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Abstract

Context. Despite their variety of scales throughout the interstellar medium, filaments in nearby low-mass clouds appear to have a characteristic width of ∼0.1 pc from the analysis of Herschel observations. The validity and origin of this characteristic width, however, has been a matter of intense discussions during the last decade.

Aims. We made use of the EMERGE Early ALMA Survey comprising seven targets among low- (OMC-4 South, NGC 2023), intermediate- (OMC-2, OMC-3, LDN 1641N), and high-mass (OMC-1, Flame Nebula) star-forming regions in Orion, which include different physical conditions, star formation histories, mass, and density regimes. All targets were homogeneously surveyed at high- spatial resolution (4.5″or ∼2000 au) in N2H+ (1–0) using a dedicated series of ALMA+IRAM-30m observations, and previous works identified a total of 152 fibers throughout this sample. Here, we aim to characterise the variation in the fiber widths under the different conditions explored by this survey.

Methods. We characterised the column density and temperature radial profiles of fibers using the automatic fitting routine FilChap, and systematically quantified its main physical properties (i.e. peak column density, width, and temperature gradient).

Results. The Orion fibers show a departure from the isothermal condition with significant outward temperature gradients with ∇TK > 30 K pc−1 . The presence of such temperature gradients suggests a change in the equation of state for fibers. By fitting their radial profiles, we report a median full width at half maximum (FWHM) of ∼0.05 pc for the Orion fibers, with a corresponding median aspect ratio of ∼2. Along with their median, the FWHM values for individual cuts are consistently below the proposed characteristic width of 0.1 pc. More relevantly, we observe a systematic variation in these fiber FWHM between different regions in our sample. We also find a direct inverse dependence of the fiber FWHM on their central column density, N0 , above ≳1022 cm−2 , which agrees with the expected N0 − FWHM anti-correlation predicted in previous theoretical studies.

