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Abstract

Context. Over the past decade, Herschel far-infrared (FIR) observations have demonstrated the complex organisation characterising the interstellar medium as networks of parsec-scale filaments. At the same time, fiber networks have been found to aptly describe the gas structures in star-forming regions at sub-parsec scales.

Aims. We aim to investigate the dense gas organisation prior to the formation of stars in a selected sample of regions within Orion.

Methods. We surveyed seven prototypical star-forming regions in Orion as part of the EMERGE Early ALMA Survey. Our sample includes low- (OMC-4 South, NGC 2023), intermediate- (OMC-2, OMC-3, LDN 1641N), and high-mass (OMC-1, Flame Nebula) star-forming regions all surveyed at a high spatial resolution of 4.5″(or ∼2000 au) in N2H+ (1-0). We used a dedicated series of ALMA+IRAM-30 m observations of this homogeneous sample to systematically investigate the spatial distribution, density, and thermal structure of the star-forming gas, along with its column density variations and its internal motions in a wide range of environments.

Results. From the analysis of the gas kinematics, we identified and characterised a total of 152 velocity-coherent fibers. The statistical significance of our sample, the largest of its kind so far, highlights these small-scale filamentary sub-structures as the preferred organisational unit for the dense gas in low-, intermediate-, and high-mass star-forming regions alike. Despite the varied complexity of these sub-parsec networks (in terms of the surface density of their constituent fibers), the masses and lengths of these objects show similar distributions and consistent median values, as well as (trans-)sonic motions, for all of our targets. The comparison between the fiber line masses and virial line masses suggests that the majority of these objects are sub-virial. Those fibers closer to the virial condition, however, are also associated with a greater number of protostars. Finally, the surface density of fibers is linearly correlated with the total dense gas mass throughout by roughly one order of magnitude in terms of both of these parameters.

Conclusions. While most fibers show comparable mass, length, and internal motions in our survey, massive fibers that are close to the virial condition are shown to be intimately connected to star formation. The majority of the protostars in our target regions are, in fact, associated with these objects. The additional correlation between the surface density of fibers and the dense gas mass in our survey demonstrates how the physical properties of fibers can explain the current degree of star formation in their host region. Our findings suggest a common mechanism for star formation from low- to high-mass star-forming regions, mediated through the formation and evolution of fiber networks.
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1 Introduction
Over the past century, a large variety of observations recognised the interstellar medium (ISM) as filamentary (Barnard 1907; Lynds 1962; Schneider & Elmegreen 1979). The proximity of filaments to the young stellar objects in their host region implied a connection between the evolution of these elongated structures and the star-formation process (e.g. Hartmann 2002). A large variety of parsec-scale filaments of gas and dust have been observed in several star-forming regions since then (e.g. integral shaped filament, ISF, in Orion; Bally et al. 1987). The advent of Herschel observations showed the widespread presence of filaments in the ISM and their role as drivers of star formation inside clouds (André et al. 2014).
A plethora of filamentary structures are nowadays identified in the ISM at all scales (Hacar et al. 2023). The far-infrared (FIR) dust emission observations from Herschel probed filament networks on parsec scales both in nearby clouds (e.g. Arzoumanian et al. 2019) and Galactic Plane surveys (e.g. Molinari et al. 2010). Large-scale surveys in dust extinction and emission identified giant filaments with sizes up to ~100 pc (e.g. Jackson et al. 2010; Goodman et al. 2014). Inside many of these parsecsize filaments, molecular line observations revealed the existence of velocity-coherent, sub-filaments (Hacar et al. 2013), usually referred to as fibers (André et al. 2014). These fibers have been identified both in single-dish (e.g. Tafalla & Hacar 2015; Hacar et al. 2017) and in interferometric studies (e.g. Lee et al. 2014; Hacar et al. 2018; Dhabal et al. 2019) over the years. While the distinction between giant filaments, parsec-size filaments, and sub-parsec fibers is primarily driven by observations, all these filament families are recognised as part of the hierarchical structure of the ISM down to the ~ 1000 au scale regime (Hacar et al. 2023).
Recognised as part of the hierarchy in the filamentary ISM, fibers play a pivotal role in the star formation process. They have been suggested to form when the turbulence characterising the ISM at large scales dissipates. Fibers would then set the initial conditions for core formation, which, in turn, would inherit their kinematic properties (Hacar & Tafalla 2011). Despite the close connection to cores and, therefore, to star formation, the search for velocity-coherent fibers is limited by our ability to resolve these structures, both in terms of space and velocity. The need for observations at high spectral and spatial resolution has confined the study of fibers to single regions, thus limiting the overall statistics (Hacar et al. 2023, and references therein).
We aim to characterise the physical properties of velocity-coherent structures and the potential variation of these properties with the environment, in a statistically significant sample of seven low- to high-mass regions in Orion. All our targets were homogeneously surveyed at high spatial resolution of ~2000 au with the Atacama Large Millimetre Array (ALMA). This pilot study is part of the Emergence of high-mass stars in complex fiber networks (EMERGE) project (see Hacar et al. 2024, hereafter Paper I), which explores the origin of low- and high-mass stars in complex associations of filaments using ALMA observations. This Paper III in the series is organised as follows: we first present our sample (Sect. 2) and the dense gas properties traced by our N2H+ observations (Sect. 3). We then describe our analysis, which focuses on the identification and characterisation of velocity-coherent structures in the regions included in the survey (Sect. 4). We explore the physical properties of these structures, recognising them as fibers, and we further assess their virial condition and their connection to the current star-formation in the host region (Sect. 5). Finally, we conclude that fiber networks are the preferred organisation of the dense gas prior to the formation of stars in Orion. The complexity of these networks is mostly determined by the total dense gas mass available in the region, independently of its star-formation history or classification (e.g. low-, intermediate-, or high-mass). We summarise our conclusions and the main findings of the paper in Sect. 6.
Table 1 
General properties of the EMERGE Early ALMA Survey.

