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ABSTRACT

Context. Filaments are a key step on the path that leads from molecular clouds to star formation. However, their characteristics, for
instance their width, are heavily debated and the exact processes that lead to their formation and fragmentation into dense cores still
remain to be fully understood.
Aims. We aim at characterising the mass, kinematics, and stability against gravitational collapse of a statistically significant sample
of filaments in the Orion B molecular cloud, which is renown for its very low star formation efficiency.
Methods. We characterised the gas column densities and kinematics over a field of 1.9 deg2, using C18O (J = 1 − 0) data from the
IRAM 30 m large programme ORION-B at angular and spectral resolutions of 23.5′′ and 49.5 kHz, respectively. Using two different
Hessian-based filters, we extracted and compared two filamentary networks, each containing over 100 filaments.
Results. Independent of the extraction method, the filament networks have consistent characteristics. The filaments have widths of
∼ 0.12 ± 0.04 pc and show a wide range of linear (∼ 1 − 100 M� pc−1) and volume densities (∼ 2 × 103 − 2 × 105 cm−3). Compared
to previous studies, the filament population is dominated by low-density, thermally sub-critical structures, suggesting that most of
the identified filaments are not collapsing to form stars. In fact, only ∼ 1% of the Orion B cloud mass covered by our observations
can be found in super-critical, star-forming filaments, explaining the low star formation efficiency of the region. The velocity profiles
observed across the filaments show quiescence in the centre and coherency in the plane of the sky, even though these profiles are
mostly supersonic.
Conclusions. The filaments in Orion B apparently belong to a continuum which contains a few elements comparable to already
studied star-forming filaments, for example in the IC 5146, Aquila or Taurus regions, as well as many lower density, gravitationally
unbound structures. This comprehensive study of the Orion B filaments shows that the mass fraction in super-critical filaments is a
key factor in determining star formation efficiency.

Key words. ISM: clouds - ISM: structure - ISM: kinematics and dynamics - Methods: data analysis - Radio lines: ISM - ISM:
individual object: Orion B

1. Introduction

For decades, filaments of interstellar dust and molecular gas
have been known to represent an important structural ele-
ment of star-forming regions in the Galaxy (e.g. Schneider &
Elmegreen 1979). The possible mechanisms leading to the for-
mation of interstellar filaments are numerous, and can involve
turbulence, gravity, magnetic fields, or any combination of these
(e.g. Padoan et al. 2001; Burkert & Hartmann 2004; Hennebelle

? Based on observations carried out at the IRAM 30 m single-
dish telescope. IRAM is supported by INSU/CNRS (France), MPG
(Germany) and IGN (Spain).

2013; Smith et al. 2014; Federrath 2016). The presence of fila-
ments in non-self-gravitating clouds (e.g. Ward-Thompson et al.
2010) suggests that turbulence plays a major role in filament
formation. It has been proposed that filaments result from the
intersection of sheet-like shock structures in supersonic turbu-
lence (Pety & Falgarone 2000; Padoan et al. 2001). Recently,
Hennebelle (2013) showed that in fact if compression is neces-
sary to accumulate gas in the first place, shear is the main driver
behind clump elongation, and magnetic fields help confine fil-
amentary structures and therefore make them more long-lived.
Compression from winds of OB associations are also believed
to have formed some of the Pipe Nebula filaments (Peretto et al.
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2012). External ram pressure is not the only process leading to
the formation of filaments; in particular in self-gravitating gas,
self-gravity also has the effect of enhancing density anisotropies,
and thus clump elongation (e.g. Hartmann & Burkert 2007;
Peretto et al. 2007). Nagai et al. (1998) showed how gas sheets
in hydrostatic equilibrium threaded by a magnetic field can frag-
ment into filaments that are parallel or perpendicular to the field
lines, depending on the gas density.

Lately, far-infrared and submillimetre observations of the
sky made with the Herschel space observatory revealed the tight
link between the presence and properties of interstellar filaments
and their ability to form stars (e.g. André et al. 2010; Molinari
et al. 2010). It has been shown that more than 70% of grav-
itationally bound cores lie within thermally super-critical fila-
ments, where the linear density Ml is larger than a critical value
Mcrit

l above which the filaments become gravitationally unsta-
ble (Polychroni et al. 2013; Könyves et al. 2015). This sug-
gests that most star-forming cores form as the result of gravi-
tational instabilities occurring within unstable filaments (André
et al. 2014). Another key proposition that has emerged from
Herschel observations of star-forming clouds in the Gould Belt
is the potential universality of the width of interstellar filaments
at ∼ 0.1 pc (Arzoumanian et al. 2011). This width seems to
be relatively independent of the central column density of the
filaments, which is surprising as the densest filaments would
be expected to collapse quickly and radially into thin spindles.
Arzoumanian et al. (2013) proposed that accretion onto super-
critical filaments could maintain a constant filament diameter
during the contraction of the filament. However, using velocity-
resolved maps of the filament gas emission, Hacar et al. (2013,
2018) proposed that the filament width is actually not universal;
but the filament width depends on environment and has broader
filaments in low-mass, star-forming regions and narrower fila-
ments in massive star-forming regions. In this picture, all fila-
ments have a linear density that is about critical, close to hy-
drostatic equilibrium, explaining why they would not collapse
into spindles. The so-called universality of the filament width
would then be an observational bias of dust continuum emission
maps that would merge narrower, velocity coherent filaments
(called “fibres” by Hacar et al. 2013) into one, non-velocity co-
herent elongated structure. Filaments formed in numerical sim-
ulations that involve the three key elements (turbulence, grav-
ity, and magnetic fields) discussed above seem to agree with
Herschel results regarding the proposed universality of filament
widths (e.g. Kirk et al. 2015; Federrath 2016), possibly linked to
the scale at which the gas becomes subsonic, as first proposed
by André et al. (2010). However, the predicted decrease of the
velocity dispersion towards the inner parts of filaments is not al-
ways observed (Williams et al. 2018). This question of the (non-
)universality of filament widths is still very much debated (e.g.
Panopoulou et al. 2017).

Observationally, the statistical characterisation of filament
kinematics is a difficult task because it requires a large amount
of telescope time. Until recently, only studies dedicated to a few
individual filaments have been performed (Busquet et al. 2013;
Hacar et al. 2013; Kirk et al. 2013; Peretto et al. 2013, 2014;
Hacar et al. 2016; Williams et al. 2018). Only in the last few
years, large surveys such as the Green Bank Ammonia Survey
(GAS; Friesen et al. 2017) and the CARMA-NRO Orion Survey
(Kong et al. 2018) have started to observe Gould Belt clouds in
molecular lines over several square degrees. Such large datasets
are required to build statistically significant samples of filaments
and characterise their dynamical properties. However, none of
these large surveys have yet looked in detail at the filament pop-

ulation. We propose to use observations from the IRAM 30 m
large programme Outstanding Imaging of OrioN-B (ORION-B)
to analyse the properties of the Orion B filaments over an area of
1.9 deg2. This study will provide, for the first time, a complete
picture of the filament population in the region and shed light on
the origin of the low star formation efficiency (SFE) observed in
Orion B.

This paper is organised as follows. In Section 2, we present
the IRAM 30 m, Herschel, and Planck data used in this study,
and the data processing to which the IRAM 30 m position-
position-velocity (PPV) cubes were submitted. Section 3 intro-
duces the filamentary network in the molecular cloud, and briefly
explains how it is detected; methodological details on the fil-
ament identification procedures can be found in Appendix B.
A statistical analysis of the physical properties that characterise
these filaments is presented in Section 4 , while the implications
of these properties for the structure and evolution of the filaments
are discussed in Section 5. Section 6 summarises the results and
provides outlooks for this work.

2. Observational data and data processing

We aim at studying the structure and dynamics of the filaments
in the south-western part the Orion B cloud. To do this, we need
to constrain the mass, temperature, kinematics, and magnetic
field in this region. We use Planck data to constrain the geome-
try of the source; we use the map of the C18O (J = 1 − 0) line
observed as part of the ORION-B large programme, combined
with a dust temperature map deduced from Herschel Gould Belt
Survey (HGBS) observations, to derive the other quantities. This
section presents the datasets and steps applied to obtain an accu-
rate map of the molecular hydrogen column density.

2.1. Molecular lines from the IRAM 30 m ORION-B large
programme

The ORION-B project (Outstanding Radio-Imaging of OrioN
B; co-PIs: Jérôme Pety and Maryvonne Gerin) aims at map-
ping about 5 square degrees of the southern part of the Orion B
molecular cloud over most of the 3 mm band in about 850 hours
of IRAM 30 m telescope time. The observing strategy and data
reduction are discussed in detail in Pety et al. (2017), and we
recall just a few key numbers. The observations cover a band-
width of 40 GHz, from 72 to 80 and from 84 to 116 GHz, in three
tunings of the EMIR receivers. The angular resolution ranges
from 36′′ to 22.5′′ for these frequencies. The median sensitiv-
ity of the Fast Fourier Transform Spectrometer (FTS) spectra
ranges from 0.1 K to 0.5 K in main beam temperature depending
on the frequency at a spectral channel spacing of 195 kHz. The
J = 1−0 lines of the 13CO and C18O isotopologues are observed
with a median noise of 0.12 K and a spatial resolution of 23′′. At
the typical distance of ∼ 400 pc of the Orion B cloud (Menten
et al. 2007; Schlafly et al. 2014; Schaefer et al. 2016), this cor-
responds to a resolution of about 45 mpc. The higher spectral
resolution but narrower bandwidth VESPA auto-correlator was
used simultaneously to observe several lines, including 13CO and
C18O (J = 1−0). The median noise for these data is 0.34 K (Tmb)
for a spectral channel spacing of 40 kHz. The PPV cubes of all
identified molecular lines are all smoothed to a 29′′ (60 mpc) res-
olution by convolution with a Gaussian kernel, and resampled
onto identical grids with a resolution of 9′′ × 9′′ × 0.5 km s−1

(or 0.1 km s−1 for VESPA). The spatial coordinates of the data
cubes are centred onto the photodissociation region (PDR) of
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the Horsehead Nebula and rotated by 14◦ anti-clockwise with re-
spect to RA-Dec (J2000) coordinates, so that the edge of the IC
434 PDR, from which the famous Horsehead Nebula emerges,
is vertical in the maps.

As the data are still being acquired, the field presented in
this paper covers 99′ by 68′, which corresponds to about 11.5
by 7.9 parsecs at the distance of Orion B (Fig. 1). It features
objects such as the Horsehead pillar, the NGC 2023 and NGC
2024 (a.k.a. Flame Nebula) star-forming regions, and the PDRs
IC 434 (illuminated by the multiple system σ Ori) and IC 435
(illuminated by HD 38087).

In this work we make use of the VESPA data because it pro-
vides a better spectral resolution while still retaining a good sen-
sitivity, similar to the FTS sensitivity when smoothing the data
to the same spectral resolution1. Most of the analysis focusses
on the C18O (J = 1 − 0) data cube, which is our best available
molecular tracer for the medium at high visual extinctions typi-
cal of filamentary structures. As Pety et al. (2017) have shown,
the 12CO but also the 13CO (J = 1−0) lines are saturated at high
visual extinctions, while the C17O (J = 1 − 0) line is only de-
tected around dense cores. In situations in which we compare the
filaments with the more diffuse surrounding medium, we com-
plement the C18O (J = 1 − 0) data with 13CO (J = 1 − 0).

Figure 1 shows a RGB representation of the complex veloc-
ity structure of the denser parts of Orion B, deduced from the
C18O (J = 1 − 0) PPV cube. A map of its peak temperature can
also be seen in Fig. B.1 (panel 1).

