in temperature, we obtain lower and upper limits in mass, giving a possible range of mass for each PSC candidate. In Table A.1, also published at the CDS, we have listed the corresponding range of masses for each core and give an adopted central mass taken at the middle of this uncertainty range. We use these lower and upper masses to extract a symmetric error on the density and free-fall time computations (see below).
Similarly, we propose to adjust the dust temperatures to be adopted in the following to best estimate the masses of the protostellar cores. We propose to also adopt the PPMAP temperatures from Dell’Ova et al. (2024) but using the 70 μm corrected ones such as in Louvet et al. (2024) and which are best suitable for internally heated sources such as high-mass protostellar cores.
Using these best estimate dust temperatures for both PSCs and protostellar cores we thus finally get a reduced number of cores above 8 M⊙ with 30 PSCs and 52 protostellar cores8 from the full sample of 42 PSCs and 99 protostellar cores originally analyzed for outflows in the previous sections. These 82 cores (30 PSCs and 52 protostellar cores) are then going to be the ones further discussed in following sections. The spectra and molecular outflows maps for each 30 PSC candidates not shown in Fig. 5 are shown in Figs. E.1–E.13 on Zenodo (see also Appendix E). We also display in Figs. F.1–F.14 on Zenodo, the location of the PSC candidates and protostellar cores identified in each protocluster (see also Appendix F).
To calculate the volume density nH2, we use as a radius the 1.3 mm continuum deconvolved size [image: equation] as: [image: equation], with a1.3 mm and b1.3 mm the major and minor FWHM axes of the core, Θbeam the geometric mean of the beam FWHM of the smoothed continuum map, and d the distance of the region. As in Pouteau et al. (2022), we fix a minimum deconvolved size at half the beam FWHM. We compute the H2 volume density as:
[image: equation](2)
with Msource the mass of the source, μ = 2.8 the mean molecular weight of interstellar gas, and mH the mass of the hydrogen atom. Using the average volume density, we compute the free-fall time of each core as:
[image: equation](3)
with G the gravitational constant, and ρ0 and nH2 the volumetric mass and volume density of the core, respectively.
We also classify the PSC candidates according to their environmental conditions. We define an environment as clustered if the PSC has two or more high-mass (M> 8 M⊙) cores within a radius of 0.15 pc, and as isolated if they have less than two neighboring high-mass cores. This criterion was chosen to take into account both crowded environment and mass. We present in Table 3 the ranges in mass, size, volume density, and free-fall time of the 30 PSC candidates with M > 8 M⊙, for the three different hypothesis (average mass, mass at 20 K, and mass using the PPMAP dust temperature). The minimum, mean, and maximum of each value are presented in each column. The range of free-fall times, between ~2 × 103 yr and ~2 × 104 yr, is in agreement with previous studies on massive starless cores (e.g., Kong et al. 2017; Duarte-Cabral et al. 2013). We have roughly as many clustered PSC candidates as isolated ones when including all the cores (17 clustered and 13 isolated), but 10 of the 12 most massive ones are found in clustered regions (see Fig. 5), which is expected as most of the mass is located in these crowded clumps of the protoclusters.
From all the 14 protoclusters studied, only G328.25 does not host any PSC candidate above 8 M⊙ using a dust temperature of 20 K. Core #22 in W51-IRS2 identified as PSC candidate is also covered by the W51-E field (identified as core #20). We keep this object in W51-IRS2 as the signal-to-noise ratio in this region is higher. We have a large number of PSC candidates in the W51-IRS2 region with ten cores, followed by the W43-MM1 region with seven of them. In between, we have the G333.60 region with five candidates, G338.93 with four, G008.67, W43-MM2 and W51-E with three candidates each, and G337.92 with two candidates. Finally, the G010.62, G012.80, G327.29, G353.41, and W43-MM3 regions host only one candidate each.
Table 3 
Range of the properties of the 30 PSC candidates with M > 8 M⊙.

5 A new sample of high-mass PSC candidates
5.1 High-Mass PSCs defined as massive cores not hosting yet any highly accreting protostars
It is difficult and uncertain to decide which observed mass reservoirs are going to truly form high-mass stars (larger than 8 M⊙). Here we adopt a mass threshold of 16 M⊙ corresponding to a core to star efficiency ϵcse of 50% to form a final 8 M⊙ star. In Table A.1 (in bold font), also available at the CDS, using our adopted mass estimate, we find that 12 candidates then qualify as high-mass and we propose that they represent the robust sample of high-mass PSC candidates to be considered below for discussion. The rest of the 30 candidates are labeled as PSC candidates in the following.
The most probable driver for high-mass star formation is the high level of dynamical (convergent) motions at the scale of dense clumps (Schneider et al. 2010; Galván-Madrid et al. 2010; Peretto et al. 2013; Álvarez-Gutiérrez et al. 2024; see also references in Motte et al. 2018a). These convergent flows should lead to high infall rates at core scales and then to high final accretion rates of the newly formed high-mass protostars. In order to form a 30 M⊙ protostar in 0.3 Myr, the accretion rate has to be on the order of 10−4 M⊙yr−1. These high accretion rates are compatible with the global infall rates at the scales of clumps which are directly observed with for instance 2.5 × 10−3 M⊙yr−1 in the SDC335 clump which contains only a few high-mass protostars; (Peretto et al. 2013; see also Contreras et al. 2018; Redaelli et al. 2022; Olguin et al. 2023). It is also compatible with accretion rates derived from CO outflows for high-mass–intermediatemass protostars (Duarte-Cabral et al. 2013; Maud et al. 2015; Avison et al. 2021). A young high-mass protostar is therefore expected to be a strongly accreting object. High-rate accretion has always to be accompanied by similarly high-rate ejection (e.g., Cabrit & Bertout 1992; Bontemps et al. 1996; Beuther et al. 2002; Duarte-Cabral et al. 2013; Maud et al. 2015) to allow for angular momentum removal as predicted in the magneto-centrifugal jet-wind processes at disk and protostellar scales (Ferreira et al. 2006; Mignon-Risse et al. 2021; Commerçon et al. 2022). Young highly accreting high-mass protostars should thus all be powerful outflow drivers. In addition since the observed cores are massive and dense, any jets or winds escaping from high-mass protostars should always be revealed as CO outflows entrained inside the cores themselves.
We therefore adopt here for the criterium to recognize an excellent candidate to be a HM PSC that it should be a compact core (FWHMdec < 5000 au) massive enough to form a high-mass star (16 M⊙) and not driving any CO-–SiO outflow, indicating that the core does not host yet any high-mass protostar with a high accretion rate. This definition of an excellent candidate to be a HM PSC may allow for the existence of low-mass protostars in the core with a global (adding all accretion rates of protostars) low accretion rate. This could result in low-mass protostars within these cores being misclassified as prestellar cores. We note that in the view promoted by Motte et al. (2018a), the earliest phases to form high-mass stars would indeed correspond to cores hosting few low-mass protostars competing for mass from the global infall rate. We note, however, that this stage with only low-mass protostars in a high-mass core cannot last for long if the infall is globally large. Material would accumulate very fast in the protostars, with a large sum of all accretion rates leading to a sum of low-mass ejections which would cumulate as a detectable global outflow from the core (see discussion for the possible effects of fragmentation, case 6 in Sect. 7.8).
We see in Fig. 5 that these 12 high-mass PSCs (cores #1A and #1B of G333.60 are displayed as one core in this figure) are mostly situated in the crowded, central regions of the protoclusters where the confusion between outflows from nearby (also massive) protostars is the highest. This is expected since high-mass stars are believed to form mostly at the center of the densest and most massive clumps where several high-mass stars may form roughly at the same time. Despite this unavoidable confusion, we are confident that we have a robust selection due to our systematic approach. The On–Off spectra are expected to reveal any excess of outflow emission in CO or SiO centered on the source, and thus are expected to provide a reliable mean of detecting outflow emission coincident with the position of the core. We can certainly exclude for all these 12 high-mass cores that they could drive a powerful outflow as expected if they would be strongly accreting objects.
5.2 Other protostellar tracers towards the HM PSC candidates
One of the traditional ways to recognize a protostar is to probe mid-IR emission (typically below 100 μm) to detect warm dust emission indicative of a significant internal heating inside the collapsing core. We cannot use the mid-IR probe towards the ALMA-IMF compact cores, since they are not resolved individually in the available Herschel or Spitzer maps (see, e.g., Gutermuth et al. 2009; Motte et al. 2010). The spatial resolution of Herschel at 70 μm or of Spitzer at 24 μm used for instance by Bontemps et al. (2010) in Aquila are on the order of 6 arcsec, which is between 5 and 15 times (depending on the distance of our regions) larger than the angular size of the cores studied here. Alternatively, molecular line emission, such as hot-core tracers, could also trace the presence of warm gas in the cores. We have verified that none of our HM PSC candidates are hot cores in Bonfand et al. (2024). A forthcoming paper (Valeille-Manet et al. in prep) will further investigate the molecular emission of the HM PSC candidates. A preliminary analysis show that all cores have chemical properties compatible with cold gas typically between 20 and 25 K with clear sign of CO depletion and detections of N2H+ towards the cores.
	[image: thumbnail]	Fig. 7 Mass distribution in function of the size of the total sample of 30 PSC candidates. The blue and red circles correspond to clustered and isolated candidates respectively. The errorbar symbols indicate the entire range of possible mass justified in Sect. 4.5, using 20 K and PPMAP uncorrected temperatures as lower and upper limits in temperature. The red dashed line corresponds to the threshold of 16 M⊙. The markers in purple are the previous high-mass PSC candidates from Duarte-Cabral et al. (2013), Barnes et al. (2023), and Wang et al. (2014) using the dust emissivity from the present work, a temperature of 20 K and the temperature used in these studies. The prestellar core from Duarte-Cabral et al. (2013) has only one symbol because a temperature of 20 K was already adopted in their work. Protostellar cores with M > 8 M⊙ are shown as green triangles.



