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ABSTRACT

Context. A turbulent cascade naturally generates a hierarchy of structures within molecular clouds. Filament networks arise from this
turbulent cascade, with fibers suggested to be the first (tran)sonic components formed out of it. Consequently, the properties of cores
forming within fibers may be inherited from the larger spatial scale of the filaments, where the dissipation of turbulence occurs.
Aims. We aim to investigate the diffuse gas kinematics and its interaction with the dense gas composing fibers. We also aim to
characterize the diffuse material via the HNC molecular tracer.
Methods. We used high-resolution (4.5 arcsec or ∼ 2000 au) large-scale ALMA+IRAM-30m mosaics to survey five star-forming re-
gions in Orion, as part of the EMERGE Early ALMA Survey. Our sample includes low- (OMC-4 South and NGC 2023), intermediate
(OMC-3 and LDN 1641N) and high-mass (Flame nebula) star-forming regions, covering a wide range of stellar activity, cloud mor-
phology, and evolutionary stages. We observed our targets in HNC (1-0) as probes of the diffuse gas in the regions and compared our
findings to the N2H+ (1-0) emission tracing the dense gas. We systematically investigated the emission of the diffuse gas in relation
to the dense structures identified in N2H+, focusing on its kinematics and velocity field.
Results. The high resolution (2000 au) observations reveal that HNC traces lukewarm, diffuse (∼ 5×1021 cm−2) material around dense
fibers. The properties of the diffuse gas appear to be similar across our sample, despite the wide range of different environments. We
find that compared to the quiescent and subsonic gas inside fibers, the diffuse gas is more turbulent (M̃s = 2.9). We observe the
HNC nonthermal velocity dispersion to be roughly constant and homogeneous where the dense gas is detected (Ms ∼ 2), and rising
along its edges up toMs ∼ 5. Understanding the dissipation process is crucial marking the transition between the dense subsonic gas
and diffuse turbulent material occurs. We investigated the turbulence dissipation through the statistical analysis of the HNC velocity
gradients. While the majority of the gas shows ∇Vlsr ≤ 5 km s−1 pc−1 with roughly constant values, we identified high-shear regions
showing higher gradients with ∇Vlsr ≥ 10 km s−1 pc−1 concentrated in small features of 0.1-0.3 pc in size located near the dense gas.
Despite their small size, these high-shear structures appear to be major contributors of the turbulence dissipation in our targets.
Conclusions. Our results suggest that in the case of Orion, the transition to coherence occurs at the fiber level. This interpretation is
supported by the turbulence being effectively dissipated before the formation of cores and during the formation of these first dense
gas structures.

Key words. Massive star-formation —- ISM: structure —- stars: formation – submillimetre: ISM

1. Introduction

The interstellar medium (ISM) has long been known to be fila-
mentary in nature (Barnard 1907). Filaments play a key role in
the star formation process (see André et al. 2014; Pineda et al.
2023, for recent reviews), connecting molecular clouds to cores.
These elongated structures are now observed in the ISM at all
scales (Hacar et al. 2023). In the last decade, molecular observa-
tions revealed that parsec-size filaments identified in continuum
can be resolved in a plethora of velocity-coherent, subfilaments
(Hacar et al. 2013), known as fibers, highlighting the intrinsic
hierarchical nature of the ISM at all scales.

The question of how these fibers are formed is still a mat-
ter of debate. An initial hypothesis has offered the argument
that gravitational instabilities are responsible for the formation
of filaments in infinite sheets (Tomisaka & Ikeuchi 1983; Lar-
son 1985; Miyama et al. 1987a,b; Nagai et al. 1998; Van Loo
et al. 2014). On the other hand, simulations of turbulent boxes

have shown that, in the absence of gravity, interactions between
sheets can lead to the formation of filaments (e.g., Porter et al.
1994; Padoan & Nordlund 1999; Padoan et al. 2001; Heitsch
et al. 2001; Pudritz & Kevlahan 2013; Hennebelle 2013). Ac-
cording to the Kolmogorov (1941) model of turbulence, the
energy injected at large scales is transferred to smaller scales
and produces a turbulent cascade. This cascade is interrupted
at much smaller scales when the turbulence is dissipated by
several mechanisms such as viscosity (see Elmegreen & Scalo
2004; Scalo & Elmegreen 2004, for a comprehensive review on
turbulence). Turbulence naturally forms networks of filaments,
since the turbulent cascade naturally generates an internal hi-
erarchy of structures. More recent numerical simulations sup-
port this turbulence-induced formation mechanism (Smith et al.
2016; Clarke et al. 2017), based on two different scenarios. First,
Smith et al. (2014, 2016) proposed a bottom-up approach, known
as "fray and gather". The subfilaments exist within the cloud
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formed by turbulent compression and energy dissipation. They
are then swept together into a single filament through large-scale
motions. The top-down picture is known as the "fray and frag-
ment" scenario (Tafalla & Hacar 2015; Clarke et al. 2017), where
the parental filament is formed first by two gas flows colliding.
As mass is added to the filament, it fragments to form fibers due
to turbulence, and eventually some subfilaments fragment into
cores. Investigating the kinematics of the gas enables us to bet-
ter constrain the initial condition for star formation, while also
helping us to understand the role played by turbulence.

Nonthermal velocity dispersion is a common property used
to describe the turbulence regime of the gas. Although veloc-
ity dispersion is known to be supersonic in molecular clouds
(e.g., Larson 1981), dense cores exhibit roughly constant sub-
sonic nonthermal motions (Goodman et al. 1998; Caselli et al.
2002). When studying the lower-density material surrounding
cores, Goodman et al. (1998) noticed that its supersonic velocity
dispersion decreases towards smaller sizes. Later observations
tracing both dense and diffuse gas in NH3 (Pineda et al. 2010)
denoted this transition as sharp and characterized by high veloc-
ity gradients. Thus, it is clear that a transition between turbulent
diffuse gas and the more quiescent dense gas should occur at core
scales. Hacar & Tafalla (2011) found these velocity-coherent re-
gions to extend on scales significantly larger than cores, consid-
ering the small-scales filaments as the first subsonic structures
formed out of the turbulent cascade. The connection between fil-
aments and cores has been well established since first systematic
studies of filaments (Schneider & Elmegreen 1979) and has been
recently highlighted by recent Herschel studies (André et al.
2010). Therefore, the comprehensive view on filaments provided
by Herschel further confirmed that core formation would not be
directly related to turbulence dissipation, but instead influenced
by their parental filaments.

The transition to coherence requires, however, turbulence
dissipation. Dissipation is known to be intermittent at small
scales (Falgarone & Phillips 1990), meaning that the spatiotem-
poral fluctuations of the density and velocity fields relative to
their average values increase as the scale decreases (Landau &
Lifshitz 1959; Kolmogorov 1962; Miesch et al. 1999; Ossenkopf
& Mac Low 2002). Investigating how the dissipative process oc-
curs is crucial to understand fiber formation, however identify-
ing these regions of intermittent turbulence is still challenging
since they have a low filling factor and therefore correspond to
rare events in time and space. The kinematic transitions between
dense and diffuse gas are tackled in this paper, investigating how
the dissipation occurs, along with its influence on star formation.

This study is part of the Emergence of high-mass stars in
complex fiber networks (EMERGE) project (see Hacar et al.
2024, hereafter Paper I)1. The aim of the EMERGE project is
to survey the internal gas organization in a series of star-forming
regions based on high-resolution ALMA observations combined
with high-sensitivity single-dish (SD) data (the data combination
procedure is presented in Bonanomi et al. 2024, hereafter Paper
II). Previous papers (III-IV) of this series describe the dense gas
substructure down to a resolution of 2000 astronomical units us-
ing N2H+ (1-0) observations instead (Socci et al. 2024a,b).

In this paper, the sixth of its series (Paper VI), we investi-
gate the behavior of the diffuse gas, traced by HNC, surrounding
the dense structures, and its role in fiber formation. We focus
on its kinematics to determine how the diffuse and dense gas
interacts. We first introduce the EMERGE Early ALMA Sur-
vey and the observations used in this work (Sect. 2). Among

1 EMERGE Project website: https://emerge.univie.ac.at/

these, we present the HNC integrated intensity maps, the total
column density maps obtained from high-resolution ALMA +
IRAM-30m observations, and the gas kinetic temperature maps
(Sect. 3). We analyse the kinematics of the diffuse gas focusing
on its line width and nonthermal velocity dispersion (Sect.4).
We further evaluate the impact of feedback on the properties of
the gas (Sect.4.2). Finally, we discuss our results about the co-
herent scale in the context of results published in the literature
(Sect.5.1) and we focus on turbulence dissipation and its inter-
mittent behavior through the analysis of velocity gradients across
our high-resolution maps (Sect. 5.2.2 and 5.2.1).

2. The EMERGE Early ALMA Survey

The EMERGE Early ALMA Survey observed seven prototypical
star-forming regions across Orion, namely, OMC-1, 2, 3 and 4
South, and LDN 1641N in Orion A, along with NGC 2023 and
the Flame Nebula (or NGC 2024) in Orion B (Paper I).

Our survey covers a wide range of different environments,
from high- (OMC-1 and the Flame Nebula) to intermediate-
(OMC-2, 3, and LDN 1641N) and low-mass (OMC-4 South and
NGC 2023) star-forming regions, characterized by different de-
grees of stellar activity, mass, and evolutionary stage. The con-
trast between OMC-1 and the Flame Nebula is stark with respect
to the highest peak stellar densities, hosting the two most mas-
sive embedded clusters in Orion, as compared to OMC-4 South
and NGC 2023 only forming a few low-mass stars in isolation
(Megeath et al. 2016). We note that different degrees of feed-
back affect all targets in our sample. Considering the ratio be-
tween Class 0/I (P) and Class I/II (D) objects as a classical evo-
lutionary tracer (Evans et al. 2009), we cataloged our targets as
young (OMC-2, 3, LDN 1641N, and NGC 2023) and evolved
(OMC-1, 4 South, and the Flame Nebula). Table 1 summarizes
the properties of our sample (see Paper I for a full discussion).