2.2. Modelling the data cube as a sum of Gaussian profiles

The maximum value of the peak signal-to-noise ratio over the
entire field of view in C18O (J = 1 − 0) is 63, while its median
value is 2.8. It means that many lines of sight over the studied
field of view are measured at a relatively low signal-to-noise ra-
tio. The first step of our analysis is thus to transform the noisy
observational data into a model cube. For that purpose, we per-
formed a multi-Gaussian fit of the spectra for each individual
line of sight. This provides a model data cube at a final spa-
tial resolution of about 60 mpc (see Appendix A). The resulting
model cube allows us to have a clean and easily exploitable rep-
resentation of the noisy signal without the problematic window-
ing effects that may occur when signal-to-noise ratio masks are
applied to the data.

2.3. Independent column density and temperature estimate
from the Herschel Gould Belt Survey

By fitting a composite spectral energy distribution built from
HGBS (André et al. 2010; Schneider et al. 2013) and Planck
satellite (Planck Collaboration XIX 2011) continuum observa-
tions, Lombardi et al. (2014) derived a dust temperature map
Tdust and a dust opacity map at 850µm, τ850. These maps have
a resolution of 36”, where HGBS coverage is available, and 5’
otherwise.

We converted the opacity map to a map of total hydrogen
column density NH using the following conversion factors:

NH/AV = 1.8 × 1021 cm−2 mag−1,

AV/τ850 = 2.7 × 104 . (1)

1 The data products associated with this paper are available at http:
//www.iram.fr/˜pety/ORION-B

Fig. 1. Composite image representing the velocity structure
present in the C18O (J = 1 − 0) cube. Each velocity channel
is directly encoded as a hue, and the final image is obtained by
additive colour synthesis. The brightest points correspond to 4 K
in main beam temperature. The labels indicate (1) the Horsehead
Nebula, (2) NGC 2023, (3) NGC 2024 (the Flame Nebula), (4)
the Flame filament, and (5) the Hummingbird filament. The spa-
tial and kinematic complexity of the cloud appear clearly in par-
ticular in regions such as the north-eastern part of the cloud or
around NGC 2023.

These factors are based on Bohlin et al. (1978) and Liszt (2014),
and on Rieke & Lebofsky (1985) and Cardelli et al. (1989), re-
spectively (see Pety et al. 2017, for detailed explanations).

The C18O (J = 1 − 0) line traces relatively dense (nH ∼

103 − 104 cm−3) material with low far-ultraviolet (FUV) illu-
mination (Pety et al. 2017; Gratier et al. 2017; Bron et al.
2018). Although the dust-to-gas coupling is completely estab-
lished only above 105 cm−3 (Goldsmith 2001), the dust temper-
ature should still be a better proxy for the gas temperature of
this relatively cold medium than the excitation temperature of
12CO (J = 1 − 0), which traces the warmer, more diffuse enve-
lope of the cloud (Bron et al. 2018). The dust temperature map
is shown in Fig. 2 (right).

2.4. C18O-derived column density

Using the integrated intensities from the modelled C18O (J =
1−0) cube, an estimate of the column density of C18O was com-
puted assuming local thermodynamic equilibrium (LTE) and an
optically thin medium in this line, and using the dust temperature
from Lombardi et al. (2014). We followed the standard equations
described in Mangum & Shirley (2015), using spectroscopic
data from the Cologne Database for Molecular Spectroscopy
(CDMS) (Müller et al. 2005). The C18O column density was
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Fig. 2. Left: NH column density map derived from the C18O (J = 1−0) integrated intensity (multi-Gaussian model). The orientation
of the magnetic field, derived from Planck polarimetric data, is shown by the black segments. The spacing of the segments corre-
sponds to the 5′ beam of Planck. Middle: Map of the ratio of the C18O-traced NH to the dust-traced NH above 3 magnitudes of AV
in Orion B. Superimposed are contours of the C18O (J = 1 − 0) integrated intensity at 0.75, 2.5 and 7.5 K km s−1. Right: Effective
dust temperature map computed by Lombardi et al. (2014). The black segments again show the orientation of the magnetic field.

converted to NH via NH = 2 · NC18O/5.6 × 10−7. This assumes
that all the available carbon is locked in gas-phase CO and has a
C/H2 abundance of ∼ 2.8×10−4 (Sofia et al. 2004; Parvathi et al.
2012; Gerin et al. 2015) and a 18O/16O isotopic ratio of ∼ 1/500
(Wilson & Rood 1994).

The obtained column densities are not expected to trace the
totality of the matter present along the line of sight, as there
can be both atomic and molecular C18O-dark gas in the fore- or
background of the molecular emission region. When comparing
this molecular emission and the dust extinction AV derived from
Herschel data, Pety et al. (2017) showed that the C18O emission
starts to be detected at AV ∼ 3. We therefore compared the ob-
tained C18O-traced column densities to the dust-traced column
density above 1 magnitude of AV, rather than to the total dust-
traced column density. The comparison of these tracers in the fil-
amentary regions identified and analysed in this work is shown
in Fig. 3. We see a good consistency of the resulting column den-
sities. The ratio of NH[C18O]/NH[AV − 3 mag] has a mean value
of 1.02, a median of 0.83, and has a standard deviation of 1.19.

The middle panel of Fig. 2 shows the spatial distribution of
the NH[C18O]/NH

[
AV − 3 mag

]
ratio, which is close to one in

a large fraction of the map. It is significantly smaller than 1 on
the western edge of the cloud, and in particular at the base of the
Horsehead pillar. This might be an effect of selective photodisso-
ciation: at the edge of the IC 434 PDR, the self-shielding of C18O
is too weak to prevent its destruction by FUV radiation. The ratio
is also much smaller than 1 in a region to the north-east, which is
the coldest in the current field of view and is known to harbour
dense cores. In that case, C18O depletion is the most probable
explanation because the dust is cold enough for CO to freeze out
on grain surfaces. The NH[C18O]/NH[AV − 3 mag] ratio is con-
versely significantly larger than 1 in several low-density regions
lying to the east. In these regions, away from the sources of pho-
todissociating radiation, AV ranges from 3.0 to 5.4, with an aver-
age of 3.5, close to the chosen extinction threshold of 3 magni-
tudes. In this region the column density ratio becomes very sen-
sitive to the choice of the extinction threshold, leading to higher

Fig. 3. Joint distributions of the NH column densities as traced by
C18O (J = 1 − 0) against those inferred from AV with an offsets
of 3 magnitudes. This threshold corresponds to the extinctions
at which the molecular tracers starts to be detected according to
Pety et al. (2017). The distribution is computed in the identified
filamentary regions. The 1:1 relation is overplotted as a black
line.

uncertainties. The extinction threshold may vary across the field
of view and reach somewhat lower values in regions away from
the interface with IC 434. The ratio is also larger than 1 around
NGC 2024, which is mostly likely due to a layering effect with
a significant temperature gradient along the line of sight, poorly
rendered by a single value of effective dust temperature. As a
consequence, the dust-traced column density is underestimated
and the CO-traced column density is overestimated (Pety et al.
2017).
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Fig. 4. Joint distribution of the ratio of C18O-traced vs. dust-
traced NH column density (Fig. 2 middle) against the dust tem-
perature (Fig. 2 right), taken only in the identified filamentary
regions.

The question of depletion by freeze-out is important when
studying filaments because they are expected to be dense and
cold, and CO is known to freeze out at temperatures < 20 K.
We therefore compared the NH[C18O]/NH[AV − 3] ratio to the
temperature (Fig. 4) to search for potential signs of such a sys-
tematic depletion effect in the regions identified as filamentary
(see Sect. 3.2). A tail, corresponding to both a lower tempera-
ture and a lower column density ratio, exists in the distribution.
However, the lines of sight where CO is probably depleted (lines
of sight with a temperature below 20 K and a column density ra-
tio 50% below its average value) amount to less than 8% of the
filamentary regions. Moreover, they almost exclusively lie in the
north-eastern cold core region, which does not host major fila-
ments (see Fig. 1 and Fig. 2). For the most part, C18O (J = 1−0)
is therefore a tracer well suited to recover the gas column den-
sities in the density and temperature regimes of the filamentary
regions of the Orion B cloud.

2.5. Magnetic field orientation from the Planck all-sky survey

We also used Planck polarisation data2 at 353 GHz to estimate
the orientation of the magnetic field in Orion B. The Stokes I, Q,
U maps were used at their native resolution of 5’ to derive the
polarisation angle χ and the magnetic field angle ψ, which is ro-
tated by 90◦ with respect to χ in the International Astronomical
Union convention. These angles were rotated to match the cus-
tom north-south axis of our projection; i.e. 0◦ points to the top of
the presented field, not to the standard north in J2000 equatorial
coordinates. The orientation of the magnetic field ψ is presented
in the left and right panels of Fig. 2 superimposed on the column
density map and temperature map, respectively.

2 Based on observations obtained with Planck (http://www.esa.
int/Planck), an ESA science mission with instruments and contribu-
tions directly funded by ESA Member States, NASA, and Canada.

3. Detection and characterisation of the filamentary
network

3.1. Qualitative description of the filaments

Figures 1 and 2 suggest that observations of C18O (J = 1 − 0)
bring out a complex molecular filamentary network. At the very
centre of the observed field, the star-forming region NGC 2024
shines brightly. This spot has both the warmest temperature and
highest column density in this area. The molecular emission
comes from a dense filament, seen in the optical as a dark dusty
lane in the foreground of the young Hii region, with a charac-
teristic shape that earned the Flame Nebula its name. This large
Flame filament can be clearly seen in C18O (J = 1 − 0), as it
flows diagonally from NGC 2024 to the south-east. In its more
diffuse part, it is clearly sub-structured, made of parallel strands
of molecular gas.

At the south-west of our field lies the Horsehead Nebula,
with its characteristic shape. This nebula is a pillar carved in
the Orion molecular cloud by the IC 434 Hii region. Between
NGC 2024 and the Horsehead lies the quieter star-forming
region NGC 2023. The kinematics of the gas surrounding
NGC 2023 is complex; this region has at least two velocity com-
ponents (visible in green and orange colours in Fig. 1), and the
filaments this medium might host are less obviously distinguish-
able by eye.

Just north of the Flame Nebula lies a filamentary region ex-
posed to the influence of the NGC 2024 Hii region. Further
north, the round shape of the Hii bubble becomes less visible
(δx; δy ≈ −20′;−40′). At the northern edge of our field lies an-
other long filament, which we dub the Hummingbird filament.
By eye, it is the second longest filament in the cloud after the
Flame filament, and it stands out as an isolated structure, which
makes it a perfect subject to study for example gravitational frag-
mentation. Finally, to the north-east lies a blue-shifted turbulent
region containing dense cores within a complex velocity struc-
ture. Here again, the filaments are not easy to identify by eye.

3.2. Identifying the filaments

Visual inspection is insufficient to locate precisely and objec-
tively and thus study filaments, in particular in the most entan-
gled regions. Therefore, we implemented several algorithms to
identify filamentary structures in a map. These algorithms are
presented in detail in Appendix B. We describe the concepts we
use and we briefly summarise the algorithms that we apply to the
NH map derived from the C18O (J = 1 − 0) integrated intensity.

3.2.1. Morphological definition and extraction algorithms

From an observational point of view, we can qualitatively define
filaments as elongated, over-dense structures in the molecular in-
terstellar medium (ISM). We thus expect to see these as bright
structures with high aspect ratios. If we were looking at the alti-
tude map of a mountainous region, where the altitude would cor-
respond to the brightness of molecular emission, the filaments
would correspond to the main mountain ranges of this region.
The ridge lines of these mountain ranges would correspond in
turn to the filamentary skeleton. These mountain ranges, and
these ridge lines, can be simply defined in terms of topography,
that is in terms of differential properties of the studied map.