5.3 Comparison with previous high-mass PSC surveys
We have therefore discovered 12 robust HM PSC candidates above 16 M⊙ and 18 lower mass PSCs between 8 and 16 M⊙ (see Table A.1, also available at the CDS) as well as 52 protostellar cores above 8 M⊙ in the ALMA-IMF fields that we can then discuss further below.
It is important to have discovered and cataloged a significant number of PSCs with potential mass reservoirs massive enough to qualify as high-mass star precursors. The number of candidates appears large compared to what is known in the literature (see below) but still low compared to the total number of cores in the ALMA-IMF sample. The 12 robust candidates of the sample above 16 M⊙ represent ~2% (12/584) of the total number of cores in Louvet et al. (2024).
To our knowledge, no work has yet reached large enough statistics in high-mass SFRs to investigate well high-mass PSC candidates. First systematic surveys such as Motte et al. (2007) and Bontemps et al. (2010) in Cygnus X could only find a couple of high-mass cores (nine objects at a ~2000 au scale in Bontemps et al. 2010) and only one candidate to be prestellar (CygX-N53-MM2) could be identified among them using CO outflows in Duarte-Cabral et al. (2013). This candidate still stands as a probable intermediate-mass PSC with a here revised mass of 9.5 M⊙ in the average convolved size of 3800 au of the ALMA-IMF PSC candidates, using the same dust temperature of 20 K as in their study and our emissivity (see Sect. 4.1 and 4.5). Similarly Tan et al. (2013) led a survey in the first galactic quadrant towards cold IRDCs detected in N2D+, but their best candidate happened to correspond to two early stage protostellar cores (see Tan et al. 2016). Louvet et al. (2019) did not find any HM PSC candidate in NGC2264 either. In Barnes et al. (2023) one PSC candidate of ~2200 au was identified in the dragon cloud (core C2c1a) using 1.3 mm continuum, with a mass of 23 M⊙. For a direct comparison with the present work, using the dust opacity presented in Sect. 4.1 and a temperature of 20 K, the mass of this PSC candidate would actually be 5.2 M⊙ (a dust temperature of 10.4 K is used in their study). Wang et al. (2014) used the SMA and similarly found a PSC candidate (G11.11-P6-SMA1) of 28 M⊙ and ~2600 au, which, using our dust emission flux to mass conversion and temperature, would actually have a mass of 7.4 M⊙ (a dust temperature of 11 K is used in their study). As discussed in Sect. 4.1, these two cores would not make it in our complete list of 42 PSC candidates above 8 M⊙. Finally, the ALMA project ASHES which mapped massive IR dark clumps did not succeed in finding high-mass PSC candidates with M > 16 M⊙ (see Morii et al. 2023). Their most massive cores without outflow have lower masses than 16 M⊙ and have deconvolved FWHM larger than the core sizes in our sample with an average factor of ~5.
In Fig. 7, we present the distribution of the masses and sizes of the 30 PSC candidates with M > 8 M⊙ and added the candidates discussed above from the literature, where we recomputed their mass using our dust emissivity with a dust temperature of 20 K and the temperature used in their studies (see the paragraph above). We clearly see that our new detections are probing for the first time the high-mass regime to investigate the initial conditions prevailing to form high-mass stars (i.e., above 8 M⊙). We note however that among the 12 robust high-mass PSC candidates, only four cores have mass reservoirs greater than 30 M⊙ most probably highlighting the difficulty to find cores in the highest stellar mass regime. Clustered and isolated candidates are displayed as blue and red circle points respectively (see Sect. 4.5 for details on this classification). Protostellar cores with M > 8 M⊙ are shown as green triangles. It appears that 10 of the 12 most massive candidates are found in a clustered environment as expected since these crowded regions are the most probable places to form highest mass stars. In contrast, a significant fraction of the cores below 16 M⊙ are found to be isolated with 11 of the 18 remaining cores having one or no high-mass core neighbor.
6 Determining whether high-mass PSCs are actually rare
To date, an extremely small number of HM PSC candidates have been recognized in the literature (Sect. 5.3), which suggests that the compact high-mass cores in pre-collapse or at the very beginning of collapse without high-mass protostellar activity yet are rare and may even not exist at all (see Motte et al. 2018a). We here actually detect some robust HM PSC candidates up to masses of ~50 M⊙ (between 35 and 70 M⊙ accounting for the uncertain dust temperature). This indicates that high-mass PSCs exist up to relatively high-masses. Since these masses are similar to those observed for the protostellar cores (see green triangles in Fig. 7), it suggests that our ability to probe even higher mass reservoirs might actually be limited by the statistics of cores we could detect in ALMA-IMF.
Investigating the number statistics of prestellar versus protostellar cores, we find about half as many HM PSCs than high-mass protostars above 16 M⊙ with 12 [9–14]9 HM PSCs and 27 high-mass protostars among a total of 39 high-mass cores (i.e., 69% [66–75%] of protostars among these 39 [36–41] cores). This fraction is statistically compatible with the value found by Nony et al. (2023) on the sub-sample obtained only in the three protoclusters of W43 with a value of ~80% of protostars. We note also that the mass scale of the present work is slightly higher as we use a source catalog on smoothed images at a single physical size beam (for homogeneity reason over all regions). Since in Nony et al. (2023) the fraction of protostars is strongly dependent of the mass, the difference between these fractions is also explained by this shift toward slightly higher masses in the present work.
Typically low-mass star forming regions host significantly more numerous prestellar than protostellar cores. In Aquila, Könyves et al. (2015) found a total of 446 prestellar cores (gravitationally bound cores without 70 μm emission) for only 58 protostars (i.e., a factor of 8 times more prestellar cores to be compared to the factor ~0.5 found here for HM PSCs). The high-mass PSCs are thus indeed significantly rarer than their low-mass counterparts, and are globally extremely rare due to the rarity of high-mass cores, protostars, and stars.
The reason why previous surveys for HM PSCs could not detect almost any good candidates is probably two-fold. First they are indeed very rare, slightly rarer than high-mass protostars (driving the need for large samples of high-mass cores), and second they are mostly clustered with the high-mass protostellar objects in dense clumps making their identification extremely difficult (confusion with the strong outflows from the very nearby high-mass protostars). We see that most of the HM PSCs above 16 M⊙ are indeed found clustered in the central clumps of the regions (see Fig. 7).
7 Statistical lifetimes of high-mass prestellar cores
The number of PSC candidates can be used to estimate the statistical duration of the prestellar phase to form high-mass stars providing that we can choose a favored protostellar lifetime for high-mass stars.
7.1 Accretion phase and protostellar lifetimes
The lifetime of (high-mass) protostars which should correspond to the main accretion of the final star is not a well determined quantity due to the difficulty to estimate it observationally or theoretically. Statistical estimate of protostellar lifetimes was firstly introduced by Beichman et al. (1986) who studied the embedded young stellar objects (YSOs) in the sample of cores of Myers et al. (1983). Only few papers focused on the lifetime of the massive protostellar phase. Duarte-Cabral et al. (2013) adopted 300 kyr based on the observed trend that the protostellar lifetime for the intermediate- to high-mass regime is similar to the low-mass value which was debated to range from 200 to 400 kyr, and thanks to indirect estimates of accretion rates using CO outflows. Independently and in the high-mass regime, Mottram et al. (2011) surveyed massive YSOs and compact HII regions at the scale of the galactic plane. Their obtained luminosity distribution were used to compare the number of massive YSOs (high-mass protostars) and of HII regions with the total number of massive stars. This allowed them to estimate statistical lifetimes as a function of the luminosity of the objects (i.e., equivalent to the final mass of the object). At low luminosities (B0.5 stars, lowest masses) the obtained lifetime of 500 kyr represents the total protostellar time. At higher luminosities a part of the compact HII regions can actually be still accreting protostars and should then be included in the protostellar lifetime (see below in Sect. 7.3). Interestingly enough Nony et al. (2024) in the W49 region found that on the order of one-third of the UC HII regions are still dust emission cores and are possibly still protostellar (accreting) objects. Adding massive YSO and one-third of the compact HII region lifetimes from Mottram et al. (2011) we then get a lifetime on the order of 200 kyr for O7-O8 final stars. It also suggests that the protostellar lifetime may decrease with mass from 500–600 to 100–200 kyr. In W49, Nony et al. (2024) derived a protostellar lifetime of 140 kyr.
Altogether, accounting for above constrains and uncertainties, we adopt as a baseline a constant protostellar lifetime of 300 ± 100 kyr. At one point of the discussion we also consider the possibility of a decrease of this time for the highest masses, that we adopt from 300 to 100 kyr for final masses from 8 to ~30 M⊙.
7.2 Mass dependence of the statistical lifetime
Down to a core mass of 8 M⊙ using our adopted dust temperature (Sect. 4.5 and Table A.1, also available at the CDS), we detect a total of 30 PSC candidates. Compared to the total of 52 protostellar (with outflows) cores above 8 M⊙ which correspond to a statistical time of 0.3 Myr, we then get a global statistical time for PSCs above 8 M⊙ of ~170 kyr. These 30 candidates also provides a statistical basis to investigate possible mass dependencies of the fractions and statistical lifetimes of prestellar cores in the observed mass regime. In Nony et al. (2023) with eight PSCs (five above 8 M⊙ and three above 16 M⊙) in the W43 regions, a trend of a decrease in the fraction of PSCs toward the high-mass regime was observed. We can here go one step further with a larger statistics.
In Fig. 8, left panel, we show the histogram of the number of prestellar cores (blue histogram) compared to the number of protostellar cores (red histogram). To compute the masses, PPMAP temperatures are taken for protostellar cores, while we use our best temperature estimates (see Sect. 4.5 and Table A.1, also published at the CDS) for the prestellar cores. Assuming a 50% core to star efficiency (hereafter ϵcse), we have indicated the corresponding final mass of the stars on the upper x-axis. Between core masses of 8 and ~16 M⊙ (two first bins) we obtain a relatively similar number of prestellar and of protostellar cores (fraction PSCs/proto close to 1) and with a trend of a decreasing fraction towards high-masses. This fraction continues to decrease above 16 M⊙ to a fraction of PSCs more on the order of 0.5 of the number of protostars. In terms of lifetimes (green points in Fig. 8), this suggests a decrease from ~300 kyr to ~150 kyr in the highest mass regime which for ϵcse of 50% would correspond to final masses on the order of 20–30 M⊙ (see upper x-axis of Fig. 8). We note that we do not detect HM PSC candidates in the last bin of mass of Fig. 8 leading to a large uncertainty on the resulting upper limit of lifetime for these highest masses (last green point in the figure).
	[image: thumbnail]	Fig. 8 Left: weighted histogram of the number of prestellar and protostellar cores per bin and lifetime of the (massive) prestellar phase for each bin (points). The left y-axis indicates the density of number of cores per decade. Prestellar cores are shown in blue bars, protostellar cores in red, and free-free sources in yellow. The bins are built using the average mass adopted in Table A.1 (also available at the CDS). Prestellar lifetimes (right y-axis) are presented as green (without ionizing sources) and blue (with ionizing sources) points for the average mass adopted. We also display as brown and black points the histograms obtained using PSC masses for the lowest and highest dust temperatures respectively we considered in Table A.1 (also available at the CDS). The magenta dashed line represents the threshold in mass of the protostar to start ionizing its envelope. The upper x-axis represents the final stellar mass assuming a core to star efficiency ϵcse of 50%. Right: same histogram with the mean prestellar lifetime in cyan stars extracted along the range of PSC masses (blue, brown and black points in left panel). The cyan dashed lines represent the one-sigma dispersion.