Conclusions. Our homogeneous analysis returns the first observational evidence of an intrinsic and systematic variation in the fiber widths across different star-forming regions. While sharing comparable mass, length, and kinematic properties in all of our targets, fibers appear to adjust their FWHM to their density and to the pressure in their host environment.
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1 Introduction
Filaments are a key component of the interstellar medium (ISM). Since their first discovery (Barnard 1907), the proximity of filaments to the young stellar objects suggested a direct connection between the filaments and the star formation process (e.g. Hartmann 2002). The far-infrared (FIR) observations from Herschel demonstrated the presence of filaments in all type of molecular clouds in our Galaxy (André et al. 2010; Molinari et al. 2010).
Filaments are found at all scales as part of the hierarchical structure of the ISM (Hacar et al. 2023). This filamentary gas organisation extends across four orders of magnitude in scale, from the ∼100 pc, cloud-size giant filaments (e.g. Jackson et al. 2010; Goodman et al. 2014), to the parsec-scale filament networks in nearby clouds (e.g. Arzoumanian et al. 2019) and Galactic plane surveys (e.g. Molinari et al. 2010), down to the sub-parsec filaments within clouds (Hacar et al. 2013). These latter sub-parsec filaments, known as fibers (André et al. 2014), are recognised in molecular line observations as the velocity-coherent sub-structures of parsec-scale filaments, both at low (e.g. Tafalla & Hacar 2015; Hacar et al. 2017b) and high spatial resolutions (e.g. Lee et al. 2014; Hacar et al. 2018; Dhabal et al. 2019). Interferometric observations down to the ∼1000 au regime suggest that fibers host the dense gas prior to the formation of stars within clouds (Hacar et al. 2024).
While present across a wide range of scales in the ISM, Herschel observations in nearby clouds suggest the existence of a characteristic width for filaments of ∼0.1 pc (André et al. 2010; Arzoumanian et al. 2011; Palmeirim et al. 2013; Arzoumanian et al. 2019). An ongoing debate exists, however, about the potential variations in this previously proposed typical width of ∼0.1 pc. Recent results argue that the actual Herschel widths may be distance-dependent (see Panopoulou et al. 2022; André et al. 2022). Beside this potential observational bias, surveys in Taurus (Panopoulou et al. 2014) and Orion (Suri et al. 2019) show a variation in the filament widths up to an order of magnitude (within 0.02-0.3 pc) in a single cloud. Similarly, dedicated studies in regions such as OMC-3 identify different widths depending on the observational technique (~0.03-0.05 pc using mid-infrared (MIR) extinction at 2″resolution; Juvela & Mannfors 2023) and wavelength (~0.06-0.08 pc using FIR emission at 8″resolution; Schuller et al. 2021) adopted in each case. Widths of ~0.03-0.05 pc are instead systematically observed at higher spatial resolution with interferometers (e.g. Fernández-López et al. 2014; Hacar et al. 2018; Schmiedeke et al. 2021). The additional differences in filament widths determined in massive clouds with single-dish telescopes (e.g. ~0.3 pc in DR21; Hennemann et al. 2012) and interferometers (e.g. ~0.04 pc in NGC 6334; Li et al. 2022) completes a broad collection of width estimates. So far, however, the large in-homogeneity of these observational studies prevents a direct comparison of these results and fuels the debate around the typical width of filaments.
The filament width is a key parameter determining the initial conditions for the star formation within these objects (see Pineda et al. 2023, for a discussion). Distinct theoretical models tried to explain the existence of a characteristic width for filaments as a result of their common formation process. A constant filament width could be explained in connection with the dissipative scale of turbulence (Padoan et al. 2001; Federrath 2016). Filaments may also exist in quasi-equilibrium with the ambient pressure of the ISM (Fiege & Pudritz 2000), which can confine the structure into an average 0.1 pc width (Fischera & Martin 2012). These same models, however, also predict a systematic variation in the filament width with the column density at their peak and with several additional effects (i.e. the external pressure, the magnetic field strength, the turbulence, and the accretion rate; Fischera & Martin 2012; Heitsch 2013b). This dependence of the width on the column density remains as-of-yet undetected in the observations of filaments within nearby clouds (see Arzoumanian et al. 2019, for discussion). Whether a characteristic filament width is present and whether or not it may be extended to filaments in more massive and active regions within our Galaxy remains unclear.
In this paper, we have made use of the EMERGE Early ALMA Survey, a statistically significant sample of seven low- (NGC 2023, OMC-4 South), intermediate- (OMC-2, OMC-3, LDN 1641N), and high-mass (OMC-1, Flame Nebula) starforming regions in the Orion A and B clouds (D ∼ 400 pc; see Hacar et al. 2024, hereafter Paper I). These targets were homogeneously surveyed at a resolution of θbeam ~ 2000 au (or 4.5″) with new suite of Atacama Large Millimetre Array (ALMA) plus IRAM-30m observations (Bonanomi et al. 2024, Paper II) using N2H+ (1-0) as a tracer of dense gas structure in these clouds. In a previous paper of this series, Socci et al. (2024) (hereafter Paper III) identified a total of 152 velocity-coherent, sonic fibers. Showing similar kinematic and mass properties, and organised in networks of increasing complexity, these fibers host the majority of protostars and appear to set the conditions for the formation of stars in these clouds. Our aim in this Paper IV of this series is to characterise the physical properties of the fiber radial profiles and their potential environmental variation.
The paper is organised as follows: we first present the theoretical description of filaments and its comparison with observational results from the literature (Sects. 2.1, 2.2); we then present the automatic fitting routine, FilChap, used to analyse the radial profiles of the Orion fibers (Sect. 3.2); third, we discuss the general properties of these radial profiles, also in connection with the algorithmic choices made to fit them (Sects. 3, A.2); fourth, we discuss the results coming from the fitting with FilChap, starting with the fiber widths (Sect. 3.3) and corresponding aspect ratios (Sect. 3.4), their peak column densities (Sect. 3.5) and temperature gradients (Sect. 3.6); we then explore the variation in the fiber widths throughout the survey (Sect. 4), and their dependence on the column density (Sect. 4.1), also in comparison with theoretical predictions from models (Sect. 4.2); we finally speculate on the dynamical state of fibers and how it may affect their width (Sect. 4.3) and present our conclusions in Sect. 5.
2 Filament widths: Previous results
2.1 Theoretical predictions
The stability condition of an isothermal infinite cylinder of gas was originally studied by Stodólkiewicz (1963) and Ostriker (1964). Isothermal filaments in hydrostatic equilibrium, usually referred to as Ostriker’s filaments, are expected to follow a density radial profile n(r) such as
[image: equation](1)
where n0 is the gas density at the filament axis, [image: equation] is the sound speed, µ is the mean molecular weight (= 2.36; see Kauffmann et al. 2008; Asplund et al. 2021), and Rflat |Ost is the inner flat radius uniquely determined from the balance between gravity and thermal pressure. The definition of Rflat in Eq. (1) may be extended to include the effects of non-thermal motions σnt and magnetic fields B such as [image: equation] (see Hanawa et al. 1993; Nakamura et al. 1993; Gehman et al. 1996). The integral of Eq. (1) over all radii defines a finite critical line mass
[image: equation](2)
for hydrostatic equilibrium. mcrit is usually employed as criterion for stability when compared with the observed line mass [image: equation] given the mass M and length L of a filament.
The isothermal density profile is usually generalised to the form of a Plummer-like profile:
[image: equation](3)
Likewise, the concept of critical line mass may be extended to the virial mass [image: equation], given the total gas velocity dispersion [image: equation] (Paper I).
In observations, the determination of the volume density profile n(r) is extremely challenging. As a consequence, the radial properties of a structure are usually determined from its (projected) column density profile N(x), usually determined by integrating the volume density Plummer profile described by Eq. (3) along the line-of-sight (see Arzoumanian et al. 2011):
[image: equation](4)
Ap is a proportionality factor depending on p, while the inner flat radius is linked to the observed full width at half maximum (FWHM) as follows:
[image: equation](5)
which links the observed central (x = 0) column density of the filament, N0, and its corresponding volume density, n0, as [image: equation].
Equations (3) and (5) return the Ostriker’s isothermal profile for p = 4 where Rflat = Rflat|Ost and FWHM ~ 1.53 × Rflat|Ost. Shallower profiles (p < 4) are expected in other equilibrium configurations found for magnetised filaments (Fiege & Pudritz 2000), externally pressurised filaments Fischera & Martin (2012), rotating filaments (Recchi et al. 2014), nonisothermal filaments (Recchi et al. 2013), and polytropic equations of state (Gehman et al. 1996; Kawachi & Hanawa 1998; Toci & Galli 2015), which in turn could also change the expected FWHM according to Eq. (5).
2.2 Observations: A typical ~ 0.1 pc width
The observational properties of the filament radial profiles are still subject to discussion both for their radial dependence, exemplified by p, and for their radial width, exemplified by the FWHM. Studies based on Herschel observations reported parsec-scale filaments to have a shallow column density profile with p values ranging between 1.5 and 2.5 (Arzoumanian et al. 2011; Arzoumanian et al. 2019). Steeper radial profiles, close to the expected p = 4 for an Ostriker filament (see Eq. (1)), however, were identified in previous molecular observations (e.g. Pineda et al. 2011; Hacar & Tafalla 2011; Monsch et al. 2018; Schmiedeke et al. 2021). Similarly, Hacar et al. (2018) determined sharp intensity radial profiles well described by a Gaussian shape for the fibers in OMC-1 and OMC-2.
In addition to the p value, those same Herschel-based studies at low spatial resolution (18-36″) suggest a roughly constant width of ~0.1 pc for parsec-scale filaments. This result comes from the analysis of nearby, and typically low-mass, regions part of the Herschel Gould Belt Survey (HGBS; Arzoumanian et al. 2011; André et al. 2014; Arzoumanian et al. 2019), which includes the Orion B, IC5146, Aquila, Polaris, Pipe, Taurus, Musca, and Ophiuchus clouds. Nonetheless, systematic variations are identified within this HGBS sample. A factor of 2 is found between the median widths of different regions, especially when comparing Orion B and IC5146 (FWHM ~ 0.12–0.13 pc) with the rest of the sample (FWHM ~ 0.060.08 pc). While a debate exists on whether or not these widths are distance-dependant (Panopoulou et al. 2022; André et al. 2022), molecular line observations in some of these regions confirm large intrinsic variations in the filament widths between ~0.5 pc (Panopoulou et al. 2014; Suri et al. 2019) down to ~0.03 pc depending on the tracer and resolution (Hacar et al. 2018).
Multiple formation and evolution scenarios could explain the relative narrow filament width distribution observed in nearby molecular clouds. Filaments may form from the convergence of turbulent flows, for which the dissipation scale would then become their typical width (Padoan et al. 2001; Arzoumanian et al. 2011). The same effect may be obtained for isothermal filaments in quasi-equilibrium when confined into a typical width by an external pressure (Fiege & Pudritz 2000). Dynamically evolving filaments, either via a uniform radial velocity (Priestley & Whitworth 2022) or via accretion (Heitsch 2013b), are expected to show a density scaling p ≲ 4, and a variable width along their radial profile depending on the kinematics and evolutionary stage. These model predictions suggest that the observed filament width around ~0.1 pc could be explained as the average FWHM from a non-isothermal and non-equilibrium condition.
2.3 Expected dependence
While perhaps an average value could describe the typical width of parsec-size filaments in standard low-mass clouds, theoretical calculations predict a systematic dependence of the filament FWHM under different physical conditions. Following Eqs. (1) and (5) (and its alternative formulations including turbulence and magnetic fields), the observed filament FWHM should decrease for increasing central densities, n0, such as [image: equation]. As a result, denser filaments are expected to show narrower widths.
The observed FWHM should also correlate with the peak column density, N0, for (sub-critical, i.e. m/mcrit < 1) pressure- truncated filaments in equilibrium. This FWHM − N0 dependence is controlled by the balance between the internal thermal pressure of the filament (depending on TK) and the external gas pressure Pext at the filament surface (Fiege & Pudritz 2000). The observed FWHM predicted for these filaments reaches a maximum value FWHMmax at (see Fischera & Martin 2012, for a full discussion)
[image: equation](6)
where the corresponding peak column density, N0,max, reads as
[image: equation](7)
Given a fixed Pext , the predicted FWHM for filaments decreases around N0,max for both lower column densities (i.e. N0 < N0,max and low m/mcrit) and higher column densities (i.e. N0 > N0,max and large m/mcrit). A roughly similar behaviour is expected in the case of weakly magnetised filaments (Heitsch 2013b), while filaments confined by the ram pressure would show lower FWHMmax and shallower FWHM − N0 variations (Heitsch 2013b). Theoretical models additionally predict filaments to occupy different positions in the F WHM − N0 plane due to accretion (e.g. by showing larger FWHM for larger accretion efficiencies є; Heitsch 2013a). Despite their differences, all these models suggest the observed FWHM for filaments to decrease with column densities N0 > N0,max. This predicted anticorrelation, however, has not been observed so far (e.g. see discussion in Arzoumanian et al. 2019).
3 Non-isothermal narrow fibers
Through the analysis of the EMERGE Early ALMA Survey we aim to statistically investigate the potential variation in the filament widths and its correlation with the peak column density N0 . The survey comprises seven star-forming regions in Orion surveyed at a resolution of 4.5″ (or 2000 au at 414 pc; Menten et al. 2007) with a new set of ALMA+IRAM-30m observations (see Paper I). We explored the dense gas organisation at sub-parsec scales under different physical and environmental conditions within these targets using the N2H+ (1–0) emission (see Paper III). The dense gas is organised in 152 velocity- coherent fibers throughout the survey, arranged in networks of different complexity depending on the physical properties of the host region. We use the analysis of the OMC-3 fibers as a showcase to highlight the most notable physical properties of these structures.
Figure 1 (left panel) shows the total integrated N2H+ emission in OMC-3. The observed N2H+ emission with I(N2H+) ≳ 20 K km s−1 closely follows the parsec-scale filamentary structure already determined in previous large-scale studies (e.g. Johnstone & Bally 1999; Hacar et al. 2017a). The distribution of N2H+ strongly correlates with the location of the Class 0/I objects identified in this region (Megeath et al. 2012; Stutz et al. 2013; Furlan et al. 2016), highlighting the deep connection between the dense gas traced by N2H+ and star formation (see also Paper I).
The N2H+ map shows a high degree of complexity with several elongated sub-structures resolved at the 2000 au resolution of our ALMA+IRAM-30m observations. Compared to previous continuum studies at lower resolution which identified OMC-3 as a single filamentary structure (e.g. Schuller et al. 2021), in Paper III we effectively identified 24 velocity-coherent, sonic fibers in OMC-3 at sub-parsec scales (red segments in Fig. 1, central panel). By calibrating our N2H+ maps against Herschel observations in the same region, we were able to derive a high- resolution column density map for OMC-3, and our other targets (Fig. 1, central panel; see Paper III). Through this calibration, we revealed the N2H+ emission to follow the gas at highest column densities (N(H2) ≳ 1022 cm−2 ; central panel) and coldest temperatures (TK ≲ 20 K; right panel) within this cloud. Interestingly, radially increasing temperature gradients are seen in most of these structures (right panel). Similar characteristics define the physical properties of fibers observed in other regions in this sample (see similar maps in Papers I and III).
	[image: thumbnail]	Fig. 1 OMC-3 as a showcase for the results obtained from the EMERGE Early ALMA Survey (see Papers I and III for details about these maps). (Left panel) N2H+ (1–0) integrated intensity map at a resolution of 2000 au (or 4.5″) obtained by our ALMA+IRAM-30 m observations. (Central panel) Total column density map of H2 derived at 2000 au resolution. The black contour corresponds to an intensity of N2H+ with S/N = 3. Red lines define the axes of the fibers identified in Paper III where Fiber #7 is highlighted with its ID and further discussed in Sect. 3.1 and Fig. 2. (Right panel) Gas kinetic temperature TK map determined at the IRAM-30m single-dish resolution of ∼12 000 au (or 30″). In all panels, cyan triangles correspond to the protostellar objects (Class 0/I; Megeath et al. 2012; Stutz et al. 2013; Furlan et al. 2016), while the white star corresponds to a B star (gathered from the SIMBAD catalogue; Wenger et al. 2000).