The filaments are characterised by the properties of the
Hessian matrix, the second derivative of the map (Schisano et al.
2014): the main directions of variation are identified and ridges
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appear as local maxima along one direction, while the perpen-
dicular direction shows negligible, or at least smaller, variation
(Table B.1). The first filament extraction procedure was meant to
be as straightforward as possible, and simply applied a threshold
on the eigenvalues of the Hessian matrix yielding the skeleton
S1. The second procedure aimed at introducing several refine-
ments: the data were rescaled with an arcsinh function prior to
the computation of the Hessian matrix, then the eigenvalues were
used to compute the local aspect ratio of the structures in the
column density map, and the gradient was also used to refine the
ridge detection. The whole analysis was performed in a multi-
scale fashion, and yielded the skeleton S2. The details of both
approaches are described in Appendix B.

3.2.2. Skeletons, bones, nodes, and filamentary network

To avoid confusion between the different filamentary objects that
are discussed in this paper, we define them as follows. The fil-
ament identification process yields a set of 1-pixel wide curves,
which constitute a graph called the “skeleton” (or “filamentary
skeleton”). These lines have endpoints and intersections, which
are called “nodes”; the branches of the graph between two nodes
are “bones” (as in Panopoulou et al. 2014). The bones can be
fleshed out by attributing some of the surrounding gas to each 1-
pixel wide curve, thus yielding “individual filaments”. Taken to-
gether, these individual filaments form a “filamentary network”
(i.e. a fleshed-out skeleton). Some objects visible in the field and
spontaneously referred to as filaments can be made of several
individual filaments (e.g. the Flame filament); to avoid confu-
sion these are therefore referred to as “filamentary structures”.
Finally, the term “filamentary regions” refers to the regions iden-
tified as bright and structured during the filament identification
process, regardless of any attribution of the gas to a specific in-
dividual filament (binary masks shown in panel 5 of Fig. B.1 and
B.2).

3.2.3. Skeleton analysis

The two methods show disparities. Some structures can be iden-
tified by one method and not the other, or vice versa. To assess
the similarities and differences quantitatively, we superimpose
both skeletons (Fig. 5). The different filtering approaches can
lead to differences of the order of one or two pixels in the posi-
tion of the identified structures. But as this does not have much
impact on the further analysis of the filaments, such neighbour-
ing points are considered as matching points, up to a distance of
two pixels. While there are some structures that are exclusive to
one skeleton or the other, this criterion shows that a large por-
tion (about 68% of S1, 83% of S2) of the skeletons is common
to both methods.

Rather than choosing between the two possible skeletons,
our approach is to keep both and study them and their statis-
tical properties to assess the variability in the physical proper-
ties that can result from a variability in filament identification
method. Therefore, four skeletons in total are compared through-
out this work: the skeleton S1 obtained by simple thresholding;
the skeleton S2 obtained by the adaptive method with ridge-
detection; the “robust skeleton”, which is made of the common
or neighbouring points of S1 and S2 ,and thus corresponds to
the intersection S1∩S2; and the “composite skeleton”, which is
made of all the points of S1 and S2, and thus corresponds to the
union S1∪S2. Since the robust skeleton has, by construction, a
thickness of two or three pixels because neighbouring points are

Fig. 5. Comparison of the skeletons obtained with the two dif-
ferent methods. The S1 skeleton denotes the skeleton obtained
by simple thresholding, and S2 is obtained by the adaptive
method with ridge detection. The structures only identified by
one method appear in red or blue, the structures common to both
methods appear in green if they perfectly match, and in yellow in
the cases where the morphological thinning led to small position
offsets (see Appendix B).

taken into account, it needs to be thinned again (see Appendix
B.1) to a single-pixel width. The first three skeletons are used
for statistical comparisons, while the last is useful for displaying
simple maps of the physical quantities.

Once the skeletons are extracted from the observational data,
we still need to identify the bones. This sorting of the skeleton
into bones and nodes allows us to analyse the local properties of
the filamentary skeleton. It also enables us to “clean” (Appendix
B.2) the skeleton by removing isolated nodes and short bones
(under 0.22 pc long), and those that do not match the defini-
tion of what a filament should be: curvature (Appendix B.2.2)
and contrast (Appendix B.2.3) can show that some structures are
not over-dense, narrow, or elongated enough to be regarded as
filaments. With the exception of the Appendix, the figures and
statistics presented in this paper are therefore obtained using the
cleaned skeletons.

3.3. Transverse profile fitting

The Hessian identification of filaments provides us with their po-
sition angles. We can thus study the cross-sections (or transverse
profiles) of the individual filaments, by plotting the variations
of a physical quantity of interest perpendicular to the bone’s lo-
cal major axis – in particular using the hydrogen column density
map.
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For the sake of simplicity and robustness (see Arzoumanian
et al. (2011) and Panopoulou et al. (2014) for a discussion), the
column density profiles of the individual filaments were consid-
ered to be Gaussian peaks superimposed on a linear baseline.
Such a profile is therefore constrained by five parameters: the
position x0 of the Gaussian with respect to the reference pixel in
the skeleton, the amplitude and width of the Gaussian, A and w,
and the slope and offset of the baseline, α and β as follows:

P(x) = α · x + β + A · exp
(
− (x − x0)2

2w2

)
. (2)

The range over which the profile is fitted, on either side of
the skeleton ridge, can have a strong influence on the resulting
model profile (Panopoulou et al. 2014). Therefore, we tried to
use a spatial range as wide as possible, but we were limited by
the density of the filamentary network: a very wide range can
intersect several individual filaments, which leads to incorrect
fitting results. As a compromise between these limitations, we
set the fitting range to six pixels on each side of the ridge (or
about 1.9’) to limit this effect. We thus avoid getting a secondary
bump in the outer parts of the profile, which would be due to
a neighbouring individual filament. However, even with this fit-
ting range, the same pixel in the column density map can be at-
tributed to several profiles, either of the same individual filament
(e.g. after a turn) or of neighbouring individual filaments.

We started by fitting the transverse profiles individually (i.e.
for each pixel of the skeleton). However, this led to strong de-
generacies between the various parameters when the baseline
deviates from the assumed straight line, which required human
supervision to be overcome. As wanted to avoid this in a semi-
automated, statistical analysis of the filamentary network, we set
the individual filament width w as a semi-fixed parameter. To de-
termine its value, we fit the mean profile of each individual fila-
ment with all five free parameters, since this mean profile has a
better signal-to-noise ratio and a more Gaussian shape than the
profiles for individual pixels. The obtained value of w is then
kept for the transverse profile of each pixel in the individual fil-
ament.

We have also taken into account the fact that the skeleton is
not always perfectly aligned with the physical ridge lines of the
filaments: as shown in Fig. 5, the thinning of the skeletons can
lead to positional uncertainties of about one or two pixels. For a
given transverse profile, this means that the peak of the profile is
off-centred, and that x0 , 0. Such offsets can artificially broaden
the mean profile. Therefore, a recursive approach is used: after
a first fit of the mean individual filament profile which results in
a given individual filament width, we fit each individual profile
using that width as a fixed parameter. This individual fit yields in
turn the position offset of the profile peaks, which allows us to re-
align the profiles before recomputing an updated, centred mean
profile. This centred mean profile is then fitted (with five free
parameters) and yields a better (usually narrower) estimate of the
average profile width in the individual filament. This filament is
then used to perform a better fitting, with only α, β, A and x0 as
free parameters, of the individual profiles.

The fit results give us access directly to such quantities as the
filament width (Sect. 4.1.1) and contrast (Appendix B.2.3) and
to quantities more closely linked to star formation, such as the
mass and gravitational stability of the filaments (Sect. 4.1.2).

Table 1. Mean, median, and most probable FWHM of filaments
for the three studied skeletons, resulting from mean profile fitting
of the C18O-derived NH column density.

Skeleton Mean Median Most probable Std dev
S1 0.11 pc 0.12 pc 0.13 pc 0.04 pc
S2 0.11 pc 0.12 pc 0.13 pc 0.04 pc

Robust 0.11 pc 0.12 pc 0.11 pc 0.04 pc

4. Physical properties of the filaments

4.1. Profile and mass

4.1.1. Filament width

The characteristic width of filaments is a direct output of col-
umn density profile fitting, and it is the most commonly mea-
sured and discussed quantity for filaments in the ISM (see
e.g. Arzoumanian et al. 2011, 2013; Kainulainen et al. 2016;
Panopoulou et al. 2014, 2017). The filament width is measured
on the global profile of each individual filament (as described
above), using a non-weighted average; i.e. all profiles in the in-
dividual filament are normalised to the same amplitude. The ob-
tained result is deconvolved from the synthetic Gaussian beam
of the fitted IRAM 30 m observations, which corresponds to 29′′
or about 60 mpc. The final width is thus given by wdeconv =√

w2
fit − 0.062 pc.
The results are shown in Fig. 6. The typical widths for each

skeleton, in terms of mean, median, or most probable value are
listed in Table 1. Except for a few individual filaments, mostly
short filaments for which the fit does not converge or yields
oddly high values (which is the sign of filaments with low con-
trast, see Appendix B.2.3), the spread of widths is rather small.

4.1.2. Linear density and gravitational stability

The next physical quantity derived from the profile fitting is the
linear density of the filaments. The linear density Ml of a fila-
ment should take into account only the matter in the filament
itself, not its foreground or background. This is why the linear
baseline of Eq. 2 is subtracted from the fitted profile. The linear
density for a given line of sight is then simply the integral of the
corresponding Gaussian transverse profile of surface density.

Knowing the linear density of the individual filaments and
having a proxy for their kinetic temperature TK thanks to the dust
temperature map, we can also estimate the stability of Orion B’s
filaments against gravitational collapse. The criterion for balance
between thermal pressure and gravity is given by γ = Ml/Mcrit

l ,
where Mcrit

l is determined by Ostriker (1964) as

Mcrit
l =

2kTK

µmHG
=

2c2
s

G
≈ 16 M� pc−1 ×

( TK

10 K

)
. (3)

The resulting gravitational instability criterion γ of the filaments
is presented in Fig. 7 (left).

However, with this approach, the critical linear density Mcrit
l

is a lower limit because it only takes into account the thermal
(kinetic) pressure. In order to account for support against grav-
ity from both thermal and non-thermal motions of the gas, we
need to compute an effective temperature Teff = TK + c2

turb
µmH

k ,
where cturb is the observed non-thermal velocity dispersion
(Arzoumanian et al. 2013; Peretto et al. 2014; Kainulainen et al.
2016). We could have access to the turbulent velocity disper-
sion cturb = ∆v thanks to the velocity-weighted moments of the
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Fig. 6. Top: Map of the FWHM of the mean profiles of the in-
dividual filaments (combined skeleton). Bottom: Histograms of
the filament width for the S1, S2, and robust skeletons.

C18O (J = 1 − 0) spectra. However this would not take into ac-
count the fact that spectra can contain several velocity compo-
nents. The spectral signature of the turbulence providing support
in the form of an effective pressure is expected to be found in
line broadening rather than in the multiplicity of spectral com-
ponents, which rather trace the presence of physical substruc-
tures. Therefore, when computing Teff , the velocity dispersion
∆v that we use is rather the typical full width at half maximum
(FWHM) of the Gaussian velocity components identified by the
multi-Gaussian fit (Sect. 3.3). The corresponding effective crit-
ical linear density Mcrit

l,eff
is an upper limit this time. This is be-

cause of the implicit assumption that all the non-thermal spec-
tral broadening arises from turbulent motions, which might not
necessarily be the case; for example. accretion or gravitational
collapse can also contribute to line broadening. From that, we
derive the effective gravitational instability criterion γeff (Fig. 7,
right).