We observed OMC-3, 4 South, LDN 1641N, NGC 2023, and
the Flame Nebula in Band 3 with the ALMA 12m array dur-
ing Cycle 7 (Project ID: 2019.1.00641.S, PI: Hacar), reaching
a final resolution of ∼ 4.5 arcsec (∼2000 au at 414 pc; Menten
et al. 2007). In Band 3 observations we targeted mainly molecu-
lar emission, N2H+ (1-0) (93.17 GHz), HNC (1-0) (90.66 GHz),
and HC3N (10-9) (90.97 GHz), surveyed at high spectral reso-
lution (δv ≤ 0.233 km s−1), together with the 3mm-continuum.
We complemented our pilot survey with additional N2H+ (1-
0) (δv ≤ 0.15 km s−1) observations of OMC-1 and 2 from ALMA
Cycle-3 (project ID: 2015.1.00669.S, PI: Hacar). Since HNC (1-
0) data were not available for these regions (see Hacar et al.
2018, for a full description), we did not include OMC-1 and 2
when referring to the EMERGE Early ALMA Survey. We com-
bined our ALMA maps with additional IRAM-30m observations
(project IDs: 032-13, 034-16, 120-20, 060-22, and 133-22), used
as zero-spacing information (see Papers I and II for a full discus-
sion).

The EMERGE Early ALMA Survey also includes tempera-
ture and column density maps of our dataset. We produced the
gas kinetic temperature (TK) maps from the HCN (1-0) to HNC
(1-0) lines ratio observed with IRAM-30m at 30 arcsec resolu-
tion (Hacar et al. 2020). We produced total gas column density
N(H2) maps of these regions as well, derived from Herschel ob-
servations at 36 arcsec resolution (Lombardi et al. 2014). We
used ancillary cataloges of young stellar objects (YSOs, includ-
ing Class 0/I protostars and Class II disks; Megeath et al. 2012;
Furlan et al. 2016; Stutz et al. 2013), and O-B stars (Wenger
et al. 2000) to explore the connection between diffuse gas and
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Table 1: EMERGE Early ALMA Survey: properties of the targets

Target Cloud D SF-regime Evolutionary stage O-stars P(∗) P+D(∗) P/D(∗)
(pc)

OMC-3 Orion A 400 Intermediate- Young No 26 102 0.34
OMC-4 South Orion A 400 Low- Evolved ? 11 59 0.23
LDN 1641N Orion A 400 Intermediate- Young No 13 51 0.34

NGC 2023 Orion B 423 Low- Young No 6 8 0.75
Flame Nebula Orion B 423 High- Evolved Yes 21 141 0.18

Notes. (∗) The number of protostars (P) and disks (D) here listed are merely used as reference in this paper,
as they refer to large footprints compared to our ALMA fields (see Paper I for a full discussion).

star formation feedback. We refer the reader to Paper I for a full
description of the data used in this work.

Among the suite of tracers included in our survey we se-
lected N2H+ and HNC to sample different gas density regimes.
N2H+ is a density-selective species for cold (≤20 K) and dense
(> 104 cm−3) gas (Tafalla et al. 2002) formed after the depletion
of CO and usually found regions in regions of column density
above N(H2) ≥ 1022 cm−2 (Bergin & Tafalla 2007; Pety et al.
2017; Kauffmann et al. 2017; Tafalla et al. 2021). The properties
of N2H+ as a probe of the dense gas in our sample are presented
in Papers III and IV. Similar to other active star-forming regions
(Henshaw et al. 2014; Chen et al. 2019b), our N2H+ (1-0) emis-
sion maps reveal large amounts of dense gas usually correspond-
ing to those dense filaments and cores in our targets.

On the other hand, to sample the cloud gas from low to in-
termediate column density (∼ 1021 − 1023 cm−2; Tafalla et al.
2021, 2023), we picked the HNC (1-0) as tracer of the diffuse
gas. As shown Paper I, HNC is detected beyond the bound-
aries of our maps showing a bright emission at column densi-
ties AV & 3 mag. The HNC (1-0) line is effectively excited at
densities of a few 103 cm−3 (Shirley 2015), and its abundance is
roughly invariant to temperature variation between 10 and 40 K.
The HNC intensity shows an almost linear correlation with the
total gas column density before being depleted at high density
(Pety et al. 2017; Tafalla et al. 2021, 2023) on timescales com-
parable to the free-fall time at densities above n(H2) > 104 cm−3

(Bergin & Tafalla 2007) and the best Pearson correlation coef-
ficient (p=0.90) among all traditional 3-mm line tracers of the
diffuse gas in molecular clouds (12CO, 13CO, C18O, HCN, and
HCO+). The HNC (1-0) transitions also shows a roughly con-
stant line ratio with respect to its optically thin HN13C isotopo-
logue between column densities of N(H2) ∼ 1022 − 1023 cm−2

(e.g., see Fig.D1 in Tafalla et al. 2021) suggesting HNC to
present a low opacity up to ∼100 AV . Additional RADEX-LVG
calculations (van der Tak et al. 2007) for typical values of the gas
conditions traced by HNC, that is n(H2) = (0.5 − 5) × 104 cm−3,
TK = 20−40 K (Hacar et al. 2024), N(H2) = 1021−1023 cm−2 as-
suming a standard X(HNC/H2) = 10−9 (Tafalla et al. 2021), and
∆V = 1.8 km s−1(Sect. 4), retrieve opacities of τ ∼ 0.2 − 15 for
the HNC (1-0) transition. The highest opacity values are likely
upper limits as the expected increase of volume density with high
column density (i.e. N(H2) ∝ n(H2)0.4−0.5 Gaches 2025) would
decrease the opacity of the J=1-0 line by populating higher J-
states. with most points in our maps within the range of low to
moderate τ ∼ 0.5 − 5 opacities.

A full discussion on the different regimes characterized by
these tracers in our sample is reported in Paper I. In this work, we
investigate the environmental conditions in which fibers formed

focusing on the analysis of HNC and its comparison with the
structures identified in N2H+.

3. HNC as a tracer of lukewarm and diffuse gas

Here, we address the characterization of the diffuse gas in the
EMERGE Early ALMA Survey from two different points of
view. On the one hand, we investigate the morphology of the
HNC emission in relation to the dense gas distribution traced by
N2H+ (Sect. 3.1), the temperature regime covered by our obser-
vations (Sect. 3.3), and the total column density maps extracted
from HNC and N2H+ (Sect. 3.2). On the other hand, we probe
the kinematics of the diffuse gas in these regions via the analysis
of the HNC spectra (Sect. 4).

3.1. HNC integrated emission: morphology of the diffuse gas

Figure 1 (panels a and b) shows the N2H+ (1-0) and HNC (1-
0) integrated intensity maps for OMC-3, as showcase of our sur-
vey. The HNC maps of the four remaining regions in our survey
are displayed in Fig. A.1 (panels a and b). We selected the in-
tegration range in velocity case by case according to each indi-
vidual cloud velocity. The gray contour enclosing the N2H+ (1-
0) intensity at 3σ is plotted in the figure (noting that the dense
gas maps are presented in Paper III) and marks the location of
protostars (cyan triangles) as well as B and O stars (white and
yellow stars, respectively).

HNC emission has been detected above the noise level in all
our maps (Fig. 1, panel b). We calculated the noise level in each
map considering subregions free of emission, with a final esti-
mate ranging between 0.7 and 1.3 K km s−1. The comparison of
the N2H+ and HNC maps (panels a and b in Fig. 1) shows that
HNC is much more extended than dense gas (gray contours).
HNC emission is recovered almost everywhere in the OMC-3
map, with its brightest feature always overlying the dense gas.
The brightest intensity peaks in HNC are found in the Flame
Nebula (40 K km s−1), LDN 1641N (23 K km s−1), and OMC-
3 (21 K km s−1), located in proximity of several protostellar
objects (cyan triangles in Figs. 1 and A.1). The correlation be-
tween the location of the protostars and the bright line emission,
already observed in N2H+ (see Paper I and III), is particularly
clear in regions with a large stellar populations such as OMC-3
(OMC-3 MMS8-9) and LDN 1641N. This correlation is, instead,
lost in the Flame Nebula possibly due to the strong UV-radiation.
Low-mass regions, such as NGC 2023 and OMC-4 South, show
weaker HNC emission (intensity peaks ∼ 12 K km s−1), yet still
detected up to > 10σ level across our maps.

The morphology of the diffuse gas traced by HNC varies
from region to region. This behavior was previously noted at
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Fig. 1: Maps in OMC-3, the representative showcase of our sample. From left to right: Plot of the integrated intensity I(N2H+) and
I(HNC) observed at 4.5 arcsec resolution with ALMA+IRAM-30m, gas kinetic temperature, TK , derived from the HCN-HNC ratio
observed with IRAM-30m at 30 arcsec resolution (see Paper I), and total column density N(H2) map as observed by Herschel at
36 arcsec resolution (Lombardi et al. 2014). The gray contours show the N2H+ (1-0) integrated intensity above 3σ (the N2H+ maps
are visible in Paper III). 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 and B stars collected from Simbad (Wenger et al. 2000), respectively.
The maps of the remaining targets in the sample are shown in Fig. A.1. Beam sizes and scale bars are placed in the bottom-right
corner.

low-resolution (30 arcsec) in the IRAM-30m maps (see Paper
I) of both the dense and diffuse gas across our sample (see Pa-
per III for a full discussion). The emission in OMC-3 is bright
and elongated, roughly following the large-scale cloud structure;
OMC-4 South and NGC 2023, show weaker and irregular emis-
sion, while LDN 1641N and the Flame Nebula a cometary shape.
The HNC emission appears, however, to be much more extended
than N2H+ in all regions, with the brightest features always co-
inciding with the dense gas peaks (see Sect. 5 in Paper I for a
full discussion).

Thanks to its high-resolution (4.5 arcsec), our survey enabled
us to investigate the complex morphology of the dense and dif-
fuse gas in great detail. At ∼2000 au the N2H+ emission appears
organised in a plethora of fibers. These fibers constitute networks
of different complexity across our sample, but still driven by the
total dense gas mass despite their star-formation regime, evolu-
tionary stage, or stellar content (see Paper III for a full discus-
sion). Figures 1 and A.1 show that the dense gas filamentary
organization is reflected in the more diffuse gas which extends
this complex ramification of the structures even at larger scales.

3.2. Total column density maps

To describe the gas organization down to 2000 au, we need to
consider the column density regimes sampled in our survey (see
Sect.2). Figures 1 (panel d) and A.1 (right panels) show the total
gas column density maps as observed by Herschel at 36 arcsec
resolution (Lombardi et al. 2014). As expected, we can easily
identify two different column density regimes probed by the two
distinct tracers. The dense gas (≥ 1022 cm−2) traced by N2H+ and
enclosed in gray 3σ contours, is organized in similar fiber-like
structures in low- to high-mass star-forming regions (see Paper
III). The diffuse gas (≤ 1022 cm−2), traced by HNC , is charac-
terized by a more complex organization, showing more irregular
and chaotic shapes that extend outside the dense material. From

the analysis of these maps and the distribution in Paper I compar-
ing the density regimes sampled by our different molecules, we
confirm that HNC traces the emission of the material surround-
ing the dense fibers at typical column densities of ∼ 5 × 1021

cm−2.
Overall, despite the difference in morphology between dif-

ferent regions, the organization of the diffuse gas appears sim-
ilar across our sample, which covers a wide range of different
environments.