3.1 Fiber radial profiles: general properties
Before discussing quantitatively the results of our radial profile fitting, we qualitatively explored individual column density and temperature radial profiles of some individual fibers in our survey. Figure 2 displays a representative sample of the radial cuts obtained during the analysis of fiber #7 in OMC-3 (see also Fig. 1). In Fig. 2 (upper left panel), we show the gas column density map associated with fiber #7 (enclosed by a black contour). Individual segments indicate three selected cuts perpendicular to the main axis from which we extracted their corresponding column density (blue lines) and temperature (red lines) profiles (see upper right and lower panels).
Figure 2 highlights several important features noted during the inspection of the column density and temperature maps (see above). First, most radial profiles of fibers (blue lines) show a steep distribution in column density varying of up to two orders of magnitude within ≲0.2 pc. In addition, these radial profiles show local and global variations along the fiber axis both in number of primary and secondary peaks, and in the asymmetry of the distribution (e.g. lower left panel). Despite being undoubtedly narrower in width than previous parsec-scale filaments, individual fibers exhibit significant variations in their width along the axis (e.g. upper right panel). This intrinsic variability, already reported in the previous studies (Panopoulou et al. 2014; Suri et al. 2019), denotes the complexity of the filamentary structures when observed at 2000 au resolution.
Second, the systematic anti-correlation between the gas column density N(H2) and the gas kinetic temperature TK seen in our maps is confirmed by the inspection of these individual profiles (blue and red lines, respectively; upper right and lower panels). In particular, the highest column densities within fibers usually correspond to the lowest temperatures in those same structures. This anti-correlation comes as validation of N2H+ being a tracer of the coldest and densest gas in our regions, enclosed by a warmer and more diffuse surrounding medium (see Paper III).
Compared to the relatively low temperatures towards the filament axis of ∼20 K (in correspondence of the N0 peak), the gas kinetic temperature in fibers systematically rises outwards with changes up to ΔTK > 10 K on distances of less than 0.1 pc from their axis. These temperature variations are not restricted to OMC-3, but instead they are consistently observed throughout our survey. Figure 3 shows additional examples of radial cuts along fibers in the Flame Nebula (left panel), LDN 1641N (central panel), NGC 2023 (right panel). Similar to OMC-3, the gas kinetic temperature shows a positive radial gradient anticorrelated with the column density density distribution within single fibers. Nonetheless, more complex and asymmetric temperature profiles are also present in our sample, often influenced by the global temperature structure of the region (see Fig. 3, central panel). Obtained using independent observations, this local and systematic anti-correlation between N(H2) − TK confirms once more the reliability of our kinematic analysis in recovering the true density structure in our targets.
	[image: thumbnail]	Fig. 2 Radial properties measured in fiber #7 in OMC-3 (see also Appendix B). Upper left panel: zoom-in on the N(H2) map presented in Fig. 1. All positions associated with this fiber are enclosed by a black contour. The axis of this fiber #7 is indicated by a white polygon where its knots are colour-coded by the temperature gradient measured through Eq. (8) and their size corresponds to the fiber width measured at this position. Three red lines indicate the orientation and length (~ ± 0.1 pc with respect to the centre of the fiber) of the radial cuts presented in the other panels, up to the dashed lines. Upper right plus lower panels: column density (blue line) and gas kinetic temperature (red line) profiles measured perpendicular to the filament axis (centre). The best Gaussian fit to the column density profile, including its FWHM value, is indicated in each panel (solid black curve).



3.2 Radial fits
Investigating the radial profiles in the large number of fibers included in our survey requires a systematic and reproducible analysis. Towards this end, we implemented the automatic fitting routine FilChap1 (Suri et al. 2019) in our filament-finding algorithm to perform a full systematic characterisation of the radial profiles of the Orion fibers. FilChap was previously employed as radial profile fitting routine in combination with different filament-finding algorithms (see e.g. Howard et al. 2019). Its implementation in our analysis therefore required changes to the publicly available version of this software. We provide a thorough discussion on these changes in Appendix A.1, while here we only describe the main adaptations. First, we adapt FilChap to use the fiber axis identified in our kinematic analysis (see Paper III) as input for its radial analysis. Second, we simultaneously feed FilChap with both the column density and the temperature maps (e.g. Fig. 1). The column density map is sampled to determine the average density profile along the axis of each structure, which is then fitted with different orthogonal cuts; later on, the temperature map is sampled along the same radial cuts without performing any average to give an estimate of the temperature gradient (see Sect. 3.6). And third, we avoid any baseline subtraction, usually applied by FilChap, since we removed the column density floor term when converting the I(N2H+) emission into the total N(H2) column density in our maps (see Paper III for a discussion).
FilChap considers a series of radial cuts across the main axis of each fiber in our survey. For each section of this axis, FilChap performs a sampling of the input column density and temperature maps using a perpendicular cut. The first and second derivatives of the (average) resulting profile are then evaluated point-by-point to determine local extremes. These are labelled as either peaks or shoulders depending on a user-defined limit of significance. The maximum enclosed within two minima, and closest to the axis segment, is considered as the filament ridge and is fitted with a Plummer-like (i.e. following Eq. (4) with either p = 2 or p = 4 values) and a Gaussian distribution (see discussion below). FilChap then returns the full radial profile distribution (both in N(H2) and TK) and the main radial profile features identified in the sampling (e.g. number of peaks, shoulders), along with the best fit results (e.g. Gaussian parameters) and quality assessments.
The additional parameters provided by FilChap allowed us to evaluate the best fitting approach for the Orion fibers. A full discussion on the tests and the related statistics is given in Appendix A.2, while here we only report the main conclusions. We first inspected the skewness and excess kurtosis of the cuts, which suggest symmetric profiles, on average, with a sharp drop in column density from their central peak. Both features were qualitatively noted from the column density maps (Fig. 1), and profiles (Fig. 2), and denote the intrinsically complex gas organisation resolved by ALMA. We then investigated the number of peaks and shoulders identified by FilChap throughout our sample of profiles. The majority (~90%) of the selected cuts have only one significant maximum within the radially sampled distance, suggesting a single-peaked function as best fitting profile. We finally explored the different fitting functions provided by FilChap (i.e. Gaussian and Plummer profiles, see Sect. 2.2). The fitted radial profiles widths (as FWHM) agree well with median values of ~0.04–0.05 pc and show similar distributions for the functions within ~0.01–0.3 pc. The Gaussian profile, however, is our function of choice for the following reasons: first, it provides the least number of unresolved widths (i.e. FWHM < 0.027 pc, 3 × θbeam at 414 pc); second, it returns the lowest dispersion and median value for the reduced χ2 ; third, it has the lowest degeneracy given the lower number of free parameters (3) compared to the Plummer profile (4), which compelled us to enforce the p-value (see Sect. 2.2). We shall therefore only discuss the Gaussian fit results hereafter.
Applied to the total 152 fibers identified in our EMERGE sample, FilChap retrieved a total of 1052 radial cuts along their axes, each including measurements of both the total gas column density (Sects. 3.3–3.5) and gas kinetic temperature (Sect. 3.6) profiles. FilChap was able to provide a convergent fit for 991 of these cuts, which correspond to 150 objects with at least one non-empty cut. For each of these objects, FilChap allows us to investigate their FWHM (Sect. 3.3), aspect ratio (Sect. 3.4), peak column density (Sect. 3.5), and temperature gradient (Sect. 3.6).
	[image: thumbnail]	Fig. 3 Radial profiles of selected cuts in three fibers belonging to the Flame Nebula (left panel), LDN 1641N (central panel), and NGC 2023 (right panel). Similarly to Fig. 2, we report the distance at which the temperature gradient is determined (dashed black lines) and the FWHMs determined from the best Gaussian fit (solid black line) to the density profile (blue line).



3.3 Fiber FWHMs below 0.1 pc
We display the FWHM values measured in our Gaussian fits in Fig. 4. Rather than averaged per fiber (see also Sect. 4), we first opted to display all individual fit values for the total 991 radial cuts across our fibers. The reason behind this choice is twofold: first, all fibers show large internal variations with the FWHM varying significantly along different cuts within the same structure (see also Appendix B); second, this approach takes advantage of our large statistical sample to account for the full intrinsic scatter of these measurements (see Panopoulou et al. 2017, for a discussion). Given the different number of fibers per region (see Table 1), the corresponding number of radial cuts is however uneven.
As is seen in Fig. 4 (left panel), the widths of the Orion fibers span more than an order of magnitude in FWHM, between ~0.01 pc (~θbeam) and ~0.2 pc. The corresponding median width is FWHM = [image: equation] pc, which agrees well with those determined in other molecular line studies at comparable resolution (e.g. Hacar et al. 2018; Schmiedeke et al. 2021; Li et al. 2022). On the other hand, this FWHM is a factor of 2 lower than the previously proposed characteristic ~0.1 pc width for parsec-scale filaments (see vertical dashed line; Arzoumanian et al. 2011). Within our sample, only 4% of our cuts show a FWHM above 0.1 pc, a fraction which varies with the region: ~20% of the cuts in NGC 2023 reach widths above 0.1 pc, while <10% are found above this value in OMC-1 and the Flame Nebula (see also right panel) where the fibers show instead a typical width of ~0.04 pc. With only 5% of the cuts apparently unresolved at our ALMA resolution (i.e. FWHM < 3 × θbeam ~ 0.027 pc), our analysis is robust and demonstrates a clear differentiation between the width of filaments at parsec-scales compared to the width of fibers at sub-parsec scales.
Among the regions in the survey, the results in OMC-3 deserve additional remarks. The FWHM of the filaments at different scales in this region was recursively explored at high resolution by multiple independent studies. Schuller et al. (2021) measured shallow profiles (p ~ 2) with a FWHM of ~0.06 pc along the main spine of OMC-3 from the analysis of the dust continuum emission (at 8″ resolution). Juvela & Mannfors (2023) reported instead steep profiles (p ~ 3) in OMC-3 with a median FWHM of ~0.05 pc using MIR dust extinction (at 2″ resolution). Our line emission measurements in this region (at 4.5″ resolution) report a median FWHM of 0.05 pc (see Table 1), which is compatible with these previous results. Despite the different tracers (continuum vs lines; see further discussion later), the close agreement between these different observational results suggests these widths to be characteristic of the region and confirms the ability of our high-resolution maps to sample the true column density distribution in our fibers.
	[image: thumbnail]	Fig. 4 Distribution for the FWHM derived across all the cuts in each fiber radial profile. (Left panel) Histogram of the fiber FWHM divided per region. (Right panel) Cumulative distribution of the same FWHM per fiber cut. The dashed black line in the left panel corresponds to the characteristic FWHM measured in parsec-scale filaments in the Solar neighbourhood (e.g. Arzoumanian et al. 2011) while a dotted grey line indicates the minimum size (3 × θbeam) for our fibers to be considered as resolved by our observations.