Both the lower limit of the instability criterion, γeff , and its
upper limit, γ, show that the filaments in Orion B are mostly
stable against gravitational collapse. This is further discussed in
Sect. 5.2.

Since unstable filaments undergoing gravitational collapse
are likely to lead to star formation (Arzoumanian et al. 2011;
Hacar et al. 2013), we also compare the spatial distribution of the
gravitational instability criteria γ and γeff in the filamentary net-
work with the positions of the youngest among the young stellar
objects (YSOs) identified by Megeath et al. (2016) and by the
Herschel Orion Protostar Survey (HOPS, Fischer et al. 2013;
Furlan et al. 2016). We can see indeed on Fig. 7 that the posi-
tions of YSOs, in dense clusters (NGC 2024), in looser groups
(between NGC 2023 and the Horsehead) or isolated, tend to cor-
respond to local maxima of the instability criterion γ or γeff , i.e.
regions where the filaments are closest to radially collapsing un-
der the effect of self-gravity.

4.2. Relative alignment of the magnetic field and filaments

The relative orientation of filaments with respect to the mag-
netic field is an important element of their dynamical evolution:
sub-critical structures are expected to be parallel to the magnetic
field, and super-critical structures perpendicular to it (Nagai et al.
1998). As we have access to an estimate of the magnetic field
orientation thanks to Planck data (Fig. 2), it is straightforward to
compare this orientation with the position angle of bones, which
is obtained as a by-product of the Hessian filament extraction
as mentioned in Sect. 3.3. Given that both the filament position
angle and the orientation of the magnetic field are defined as
only modulo 180◦, their relative orientation is between 0◦ and
90◦ (Fig. 8). However, the major caveat is that the resolution of
Planck data does not match that of the IRAM 30 m observations
(5′ and 31′′ respectively).

We thus smoothed the IRAM 30 m data to the resolution of
the Planck magnetic field data, i.e. 5′, and performed the fila-
ment extraction on that smoothed data, before comparing it to
the magnetic field map. The distribution of this relative orienta-
tion is compared to what it would have been if the two orienta-
tions were uncorrelated. The uncorrelated distribution and cor-
responding error margins are obtained by a Monte Carlo sam-
pling, which randomly associates one value from the observed
filament position angle distribution with one value from the ob-
served magnetic field orientation distribution (Fig. 8).

The distribution obtained for uncorrelated quantities is not
flat, which is a result of the anisotropy of both the magnetic
field (Fig. 2) and the large-scale structures of the gas. The actual
distribution of relative orientation shows a modest peak around
20◦ and a major peak, which lies between 40◦ and 60◦. The lat-
ter corresponds to the large filamentary structures with a posi-
tion angle of roughly ±45◦ (the north-eastern extension, part of
the Flame filament, and mostly the NGC 2023-Horsehead com-
plex). However, as the resolution of Planck data does not resolve
the actual filamentary structures in the cloud, beam-averaging
makes the distribution of relative orientation difficult to interpret.
Polarimetry measurements at higher angular resolution are thus
required to better understand how the magnetic field interacts
with gas structures on the ∼ 0.1 pc scale. Measurements of the
dust continuum polarisation using the NIKA-2 (Catalano et al.
2018; Adam et al. 2018) camera at the IRAM 30 m telescope
could provide a major improvement in that regard.
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Fig. 7. Gravitational instability criterion of the filaments (combined skeleton). This criterion is derived from the C18O-traced linear
density estimation and either the thermal pressure (γ, left) or the effective pressure, which also takes into account the C18O (J = 1−0)
velocity dispersion (γeff , right). Overlaid are the positions of protostars from Megeath et al. (2016) in white, and class 0 YSOs from
HOPS (Furlan et al. 2016) in green.

4.3. Velocity field around filaments

Compared to Herschel photometric images, the high spectral res-
olution of the molecular line data provides access to the motions
of the gas in the filaments and their immediate surroundings.

4.3.1. Line-of-sight velocity dispersion

As mentioned in Sect. 4.1.2, we computed the line-of-sight
FWHM velocity dispersion ∆v using the typical width of a
Gaussian component identified by the multi-Gaussian fit. From
this velocity dispersion we derived the Mach number, by com-
paring it with the sound speed cs =

√
γkBT/m, where T is the

gas temperature (assumed equal to the effective dust tempera-
ture) and m is the average molecular mass. The average trans-
verse profiles of the Mach number in the filaments as probed by
for C18O (J = 1 − 0) are shown in Fig. 9 (top). For compari-
son, we also plotted the transverse profiles of the Mach number
as probed by 13CO (J = 1 − 0) in Fig. 9 (bottom). In that case,
the gas temperature used to compute the sound speed was the
composite temperature obtained using the effective dust temper-
ature and the 12CO(J = 1 − 0) peak temperature. This takes into
account the fact that 13CO is present in regions of lower den-
sity than C18O, where the gas and dust are not so well coupled.
Under the assumption of LTE, the peak temperature of the (often
strongly saturated) 12CO(J = 1 − 0) line can thus offer a better
proxy for the kinetic temperature of the gas in the moderately

dense envelope of the cloud. The details of the derivation of this
composite temperature are found in Orkisz et al. (2017).

The 13CO (J = 1 − 0) profiles display significantly higher
Mach numbers than C18O (J = 1 − 0), but show no significant
feature whatsoever. On the other hand, the C18O (J = 1 − 0)
profiles show a pronounced decrease in Mach number towards
the centre of the filaments. The width of this feature is similar to
the measured filament width.

4.3.2. Centroid velocity gradient

While the velocity dispersion gives access to the kinematics
along the line of sight, there is no direct way to observe velocity
effects in the plane of the sky. As a proxy for such observations,
we used the gradient of centroid velocity. Its amplitude measures
the variations of the velocity field in the plane of the sky, in con-
trast to the linewidth, which probes the velocity dispersion along
the line of sight.

Figure 10 shows the average transverse profiles of the am-
plitude of the centroid velocity gradient observed in C18O (J =
1−0) (top) and in 13CO (J = 1−0) (bottom). The gradient ampli-
tude is almost constant across the filaments in C18O (J = 1 − 0)
with no particular visible trend. The 13CO (J = 1 − 0) profiles,
on the other hand, exhibit slightly higher amplitudes of the gra-
dient, with a pronounced minimum towards the centre of the fil-
aments, which brings the centroid velocity gradient amplitudes
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Fig. 8. Top: Map of the angle between the magnetic field and fil-
aments detected in Orion B at a 5′ resolution. The filaments are
red when they are parallel to the magnetic field and blue when
perpendicular to it. Bottom: Distribution of the relative orienta-
tion of the filaments and the magnetic field for the S1, S2, and
robust skeletons. The dotted lines (and the shaded areas) present
the distribution (and the corresponding ±1σ uncertainties) that
we would get if the two quantities were uncorrelated. The un-
correlated distribution is obtained by a Monte Carlo sampling of
the magnetic field and filament position angles.

of 13CO (J = 1 − 0) down to the average value observed for
C18O (J = 1 − 0).

5. Discussion

5.1. Width of the filaments

5.1.1. On the robustness of our width estimation

Panopoulou et al. (2017) suggested that the narrow distribution
of filament widths with a typical scale of 0.1 pc can be an arte-
fact resulting from the analysis method, in particular the mea-
sure of the width of the mean profile of a filament rather than
the widths of its individual profiles and the spatial range used
for the profile fitting. The use of average filament profiles re-
sults in a narrower distribution of widths, but does not mod-
ify its peak significantly. In our case, the high spatial density
of detected filaments and thus the number of intersections frag-
ments the largest filamentary structures (such as the Flame fila-
ment) into shorter individual filaments, reducing the amount of
averaging. The obtained distribution of filament widths, and in
particular its dispersion, appears as an intermediate between the
broad distributions obtained for individual profile widths and the
very narrow distributions obtained for average filament profiles,
as shown in Panopoulou et al. (2017, their Fig. 2). The com-
parison with measurements on filaments in the Polaris Flare by
Panopoulou et al. (2017) suggests that the absence of filaments
with widths larger than 0.2 pc in Orion B can be a result of the
fitting window, which is 1.9′, or 0.21 pc on each side of the fila-
ment ridge. However, the median and most likely widths in Fig. 6
and Table 1 are small enough to be confidently measured, but
large enough not to be due to the telescope beam. We can there-
fore say that, even though the spread of widths of the filaments
is probably underestimated in this work, the median and most
probable value of the filament width, of the order of 0.12 pc, are
reliable.

In addition to this first caveat, we should also stress that a
Hessian detection filter behaves to some extent like a wavelet
filter, bringing out structures matching the scale of the Gaussian
derivative used for the calculation. However, the skeleton S2,
thanks to its adaptive nature, can overcome this bias, since the
data dictate the scales at which the filter has its strongest re-
sponse (see Appendix B.1). For the skeleton S1, the use of a sin-
gle smoothing scale could induce a stronger bias, but the robust-
ness of the results was checked by studying skeletons obtained
in the same way as S1, but with a halved or doubled smooth-
ing scale. The distribution of the obtained filament widths how-
ever was slightly shifted towards smaller or larger scales, re-
spectively, owing to the inability of a very narrow filter to pick
up very broad structures and the excessive smoothing by a very
wide filter that blurs out very small structures. The peak of this
skeleton remained unchanged, thus proving that the main de-
tected structures do not strongly depend on the filter and that
they correspond indeed to filaments with a mean width of the
order of 0.12 pc (Table 1).

Finally, the average Mach number profiles derived from the
C18O (J = 1 − 0) velocity dispersion show a feature of similar
width (Fig. 9). The width of the feature seen in the average pro-
files of the 13CO (J = 1 − 0) centroid velocity gradient norm
is also of the order of 0.1 – 0.2 pc. These measurements, com-
pletely independent from spatial distribution of the column den-
sity, argue in favour of the robustness of our estimate for the
FWHM of filaments.

5.1.2. Universal filament width?

The distribution of mean filament widths that we obtain in
Orion B, no matter which skeleton we consider, is very similar
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Fig. 9. Top: Average transverse profiles of the line-of-sight
FWHM velocity dispersion of the filaments. These profiles are
computed for the S1, S2, and robust skeletons via the modelled
C18O (J = 1 − 0) linewidth; the shaded areas show the stan-
dard error for each profile. Bottom: Same as above, but using the
13CO (J = 1 − 0) data cube for comparison.

to that presented by Arzoumanian et al. (2011) for the IC 5146,
Polaris, and Aquila regions, where a 0.1 pc “typical” width with
a 0.03 pc spread was reported, and to simulations results by for
example Federrath (2016).

In contrast, our statistics of the filament widths are differ-
ent from what is observed in the Taurus molecular cloud by
Panopoulou et al. (2014), based on 13CO (J = 1 − 0) observa-
tions (Narayanan et al. 2008) that have a typical filament width
of 0.4 pc. This discrepancy results at least partly from the chosen
molecular tracer, which is less adapted for tracing the filamen-
tary material, as discussed in Sect. 2.1. 13CO is susceptible to be-
come optically thick and therefore to better trace the extended,
power-law-like envelope of the filament rather than its tubular,
central part (Arzoumanian et al. 2011), which can result in wider
FWHM estimations. In the case of Orion B, the measurement of
filament widths applied to the 13CO-derived NH column density
yields filament widths of 0.18 ± 0.04 pc, which are wider than
the 0.12 ± 0.04 pc measured with C18O.