7.3 Correction for missing UCHII protostars
Some of the bright millimeter cores in the survey have a clear contribution at 3 mm from free-free emission, pointing to the existence of young ionizing high-mass protostellar objects, called ultra-compact HII (UCHII) regions inside the detected cores10. Some of these free-free contaminated millimeter sources are expected to be still accreting. High-mass stars have indeed to still strongly accrete mass while being already an ionizing protostar so that they can reach masses well above 10 M⊙ (Yorke & Sonnhalter 2002; Krumholz et al. 2007; Keto 2007; Tanaka et al. 2016). For the most massive stars, it is even a significant fraction of the protostellar lifetime (accretion phase) which is expected to appear as an UCHII region (Peters et al. 2010). In the Louvet et al. (2024) study, 68 such compact free-free sources are found, on the order of 10% of the whole sample of cores. These free-free contaminated cores are either high-mass protostars that are still accreting, or slightly more evolved objects (i.e., main sequence stars) with accretion finished with a remaining compact halo of ionized gas (see for instance Nony et al. 2024 in W49). We note that with our outflow detection tool we indeed found some outflows around a few of these bright free-free contaminated compact objects in the survey confirming the protostellar nature of these objects. We even decided to add to our list of high-mass protostars the three least free-free contaminated objects initially excluded from the catalogs of Louvet et al. (2024), those with a spectral index close to two (cores #5 and #9 of W51-E and core #5 of W51-IRS2) and found them indeed associated with an outflow11.
The more massive a star is going to be, the higher is the fraction of its accretion time as an ionizing protostar (ultra or hyper compact HII regions, hereafter UCHII regions). These ionizing protostars are not included in the sample of cores of Louvet et al. (2024) due to the fact that it is not trivial to evaluate a proper dust emission at 1.3 mm to estimate their envelope masses. They are therefore not accounted for in the red histogram of Fig. 8 and in the PSC lifetime estimate. In order to compensate for these missing high-mass protostars we have estimated for each bins of final stellar masses of Fig. 8 the number of expected UCHII protostars. For that we use the model of protostellar evolution of Hosokawa & Omukai (2009) as expressed in Duarte-Cabral et al. (2013). Assuming a constant accretion rate and a core to star efficiency ϵcse of 50%, for each final stellar mass bin we can estimate the percentage of lifetime a protostar is going to be ionizing as an UCHII region (see Appendix D and Figs. D.1 and D.2 on Zenodo). This leads to a number of free-free contaminated protostars in each bin, as an additional fraction of the number of observed non-ionizing protostellar cores (red histogram). The number of these expected ionizing protostars are shown as a yellow histogram in Fig. 8. This larger number of protostars in the highest mass bins then decreases the fraction of PSCs in the highest mass regime and decreases the corresponding PSC lifetime.
Adopting this correction we have plotted in Fig. 8 the lifetime values for all mass bins (blue connected points). In addition we show the dispersion in the histograms resulting from the range of possible masses for PSCs (see Table A.1, also published at the CDS) as black and brown connected squares and triangles respectively. Together with the uncertainty bars for each points reflecting the Poisson noise, we then get a view of the evolution of the lifetimes with masses and of the dispersion of the obtained values due to PSC mass uncertainties. A decrease in the lifetime is now visible with the correction while without correction there was a tendency of a flattening (connected green points). In the right panel of Fig. 8 we present the mean PSC lifetime extracted from the three hypotheses of the left panel with its one-sigma dispersion. The values in ranges of mass of this mean PSC lifetime and its dispersion are given in Table 4. We see that the decrease now goes from approximately 300 kyr in the lowest masses to 100 kyr in the highest mass regime of detected PSC candidates of 40–50 M⊙ (corresponding to final stellar masses from ~5 to ~25 M⊙ for ϵcse of 50%).
Table 4 
Prestellar phase lifetime.