3.3. Gas kinetic temperature: Lukewarm gas

We derived the gas kinetic temperature (TK) in our clouds from
the ratio of the HCN (1-0) and HNC (1-0) lines observed with
IRAM-30m at 30 arcsec resolution following Hacar et al. (2020)
(see Paper I for more details). This empirical method has been
calibrated in the Orion Integral Shape Filament (ISF, including
OMC-3 and OMC-4 South) against independent NH3 data ob-
tained by the GAS survey (Friesen et al. 2017) within an opti-
mal working range between 15 ≤ TK ≤ 40 K, and is limited
to regions exposed to low or intermediate UV radiation. Re-
cent observations (Santa-Maria et al. 2023; Martinez & Paron
2023; Harada et al. 2024) indicate that the HCN (1-0) to HNC
(1-0) lines ratio may be also sensitive to higher levels of UV-
radiation in agreement to previous studies (Schilke et al. 1992).
We manually verified that the temperature values extracted from
our IRAM-30m observations are in close agreement with pre-
vious NH3 GAS measurements in the region of interest find-
ing a good agreement (of few K difference) in those regions
where both HCN/HNC and NH3 molecules are simultaneously
detected, typically at AV > 15 mag (see also Sect. 4.3.1 in Hacar
et al. 2020, for a full discussion).

Figures 1 (panel c) and A.1 (middle panels) show our large-
scale TK maps for OMC-3 and the whole sample, respectively.
The dense gas N2H+ distribution is always located in the coldest
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Table 2: Kinematics of the diffuse gas: single component analy-
sis

Target HNC N2H+

∆V σnt/cs σnt/c∗s
(km s−1)

OMC-3 1.7+0.5
−0.4 2.6+0.7

−0.5 0.64
OMC-4 South 2.0+0.7

−0.6 3.3+1.1
−0.8 0.66

LDN 1641N 1.8+0.5
−0.4 3.0+0.9

−0.8 1.09
NGC 2023 1.8+0.6

−0.6 2.9+0.9
−0.9 0.94

Flame Nebula 2.2+0.9
−0.9 3.0+1.1

−0.9 0.63

Sample 1.8+0.7
−0.5 2.9+1.0

−0.8 0.74†

(∗) Average fiber properties across the survey (see Paper III and IV).
(†) This value is computed including also the OMC-1 and 2.

regions of the maps (≤ 25 K, except in the Flame Nebula, where
it is still detected at TK > 35 K,), HNC probes instead both cold
and warmer gas (up to ∼ 40 K), heated by either feedback or the
diffuse interstellar radiation field. All our maps show a tempera-
ture gradient, with the cold dense gas always surrounded by the
lukewarm diffuse gas.

Feedback is one of the key players that affect the temperature
distribution within the clouds. The gas in low-mass star-forming
regions (OMC-3 and 4 South) is usually found at temperatures
between 10 and 30 K, while in regions with embedded high-mass
stars (Flame Nebula) the average values are ≥ 30 K and up to 45
K, see the histograms of TK in Paper I for additional details). An
interesting case in our sample is LDN 1641N: the region has a
large fraction of diffuse gas above 40 K surrounding the dense
gas. Although the origin of this warm material is unclear, it may
be due to the interaction with the high-mass stars ι Ori and NGC
1980, as suggested by its cometary shape pointing towards the
latter (Paper I).

4. Kinematic analysis of the diffuse gas

Our survey consists of five high-resolution HNC (1-0) maps
across Orion. These maps are described by a total of ∼ 130000
spectra. We retrieved the main spectral line parameters, as cen-
troid velocity (Vlsr), line width (∆V), and peak intensity (I),
through a supervised fitting of these spectra using a customized
GILDAS/CLASS (Pety 2005; Gildas Team 2013) routine (see
Hacar et al. 2013, 2018, for a detailed discussion of the fitting
routine used in this work). Among the total of ∼ 130000 spectra
extracted from the five HNC (1-0) maps, we effectively fitted
∼ 110000 spectra (∼ 85%). To ensure the quality of the data, we
applied two selection criteria: (a) the spectrum should contain
at least one component with a S/N ≥ 5, and (b) 2 ≤ Vlsr ≤ 15
km s−1, the velocity range in Orion (Bally 2008), leading to a
final number of ∼ 104000 spectra considered in our analysis
(∼ 93% of the fitted ones).

Among all the fitted spectra, most (∼ 79%) present a single
component in HNC, while the residual multi-component spec-
tra show two (∼ 20%) or three (< 1%) components. The rela-
tive number of single and multiple components recovered in our
HNC spectra is similar to the one derived from C18O observa-
tions in L1495/B213 by Hacar et al. (∼70 % single, ∼30% mul-
tiple; 2016a). The distribution of single and multi-component
spectra is regular throughout the sample (all values reported in
Table B.1), with the Flame Nebula being the only outlier with
∼ 45% of multi-component spectra (with ∼ 43% and ∼ 2% of

two and three component spectra, respectively). We find typi-
cal median errors of 0.09 km s−1 for the line widths and of
0.04 km s−1 for the velocity centroids obtained from our Gaus-
sian fits, that is of less than one resolution channel of our spectra
(Tab. B.3 summarizes the errors in each region in the single and
multi-component fitting).

The goal of this study is investigating the kinematics of the
diffuse gas and its local behavior across different locations in our
maps (e.g., nearby the dense fibers and regions affected by feed-
back). A clearer description of the kinematics is achieved by se-
lecting a single value for each pixel. Thus, we need to handle all
the spectra fitted with multiple components either by taking (i)
the brightest component among the ones fitted, (ii) the broadest,
or (iii) their average.

To avoid biases and considering that most of the fitted spec-
tra have only a single component in HNC (see Table B.1), we
decided to run a new fitting procedure with a single-component
constraint. The line width estimated following the latter routine
is to be considered as an upper limit, as multiple components
may be fitted by a single broad Gaussian function. For com-
pleteness, in Appendix B we compare the line width values and
the maps estimated from the single and multi-component fit. To
conclude, we also produced velocity dispersion maps using mo-
ments (see Appendix B and Fig. B.1). Overall, the line width
values estimated using the latter methods appear to be lower
in respect with the ones derived from the fit, especially when
compared to the single component fit. This discrepancy may
arise due to the moment map definition, namely, by summing
the emission along the spectral axis: considering the positions
with multiple Gaussian components, the velocity dispersion es-
timated by the second moment map will represent the separation
between the components, not its line width. Following this in-
terpretation, this difference is mostly visible in the Flame Neb-
ula, as expected since is the region where the highest number of
multiple components has been fitted. A comparison between the
results of different methods is reported in Fig. B.1. To further
check if a single-component selection would critically affect our
analysis, we compare the location of the fitted multi-components
and the line width and velocity gradient maps for OMC-3 and
the Flame Nebula (Fig. B.3), not finding any spatial correlation.
Nevertheless, since none of the methods is flawless and since
the results agree well, we report below the analysis based on the
single component fit routine. As already mentioned in sect. 2,
HNC emission is optically thin (Tafalla et al. 2023). However,
even if optically thick, it would have not critically impacted our
analysis: opacity would produce a broadening of the line width
that may be responsible of blending multiple narrow velocity
components (Hacar et al. 2016a). We removed this blending is-
sue by considering a single-component fitting routine and, for
this reason, we already considered our line width estimates as
upper limits.

4.1. Supersonic gas: Line width and velocity dispersion

We started our analysis of diffuse gas kinematics by studying
the HNC line widths, stressing again that these values have to
be considered as upper limits. Fig. 2 shows the ∆V distribution
for the different regions in our survey. All targets show a simi-
lar line width distribution, with values within 0.5-5 km s−1 and
≥ 80% of them below 2.5 km s−1 (left panel in Fig. 2). The
corresponding median value and the inter-quartile range for the
sample ∆̃V = 1.8+0.5

−0.7 km s−1 is reported in Table 2, along with
the median values reported for the single targets. OMC-3 and
LDN 1641N show the narrowest lines with ∆̃V = 1.7 km s−1 and
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Fig. 2: Distribution of the line width for all the five regions in our sample. Histogram (left, in logarithmic scale) and cumulative
distribution (right) of ∆V.

∆̃V = 1.8 km s−1, respectively; instead the Flame Nebula and
OMC-4 South show the broadest ones with ∆̃V = 2.2 km s−1 and
∆̃V = 2.0 km s−1, respectively.

We explored the diffuse gas local behavior by producing line
width maps (Fig. 3). The line width measurement inside the
gas dense contours (gray) is overall lower than outside. Slightly
broader lines are observed near the YSOs and protostars, possi-
bly due to local feedback (e.g., outflows) or its interaction with
the gas. This effect was already discussed in Pineda et al. (2011),
where they found a positive correlation between the location of
the YSOs and broader spectral lines. While some positions ap-
pear to be affected by local feedback around individual proto-
stars, we find no systematic correlation between the increase of
the observed HNC line widths and the location of these objects
in our maps. Comparing these local effects with the large cover-
age of our maps their statistical influence appears to be limited in
agreement with previous statistical estimates in several of these
regions (Feddersen et al. 2019). A potential cause of line broad-
ening to take into account is large-scale feedback from stellar
winds generated by O/B stars. This effect is visible in the Flame
Nebula, where the lines become broader toward the northern area
where the HII region extends (see Sect. 4.2).

The line width ∆V is a direct measurement of the total gas
velocity dispersion σlos along the line of sight (LOS), which in-
cludes contributions from both thermal and nonthermal gas mo-

tion as σlos =

√
σ2

th + σ2
nt = ∆V/

√
8 ln2. The turbulent regime

is usually evaluated via the nonthermal motions that needs to be
extracted as

σnt =

√
σlos −

kBTK

µHNC mp
(1)

with σth =
√

kBTK/µHNC mp as the thermal broadening of the
line, µHNC = 27 amu the molecular weight of HNC, kB the
Boltzmann constant, and mp the proton mass. The ratio be-
tween the nonthermal velocity dispersion and the gas sound
speed (cs(TK) = kBTK/µmp) with µ = 2.33 amu is the Mach
number (Ms = σnt/cs(TK)), which is used to describe the tur-
bulence regime of the gas. The latter can be classified as sub-
sonic (0 ≤ Ms ≤ 1), transonic (1 ≤ Ms ≤ 2), and supersonic
(Ms ≥ 2).