Table 1 
Average fiber properties across the EMERGE Early ALMA Survey.

3.4 Aspect ratios
Fibers previously identified in OMC-1 and OMC-2 showed aspect ratios within ~3-7 (Hacar et al. 2018). Compared to these estimates, our analysis recovers fibers with lower aspect ratios (defined as AR = L/FWHM using the widths determined with FilChap) in these same two regions, as well as in the additional five clouds composing this survey (〈AR〉 ~ 2 throughout the survey; see Paper III for a discussion). The reason behind the different AR values is the choice of column density thresholds used in our new fiber identification scheme. Needed to homogeneously recover the wide range of properties sampled in the EMERGE Early ALMA Survey (Paper I), the larger number and wider range of column density thresholds used in the re-analysis of these data (6 thresholds between 20–120 AV ; see Paper III) leads to the fragmentation (and thus the decrease in their L and AR) of several of the OMC-1/-2 fibers previously identified as monolithic structures by Hacar et al. (2018) (using instead three thresholds between 26–66 AV).
Although arbitrary, we stress that our algorithmic choices, column density thresholds included, do not alter our the conclusions obtained from our FWHM measurements. This remains true even if we remove those fibers with AR < 3, aspect ratio typically used to define filaments (e.g. Arzoumanian et al. 2019): although significantly reduced in statistics (only 40 available), the Orion fibers still show widths of ~0.03–0.04 pc on average.
3.5 Peak column densities above 100 AV
We explore now the peak column densities of each cut as the other main output of FilChap. Figure 5 (upper panel) displays the cumulative distributions of N0 , the amplitude of the Gaussian fitted to our individual radial cuts. N0 spans two orders of magnitude, from ~1022 cm−2 (~10 AV) up to ~5 × 1023 cm−2 (~500 AV). With the exception of the Flame Nebula, all the regions in our survey show similar cumulative distributions, smoothly increasing in the parameter space. OMC-1, OMC-2, and OMC-3, however, display distributions slightly skewed towards higher N0 values, on average. This behaviour is expected from the large number of fields showing column densities N(H2) ≳ 2 × 1022 cm−2 in these three regions, which further influences their total dense gas mass (Mtot ≳ 200 M⊙; see Table 1).
Not surprisingly, our sub-parsec fibers show systematically higher column densities than those reported for filaments in nearby clouds. Our EMERGE Early ALMA Survey shows a median value of N0 ~ 5 × 1022 cm–2, or an equivalent extinction peak of ~50 AV. These median values are an order of magnitude higher than those reported in the analysis of the filaments part of the HGBS (~5 × 1021 cm–2; Arzoumanian et al. 2019). This difference is expected due to the combination of several selection effects. Compared to the HGBS, our ALMA survey focuses on the Orion A and B clouds, the two most massive clouds in the Solar neighbourhood. Within these clouds, our observations further target those regions with bright N2H+ emission, which are associated to large factions of dense gas (see Paper I). Finally, our ALMA+IRAM-30m maps achieve a resolution that is better by factor of ~5 (4.5″vs. 18–36″), allowing to resolve the dense gas substructure within the parsec-scale filaments, which is otherwise smeared out. The differences reported in FWHM (see Sect. 3.3) and N0 (this section) highlight the importance of these high-resolution observations in order to investigate the complex gas organisation in regions such as Orion.
	[image: thumbnail]	Fig. 5 Cumulative distributions of the (Upper panel) peak column densities (N0) and (Lower panel) temperature gradients (∇TK; see Eq. (8)) derived for all the radial cuts in our sample.



3.6 Non-isothermal fibers
Usually overlooked, the thermal profile of filaments has a significant impact on their physical evolution. Most studies compared the observed radial distributions with those of isothermal filaments (i.e. the Ostriker filament; Eq. (1)). Compared to this classical isothermal configuration, different theoretical works demonstrate how radial temperature gradients can change the pressure balance within filaments. An imbalance in the pressure further alters the radial distribution of gas within the filament at equilibrium, and the corresponding critical line mass (e.g. Recchi et al. 2013). Additional variations in this equilibrium are expected in the case of polytropic, and non-isothermal, equations of state (Gehman et al. 1996; Kawachi & Hanawa 1998; Toci & Galli 2015). Observational works report temperature variations of a few Kelvin on radial distances of ~0.1–0.5 pc in only a selected number of targets (e.g. Stepnik et al. 2003; Palmeirim et al. 2013; Bonne et al. 2020). No systematic study of these gas temperature changes within filaments, however, has been performed so far. Our gas kinetic temperature maps (see Fig. 1, right panel) thus offer a unique opportunity to characterise the thermal structure around and within fibers in a large statistical sample.
The temperature profiles of the Orion fibers show a large variation in morphology, especially when looking at individual cuts (see Figs. 2, 3). The combination of complex profiles, which are often asymmetric, and the low resolution of the observations prevents us from performing a fit of these temperature radial distributions. As a first-order characterisation of these profiles, we instead estimated the temperature gradient in each radial cut as follows: we compared the temperature difference at the column density peak, [image: equation] , with the average temperature outside our fibers Tbg at a radial distance, ± Δx, as
[image: equation](8)
where ∇TK measures the gas temperature gradient in units of K pc−1 . Given the typical widths of the Orion fibers (see also Sect. 3.3), we chose a radial distance of ±0.1 pc from the column density peak as representative of the environment outside the fiber. This choice allowed us to study the temperature variations along at least three beams of the IRAM-30m maps (30″ , or ~0.06 pc). Figure 5 (lower panel) shows the temperature gradients per cut in our survey sampled in logarithmic intervals.
The whole survey shows a distribution of temperature gradients ranging two orders of magnitude within ∼5–500 K pc−1 . While differences exist between distributions (e.g. Flame Nebula vs. OMC-4 South), all regions have the majority of cuts with temperature gradients >30 K pc−1. As a consequence, the median gradients for the seven region in the survey are ∇TK ≳ 80 K pc−1 (see Table 1). This value is an order of magnitude larger than the dust temperature gradients of ∇Tdust ∼ 5 K pc−1 observed in filaments such as B213/L1495 (Palmeirim et al. 2013) and Musca (Bonne et al. 2020). Gas kinetic temperatures higher compared to the dust temperatures (i.e. a higher thermal pressure component) are expected at low densities due to the combination of inefficient gas cooling and weak dust-to-gas thermal coupling (Goldsmith 2001). Compared to these previous observations of filaments in quiescent regions, such as Taurus and Musca, the temperature gradients reported in our survey suggest that fibers are non-isothermal structures in regions with intense stellar activity, such as Orion. Non-isothermality should be therefore considered when interpreting the formation, evolution, and initial conditions for star formation of filaments in the ISM.
4 Environmental variation in the fiber widths
As is discussed in Sect. 3.3, the fiber widths in our survey show a median FWHM of [image: equation] pc (using the interquartile range, IQR, as uncertainty). This median value is marginally compatible, within the errors, with the FWHM reported for parsec-scale filaments in the nearby clouds part of the HGBS ([image: equation] pc; Arzoumanian et al. 2019). An inspection of Fig. 4, however, reveals our survey samples lower widths, on average, with the vast majority of the Orion fibers showing FWHM ≲ 0.1 pc. These deviations from a typical fiber width of 0.1 pc were already reported in OMC-1 and OMC-2 alone by Hacar et al. (2018) and are now extended to all seven regions in the EMERGE Early ALMA Survey.
We additionally observe a systematic variation in the fiber widths from region to region in our survey. This effect is clearly visible in Fig. 4 (right panel) as a progressive increase in the skewness of the cumulative distributions for the FWHM in the different targets composing our survey. Regions such as OMC- 1, OMC-2, and the Flame Nebula have the narrowest individual cuts, with a median value of ~0.03–0.04 pc. On the other hand, NGC 2023 and LDN 1641N show larger values up to 0.060.07 pc (see Table 1). The density-selective nature of N2H+ as gas tracer has been invoked to explain the differences between the widths measured in millimetre line observations compared to those observed in FIR continuum (Priestley et al. 2023). Our EMERGE Early ALMA survey was designed to minimise this bias by providing a sample of targets located at the same distance and all systematically observed with a uniform resolution (see Paper I). Relative differences within our survey cannot be attributed to observational biases as they would homogeneously affect all of our targets. Instead, the progressive variation in width observed in Fig. 4 must correspond to a change in the (average) physical properties and environmental conditions of the fibers in the regions surveyed.
Our results present evidence of a systematic variation in the observed fiber FWHM as function of the environment. Both local (Sect. 3.3) and region-wide variations (see above) critically challenge the existence of a unique and characteristic width for filaments and fibers (André et al. 2014). These variations suggest instead a scenario in which filaments present a wide range of widths in connection to the properties of their host region. In the following sections, we shall explore the physical origin of these different FHWM values within our fibers.
4.1 FWHM-N0 anti-correlation
There is no typical width for fibers in our survey, but instead a systematic shift of its value from region to region. This variation suggests the influence of external environmental conditions and/or a change in the physical properties of fibers, the column density being the best candidate among the latter. A column density dependence of the filament and fiber width, although expected from theoretical models (e.g. Fischera & Martin 2012; Heitsch 2013b), has never been determined in previous surveys of nearby clouds (e.g. Suri et al. 2019; Arzoumanian et al. 2019). We shall now explore if such a correlation exists and if the theoretical predictions can reproduce it.
Figure 6 shows the FWHM and N0, obtained as median values of those in individual cuts, for each fiber in our survey (grey circles). The use of these median values reduces our dynamic range in column density to an order of magnitude, between ∼1022 cm−2 and ∼1023 cm−2. Within this range, the widths also vary by almost an order of magnitude, with the majority of fibers showing values between ~0.02 (barely resolved at our resolution) and ~0.1 pc. Despite the scatter, the fibers are not randomly distributed in the FWHM − N0 parameter space. To later compare with the HGBS from Arzoumanian et al. (2019), we also computed the average values per region (colour-coded circles) with the corresponding errors. These averages show a clear anti-correlation of the width with the column density. The most massive regions (Mtot ≳ 250 M⊙) and with a significant number of protostars (P ≳ 20), such as OMC-2 and OMC-3, occupy the bottom right corner. On the other hand, regions with lower masses (Mtot ≲ 150 M⊙) and a lower protostellar content (P ≲ 15), such as OMC-4 South, NGC 2023, and LDN 1641N, are located in the top left corner. More evolved regions, such as OMC-1 and the Flame Nebula, show peak column densities similar to those of OMC-2 and OMC-3, but with narrower widths on average (see Paper I/III for the general properties of the regions). The feedback from the OB stars hosted within these two high-mass regions possibly promotes the narrowing of the fibers through a combination of higher external pressures, the dense gas ablation or dispersal, or the chemical destruction of N2H+ (see e.g. Tafalla et al. 2023). Despite these possible and various influences throughout our targets, the column density appears to be the prime factor determining the fiber width.
In Paper III, we saw how the dense gas probed by our observations closely follow the total column density seen by Herschel. Although at different resolutions (4.5″ and 18″, respectively), we try to compare the results obtained from our study and the HGBS (see Table 3 in Arzoumanian et al. 2019) by adding the filament properties they derived per region to Fig. 6 (grey squares). The combined distribution of the two surveys ranges two orders of magnitude in N0 , uniformly sampling the parameter space within ~1021 – 1023 cm−2. The combined widths of the two surveys show a continuous and constant value around ~0.06–0.07 pc up to N0 ~ 3 × 1022 cm−2, with the only exceptions being Orion B and IC5146 with FWHM ~ 0.12–0.13 pc. It is worth noting that these two regions are the farthest in the HGBS sample, and therefore possibly retain higher widths because of a distance bias (Panopoulou et al. 2022). The combined distribution shows instead a systematic decrease in width as N0 grows above ≳4 × 1022 cm−2. In this column density regime, OMC-1/-2/-3 and the Flame Nebula show FWHM values below ~0.07 pc, down to ~0.034 pc, progressively decreasing for increasing N0.
	[image: thumbnail]	Fig. 6 Comparison between the peak column densities (N0) and widths (FWHM) of the fibers in the EMERGE Early ALMA Survey (circles, this work), the Herschel filaments in the HGBS (squares, Arzoumanian et al. 2019). The large circles represent the median widths and densities per region in our survey. The dashed black line indicates the limit for unresolved fibers in our study (3 × θbeam, or 0.027 pc). Different curves denote representative examples of the FWHM − N0 dependence expected in pressure-truncated filaments with (TK,Pext/kB) = (10 K, 2 × 104 K cm−3; dash-dotted line) and (TK,Pext/kB) = (20 K, 2 × 105 K cm−3; dotted line), respectively (Fischera & Martin 2012), as well as those for weakly magnetised filaments (β = 0.3) (Heitsch 2013b).