7.4 Accounting for the evolution of protostellar core masses
So far, we have compared the number of PSCs to the number of protostellar cores above the same threshold in core masses and for the bins of Fig. 8. However, in the simplest view of an initially set mass reservoir (without strong replenishment during protostellar times, i.e., a core-fed view), the protostellar core masses (also referred as protostellar envelope) are expected to decrease as the inner protostar accretes and ejects material.
Accounting for a constant rate for the decrease in core–envelope mass and constant accretion rate, a protostar is statistically observed at half of its protostellar time which would then correspond to be at half of its initial core mass (i.e., its original mass at the stage of PSC). We have revised Fig. 8 to account for such a possible decrease in protostellar core masses by doubling the present day mass of protostellar cores (as a proxy for their initial core mass). The result of this correction is displayed in Fig. 9. In practice, however, this simple adjustment has to be slightly revised for the protostars which have a significant part of their accretion time appearing as ionizing protostars. For all mass bins for which a part of the protostars are expected to be ionizing (bins with a contribution of ionizing objects displayed as a yellow histogram), we applied an adapted correction. It accounts for this shorter protostellar time as a non-ionized protostar to evaluate the shift in average envelope mass to apply when counting only non-ionized high-mass protostars. The detailed of this correction calculated using the model of protostellar evolution of Hosokawa & Omukai (2009) and expressed in Duarte-Cabral et al. (2013) are provided on Zenodo and Appendix D. Also in order to properly sample the two first bins below 16 M⊙ (i.e., below 8 M⊙ before doubling mass) we had to consider cores down to 4 M⊙ for prestellar and protostellar classification using CO-–SiO outflow detections. We find a total of 48 additional protostellar cores associated with an outflow with masses between 4 and 8 M⊙.
In Fig. 9, we show that compared to the case of a constant core mass which can correspond to a continuous replenishment of the core mass in a clump-fed view, the number of prestellar cores is now always smaller than the number of protostellar cores. A fraction of 0.3–0.5 for mass bins without ionizing sources is observed, and this fraction decreases to less than 0.25 above an initial core mass of 16 M⊙ in the more realistic case which includes the expected number of ionizing protostars (yellow histogram and blue, black and brown points). We note that the total number of ionizing protostars is of 49 objects, and appears as a reasonable value since the total number of possible ionizing sources found in Louvet et al. (2024) was 68 objects. As for Fig. 8 we present in the right panel of Fig. 9 the mean PSC lifetime extracted from the left panel with values presented in Table 4. In terms of lifetime in this scenario of a progressive decrease in the core mass as the protostars evolve, we obtain a decrease from ~150 kyr to ~50 kyr from 4 to ~25 M⊙ final stellar masses.
7.5 Prestellar lifetimes and free-fall times
The obtained HM PSC lifetimes on the order of 100 kyr (see above) are therefore clearly lower than the values measured for low-mass star formation, with a best value of 1.2 Myr in Aquila by Könyves et al. (2015). Such 10 times shorter times confirm that the growth of compact mass reservoirs to form high-mass stars has to be faster than that of low-mass stars while having to collect larger amount of material to form high-mass stars. This leads to the need for fast contraction and/or rapid converging flows of gas. Starting from typical densities in dense clumps12 in the observed protoclusters of ~105 cm−3, a 30 M⊙ sphere has a radius of 0.11 pc, and traveling over 0.11 pc during 105 yr leads to a velocity of 1.1km s−1 which is clearly supersonic (at a temperature of 20 K). This velocity of 1.1 km s−1 is on the order of magnitude of the observed gas dispersions in the clumps of ALMA-IMF (Cunningham et al. 2023). Moreover, in particular in G353, where we detect one PSC, the previous study by Álvarez-Gutiérrez et al. (2024) shows that this core is located in the kinematically complex convergence point of three filaments and near a V-shape in position-velocity (PV) space (V-shape F in Álvarez-Gutiérrez et al. (2024), see their Table D.1 and Fig. 4). These PV structures are interpreted in this study as cold N2H+ inflows onto cores or dense regions in G353. In particular, V-shape F has an associated inflow timescale based on the PV structure of about 63 kyr, broadly consistent with the timescales presented above, and that remains far longer than the tff estimate for this core (7 kyr, see Table A.1 also published at the CDS). This consistency in the contradiction between timescales albeit in one core in G353, derived from completely independent methods, appears remarkable and tends to confirm the results presented here and in Álvarez-Gutiérrez et al. (2024).
The above results are also compatible with the velocities of what are known as converging flows of Csengeri et al. (2011) in Cygnus X for instance (see also Galván-Madrid et al. 2010). At a density of 105 cm−3 in the clump, the free-fall time is actually ~100 kyr which is close to the observed HM PSCs lifetime. In contrast the free-fall times at the scale of the PSCs are much lower than 100 kyr since the average densities have significantly increased. The obtained densities range from ~2 × 106 to 1.5 × 108 cm−3 leading to free-fall times as low as ~3 to 20 kyr (see Table 3). They are more than 10 times lower than the typical observed statistical lifetime we get for these HM PSCs. We have summarized the lifetimes of Figs. 8 and 9 in several ranges of mass and the corresponding average free-fall times and densities in Table 4.
To further illustrate the relationship between free-fall and statistical PSC lifetimes, we have plotted both of them as a function of the core densities in Fig. 10. Each of the green and blue points corresponds to the eight histogram points in the right panels of Figs. 8 and 9. The fourth blue and green points roughly correspond to core mass of 16 M⊙. The green points are for the clump-fed scenario with a constant core mass over time (continuously refilled by converging flows; Fig. 8 and Sect. 7.2) and suggest very large values of the statistical lifetime over free-fall time ratio with values between 35 and 40 below 16 M⊙ and between 25 and 30 above 16 M⊙. The blue points are for the core-fed scenario with a decrease in the core masses along protostellar times (Fig. 9 and Sect. 7.4). They point to lower ratios ranging from 17 to 20 below 16 M⊙ and between 12 and 15 above 16 M⊙. We also show with red points the effects of considering a possible decrease in the protostellar lifetime from 300 to 100 kyr for core masses between 16 and 60 M⊙ (final stellar masses of 8 to 30 M⊙) (see Sect. 7.1). This shows that even such a strong decrease in the protostellar time would lead to ratios with free-fall times which would still be on the order of 7 to 10.
Altogether with values ranging from 50 to 160 kyr above 16 M⊙ (last five blue and green points) the prestellar lifetimes obtained for high-mass cores are clearly shorter in absolute value than for low-mass cores with values on the order of 1 Myr (Andre et al. 2000). In Könyves et al. (2015) the obtained prestellar lifetime of 1.2 Myr at a density of 4 × 104 cm−3 corresponds to a ratio of lifetime over the free-fall time of 8. The prestellar cores in Aquila have however slightly larger sizes (average size of 0.03 pc) than our HM PSC candidates. Assuming a typical linear relationship between the size and the mass of cores, the Aquila value would then shift upward in density by a factor of ~5 at a size of 0.013 pc (density scales as size−2 when mass scales as size) leading to a ratio of statistical lifetime to free-fall time of ~18 very similar to the values we obtain in the high-mass regime.
The ratios of the obtained lifetimes with the free-fall times are therefore surprisingly high, with values systematically larger than 10 and reaching values possibly as large as 30. They seem to be relatively similar to what is observed for low-mass PSCs. There is a tendency of a decrease in this ratio for the highest masses above 16 M⊙ (i.e., 8 M⊙ for the final stellar mass) but with values which stay above 10. It is only if we would consider that the protostellar lifetime could significantly decrease for the highest masses that we could have values below 10. In order to reach a plausible value of one to two for the ratio expected for a direct collapse without additional support (see Sect. 7.6 below), one would need to consider a decrease in the protostellar lifetime down to values as low as 20 kyr for the bins of mass we probe here; in other words, for a typically 30 M⊙ final mass star (60 M⊙ core mass). This would lead to average accretion rates as high as 1.5 × 10−3 M⊙ yr−1 for a 30 M⊙ star.
	[image: thumbnail]	Fig. 9 Left: weighted histogram of the number of prestellar and protostellar cores per bin (left y-axis) and lifetime of the (massive) prestellar phase (right y-axis) for each bin (points). Prestellar cores are shown in blue bars, protostellar cores in red, and free-free sources in yellow. The bins are constructed using the average mass adopted in Table A.1 (also available at the CDS). Protostellar cores masses were corrected assuming a decrease in the core mass envelope over time (see Sect. 7.4), with a constant accretion and a core to star efficiency ϵcse of 50%. Prestellar lifetimes are presented as blue points for the average mass adopted, black and brown points for the lower and upper mass limits. The magenta dashed line represents the threshold in mass of the protostar to start ionizing its envelope. The upper x-axis represents the final stellar mass assuming a core to star efficiency ϵcse of 50%. Right: same histogram with the mean prestellar lifetime in cyan stars extracted from the three hypotheses in the left panel. The cyan dashed lines represent the one-sigma dispersion.



	[image: thumbnail]	Fig. 10 Statistical lifetime of the prestellar phase as a function of density. The green points represent the lifetimes and densities extracted from the right panel of Fig. 8, corresponding to the case of a constant protostellar core mass over time (clump-fed). The blue and red points correspond to the case of a decreasing protostellar core mass over time (core-fed). Tlue points are extracted from the right panel of Fig. 9, while the red points were computed assuming a decreasing protostellar lifetime between 16 M⊙ and 60 M⊙, from 300 kyr to 100 kyr. The black dashed lines represent 1,10 and 100 free-fall times.



7.6 Non-thermal supports in dynamical convergent flows
The ratios between the statistical lifetimes and the free-fall times of the cores are surprisingly high. If only thermal support is considered, such compact high-mass cores would collapse roughly in one or two free-fall times. How can they have a statistical lifetime at least 10 times longer?
If as expected the formation and evolution of the observed prestellar cores have a dynamical origin with converging flows from large scales, one explanation is that the observed cores are dynamical features apparently stable for ~50–100 kyr. They would be collapsing on a free-fall time (typically 5 kyr; see Table 4) but would be continuously replenished by the largescale flows of infall. In this case one has to understand how we can have a long continuous and strong collapse (typically 30 M⊙ over each free-fall time of ~5 kyr, leads to infall rate of 6 × 10−3 M⊙/yr) on such a small-scale without having formed yet a single high-mass protostar inside it (then driving a powerful outflow).
Alternatively, the observed HM PSCs have to be significantly regulated and supported by other forces than thermal pressure to keep them that numerous before to further converge and contract or to collapse. In this case, the additional support could also lead to effective Jeans masses large enough to favor high-mass star formation. For instance in the case of turbulent additional support, an effective Jeans mass of 10 M⊙ would be obtained at all scales from 0.11 down to 0.013 pc (clump to PSC scale) for effective turbulent velocities ranging from 0.7 to 4.5 km s−1 respectively. This possible turbulent support can be partly discussed using the line width in DCN(3–2) for some of the detected HM PSCs (see also Cunningham et al. 2023). These line widths are typically 1–2 km s−1. We see that most of these cores have then virial parameter close to 1 or below 1 suggesting turbulence could indeed play a role to support some of the cores (the ones with virial parameters close to or above 1). The complete study of the line widths in different dense gas tracers goes out of the scope of the present work. A forthcoming paper will investigate carefully the complex spectra toward these sources and their surroundings, in different line tracers to draw a complete and reliable view of the possible turbulent support in the cores. Concerning the potential magnetic support, the most recent measurements of B fields intensity in high-mass star forming region tend to point to relatively weak fields not strong enough to prevent collapse (e.g., Sanhueza et al. 2021; Cortés et al. 2021). On the other hand no measurement could have been done yet on HM PSCs due to the lack of good HM PSC candidates so far. We note however that the ambipolar diffusion time happens to be on the order of 30 times the free-fall time (see Bergin & Tafalla 2007), similar to the largest observed lifetimes of the PSCs we discuss here (i.e., in the 8 to 16 M⊙ mass regime, see Table 4). B-field measurements toward our cores will be invaluable to verify this possibility. We conclude that the tendency to have large statistical lifetimes of HM PSCs suggest that turbulent and magnetic support may act together or alternatively in different cores to statistically indicate a slowing down of or a delay for an immediate collapse. The observed convergent dynamical supersonic flows (e.g., Schneider et al. 2010; Galván-Madrid et al. 2010; Csengeri et al. 2011; Peretto et al. 2013; Avison et al. 2021; Schneider et al. 2023; Bonne et al. 2023) are expected to concentrate sources of support (magnetic field, rotation and turbulence) leading to some possible stop or braking of the collapse at smaller scales if dispersion–radiation of the related energies–pressures cannot dissipate fast enough. The alternative view of continuously collapsing and replenished cores is more difficult to consider as we would expect a fast formation of at least one high-mass protostars inside the cores which should drive a powerful outflow.
7.7 Effect of possible sub-fragmentation of the cores
So far in the discussion we assumed that each observed core is the precursor of a single (high-mass) protostar. We only accounted for a certain core to star efficiency ϵcse (of 50%) to convert the mass reservoir into a final mass star. Confronted however with the complexity described above of dynamical collapses mediated by turbulence, magnetic field (and some possible angular momentum), one cannot be sure that the observed cores are not fragmenting at lower spatial scales (e.g., Louvet et al. 2021). The observations of outflows from the high-mass protostars in Nony et al. (2020, 2023) and in the present work mostly point to single outflows coming from the protostellar cores indicating that the single protostar hypothesis might be mostly correct. On the other hand very recent results of very high-resolution ALMA observations of similar high-mass cores have revealed some fragmentation inside the cores with typically two to three very small-scale (typically 500 au) sources which point to a multiplicity of such 2000–3000 au high-mass cores (Budaiev et al. 2024; Li et al. 2024; Olguin et al. 2022; Goddi et al. 2020).
This possible sub-fragmentation of the HM PSCs discussed here does not change our conclusion concerning the prestellar nature of the cores as we defined it in Sect. 5.1. Only the mass will be subdivided into several cores, leading to low-mass prestellar fragments. If some sub-fragments are present inside the cores the non-detection of outflows still indicates that there are not yet any strongly accreting objects inside them which would be revealed by a detectable outflow. Concerning the statistical lifetime of the cores the multiplicity would not affect the validity of the number ratios between pre and protostellar cores if the multiplicity level does not change between the two evolutionary stages. This would only move our conclusions lower in final stellar masses (typically from 25 to 12.5 M⊙) obtainable from the present day prestellar mass reservoirs. On the other hand the dynamical fast inflows have no reason to stop to flow, making possible to keep constant the mass reservoirs during the protostellar time (clump-fed scenario corresponding to Sect. 7.3 and Fig. 8). This would allow for increasing the possible final stellar masses. This would also be in line with the protostellar mass evolution proposed to explain evolution of core mass functions in Nony et al. (2023) and Pouteau et al. (2023) (see also Sanhueza et al. 2019).
7.8 Alternative scenarios
The coincidence of dynamical processes to form the compact cores and of relatively long statistical lifetimes compared to freefall times appears difficult to explain without the above claim for additional support of magnetic, turbulent or rotational nature. On the other hand our approach relies on the expected strong link between a detectable CO–SiO outflow inside the cores themselves (On–Off criterium) and the expected strong accretion of any high-mass (i.e., highly accreting) protostar in the cores. We can question each of the steps of this link between high accretion and strong CO outflows in the cores. In other words, can our HM PSC candidates hide protostars with high accretion rates?
We list below several alternative scenarios to non-thermal support at the scale of the observed cores:

	One possibility is that the strong slowing down of the expected collapse does not occur at the presently observed scale of 2700 AU but in smaller fragments similar to those observed in Budaiev et al. (2024) for instance. If at such smaller scale, the fragments stop collapsing due to a strong support of magnetic, turbulent or rotational nature they would not have immediately a strong accretion activity, and would not drive any strong outflows such as the strong outflow observed for instance in a protostellar core of W51-IRS2 in Goddi et al. (2020);


	A fraction of our HM PSCs could be mis-classified due to a wrong non-detection of CO–SiO outflow (false negative outflow detections). A significant fraction of the HM PSC candidates are indeed situated in crowded regions where it is difficult to firmly exclude any outflow driven by a core. This difficulty to firmly reject outflows in crowded regions may however not statistically affect our results too much since at the same time it is difficult to be sure that all protostellar cores we propose are indeed all the driving sources of the observed lobes in the same crowded regions (false positive outflow detections) making them then candidates to be prestellar cores. These false positive outflow detections can compensate, at least partially, for the false negative outflow detections;


	The direct link between ejection and accretion could also be broken or altered for young high-mass protostars. Contrary to what the basic physics of the magneto-centrifugal ejection dictate, this would allow for a high accretion without a strong ejection counterpart. The magneto-centrifugal processes explain the efficient removal of angular momentum, allowing accretion while ejecting material through magnetic mediation. No ejection would then point to no angular momentum to be removed for youngest high-mass protostars. In the here favored dynamical formation processes, the initial angular momentum of dynamically concentrated gas is however certainly larger than in more quasi-static processes which can best evacuate angular momentum during the slow gas concentration for low-mass star formation. Concerning the magnetic field, it is similarly difficult to expect no concentration at all of the magnetic field as the cores form and collapse. Altogether only the existence of dead zones due to non-ideal MHD processes or to very low levels of ionization could be claimed to explain a suppressed magneto-centrifugal ejection–accretion process. But in this case the angular momentum could not be removed and compact rotating cores would then grow rapidly in mass without accretion onto an inner protostar and could then lead to non-accreting compact rotating fragments;


	The expected strong accretion–ejection activity could be variable enough to make that some cores have their CO outflows faded away between two events of accretion to become undetectable. A significant variability of the accretion–ejection is indeed expected. To let a CO outflow disappear between two accretion–ejection events, the time between events has to be large enough. The typical time for a CO outflow to fade away should roughly correspond to the crossing time of the CO gas. Here we typically search for outflows at 6 km s−1 for an averaged core radius of ~1350 au. This leads to crossing times of ~1100 yr. This is larger than the typical variability of 500 yr recognized as typical for the CO outflows in W43 by Nony et al. (2020). This would suggest that strong accretion–ejection has to stop for periods longer than ~1100 yr at the earliest stages of the high-mass star formation. This is a large value for a stop in accretion for cores which have free-fall times of only 3000–7000 yr;


	The expected strong ejection from the hidden high-mass protostars would not interact strongly enough with the compact cores we observed in dust continuum to be detected in CO or SiO at high velocities in the On–Off spectra. This is only possible if the cores are actually mostly empty with the detected dust emission being actually concentrated in even more compact cores. Since most of the high-mass cores we studied are seen as resolved sources with the ALMA beam, this would indicate that they would be made of several such compact cores which would be distant enough from each other to mimic a single resolved core. In this case the strong ejected jets–winds could escape the cores without interacting much with the immediate surroundings;


	In the case of sub-fragmentation of the cores, the expected high global accretion rate could be spread on several individual low-mass protostars with a reduced global effects of the different outflows driven by these protostars. Since the rate of momentum carried by outflows is proportional to the accretion rates, the global momentum of the sum of these outflows should be similar to that of a single outflow from a single high-mass protostar. The possible different directions of the outflows could limit the ability to well identify outflows in the maps, but some excess of high-velocity CO gas should be detectable towards the cores in the spectra.



Altogether we therefore see that possible alternative scenarios to a turbulent, magnetic or rotational support at the core scale exist and will need to be further investigated in the future. The main limitation of the present work is related to the still possible misclassification of cores as prestellar due to the difficulty to assure a non-detection of an outflow in the most crowded regions. It would be extremely valuable to further search for protostellar activity from the cores using mid-IR emission at high spatial resolution with the JWST–MIRI to validate their prestellar nature. We will also further study this unique sample of HM PSC candidates using detailed molecular line observations from ALMA-IMF (Valeille-Manet et al., in prep.) and will gather new high-spatial-resolution ALMA studies both in line and continuum to investigate possible existence and effects of fragmentation of the cores.
8 Conclusions
We used the core catalog of Louvet et al. (2024), extracted from the continuum, combined with CO (J = 2–1) and SiO (J = 5–4) datacubes of the large program ALMA-IMF to identify a sample of high-mass prestellar cores in 14 protoclusters. Our main results are the following:

	We built a new automated method combining spectral information with the comparison of On and Off spectra and spatial information with molecular outflow maps to identify outflowing emission from compact cores. Our method is efficient at detecting outflows from protostellar cores and has proved essential for clarifying the classification of cores in the most clustered regions where outflows overlap, and is particularly adapted to the systematic analysis of large CO-–SiO datacubes;


	Using this method, we identified for the first time a significant sample of robust high-mass PSC candidates inside a single survey, with masses reaching 50 M⊙ as a mass reservoir and which may then form stars as massive as 25 M⊙ (for a core to star mass efficiency of 50%);


	From 82 cores above 8 M⊙, we identified 30 cores that do not have any detectable outflow with the current data and methodology used. Of these 30 cores, 12 are more massive than 16 M⊙, the most massive core being 54 M⊙. These 30 PSC candidates range from 1350 to 4200 au in deconvolved FWHM size, and are all high-density cores between ~4 × 106 cm−3 and ~1.5 × 108 cm−3;


	We found that most of the robust HM PSC candidates are located in the central clump regions where most of the mass is most probably dynamically gathered. We propose that it is the difficulty to identify cores without outflows in such highly clustered environments that explains why so few high-mass PSCs have been identified so far.


	Adopting a high-mass protostellar lifetime of 300 kyr, we could estimate the lifetime of the high-mass prestellar phase in several mass bins. We ended up with a range of most plausible statistical lifetimes between 8 and 16 M⊙ of 150 to 250 kyr with a trend of decrease to 50 to 100 kyr between 16 and 40–50 M⊙.


	The surprisingly high ratios (10 to 30) of HM PSC lifetimes with their free-fall times strongly point to the need for non-thermal support of the observed cores. Such support can either be turbulent, magnetic, or rotational in nature. Further studies are required to determine the best scenario to precisely account for these high timescale ratios.




These results confirm the extreme rarity of HM PSCs with only 12 candidates above 16 M⊙ found in 14 very active protoclusters of the Galaxy where hundreds of cores have been recognized, with only four of them more massive than 30 M⊙.
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Appendix A  On and Off spectra computation method and PSC candidates sample
Figure A.1 shows the two different cases for On and Off spectra computation. Top panel presents the continuum cores #2 and #3 of G353.41 overlaid on the 1.3 mm continuum map in grayscale, and the computation of the On and Off spectra in the ellipses and annulus of the cores are presented in the middle and bottom panels. Core #2 has another source crossing its annulus causing the pixels overlapping to be subtracted from the background annulus.
	[image: thumbnail]	Fig. A.1 Left: Zoomed-in image of continuum core #2 (top right) and #3 (bottom left) overlaid on the 1.3 mm continuum map of G353.41 (in grayscale). The green ellipses represent 1 time the FWHM of the continuum core. Right: Example of the On (black ellipse) and Off (red annulus) spectra computation for each core, used to estimate the core-averaged background-subtracted spectra. Core #3 (top) is the simplest case where no other core overlaps with its annulus (computed between 2.5 and 3.5 times the FWHM of the continuum core). Core #2 (bottom) has another core overlapping its annulus. The overlapping pixels are subtracted from the background estimation.