To derive the Mach number we extracted the temperature
value from our IRAM-30m Tk maps at 30 arcsec resolution
(panel c in Fig. 1 and panel b in Fig. A.1). Since the IRAM-
30m beam is ∼ 6 times larger than in our ALMA+IRAM-30m
maps, we assume Tk to be constant within each IRAM-30m pixel
and associated this value pixel-by-pixel to our ALMA+IRAM-
30m HNC maps. We note that variations on the kinetic tem-
perature will only marginally impact on the Mach number as
Ms ∝ 1/

√
TK .

Figure 4 shows the Mach number distribution in our sam-
ple (see Figs. A.2 and A.3 for to better compare the behav-
ior of individual targets with respect to the sample). The val-
ues range between 0.5-8, with a clearly supersonic median value
of M̃s = 2.9+1.0

−0.8 (see Table 2)2. OMC-3 has the narrowest dis-
tribution with the lowest median value (M̃s = 2.6+0.7

−0.5), reflect-
ing its narrower line widths, while OMC-4 South the broadest
(M̃s = 3.3+1.1

−0.8). Comparing Figs. 2 and 4, we notice that the
shape of the ∆V and Ms distributions in our regions changes
once corrected by TK . The Flame Nebula, in particular, has the
largest line width median value ∆̃V = 2.2 km s−1, but not the
highest Mach number median one M̃s = 3.0. This effect is likely
tied to the high temperature in this region (see Sect. 3.3). Overall,
all our targets show similar Mach number distributions peaking
around Ms ∼ 3, despite the different properties of the sample.
In Fig. 4 we also display the (total) Mach number distribution
of the dense gas obtained from the analysis of N2H+ combining
all regions in sample (gray line; Socci et al. 2024a). As seen by
this figure, N2H+ samples a largely quiescent gas, with > 70%
of the fields being subsonic and up to 90% within the transonic
limit (see cumulative plot in right panel). In comparison, the dif-
fuse gas traced by HNC shows a factor of ∼ 4 times higher
degree of turbulence than the dense gas counterpart traced by
N2H+ (M̃s(N2H+) = 0.74 vs M̃s(HNC) = 2.9; see Table 1).

We now explore the local turbulence of the diffuse gas in the
sample by producing Mach number maps (Fig. 5). The HNC gas
is more turbulent than N2H+ everywhere; however, it does not
exhibit regular behavior in any of our targets. In OMC-3 and 4
South, the HNC Mach number is roughly uniform and constant

2 All our Mach number measurements display the median value M̃
and the 16%-84% inter-quartiles ranges.
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Fig. 3: HNC (1-0) line width maps of the five star-forming regions in the EMERGE Early ALMA Survey at 4.5 arcsec resolution
with ALMA+IRAM-30m. The gray contours show the N2H+ (1-0) integrated intensity above 3σ (the N2H+ maps are visible in
Paper III). 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 and B stars collected from Simbad (Wenger et al. 2000), respectively. Beam sizes
and scale bars are placed in the bottom-right corner.
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Fig. 5: Mach number (M = σnt/cs) maps of the five star-forming regions observed in HNC (1-0) in the EMERGE Early ALMA
Survey at 4.5 arcsec resolution. The gray contours show the N2H+ (1-0) integrated intensity above 3σ (the N2H+ maps are visible in
Paper III). Symbols are similar to those in Fig. 1. Compared to this first figure, we note that some positions in our maps are masked
due to the lack of good temperature estimates in these positions. Beam sizes and scale bars are placed in the bottom-right corner.

around Ms ∼ 2 where the dense fibers are identified, while it
grows up toMs ∼ 5 outside the dense gas contours. TheMs spa-
tial distribution appears to be highly irregular around the fibers,
with either abrupt changes or no visible differences within and
outside the dense gas (e.g., the southern region of OMC-3). In
LDN 1641N, NGC 2023 and the Flame Nebula the distribution
of the Mach number appears to be even more complex. In LDN
1641N the values grow inside the dense gas contours, showing
an opposite behavior with respect to OMC-3 and 4 South. In the
Flame Nebula, instead, the southern part appears as more quies-
cent than the northern one, as already observed in the line width
map, probably due to feedback (noting that we discuss feedback
in Sect. 4.2). Finally, NGC 2023 shows a distribution similar to
the Flame Nebula, in this case in the east-west direction.

4.2. The influence of feedback on the diffuse gas kinematics

The kinematics of the diffuse material and its turbulence regime
appear to be influenced by feedback. Given the various behav-
iors of the Mach number in our targets, we try to sample the
regions in our targets most affected by feedback and investigate
its influence on the gas kinematics.

We tested this approach on the Flame Nebula, since it is ex-
posed to intense extreme-UV ionizing radiation and to strong
far-UV dissociating radiation produced by the NGC 2024 IRS-

2b (O8V) O-type star (see Bally 2008). Previous velocity-
resolved observations of the far-IR [CII] 158µm fine-structure
line (see Pabst et al. 2017, 2020) demonstrated that (despite be-
ing less severe) feedback affects other regions in our sample as
well, namely OMC-3 (NGC 1977 and 42 Orionis; Peterson &
Megeath 2008), OMC-4 South (NGC 1980 and ι Ori; Alves &
Bouy 2012), and NGC 2023 (σ Ori; Brown et al. 1994).

To identify the regions affected by feedback, we used the
WISE 12 µm map at 6.5 arcsec of resolution. We selected the
12 µm band (W3) of WISE (Fig. 6, left panel) which, rang-
ing between 7.5-17 µm, includes the UV-pumped polycyclic
aromatic hydrocarbons (PAHs) emission at 8 µm associated to
photo-dissociation (Pabst et al. 2017). The bright emission seen
in WISE shows how the northern part of the Flame Nebula is
largely affected by feedback while the southern is more pris-
tine. We separate these two regions drawing a flux contour at
0.6 MJy sr−1. Fig. 6 displays both the line width (middle panel)
and the σnt/cs (right panel) maps with the same lime contour
separating the two regions: both ∆V and the Mach number values
are much smaller and uniform in the South, while in the northern
area, affected by the feedback, the distributions are more chaotic
and irregular. Once excluded this region affected by feedback,
the new median values get smaller ∆̃V = 1.5+0.5

−0.4 km s−1 and
M̃s = 2.4+0.5

−0.4 (∆̃V ∼ 2.4+0.8
−0.6 km s−1 and M̃s ∼ 3.4+1.0

−0.9 in the
northern region).
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Fig. 6: Maps of the Flame Nebula. From left to right: WISE 12µm map (6.5 arcsec), line width and Mach number map. The lime
and grey contours define the area affected by feedback and the N2H+ (1-0) integrated intensity above 3σ, respectively. Symbols are
similar to those in Fig. 1. Beam sizes and scale bars are placed in the bottom-right corner.

Using this simple method, we confirmed that feedback af-
fects the kinematics of the diffuse gas, broadening the line width
and increasing the turbulent motions. This effect is prominent
in the Flame Nebula, being heavily affected by large-scale feed-
back. The same effect, although less prominently, feedback is
seen in other regions in our sample as well. An example is NGC
2023 affected by ζ Ori, where ∆V and Ms are systematically
higher on the West side of the cloud with respect to the east-
erly one. On the other hand, we did not manage to clearly iden-
tify the areas affected by feedback in our other regions, thus we
could not properly test the variation on the median values of the
line widths. We attempted similar WISE flux cuts to those in
the Flame Nebula in other regions although with limited suc-
cess due to the different IR background levels in each of these
clouds. Because of that, all the values reported in Table 2 needs
to be considered as upper limits.

5. Turbulence dissipation and the origin of fibers

5.1. Sonic regime and coherent scale

Characterizing the turbulent properties of the gas inside molecu-
lar clouds is crucial to understand the process of star-formation
in the ISM. While molecular clouds at large scales are sup-
ported by supersonic motions following a characteristic veloc-
ity dispersion-size relation, turbulence needs to be dissipated at
smaller scales to form stars (see Larson 1981). A critical step
in this process is the formation of coherent gas, that is the gas
which nonthermal gas motions are subsonic and roughly uni-
form. Dense cores have been classically interpreted as the first
coherent structures formed within clouds as seen via selective

tracers such as NH3 (Barranco & Goodman 1998; Goodman
et al. 1998; Pineda et al. 2010) and N2H+ (Caselli et al. 2002).
In contrast, the lower density gas surrounding cores, traced by
diffuse tracers such as OH and C18O, shows supersonic veloc-
ity dispersion and it is assumed to be dominated by turbulence.
The transition between these turbulent (diffuse) and more qui-
escent (dense) gas regimes is proposed to occur at scales com-
parable to the core radius of ∼ 0.1 pc (Goodman et al. 1998)
suggesting that the origin of individual cores is linked to the
dissipation of the turbulence (Klessen et al. 2005). The transi-
tion to coherence in a single tracer was first directly observed by
Pineda et al. (2010) in the B5 region in Perseus using high sensi-
tivity NH3 observations tracing both dense and diffuse gas com-
ponents. These observations suggest this transition to occur in
short lags (sharp transition). Further studies have suggested that
this sharp transition might be connected to highly dissipative ef-
fects (intermittency) characterized by high velocity gradients of
∇Vlsr > 3 km s−1 pc−1 at small lags (Falgarone & Phillips 1990;
Falgarone et al. 1992, see also Sect. 5.2.2).

To further explore the connection between dense cores and
the surrounding diffuse material, Hacar & Tafalla (2011) inves-
tigated the L1517 region where several cores embedded in fila-
mentary components have been detected in N2H+ and C18O, re-
spectively. They found that these subsonic and velocity-coherent
filamentary regions, now known as fibers, extend over scales sig-
nificantly larger than cores, and as long as their entire length of
∼ 0.5 pc. Compared to previous results, these findings suggest
that the origin of cores may not be directly related to turbulence
dissipation. Instead, dense cores appear to inherit their subsonic
properties from larger spatial scales, and in particular from their
parental fibers.
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Similar subsonic fiber-like regions have been found in other
clouds such as L1495/B213 in Taurus (Hacar et al. 2013), and
in some cases showing coherent scales up to several parsecs in
size (e.g., in Musca Hacar et al. 2016b). Interestingly, the gas
inside B5 resolves into similar filamentary structures, here em-
bedded in a dense region characterised by subsonic turbulence,
when observed at high spatial resolution (Pineda et al. 2011).
These results are also in agreement with previous studies show-
ing a similar gas organization traced by N2H+ at different scales
(see Lee et al. 2014; Henshaw et al. 2014; Hacar et al. 2017,
2018; Sokolov et al. 2019) which highlights how the dense gas
remains mostly subsonic despite the star-formation regime or en-
vironmental effects.