4.2 Comparison with the theoretical models
In Figure 6, we display, along with the regions surveyed, the FWHM − N0 relations predicted by a few representative models for pressure-confined and accretion-truncated filaments (see Sect. 2.3). Being N0 the peak column density of H2, we corrected by a factor of 2 the models from Fischera & Martin (2012), which were originally determined for the density of H nucleons. A first model (dash-dotted line) describes the average conditions for the cold ISM (TK = 10 K, Pext/kB = 2 × 104 K cm−3), representative for the HGBS filaments (Fischera & Martin 2012). A second model (dotted line) describes conditions closer, both in temperature and external pressure, to those expected for our sample (TK = 20 K, Pext/kB = 2 × 105 K cm−3; see Sect. 4.3). Finally, the third model (solid line) illustrates the FWHM variations in weakly magnetised filaments (with plasma factor β = 0.3; Heitsch 2013b). Interestingly, the HGBS filaments exhibit peak column densities with N0 ≲ 1022 cm−2, which corresponds to the flat regime in the above FWHM − N0 correlations. When compared to the model predictions, the limited dynamic range in column density of the HGBS prevents the detection of further variations in the FWHM for N0 above ≳1022 cm−2. The inclusion of our measurements for this column density regime highlights the drop in filament width for increasing column density, as was expected from the theoretical predictions. This result remains robust even considering only those fibers with AR > 3, whose scatter in the FWHM − N0 parameter space is reproduced by the models. While none of these models can fully constrain the observations, the combined distribution of the two surveys achieves a dynamic range in column density broad enough to reproduce the predicted FWHM variation with N0.
Despite showing a systematic FWHM − N0 anti-correlation for filaments at high column densities, the interpretation of these results is complex. The above theoretical models can only describe sub-critical filaments (m/mcrit < 1), usually cast as isothermal infinitely long cylinders. The fibers identified in the EMERGE Early ALMA Survey appear instead as nonisothermal, prolate spheroids, and super-virial in a few occurrences. In addition, projection effects can introduce significant uncertainties to the expected N0 values (Fischera & Martin 2012), challenging the applicability of these models to the Orion fibers. Nonetheless, Fig. 6 represents a first observational evidence that these changes fiber widths could be related to their host environments: massive regions rich in (proto-)stars (OMC- 1/2/3, Flame Nebula) appear to populate higher N0 and lower FWHM regimes, on average, while regions with lower masses and a lower number of (proto-)stars (OMC-4 South, NGC 2023, LDN 1641N) populate the opposite regimes instead. This stratification could be explained by the combined effects of increasing external pressures (both thermal and non-thermal), of increasing self-gravity towards high-density regimes, and of different degrees of thermal support promoted by the non-isothermality of the Orion fibers. All of these influences likely induce the global scatter seen in Fig. 6 around the FWHM − N0 distribution expected from simplified models (see dash-dotted line in this figure). Additional observations are needed to constrain key parameters assumed in these models, such as the external gas density and the accretion rates onto fibers (see Heitsch 2013b, for a discussion).
4.3 Are fibers pressured confined?
Beyond the scatter seen in Fig. 6, which could be ascribed to different conditions within regions, we speculate that the systematic variation in the fiber widths within our survey may depend not only on the peak column density (N0), but also on the central gas volume density (n0 ; see discussion in Sect. 2.3). From Fischera & Martin (2012), we give a broad estimate of this volume density for massive filaments (fcyl = m/mcrit ≳ 0.6, or N0 ≳ 1022 cm−2). Assuming our fibers as isothermal, sub-critical, and pressure- confined filaments, the mean volume density can be determined in a first-order approximation as (see Eqs. (19) and (23) in Fischera & Martin 2012)
[image: equation](9)
The combined effect of decreasing width and increasing peak column density seen in Fig. 6 could be linked to an increase in volume density across the survey. By computing this estimate per fiber, we obtain values within n ~ 105–106 cm−3. These values are above the density regime traced by N2H+ (1–0) (Bergin & Tafalla 2007), and represent a reasonable lower limit for the volume densities previously estimated in some of our targets with higher-J transitions of N2H+ (e.g. ~107 cm−3 in OMC-1; Teng & Hirano 2020; Hacar et al. 2020). Despite Eq. (9) represents only a first guess, it is also a promising hint towards the density, both column and volume, being the main factor driving the fiber widths.
Together with the above density estimates, the sub-virial line masses reported in our survey (m/mvir < 1; see Table 1) suggest the presence of an external pressure Pext in order to balance the high internal thermal pressure expected for the Orion fibers [image: equation]. The ratio between the inner < P > and outer Pext pressures in isothermal, pressure-truncated (and nonmagnetised) filaments is expected to follow a linear relation (Fiege & Pudritz 2000)
[image: equation](10)
Adopting < P > ~ [image: equation] and substituting for density from Eq. (9), we can then estimate the value of Pext in our fibers as
[image: equation](11)
Applied to those sub-virial fibers in our sample (99 targets), Eq. (11) retrieves mean external pressures between Pext/kB ~ 8 × 106 K cm−3 in OMC-1 and ~4 × 105 K cm−3 in OMC- 4 South (see Table 1). These values are at least an order of magnitude higher compared to the standard ISM pressures of Pext/kB = 2 × 104 K cm−3 (Cox 2005). Interestingly, high-mass star-forming regions such as OMC-1 and the Flame Nebula present systematically higher Pext/kB values than those derived in low-mass clouds such as OMC-4 South or NGC 2023 (see Fig. 7).
The potential origin of these high external pressures is unclear and may have multiple sources. The warm diffuse environment found in certain regions in Orion such OMC-1 and the Flame Nebula, with background temperatures of Tbg ≳ 30 K, can contribute with addition thermal pressure [image: equation] . Yet, this thermal component would require high background densities of nbg ≳ 104 cm−3 for [image: equation] to match the previously estimated pressure values. Alternatively, infall and/or turbulent accretion (parameterised by an external velocity dispersion σext) can exert additional ram pressure [image: equation] (Heitsch 2013a; Heigl et al. 2018) to support this configuration (i.e. [image: equation]).
Although informative about the physical conditions within and around fibers, the above first-order calculations assume an equilibrium solution for these objects. The non-isothermal nature of the Orion fibers suggests however either a more complex equilibrium condition (e.g. Toci & Galli 2015), or no equilibrium at all. Filaments and fibers dynamically evolving with their surrounding environment are to be considered. Additional independent measurements of the various energy contributions within and onto fiber are thus needed to investigate their possible equilibrium.
The analysis of our EMERGE Early ALMA Survey demonstrates a systematic variation in the fiber widths and column density in regions of different mass and complexity (Sects. 3.3, 4). Our results suggest a direct dependence of these two fiber properties in connection to the physical conditions of the cloud, in particular the external gas pressure and gas density (this section). Our findings suggest a smooth column density scaling between the different star formation regimes explored by our survey, in which fibers present a different FWHM depending on their local densities and pressures.
	[image: thumbnail]	Fig. 7 Cumulative distributions of the external pressures (Pext) estimated via Eq. (11) and colour-coded per region.