Figure A.2 displays the obtained SiO(5–4) spectra for cores #3 and #30 of the W43-MM2 region, which are presented in Fig. 1.
	[image: thumbnail]	Fig. A.2 Resulting SiO (5–4) spectra for cores #3, #27, and #30 of the W43-MM2 region, presented in Fig. 1.



Table A.1 (also available at the CDS) presents the complete sample of PSC candidates, including their host region, number, coordinates (J2000), mass, size, density, corresponding free-fall time, and location status (clustered or isolated).
Table A.1 
List and properties of the sample of prestellar core (PSC) candidates.


Appendix B  Noise estimation
Figures B.1 and B.2 are available on Zenodo. They present an example of the method used to estimate the noise in the ALMA-IMF datacubes, and the derived mean and standard deviation of the noise levels of the CO and SiO–DCN datacubes (i.e., over all velocities of the spectral windows), in the 14 ALMA-IMF regions.

Appendix C  List of protostellar core candidates
Table C.1 is available on Zenodo and also at the CDS. It presents the 100 cores of Louvet et al. (2024) with M > 4 M⊙ classified as protostellar core candidates due to an association with an outflow. They are listed with their host region, number, coordinates (J2000), mass, temperature and size. To compute their masses the same PPMAP temperatures as in Louvet et al. (2024) were used. The error on the masses are computed by taking into account only the uncertainties on the integrated and peak fluxes.

Appendix D  Correction of the masses of the protostellar cores using ionizing models
Here we explain the correction applied to the observed protostellar cores masses in order to estimate their initial prestellar mass reservoir. We assume a constant accretion and a core to star efficiency (ϵcse) of 50%. As we work on core catalogs with ionizing protostars removed, we can assume that on average we observe protostellar cores at half of their non-ionizing part life (i.e., while the protostar is accreting to reach the mass ionizing threshold). Using the models from Hosokawa & Omukai (2009) as in Duarte-Cabral et al. (2013), we can infer the fraction of time each protostellar core is going to pass in the ionizing phase in function of the final mass of the protostar. Then we correct from half of the mass lost during the non-ionizing accretion time to obtain the initial mass reservoir of the protostellar core. In practice this correction doubles the mass of protostellar cores with protostars not massive enough to ionize their envelope, while the correction factor is lower than two for protostars that will be ionizing for part of their protostellar lifetime. Figures D.1 and D.2 available on Zenodo, show the fraction of the non-ionizing protostellar lifetime as function of the final stellar mass, and the non-ionizing protostellar lifetime as function of the initial prestellar mass reservoir.

Appendix E  High-mass prestellar core candidates figures
Figures E.1 to E.13 are available on Zenodo. They present the CO and SiO spectra and the individual molecular outflows maps of every candidate of the survey used to classify them as prestellar. The On and On–Off DCN spectra are also presented with the fit adopted to estimate the VLSR of each candidate.

Appendix F  Location of the prestellar candidates in the ALMA-IMF regions
Figures F.1 to F.14 are available on Zenodo. They display the 14 ALMA-IMF fields with the prestellar cores candidates highlighted in blue with their number. The red and orange cores are all the high-mass and intermediate-mass cores above which have been studied and have been associated to an outflow (i.e., protostellar cores). The green cores remaining are all the cores which have not been classified.
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1 https://www.almaimf.com: ALMA transforms our view of the origin of stellar masses


2 The same threshold of 6 km s−1 has been adopted in order to stay systematic and for simplicity. For cores with lower masses than 50 M⊙, this velocity threshold could be smaller.


3 This core is labeled as #37 in Nony et al. (2020) and Nony et al. (2023).


4 They correspond to sources #14 in Nony et al. (2020) and #15 in Nony et al. (2023) respectively.


5 It corresponds to source #6 in Nony et al. (2023).


6 This core is labeled as core #5 in Armante et al. (2024).


7 Their respective sizes are taken from the GExt2D catalog which are published on CDS with the catalogs of Louvet et al. (2024). Cores #1A and #1B correspond to cores #9 and #7 in the GExt2D catalog of the G333.60 protocluster.


8 The full list of protostellar cores down to ~4 M⊙ using the PPMAP temperature is available on Zenodo and at the CDS (see also Appendix C).


9 Range of number of PSCs above 16 M⊙ from the range of uncertain mass for PSCs.


10 Free-free contamination could also originate from other mechanisms such as radiojets (Anglada 1996).


11 Since they have some weak free-free emission, they cannot be prestellar cores and were then expected to be driving an outflow.


12 Values obtained for the central clumps of for instance G338 or W43-MM2 in Table 1 of Motte et al. (2022).
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All Figures
	[image: thumbnail]	Fig. 1 Overview of the outflow detection procedure using the On–Off spectra presented in Sect. 3.1. Top Left: Zoomed-in image of the continuum core #3 overlaid on the 1.3 mm dust continuum map of W43-MM2 (in grayscale). The green ellipses correspond to the FWHM of the extracted source sizes to the continuum emission by the getsf algorithm. Colored CO (2–1) contours are 10, 20, 40 and 80 in units of σ, with σ = 14.3, 12.6, 10.8, 9.0 mJy beam−1 km s−1 for cyan, blue, orange and red contours respectively. The corresponding velocity ranges are ±15–23 km s−1 for cyan and orange, −31–42 km s−1 for blue and +31–50 km s−1 for red. These velocities have been centered on the VLSR of the core (see text). Top Right: Example of the On (black ellipse) and Off (red annulus) spectra computation used to estimate the core-averaged background-subtracted spectra, here for core #3. Bottom: Resulting CO(2–1) On (black), Off (red), and On–Off (green) spectra for cores #3, #27 and #30. Core #3 shows clear line wings, representative of its bipolar outflow that can be analyzed in its On–Off spectra. The black and red spectra are computed in the black ellipse and red annulus of the top right panel. The gray dashed lines correspond to the escaping velocity (i.e., the velocity needed to escape the gravitational orbit) presented in Sect. 3.4. The spectra of cores #27 and #30 are extracted with the same method. These core do not show any sign of outflow, as expected for core #30 when looking at the map in the top panel, while the On–Off spectrum of core #27 does not present a blue line wing.
In the text



	[image: thumbnail]	Fig. 2 Top: Dispersion of the 150 On–Off random selections fluxes in the CO datacube of the region W43-MM2 for channels at velocities of 59.2 km s−1 and 100.1 km s−1. The mean (μ) and standard deviation (σ), which is assumed for the noise in a respective channel, are indicated in the panel. Middle: noise spectra of the CO datacube of the region W43-MM2 (in blue, left y-axis) overlaid with its mean cube spectra (in orange, right y-axis). The mean cube spectra is computed by averaging the fluxes of all the pixels (except those at the edges) at every channel. The green dotted line is centered on the VLSR of the region. The two channels represented in the top panel are indicated with the red dashed lines. Bottom: same as above for the SiO datacube.
In the text



	[image: thumbnail]	Fig. 3 CO (left) and SiO (right) molecular outflows map of the W43-MM2 region overlaid on the 1.3 mm dust continuum map (in grayscale). The green ellipses represent the FWHM of the continuum cores convolved by the beam size. Moment 0 contours of the blueshifted wings are overlaid on the continuum map at low velocity in cyan and high-velocity in blue. Moment 0 contours of the redshifted wings are overlaid on the continuum map at low velocity in orange and high-velocity in red. CO and SiO contours are 10, 20, 40, and 80 in units of σ, with σ = 18.9, 11.0, 18.1, 6.4 mJy beam−1 km s−1 for CO, and σ = 4.4, 5.7, 4.5, 5.7 mJy beam−1 km s−1 for SiO, for cyan, blue, orange and red contours respectively. The corresponding velocity ranges are ±15–30 km s−1 and ±30–45 km s−1 for CO and ±10–25 km s−1 and ±25–50 km s−1 for SiO.
In the text



	[image: thumbnail]	Fig. 4 Top left: CO and SiO spectra of the protostellar source #1 of the G328.25 region. On, Off, and On–Off spectra are the black, red, and green spectra respectively. The insets in the top left corner of each spectrum are the signal-to-noise ratio (S/N) for On and On–Off spectra, revealing the significant part of each one. The colored spaces on the spectra are the velocity ranges used to make molecular outflows maps. Bottom left: zoomed-in image on source #1 of the G328.25 region driving a bipolar outflow. The contour colors are the same as in Fig. 3. The CO and SiO contours are 5, 10, 20, and 40 in units of σ, with σ = 60.1, 60.4, 61.9, 62.7 mJy beam−1 km s−1 for CO, and σ = 38.9, 49.0, 38.1, 49.6 mJy beam−1 km s−1 for SiO, for cyan, blue, orange and red contours respectively. Top right: same as top left, but for the prestellar source #6 of the W43-MM1 region. Bottom right: same as bottom left but for the prestellar source #6 of the W43-MM1 region. The CO and SiO contours are 10, 20, 40, and 80 in units of σ, with σ = 32.6, 18.6, 49.5, 15.3 mJy beam−1 km s−1 for CO, and σ = 6.4, 7.4, 7.3, 7.2 mJy beam−1 km s−1 for SiO, for cyan, blue, orange and red contours respectively.
In the text