2 EMERGE Early ALMA Survey
The EMERGE project aims to study the formation mechanism of high- and low-mass stars in densely populated fiber associations (i.e. fiber networks; see Paper I). While filament networks are reported on parsec-scale (e.g. André et al. 2014), fiber networks are identified at sub-parsec scales describing the organisation of dense, star-forming gas prior to the formation of stars (Hacar et al. 2018). The EMERGE project will make use of both new and archival ALMA interferometric observations at high spatial resolution to resolve these fiber networks across the Milky Way.
In this first pilot study, the EMERGE Early ALMA Survey explores seven star-forming regions in Orion, namely the Orion Molecular Clouds (OMCs) OMC-1, OMC-2, OMC-3, OMC-4 South, LDN 1641N in Orion A and NGC 2023, Flame Nebula (or NGC 2024) in Orion B. The targets of this sample, comprising high- (OMC-1, Flame Nebula), intermediate-(OMC-2, OMC-3, LDN 1641N), and low-mass (NGC 2023, OMC-4 South) star-forming regions, were chosen to cover different mass reservoirs, evolutionary stages, and stellar populations (see properties in Table 1; see also Paper I for a discussion). The entire EMERGE Early ALMA sample was homogeneously surveyed at a resolution of 4.5″ (or ~2000 au at 414 pc; Menten et al. 2007) using ALMA observations at 3mm (Band 3; Proj.IDs: 2015.1.00669.S, 2019.1.00641.S). All targets were observed using independent, large-scale ALMA mosaics, between 110 and 145 pointings each, typically covering an area of ~200 × 600 arcsec2 (or 0.4 × 1.2 pc2) in size. Our ALMA data include independent observations of N2H+ (1−0) (93.17 GHz), HNC (1−0) (90.66 GHz), and HC3N (10-9) (90.97 GHz), all observed at high spectral resolution (δV ≤ 0.15 km s−1), with the addition of the 3 mm-continuum. This suite of tracers was selected to probe different density regimes and physical processes within the sample (see also Paper I). These interferometric ALMA observations were combined with additional low spatial resolution, IRAM-30 m (single-dish) data, used as short-spacing information (see Bonanomi et al. 2024, hereafter Paper II). The final data products are high-sensitivity, high-resolution ALMA+IRAM-30 m spectral cubes and continuum maps, whose fields are homogeneously reduced throughout our survey. The ALMA+IRAM-30 m data are complemented by ancillary catalogues of young stellar objects (YSOs, including Class 0/I prostostars and Class II disks; Megeath et al. 2012; Furlan et al. 2016; Stutz et al. 2013), and O-B stars (Wenger et al. 2000). The data are also complemented by Herschel FIR measurements (36″) of the total gas column density (N(H2); Lombardi et al. 2014) and single-dish maps (30″) of the gas kinetic temperature (TK; Hacar et al. 2020a). We refer to Paper I for a full description of both the new and ancillary data used here.
Among the different molecular species included in the EMERGE Early ALMA survey, here we investigate the N2H+ (1−0) emission as probe of the dense gas structure within our sample. N2H+ is a density selective tracer formed at densities n(H2) ≳ 5 × 104 cm−3 when CO disappears from the gas phase due to freeze-out (see Tafalla et al. 2023, for an overview). Thanks to its favourable observational properties, several studies used the ground (J=1−0) transition of N2H+ as standard tracer of dense cores at sub-parsec scales in low-mass star-forming regions (e.g. Caselli et al. 2002). The advent of high-sensitivity observations in recent years revealed the presence of extended N2H+ (1−0) emission tracing the filamentary structure of intermediate- and high-mass star-forming regions at parsec scales (Lee et al. 2014; Henshaw et al. 2014; Hacar et al. 2018; Chen et al. 2019; Barnes et al. 2021). In these studies, the N2H+ emission samples the high-density material in the regions, typically found at column densities ≳ 1022 cm−2 (Bergin & Tafalla 2007), and closely connected to the location of young proto-stars (e.g. Lee et al. 2014; Hacar et al. 2018; Chen et al. 2019). The study of the N2H+ (1−0) emission allowed for the systematic investigation of the dense gas physical properties (structure, kinematics, and stability) prior to the formation of stars in low-to high-mass star-forming regions.
In the following sections, we explore the emission properties of N2H+ (1−0), homogeneously sampled by the corresponding ALMA+IRAM-30 m mosaics towards the seven star-forming regions included in the EMERGE Early ALMA Survey. These seven mosaics are reduced using the Model-Assisted CLEAN plus Feather (MACF) method, recovering ≳90% of the emission detected in our single-dish data throughout the survey (see Paper I for additional details). Each of these seven Nyquist-sampled ALMA fields is a spectral cube at spatial resolution of ~2000 au, containing between ~ 18 000 and 26000 spectra observed at high-spectral resolution. Our analysis considers a total of ~ 170 000 spectra overall, becoming one of the largest ALMA surveys in N2H+ so far. Our cubes are originally reduced in flux units of Jansky beam −1, then converted to Kelvin in main beam temperature units (Tmb) using a standard conversion factor of 6.96 Jy beam−1 K−1 at a resolution of 4.5″ (see the ALMA Technical Handbook1).
3 Dense gas structure at 2000 au resolution
The characterisation of the gas in the EMERGE Early ALMA Survey goes through the analysis of its kinematics, using the N2H+ spectra, but also through the determination of its physical properties, such as its total mass and the size of the substructures. In the following sections, we explore the morphology of the N2H+ emission (Sect. 3.1), the temperature regime covered by our observations (Sect. 3.2) and the combination of the two to derive high-resolution N(H2) maps of our regions (Sect. 3.3). We finally discuss how accurate is the EMERGE Early ALMA Survey in the description of the gas content compared to previous surveys in the same regions (Sect. 3.4).
3.1 N2H+ emission
We start our study from the global emission properties of N2H+ (1−0). Figure 1 shows the integrated emission of N2H+ in each of the seven ALMA fields part of the survey. The integration range in velocity was adapted to the individual cloud velocities in each case. Superposed to these maps, we display the location of the individual protostars (cyan triangles), of the B-(white stars) and O-stars (yellow stars) stars identified in previous surveys within these regions. At a first glance, the sample presents a large variety of emission features, pairing bright peaks to regions with extended emission, all accurately recovered by the ALMA+IRAM-30 m data combination.
The coverage of our ALMA maps was chosen to follow the distribution of the N2H+ (1−0) emission and the high column density material (N(H2) ≳ 1022 cm−2), both previously covered by low-resolution surveys (see Paper I for a description). At the low spatial resolutions (30–36″ or ~0.06 pc) of these ancillary surveys, our targets appear as elongated parsec-size filaments in line and continuum emission alike. When observed at high resolution with ALMA (4.5″ or ~0.01 pc), these same regions show a more diverse morphology instead. Regions such as OMC-2 and OMC-3 break down into a plethora of high-contrast, sharp, and elongated emission features, roughly aligned with the large-scale structure of the cloud. Others, such as OMC-4 South and NGC 2023, appear more irregular and diffuse. Cases such as LDN 1641N and the Flame Nebula display a cometary shape. Finally, OMC-1 displays a convergent, hub-like (Myers 2009) distribution of structures. Some of these morphological differences were already documented in previous studies (e.g. Wiseman & Ho 1998; Johnstone & Bally 2006; Mairs et al. 2016; Hacar et al. 2018; Stanke et al. 2022) and their variety underlines the need for high spatial resolution observations when describing the dense gas structure of star-forming regions such as those in our survey.
In addition to these large-scale differences, the ALMA+IRAM-30 m maps, displayed in Fig. 1, reveal a large variation in the N2H+ (1−0) intensity. The brightest integrated emission peaks are found in the Flame Nebula (125 K km s−1), OMC-1 (88 K km s−1), OMC-2 (77 K km s−1), and LDN 1641N (77 K km s−1). These peaks usually correspond to the most active star-forming sites in these fields, as denoted by the presence of multiple protostars and highly embedded sources detected in the millimeter/FIR continuum (cyan triangles in our images). That is the case for the OMC-1 Ridge (Teixeira et al. 2016), OMC-1 South (Rivilla et al. 2013; Palau et al. 2018), OMC-2 FIR-4, and OMC-3 MMS sources (see Peterson & Megeath 2008, for a review), as well as the head of LDN 1641N (Megeath et al. 2016). The bright emission detected in these active star-forming sites contrasts with the much weaker emission seen in more diffuse clouds, such as OMC-4 South and NGC 2023 (both with intensity peaks of ~21 K km s−1). The relative variation seen in these peaks is usually accompanied by a proportional amount of diffuse and extended emission, seen down to 2.5 K km s−1. In all cases, the emission is confidently detected above the noise level our of maps, estimated within 0.4–1.1 K km s−1 (depending on the field) from the analysis of different emission-free sub-regions in Fig. 1. With a dynamic range between 25 (OMC-4) and 255 (Flame Nebula), our ALMA+IRAM-30 m maps are able to capture two orders of magnitude in N2H+ intensity, describing both its compact and extended emission components in these clouds.
While exploring a large range of physical conditions, our ALMA+IRAM-30 m maps display surprising similarities when resolved at 2000 au resolution. In all of our targets the N2H+ emission is heavily structured forming a series of elongated filamentary features with sizes on the order of ≲0.1–0.2 pc. These small-scale filaments also have widths well below 0.1 pc in most cases, and close to the resolution of our observations (see beam size and scale bar in our figures). Far from idealised cylinders, these small filaments have a high internal variability with multiple branches, frequent changes in intensity, and variable width across their axis. This fibrous sub-structure (see Sect. 3.3 for a further discussion) was previously reported in the ALMA observations of N2H+ (1−0) towards OMC-1 and OMC-2 alone (Hacar et al. 2018). The same filamentary sub-structure seen throughout our survey suggests these features as intrinsic of the dense gas organisation in our regions, independently of their star-formation regime (low- vs high-mass), evolutionary stage (young vs evolved), or stellar content (with or without O-stars).
While common to all of our targets, the arrangement of these filamentary sub-structures seen in N2H+ (1−0) integrated intensity may change across our sample. Regions with large (proto-)stellar populations (see triangles and stars in Fig. 1), such as OMC-1, OMC-2, OMC-3, or the northern end of LDN 1641N, show highly concentrated structures organised in densely populated networks of filaments at sub-parsec scales. At the location of the brightest emission peaks in our maps (see above), multiple filament junctions and condensations with sizes of ≲0.1 pc are recognised. These condensations correspond to previously reported sources, such as OMC-1 Ridge, OMC-1 South, OMC-2 FIR-4 and FIR-6, OMC-3 MMS8-9, MMS1-5, and LDN 1641N. In contrast, regions with shallow (proto-)stellar populations (e.g. OMC-4 South and NGC 2023) or those under the influence of strong feedback (e.g. the Flame Nebula) display a more diffuse and distributed sub-structure.
Before continuing our study, it is important to investigate which gas conditions are sampled by our N2H+ observations. From the analysis of single-dish (30″) observations, Paper I determined a strong correlation between the location of the bright N2H+ (1−0) emission and the position of the (Class 0/I, ~0.5 Myr old) protostars reported in previous IR surveys (cyan triangles; P in Table 1). This correlation is however lost when comparing the N2H+ emission with the positions of the (Class II/III, ~2 Myr old) disks reported in those same surveys (not shown; D in Table 1). The ratio P/D is a classical evolutionary tracer (Evans et al. 2009): young regions are expected to have P/D ≳ 1. Regions with continuous star-formation over time approach the steady-state value given by the typical lifetimes of the Class I/II objects (i.e. [image: equation]). More evolved regions harbour a larger number of Class II objects showing P/D < 0.25 (see Paper I for a full discussion). From our ALMA+IRAM-30 m maps, we determined most of the protostars in our fields to be located on top of (or close to) local N2H+ (1−0) intensity peaks, similarly to Paper I despite the difference in resolution (4.5″ vs 30″). This correlation is particularly strong in regions with a limited presence of O-B stars and P/D ratios ≳0.25, such as OMC-2 or OMC-3. Exceptions to this general trend are instead found in the Flame Nebula and (part of) OMC-1, where the strong effects of UV-radiation (as well as the incompleteness of the IR surveys in these bright regions, see Megeath et al. 2016) might disrupt this correlation. This tight correspondence is expected since N2H+ is found to trace the fresh dense material with a typical lifetime of ≲1 Myr, and currently forming stars with a roughly constant star-formation rate (Priestley et al. 2023). The total mass of the dense gas probed by N2H+ is therefore the major contributing factor to the star-formation activity in the regions (see Paper I for a further discussion).
	[image: thumbnail]	Fig. 1 N2H+ (1−0) integrated intensity maps of the seven star-forming regions in the EMERGE Early ALMA Survey at 4.5″ resolution with ALMA+IRAM-30 m. In all panels, cyan triangles are the protostellar objects from Megeath et al. (2012); Stutz et al. (2013); Furlan et al. (2016), while the yellow and white stars are the O-B stars collected from Simbad (Wenger et al. 2000), respectively.



3.2 Gas kinetic temperature
Additional insights are gained by exploring the temperature regimes in which the N2H+ (1−0) emission is present. Figure 2 shows the gas kinetic temperature (TK) obtained using IRAM-30 m observations at 30″ resolution of the HCN (1−0) and HNC (1−0) lines (see Paper I for additional details). Their integrated intensity ratio, sensitive to temperature variations due to the formation and destruction pathways of the two species (e.g. Herbst et al. 2000), was calibrated against independent TK measurements obtained with NH3 by Hacar et al. (2020a). By applying the empirical correlation determined by Hacar et al., we derived large scale temperature maps for our targets, which are most accurate within the range TK ~ 15–40 K.
We found strong similarities between the morphology of the N2H+ (1−0) emission and the coldest regions in our targets overall. The bulk of the N2H+ (1−0) emission in our maps (see first contour superposed to our TK maps) is usually found at temperatures between TK ~ 10 K (e.g. OMC-4 South) and TK ≲ 25 K (e.g. OMC-2). While unfavorable due to its chemical properties (see Sect. 3.1), prominent N2H+ emission is nonetheless detected in the warmer environments of OMC-1 and the Flame Nebula at temperatures TK > 35 K (e.g. Hacar et al. 2020a). In addition to these global properties, we observe significant temperature variations in those regions traced in N2H+. Several N2H+ emission patches qualitatively show temperature gradients of ~5–10 K within scales of ~0.1 pc from their peak towards their edges. While these variations are typical in regions such as OMC-2, the gradients are more pronounced in regions directly exposed to the feedback from massive stars, such as the Flame Nebula and OMC-1.
To further explore the correlation between the kinetic temperature and the N2H+ emission, we qualitatively compared the latter with previous temperature estimates at high resolution in some of our regions. Interferometric observations of NH3 (1,1), (2,2) with the Very Large Array (VLA) determined temperature maps at resolutions similar to the one of our ALMA+IRAM-30 m maps in OMC-1 (8″; Wiseman & Ho 1998) and OMC-2/-3 (5″; Li et al. 2013). Although less extended than our IRAM-30 m observations, these maps probe almost the same gas as N2H+ (expected given the chemical connection between the two molecules; e.g. Aikawa et al. 2005), and show a similar picture as previously depicted: the typical temperature in all three regions is TK ≲ 25 K, which rises up and above >40 K only towards the centre of OMC-1. Since these archival measurements are available only in a sub-sample of our survey, we stick to a fully qualitative comparison. However, and despite the coarser resolution, our IRAM-30 m maps not only capture the main features and the temperature ranges seen in the VLA maps, but also extend our knowledge of the gas kinetic temperature further by targeting the material surrounding the N2H+ emission as well.
3.3 Column density and dense gas properties
Beyond the description of the N2H+ intensity variations, we aim to characterise the gas organisation in the survey down to 2000 au. It is therefore mandatory to determine which column densities are effectively sampled in our N2H+ maps. Originally computed as I(N2H+)/TK, the temperature-corrected N2H+ integrated intensity (IT(N2H+)) is found to tightly correlate with the Herschel total column density N(H2) in OMC-1 and OMC-2 at a resolution of 30″ (Hacar et al. 2018). We relied on a similar calibration to determine the column density maps of our regions by combining the ALMA+IRAM-30 m N2H+ maps with the IRAM-30 m temperature maps, albeit at different resolutions. As seen in the previous Section, our IRAM-30 m observations recover temperature estimates in close agreement with previous studies at a resolution comparable to our N2H+ maps. We therefore assumed, as a first order approximation, TK constant within each IRAM-30 m beam and associated this temperature pixel by pixel to the ALMA+IRAM-30 m N2H+ maps2. The correlation between IT(N2H+) and N(H2) that is employed follows Hacar et al. (2018), and it is empirically described as
[image: equation](1)
with IT(N2H+) as I(N2H+)/(J(TK) − J(Tbg)), according to Tafalla et al. (2023). The above correlation comes from the expected increase of line excitation as a function of column density, modulated by the temperature (linear term), plus a column density floor value needed to chemically form N2H+ in the gas phase (offset). Further tests indicate that Eq. (1) describes the column densities in all other sources of our survey. Adopting Eq. (1), we obtained individual column density N(H2) maps at high spatial resolution (4.5″ or ~2000 au) for the seven ALMA fields in our sample (Fig. 3). While predictions for the floor term at cloud scales exist (e.g. Tafalla et al. 2023), this threshold may change locally at our resolution, thus biasing our N(H2) estimate. We therefore disregard the floor term in Eq. (1) hereafter, thus arguing in terms of column density of the dense gas only, and all the physical properties derived will be intended as for the dense gas.
Figure 3 shows the column density maps for all seven regions in the survey at 2000 au resolution. Not surprisingly, and thanks to the calibration from Eq. (1), the observed variations and morphology of our N(H2) maps closely follow those seen in the integrated intensity of the N2H+ (1−0) line (Fig. 1). An inspection of these new N(H2) maps confirms the presence of a rich substructure comprising narrow, high contrast gas features in all our clouds.
The high dynamic range of our ALMA+IRAM-30 m data (see Sect. 3.1) is further stretched by the correction for TK. Figure 4 shows an histogram per region including all the pixels in our maps with I(N2H+) ≥ 2.5 K km s−1, selection criterion later applied in the analysis (see Sect. 4). When considering these fields, the whole survey spans almost three orders of magnitude in column density, between N(H2) ~ 2 × 1021 cm−2 and ~1024 cm−2. The material surveyed by our N2H+ ALMA maps at 2000 au resolution is typically found at column densities N(H2) between 1022 cm−2 and 1023 cm−2. These values are one order of magnitude denser, on average, than the peak column densities reported for Herschel filaments (Arzoumanian et al. 2019). Not all clouds exhibit the same range in N(H2), however (see also Paper I). Diffuse regions such as OMC-4 South or NGC 2023 show N(H2) ~ 1023 cm-2 at maximum, while regions particularly active in star formation, such as OMC-2 or OMC-3, display column densities above N(H2) > 1023 cm−2. Interestingly, the highest values in the cumulative distributions are found exceeding the theoretical threshold for high-mass star formation (N(H2) ≳ 1023.4 cm−2; Krumholz & McKee 2008) towards OMC-1 and the Flame Nebula, both hosts of O-type stars.
As selective tracer of densities above n(H2) ≳ 105 cm 3, N2H+ samples high column density (N(H2) > 1022 cm−2) and cold (TK = 10–25 K) material directly connected to the formation of young protostars in our fields. When observed at 2000 au resolution, this gas appears to be highly structured forming complex networks of narrow and elongated filaments at subparsec scales. Independently of the evolutionary stage (young vs evolved) and stellar activity (low- vs high-mass), our results suggest a common organisation of the dense gas prior to the formation of stars. The enhanced resolution and dynamic range of our ALMA+IRAM-30 m maps makes the EMERGE Early ALMA Survey an ideal sample of regions to investigate the initial conditions for star formation across a wide range of physical properties.
	[image: thumbnail]	Fig. 2 Temperature maps derived from the HCN-to-HNC ratio at 30″ with IRAM-30 m (see Paper I). The fields with I(HNC) < 2 K km s−1 have been masked. The black contours show I(N2H+) ≥ 2.5 K km s−1, three times the noise estimated from the emission-free sub-regions in the maps. Same as in Fig. 1, cyan triangles are the protostellar objects while the yellow and white stars are the O-B stars, respectively.