The scale in which the transition to coherence appears might
also vary between regions. The recent Green Bank Ammo-
nia Survey (GAS) observed L1688 (Ophiuchus), NGC 1333
(Perseus), B18 (Taurus), and the ISF (Orion A) at a resolution
of 30 arcsec. Friesen et al. (2017) found that Orion showed the
broadest distribution of velocity dispersions within the sample,
and attributed this effect to its intense stellar activity. Focusing
on B18 and L1688, (Chen et al. 2019a) identified 12 coherent
structures, known as droplets, characterized by a sharp transi-
tion in velocity dispersion measured by NH3, smaller (∼ 0.04 pc)
than the coherent cores previously identified. A following study
based on GAS data smoothed to 1 arcmin resolution, identified
12 coherent cores in L1688 measuring a gradual transition to
coherence extending beyond typical core scales up to ∼ 0.2 pc
(Choudhury et al. 2021). A recent GAS work in Perseus (Chen
et al. 2024) revealed that most filaments observed in NH3 are
subsonic, up to ∼ 0.3 − 0.5 pc scales. While the transition to
coherence appears to happen at the scales of the parent filament
embedding the cores, more investigation is required to connect
the former to its surrounding material.

Our previous work, Paper III, investigates the distribu-
tion and kinematic properties of the dense gas traced by our
ALMA+IRAM-30m N2H+ maps (Socci et al. 2024a). This anal-
ysis reveals that most of the dense gas is heavily organized in
complex networks of elongated, fiber-like structures of ∼0.1 pc
in size harbouring most cores in these regions. Paper III identi-
fied a total of 76 fibers within our maps (152 including OMC-1
and OMC-2), where the majority of these structures shows non-
thermal motions within the sonic regime (M̃s(N2H+) ∼ 0.74,
see Table 2 and Fig. 4). This statistical behavior would agree
with fibers being the first structures formed out of the turbulent
cascade in the regions sampled by our survey.

The aim of this work is to investigate the turbulence regime
of the diffuse gas traced by HNC and its interaction with the
above quiescent fibers. As seen in Fig. 5, those regions with
dense gas inside clouds such as OMC-3 and OMC-4 South (en-
closed by gray contours in our figures), and where fibers have
been identified, show a roughly uniform and constant Mach
numberMs ∼ 2. In contrast, the diffuse gas outside these fibers
is overall more turbulent and exhibits supersonic motions with
Mach numbers up toMs ∼ 5. We remark that our analysis does
not identify the transition to coherence as the change in Mach
number in a single tracer as reported by Pineda et al. (2010)
(Type 3 correlation according to Goodman et al. 1998). Instead,
our analysis explores the different Mach numbers seen in the dif-
ferent diffuse (HNC) and dense (N2H+) gas components, respec-
tively (similar to a Type 4 correlation in Goodman et al. 1998).
Nonetheless, these results suggest that the transition to coher-
ence may occur at fiber scales. This transition requires, however,
turbulence dissipation, which sets the initial conditions for fibers
formation and evolution.

5.2. Signatures of turbulence dissipation and intermittency

Following the Kolmogorov (1941) model of turbulence, the
energy injected at large scales is progressively transferred to
smaller scales, until it dissipates by viscosity at much smaller
scales (see Elmegreen & Scalo 2004; Scalo & Elmegreen 2004,
for a comprehensive review on turbulence). Investigating how
this dissipative process occurs is thus crucial to understand fiber
formation. The combination of high spatial resolution of our
ALMA+IRAM-30m observations with the high dynamic range
in column density of HNC, as a tracer of the diffuse gas around
fibers, makes our survey ideal to investigate these processes.

A pivotal property of turbulence dissipation is its intermit-
tency at small scales (Falgarone & Phillips 1990), that is the
spatio-temporal fluctuations of the density and velocity fields
relative to their average values, which increase as the scale de-
creases (Landau & Lifshitz 1959; Kolmogorov 1962). The en-
ergy cascade is not space-filling, thus this energy transfer to
smaller scales occurs in a localized time and space. Intermit-
tency governs the distribution of the subset of space in which
turbulence dissipation occurs (She & Leveque 1994; Anselmet
et al. 2001). Although the intermittency nature of turbulence was
recognized half a century ago, identifying these intermittent re-
gions is still challenging due to their scarcity in time and space
(Falgarone et al. 1992; Pety & Falgarone 2003; Hily-Blant et al.
2007). Our EMERGE Early ALMA survey provides a large and
homogeneous statistical sample of velocity field at high spectral
and spatial resolution to probe the turbulent intermittency of the
diffuse gas.

A statistical approach is the best way to investigate turbu-
lence, in particular the analysis of the gas velocity field. Con-
sidering incompressible turbulence, the probability distribution
function (PDF) of the velocity field is nearly Gaussian, at least at
large scales (see Batchelor 1953; Miesch & Scalo 1995). Numer-
ical simulations and laboratory experiments found that intermit-
tency manifests itself through nonGaussian wings in the PDF of
velocity increments or derivatives (see e.g., Anselmet et al. 1984;
Falgarone & Phillips 1990; Vincent & Meneguzzi 1991). Simu-
lations show the nontrivial connection between these structures
found in the observed position-position-velocity (PPV) and the
true position-position-position (PPP) space, respectively (Beau-
mont et al. 2013; Clarke et al. 2018). Nonetheless, additional
simulations indicate that optically thin traces can be used to sta-
tistically investigate the turbulent properties of the gas (Miville-
Deschênes et al. 2003). In particular, and although complicated
by the above LOS effects, Lis et al. (1996, 1998) showed that
intermittency can be better found in centroid velocity increment
PDFs both in simulations and in CO (2-1) observations in clouds
such as ρ Ophiuchi. Similarly, intermittency manifests itself also
in other high-order moments in these PDF distributions (e.g.,
kurtosis; Ossenkopf & Mac Low 2002).

5.2.1. Statistical analysis using velocity increments

Following classical works in the literature, we evaluated velocity
increments over a lag δx =L as |δVlsr | = |(Vlsr(x0) − Vlsr(x0 + L)|
for all (e.g., Pety & Falgarone 2003). For each position on our
maps we consider all the adjacent points within a minimum and
maximum offsets of L−0.5 pix and L+0.5 pix (see also Lis et al.
1998), respectively. We set L=0.04 pc (= 20.25 arcsec or ∼ 9 pix-
els or ∼ 4.5 beams) and calculate the velocity increments over
a minimum number of 20 independent, Nyquist-sampled pixels
(∼ 1/3 of the 72 independent pixels to ensure the calculation
to be statistically significant). To facilitate the comparison with
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Fig. 7: HNC (1-0) Vlsr increment maps of the five star-forming regions in the EMERGE Early ALMA Survey at 4.5 arcsec resolution
with ALMA+IRAM-30m. The gray contours show the N2H+ (1-0) integrated intensity above 3σ (the N2H+ maps are visible in Paper
III). The red contours display the high velocity gradient regions identified in Fig. 7. Symbols are similar to those in Fig. 1. Beam
sizes and scale bars are placed in the bottom-right corner.

other methods (see below), we normalize and evaluate the single
velocity increment per position as |δVlsr |

L expressed km s−1 pc−1.

The spatial distribution of the velocity increments is shown
as azimuthal averages over the possible directions

(
〈|δVlsr |〉

L

)
. We

estimated the error on the velocity increment between ∼ 0.03 and
∼ 0.07 km s−1 pc−1. We display the results in Fig. 7 to investigate

the spatial distribution of velocity increments in all our ALMA
fields.

Low |δVlsr |

L values characterize those regions where the ve-
locity field is uniform, while large increments indicate sharp
changes in velocity, probably associated to enhanced dissi-
pation. We identify typical velocity gradients below |δVlsr |

L .

5 km s−1 pc−1 in most parts of our maps, especially within
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Fig. 8: Histogram of the velocity increments evaluated along the α (left) and δ axes (right) for the targets in our survey. The red lines
show the Gaussian fit applied to the distributions.
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Fig. 9: Histogram of the projection of the increments along the α (left) and δ axes (right) for a maximum offset L=20.25 arcsec
(hatched area) and 29.25 arcsec in OMC-3, our showcase. The red lines show the Gaussian fit applied to the distributions.

the dense gas boundaries (gray contours) where the values are
roughly constant. In contrast, several regions show higher gradi-
ents with |δVlsr |

L & 10 km s−1 pc−1sometimes referred to as high-
shear regions (e.g., Hily-Blant & Falgarone 2009).

To better identify and statistically constrain those gas parcels
showing high velocity increments and associate them with in-
termittency, we follow a similar approach to Lis et al. (1996,
1998); Pety & Falgarone (2003), using the increments evalu-
ated along the α and δ axes instead of simple velocity incre-
ments. Fig. 8 shows the histograms of |δVlsr,x |

L and |δVlsr,y |

L incre-
ments for each of our five targets (see corresponding panels).
The PDF of the centroid velocity increments is expected to fol-
low a Gaussian distribution Lis et al. (1996). Similar to it, most
observed increments (∼ 70 − 90% of the total number of points)
can be reproduced by a Gaussian distribution (red curve in all
panels) with a typical dispersion of σ( |δVlsr,x |

L ) or σ( |δVlsr,y |

L ) of
∼ 3− 6 km s−1 pc−1, obtained from a least-squares fit performed
using optimize.curve_fit from the scipy package. How-
ever, all regions also show gradient distributions with significant
non-Gaussian wings (up to ∼ 10 − 30% of the total number of
points). These deviations are analogous to those wings reported
in previous works using velocity increments (Lis et al. 1996,
1998; Pety & Falgarone 2003; Hily-Blant & Falgarone 2007;
Hily-Blant et al. 2008; Hily-Blant & Falgarone 2009). We no-
tice this departure from the expected normal behavior to occur
roughly around ±10 km s−1 pc−1 (dashed black lines) in almost
all cases, thus we use this value as a threshold to identify the
intermittent regions in our maps.