Fig. 10. Top: Average transverse profiles of the amplitude of the
centroid velocity gradient of the filaments. These profiles are
computed for the S1, S2, and robust skeletons via the C18O (J =
1 − 0) data cube; the shaded areas show the standard error for
each profile. Bottom: Same as above, but using the 13CO (J =
1 − 0) data cube for comparison.

5.2. Gravitational stability and star formation

5.2.1. Low linear and volume densities

The linear densities of the filaments that we detected range from
a few M�/ pc to about 100 M�/ pc, with a median linear den-
sity of ∼ 5 M�/ pc for all skeletons (Fig. 11, top). This ap-
parently log-normal distribution matches the usual linear den-
sities of interstellar filaments rather well, as observed for exam-
ple in IC 5146 (Arzoumanian et al. 2011), Taurus (Panopoulou
et al. 2014), or Musca (Kainulainen et al. 2016). This distribu-
tion is of course lower than what is observed for high linear-
density filaments such as the Integral-Shaped Filament (Stutz &
Kainulainen 2015; Kainulainen et al. 2017), for which the linear
density is of the order of several 102 M�/ pc. More precisely,
while the upper end of our distribution reaches the typical order
of magnitude for linear densities (in the range of a few tens or
hundreds of M�/ pc), a large fraction of the filamentary network
have rather low linear densities.

This is also visible when looking at the typical volume densi-
ties of the filaments, which are estimated by assigning the linear
density to a uniform cylinder, the diameter of which would be the
FWHM of the individual filament profile. These volume densi-
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Fig. 11. Top: Distribution of the linear density of the filaments.
The vertical dashed lines show the most probably critical linear
densities corresponding to Mcrit

l and Mcrit
l,eff

. Bottom: Distribution
of the volume density of the filaments, derived from the linear
density and the FWHM of the transverse profiles by assuming a
uniform cylindrical geometry. The typical critical volume densi-
ties lie beyond the plot, at & 3 × 105 cm−3.

ties range from 104 to 105 cm−3, again with a distribution close to
a log-normal one, with a median value of ∼ 2×104 cm−3(Fig. 11,
bottom). This is consistent with the upper end of the volume
density distribution in the whole western edge of the Orion B
molecular cloud, as presented in Bron et al. (2018). These typ-
ical densities are however lower by an order of magnitude than
those measured by Teixeira et al. (2016) (and references therein)
or Kirk et al. (2015), based on observations of filaments or hy-
drodynamical simulations, respectively.

These distributions of linear densities and volume densities
can be affected by completeness effects. The chosen molecular
tracer, C18O, has broad sensitivity range (Pety et al. 2017), but it
still has its limits,; this implies that faint structures lying below
∼ 2 × 1021 cm−2 can be missed, while the densest filaments

can have their density underestimated due to CO freeze-out or
line saturation (Sect. 2.4). In addition, the filament identification
process removes a number of low-contrast individual filaments
(Appendix B.2.3) which would have fallen into the lower end
of the density distributions. In total, completeness effects might
affect low-density filaments more than high-density filaments.

We therefore have a set of filaments which contains a few
objects matching the usual linear or volume densities found in
the literature, but with an excess of low-density elements. There
are several possibilities to explain this effect. First, André et al.
(2010) and Arzoumanian et al. (2011) noted that fitting filament
profiles with a Gaussian rather than a Plummer profile can lead
to an underestimation of their density by about 20%. However,
this does not increase the densities we measured by an order of
magnitude, and many studies cited above also used Gaussians
to fit the transverse profiles. A more important factor is the de-
tection scheme used in this work. Most studies focus on a small
number of well-identified and carefully selected filaments, for
example by setting high persistence levels when detecting fila-
ments with DisPerSE (Sousbie 2011). In contrast, we use a lax
definition of the filaments, resulting in a number of rather faint,
but still contrasting and elongated objects to be part of the anal-
ysed skeletons. In certain cases, this is desirable, for example in
the case of the south-eastern extension of the Flame filament,
which clearly divides into many substructures that we do not
want to miss. In other cases, structures that would usually not
classify as filaments are retained, such as lower density stria-
tions; i.e. strands of more diffuse gas that is accreting onto a
main filament.

5.2.2. No signs of gravitational collapse

The filaments in Orion B are striking owing to their exceptional
stability against gravitational collapse, even when looking at the
higher limit of their instability criterion (Fig. 7, left). While the
denser filaments in our skeletons match rather well the sample
in Arzoumanian et al. (2013), this exceptional stability of the
filaments can be explained by several factors.

First, the western edge of Orion B is a warm environment,
heated by the large amount of FUV radiation coming both from
outside (σ Ori) and inside (NGC 2024) the cloud. These high
temperatures (Fig. 2, right) lead to high thermal pressures and
therefore high critical masses (Eq. 3). Arzoumanian et al. (2013)
simply assumed a constant temperature of 10 K in the filaments,
Teixeira et al. (2016) a constant temperature of 15 K, while the
dust temperature in Orion B rarely drops below 20 K. These
warm temperatures could either be a layering effect or an actual
specificity of this region of Orion B; in the layering effect, the
filaments are actually cold but the dust temperature is dominated
by the warmer surrounding medium. In any case, an overesti-
mated or genuinely higher temperature of the gas leads to higher
critical linear densities.

Second, turbulence also plays a role in stabilising the fila-
ments against gravity. Kainulainen et al. (2016) showed that tak-
ing turbulence into account brings the Musca filament from a
super-critical to trans-critical state. In the case of Orion B, this
corresponds to the dramatic difference between the left and right
panels of Fig. 7 – although, as mentioned, γeff is a lower limit, as
some of the velocity dispersion might come, for example from
infall / collapse (Arzoumanian et al. 2013), and not from rotation
or turbulent motions that would support the filaments against
gravity. Table 2 summarises by how much the fraction of the fil-
amentary network prone to gravitational instability would have
increased if we had assumed no turbulent support or a lower gas
temperature. It shows how important velocity-resolved observa-
tions of molecular lines are when trying to determine the stability
of filaments.

This overall lack of gravitationally unstable filaments in
Orion B correlates well with its known low SFE (Lada 1992;
Carpenter 2000; Federrath & Klessen 2013; Megeath et al. 2016;
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Table 2. Fraction of super-critical (γ > 1) or at least trans-critical
(γ > 0.5) filaments depending on the assumptions on their inter-
nal pressure computed for the S1, S2, and robust skeletons.

T = 10 K T = TK T = TK + Tturb

S1 skeleton
γ > 1 9.9% 0.4% 0.1%
γ > 0.5 33.2% 8.0% 0.4%

S2 skeleton
γ > 1 9.3% 1.2% 0.2%
γ > 0.5 27.2% 7.4% 0.8%

Robust skeleton
γ > 1 9.0% 0.6% 0.1%
γ > 0.5 25.4% 7.6% 0.4%

Orkisz et al. 2017). Moreover, the NGC 2023 and NGC 2024
star-forming regions are among the few regions containing
super-critical or trans-critical filaments. This is consistent with
the fact that these regions also show the most compressive mo-
tions, as measured by Orkisz et al. (2017).

5.2.3. Star formation efficiency

Measurement of the filament masses also enables us to check
what fraction of the mass of the molecular cloud is contained
in the filamentary network, and, in particular, in the gravitation-
ally unstable filaments, as this last fraction directly relates to the
SFE of the cloud. Using the 12CO (J = 1 − 0) line and follow-
ing Solomon et al. (1987) and Bolatto et al. (2013) in the same
way as in Pety et al. (2017), we obtain a total virial mass of
the cloud (for the considered field of view and accounting for
the CO-empty IC 434 PDR) comprised between 8400 M� and
13900 M�. For simplicity, we use the average of these values,
at 11100 M� . This yields a fraction of mass in the filamentary
network of about 4.3 ± 1.1% (474 ± 28 M�) in the case of the
S1 skeleton, 3.6 ± 0.9% (405 ± 22 M�) in the case of S2, and
3.2 ± 0.8% (357 ± 21 M�) for the robust skeleton. It is signifi-
cantly less than the fraction of mass derived for the “environment
of filaments” in Pety et al. (2017) (about 40%), which is mostly
explained by the sparse character of the filamentary network,
compared to an AV extinction mask, and also less than the total
mass traced by C18O (about 1200 M� , or 11±3% of the mass of
the cloud). Thus, only about one-third of the C18O-traced mass
is found in filaments.

The fraction of mass in gravitationally super-critical or trans-
critical filaments depends on the definition of the instability cri-
terion. When using γ, we have 266 ± 17 M�, or 2.4 ± 0.6% of
the mass of the cloud in trans-critical filaments, and 111±7 M�,
or 1.0 ± 0.3% of the mass in super-critical filaments. When us-
ing γeff , the fraction of the mass of the cloud in trans-critical
filaments is 0.9± 0.2% (95± 6 M�), with only 0.1% of the mass
(21±1 M�) in super-critical filaments. To first order, the fraction
of the mass of a molecular cloud contained in gravitationally un-
stable structures can be directly related to the SFE of that cloud,
as we can roughly assume that this mass is going to collapse into
cores and into stars. Among the fractions mentioned above, the
fraction of the mass of the cloud in the trans-critical filaments
using the gravitational instability criterion γ can be considered
as the upper limit for the SFE. Such a value of 2.4±0.6% is con-
sistent with previous measurements of the SFE by Lada (1992),
Carpenter (2000), Federrath & Klessen (2013), or Megeath et al.
(2016), which range from 0.4% to 3%.

Lada et al. (2010) proposed that the star formation rate of
molecular clouds is proportional to the mass above a thresh-
old of 0.8 AK, which corresponds approximately to 6 magni-
tudes of AV, or 1.1 × 1022 cm−2, while André et al. (2014) find
prestellar cores only in regions with column densities higher
than 1.4 × 1022 cm−2 (i.e. AV ≈ 8 mag). These thresholds are
higher than the detection limit of C18O (J = 1−0) (about 3 mag-
nitudes of AV, as mentioned in Sect. 2.1, which corresponds to
≈ 0.4 magnitudes of AK), and exclude part of the filamentary
regions (Fig. 2 left, Fig. 3). They delimit a star-forming mass
of the cloud of ∼ 540 M� ; this mass is less than the total of
the C18O-traced mass, but much more than what is contained
in trans-critical or super-critical filaments. The typical volume
density threshold that we obtain for gravitationally unstable fila-
ments, using a typical value of the critical linear density of 30 –
60 M�/pc (Fig. 11, Eq. 3) and assuming a filament diameter of
0.12 pc, is about 5 × 105 cm−3. It corresponds to a column den-
sity of ∼ 4 × 1022 cm−2, which is significantly higher than the
threshold column densities proposed by Lada et al. (2010) and
André et al. (2014). The ∼ 1.1× 1022 cm−2 threshold can thus be
seen as a general absolute minimum under which the gas con-
tained in molecular clouds does not contribute to star formation,
but the actual column density threshold over which star forma-
tion is likely to occur in a given cloud can depend on intrinsic
properties of the cloud, such as its age or kinematics. In the case
of Orion B, in which strong solenoidal motions lower the SFE
(Orkisz et al. 2017), this actual threshold is particularly high.

5.2.4. One clear example of longitudinal fragmentation

When trying to identify mechanisms of star formation in the
filamentary network, it is difficult to conclude in favour of ra-
dial collapse, or longitudinal collapse leading to star forma-
tion via accretion onto hubs (Peretto et al. 2014) based on
the relative positions of the YSOs and the filamentary skeleton
(Fig. 7). However, another widely observed phenomenon leading
to the formation of prestellar cores is longitudinal fragmentation
(Hacar et al. 2013; Teixeira et al. 2016; Kainulainen et al. 2016;
Hacar et al. 2018). Filaments that are above the gravitational in-
stability limit are expected to collapse radially. But when they
come close to their gravitational stability limit (γ . 1), filaments
are mostly susceptible to fragment longitudinally on scales close
to their Jeans length (Takahashi et al. 2013; Teixeira et al. 2016)
or to four times their FWHM (Inutsuka & Miyama 1992).