3.4 Comparison with previous surveys: Parsec-scale depletion
The Orion complex is a prime choice in star-formation studies including a wide number of ancillary observations at all wavelengths and scales. Due to their large angular scales, parsec-scale surveys of the Orion A and B clouds were typically restricted to dust continuum (Johnstone & Bally 1999; Lombardi et al. 2014; Könyves et al. 2020) or low-J CO (Bally 2008; Shimajiri et al. 2014; Nishimura et al. 2015; Orkisz et al. 2019; Yun et al. 2021) observations at low angular resolutions (≳15″). Only in recent times similar continuum (Kainulainen et al. 2017; Schuller et al. 2021) and CO (Kong et al. 2018; Suri et al. 2019) observations at intermediate resolutions (8″) covered larger areas of these clouds. In contrast, high-resolution observations (<5″) of high- density tracers were so far restricted to small fields containing specific targets with bright emission lines (e.g. Wiseman & Ho 1998; Shimajiri et al. 2023).
CO, and similar tracers (e.g. CS), can efficiently probe the diffuse, low-density gas in clouds, but they cannot investigate the properties of the dense, star-forming gas within filaments. We highlighted these differences using the previous CARMA- NRO Orion Survey (Kong et al. 2018) as equivalent survey in terms of resolution (8″) and covering most of our targets (OMC-1/2/3/4 South and LDN 1641N) with different CO isotopologues. Figure 5 shows the integrated-intensity emission of N2H+ (1-0) obtained by our ALMA+IRAM-30 m maps (left panel, 4.5″ or ~2000 au; this work) paired with the C18O (1−0) emission observed in the CARMA-NRO survey (central panel, 8″, or ~3000 au; Suri et al. 2019) in OMC-2 (upper panel) and LDN 1641N (lower panel). These two high-resolution maps can be compared against the total column density map derived from dust continuum emission observed by Herschel at low resolution (right panel, 36″ or ~0.07 pc; Lombardi et al. 2014). Despite the different resolution, the morphology and peaks of the N2H+ emission detected in our ALMA maps closely follow the shape and distribution of the high-column density material above N(H2) ≳ 1022 cm−2 detected in continuum. The C18O emission shows instead a much flatter distribution with no clear correspondence with the total gas column density in neither OMC-2 (upper panels) nor LDN 1641N (lower panels) above a few 1021 cm−2. These differences in emission are likely the consequence of severe CO depletion operating at parsec-scales in our targets (see Sect. 2). The freeze-out of CO could therefore hamper its use as tracer of the gas distribution within star-forming regions such as OMC-2, preventing any direct comparison with dense tracers such as N2H+. In contrast, Fig. 5 highlights N2H+ as a unique tracer for the dense filamentary sub-structure within the EMERGE sample.
4 Systematic search for velocity-coherent structures
The EMERGE Early ALMA Survey employs seven high- resolution maps of regions in Orion for the analysis. These maps show a complex morphology of the gas, which is described by a total of ~ 170000 spectra. To extract quantitative information from this data in a systematic way, a fully, or at least partly, automated analysis is required. This work employs a semi-automatic analysis carried out in four major steps: we first performed a supervised fitting of the spectra through customised GILDAS/CLASS routines (Pety 2005; Gildas Team 2013) to retrieve the main spectral line parameters (centroid velocity, linewidth, and peak intensity). We then applied a selection on the spectra, to ensure their quality and signal-to-noise (S/N), based on several criteria (e.g. the radial velocity of the source). Third, we ran the automatic identification of velocity-coherent structures throughout different column density thresholds by applying the hierarchical friends-in-velocity (HiFIVe) algorithm (Hacar et al. 2018) on the selected fields. We finally ran the automatic fitting of the column density radial profiles on all the identified structures with the publicly available routine FilChap (Suri et al. 2019).
Among the total of ~ 170000 N2H+ spectra sampled in our EMERGE Early ALMA survey, we effectively fitted ~55 000 spectra. From these spectra our selection extracted ~45 000 high- quality fits comprising at least one component with S/N ≥ 3. One third of the selected spectra (~17 000) has multiple components fulfilling the selection criteria, leading to a total of ~57 000 independent velocity components available for the analysis (see Table 2). In this Paper III, we discuss the results of HiFIVe in the identification and characterisation of fibers alone. The results derived from the radial profile fitting, and the corresponding discussion, are left for another paper of this series (Socci et al. 2024, hereafter Paper IV). We refer the reader to the Appendices B-C for a thorough discussion on the algorithm structure, the selection criteria and the comparison with previous studies in OMC-1 and OMC-2. Here we only report the conclusions drawn at the end of these Appendices: first, we derive physical properties for the structures in OMC-1 and OMC-2 that are consistent with those of Hacar et al. (2018), both by applying their original setup (e.g. same column density thresholds, linking length) and different ones (see Appendix B.5). Second, different setups applied to all regions composing our survey produce results consistent one with the other and with the final setup chosen in our analysis (see Appendix C). Ultimately, the algorithmic choices, condensed in the analysis setup, have only a minor impact on the physical results discussed throughout the paper.
	[image: thumbnail]	Fig. 3 Total column density maps of the regions derived from the temperature corrected N2H+ (1−0) integrated intensity (see Eq. (1)). The black contour corresponds again to an intensity of N2H+ three times the noise. The red lines represent instead the axes of the fibers identified in our kinematic analysis (see Sect. 4). Same as in Fig. 1, the cyan triangles are the protostellar objects while the yellow and white stars are respectively the O-B stars.



	[image: thumbnail]	Fig. 4 Histogram of the total column density N(H2) detected in N2H+ in the different fields explored by the EMERGE Early ALMA Survey (see colours in legend). Three dashed grey lines (at [26, 44, 66] AV) indicate the column density thresholds used by Hacar et al. (2018) during the analysis of the OMC-1 and OMC-2 regions. The additional six solid black lines (at [20, 40, 60, 80, 100, 120] AV) indicate the new HiFIVe thresholds used in this work in order to cover the wide dynamic range of column densities in our entire sample. The solid red line shows instead the theoretical prediction for high-mass star-formation (Krumholz & McKee 2008).