5 Conclusions
We have characterised here the radial properties of the fibers explored by the EMERGE Early ALMA Survey in Orion (see Paper III). The 152 objects identified in the seven star-forming regions of the survey describe the dense gas organisation at 4.5″ (or 2000 au) resolution sampling different star formation regimes, cloud morphology, and evolutionary stages. By exploring the gas column density and kinetic temperature radial profiles of these fibers, we determined the main results listed below:

	Fibers show sharp column density profiles varying by more than two orders of magnitude within <0.2 pc in radius. These fiber profiles are well described by a single-peaked column density distribution, and reliably reproduced by a Gaussian fit. Using FilChap (Sect. 3.2), we obtained 991 individual fiber profiles allowing us to explore the peak column densities (N0), widths (FWHM) and temperature gradients (∇TK) throughout a significant sample of targets;


	Fibers show column density profiles with a width within ~0.01–0.2 pc, and a corresponding median value of 0.05 pc. More than 95% of the radial cuts analysed showed FWHM values below the typical filament width of ~0.1 pc reported in different Herschel-based studies (Sect. 3.3);


	The analysis of the column density profiles in our targets returned a median peak column density of N0 ~ 5 × 1022 cm−2 (~50 AV) and peak values up to ≳1023 cm−2 (>100 AV) in regions such as OMC-1 and the Flame Nebula (Sect. 3.5). The typical peak column density of the Orion fibers is an order of magnitude higher than the peak column densities previously reported for parsec-scale filaments using Herschel observations;


	The vast majority of fibers in Orion clearly depart from the isothermal conditions usually assumed for filaments. By analysing the temperature radial profiles, we estimated typical radial temperature gradients above >30 K pc−1 in these fibers, with a corresponding median for the survey of ~80 K pc−1. These temperature gradients are an order of magnitude larger than those determined in filaments within low-mass clouds such as Taurus or Musca;


	We observed a systematic variation in the fiber FWHM across the regions within the EMERGE Early ALMA Survey. On average, fibers in low-mass star-forming regions, such as NGC 2023 or OMC-4 South, are broader (~0.06–0.07 pc) than those found in high-mass star-forming regions, such as OMC-1 or the Flame Nebula (~0.03–0.04 pc) (Sect. 2.2). Our ALMA survey provides the first robust evidence of a systematic change in the fiber widths depending on the environment, challenging the existence of a characteristic width for filaments;


	We identified a direct anti-correlation between the observe fiber FWHM and their peak column density, N0 (Sect. 4.1). This FWHM – N0 anti-correlation was predicted by different theoretical models for filaments with N0 > 1022 cm−2 , yet not detected by previous surveys in low-mass starforming regions. Although the applicability of these models is challenged by the properties of the Orion fibers (mostly non-isothermal and prolate spheroids), the FWHM − N0 dependence becomes evident for the column density regime these fibers probe;


	We speculate that the reported FWHM − N0 anti-correlation in the Orion fibers may result from the combined effect of the high internal gas densities and large external pressures estimated for the dense gas in these active star-forming regions (Sect. 4.3);


	Our results suggest that fibers may adapt their radial profile and FWHM to the environmental conditions; however, additional observations are required to constrain the external gas conditions and the dynamical state of fibers.
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Appendix A  Integration of FilChap
FilChap is an automatic fitting routine of radial profiles either in intensity or column density. In this section, we first discuss in depth the main changes made to the its public version to integrate it in our analysis (Sect. A.1). We then describe the tests performed to assess the best fitting function for our radial profiles using the parameters provided by FilChap (Sect. A.2).
A.1 Changes to the public version
In the following, we describe the changes made to the publicly available version of FilChap to adapt its outputs to our filamentfinding algorithm:

	n2: originally set to the same value of avg_len (Suri et al. 2019), n2 is the length of each fraction of the axis used to compute the average profile and perform the fitting. The process is then iterated over the whole axis with the output being the best fit parameters per fraction. Our algorithm already determines the axis knots as density weighted averages ([image: equation]) in cuts of size 2 × θbeam (see Paper III and Hacar et al. 2013). We therefore set avg_len = 1 and n2 = 2 to have the radial sampling performed only around these points;


	npix: size, in pixels, of the radial cut on each side of the axis point. Set to 45 and 43 pixels as equivalent of 0.2 pc at the distance of Orion A and B (400 pc and 423 pc, respectively; see Hacar et al. 2024, for the full discussion) given a pixel size of 2.25″(θbeam/2). The choice of 0.2 pc is a compromise between including too many empty pixels in the radial cut and avoiding biasing the fit towards narrower values by not including enough fields in the average;


	dist_normal: width of the perpendicular sampling done on each side of the axis knots. The width of this stripe is set to 3 × θbeam, over which FilChap computes the average radial profile. Given a distance of 2 × θbeam between axis knots, FilChap returns a good average profile at the expense of a minimum superposition;


	intensity: originally the intensity map, now this variable is instead the column density map sampled along the fiber axes (see Paper III and Fig. 1, central panel). For each of the resulting radial cuts, we excluded the baseline subtraction routine since we disregarded the floor term in the determination of N(H2) (see Paper III);


	intensity_Tkin: similarly to the intensity parameter, we provide an additional file which contains the temperature map (see Paper III and Fig. 1, right panel). The temperature map undergoes the same sampling of the column density map along the radial cut, but without any averaging over dist_normal. Thus, we can qualitatively compare, although at different resolutions, the two profiles (see Figs. 2,3);


	order: originally set to 6 to adapt to the CARMA-NRO data (Suri et al. 2019), order is the number of pixels on each side of a extreme point to assess its first and second derivatives. Based on their values, FilChap determines whether it is a minimum, maximum or inflection point of the profile. We set the parameter to 3, and thus a total interval of 6 pixels around the point (i.e. 3 × θbeam);


	limit: originally defined in intensity, this parameter sets the limit to assess, along with the derivatives, whether a extreme point is a peak or a shoulder and equates 5 × σ, where σ is the user-defined noise. We convert the average noise determined across our maps (~0.75 K km s−1) into column density using Eq. (1) in Paper III obtaining σ ~ 3 × 1021 cm−2 for a typical temperature of 20 K seen across our fields.