Signs of such fragmentation are visible in at least one indi-
vidual filament in our field – the Hummingbird filament, which,
interestingly, does not harbour any known YSO. Oscillations of
the linear density are visible along this filament, forming evenly
spaced “beads”. Following the recommendations of Schulz-
Dubois & Rehberg (1981), we computed the two-point auto-
structure function of the linear density along the curvilinear ab-
scissa of the filament’s bone. It is defined as follows:

F(u) =
〈
(λ(x) − λ(x + u))2

〉
x
, (4)

where λ is the linear density, x a position along the bone, and
u the separation between the considered points. The resulting
function is plotted in Fig. 12.

The oscillating pattern highlights the presence of evenly
spaced structures with sizes of the order of 0.4 pc. Given that
we have a FWHM of 0.11 pc for that individual filament, such
a fragmentation length matches well the analytical prediction of
Inutsuka & Miyama (1992) for collapsing isothermal filaments,
and the simulation results of Clarke et al. (2016) for accreting
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Fig. 12. Top: Same as Fig. 1, but with the field and velocity range
zoomed in on the Hummingbird filament, showing beads in the
rectilinear tail of the Hummingbird. Bottom: Two-point structure
function of the linear density in the Hummingbird filament (fol-
lowing the robust skeleton), in

(
M�/pc

)2, showinging a periodic
pattern which suggests longitudinal fragmentation with a period
of 0.4 pc.

filaments, since both predict a fragmentation with separations of
about four times the diameter.

Following Spitzer (1998), Takahashi et al. (2013) and
Teixeira et al. (2016), we computed the Jeans length of the fila-

ment, lJeans =

√
(π c2

eff
)/(G n0), where ceff is the effective sound

speed, corresponding to the effective temperature , and ρ0 is the
volume density. The mean volume density n0 = 1.5×104 cm−3 of
the individual filament, derived for the case of a uniform cylin-
der, combined with an effective temperature Teff = 43 K (while
TK = 18 K) yields a Jeans length of 0.54 pc, which is slightly
higher than the observed characteristic scale in Fig. 12. We ob-
tain a Jeans length of 0.38 pc if we replace this average density
by an estimate of the maximum density that is obtained by com-

paring the average value of a Gaussian over its FWHM to its
peak value and correcting for the transition from two to three di-
mensions as follows: ρ0,max =

〈
exp(−x2/2)

〉−3/2

FWHM
· ρ0 ≈ 1.4 · ρ0.

The observed fragmentation length is therefore close to the
scales expected from both a cylindrical or a spherical instabil-
ity.

In summary, filaments in Orion B show no signs of radial
collapse, no clear evidence (at this stage of the analysis) of lon-
gitudinal collapse onto hubs, but at least one good example of
longitudinal fragmentation.

5.3. Kinematics

The 13CO (J = 1 − 0) line traces the moderately dense gas that
forms the bulk of molecular clouds and surrounds the filamen-
tary network. Towards filament ridges, a substantial fraction of
the 13CO (J = 1 − 0) emission can start to originate from the
filaments, traced by the C18O (J = 1 − 0) emission. The kine-
matics of 13CO could thus trace the transition between the tur-
bulent environment and the quiescent inner part of filaments (e.g.
Hatchell et al. 2005; Federrath 2016). Towards the centre of the
filaments, the norm of the centroid velocity gradient decreases,
reaching at its minimum the same value as for C18O (J = 1 − 0).
We would expect the Mach number to decrease as well, but it
shows flat profiles instead. This could be explained by the fact
that the optical depth of 13CO (J = 1 − 0) increases towards
the centre of the filaments, resulting in a non-negligible opacity
broadening which compensates for the decrease in linewidth due
to a lower velocity dispersion. Indeed, Orkisz et al. (2017) have
shown that the 13CO (J = 1 − 0) opacity broadening is negligi-
ble except in the dense regions in which we are interested. For
the column densities of 13CO typical of the densest filaments
(N13CO ∼ 1 × 1017 cm−2), the opacity can reach τ13CO & 3 and
lead to a line broadening by a factor ∼ 1.5; this is consistent
with the absence of variation of the FWHM across the filaments
because the decrease in velocity dispersion is compensated by
an increase in opacity broadening. The rather low Mach num-
ber traced by 13CO (J = 1 − 0) compared to the average of ∼ 6
given in Orkisz et al. (2017) is because we only take into account
one of the multiple spectral components along the line of sight,
which can significantly reduce the measured velocity dispersion
Orkisz et al. (2017).

The C18O (J = 1 − 0) results contrast with 13CO (J = 1 − 0).
The velocity dispersion along the line of sight is supersonic,
however the Mach number decreases significantly inside the fil-
aments, down to almost transonic values, as it is usually ob-
served or predicted (e.g. Arzoumanian et al. 2013; Federrath
2016). This can be a sign of the dissipation of turbulence
(Hennebelle 2013). The norm of the centroid velocity gradient
possibly shows a similar, but far less pronounced decrease to-
wards the centre of the filaments. We also notice that with fila-
ment widths of the order of 0.1 pc and centroid velocity gradients
of < 2 km s−1/ pc, the centroid velocity variations in the plane of
the sky are subsonic, given typical sound speeds of the order of
0.3–0.7 km s−1. This is reminiscent of the results of Smith et al.
(2016), who show that filaments are structures which move co-
herently on large scales (and thus have near-constant centroid
velocities), regardless of the small-scale turbulence.

In the context of the velocity field of filaments, one element
often discussed in the presence of fibres (Hacar et al. 2013;
Panopoulou et al. 2014; Hacar et al. 2018). We would expect
from the possible presence of unresolved fibres that there would
be multiple spectral components detected in many lines of sight
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in the filaments. However, it appears to be rarely the case. Only
the part of the Flame filament closest to the NGC 2024 star-
forming region displays a long portion that consistently has two
or more identified spectral components. This calls into question
the presence of fibres since it would mean that they are not only
unresolved spatially, but also spectrally, since in most cases their
presence would merely broaden the C18O (J = 1−0) line instead
of showing more spectral peaks. Their presence could then pos-
sibly explain partly the supersonic Mach numbers even at the
centre of the filaments.

A further understanding of the dynamics of these filaments
using the ORION-B dataset would require performing a three-
dimensional identification of the structures, which would im-
prove the understanding of the spectral multiplicity of the fil-
aments and provide a better view of their crossings and hubs.
Further research on the velocity not only across but also along
the filaments, studying their position-velocity diagrams in a
fashion similar to for example Peretto et al. (2014), would also
benefit our understanding of these filaments. For example, the
observed longitudinal fragmentation in the Hummingbird fila-
ment appears to be associated with a specific velocity pattern
that will be explored in detail in a future paper.

5.4. Statistical influence of the filament extraction method

The study presented in this work shows that the difference be-
tween the statistical results of the different skeletons are mod-
est, if not negligible. This could be expected from the significant
overlap of the skeletons, which is in turn related to the consis-
tent manner in which the tuning of the detection parameters was
done, be it for the initial extraction (Appendix B.1) or during the
cleaning process (Appendix B.2), for both the S1 and S2 skele-
tons.

When comparing Fig. 5 and 7, we can see that most of the in-
dividual filaments that are exclusive to either S1 or S2 are partic-
ularly stable, i.e. they are among the least dense structures in the
field of view. The only significant structures that are not in com-
mon are the Horsehead PDR and a small portion of the Flame
filament in NGC 2024. This last point can explain the difference
in percentage of mass in super-critical or trans-critical filaments
observed between S1, S2, and the robust skeleton, as the miss-
ing fragment of NGC 2024 in S1 contains a significant amount
of mass above the gravitational instability threshold. The simi-
larity of the results obtained with the robust skeleton compared
to those with the S1 and S2 skeletons is also important, because
it shows that the structures not detected by either S1 or S2 do not
play a major role in the statistical properties of the filamentary
network.

Provided that the definition of a filament is consistent with
what was used in this paper (in particular in terms of density or
length requirement) it is safe to assume that filament detection
schemes do not play a significant role in the difference between
different studies of interstellar filaments.

6. Conclusions

In this paper, we have used velocity-resolved line maps obtained
through IRAM 30 m observations in the context of the ORION-
B project to trace the dense, filamentary matter in the Orion B
molecular cloud with the C18O (J = 1−0) line. Using two differ-
ent extraction methods, we identified the network of filaments in
the cloud and used both extracted skeletons as well as their inter-
section to compare the statistical properties of the filaments they
contain.

The main results regarding these filaments are the following:

1. Given the very coherent filament detection criteria between
the two extraction methods (and despite the technical dispar-
ities) the statistical properties of the detected structures in
any skeleton can be considered as quasi-identical.

2. The filaments display a typical width of ∼ 0.12 pc and have
a narrow spread of ±0.04 pc (Fig. 6). This value seems to be
free from detection bias and is supported by the width of the
variations in the velocity field (Figs. 4 and 10);

3. The upper ends of the distributions of linear densities and
volume densities of the filaments are consistent with obser-
vations and simulations of interstellar filaments. However,
many extracted filaments have lower densities. This suggests
that the criteria generally used to identify filaments are too
restrictive.

4. The filaments in Orion B are stable against gravitational
collapse because of their relatively lukewarm temperatures
and their moderately supersonic velocity dispersions. This is
consistent with the very low SFE of Orion B, at about 1%;

5. At least one filament (the Hummingbird filament, lying north
of NGC 2024) shows visible signs of periodic longitudi-
nal fragmentation, despite being clearly gravitationally sub-
critical.

6. In the vicinity of the filaments, the velocity dispersion is
larger in 13CO (J = 1 − 0) than in C18O (J = 1 − 0). The
surroundings of the filaments are thus more turbulent than
their inner part. In addition to that, the C18O (J = 1 − 0)
velocity dispersion decreases significantly towards the cen-
tre of the filaments, almost reaching transonic values. This
suggests that turbulence is being dissipated in the filaments
although they are not gravitationally bound.

These results speak in favour of the filamentary structures
in Orion B being in a young evolutionary stage, meaning
that the cloud might eventually evolve into a more active
environment like its neighbour Orion A. This is consistent with
the relatively young age of the Hii regions within the cloud,
estimated at ∼ 100 000 and 200 000 years for NGC 2023 and
NGC 2024, respectively (Tremblin 2014, priv. comm.), and
also with the fact that the fraction of very young protostars
among all YSOs is significantly larger in the south-western
part of Orion B than in Orion A (24% vs. 1.5%, Stutz et al. 2013)

This paper mostly focussed on the transverse properties of
the filaments. The longitudinal properties were preliminarily
tackled in the specific case of the Hummingbird filament, but
these properties deserve an in-depth study as well, because signs
of longitudinal fragmentation are suspected at other locations in
the cloud and are apparently accompanied by longitudinal ve-
locity patterns. The Hummingbird filament itself will be the ob-
ject of a follow-up study at higher angular resolution, which will
shed light onto the entire filamentary network of Orion B.

From a methodological point of view, the Hessian approach
(Appendix B.1) can be easily extended to perform the fila-
ment detection in three dimensions. Such a three-dimensional
detection making full use of the velocity information would
facilitate the analysis of the longitudinal velocity structure of
the filaments, and possibly enable the detection of fibres (Hacar
et al. 2013).