5 Dense fiber networks in Orion
We identified 152 velocity-coherent structures in the EMERGE Early ALMA Survey by applying HiFIVe on the selected spectra (Sect. 4). Our selection criteria and further analysis recover ≳95% of the total velocity components extracted from our spectra across the survey (Table 2). The total number of structures identified in this work (152) increases by a factor of 3 the number of velocity-coherent structures determined in OMC-1 and OMC-2 (55). The larger statistics on which our survey leverages allows for the exploration of a wider dynamic range of physical properties and environmental effects. In the following, we discuss the statistical properties of these velocity-coherent structures, their nature as fibers, and their connection to star formation. A table with the physical properties derived per fiber is found in Appendix A (online version available through Zenodo), along with the finding charts for the position of each fiber (see Fig. A.1).
5.1 Basic properties: Mass and length distributions
Mass and length define the two most basic physical properties of the gas structures derived from our observations. We estimated the total mass M of each structure identified with HiFIVe by adding the mass contribution of all its constituents gas components (Ncomp) as follows:
[image: equation](2)
In the above equation, N(H2) is the column density per point, estimated using Eq. (1), [image: equation] is the molecular mass of H2 (= 2.81; see Kauffmann et al. 2008; Asplund et al. 2021), mp is the proton mass, and [image: equation] the pixel area, with pxl = 2.25″, pixel size of our Nyquist sampled maps, and D the corresponding distance to the region of interest (see Table 1).
Figure 6 (left panel) displays the cumulative distribution of masses in each of our EMERGE targets. The identified structures range approximately three orders of magnitude in mass, within ~0.1–100 M⊙. The median mass per structure falls within ~2.5-5 M⊙ in our survey, consistently with the majority of the structures (~80%) showing masses below <10 M⊙. Nonetheless, several structures exceed instead masses of >20 M⊙ in active star-forming regions such as OMC-1 and OMC-2 (see a further discussion in Sect. 5.3). Despite comprising high- to low-mass star-forming regions (e.g. OMC-1 vs NGC 2023), our targets do not show any systematic difference in their mass distributions, which are instead all continuous within the aforementioned dynamic range.
In spite of their similar mass distribution, the frequency of structures per region widely varies in our sample. Regions such as OMC-1 and OMC-2 contain more than 30 velocity-coherent structures each; others such as OMC-4 South and the Flame Nebula only contribute with ~10 per region. The amount of objects translates into noticeable differences in the total mass of dense gas (Mtot) recovered per target (see Table 2), with OMC-1, OMC-2 and OMC-3 being the most massive regions (>200 M⊙). We recovered a total amount of dense gas of 1209 M⊙ for the whole survey at the ALMA resolution (see Table 2). This total mass corresponds to -70% of the estimated ~1700 M⊙ dense gas mass surveyed in Paper I at the IRAM-30 m resolution within an area of ~1.5 × 1.5 pc2 around our targets. Even if less extended in size (i.e. ~0.3–0.4 pc2), our ALMA+IRAM-30 m maps still capture the majority of the dense gas within these regions3.
We characterised the length of the velocity-coherent structures in our sample measured along their main spine as determined by HiFIVe (see Appendix B.2). We display these axes for all structures identified in our sample in Fig. 3 (red segments), plotted over the corresponding total gas column density map of each region. The distribution and orientation of these axes follow those same elongated features seen in the integrated intensity of N2H+ (Fig. 1) and gas column density (Fig. 3). Recent simulations showed the potential risks of interpreting some of the velocity features identified in the PPV space as gas structures (Zamora-Avilés et al. 2017; Clarke et al. 2018). Nonetheless, the good agreement between the identified axes and actual region features suggests a close correspondence between the velocity- coherent structures identified in our PPV analysis and the true mass distribution of the dense gas.
We further explore distribution of lengths in our sample by inspecting their cumulative distribution per region in Fig. 6 (central panel). Our velocity-coherent structures show lengths varying an order of magnitude within ~0.03−0.3 pc. More than half of these structures exhibit a length within ~0.05−0.2 pc, with a corresponding median value for the whole sample of 0.09 pc. These structures are therefore well sampled in our analysis by more than 5 beams, 10 on average, at the resolution of our maps (θbeam = 4.5″or ~0.009 pc). Only ~3% of the structures is instead unresolved in our survey by showing lengths below 0.027 pc (i.e. <3 × θbeam). Slight variations of the length distributions are seen in the survey, with OMC-4 South showing the shortest dynamic range (i.e. the steepest cumulative distribution). Aside from this last exception, the other regions show similar length distributions and all exhibit a certain degree of skewness with several structures having lengths above >0.2 pc.
We computed the aspect ratios of the identified structures as AR = L/FWHM, where FWHM is the full width at half maximum of the column density radial profile fitted by FilChap (see Paper IV for the derivation). We remark here that HiFIVe identifies structures only through their velocity-coherence in the PPV-space (see Appendix B.2). Thus, when determining their axis, the aspect ratio (AR) of these objects remains unconstrained and it is not limited to AR ≤ 3, usually employed to define filaments (e.g. Arzoumanian et al. 2019). The proportion between objects with AR < 3 and AR ≥ 3 in our sample is then 70:30 with a corresponding median value of [image: equation], which suggests mildly elongated objects to be dominant throughout the survey. This proportion finds its extremes in NGC 2023 with up to ∼90% of the structures having AR ≤ 3 and in Flame Nebula with ∼55% of them having AR > 3. The combination of different geometries within single regions, and in the survey at large, is somewhat expected given the complex organisation of the dense gas (see Sect. 3). By inspecting the lengths recovered throughout hierarchies in our analysis, we identify a decrease in AR for increasing column density thresholds (or hierarchy) overall. These findings suggest a potential transition from filamentary (prolate) to round (oblate) geometries towards higher column densities, a topic which will be further investigated in other papers of this series. A further discussion on the aspect ratios, their comparison with the results of Hacar et al. (2018), and their impact when comparing to theoretical models will be addressed in Paper IV.
Due to the hierarchical nature of the ISM, filaments are reported at all scales in our Galaxy depending on the tracer, detection technique, and resolution used for their study. As discussed in Sect. 1, this empirically driven approach lead to a classification of filaments into families. These range from the giant filaments (∼100 pc in size) through the nearby filaments (∼1–10 pc scales), and down to the fibers (∼1000 au regime). Each one of these families exhibits a characteristic mass range, and therefore, occupies a distinct area in the mass-length (M-L) parameter space for filaments (see Hacar et al. 2023, for a review).
To set our results in the context of filament families, we compared the masses and lengths of our velocity-coherent structures with those of other filamentary structures from the literature. Figure 7 (top panel) displays the masses and lengths extracted from our EMERGE Early ALMA Sample (colour-coded points; see legend) paired with ancillary estimates. We first included the mean filament properties sampled by the Herschel Gould Belt Survey (HGBS) in different nearby clouds, including Orion B (grey squares; Arzoumanian et al. 2019). We then added the same mean properties reported for fibers in clouds such as Perseus, Serpens, and Orion from other studies based on the N2H+ emission (grey triangles4; see Hacar et al. 2023, and references therein). From the comparison, the velocity-coherent structures in our survey cover a similar, if not broader, dynamic range in mass than the previous estimates in local clouds. Thanks to the enhanced resolution of our ALMA observations, we sampled filaments with lengths up to an order magnitude smaller compared to those filaments by Herschel on average. The reduced size of our structures naturally leads to higher average densities for a similar range of masses, a result expected given the density-selective nature of N2H+ as a tracer (see Sect. 3). Not surprisingly, the M-L distribution of our velocity-coherent structures shows a significant overlap with the parameter space occupied by the filament family of fibers. Although the distinction between families is largely artificial and primarily determined by observational biases (see Hacar et al. 2023, for a discussion), the location of our structures in the M-L parameter space suggests them to possess properties similar to these small-scale and dense filaments.
	[image: thumbnail]	Fig. 5 OMC-2 (upper panels) and LDN 1641N (lower panels) as seen in different surveys. Left panels: ALMA+IRAM-30 m integrated emission of N2H+ (1−0) at 4.5″. Central panels: CARMA-NRO integrated emission of C18 O (1−0) at 8″ (Suri et al. 2019). The white dotted line is the footprint of our ALMA+IRAM-30 m observations. Right panels: Herschel+Spitzer dust continuum at 36.2″ (Lombardi et al. 2014). The gold dotted line is the footprint of our ALMA+IRAM-30 m observations, while the white contours represent I(N2H+) > 5 K km s−1, twice as those in Fig. 1 to highlight the tight correspondence with the high column density material.



Table 2 
General properties obtained for the dense gas component from the analysis.

	[image: thumbnail]	Fig. 6 Cumulative distributions of the main physical properties obtained for the velocity-coherent structures identified in our EMERGE E ALMA sample (see colours in legend). (Left panel) Total mass of dense gas; (central panel) Total length; and (right panel) Non-thermal velo dispersion in units of the sound speed σnt/cs. A dashed black line shows the transition between sub- and trans-sonic regime (i.e. σnt/cs = 1).



	[image: thumbnail]	Fig. 7 Comparison between the mass and length of the velocity- coherent structures identified in our survey. Upper panel: mass and length values of the 152 velocity-coherent fiber-like structures identified in this work (colour-coded circles; see legend). Additional points indicate the mean properties of the parsec-size filaments explored by the HGBS in nearby clouds (grey squares; Arzoumanian et al. 2019) as well as the previously reported fibers (grey triangles; see Hacar et al. 2023, and references therein). Lower panel: same as upper panel but showing those star-forming fibers in our sample highlighted in colour and shown with symbols sizes proportional to the number of protostars in them (see legend). In both panels, a curve (solid red line) indicates the virial line mass mvir computed at 20 K (see Sect. 5.3). Also, diagonal lines (dashed grey lines) represent constant line masses of 10, 50, and 100 M⊙ pc−1 , respectively.