	[image: thumbnail]	Fig. 5 CO(2–1) and SiO(5–4) molecular outflow maps centered on the 12 most massive PSC candidates, represented as the center green ellipse with an annulus in each panel (cores #1A and #1B of G333.60 are displayed as one core here, see Sect. 4.4). The ellipses in red are cores classified as protostellar (due to an association with an outflow) with a mass greater than 8 M⊙, and ellipses in orange are protostellar cores with a mass between 4 and 8 M⊙. The filled green ellipses are other PSC candidates (i.e., with M > 8 M⊙ at 20 K) while the empty green ellipses are low-mass cores which have not been analyzed here. Moment 0 contours of the blueshifted wings are overlaid on the continuum map at low velocity in cyan and high-velocity in blue. Moment 0 contours of the redshifted wings are overlaid on the continuum map at low velocity in orange and high-velocity in red. The arrows represent the direction of the outflows driven by the protostars. The mass and the location of the candidate (i.e., classified as clustered or as isolated, see Sect. 5.3 for the details of the classification) are presented in each SiO map. The parameters of each map can be found on Zenodo (see also Appendix E).
continued.
In the text



	[image: thumbnail]	Fig. 6 Second derivative map of G333.60 showing a zoomed-in image of core #1. The beam of the smoothed continuum map of G333.60 is shown at the bottom left.
In the text



	[image: thumbnail]	Fig. 7 Mass distribution in function of the size of the total sample of 30 PSC candidates. The blue and red circles correspond to clustered and isolated candidates respectively. The errorbar symbols indicate the entire range of possible mass justified in Sect. 4.5, using 20 K and PPMAP uncorrected temperatures as lower and upper limits in temperature. The red dashed line corresponds to the threshold of 16 M⊙. The markers in purple are the previous high-mass PSC candidates from Duarte-Cabral et al. (2013), Barnes et al. (2023), and Wang et al. (2014) using the dust emissivity from the present work, a temperature of 20 K and the temperature used in these studies. The prestellar core from Duarte-Cabral et al. (2013) has only one symbol because a temperature of 20 K was already adopted in their work. Protostellar cores with M > 8 M⊙ are shown as green triangles.
In the text



	[image: thumbnail]	Fig. 8 Left: weighted histogram of the number of prestellar and protostellar cores per bin and lifetime of the (massive) prestellar phase for each bin (points). The left y-axis indicates the density of number of cores per decade. Prestellar cores are shown in blue bars, protostellar cores in red, and free-free sources in yellow. The bins are built using the average mass adopted in Table A.1 (also available at the CDS). Prestellar lifetimes (right y-axis) are presented as green (without ionizing sources) and blue (with ionizing sources) points for the average mass adopted. We also display as brown and black points the histograms obtained using PSC masses for the lowest and highest dust temperatures respectively we considered in Table A.1 (also available at the CDS). The magenta dashed line represents the threshold in mass of the protostar to start ionizing its envelope. The upper x-axis represents the final stellar mass assuming a core to star efficiency ϵcse of 50%. Right: same histogram with the mean prestellar lifetime in cyan stars extracted along the range of PSC masses (blue, brown and black points in left panel). The cyan dashed lines represent the one-sigma dispersion.
In the text



	[image: thumbnail]	Fig. 9 Left: weighted histogram of the number of prestellar and protostellar cores per bin (left y-axis) and lifetime of the (massive) prestellar phase (right y-axis) for each bin (points). Prestellar cores are shown in blue bars, protostellar cores in red, and free-free sources in yellow. The bins are constructed using the average mass adopted in Table A.1 (also available at the CDS). Protostellar cores masses were corrected assuming a decrease in the core mass envelope over time (see Sect. 7.4), with a constant accretion and a core to star efficiency ϵcse of 50%. Prestellar lifetimes are presented as blue points for the average mass adopted, black and brown points for the lower and upper mass limits. The magenta dashed line represents the threshold in mass of the protostar to start ionizing its envelope. The upper x-axis represents the final stellar mass assuming a core to star efficiency ϵcse of 50%. Right: same histogram with the mean prestellar lifetime in cyan stars extracted from the three hypotheses in the left panel. The cyan dashed lines represent the one-sigma dispersion.
In the text



	[image: thumbnail]	Fig. 10 Statistical lifetime of the prestellar phase as a function of density. The green points represent the lifetimes and densities extracted from the right panel of Fig. 8, corresponding to the case of a constant protostellar core mass over time (clump-fed). The blue and red points correspond to the case of a decreasing protostellar core mass over time (core-fed). Tlue points are extracted from the right panel of Fig. 9, while the red points were computed assuming a decreasing protostellar lifetime between 16 M⊙ and 60 M⊙, from 300 kyr to 100 kyr. The black dashed lines represent 1,10 and 100 free-fall times.
In the text



	[image: thumbnail]	Fig. A.1 Left: Zoomed-in image of continuum core #2 (top right) and #3 (bottom left) overlaid on the 1.3 mm continuum map of G353.41 (in grayscale). The green ellipses represent 1 time the FWHM of the continuum core. Right: Example of the On (black ellipse) and Off (red annulus) spectra computation for each core, used to estimate the core-averaged background-subtracted spectra. Core #3 (top) is the simplest case where no other core overlaps with its annulus (computed between 2.5 and 3.5 times the FWHM of the continuum core). Core #2 (bottom) has another core overlapping its annulus. The overlapping pixels are subtracted from the background estimation.
In the text



	[image: thumbnail]	Fig. A.2 Resulting SiO (5–4) spectra for cores #3, #27, and #30 of the W43-MM2 region, presented in Fig. 1.
In the text





    
      Table 2 

      Spectral lines used and their spectral resolution.

      
        


	Line
	Frequency
	ALMA Band
	Spectral window
	Cube bandwidth
	Resolution



	
	(GHz)
	
	
	(MHz)
	(kHz)
	(km s−1)





	SiO(5–4)
	217.105
	B6
	SPW 1
	234
	244
	0.34



	DCN(3–2)
	217.238
	B6
	SPW 1
	234
	244
	0.34



	CO(2–1)
	230.538
	B6
	SPW 5
	974
	468
	1.27





      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        CO (left) and SiO (right) molecular outflows map of the W43-MM2 region overlaid on the 1.3 mm dust continuum map (in grayscale). The green ellipses represent the FWHM of the continuum cores convolved by the beam size. Moment 0 contours of the blueshifted wings are overlaid on the continuum map at low velocity in cyan and high-velocity in blue. Moment 0 contours of the redshifted wings are overlaid on the continuum map at low velocity in orange and high-velocity in red. CO and SiO contours are 10, 20, 40, and 80 in units of σ, with σ = 18.9, 11.0, 18.1, 6.4 mJy beam−1 km s−1 for CO, and σ = 4.4, 5.7, 4.5, 5.7 mJy beam−1 km s−1 for SiO, for cyan, blue, orange and red contours respectively. The corresponding velocity ranges are ±15–30 km s−1 and ±30–45 km s−1 for CO and ±10–25 km s−1 and ±25–50 km s−1 for SiO.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        CO(2–1) and SiO(5–4) molecular outflow maps centered on the 12 most massive PSC candidates, represented as the center green ellipse with an annulus in each panel (cores #1A and #1B of G333.60 are displayed as one core here, see Sect. 4.4). The ellipses in red are cores classified as protostellar (due to an association with an outflow) with a mass greater than 8 M⊙, and ellipses in orange are protostellar cores with a mass between 4 and 8 M⊙. The filled green ellipses are other PSC candidates (i.e., with M > 8 M⊙ at 20 K) while the empty green ellipses are low-mass cores which have not been analyzed here. Moment 0 contours of the blueshifted wings are overlaid on the continuum map at low velocity in cyan and high-velocity in blue. Moment 0 contours of the redshifted wings are overlaid on the continuum map at low velocity in orange and high-velocity in red. The arrows represent the direction of the outflows driven by the protostars. The mass and the location of the candidate (i.e., classified as clustered or as isolated, see Sect. 5.3 for the details of the classification) are presented in each SiO map. The parameters of each map can be found on Zenodo (see also Appendix E).

        continued.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Mass distribution in function of the size of the total sample of 30 PSC candidates. The blue and red circles correspond to clustered and isolated candidates respectively. The errorbar symbols indicate the entire range of possible mass justified in Sect. 4.5, using 20 K and PPMAP uncorrected temperatures as lower and upper limits in temperature. The red dashed line corresponds to the threshold of 16 M⊙. The markers in purple are the previous high-mass PSC candidates from Duarte-Cabral et al. (2013), Barnes et al. (2023), and Wang et al. (2014) using the dust emissivity from the present work, a temperature of 20 K and the temperature used in these studies. The prestellar core from Duarte-Cabral et al. (2013) has only one symbol because a temperature of 20 K was already adopted in their work. Protostellar cores with M > 8 M⊙ are shown as green triangles.

      

    

  
    
      Table 4 

      Prestellar phase lifetime.

      
        


	
	Mass range
	⟨nH2⟩ (1)
	⟨tff⟩ (2)
	tPSC (3)



	
	(M⊙)
	(×107 cm−3)
	(kyr)
	(kyr)





	Constant
	8–16
	2.0
	7.1
	240 [190–290]



	protostellar
	16–30
	3.8
	5.1
	160 [120–200]



	envelope
	30–55
	7.0
	3.8
	100 [80–120]



	




	Decreasing
	8–16
	2.0
	7.1
	120 [90–150]



	protostellar
	16–30
	3.8
	5.1
	70 [50–90]



	envelope
	30–55
	7.0
	3.8
	50 [40–60]





      

      
Notes. (1)Mean volume density. (2)Mean free-fall time per bin. (3)Mean prestellar lifetime obtained from the right panels of Figs. 8 and 9. The range corresponds to the uncertainty obtained from the dispersion of the points.




    

  
    
      Fig. 10 
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        Statistical lifetime of the prestellar phase as a function of density. The green points represent the lifetimes and densities extracted from the right panel of Fig. 8, corresponding to the case of a constant protostellar core mass over time (clump-fed). The blue and red points correspond to the case of a decreasing protostellar core mass over time (core-fed). Tlue points are extracted from the right panel of Fig. 9, while the red points were computed assuming a decreasing protostellar lifetime between 16 M⊙ and 60 M⊙, from 300 kyr to 100 kyr. The black dashed lines represent 1,10 and 100 free-fall times.