Thanks to the multi-tracer nature of the ORION-B project,
the filamentary skeletons could be used to stack the observed
spectra to reveal faint molecular lines and characterise the
molecular signature of filamentary regions, in a manner similar
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to Gratier et al. (2017) and Bron et al. (2018). Conversely, clas-
sification tools such as the clustering used by Bron et al. (2018)
could possibly reveal the presence of different families of fil-
aments, based on their properties derived in this paper, which
could point to different evolutionary stages or scenarios for the
filaments in Orion B.

Acknowledgements. We thank Pr. Maciej Orkisz for pointing us to the work of
Frangi et al. (1998) and helping us with the understanding and implementation
in an astrophysical context of this analysis method coming from the field of
medical imaging. We also thank Pr. Jouni Kainulainen for stimulating discus-
sions and helpful remarks. This research has made use of data from the Herschel
Gould Belt Survey (HGBS) project (http://gouldbelt-herschel.cea.fr).
The HGBS is a Herschel Key Programme jointly carried out by SPIRE Specialist
Astronomy Group 3 (SAG 3), scientists of several institutes in the PACS
Consortium (CEA Saclay, INAF-IFSI Rome and INAF-Arcetri, KU Leuven,
MPIA Heidelberg), and scientists of the Herschel Science Center (HSC). This
work was supported by the CNRS/CNES programme “Physique et Chimie du
Milieu Interstellaire” (PCMI). We thank the CIAS for its hospitality during the
three workshops devoted to this project. NP wishes to acknowledge support
from STFC under grant number ST/N000706/1. PG thanks ERC starting grant
(3DICE, grant agreement 336474) for funding during this work. JRG thanks the
Spanish MINECO for funding support under grant AYA2017-85111-P.

References
Adam, R., Adane, A., Ade, P. A. R., et al. 2018, A&A, 609, A115
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Peretto, N., André, P., Könyves, V., et al. 2012, A&A, 541, A63
Peretto, N., Fuller, G. A., André, P., et al. 2014, A&A, 561, A83
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Appendix A: Multi-Gaussian fitting of the molecular
spectra

In order to transform the noisy observational data into a model
cube, we first perform a Gaussian smoothing the C18O (J = 1−0)
VESPA spectra with a width of 3 velocity channels to improve
the peak detection. Significant peaks in the spectrum, above a
threshold of 4σ, are detected, and then a multi-Gaussian fit is
performed on the spectrum with one Gaussian component per
identified peak. After that, the reduced χ2 is computed over 6
channels on either side of the peak (13 channels in total), and
compared to the noise level of the spectrum.

If the χ2 is lower than 0.5σ, an unnecessary Gaussian com-
ponent is removed. When it is larger than a threshold of 2σ,
an extra Gaussian component is added in the corresponding ve-
locity range. Our initial determination of the number of signif-
icant peaks tends to be overestimated. For that reason, during
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Fig. A.1. Examples of spectra fitted with multiple Gaussians, at
signal-to-noise levels of about 15 (top) and 5 (bottom). The indi-
vidual Gaussian components are indicated in dashed, dotted, or
dash-dotted lines.

the iterative process, only one extra component can be added.
Conversely, the number of components can decrease to a min-
imum of one. This allows the fitting process to take into ac-
count, for example components separated by less than their aver-
age velocity dispersion, which do not present one separate peak
per component. But it also prevents over-fitting, whereby a sin-
gle spectral component would be reproduced by many Gaussian
peaks. Finally, we visually inspect the residual cube to check that
no obvious signal feature remains unfitted. Figure A.1 shows two
examples of the fit of multicomponent spectra.

Spatial correlations between neighbouring pixels are not
taken into account during the fit. However, the retrieved moment
maps, and in particular the integrated intensity, do not show any
significant incoherence (Fig. 2, left).

Appendix B: Structural detection of the filaments:
Methodological details

B.1. Step by step extraction of the filaments

After obtaining from the raw observational data a modelled cube
and a column density estimate (Fig. B.1, panels 1, 2 and 3), we
use this column density map to identify the filamentary struc-
tures in Orion B. This section details the extraction of the skele-
tons used throughout this paper. We restrict ourselves to study
filamentary structures in a two-dimensional map but the con-
cepts and implementations can be generalised to a PPV cube.

B.1.1. Hessian approach

We have qualitatively and observationally defined filaments as
elongated, over-dense structures in the molecular ISM. Their
identification can be compared with that of mountain ranges in
an altitude map. These mountain ranges and their ridge lines can
be simply defined in terms of topography, that is in terms of dif-
ferential properties of the studied map.

The Hessian matrix (i.e. the matrix of the second order par-
tial derivatives) provides the most useful insight into the topog-
raphy: it measures the variations of the slopes, and therefore en-
ables us to locate the valleys, summits, and ridges. The eigenvec-

Table B.1. Topography of a two-dimensional dataset depending
on the eigenvalues of its Hessian matrix ε1 and ε2. The parameter
L indicates a low value; H- and H+ indicate a highly negative
(respectively positive) value.

ε1 ε2 Structure
L L No preferred direction
L H- Ridge
L H+ Valley
H- H- Peak (local maximum)
H- H+ Pass (saddle point)
H+ H+ Hole (local minimum)

tors of the Hessian indicate the main directions of variations of
the slope, and the eigenvalues (ε1 and ε2 in our two-dimensional
case) whether the terrain is passing through a minimum or a
maximum in these two directions. In the case of filaments or
ridges, we expect the altitude to vary very little in one direc-
tion, and to reach a local maximum in the other direction. We
therefore expect a second derivative with a value close to zero
along the ridge and a strongly negative derivative perpendicular
to the ridge; if we were working with absorption data, the reason-
ing would remain the same, albeit with reversed signs. We can
summarise the behaviours of ε1 and ε2 in terms of characteristic
structures in Table B.1.

The computation of the Hessian itself makes use of
the concepts of linear scale space theory (Florack et al.
1992; Koenderink 1984), as advised by Frangi et al. (1998).
Differentiation is thus performed by convolving the field with
derivatives of n-dimensional Gaussians, which allows us to
smooth out simultaneously the noise and adapt to the typical
spatial scale of searched structures (Frangi et al. 1998; Salji
et al. 2015); in our case, as no initial assumption is made on the
length of filaments, the only relevant scale is their width. Once
the smooth Hessian is obtained and diagonalised, we can use
the eigenvalues as a filter to extract filamentary regions from the
map. In this work two implementations of such filters are used.

B.1.2. Filament extraction by thresholding

The first approach is meant to be as simple as possible, and
is similar to that presented in Planck Collaboration Int. XXXII
(2016). The Hessian is directly computed for the map of C18O-
derived column density (Fig. B.1, panel 4), and the analysis fo-
cussed on a single spatial scale set to 0.13 pc (corresponding to
0.11 pc after deconvolution). This choice of scale is the result
of an iterative approach. The first guess for the size of the fila-
ments was assumed to be 0.1 pc, following Arzoumanian et al.
(2011). The distribution of filament widths yielded a peak con-
sistent with this initial guess, which could have been a detection
bias. The analysis was therefore repeated with a Hessian smooth-
ing scale of 0.05 pc and 0.2 pc, and in both cases the peak of the
filament width distribution was of 0.11±0.01 pc. Therefore the
final choice of detection scale is set to match as well as possible
the scale properties of the dataset.

We then threshold the eigenvalues. This is a quantitative way
to transcribe the characteristics of a filament in terms of eigen-
values, as seen in Table B.1. If the eigenvalues are first sorted so
that |ε1| < |ε2|, then selecting the pixels where ε2 < τ < 0 (τ
being a global threshold) ensures that we are in the vicinity of a
local maximum in the direction perpendicular to the filament. No
condition is set on the smaller eigenvalue, so that we allow any
kind of peak or saddle point, as long as the relief is not steeper
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along the ridge than perpendicular to the ridge (Fig. B.1, panel
5). We find the best value of the threshold τ to be 4% of the low-
est (negative) eigenvalue in the map, based on visual inspection
(Fig. B.1 left).

B.1.3. Adaptive filament extraction with ridge detection

For the second approach, several additional features refine the
filament detection method. Koch & Rosolowsky (2015) applied
an arctan transform to the intensities to suppress bright point
sources (e.g. dense cores) that can dominate the fainter filamen-
tary structures being are searched for. In our case, we find it
better to use the asinh transform used in Gratier et al. (2017)
(Fig. B.2, panel 1), which is linear at small intensities and loga-
rithmic at high intensities. The asymptotic behaviour of the arc-
tan transform would flatten the bright regions and thus render the
Hessian approach ineffective. We therefore use

ÑH = a · asinh(NH/a) (B.1)

as an input for filament detection with the parameter a set to
a = 5.18 × 1021 cm−2, i.e. the median of non-zero values of the
C18O-derived column density.

This second filament extraction method takes into account
the local aspect ratio of the studied field. The concepts behind
this method were first described in the field of medical imag-
ing for the purpose of identifying blood vessels in magnetic res-
onance imaging (MRI) or computer tomography (CT) images
(Frangi et al. 1998). These concepts have been adapted to astro-
physical data and extensively illustrated by Salji et al. (2015).
The map of Hessian eigenvalues computed from ÑH is filtered
with the following function:

V0 =

0 if ε2 > 0,
exp

(
− R2

2b2

) (
1 − exp

(
− S 2

2c2

))
otherwise,

(B.2)

where R = ε1/ε2 is the local aspect ratio (here again |ε1| < |ε2|),

and S =

√
ε 2

1 + ε 2
2 is the local amplitude of the second deriva-

tive. In other terms, the filter function emphasises pixels where
the signal varies significantly (S > c), and the local aspect ratio
is large (R < b).

Following the recommendations of Frangi et al. (1998), the
parameter b was set to b = 0.5, and c was set to half the max-
imum value of the Hessian norm S over the field of view. The
resulting filtered map can be seen on Fig. B.2 (panel 2).

An extra step is added by implementing a ridge-detection
function, which is, as far as we know, a novel addition, but can
be compared to the centreline extraction method of Aylward &
Bullitt (2002). The goal is to narrow down the response of the
filter, so that the obtained structures are as close as possible to
the ridge lines (i.e. the skeleton) of the filaments, rather than be-
ing broad filamentary regions. This function makes use of the
fact that the component of the gradient perpendicular to the fil-
ament should go through zero at the ridge line, hence the norm
of the gradient should reach a local minimum also close to zero
if the variations along the ridge line are negligible. We therefore
compute the norm of the gradient of our map, |g| = |∇ÑH|, again
through convolution with Gaussian derivatives. The final filter is

V = V0 · exp
(
−|g|2

2d2

)
, (B.3)

where the parameter d ensures that the slope |g| is close enough
to zero. This parameter was set to 10% of the maximum value of
|g| over the field of view (Fig. B.2, panel 3).

To avoid favouring a single scale, we perform this structure
extraction in a multi-scale fashion, as advised by Frangi et al.
(1998). We run the detection algorithm to obtain the filtered map
V(s) with smoothing scales s from 0.06 pc to 0.32 pc in steps of
0.02 pc, and for each pixel we pick up the maximal response
among these filters to achieve a scale-adapted filament detec-
tion. Thus, the wider structures are detected strongly and stand
out well, while the narrower objects in the field are still picked up
(Fig. B.2, panel 4). Once again the choice of scales is the result of
an iterative approach. A first computation was performed with a
0.1 pc scale only, yielding filaments widths ranging from 0.06 pc
(our resolution limit) to about 0.3 pc. Although the widest fil-
aments were rather poorly identified, we kept a 0.06 – 0.32 pc
detection range to avoid as much as possible a detection bias,
while keeping the scale range reasonably limited.