5.2 Networks of sonic-like fibers
The kinematics of the gas is usually evaluated through its total velocity dispersion σtot. This total velocity dispersion results from the combination of a thermal and a non-thermal component as [image: equation]. The relevance of the non-thermal component is usually evaluated in comparison to the gas sound speed (cs(TK)), and classified as sonic (σnt/cs ≤ 1), tran-sonic (1 < σnt/cs < 2), or super-sonic (σnt/cs > 2). Classically, there are multiple approaches to quantify the non-thermal motions within a cloud (e.g., Miesch & Bally 1994). These non-thermal motions include ordered and turbulent modes, which can both possibly act against the gravitational collapse of the cloud. For each of the gas components identified in our spectra, the unresolved motions along the line-of-sight can be described by the total velocity dispersion [image: equation], from which we can readily determine the non-thermal component as follows:
[image: equation](3)
where [image: equation] is the thermal broadening of the N2H+ line (with [image: equation]), and where TK is taken from our temperature maps (Fig. 2). The total non-thermal component of the gas accounts for two additional motions, those in the plane of the sky, which we cannot probe with our spectra. Since we have no direct measure of these motions and to facilitate the comparison with previous studies (e.g. the non-thermal motions in Hacar et al. 2018), we stick hereafter to Eq. (3), acknowledging that the 3D velocity dispersion is likely higher than the one presented (e.g. Bertoldi & McKee 1992).
We evaluated the non-thermal motions of a single velocity- coherent structure as median of all the non-thermal velocity dispersion components associated with that specific structure by HiFIVe. The non-thermal motions within a structure, however, may be also determined as dispersion of the centroid velocities (σ(Vlsr)) of its constituents. We therefore computed this estimate per structure in our survey and compared them to σnt. The two estimates are comparable within a factor of ~2–3 in the range ~0.1–0.4 km s−1 throughout the survey (whether the σ(Vlsr) is estimated as dispersion of centroid velocities, 〈σ(Vlsr)〉, or through the velocity gradients as ∇ V × FWHM or ∇ Vx × L)5. We thus consider σnt as the parameter describing the non-thermal motions in our fibers hereafter. We assume that σnt probes the unresolved, turbulent, and random non-thermal motions along the line of sight, and that these motions act as pressure support against the fiber gravity.
We display the median σnt per fiber, in units of the sounds speed (σnt/cs), in Figure 6 (right panel). The majority of our structures shows non-thermal motions that are tran-sonic at most (i.e. σnt/cs ≤ 2). In addition, more than half of these structures have sonic (or close to sonic) non-thermal motions (i.e. σnt/cs ≲ 1; see Table 2). Interestingly, we observe this behaviour in low- (e.g. NGC 2023) and high-mass (OMC-1 and Flame Nebula) star-forming regions alike. Only minor differences are seen in the regions composing our sample, such as OMC-2 and OMC- 3 where the contribution from sub-sonic structures grows almost to 100%. Previous results in literature suggested the presence of super-sonic turbulent motions in high-mass star-forming regions (e.g. Tan et al. 2014). Consistently with previous studies based on the N2H+ emission (Lee et al. 2014; Henshaw et al. 2014; Hacar et al. 2017; Sokolov et al. 2019), our results demonstrate that the dynamic state of the dense gas is mostly (sub-)sonic, regardless of the star-formation regime and environmental effects (see also Hacar et al. 2018).
As a unique characteristic among the different filament families, fibers are identified as velocity-coherent, sonic-like structures irrespective of their size (Hacar & Tafalla 2011). Fibers are therefore the first sonic-like structures formed out of the turbulent cascade dominating the gas dynamics at larger scales, for which they are suggested as the preferred mode for the gas organisation at high densities. The (tran-)sonic non-thermal motions discussed above for all our velocity-coherent structures (Fig. 6, right panel), paired with their mass and length distributions, reinforce the classification of these objects as fibers. Given the properties similar to those identified in the literature, we hereafter refer to our velocity-coherent structures simply as fibers.
Within the EMERGE Early ALMA Survey, we identified a total of 152 velocity-coherent fibers. As seen from their distribution within our maps (e.g. OMC-2, Fig. 3), these fibers are organised in networks of different complexity in the seven starforming regions explored by our survey in Orion. These fiber networks are constituted by distributed groups of ≲15 fibers in regions such as NGC 2023, or by densely packed associations of ≳40 fibers in regions, as in OMC-2. The morphology of these networks ranges from hub configurations in regions such as OMC-1 (see also Sect. 3.1), where most fibers have their axes convergent towards the centre of gravity, to regions such as OMC-3 where the fibers mostly align with the parsec-scale structure of the region. In the following sections we investigate how the different network complexity, in particular its surface density of fibers, influences the star-formation regime in each region.
5.3 Line mass, virialisation, and star formation
The ratio between the mass and length in filaments and fibers (i.e. the line mass; m) is classically employed to evaluate their stability against radial collapse. This line mass is usually compared against the expected critical mass of an isothermal, infinite filament in hydrostatic equilibrium [image: equation]; Ostriker 1964). The critical line mass has a similar role as the Jeans mass for molecular clouds (e.g. Klessen et al. 2000). Only sub-critical filaments (with m/mcrit ≤ 1) are able to sustain themselves against their self-gravity and find stability through an external pressure; super-critical filaments (with m/mcrit > 1), on the other hand, are expected to experience a fast collapse under their own gravity. In this idealised scenario, super-critical filaments are expected to collapse in timescales comparable to their free-fall time. These timescales are faster than any fragmentation process within filaments, which would therefore become unable to host cores and stars (Inutsuka & Miyama 1997).
In the absence of magnetic fields, the notion of critical mass may be extended to include the contribution from non-thermal motions (see Sect. 5.2) into the virial line mass:
[image: equation](4)
Similarly to mcrit, the virial mass, mvir, is usually interpreted as a stability criterion as well. The non-thermal motions, σnt, are therefore assumed to contribute as an additional (isotropic) pressure term included in the total velocity dispersion σtot. The virial mass already implies the assumption of isotropic motions, therefore we should include a factor of 3 in the above equation as the sound speed and the non-thermal velocity dispersion measured along the line of sight (see Sect. 5.2) are equal to their corresponding components in the plane of the sky (Bertoldi & McKee 1992). We instead kept the estimate given by Eq. (4) to better compare with the scaling relation in Fig. 7 which was determined from the 1D velocity dispersion of filaments across the Galaxy (see Hacar et al. 2023, for the definition)6. In contrast to an oversimplified picture of a stability criterion, a critical condition with respect to mvir should be instead interpreted as energy equipartition in the radial direction: virialised filaments (with m/mvir ~ 1) are likely dynamic structures which evolve via multiple processes, such as fragmentation, accretion, and/or collapse (see Hacar et al. 2023, for a discussion).
We calculated the virial ratio m/mvir for each of the fibers identified in our survey. The sound speed (cs (TK)) and nonthermal motions (σnt) for these fibers are estimated from their median gas temperature and the median velocity dispersion of their single components (see Sect. 5.2), respectively. We display the cumulative distribution of m/mvir for each of the regions in our EMERGE Early ALMA Survey in Fig. 8. In most regions, the observed m/mvir ratios of our fibers follow similar distributions: almost half of the objects (~40%) shows m/mvir < 0.5 throughout the sample; another ∼45% appears instead to be virialised within 0.5 < m/mvir < 1.5 (shaded gray area); the remaining fibers (~10%) are effectively super-virial (m/mvir > 2). Higher temperatures lower the line mass ratio by increasing the thermal component of mvir, with OMC-1 being the clearest case with a median value of ~0.3. The number of structures with m/mvir ≳ 1 per region appears to depend on the total mass of dense gas harboured in it, with OMC-2 and OMC-3 hosting the highest number of these virial fibers (see Table 2).
Although they are a minority, virial fibers seem to have a strong influence on the current star-formation properties of the regions in our sample. We can explore this connection through the number of protostars (P; see Sect. 3.1) harboured in the region and the protostars-over-disks ratio (P/D; see also Table 1). Figure 8 highlights how regions with continuous star formation and a significant number of protostars, such as OMC-2 and OMC-3 (P/D ≳0.3 and P ≳25; see Table 1 and Paper I) are also those hosting a larger fraction of fibers with m/mvir ≳ 1. We identified the star-forming fibers in our sample as those structures with protostars enclosed within less than one θbeam from the location of their constituent N2H+ components. According to this definition, one third of the fibers in the survey (50) is star forming with two thirds of the protostars in our fields (82) associated with them (our ALMA maps include 121 protostars, the majority of those covered by the IRAM-30 m observations; see Paper I and Table 1). We highlight these starforming fibers in the M-L diagram (Figure 7, lower panel) by displaying them using colour-coded circles whose size is proportional to the number of protostars associated. For illustrative purposes, we also plot the expected value for mvir at a constant temperature of TK = 20 K (the typical gas temperature in our targets) and a non-thermal component σnt(L) following the standard scaling relation derived for filaments (solid red line; see Hacar et al. 2023). Two qualitative results are drawn from this comparison: first, the star-forming fibers identified in our sample cluster towards the right side of the plot, approaching or even crossing the virial mass expected for filaments at 20 K. This behaviour suggests that the star-forming fibers are close to the virial condition, a hint further validated by the statistics of the individual regions. Figure A.2 shows the virial ratios for starforming fibers (hatched histogram) and non-star-forming fibers (solid histogram) divided per region (colour-coded) and for the survey as a whole (grey histograms). The virial ratios for the star-forming fibers are consistently shifted towards higher values compared to those of non-star-forming fibers. This shift is reflected in the median values of m/mvir, which is 〈m/mvir〉 ~ 1.1 (dotted line) for the star-forming fibers and 〈m/mvir〉 ~ 0.55 (solid line) for the non-star-forming ones. Second, and among the star-forming ones, fibers with higher line masses m (see grey diagonal lines) usually show a higher number of protostars per object. We confirmed this trend again by computing the median virial ratio, weighted this time by the number of protostars. The resulting 〈m/mvir〉 ~ 1.50 (dashed line) is higher than the previous estimates suggesting a positive correlation between the line mass of the fiber and the number of protostars associated with it. In spite of some exceptions to this trend (e.g. OMC-1 South)7, these star-forming fibers are the most massive structures in our EMERGE sample and are associated with known massive objects in our survey, such as OMC-2 FIR6 or OMC-3 MMS2. As a consequence, these fibers are found at the rightmost side of this distribution both in terms of M and m.
The ability of fibers to form stars was previously associated with their observed line mass. Fertile (or star-forming) fibers were identified as (super-)critical objects (m/mcrit ≳ 1) in contrast to those sterile (or non-star-forming) ones showing sub-critical line masses (m/mcrit ≲ 1) (see Tafalla & Hacar 2015; Smith et al. 2016). As discussed before, however, the applicability of an idealised criterion based on the mcrit in a hydrostatic filament does not capture the complexity and dynamical nature of the filamentary structures revealed in the ISM at high spatial resolution. While still incomplete, the use of the virial ratio m/mvir appears as better descriptor of the (global) potential of individual fibers to form young protostars according to Fig. 7 (lower panel). The connection between the energy equipartition in a single fiber and the formation of individual cores and stars within will be the subject of future research in our project (Bonanomi et al. 2025).
	[image: thumbnail]	Fig. 8 Cumulative distribution of the line masses, in units of the virial mass, for the EMERGE Early ALMA Survey. The black dashed line represents the super-critical limit (Hacar et al. 2023). The grey shaded area corresponds to virial ratios within 0.5 < m/mvir < 1.5 (see Inutsuka & Miyama 1997, for a discussion).



5.4 Fibers as the preferred organisation of the dense gas in clouds
From the comparison of the fiber populations in five star-forming clouds, namely B213-L1495, Musca, NGC 1333, OMC-1 and OMC-2, Hacar et al. (2018) proposed a tentative linear correlation between the surface density of dense fibers (∑(fibers)) and the (total) line mass (m(tot)) of these clouds. These results connect the internal gas structure across multiple star-formation environments suggesting fibers as the characteristic gas organisation within all type of low- (Musca and B213-L1495), intermediate- (NGC 1333 and OMC-2), and high-mass (OMC-1) star-forming regions. This smooth correlation implies that differences between these regions, as well as differences between isolated and clustered star-formation regimes, might be originated from the initial concentration of fibers in those same regions. Although promising, the fiber populations investigated by Hacar et al. were characterised in star-forming regions at different distances (Taurus vs Orion) using different tracers (C18O and N2H+) and resolutions (single-dish vs ALMA), limiting the conclusions of their work.
Our EMERGE ALMA Early survey allows us to further explore the above hypothesis, using this time 152 fibers homogeneously sampled and characterised with the same tracer and resolution by our observations in Orion. Following Hacar et al., we calculated ∑(fibers) diving the number of velocity-coherent structures identified by HiFIVe (Sect. 5) by the area of our ALMA maps (Sect. 2) for each region. Some of our regions appear more scattered and diffuse than elongated, however (e.g. OMC-4 South, NGC 2023; see Sect. 3). We therefore used the total dense gas mass in the region (Mtot; see Table 2) instead of their total line mass (m(dense)) along the major axis of the map. Figure 9 displays the correlation between ∑(fibers) and Mtot determined in our sample. The estimated ∑(fibers) values again follow a linear correlation with Mtot throughout roughly one order of magnitude in both parameters. This correlation reads as ∑(fibers) ~ 0.26 Mtot according to a linear fit to the data. All regions in our survey reproduce this tight correlation within less than a factor of 2 difference (grey area) showing no discontinuity despite the different (proto-)stellar contents (OMC-1 vs OMC- 4 South) or evolutionary stages (Flame Nebula vs NGC 2023). Instead, the above correlation indicates a direct proportionality between the current amount of dense gas in each region and the density of fibers detected in them. Or equivalently, fibers are generated in constant proportion per unit of dense gas available at the time.
As demonstrated in previous sections, the dense gas detected in our ALMA+IRAM-30 m maps shows a systematic organisation (>95% of the spectra) into complex fiber networks in all the regions explored in our EMERGE Early ALMA Survey (Sect. 2). Fibers in different regions share similar mass and length distributions (Sect. 5.1). In all cases, these fibers exhibit a sonic, internal velocity dispersion (σnt/cs ~ 1) irrespective of their star formation regime (low- and high-mass) or evolutionary stage (young and evolved) (Sect. 2). The widespread presence of these objects in all type of regions suggest fibers as the preferred organisation of the dense gas in molecular clouds. The subsequent star formation activity of these clouds (e.g. number and density of protostars) naturally emerge from the global properties of these fiber systems (see above). In particular, clustered and high-mass star-forming regions are created in fiber arrangements of increasing surface density and complexity.
	[image: thumbnail]	Fig. 9 Comparison between the fiber surface density (∑(fibers)) and total mass of dense gas (Mtot) across the regions sampled in our EMERGE Early ALMA Survey. The black dashed line represents a linear fit of the data with ∑ ~ 0.26 Mtot. The gray shaded area is a factor of 2 confidence level for this correlation similar to the one estimated by Hacar et al. (2018).