Lis et al. (1996, 1998); Pety & Falgarone (2003); Hily-Blant
& Falgarone (2007); Hily-Blant et al. (2008); Hily-Blant & Fal-
garone (2009) claimed that the magnitude of the wings in the
centroid velocity PDFs decreases monotonically with increasing
separation (lag) in evaluating the increments. We tested this ef-
fect on our data by calculating the increments considering a max-
imum offset of L=0.06 pc (i.e.,29.25 arcsec or 13 pixels). Fig. 9
shows the histograms of |δVlsr,x |

L and |δVlsr,y |

L in OMC-3 that compare
the results for L=0.04 (hatched area) and 0.06 pc (solid area). We
observe the wings decreasing for L=0.06 pc, with a distribution
closer to a Gaussian, in agreement with previous works. This re-

sult proves that intermittency occurs only at small scales, and
thus high spatial resolution observations are required to investi-
gate this phenomenon (Falgarone et al. 1992).

Focusing on the analysis of scales L=0.04 pc we iden-
tify all positions in our maps where |δVlsr,x |

L and/or |δVlsr,y |

L are
≥ 10 km s−1 pc−1 and display them within the red contours
in Fig. 7. These points extracted from the non-Gaussian wings
(with |δVlsr,x|y |

L & 3× σ( |δVlsr,x|y |

L ) correspond to high-velocity gradi-
ent areas and are potentially associated with intermittency.

5.2.2. Velocity gradient statistics

In this work, we introduce the use of centroid velocity gradients
(∇Vlsr) as alternative method to identify regions of high-shear
and turbulence dissipation. Following the formulation in Good-
man et al. (1993), the centroid velocity Vlsr of a given position
can be described as

Vlsr = V0 + a∆α + b∆δ, (2)

with respect to the systemic velocity of the cloud V0, where ∆α
and ∆δ are the offset in right ascension and declination expressed
in radians to the reference center, and a and b the projection of
the gradient per radians along the α and δ axes, respectively.
Following Goodman et al. (1993) we perform a least-squares
fit of Eq. 2 to our centroid velocity maps using the function
optimize.curve_fit from the scipy package (Virtanen et al.
2020) which returns the magnitude of the gradient as

|∇Vlsr | = (
√

a2 + b2)/D, (3)

with D as distance to each individual cloud (see Table 1). The
estimated error on the magnitude of the gradient estimated form
the fit is ∼ 0.3 km s−1 pc−1. For each position on our maps we se-
lect all the adjacent positions within a maximum offset of L=0.04
pc (= 20.25 arcsec or ∼ 9 pixels or ∼ 4.5 beams) both in α and δ
and, and calculate the velocity gradient (i.e., minimize Eq. 3) in
those positions with a minimum number of 100 Nyquist-sampled
pixels (∼ 1/3 of the 324 independent pixels to ensure the calcu-
lation to be statistically significant).
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Fig. 10: HNC (1-0) Vlsr gradient maps of the five star-forming regions in the EMERGE Early ALMA Survey at 4.5 arcsec resolution
with ALMA+IRAM-30m. The gray contours show the N2H+ (1-0) integrated intensity above 3σ (the N2H+ maps are visible in Paper
III). The red contours display the high velocity gradient regions identified in Fig. 11. Symbols are similar to those in Fig. 1. Beam
sizes and scale bars are placed in the bottom-right corner.

We note that the above gradient estimates are equivalent to
the velocity increments δVlsr at a given lag δx(=L) presented in
the previous Sect. 5.2. The difference between these two meth-
ods is that the gradient estimate considers all the points within
≤ L into account in the calculation, while the velocity increment
only the one at a specific scale = L. To ensure that these two
methods produce similar results we also computed the equiva-
lent velocity gradient in annuli of size L, i.e. in an annulus at a

distance L and of extent 1 pix (considering all the points between
L−0.5 pix and L +0.5 pix). We present a detailed comparison of
the above classical increments, the annulus and our new gradi-
ent methods, including the analysis of their relative performance
and systematic biases, in Appendix C.

The analysis of gas motions and gradients is potentially bi-
ased by line opacity issues. Heavily saturated lines (τ > 50) are
expected to be less sensitive to the small Doppler shifts of their
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Fig. 11: Histogram of the projection of the gradient along the α (left) and δ axes (right) form Eq. 2 for the targets in our survey. The
red lines show the Gaussian fit applied to the distributions.
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Fig. 12: Histogram of the projection of the gradient along the α (left) and δ axes (right) for a maximum offset L=20.25 arcsec
(hatched area) and 29.25 arcsec in OMC-3, our showcase. The red lines show the Gaussian fit applied to the distributions.

line centroids as their central velocities are the most affected by
opacity. This effect is however less relevant at intermediate opac-
ities (e.g. τ ∼ 5−10) as the optically thin line wings significantly
contribute to the line fit and compensate the few saturated veloc-
ities at the line centroids (see Fig.1 in Hacar et al. 2016a). We
expect HNC to present low to moderate opacities of τ ∼ 0.5 − 5
in most parts of our maps (see Sect. 2) and thus our gradient
measurements to be not significantly biased by opacity.

We display the results obtained by the gradient method in
Fig. 10 to investigate the spatial distribution of velocity gradi-
ents in all our ALMA fields. As already observed in the in-
crements maps, the magnitude of the observed velocity gradi-
ents appears to be consistent with those inside filaments (Hacar
et al. 2023) and dense cores (Goodman et al. 1993; Caselli
et al. 2002). The gradients we measured are below |∇Vlsr | .
5 km s−1 pc−1 in most parts of our maps, in particular within
the dense gas boundaries (gray contours) where the values are
roughly constant. In contrast, several regions show higher gra-
dients with |∇Vlsr | & 10 km s−1 pc−1, with a maximum value
of |∇Vlsr,max| & 47 km s−1 pc−1, already identified as high-shear
regions (e.g., Hily-Blant & Falgarone 2009). Some of these mea-
surements may be locally affected by the presence of protostellar
outflows (e.g., MMS7 in OMC-3). Nonetheless, the systematic
detection of these features in regions with almost no stellar activ-
ity such as NGC 2023 rule out these contamination at large scale.
Howsoever, we tested this effect removing the pixels around the
protostars (up to three beams) and proved that the presence of
these objects does not affect the high-shear regions.

More important, these high-velocity gradient positions are
always concentrated in small regions located next or sur-
rounding the dense gas traced by N2H+ (gray contours in
Fig.10). Clear examples can be found in OMC-3, OMC-4 South,
and NGC 2023 where we find peak gradients |∇Vlsr,max| >
15 km s−1 pc−1 close to the dense gas. These gradients are a
factor of > 3 times higher than inside fibers (|∇Vlsr | ∼ 3 −
5 km s−1 pc−1). This morphology reinforces the idea of a transi-
tion to coherence happening at fibers scales and turbulence dis-
sipation being connected to fiber formation (see Sect. 5.3).

Interestingly, we observe that these high velocity gradient
regions are only associated with some fibers, not all of them.

Table 3: Turbulence dissipation estimates

Target σ(∇Vlsr) (∇Vlsr)max fs fε
(km s−1 pc−1) (km s−1 pc−1)

OMC-3 5.9 26 0.13 0.51
OMC-4 South 5.3 31 0.11 0.44
LDN 1641N 5.4 47 0.05 0.30
NGC 2023 6.2 27 0.09 0.31
Flame Nebula 8.4 34 0.23 0.64

(Col.4) Surface filling fraction fs =
Npix(high−shear)

Npix(all) .
(Col.5) Fraction of turbulent dissipation according to Eq. 4.

This result is in agreement with the intermittent nature of turbu-
lence where dissipation likely operates as irregular phenomenon
in time and space (Miesch & Scalo 1995; Miesch et al. 1999; Lis
et al. 1996). Our results also agree with a similar analysis per-
formed in the Serpens filament using C18O observations (Gong
et al. 2021). Following a similar approach, these authors find that
|∇Vlsr | is generally higher at the filament boundaries than at its
crest. Our results appear to be more systematic and cover a wider
range of physical cloud conditions.

To better identify and statistically constrain those gas parcels
showing high velocity gradients and associate them with inter-
mittency, we repeat the analysis presented in Sect. 5.2.1 for ve-
locity gradients. Fig. 11 shows the histograms of ∇Vlsr,x (= a/D)
and ∇Vlsr,y (= b/D) gradient projections obtained from Eq. 2 for
each of our five targets (see corresponding panels). As already
shown in Fig. 8, all regions also show gradient distributions with
significant non-Gaussian wings, appearing roughly around the
same value identified for velocity increments (±10 km s−1 pc−1 ,
dashed lines). Thus we keep this value as a threshold to identify
the intermittent regions in our maps.

We tested the effect of considering different lag values in our
analysis, running a fitting routine considering a maximum offset
of L=0.06 pc (i.e.,29.25 arcsec or 13 pixels). Fig. 12 shows the
histograms of ∇Vlsr,x and ∇Vlsr,y (= b/D) in OMC-3, comparing
the results for L=0.04 (hatched area) and 0.06 pc (solid area). In
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agreement with Fig. 9, the wings decrease for L=0.06 pc, with a
distribution closer to a Gaussian.

Focusing on the analysis of scales L=0.04 pc we identify
all positions in our maps where |∇Vlsr,x| and/or |∇Vlsr,y| are
≥ 10 km s−1 pc−1 and display them within the red contours in
Fig. 10. These points extracted from the non-Gaussian wings
(with |∇Vlsr,x|y| & 3× σ(∇Vlsr,x|y) correspond to high-velocity
gradient areas and are potentially associated with intermittency.
These locations coincide with the areas previously identified
from their elevated velocity increments (see Fig. 7) and form
elongated structures with typical sizes of ∼ 0.1-0.3 pc. These
structures are only found in few areas of our maps, and usually
occupy a small surface filling factor fs .20% estimated from the
ratio of positions with high-shear with respect to the entire map.
In most cases these high velocity gradient areas do not coincide
with dense gas (within the gray contours), instead they tend to
be located near their boundaries, as already observed by Pety &
Falgarone (2003).

5.3. Enhanced turbulent dissipation

The analysis of our ALMA HNC observations (see above) agrees
with previous results obtained in SD observations of nearby
molecular clouds using different CO isotopologues (Pety & Fal-
garone 2003; Hily-Blant et al. 2007; Hily-Blant & Falgarone
2007; Hily-Blant et al. 2008; Hily-Blant & Falgarone 2009). The
gas showing high velocity gradients (or high-shear) is found in
small locations (low filling factors) forming narrow (∼few thou-
sand au) and elongated (∼ 0.1 pc) features in regions of interme-
diate column densities (N(H2) ∼ 5× 1021 − 5× 1022 cm−2) in the
surrounding of some dense gas structures. Connected to the in-
termittent nature of both density and velocity fields in turbulent
gas (Sect. 5.2), these high-shear features are interpreted as re-
gions of high vorticity associated to the dissipation of turbulence
in molecular clouds.