      

    

  
    
      Fig. A.1 
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        Left: Zoomed-in image of continuum core #2 (top right) and #3 (bottom left) overlaid on the 1.3 mm continuum map of G353.41 (in grayscale). The green ellipses represent 1 time the FWHM of the continuum core. Right: Example of the On (black ellipse) and Off (red annulus) spectra computation for each core, used to estimate the core-averaged background-subtracted spectra. Core #3 (top) is the simplest case where no other core overlaps with its annulus (computed between 2.5 and 3.5 times the FWHM of the continuum core). Core #2 (bottom) has another core overlapping its annulus. The overlapping pixels are subtracted from the background estimation.

      

    

  
    
      Fig. A.2 
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        Resulting SiO (5–4) spectra for cores #3, #27, and #30 of the W43-MM2 region, presented in Fig. 1.

      

    

  
    
      Table A.1 

      List and properties of the sample of prestellar core (PSC) candidates.

      
        


	Region
	Source
	RA
	DEC
	Mass [range] (1)
	FWHMdec
	nH2
	tff (2)
	Location (3)



	
	
	[deg]
	[deg]
	[M⊙]
	[au]
	[×106 cm−3]
	[kyr]
	





	G008.67
	#4
	271.580761
	-21.6237093
	7.8 [6.6 – 8.9]
	3870
	4.1 ± 0.6
	15.7 ± 1.2
	C



	G008.67
	#7
	271.5800126
	-21.6251966
	13.7 [11.2 – 16.2]
	2780
	19.3 ± 3.5
	7.2 ± 0.7
	C



	G008.67
	#10
	271.5774356
	-21.6271193
	7.4 [5.9 – 8.9]
	4120
	3.2 ± 0.6
	17.7 ± 1.8
	I



	




	G010.62
	#4
	272.6216933
	-19.9291438
	11.7 [8.7 – 14.7]
	1840
	56.7 ± 14.6
	4.2 ± 0.6
	I



	




	G012.80
	#5
	273.5482204
	-17.9458195
	7.4 [6.8 – 8.1]
	1450
	73.6 ± 6.6
	3.7 ± 0.2
	I



	




	G327.29
	#11
	238.2800319
	-54.6194279
	8.6 [6.6 – 10.6]
	3480
	6.2 ± 1.4
	12.7 ± 1.5
	C



	




	G333.60
	(4)#1A
	245.5468839
	-50.0987477
	54.0 [35.7 – 72.3]
	2640
	88.8 ± 30.1
	3.4 ± 0.6
	C



	G333.60
	(4)#1B
	245.5466503
	-50.0988518
	40.5 [26.9 – 54.2]
	2020
	148.8 ± 50.2
	2.6 ± 0.5
	C



	G333.60
	#8
	245.5282954
	-50.1068134
	6.7 [5.4 – 8.0]
	2510
	12.8 ± 2.5
	8.8 ± 0.9
	C



	G333.60
	#26
	245.535353
	-50.1041745
	7.0 [4.9 – 9.1]
	2310
	17.3 ± 5.1
	7.6 ± 1.2
	I



	G333.60
	#45
	245.549303
	-50.0984873
	6.4 [4.5 – 8.2]
	4370
	2.3 ± 0.7
	20.8 ± 3.2
	C



	




	G337.92
	#3
	250.2949021
	-47.1343006
	12.0 [9.2 – 14.8]
	2750
	17.4 ± 4.1
	7.6 ± 0.9
	C



	G337.92
	#5
	250.295556
	-47.134715
	11.2 [8.7 – 13.7]
	3450
	8.3 ± 1.9
	11.0 ± 1.3
	C



	




	G338.93
	#5
	250.1417392
	-45.7025004
	24.9 [17.4 – 32.4]
	1750
	140.5 ± 42.4
	2.7 ± 0.4
	C



	G338.93
	#7
	250.1378537
	-45.7040233
	10.0 [8.2 – 11.8]
	1470
	95.4 ± 16.8
	3.2 ± 0.3
	C



	G338.93
	#13
	250.1423231
	-45.6931039
	11.1 [9.5 – 12.7]
	3090
	11.4 ± 1.7
	9.4 ± 0.7
	I



	G338.93
	#16
	250.1418854
	-45.701708
	6.5 [4.8 – 8.2]
	2930
	7.8 ± 2.1
	11.3 ± 1.6
	C



	




	G353.41
	#5
	262.6101515
	-34.6960014
	12.7 [9.9 – 15.6]
	2630
	21.2 ± 4.7
	6.9 ± 0.8
	C



	




	W43-MM1
	#6
	281.9423152
	-1.909246
	40.5 [37.3 – 43.6]
	2030
	146.5 ± 11.4
	2.6 ± 0.1
	I



	W43-MM1
	#8
	281.938703
	-1.9102889
	8.3 [7.5 – 9.0]
	1350
	101.6 ± 8.9
	3.1 ± 0.1
	C



	W43-MM1
	#14
	281.944974
	-1.9044595
	9.1 [8.4 – 9.7]
	1350
	111.6 ± 8.2
	3.0 ± 0.1
	I



	W43-MM1
	#18
	281.9462451
	-1.9075171
	18.7 [17.9 – 19.4]
	1930
	78.6 ± 3.0
	3.6 ± 0.1
	I



	W43-MM1
	#21
	281.9453834
	-1.9082357
	21.1 [20.3 – 21.9]
	2390
	46.8 ± 1.7
	4.6 ± 0.1
	C



	W43-MM1
	#30
	281.9456971
	-1.9082389
	12.2 [11.8 – 12.6]
	1350
	150.0 ± 5.4
	2.6 ± 0.0
	C



	W43-MM1
	#32
	281.9455609
	-1.9075139
	19.5 [18.8 – 20.1]
	2180
	56.9 ± 1.9
	4.2 ± 0.1
	C



	




	W43-MM2
	#2
	281.9001273
	-2.0224281
	13.0 [11.7 – 14.3]
	2020
	47.7 ± 4.8
	4.6 ± 0.2
	C



	W43-MM2
	#9
	281.9034863
	-2.0173945
	7.8 [6.7 – 8.8]
	2160
	23.3 ± 3.3
	6.6 ± 0.5
	I



	W43-MM2
	#12
	281.9027193
	-2.014794
	16.0 [14.0 – 18.1]
	3390
	12.4 ± 1.6
	9.0 ± 0.6
	I



	




	W43-MM3
	#3
	281.9207197
	-2.0057611
	10.8 [9.4 – 12.2]
	2420
	23.1 ± 3.0
	6.6 ± 0.4
	C



	




	W51-E
	#14
	290.9326071
	14.510126
	35.6 [28.8 – 42.3]
	2080
	119.7 ± 22.7
	2.9 ± 0.3
	I



	W51-E
	#28
	290.9319946
	14.5089561
	7.5 [6.7 – 8.2]
	1600
	55.1 ± 5.8
	4.3 ± 0.2
	C



	W51-E
	#31
	290.9288221
	14.5159753
	9.5 [9.3 – 9.7]
	4170
	3.9 ± 0.1
	15.9 ± 0.2
	C



	




	W51-IRS2
	#8
	290.9091553
	14.5185781
	17.4 [14.0 – 20.9]
	1930
	73.4 ± 14.5
	3.7 ± 0.4
	I



	W51-IRS2
	#9
	290.9103723
	14.5113251
	16.5 [13.0 – 19.9]
	2510
	31.5 ± 6.7
	5.6 ± 0.6
	I



	W51-IRS2
	#11
	290.9187587
	14.5177443
	23.9 [17.8 – 30.0]
	2950
	28.2 ± 7.2
	6.0 ± 0.8
	C



	W51-IRS2
	#17
	290.9245968
	14.5197752
	11.5 [9.4 – 13.5]
	3950
	5.6 ± 1.0
	13.3 ± 1.2
	I



	W51-IRS2
	#22
	290.9255723
	14.5112676
	7.6 [6.1 – 9.1]
	1350
	93.5 ± 18.6
	3.3 ± 0.3
	I



	W51-IRS2
	#24
	290.9114738
	14.5186878
	7.7 [6.4 – 9.1]
	3120
	7.7 ± 1.4
	11.4 ± 1.0
	I



	W51-IRS2
	#28
	290.9052888
	14.5184717
	10.1 [8.7 – 11.5]
	3910
	5.1 ± 0.7
	14.0 ± 1.0
	I



	W51-IRS2
	#32
	290.9069467
	14.5064897
	9.7 [8.3 – 11.2]
	1900
	43.0 ± 6.4
	4.8 ± 0.4
	I



	W51-IRS2
	#38
	290.9262262
	14.515357
	7.7 [6.1 – 9.4]
	1800
	40.1 ± 8.6
	5.0 ± 0.6
	I



	W51-IRS2
	#42
	290.9180791
	14.5179626
	11.5 [8.7 – 14.2]
	2820
	15.5 ± 3.7
	8.0 ± 1.0
	I





      

      
Bold font is used to present the robust sample of PSC candidates with M > 16M⊙.

1 Mean masses of the candidates with their range using the non-corrected PPMAP dust temperature (see Dell’Ova et al. 2024) and 20 K as upper and lower limits in temperature.

2 Volume density and free-fall time (see section 4.5).

3 Location of the source with C meaning clustered and I meaning isolated, based on the criteria described in Sect. 4.5.

4 This source contains two continuum peaks that can be seen in the GExt2D second derivative map. We then use the flux density and size of each GExt2D source to compute the masses and densities of the two peaks (see section 4.4).
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