6 Conclusions
We characterised the physical properties, kinematics, and virial condition of the EMERGE Early ALMA Survey, a sample of seven star-forming regions in Orion, comprising OMC-1, OMC- 2, OMC-3, OMC-4 and LDN 1641N in Orion A, NGC 2023 and Flame Nebula in Orion B. Our sample includes different regions covering a wide range of star-formation regimes, cloud morphology, dense gas content, and evolutionary stages, all homogeneously surveyed in N2H+ (1–0) at 4.5″ (or 2000 au) using a series of large-scale ALMA+IRAM-30 m mosaics (see also Paper I). Our main findings are listed below:

	Our N2H+ (1–0) observations sample the dense gas properties across three orders of magnitude in column density (~2 × 1021 −1024 cm−2) throughout the survey. The dense gas traced by N2H+ is cold (~20 K) in the majority of our fields and it is associated with most of the protostars in those same fields (Sects. 3 and 5.1);


	Typically unresolved in previous studies, our high-resolution ALMA+IRAM-30 m observations show a dense gas highly structured into densely populated networks of sub-parsec filamentary structures in all of our targets. Our results highlight the need for similar high-resolution observations to investigate the gas organisation prior to the formation of stars;


	Our analysis of the gas kinematics, traced in N2H+, identified 152 velocity-coherent fiber-like structures across our survey (Sect. 5). These fibers share similar mass and length distributions, as well as sonic-like properties from low- to high-mass star-forming regions in our sample. The statistical significance of our sample demonstrates the pivotal role of fibers during the evolution of the dense gas in all prototypes of star-forming region;


	The identified fibers appear to have sub-virial (m/mvir < 1) line masses on average. Yet, star-forming fibers (i.e. associated with protostars in the fields) show virial ratios m/mvir ≳ 1, which is a factor of ~2–3 higher than those of non-starforming fibers (i.e. with no associated protostars). These star-forming fibers, despite being small in number, seem to have a substantial impact on the star-formation properties of the host region;


	By sharing many of their physical properties, fibers are arranged in networks of different complexity (Sect. 3). Therefore, they are the preferred organisational unit of the dense gas across low- to high-mass regions. This nature is confirmed by the tight linear correlation between the total mass of dense gas in a region and the surface density of fibers identified within. This approach follows and extends the previously reported linear correlation between the surface density of fibers and the total mass of dense gas found in nearby clouds (Sect. 5.4). The (current) star-formation properties (i.e. number and density of protostars) of our regions can thus be explained in terms of density of fibers observed in these same regions.




The analysis of the EMERGE Early ALMA Survey, as a first pilot sample within the EMERGE project, showed the importance of fiber networks in star formation. Future work within the project will be devoted to the exploration of other molecular tracers to probe different gas regimes in a broader sample of regions. Ultimately, the homogeneous analysis of this final EMERGE sample will provide a better understanding of galactic star formation via filaments and fibers.

[bookmark: S7]Data availability
The table with all the results is available online via Zenodo at the following link: https://doi.org/10.5281/zenodo.13628881
The ALMA+IRAM-30 m N2H+ (1–0) cubes are instead available as Data Release 2 (DR2) on the following website: https://emerge.univie.ac.at/results/data/
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Appendix A  Additional maps and tables
In this appendix, we focus more on the individual fibers composing the survey, instead of their statistical properties as a whole. To this end, we provide the physical properties and the spatial distribution of each fiber among the 152 identified in the EMERGE Early ALMA Survey are found online via Zen- odo. Each one of the fibers is labeled with an ID, assigned by HiFIVe based on the mean x-position in the map, going from west to east on the maps. The corresponding fibers are displayed in Figure A.1 over the column density maps of the EMERGE Early ALMA Survey (see also Fig. 3) with each one bearing its own ID.
When looking at the single virial ratios throughout the survey, we note some features. All regions show different distributions of the virial ratios, and a corresponding variability in their further division between star-forming and non-star-forming fibers. Regions such as OMC-1 show a higher contribution from both star-forming and non-star-forming fibers for virial ratios m/mvir ≲ 1 on average in the survey. This feature is likely due to a high degree of fragmentation in the region (30 fibers) and the substantial contribution of the thermal component (TK ≳ 25 K on average) to mvir (see Eq. 4). Regions such as OMC-2 show instead a clearer shift between the virial ratios of non-star-forming and star-forming fibers, with the ratios of the latter showing higher values on average. Despite the variety of distributions, a systematic shift of the star-forming fiber towards higher virial ratios compared to the non-star-forming ones, within the same region, is seen throughout the survey. This behaviour, confirmed by the different median values (see Fig. A.2 and Sect. 5.3), highlights the importance of higher line masses in connection to the star-formation activity within a single fiber8.
	[image: thumbnail]	Fig. A.1 Column density maps of the 7 star-forming regions composing the EMERGE Early ALMA Survey. Same as Fig. 1-7, the cyan triangles are the protostars, the yellow and white stars the OB stars and the red segments the axes of our fibers. Each one of these fibers is associated here with its ID derived by HiFIVe.



	[image: thumbnail]	Fig. A.2 Virial ratios of the Orion fibers obtained per region in our survey (see Sect. 5.3). The fibers are further divided in star-forming (with protostars, hatched histogram) and total (with and without protostars, plain histogram). The grey histogram reports the virial ratios for the survey as a whole, along with the median values for the non-star-forming fibers (solid line) and the star-forming ones (dashed line).




Appendix B  Semi-automatic analysis of the EMERGE Early ALMA Survey
In this appendix, we take the points outlined in Sect. 4 and expanded on the main algorithmic choices made during the analysis and its main outputs.
B.1 Spectral fitting
The fitting of the N2H+ (1–0) lines was carried out in groups of 5 × 5 spectra with supervised GILDAS/CLASS customised routines (Pety 2005; Gildas Team 2013). The hyperfine structure of the line (e.g. Caselli et al. 1995) was fitted accordingly using the hfs method (see GILDAS guidelines9; Pety 2005; Gildas Team 2013), providing information on its antenna temperature (Tant × τ), total opacity (τmain), linewidth (∆v), centroid velocity (Vlsr), and noise level (σ). These parameters were further used to derive other spectral properties, such as the peak temperature (Tpeak) and the integrated intensity (I). Different selection criteria ensured the quality and signal-to-noise (S/N) of the spectra as well as the optimisation of the process (see also Appendix B in Hacar et al. 2018). We also required our fits to fulfill the following criteria: (a) 2 ≤ Vlsr ≤ 15, the velocity range in Orion (e.g. Bally 2008); (b) I > 2.5 K km s−1, a threshold which roughly corresponds to the floor term in Eq. (1); (c) Tpeak ≥ 3σ, or S/N ≥ 3 at the peak. The noise is determined directly from the fitting of a baseline in each spectral channel. Throughout our survey the noise is homogeneous with a typical value of σ ~ 0.020 Jy beam−1, or σ ~ 0.15 K after applying the Jy-to-K conversion (see below); (d) ∆v > ∆Vth, the thermal broadening of the line computed as [image: equation], with kB Boltzmann constant and [image: equation] molecular mass of N2H+. In all cases we applied standard Jy-to-K conversions (e.g. from fluxes in Jy beam km s−1 into K km s−1 in main beam temperature Tmb units; see Paper I) and conversions between line intensities and total gas column densities (N(H2)) by applying Eq. (1). As discussed in Sect. 4, the selection retrieved a total of ~57,000 independent velocity components available for the analysis out of the initial of ~170,000 N2H+ spectra sampled in our EMERGE Early ALMA survey.
B.2 Identification of velocity-coherent structures
A quantitative description of the complex dense gas morphology seen in Fig. 3 required its decomposition in structures and the determination of their physical properties. In particular, parsec-scale filaments observed in our Galaxy (e.g. B213/L1495; Palmeirim et al. 2013) are composed by associations of velocity- coherent sub-filaments (Hacar et al. 2013). The continuity in space and velocity (i.e. velocity coherence; Goodman et al. 1998) of these so-called fibers (André et al. 2014) is a key property of these objects. They are in fact thought to be the final hierarchy among different filament families before the transition to cores, which would inherit their kinematic properties (see Hacar et al. 2023, for a review).
To capture both the hierarchical nature of our filamentary clouds and their decomposition into velocity-coherent structures, we used the HiFIVe algorithm, previously employed in similar studies (Hacar et al. 2018). HiFIVe is devised to identify structures which are continuous in the position-position-velocity (PPV) plane using a friends-of-friends (FoF) approach (Huchra & Geller 1982): each field is progressively associated with its nearest neighbours within a maximum separation (linking metric) in both space (θbeam) and velocity (∆v/2 × 2d/θbeam, where d is the distance between fields in arcsec). This identification process and the growth of structures through the progressive association of fields is then repeated per hierarchy in the analysis (i.e. density threshold). The highest column density threshold, or hierarchy, sets the final decomposition of the cloud in sub-structures. The only requirement for the aggregation of fields is their continuity in the PPV plane, therefore the shape and geometry of the identified structures is left unconstrained. Throughout the hierarchies, HiFIVe can possibly identify a transition from elongated geometries towards spherical geometries (see Sect. 5.1).
To describe the dense gas structures in the EMERGE Early ALMA Survey, and in particular, their radial properties (see next Section), we determined an axis for each structure and treated them as filamentary. This axis is defined as follows (see Hacar et al. 2013, for a full discussion): (a) the algorithm performs a linear fit to the structure, weighted by the column density squared, in the direction where it is most extended (i.e. with the highest variance); (b) the algorithm then samples this line into perpendicular cuts, equally spaced by 2 × θbeam; (c) for each of these cuts, the algorithm calculates the average coordinates of the axis knots, in arcsec, weighted again by the column density squared. The length of the identified structure is then computed as the length of this broken line.
B.3 New implementations: the column density thresholds
The hierarchical organisation of the dense gas in our targets is explored by HiFIVe through the sampling of progressively higher column densities (as proxy of the gas volume densities). Already from the previous application of the algorithm in OMC-1 and OMC-2, the integrated intensity of N2H+ was proved to correlate with the column density of H2 (Hacar et al. 2018). Thanks to the calibration in Eq. (1) we can directly identify the structures at a chosen column density regime. Once a threshold is selected, the algorithm identifies the core structures, coherent in both space and velocity (see Sect. B.2). Those core structures composed by a number of fields larger than Nmin (see Sect. C) proceed to the FoF association process with the neighbouring points (see Sect. B.2. The process is repeated per column density threshold, always keeping track of the structures identified in the previous step, i.e. the newly identified velocity-coherent structure are always enclosed within one of those determined in the previous iteration.
The description of the dense gas in OMC-1, OMC-2 and five additional regions poses new challenges, one of them being the large dynamic range in column density. As seen in Sect. 3.3, the calibration in Eq. (1) results in almost three orders of magnitude variation of N(H2) in our survey (see Fig. 4). The previous implementation of HiFIVe for the study of OMC-1 and OMC-2 relied on three column density thresholds, [26, 44, 66] Av (1 Av = 0.94 × 1021 cm−2; Bohlin et al. 1978). As shown in Fig. 4 (grey lines), these thresholds cannot efficiently sample the whole column density range. In particular, they cannot describe properly its two extremes represented by NGC 2023, OMC-4 South, with N(H2) ≲ 1023 cm−2 for all fields, and Flame Nebula, OMC-1, which instead show peaks above the theoretical threshold for high-mass star formation (Krumholz & McKee 2008).
The first change to the previous implementation of HiFIVe is therefore a new set of column density thresholds. These are selected from 20 AV to 120 AV equally spaced by 20 AV (i.e. [20, 40, 60, 80, 100, 120] AV). The new dynamic range samples efficiently column densities within 1022 − 1023 cm−2, which account for ~80% of the fields in the survey. In addition, the lowest threshold (20 Av) allowed us to recover ≳90% of the fields in NGC 2023 within the structures, while the highest threshold (120 Av) allowed us to explore the material at extreme densities in OMC-1/-2/-3 and Flame Nebula.
B.4 New implementations: the integration of FilChap and radial profile fitting
The second change to the previous implementation of HiFIVe is the fitting of the radial profiles. The large statistics in the EMERGE Early ALMA Survey required a systematic way of fitting these radial profiles. Towards this end, we implemented the automatic fitting routine FilChap (Suri et al. 2019) in HiFIVe. FilChap performs a radial sampling on the selected map (the N(H2) map in our analysis) along the specified axis. The single radial cuts are fitted independently or averaged into a single radial profile to then perform the fit. This last operation is carried out by the routine using four different approaches: the moments (second, third, and fourth) of the radial profile, the Gaussian fit, the Plummer fits with fixed p-value (i.e. p = 2 and p = 4). Given the high-contrast, sharp profiles shown by the dense gas across the survey, we opted for the Gaussian as fitting function within FilChap to carry out the analysis. Although undoubtedly complex in both number of peaks and shape, an additional χ2 test on the sample of radial cuts suggests the Gaussian function to be the best fitting profile for our structures (see Paper IV for the full discussion).
FilChap has been previously employed as radial profile fitting routine with different filament-finding algorithms (see e.g. Howard et al. 2019). Its implementation with HiFIVe therefore required changes to the publicly available version of the routine10. A thorough discussion on these changes and on the parameters set in the routine to perform the fitting is given in the paper of this series which focuses on the radial profiles (Paper IV). We report here only the main adaptations: (a) FilChap takes as input both the column density and the temperature maps. The first one is used to determine the average density profile to fit along the axis of each structure; the second one is sampled along the same radial cut to give an estimate of the temperature gradient; (b) since we have already removed the floor value in Eq. (1), no baseline subtraction has been performed during the fitting. The inclusion of FilChap gives us a systematic and direct measure of the peak column density (in opposition to previous studies, e.g. Hacar et al. 2018; Suri et al. 2019), and of the width of the dense gas structures identified by HiFIVe.
Table B.1 
Comparison between the results obtained with different implementations of HiFIVe and FilChap (see Sect. B.3) in OMC-1 and OMC-2.