Despite their small size, the previously identified high-
shear regions may play an important role on the dissipation
of turbulence in our clouds. Following a similar approach
to that presented in Pety & Falgarone (2003), we calculated
the enhanced local contribution of turbulence dissipation as
∇V2

lsr,max/σ(∇Vlsr)2 per cloud in Table 3, where in this case we
use ∇V2

lsr = ∇V2
lsr,x + ∇V2

lsr,y as the total velocity gradient in 2D.
We find a maximum factor of 16-75x in turbulence dissipation
at the position of these high-shear locations compared to an av-
erage cloud position. Likewise, we also estimated the fraction of
turbulent dissipation occurring in these high-shear regions with
respect the rest of the cloud such as

fε =

∑
shear(∇V2

lsr)∑
all(∇V2

lsr)
, (4)

where
∑

all and
∑

shear refer to the sum of all contributions or only
positions of high-shear, respectively. As shown in Table 3, those
areas identified as high-shear regions appear as major contribu-
tors to the total turbulent dissipation in our fields with fε >30%.
In some extreme cases such as OMC-3 and the Flame Nebula,
their contribution is even dominant over the rest of the cloud
with fε >50%. This enhanced contribution is even more surpris-
ing considering the limited filling factor of these high-shear re-
gions of fs . 20% (see Pety & Falgarone 2003, for a similar
discussion). However, such high values may be partially due to
feedback effects. Previous studies have associated the location
of turbulent dissipative structures with the position of individ-

ual dense cores (Pety & Falgarone 2003; Hily-Blant & Falgar-
one 2007; Hily-Blant et al. 2008; Hily-Blant & Falgarone 2009)
in agreement to the previously proposed transition to coherence
during the formation of these objects (Goodman et al. 1998;
Pineda et al. 2010). Instead, the homogeneous coverage of our
maps shows how these high-shear features detected in HNC are
systematically associated to the location of many of the dense
fibers identified in N2H+ rather than to individual cores (see
Fig. 10). Unlike previous findings, our results (Sect. 5.1-5.2.2)
thus favor the interpretation of turbulence to be dissipated be-
fore the formation of cores and during the formation of these
first dense gas structures in molecular clouds.

From the analysis of these velocity gradient maps, we do not
observe any preferential direction of the velocity field with re-
spect to the dense structures. This result does not enable us to
favor and/or rule out any of the filament formation mechanisms
in shock compressed layers (see Pineda et al. 2023, for a review).
We only observe the intermittent behavior of shocks and dissipa-
tive patterns as they appear near fibers. A larger statistical sample
together with simulations may allow for better constraints to be
placed on the properties of turbulence dissipation and its link to
the formation processes of filaments in molecular clouds.

6. Conclusions

Our aim in this work is to investigate the kinematics of the dif-
fuse gas and the link between turbulence dissipation and the for-
mation of fibers. We characterized the physical and kinematic
properties of a reduced sample of the EMERGE Early ALMA
Survey, a sample of five star-forming regions in Orion, all homo-
geneously surveyed in N2H+ (1-0) and HNC (1-0) at 4.5 arcsec
(or 2000 au) using high-resolution large-scale ALMA+IRAM-
30m mosaics (see Paper I). Our survey includes OMC-3, 4 South
and LDN 1641N in Orion A as well as NGC 2023 and the Flame
Nebula in Orion B covering a wide range of star-formation
regimes, cloud morphology, and evolutionary stages. We sum-
marize our main results as follows:

1. Our data sample the HNC (1-0) gas properties across our sur-
vey. The high resolution (2000 au) allows us to investigate
the complex organization of the gas in detail, revealing that
HNC trace diffuse (N(H2) & 1022) material showing an irreg-
ular and chaotic distribution that extends outside the dense
material. The organization of the diffuse gas appears similar
across our sample, which covers a wide range of different
environments (Sect. 3);

2. We investigated the kinematics of the diffuse gas through the
analysis of the line width and of the nonthermal velocity dis-
persion to evaluate its turbulent regime (Sect. 4). Our results
demonstrate that the diffuse gas is overall more turbulent
than the dense material. While the fibers are quiescent struc-
tures characterized by subsonic motions, σnt/cs increases at
the edges of the N2H+ contours, although it does not follow
a regular spatial distribution. This result is in agreement with
previous works suggesting that the transition to coherence
occurs at fibers and not core level, with fibers being the first
structures formed out of the turbulent cascade (Sect. 5.1).

3. The kinematics of the diffuse gas is highly influenced by
feedback, which results in the broadening of the line width
and the increase in turbulence motions (Sect. 4.2). We tested
this effect only on the Flame Nebula; however, we need to
consider that despite it being less severe, feedback affects all
our targets. Moreover, the distribution of the turbulent mo-
tions appears more chaotic and irregular in the region influ-
enced by feedback.
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4. We investigated the turbulent state of the gas within our sam-
ple through the statistical analysis of the diffuse gas centroid
velocity increments observed in HNC (Sect. 5.2). We also in-
troduced the use of velocity gradient statistics for these pur-
poses (Sect. 5.2.2) which takes advantage of the high spatial
sampling provided by our ALMA observations.

5. Overall, the gas velocity gradients describe a normal distri-
bution with typically ∇Vlsr ≤ 5 km s−1 pc−1 as expected
for a gas dominated by random motions. In contrast, we
identified high-shear regions in all our targets showing ex-
treme gradients |∇Vlsr | ≥ 10 km s−1 pc−1 (Sect. 5.2.2). These
points are concentrated forming elongated features at inter-
mediate column densities (N(H2) ∼ 1022 cm−2) with typical
sizes of ∼0.1-0.3 pc, occupying a small surface filling factor
fs ≤ 20% of our maps. These high velocity gradient regions
are associated with some fibers (not all), in agreement with
the intermittent nature of turbulence where dissipation likely
operates as irregular phenomenon in time and space.

Despite their small filling factor, these high-shear regions are
major contributors ( fε > 30− 60%) to the turbulence dissipation
in our targets (Sect. 5.3). We interpreted these high-shear fea-
tures as regions of high vorticity associated to the location of
many of the dense fibers, favoring the interpretation of turbu-
lence to be dissipated before the formation of cores and during
the formation of these first dense gas structures.

Data availability

The ALMA+IRAM-30m HNC (1-0) cubes are avail-
able as Data Release 3 (DR3) on the following website:
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Fig. A.1: Similarly to Fig. 1, maps of the four remaining star-forming regions in the EMERGE Early ALMA Survey, namely
OMC-4 South, LDN 1641N, NGC 2023, and the Flame Nebula. From left to right: Plot of the integrated intensity I(HNC) observed
at 4.5 arcsec resolution with ALMA+IRAM-30m (left panels), the gas kinetic temperature TK derived from the HCN-HNC ratio
observed with IRAM-30m at 30 arcsec resolution (central panels; see Paper I), and the total column density N(H2) map as observed
by Herschel at 36 arcsec resolution (right panels; Lombardi et al. 2014). Beam sizes and scale bars are placed in the bottom-right
corner.

Appendix A: Additional maps

In this appendix, we present all the maps of our EMERGE Early
ALMA survey in OMC-4 South, LDN 1641N, NGC 2023, and
the Flame Nebula (see also Fig. 1 for those in OMC-3). We show

in Fig. A.1 the HNC integrated intensity I(HNC) (left) observed
at 4.5 arcsec resolution with ALMA+IRAM-30m, the gas kinetic
temperature TK (middle) derived from the HCN-to-HNC ratio
observed with IRAM-30m at 30 arcsec resolution (see Paper I),
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Fig. A.2: Individual distribution of the Mach number for the five regions in the EMERGE Early ALMA Survey (see Fig. 4) compared
to the whole sample and the N2H+ data (excluding OMC-1 and -2, see Socci et al. 2024a,b, for a full discussion). The red dotted
and dashed lines at σnt/cs = 1 and 2 mark the transition between the sub-, tran-, and supersonic regimes, respectively.

Table B.1: HNC multi-component fit

Target Fit Single comp. Multi-comp.
2 comp. 3 comp.

OMC-3 24316 21538 (89%) 2758 (11%) 20 (< 1%)
OMC-4 South 22743 20245 (89%) 2442 (11%) 56 (< 1%)
LDN 1641N 19379 16475 (85%) 2903 (15%) 1 (< 1%)
NGC 2023 20900 15009 (72%) 5849 (28%) 42 (< 1%)
Flame Nebula 16147 8866 (55%) 6954 (43%) 327 (2%)

Sample 103485 82133 (79%) 20906 (20%) 446 (< 1%)

and the total gas column density N(H2) maps (right) derived
from Herschel observations at 36 arcsec resolution (Lombardi
et al. 2014). The gray contours show the N2H+ (1-0) integrated
intensity above 3σ (the N2H+ maps are visible in Paper III). We
also include Figs. A.2 and A.3 to better compare the M distri-
bution of the individual regions of the EMERGE Early ALMA
Survey with respect to the entire sample.

Appendix B: Multi-component fit

In this appendix, we discuss the fitting routine mentioned in
Sect. 4. We performed both a single- and multi-component fit-
ting on our data using customized GILDAS/CLASS (Pety 2005;
Gildas Team 2013) routines following similar fitting strategies
than other papers in the literature (Hacar et al. 2013, 2018).
The latter shows the majority (∼ 79%) of the spectra fitted
with only one component in HNC, while only a marginal num-
ber of spectra with two (∼ 20%) or three (< 1%) components.
We report in Tab. B.1 the statistics on the number of compo-
nents fitted for each target. The distribution of single- and multi-
component spectra is regular across the whole sample, with the

Table B.2: Kinematics of the diffuse gas: properties extracted
from the multi-component fit

Target ∆V Ms
(km s−1)

OMC-3 1.7+0.5
−0.4 2.5+0.7

−0.6
OMC-4 South 1.8+0.8

−0.6 3.1+1.1
−1.1

LDN 1641N 1.6+0.5
−0.6 2.8+1.0

−1.0
NGC 2023 1.6+0.7

−0.7 2.5+1.2
−1.1

Flame Nebula 1.5+1.0
−0.5 2.1+1.2

−0.9

Sample 1.7+0.7
−0.6 2.6+1.1

−1.0

Flame Nebula as the only outlier that presents ∼ 45% of multi-
component spectra. For comparison, we produced velocity dis-
persion maps. From these second-moment maps M2 we derived
an independent measure of the line width following the relation
∆V =

√
2ln2 M2.