A.2 Peaks, shoulders, and asymmetries in the profiles
In this Section, we describe the features observed in the radial profiles using the parameters provided by FilChap. These features allowed us to quantitatively select the fitting function best suited for their analysis.
The description of the asymmetries, multiplicity of peaks, and high-contrast features of the radial profiles (see Figs. 2- 3) starts by exploring their skewness and (excess) kurtosis. The two parameters, describing the overall departure from a Gaussian profile, are defined within FilChap as follows:
[image: equation](A.1)
where µi are the moments of the radial distribution and σ is its standard deviation.
Figure A.1 shows the distributions of skewness (left panel) and excess kurtosis (right panel) for all the cuts in our survey. The skewness shows a median value of [image: equation], suggesting symmmetric profiles on average. However, when looking at the scatter in the distribution, the profiles are clearly more complex than a simple Gaussian, as is shown in Figs. 2-3. The excess kurtosis is instead peaked around ∽ − 1 with a low degree of scatter (the corresponding median value is [image: equation]). These values point towards semi-elliptical profiles, sharply decreasing from the central peak with almost absent wings. This feature, already qualitatively noted from the column density maps (see Fig. 1, central panel), is a direct consequence of the density-selective nature of N2H+ as a tracer and a first argument supporting the Gaussian function as preferred fitting profile.
The next step in this quantitative description is to assess how representative is the fit for the profile. For this reason, we explore the number of peaks and shoulders identified by FilChap across our sample in Fig. A.2. Almost ~90% of the selected cuts has only one significant (i.e. N(H2) > 5 × σ, see above) maximum or peak within the radially sampled distance. The number of cuts with mutiple peaks is instead only a minority (~6%), as well as for those noisy cuts where no significant peak was identified, but a convergent fit was still possible (no peaks/shoulders in Fig. A.2; ~5%). These results highlight how, despite the presence of a single or multiple shoulders, the majority of our radial cuts is well represented by a single, prominent structure.
To describe the physical properties of these single-peaked structures, in particular their width and peak column density, we need a fit of the profile. FilChap provides two fitting functions to carry out this operation, the Gaussian and the Plummer. These are the two typical filament radial profile shapes determined in the past both in theory and observations (see Sect. 2.2). We applied both to our radial cuts in FilChap, although we limited the number of free parameters for the Plummer function by fixing the p exponent. By performing the fit for p = 2 and p = 4, we effectively reduce the degeneracy of the function on a single radial cut, whose sampling could be shallow, and thus ease the fit convergence.
The results from the three fits (Gaussian, Plummer (p = 2), Plummer (p = 4)) are compared in Fig. A.3 and Fig. A.4. Figure A.3 shows the distribution for the widths obtained with the the three fitting functions. These distributions are all similar and extended for more than an order of magnitude (~0.01 –0.3 pc). Although extended in range of values, the median widths of the three fits agree well within ~0.04 – 0.05 pc with the majority of cuts below 0.1 pc, typical width for parsec-scale filaments. No fitting function appears as preferred based on these distributions, however, we have also to consider how many of these fits are reliable at our resolution. Considering 0.027 pc as resolution limit (dotted grey line; 3 × θbeam at 414 pc), the Gaussian fit recovers only ~7% of unresolved fits, while this number grows to ~15% and ~30% for the Plummer fits (p = 4 and p = 2, respectively).
	[image: thumbnail]	Fig. A.1 Skewness (left panel) and excess kurtosis (right panel) defined in Eq. (A.1) and determined for the individual cuts in our survey. Both parameters are colour-coded per region, and vertical red and blue represent their median values. The black vertical line in both panels represents the expected value for a Gaussian profile.



	[image: thumbnail]	Fig. A.2 Histogram comprising the 991 profiles fitted by FilChap. Single-peaked (npeaks) profiles are the majority, with or without shoulders (green and red, respectively). Profiles with multiple significant peaks (npeaks ≥ 2, brown and orange) are a minority. The same applies for profiles below the significance criterion, but still with a convergent fit (blue).



Figure A.4 shows the reduced χ2 calculated for each cut as additional quality assessment for the fit. All three distributions peak within the first bin; however, the Plummer (p = 2) shows a significant tail of values χ2 > 5 compared to the other two. This feature is reflected in the median values, for which the Gaussian and the Plummer (p = 4) agree well with ~2.4 and ~2.5, respectively, while the Plummer (p = 2) shows a median value doubled compared to the latter two (i.e. ~5).
	[image: thumbnail]	Fig. A.3 Distributions of widths for the individual cuts in our survey. These distributions are colour-coded based on the different estimates used to determine the width, Gaussian (red), Plummer p = 2 (yellow), Plummer p = 4 (blue), and 2nd moment of the distribution (green). The same colour-coding is applied for the median values of each distribution (vertical lines).



Based on the previous tests, the Plummer (p = 2) function appears as the worst choice to fit the radial profiles of the Orion fibers. The other two fitting functions, namely Gaussian and Plummer (p = 4), show extremely similar performances, both in terms of percentage of resolved widths recovered and accuracy in reproducing the profiles. The goodness of these two specific fits constitutes further proof of the sharpness of the profiles. Since we artificially enforced the p exponent in the Plummer fit to reduce its degeneracy, we opt for the Gaussian function as fitting function of choice to discuss the results in the main text.
	[image: thumbnail]	Fig. A.4 χ2 of the three fitting functions applied to our individual cuts, Gaussian (red), Plummer p = 2 (yellow), and Plummer p = 4 (blue). The median values for each distribution (vertical lines) bear the same colour-coding.



As additional test on the goodness of our fits, we retrieved the 2nd moment of the radial profiles (i.e. their variance) from FilChap. The variance informs us on the spread of the column density radial cut, beyond the width determined from the fit of its central peak. Figure A.3 shows the distribution of variances for the cuts of the fibers in Orion. While the values are more spread compared to the fitting results, the variances of the cuts are still for the vast majority below 0.1 pc (∼80%), exhibiting a median value of ∼0.07 pc, and consistent, within errors, with all the fit median values. The 2nd moment of our radial profiles, on the one hand, provides a more detailed information on the overall column density width in each cut, but, on the other hand, loses the information on the peak column density of the central condensation. Since one of our aims is to explore the correlation between FWHM and N0 and given the close agreement of the median values, we proceed in discussing the Gaussian fit results throughout the text.

Appendix B  Additional maps and tables
In Sect. 3.3, we argued towards the extreme variety of physical conditions, and, specifically, fiber widths when considering the distribution of all 991 radial cuts fitted by FilChap. However, while Fig. 4 provides a description of the widths variation within a region and in the sample as a whole, it also loses track of the intrinsic width variation per fiber. Figure B.1 shows the widths per cut, assigned to the corresponding fiber within each region. Each fiber is labelled with a corresponding ID during the identification process carried out by HiFIVe (see Hacar et al. 2018) and its narrowest and broadest cut are the extremes of the colour- coded area. The solid black line represents the median widths per fiber, discussed in Sect. 3.3, while the dashed black line the median width per region (see Table 1). Finally, the lower, rightmost panel shows the distribution for the widths of all the cuts, along with the median value (see Table 1).
As was discussed throughout the main text, our analysis is able to harness the complex morphology, the high dynamic range and spectral richness of the dense gas presented in Paper III (see also Fig. 1). The fitting of the fiber radial profiles per cut allows us to explore in depth the local properties of our fibers, with prime focus on the fiber widths. Across the survey, each region shows a unique distribution of such widths: regions such as OMC-1, OMC-4 South, and the Flame Nebula show constrained values, rarely exceeding ∼0.1 pc; regions such as OMC-2, OMC- 3, LDN 1641N and NGC 2023, on the other hand, show more diverse distributions with several fibers showing almost an order of magnitude variation in their cuts (∼0.02 – 0.2 pc). This large variety in width distributions, even within a single fiber, reinforces our claim around the absence of a typical width for fibers and, instead, its dependency with the environmental conditions of the host region.
	[image: thumbnail]	Fig. B.1 We report here the variation in the width per fiber in each region composing the EMERGE Early ALMA Survey. The fibers are numbered based on their identification number (ID) and we display the range within minimum and maximum width per fiber with colour-coded areas. The solid black lines represent the median width per fiber, while the dashed lines the median width per region (e.g. circles displayed in Fig. 6). The lower rightmost panel shows the distribution of all the 991 cuts fitted in our sample (see also Fig. 4, left panel).
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Table 1 
Average fiber properties across the EMERGE Early ALMA Survey.
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All Figures
	[image: thumbnail]	Fig. 1 OMC-3 as a showcase for the results obtained from the EMERGE Early ALMA Survey (see Papers I and III for details about these maps). (Left panel) N2H+ (1–0) integrated intensity map at a resolution of 2000 au (or 4.5″) obtained by our ALMA+IRAM-30 m observations. (Central panel) Total column density map of H2 derived at 2000 au resolution. The black contour corresponds to an intensity of N2H+ with S/N = 3. Red lines define the axes of the fibers identified in Paper III where Fiber #7 is highlighted with its ID and further discussed in Sect. 3.1 and Fig. 2. (Right panel) Gas kinetic temperature TK map determined at the IRAM-30m single-dish resolution of ∼12 000 au (or 30″). In all panels, cyan triangles correspond to the protostellar objects (Class 0/I; Megeath et al. 2012; Stutz et al. 2013; Furlan et al. 2016), while the white star corresponds to a B star (gathered from the SIMBAD catalogue; Wenger et al. 2000).
In the text



	[image: thumbnail]	Fig. 2 Radial properties measured in fiber #7 in OMC-3 (see also Appendix B). Upper left panel: zoom-in on the N(H2) map presented in Fig. 1. All positions associated with this fiber are enclosed by a black contour. The axis of this fiber #7 is indicated by a white polygon where its knots are colour-coded by the temperature gradient measured through Eq. (8) and their size corresponds to the fiber width measured at this position. Three red lines indicate the orientation and length (~ ± 0.1 pc with respect to the centre of the fiber) of the radial cuts presented in the other panels, up to the dashed lines. Upper right plus lower panels: column density (blue line) and gas kinetic temperature (red line) profiles measured perpendicular to the filament axis (centre). The best Gaussian fit to the column density profile, including its FWHM value, is indicated in each panel (solid black curve).
In the text



	[image: thumbnail]	Fig. 3 Radial profiles of selected cuts in three fibers belonging to the Flame Nebula (left panel), LDN 1641N (central panel), and NGC 2023 (right panel). Similarly to Fig. 2, we report the distance at which the temperature gradient is determined (dashed black lines) and the FWHMs determined from the best Gaussian fit (solid black line) to the density profile (blue line).
In the text



	[image: thumbnail]	Fig. 4 Distribution for the FWHM derived across all the cuts in each fiber radial profile. (Left panel) Histogram of the fiber FWHM divided per region. (Right panel) Cumulative distribution of the same FWHM per fiber cut. The dashed black line in the left panel corresponds to the characteristic FWHM measured in parsec-scale filaments in the Solar neighbourhood (e.g. Arzoumanian et al. 2011) while a dotted grey line indicates the minimum size (3 × θbeam) for our fibers to be considered as resolved by our observations.
In the text