B.5 Comparison with the results in OMC-1 and OMC-2
A mandatory step in our work is to check the consistency of our new results with those derived in OMC-1 and OMC-2 by Hacar et al. (2018) using a previous realisation of HiFIVe. In the process, our main concern is to explore whether the new implementation produces consistent results or significant changes compared to the previous one.
As the main results of our analysis, we studied the number of identified structures, their kinematics (as σnt/cs), their line masses (as M/L), their widths (as Full Width at Half Maximum, FWHM) using both sets of column density thresholds ([26, 44, 66] AV, [20, 40, 60, 80, 100, 120] Av) in our new implementation. While the parameters are described in full in the upcoming sections, we present a brief comparison in Table B.1. Using [26, 44, 66] AV, all the parameters are in excellent agreement between the two studies with the values consistent within errors. An exact matching of the results is not achieved, although expected from the use of HiFIVe directly onto the spectra and the radial profile fit with a Gaussian function. The reasons behind these mild discrepancies are the following: (a) the calibration in Eq. (1) slightly differs from the original work, with its floor term now removed (see Sect. 3.3) and the temperature map now determined using HNC/HNC instead of NH3; (b) the linking metric now includes an additional 2d/θbeam factor which slightly modifies the association between fields in the velocity plane; (c) the introduction of FilChap and change in fitting parameter (N(H2) instead of I(N2H+)) alters the average widths, although only marginally. We also include the results obtained with [20, 40, 60, 80, 100, 120] Ay, which are also in excellent agreement with those of (Hacar et al. 2018) and will be explored extensively in the following Sections. A full discussion on the change in results with other possible setup choices is instead given in Appendix C.
Table C.1 
Different inputs given to HiFIVe and FilChap to perform the analysis (see Fig. C.1).

Overall, the setup choice, while arbitrary, does not lead to significant changes in the physical properties of the structures, neither in OMC-1 and OMC-2, nor across the survey (see Appendix C). Our results and conclusions prove robust thanks to the statistical significance of the sample, especially when it comes to the width of the structures identified. Thus, the EMERGE Early ALMA Survey presented in this pilot study comes as an extension of the analysis in OMC-1 and OMC-2 to the 5 additional regions in the survey.

Appendix C  Parameter exploration
The complexity of the dense gas morphology and dynamic range in column density cannot be fully captured by exploring a single density regime. This is the reason behind the hierarchical analysis of OMC-1 and OMC-2 done using HiFIVe (Hacar et al. 2018). The EMERGE Early ALMA Survey faces the challenge of studying 5 additional regions with an even broader dynamic range in column density compared to OMC-1 and OMC-2 alone. Because of the larger sample, we increase both the range and number of column density thresholds to perform the analysis (see Sect. 4). We have run the analysis for several different setups to assess the reliability of the results presented and in comparison with the previous analysis in OMC-1 and OMC-2 (see also Sect. B.5).
Instead of presenting the results for the whole survey, we will focus the discussion on OMC-2, NGC 2023 and OMC-3, which we consider most representative of the different physical properties across the sample. OMC-2 has the largest dense gas mass (~350 M⊙, see Table 2) and the highest level of complexity, comprising 46 velocity-coherent fibers in the region. In addition, OMC-2 has already been studied using HiFIVe; therefore, we can directly compare the results obtained with the new implementation of HiFIVe+FilChap (see also Sect. B.5). NGC 2023 shows a more diffuse and fluffy appearance of the dense gas, which accounts for the lowest column densities across the survey (see Fig. 4). As a consequence, only a small fraction of the total mass in the sample is enclosed within NGC 2023 (~65 M⊙). OMC-3 has the second highest dense gas mass in the survey (~260 M⊙), resulting from column densities ≳1023 cm−2 along its main prominent crest (see Fig. 3). All three regions sample efficiently the column density plane, show a different dense gas morphology, even if still highly structured (see Sect. 3), but no extreme temperatures, such as those in OMC-1 and Flame Nebula.
	[image: thumbnail]	Fig. C.1 Properties explored in OMC-2, NGC 2023 and OMC-3 when varying the setup used for the analysis (see Table C.1 and Sect. 4). From top to bottom: line mass (m), width (FWHM), non-thermal motions (σnt/cs), and fraction of fields recovered within fibers. The different setups are colour-coded based on the parameter varied and on the top axis there are the corresponding labels (see Table C.1).



When exploring the different setups for the analysis, our interest is focused on how they affect our main conclusions. Thus, we want to assess any of the following changes: first, any change in the classification of our velocity-coherent structures as dense fibers through their line mass and velocity dispersion; second, any significant change of the fiber widths in each region; finally, any change in the percentage of fields recovered by the analysis, in particular, if the setup is able to recover ≳90% of the fitted spectra within the structures in all the regions composing the survey.
The main changes from one setup to the other concern the column density thresholds and the linking metric for HiFIVe, and the smoothing factor to calculate the average radial profile for FilChap. In Sect. 4, we discussed the final column density thresholds for the analysis (20 − 120 AV, equally spaced by 20 AV). The linking metric in the position-position-velocity (PPV) plane is the same used by Hacar et al. (2018): (a) 2 × θbeam in angular coordinates, corresponding to 10 points (Nmin) as minimum number of friends to define a structure; (b) FWHM/2 × 2d/θbeam, in the velocity space for a Nyquist sampled spectrum. The smoothing is operated by FilChap in the sampling of the column densities along each cut perpendicular to the axis. In our final setup, we chose a smooth = 2, an average every two pixels, meaning each θbeam in our maps. Table C.1 shows all the different setups explored as part of this analysis. In the following we will discuss the results obtained and compare the line mass (m), the width (FWHM), the non-thermal motions (σnt/cs) and the fraction of recovered points as key results of our analysis.
We tested the setup from Hacar et al. (2018) (original in Table C.1) onto OMC-2 with our analysis. The results are shown in Fig. C.1 (left panels) for the different physical parameters discussed. The median line mass and non-thermal component [image: equation] are in excellent agreement with those determined by Hacar et al. (see their Table 2), as expected since we employ HiFIVe in our analysis. The widths [image: equation] are also consistent with those previously determined in OMC-2. The agreement among these widths is not as good as for m and σnt/cs; however, we can ascribe these small differences to the integration of FilChap and the fact that the fitting was performed directly onto the column density map (see also Sect. B.5).
We try different sets of column densities varying the number of thresholds and the lowest value from which the selection starts (see setups N1-N6 in Table C.1). Figure C.1 shows that, independently of the region, varying the column density thresholds has little effect on the physical parameters (m, σnt/cs, FWHM), whose variation remains confined within a factor of 2. We note that a higher number of thresholds leads, in general, to a higher number of structures (see N5 and N6), as long as the lowest threshold allows us to recover ≳90% of the points (see the lowest panels in Fig. C.1). Given the stability of the physical parameter recovered, our choice for the lowest column density threshold was dictated by the number of points recovered in NGC 2023, while their number by the complex dense gas structure seen in OMC-2.
When studying the PPV plane, we explore increasing linking metrics (through a multiplier, mult.; see setups ppv1-ppv5 in Table C.1) and, as a consequence, increasing minimum number of friends (Nmin) to determine a velocity-coherent structure. Figure C.1 shows the mild variations in both FWHM and σnt/cs depending on the setup for all three regions. A higher linking metric results in a lower number of structures with increasing width and velocity dispersion overall. Still, the internal motions of the structures remain sub-sonic and the widths grow barely a factor of 2 for NGC 2023 (central panels), while remain remarkably stable for OMC-2 (left panels) and OMC-3 (right panels). m is the parameter that shows the largest variability, as expected, progressively increasing with the linking metric. As the number of structures is reduced, we eventually approach the total line mass for the region (see Sect. 5.4 and Fig. 9). Again, the linking length choice is driven mostly by the ability to recover a ≳90% fraction of points in velocity-coherent structures, which is achieved in NGC 2023 only for the lowest linking length.
The last parameter to explore is the smoothing factor applied by FilChap to the radial profile before its fitting (smooth; see setups sm1-sm5 in Table C.1). The parameter was devised to help in fitting profiles averaged across a segment or the whole filament axis and sampled along large radial distances. These profiles could in fact possess several scattered and isolated peaks, leading to a poor convergence of the fit. Figure C.1 shows the progressive increase of FWHM for a smoothing parameter going from 2 to 10 (see Table C.1). The variation is particularly marked for OMC-2 and NGC 2023 (left and central panels) where the extended dense gas structures get smoothed into a single profile. OMC-3 is less affected as its sharp features do not mix even when smoothed. By considering single radial cuts along the axis, sampled within ±0.2 pc from the axis knot, we already obtain relatively independent and richly sampled (θbeam ~ 0.009 pc) radial profiles. We therefore apply a natural smoothing of 2 pixels, a single beam of our Nyquist-sampled maps.
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1 https://almascience.eso.org/proposing/technical-handbook


2 We note some small artefacts in our high spatial resolution (4.5″) N(H2) maps due to this combination of the high-resolution ALMA+IRAM-30 m data (4.5″) with the coarser TK maps (30″).


3 As discussed in Paper I, our N2H+ (1−0) ALMA+IRAM-30 m maps recover ≳90% of the emission detected in the single-dish data within the footprint of our ALMA mosaics. We remark here that the reported differences in mass are therefore only due to the different coverage of the single-dish and ALMA maps and not due to sensitivity issues or interferometric filtering effects.


4 We corrected the masses of the fibers identified in Hacar et al. (2017) and Hacar et al. (2018) by a factor of 2.81/2.33 to account for the different [image: equation] used in these studies.