Since we focus on the kinematics, we compare the line
width values and the maps obtained from these three methods
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Fig. A.3: Individual cumulative distribution of the Mach number for the five regions in the EMERGE Early ALMA Survey (see Fig.
4) compared to the whole sample and the N2H+ data (excluding OMC-1 and -2, see Socci et al. 2024a,b, for a full discussion). The
red dotted and dashed lines at σnt/cs = 1 and 2 mark the transition between the sub-, tran-, and supersonic regimes, respectively.

Table B.3: HNC fit errors

Target Single comp. Multi-comp.
σVlsr σ∆V σVlsr σ∆V

OMC-3 0.02 0.04 0.02 0.05
OMC-4 South 0.06 0.2 0.06 0.15
LDN 1641N 0.03 0.07 0.03 0.08
NGC 2023 0.03 0.10 0.04 0.11
Flame Nebula 0.04 0.08 0.04 0.09

Sample 0.04 0.09 0.04 0.10

in Fig. B.1. The overall ∆V distribution (top row) is similar for
single- and multi-component between 0 and 5 km s−1, with sys-
tematically lower median values for the multi-component fit (all
values in Tab. B.2). The distribution obtained from the second
moment map appears to be much narrower and slightly skewed
towards higher values. This discrepancy may be due to the mo-
ment map definition, by summing the emission along the spectra
axis. Considering the positions with multiple Gaussian compo-
nents, the velocity dispersion estimated by the second moment
map will represent the separation between the components, not
its line width. Following this interpretation, this difference is
mostly visible in the Flame Nebula, as expected since is the
region where the highest number of multiple components has
been fitted. We also compare the line width maps for OMC-
3 (middle row) and the Flame nebula (bottom row). For the
multi-component fit we produce this line width maps selecting
the value extracted from the brightest component. In OMC-3
we notice that the spatial distribution of ∆V is similar between
the three different methods, mirroring the discrepancy observed
in the histograms. This result is not surprising, since the multi-
component detected in OMC-3 is only 11% of the fitted spec-

tra. The discrepancy is much more visible in the Flame Nebula,
where only the 55% of the spectra is fitted with a single com-
ponent. Again, the overall distribution of the values is similar in
the South where the values are below 2 km s−1, however, in the
North the values in the single component map are much higher
with respect to the other methods.

As already explained in Sect. 4, our goal is investigating the
kinematics of the diffuse gas and its spatial distribution. Produc-
ing line width and velocity gradients maps requires the selection
of a single value to describe each pixel. Thus, we need to reduce
the spectra fitted with multiple components either by taking (i)
the brightest component among the ones fitted, (ii) the broadest,
or (iii) their average. Considering that none of the methods is
flawless and the results are in general in agreement, and that a
selection bias would be introduced in case of multi-component
analysis, we adopt the single-component fitting routine in our
study as the simplest approach. According to this choice, the line
width estimated following this single-component routine is to be
considered as an upper limit, as multiple components may be fit-
ted by a single broad Gaussian function. On the other hand, the
velocity gradient calculation may also be affected by this choice,
with high velocity gradients resulting as a jump between differ-
ent components.

We reported a two examples of spectra fitted with the single
component routine in OMC-3 in Fig. B.2. As discussed above,
the majority of the fitted spectra (89%) are similar to the narrow
lines (left), while there is only a small fraction (11%) of multi-
component spectra (right).

To check that our choice of a single-component would af-
fect our analysis, we compare the spatial distribution of the fit-
ted multi-components with our line width and velocity gradient
maps in Fig. B.3 for OMC-3 (top) and the Flame Nebula (bot-
tom). Considering OMC-3, we notice that there is no system-
atic spatial correlation between the location of multi-components
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Fig. B.1: Line width estimates from different methods. From left to right: single (left panels), multi-component fit (central panels),
and moment two method (right panels) maps. We display the histogram of the line width for all the targets (top), the line width
maps for OMC-3 (middle), and for the Flame Nebula (bottom). The gray contours show the N2H+ (1-0) integrated intensity above
3σ (the N2H+ maps are visible in Paper III). Beam sizes and scale bars are placed in the bottom-right corner.

and the increase of ∆V (middle panel) or high velocity gradi-
ents (right panel) regions (marked by red contours). The pic-
ture is more complex for the Flame Nebula (bottom) since the
number of multi-components is larger (∼ 45%) and they are lo-
cated mostly in the northern region that corresponds to the area
severely affected by feedback (see Sect. 4.2). However, no clear
correlation is observed for the high-shear regions.

Appendix C: Velocity gradients: method
comparison

To demonstrate the validity of the velocity gradient analysis in
finding high-shear regions, we compared the results presented in
Sect. 5.2.2 with those obtained using (a) the velocity increments
method presented in Sect. 5.2.1 and traditionally used in previ-
ous works of the literature, and (b) the annulus method.

Following Goodman et al. (1993), our original calculations
estimate the observed velocity gradient ∇Vlsr by minimizing the
best fitted velocity gradient to all pixels within a box of size L.
In the annulus method, instead, we computed the velocity gra-
dients in an annulus |∇Vlsr |annulus, applying the same procedure
but only on the annular region at distance L, without considering
the points at shorter distances (Lis et al. 1996, 1998). In these
latter methods, we considered all the points between L − 0.5 pix
L + 0.5 pix, similar to the method presented in Lis et al. (1998).
We set L = 0.04 pc (equivalent to 20.25 arcsec or 4.5 beams) and
a minimum number of 20 independent, Nyquist-sampled pixels
considering on average 72 independent pixels per annulus.

Similar to our standard gradients, the annulus method can
be used to decompose the observed gradient into each specific
x and y projection, that is ∇Vlsr, x|annulus and ∇Vlsr, y|annulus gra-
dients, respectively. Figure C.1 displays the results of the an-
nular method (dashed area) compared to those obtained in our
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Fig. B.2: Examples of fitted spectra in OMC-3. The red line show the single component Gaussian fit.

previous gradient calculations (solid area) in Fig. 11. The re-
sulting distributions show a statistically indistinguishable peak,
width, and skewness in all regions in our survey. Likewise, the
departure from a Gaussian profile occurs at similar values of
∼ 10 km s−1 pc−1, in close agreement to our previous results.
In Fig. C.2, we display the distribution of gradients obtained by
this annulus methods. Not surprisingly, both the distribution and
magnitude of these gradients (blue colors) as well as the areas
exhibiting high-shear (enclosed by red contours) are similar to
those obtained by our standard gradients (see Fig. 10).

We display a comparison of the three methods in OMC-3 in
Fig. C.4, all displayed in gradient units. As seen by these com-
parisons the three methods produce similar results on the distri-
bution and magnitude of velocity gradients within our targets. To
systematically quantify the similarities of these results we com-
pared pixel-by-pixel the magnitude of the gradients obtained by
the three methods, |∇Vlsr | (gradient method) |∇Vlsr |annulus (an-
nulus method), and |∇V ′lsr | =

〈δVlsr〉

L (velocity increments), in
Fig.C.5. As expected, the comparison of the gradient and annu-
lus methods in Fig. C.5 (left panel) shows a positive and almost
linear (red dashed line) correlation between these two estimates
and illustrates the excellent agreement of these two methods. A
similar positive correlation is also observed when comparing the
gradient method with the velocity increments in Fig. C.5 (right
panel). As discussed in Fig. 7 however this correlation appears
noisier, particularly at low gradient values. This is expected by
the lower number of pixels used in this method (only those in
the annulus) in comparison with our gradient calculations (also
including all points within it). Although sublinear, the correspon-
dence between these two methods tightens at large gradient val-
ues, particularly in the regions of interest above & 8 km s−1 pc−1.

Our comparisons show how these three methods (gradients,
annulus, and velocity increment) produce comparable results
and can be used as statistical tools to quantify the velocity field
in our clouds. As demonstrated in this Appendix, the three meth-
ods reproduce similar gradient values both in terms of magnitude
and location. Likewise, these comparisons allowed us to safely
compare our gradient results with previous estimates using other
techniques such as annulus and velocity increments (Lis et al.
1996, 1998; Pety & Falgarone 2003). Among the three meth-

ods explored here, we decided to use our gradient estimates as
the simplest and most stable approach, producing consistent es-
timates of both magnitude and orientation. We remark however
that the results of this paper would be similar if any of the other
two methods would be employed.
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Fig. B.3: Influence of the number of fitted components in the analysis of the OMC-3 (top) and the Flame Nebula (bottom) regions.
From left to right: Number of components obtained using the multi-component fit (left panel), the recovered line width ∆V (central
panel) obtained from the single-component routine and velocity gradient |∇Vlsr| (right panel), maps again from the single-component
fit. The gray and red contours show the N2H+ (1-0) integrated intensity above 3σ (the N2H+ maps are visible in Paper III), and the
high velocity gradient regions identified in Fig. 11, respectively. Beam sizes and scale bars are placed in the bottom-right corner.
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Fig. C.1: Histogram of the projection of the gradient along the α (left) and δ axes (right) in all the targets in our survey. We compare
the results obtained using the standard gradient method (solid area) and the annulus method (hatched area) for a L = 0.04 pc lag.
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Fig. C.2: HNC (1-0) Vlsr annulus gradient maps of the five star-forming regions in the EMERGE Early ALMA Survey at 4.5 arcsec
resolution with ALMA+IRAM-30m. The gray contours show the N2H+ (1-0) integrated intensity above 3σ (the N2H+ maps are
visible in Paper III). The red contours display the high velocity gradient regions identified in Fig. C.1. Symbols are similar to those
in Fig. 1. Beam sizes and scale bars are placed in the bottom-right corner.
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Fig. C.3: Histogram of the projection of the gradient along the α (left) and δ axes (right) in all the targets in our survey. We compare
the results obtained using the standard gradient method (solid area) and the increment method (hatched area) for a L = 0.04 pc lag.
The red lines show the Gaussian fit applied to the distribution.Article number, page 28 of 29
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Fig. C.4: Comparison between the maps obtained with the gradient, annulus, and increment methods in OMC-3, all displayed in the
same units and scale. The gray contours show the N2H+ (1-0) integrated intensity above 3σ (the N2H+ maps are visible in Paper
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in Figs. 10, C.2, and 7.
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Fig. C.5: Comparison between the results obtained with the gradient, annulus, and increment methods. The red dashed line marks
the points for which the results coincide.
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