	[image: thumbnail]	Fig. 5 Cumulative distributions of the (Upper panel) peak column densities (N0) and (Lower panel) temperature gradients (∇TK; see Eq. (8)) derived for all the radial cuts in our sample.
In the text



	[image: thumbnail]	Fig. 6 Comparison between the peak column densities (N0) and widths (FWHM) of the fibers in the EMERGE Early ALMA Survey (circles, this work), the Herschel filaments in the HGBS (squares, Arzoumanian et al. 2019). The large circles represent the median widths and densities per region in our survey. The dashed black line indicates the limit for unresolved fibers in our study (3 × θbeam, or 0.027 pc). Different curves denote representative examples of the FWHM − N0 dependence expected in pressure-truncated filaments with (TK,Pext/kB) = (10 K, 2 × 104 K cm−3; dash-dotted line) and (TK,Pext/kB) = (20 K, 2 × 105 K cm−3; dotted line), respectively (Fischera & Martin 2012), as well as those for weakly magnetised filaments (β = 0.3) (Heitsch 2013b).
In the text



	[image: thumbnail]	Fig. 7 Cumulative distributions of the external pressures (Pext) estimated via Eq. (11) and colour-coded per region.
In the text



	[image: thumbnail]	Fig. A.1 Skewness (left panel) and excess kurtosis (right panel) defined in Eq. (A.1) and determined for the individual cuts in our survey. Both parameters are colour-coded per region, and vertical red and blue represent their median values. The black vertical line in both panels represents the expected value for a Gaussian profile.
In the text



	[image: thumbnail]	Fig. A.2 Histogram comprising the 991 profiles fitted by FilChap. Single-peaked (npeaks) profiles are the majority, with or without shoulders (green and red, respectively). Profiles with multiple significant peaks (npeaks ≥ 2, brown and orange) are a minority. The same applies for profiles below the significance criterion, but still with a convergent fit (blue).
In the text



	[image: thumbnail]	Fig. A.3 Distributions of widths for the individual cuts in our survey. These distributions are colour-coded based on the different estimates used to determine the width, Gaussian (red), Plummer p = 2 (yellow), Plummer p = 4 (blue), and 2nd moment of the distribution (green). The same colour-coding is applied for the median values of each distribution (vertical lines).
In the text



	[image: thumbnail]	Fig. A.4 χ2 of the three fitting functions applied to our individual cuts, Gaussian (red), Plummer p = 2 (yellow), and Plummer p = 4 (blue). The median values for each distribution (vertical lines) bear the same colour-coding.
In the text



	[image: thumbnail]	Fig. B.1 We report here the variation in the width per fiber in each region composing the EMERGE Early ALMA Survey. The fibers are numbered based on their identification number (ID) and we display the range within minimum and maximum width per fiber with colour-coded areas. The solid black lines represent the median width per fiber, while the dashed lines the median width per region (e.g. circles displayed in Fig. 6). The lower rightmost panel shows the distribution of all the 991 cuts fitted in our sample (see also Fig. 4, left panel).
In the text
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        OMC-3 as a showcase for the results obtained from the EMERGE Early ALMA Survey (see Papers I and III for details about these maps). (Left panel) N2H+ (1–0) integrated intensity map at a resolution of 2000 au (or 4.5″) obtained by our ALMA+IRAM-30 m observations. (Central panel) Total column density map of H2 derived at 2000 au resolution. The black contour corresponds to an intensity of N2H+ with S/N = 3. Red lines define the axes of the fibers identified in Paper III where Fiber #7 is highlighted with its ID and further discussed in Sect. 3.1 and Fig. 2. (Right panel) Gas kinetic temperature TK map determined at the IRAM-30m single-dish resolution of ∼12 000 au (or 30″). In all panels, cyan triangles correspond to the protostellar objects (Class 0/I; Megeath et al. 2012; Stutz et al. 2013; Furlan et al. 2016), while the white star corresponds to a B star (gathered from the SIMBAD catalogue; Wenger et al. 2000).
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        Radial properties measured in fiber #7 in OMC-3 (see also Appendix B). Upper left panel: zoom-in on the N(H2) map presented in Fig. 1. All positions associated with this fiber are enclosed by a black contour. The axis of this fiber #7 is indicated by a white polygon where its knots are colour-coded by the temperature gradient measured through Eq. (8) and their size corresponds to the fiber width measured at this position. Three red lines indicate the orientation and length (~ ± 0.1 pc with respect to the centre of the fiber) of the radial cuts presented in the other panels, up to the dashed lines. Upper right plus lower panels: column density (blue line) and gas kinetic temperature (red line) profiles measured perpendicular to the filament axis (centre). The best Gaussian fit to the column density profile, including its FWHM value, is indicated in each panel (solid black curve).
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        Radial profiles of selected cuts in three fibers belonging to the Flame Nebula (left panel), LDN 1641N (central panel), and NGC 2023 (right panel). Similarly to Fig. 2, we report the distance at which the temperature gradient is determined (dashed black lines) and the FWHMs determined from the best Gaussian fit (solid black line) to the density profile (blue line).
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        Distribution for the FWHM derived across all the cuts in each fiber radial profile. (Left panel) Histogram of the fiber FWHM divided per region. (Right panel) Cumulative distribution of the same FWHM per fiber cut. The dashed black line in the left panel corresponds to the characteristic FWHM measured in parsec-scale filaments in the Solar neighbourhood (e.g. Arzoumanian et al. 2011) while a dotted grey line indicates the minimum size (3 × θbeam) for our fibers to be considered as resolved by our observations.
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	OMC-1
	30
	209
	0.99
	0.094
	26
	0.33
	64
	25
	4.9
	[image: equation]
	7.7



	OMC-2
	46
	350
	0.66
	0.076
	40
	0.90
	76
	19
	6.7
	[image: equation]
	3.9



	OMC-3
	24
	257
	0.64
	0.085
	50
	1.08
	75
	19
	6.4
	[image: equation]
	2.6



	OMC-4 South
	13
	64
	0.66
	0.123
	39
	0.96
	96
	14
	3.0
	[image: equation]
	0.4



	LDN 1641N
	16
	168
	1.09
	0.105
	51
	0.97
	150
	17
	4.1
	[image: equation]
	1.2



	NGC 2023
	14
	66
	0.94
	0.095
	25
	0.70
	75
	14
	3.7
	[image: equation]
	1.5



	Flame Nebula
	9
	94
	0.63
	0.111
	27
	0.82
	110
	22
	4.2
	[image: equation]
	4.0



	




	Sample
	152
	1209
	0.74
	0.091
	36
	0.78
	80
	19
	5.1
	[image: equation]
	3.1
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        Cumulative distributions of the (Upper panel) peak column densities (N0) and (Lower panel) temperature gradients (∇TK; see Eq. (8)) derived for all the radial cuts in our sample.

      

    

  
    
      Fig. 6 
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        Comparison between the peak column densities (N0) and widths (FWHM) of the fibers in the EMERGE Early ALMA Survey (circles, this work), the Herschel filaments in the HGBS (squares, Arzoumanian et al. 2019). The large circles represent the median widths and densities per region in our survey. The dashed black line indicates the limit for unresolved fibers in our study (3 × θbeam, or 0.027 pc). Different curves denote representative examples of the FWHM − N0 dependence expected in pressure-truncated filaments with (TK,Pext/kB) = (10 K, 2 × 104 K cm−3; dash-dotted line) and (TK,Pext/kB) = (20 K, 2 × 105 K cm−3; dotted line), respectively (Fischera & Martin 2012), as well as those for weakly magnetised filaments (β = 0.3) (Heitsch 2013b).
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        Cumulative distributions of the external pressures (Pext) estimated via Eq. (11) and colour-coded per region.

      

    

  
    
      Fig. A.1 
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        Skewness (left panel) and excess kurtosis (right panel) defined in Eq. (A.1) and determined for the individual cuts in our survey. Both parameters are colour-coded per region, and vertical red and blue represent their median values. The black vertical line in both panels represents the expected value for a Gaussian profile.

      

    

  
    
      Fig. A.2 
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        Histogram comprising the 991 profiles fitted by FilChap. Single-peaked (npeaks) profiles are the majority, with or without shoulders (green and red, respectively). Profiles with multiple significant peaks (npeaks ≥ 2, brown and orange) are a minority. The same applies for profiles below the significance criterion, but still with a convergent fit (blue).

      

    

  
    
      Fig. A.3 
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        Distributions of widths for the individual cuts in our survey. These distributions are colour-coded based on the different estimates used to determine the width, Gaussian (red), Plummer p = 2 (yellow), Plummer p = 4 (blue), and 2nd moment of the distribution (green). The same colour-coding is applied for the median values of each distribution (vertical lines).

      

    

  
    
      Fig. A.4 
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        χ2 of the three fitting functions applied to our individual cuts, Gaussian (red), Plummer p = 2 (yellow), and Plummer p = 4 (blue). The median values for each distribution (vertical lines) bear the same colour-coding.

      

    

  
    
      Fig. B.1 
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        We report here the variation in the width per fiber in each region composing the EMERGE Early ALMA Survey. The fibers are numbered based on their identification number (ID) and we display the range within minimum and maximum width per fiber with colour-coded areas. The solid black lines represent the median width per fiber, while the dashed lines the median width per region (e.g. circles displayed in Fig. 6). The lower rightmost panel shows the distribution of all the 991 cuts fitted in our sample (see also Fig. 4, left panel).
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