5 We considered for both estimates a distribution of inclination angles centred around α = 45°, for which the projection factor is tan α = 1.


6 We remark here that, while changing the absolute values of the m/mvir ratios, the presence of a factor of 3 does not change the conclusions derived throughout the Section.


7 OMC-1 South is an outlier among the star-forming fibers given the number protostars associated with it (6) and its line mass (m ∼ 37 M⊙ pc−1 ). Because of these values, this region sits on the left side of the expected scaling relation for mvir in Fig. 7, clearly departing from the suggested trend for star-forming fibers. OMC-1 South is an extremely dense and clustered region (e.g. Palau et al. 2018), however, towards which N2H+ (7-6) shows emission as bright as, and even brighter than, N2H+ (1–0) (Hacar et al. 2020b). As a consequence, the column density and mass of H2 inferred from N2H+ (1–0) may describe poorly the physical properties in the region. The departure of the region from the expected trend is therefore possibly more an observational bias than a physical differentiation.


8 We note that, while the absolute value for the virial ratio may be debated between 1D and 3D (with a factor of 3 difference in Eq. 4), the shift in median virial ratio between star-forming and non-star-forming fibers is not affected by a scaling factor and bears a deeper meaning than a stability condition for the structure.


9 https://www.iram.fr/IRAMFR/GILDAS/doc/html/class-html/node11.html


10 https://github.com/astrosuri/filchap
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	[image: thumbnail]	Fig. 1 N2H+ (1−0) integrated intensity maps of the seven star-forming regions in the EMERGE Early ALMA Survey at 4.5″ resolution with ALMA+IRAM-30 m. In all panels, cyan triangles are the protostellar objects from Megeath et al. (2012); Stutz et al. (2013); Furlan et al. (2016), while the yellow and white stars are the O-B stars collected from Simbad (Wenger et al. 2000), respectively.
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	[image: thumbnail]	Fig. 2 Temperature maps derived from the HCN-to-HNC ratio at 30″ with IRAM-30 m (see Paper I). The fields with I(HNC) < 2 K km s−1 have been masked. The black contours show I(N2H+) ≥ 2.5 K km s−1, three times the noise estimated from the emission-free sub-regions in the maps. Same as in Fig. 1, cyan triangles are the protostellar objects while the yellow and white stars are the O-B stars, respectively.
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	[image: thumbnail]	Fig. 3 Total column density maps of the regions derived from the temperature corrected N2H+ (1−0) integrated intensity (see Eq. (1)). The black contour corresponds again to an intensity of N2H+ three times the noise. The red lines represent instead the axes of the fibers identified in our kinematic analysis (see Sect. 4). Same as in Fig. 1, the cyan triangles are the protostellar objects while the yellow and white stars are respectively the O-B stars.
In the text



	[image: thumbnail]	Fig. 4 Histogram of the total column density N(H2) detected in N2H+ in the different fields explored by the EMERGE Early ALMA Survey (see colours in legend). Three dashed grey lines (at [26, 44, 66] AV) indicate the column density thresholds used by Hacar et al. (2018) during the analysis of the OMC-1 and OMC-2 regions. The additional six solid black lines (at [20, 40, 60, 80, 100, 120] AV) indicate the new HiFIVe thresholds used in this work in order to cover the wide dynamic range of column densities in our entire sample. The solid red line shows instead the theoretical prediction for high-mass star-formation (Krumholz & McKee 2008).
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	[image: thumbnail]	Fig. 5 OMC-2 (upper panels) and LDN 1641N (lower panels) as seen in different surveys. Left panels: ALMA+IRAM-30 m integrated emission of N2H+ (1−0) at 4.5″. Central panels: CARMA-NRO integrated emission of C18 O (1−0) at 8″ (Suri et al. 2019). The white dotted line is the footprint of our ALMA+IRAM-30 m observations. Right panels: Herschel+Spitzer dust continuum at 36.2″ (Lombardi et al. 2014). The gold dotted line is the footprint of our ALMA+IRAM-30 m observations, while the white contours represent I(N2H+) > 5 K km s−1, twice as those in Fig. 1 to highlight the tight correspondence with the high column density material.
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	[image: thumbnail]	Fig. 6 Cumulative distributions of the main physical properties obtained for the velocity-coherent structures identified in our EMERGE E ALMA sample (see colours in legend). (Left panel) Total mass of dense gas; (central panel) Total length; and (right panel) Non-thermal velo dispersion in units of the sound speed σnt/cs. A dashed black line shows the transition between sub- and trans-sonic regime (i.e. σnt/cs = 1).
In the text



	[image: thumbnail]	Fig. 7 Comparison between the mass and length of the velocity- coherent structures identified in our survey. Upper panel: mass and length values of the 152 velocity-coherent fiber-like structures identified in this work (colour-coded circles; see legend). Additional points indicate the mean properties of the parsec-size filaments explored by the HGBS in nearby clouds (grey squares; Arzoumanian et al. 2019) as well as the previously reported fibers (grey triangles; see Hacar et al. 2023, and references therein). Lower panel: same as upper panel but showing those star-forming fibers in our sample highlighted in colour and shown with symbols sizes proportional to the number of protostars in them (see legend). In both panels, a curve (solid red line) indicates the virial line mass mvir computed at 20 K (see Sect. 5.3). Also, diagonal lines (dashed grey lines) represent constant line masses of 10, 50, and 100 M⊙ pc−1 , respectively.
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	[image: thumbnail]	Fig. 8 Cumulative distribution of the line masses, in units of the virial mass, for the EMERGE Early ALMA Survey. The black dashed line represents the super-critical limit (Hacar et al. 2023). The grey shaded area corresponds to virial ratios within 0.5 < m/mvir < 1.5 (see Inutsuka & Miyama 1997, for a discussion).
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	[image: thumbnail]	Fig. 9 Comparison between the fiber surface density (∑(fibers)) and total mass of dense gas (Mtot) across the regions sampled in our EMERGE Early ALMA Survey. The black dashed line represents a linear fit of the data with ∑ ~ 0.26 Mtot. The gray shaded area is a factor of 2 confidence level for this correlation similar to the one estimated by Hacar et al. (2018).
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	[image: thumbnail]	Fig. A.1 Column density maps of the 7 star-forming regions composing the EMERGE Early ALMA Survey. Same as Fig. 1-7, the cyan triangles are the protostars, the yellow and white stars the OB stars and the red segments the axes of our fibers. Each one of these fibers is associated here with its ID derived by HiFIVe.
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	[image: thumbnail]	Fig. A.2 Virial ratios of the Orion fibers obtained per region in our survey (see Sect. 5.3). The fibers are further divided in star-forming (with protostars, hatched histogram) and total (with and without protostars, plain histogram). The grey histogram reports the virial ratios for the survey as a whole, along with the median values for the non-star-forming fibers (solid line) and the star-forming ones (dashed line).
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	[image: thumbnail]	Fig. C.1 Properties explored in OMC-2, NGC 2023 and OMC-3 when varying the setup used for the analysis (see Table C.1 and Sect. 4). From top to bottom: line mass (m), width (FWHM), non-thermal motions (σnt/cs), and fraction of fields recovered within fibers. The different setups are colour-coded based on the parameter varied and on the top axis there are the corresponding labels (see Table C.1).
In the text
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        Total column density maps of the regions derived from the temperature corrected N2H+ (1−0) integrated intensity (see Eq. (1)). The black contour corresponds again to an intensity of N2H+ three times the noise. The red lines represent instead the axes of the fibers identified in our kinematic analysis (see Sect. 4). Same as in Fig. 1, the cyan triangles are the protostellar objects while the yellow and white stars are respectively the O-B stars.
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        OMC-2 (upper panels) and LDN 1641N (lower panels) as seen in different surveys. Left panels: ALMA+IRAM-30 m integrated emission of N2H+ (1−0) at 4.5″. Central panels: CARMA-NRO integrated emission of C18 O (1−0) at 8″ (Suri et al. 2019). The white dotted line is the footprint of our ALMA+IRAM-30 m observations. Right panels: Herschel+Spitzer dust continuum at 36.2″ (Lombardi et al. 2014). The gold dotted line is the footprint of our ALMA+IRAM-30 m observations, while the white contours represent I(N2H+) > 5 K km s−1, twice as those in Fig. 1 to highlight the tight correspondence with the high column density material.
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        Comparison between the mass and length of the velocity- coherent structures identified in our survey. Upper panel: mass and length values of the 152 velocity-coherent fiber-like structures identified in this work (colour-coded circles; see legend). Additional points indicate the mean properties of the parsec-size filaments explored by the HGBS in nearby clouds (grey squares; Arzoumanian et al. 2019) as well as the previously reported fibers (grey triangles; see Hacar et al. 2023, and references therein). Lower panel: same as upper panel but showing those star-forming fibers in our sample highlighted in colour and shown with symbols sizes proportional to the number of protostars in them (see legend). In both panels, a curve (solid red line) indicates the virial line mass mvir computed at 20 K (see Sect. 5.3). Also, diagonal lines (dashed grey lines) represent constant line masses of 10, 50, and 100 M⊙ pc−1 , respectively.
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        Column density maps of the 7 star-forming regions composing the EMERGE Early ALMA Survey. Same as Fig. 1-7, the cyan triangles are the protostars, the yellow and white stars the OB stars and the red segments the axes of our fibers. Each one of these fibers is associated here with its ID derived by HiFIVe.
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        Virial ratios of the Orion fibers obtained per region in our survey (see Sect. 5.3). The fibers are further divided in star-forming (with protostars, hatched histogram) and total (with and without protostars, plain histogram). The grey histogram reports the virial ratios for the survey as a whole, along with the median values for the non-star-forming fibers (solid line) and the star-forming ones (dashed line).

      

    

  
    
      Table C.1 

      Different inputs given to HiFIVe and FilChap to perform the analysis (see Fig. C.1).

      
        


	
	Parameter



	




	Setup
	N(H2)
	mult., Nmin
	smooth



	
	[AV]
	[#, pxls]
	[pxls]





	N1
	[15, 35, 55]
	1, 10
	2



	N2
	[30, 50, 70]
	1, 10
	2



	N3
	[45, 65, 85]
	1, 10
	2



	N4
	[60, 80, 100]
	1, 10
	2



	N5
	[15, 35, 55, 75, 95, 115]
	1, 10
	2



	N6
	[30, 50, 70, 90, 110, 130]
	1, 10
	2



	




	ppv1
	[30, 50, 70]
	1, 10
	2



	ppv2
	[30, 50, 70]
	2, 26
	2



	ppv3
	[30, 50, 70]
	3, 50
	2



	ppv4
	[30, 50, 70]
	4, 82
	2



	ppv5
	[30, 50, 70]
	5, 122
	2



	




	sm1
	[30, 50, 70]
	1, 10
	2



	sm2
	[30, 50, 70]
	1, 10
	4



	sm3
	[30, 50, 70]
	1, 10
	6



	sm4
	[30, 50, 70]
	1, 10
	8



	sm5
	[30, 50, 70]
	1, 10
	10



	




	original
	[26, 44, 66]
	1, 10
	2





      

    

  
    
      Fig. C.1 
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        Properties explored in OMC-2, NGC 2023 and OMC-3 when varying the setup used for the analysis (see Table C.1 and Sect. 4). From top to bottom: line mass (m), width (FWHM), non-thermal motions (σnt/cs), and fraction of fields recovered within fibers. The different setups are colour-coded based on the parameter varied and on the top axis there are the corresponding labels (see Table C.1).
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