After that, a global threshold τf is applied on the resulting
scale-adapted filtered map (which now has values ranging from
0 to 1) to select regions which are close enough to the ridge lines
of filaments. By visual inspection, τf was set to 0.03 (Fig. B.2,
panel 5).

B.1.4. Skeletonisation

Once binary masks that identify the filamentary regions have
been obtained, they are thinned down until we are left with
single-pixel wide skeletons. One of the most common methods
of skeletonisation is known as morphological thinning, which we
perform following the algorithm of Zhang & Suen (1984), as im-
plemented in the Python module scikit-image (van der Walt
et al. 2014). The resulting skeletons are shown in the last panels
of Fig. B.1 and B.2. As this step of the analysis only makes use
of the geometry of the binary masks and does not take into ac-
count the underlying physical map, the extracted centrelines do
not necessarily match the ridge lines of the filaments, especially
if they do not have a cylindrical geometry. It is therefore all the
more useful to try and narrow down the mask as accurately as
possible before the skeletonisation, as done with the gradient fil-
ter in Sect. B.1.3.

B.2. Cleaning the skeleton

Separating a filamentary skeleton into individual filaments en-
ables us to clean it by checking if each individual filament
matches the assumed definition. For that purpose, a geometri-
cal analysis allows us to distinguish between regular points and
nodes (or vertices). The regular points have exactly two neigh-
bours, while the nodes have fewer (if they are endpoints) or more
(if they are intersections) than two. The individual filaments are
therefore strings of points belonging to the skeleton and linking
two nodes. The cleaning process relies on the following criteria:
skeleton geometry, curvature radius, relative contrast, and width
of the individual filaments.

B.2.1. Geometrical cleaning

The first stage of geometrical cleaning is applied immediately
after the first extraction of the filamentary skeleton. It consists in
removing isolated nodes (i.e. single pixels) and very short fila-
ments: to be able to distinguish between clumps and filaments,
we require an aspect ratio of at least 2 and therefore we set a
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Fig. B.1. From left to right and top to bottom: (1) Peak temperature of the raw C18O (J = 1 − 0) data; (2) integrated intensity of
the multi-Gaussian fit result; (3) column density estimate derived from this integrated intensity and the dust temperature; (4) largest
(in absolute value) eigenvalue ε2 of the Hessian matrix computed at each point of the column density map; (5) regions identified
as filamentary, by applying a threshold onto the ε2 map; and (6) skeleton obtained by morphological thinning of these regions. The
filaments that are eliminated at some point in the cleaning process are indicated in red.

lower length limit at 0.22 pc, i.e. twice the typical filament width.
As a dense skeleton can contain many short individual filaments
owing to the frequency of the intersections, the length selection
criterion is only applied to individual filaments that are either
isolated or that are so-called spurious branches; i.e. filaments
that stick out off the side of a structure and for which only one
of their extremity is an intersection as the other is an endpoint.

This stage of cleaning is also reapplied after each of the other
stages of cleaning, usually twice in a row to take into account
the structure differences that can result from the elimination of
spurious branches. Experience shows that two repetitions of this
geometrical cleaning are enough to converge to a stable cleaned
skeleton; the second repetition is even often superfluous.

B.2.2. Curvature radius

One of the first possible characterisations of the individual fila-
ments is a quantitative analysis of their shape, namely whether
the individual filaments are rather straight or very curvy. Several
methods are possible to measure how straight or curvy a fil-

ament is. A simple approach is the measurement of the ratio
of the distance between the extremities of the filament and its
curvilinear length, but this does not discriminate between a large
smooth loop and a jagged structure that is more likely to be
an artefact of skeletonisation. Another approach is to compute
the circular variance of the filament position angles. But again
a large smooth loop might be discarded as its position angles
are spread around 360◦, while a poorly identified filament with
a position angle varying wildly from −70 to +70◦ might have
a lower circular variance and could be retained. The chosen ap-
proach was thus to use the mean curvature radius of the filament,
which would discard structures with rapid position angle varia-
tion, while keeping large-scale loops.

To that purpose, the first step is estimating the position an-
gle of the filaments at each position. Two possible approaches
are possible: either the position angle is directly deduced from
the eigenvectors output by the Hessian matrix diagonalisation,
or it can be geometrically computed on a pixel-by-pixel basis,
by comparing the position of each point in the filaments with its
nearest neighbours. The first option has the advantage of yield-
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Fig. B.2. From left to right and top to bottom: (1) Column density (Fig. B.1, panel 3) after an asinh transform (colour scale is linear,
not logarithmic); (2) structures resulting from the aspect-ratio filter of Frangi et al. (1998) applied to the Hessian eigenvalues of
the transformed column density, with a single detection scale of 0.14 pc; (3) the same structures after applying a gradient-based
ridge-detection filter, with the same detection scale; (4) the result of the multi-scale (0.06 to 0.3 pc) filtering; (5) regions identified
as filamentary, by applying a threshold onto the multi-scale filtered map; and (6) skeleton obtained by morphological thinning of
these regions. The filaments that end up being eliminated at some point in the cleaning process are indicated in red.

ing continuous angles, whereas the second yields angles in steps
of 22.5◦. We use the Hessian angle in the entire paper, and in par-
ticular for curvature measurements, because this first approach is
reasonably reliable despite some misalignments of the skeletons
and position angle map.

The curvature radius is then simply defined as the inverse of
the derivative of the position angle computed along the filament.
This curvature radius Rc is then averaged over the individual fil-
ament, and is compared to the width w of the individual filament
(Sect. 4.1.1). The individual filaments are rejected if they have a
Rc/w ratio lower than 1.5, thus ensuring that the transverse pro-
files of the filament are not contaminated by a further part of the
filament after a sharp turn. This selection affects a large num-
ber of individual filaments, mostly short ones, as can be see in
Table B.2.

B.2.3. Contrast

The value of the baseline at the peak of the filament profile,
obtained from the Gaussian fit (Eq. 2), gives us an estimate of
the surface density of the underlying background. An instinctive
way to estimate the “contrast” of the filaments, i.e. how much
they stand out from the background, is to take the ratio of the
linear density of the filament to the surface density of the back-
ground for each line of sight. The resulting quantity has the di-
mension of a length, and can be interpreted as the distance from
the filament needed to accumulate as much mass from the sur-
rounding medium as there is in the filament. We can make this
contrast dimensionless by defining the “relative contrast”, which
is the ratio of the contrast to the filament width. To summarise,

Contrast =
Filament linear density

Background surface density

Relative contrast =
Contrast

Filament width

. (B.4)
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Table B.2. Evolution of the skeletons S1 and S2 after succes-
sive stages of cleaning in terms of number of pixels (Pix) and
filaments (Fil). The initial skeleton is first geometrically cleaned
of short, isolated filaments, then we exclude filaments with too
strong curvatures, too low relative contrasts, too broad or too
narrow column density profiles. See text for details on why the
numbers do not add up properly.

Skeleton S1 S2
Pix Fil Pix Fil

Raw state 5256 457 4837 447
Geometry cleaning -646 N/A -909 N/A

Initial state 4610 291 3928 246
Curvature cleaning -814 -88 -924 -96

Width cleaning -472 -43 -675 -67
Intermediate state 3664 157 2833 119
Contrast cleaning -325 -20 -112 -9

Final state 3315 130 2708 106

The relative contrast measures how many times denser the
filament is relative to its surrounding medium: for instance, a
relative contrast of ten indicates that a region about ten times
broader than the filament is needed to accumulate as much mass
as contained in the corresponding portion of filament. This accu-
mulation of mass might be interesting when studying the power-
law-like extension of the profile of an isolated filament, but
in skeletons as crowded as those studied in this paper, we are
mostly concerned by the presence of a clearly visible inner part
of the filaments – hence a lower limit imposed on the relative
contrast at ∼ 1. The distribution of relative contrasts in the non-
cleaned filamentary skeletons featured a gap at a relative ratio of
0.6, which we thus chose as a limit under which filaments were
rejected. As can be seen in Table B.2, this criterion only had a
moderate impact on the cleaning of the skeleton.

B.2.4. Final selection and summary

In addition to the selection criteria described above, the widths
of the filaments are also taken into account to reject filaments
that we deem not reliably detected. Two limits are set. First,
the lower limit at 0.06 pc, which corresponds to the resolution
of the data; structures of this width or less are unresolved and
thus cannot be characterised reliably. Second, an upper limit of
0.22 pc, which corresponds to a gap in the filament width dis-
tribution. The few wider individual filaments are considered as
outliers. The lower limit mostly affects the smallest scale struc-
tures detected in the S2 skeleton. These narrow rejected objects
are numerous. Indeed, the Hessian filter is a derivative, which
by essence enhances small-scale, noisy structures, and when the
Gaussian smoothing scale comes down to the 0.06 pc spatial res-
olution of the data, it stops preventing this noise enhancement,
and thus many noisy structures at very low column densities are
picked up by the filter. The upper limit, on the other hand, mostly
affects “bridges” between two neighbouring filaments, which are
artefacts of the skeletonisation process and are perpendicular to
the orientation of well-detected filaments running close to each
other.

Table B.2 summarises all stages of the cleaning process.
After the first detection step, the geometrical cleaning is run
twice and the resulting skeletons are used as a starting point (ini-
tial state) for the first analysis. This step starts by measuring the
width and curvature of the filaments, leading to the rejection of
a large amount of structures, some of which can be rejected by

more than one criterion. After this, the geometrical cleaning is
reapplied twice, yielding intermediate skeletons which then un-
dergo the contrast cleaning. This is the last stage of cleaning be-
cause of the relative contrast computation is very sensitive to the
quality of the transverse profile fitting, and therefore can lead to
results too extreme to be analysed for some of the poorly defined
structures that get eliminated in the previous stages of cleaning.
After this, two last passes of geometrical cleaning yield the fi-
nal skeletons, which are then used for the rest of the analysis
in this paper. We note that the numbers of pixels and filaments
in Table B.2 do not always add up properly. This is because
some structures can be eliminated based on several criteria and
because of geometrical cleaning, which removes some isolated
nodes left out by other cleaning stage and can reduce the num-
ber of filaments either by removing the smallest or by merging
these into larger filements when a spurious branch (and thus an
intersection) is eliminated.

B.3. Qualities and limitations of the filament detection
methods

Having used in parallel skeletons obtained with two different
methods, we need to compare the relative merits of each with
respect to the implementation, detection quality, and physical
implications.

The first method (which yields the skeleton S1) presents the
major advantage of being very straightforward in its implemen-
tation, providing a simple yet efficient way to identify filamen-
tary regions in a molecular cloud. However, it is not very specific
in its geometric requirements when identifying filaments. This
means that regions with strong spatial features that are not fila-
mentary are detected, only to be later rejected during the clean-
ing process (see the filaments indicated in red in Fig. B.1, panel
6), and that the identified filamentary regions are broad. This
broadness is an advantage in terms of completeness, for example
if we want to use the mask of Fig. B.1 (panel 5) to obtain molec-
ular line ratios inside and outside the filaments, but it is a disad-
vantage during the skeletonisation, as the position of the skeleton
is less precise. This uncertainty on the position of the skeleton
can be a problem when measuring the properties of the filament
profiles, in particular their widths (Sect. 4.1.1). The binary as-
pect of the detection method achieved with a single threshold
also makes the method unsuitable for a multi-scale approach.

The second method, which yields the skeleton S2, is much
more demanding as far as the properties of the identified struc-
tures are concerned, which also comes with its lot of pros and
cons. The rescaling of the data, which could easily be transposed
to the first method, makes the whole detection process less sensi-
tive to the brightest/densest regions, allowing for a better tuning
of the filtering parameters. The first stage of filtering achieves a
better distinction between filament-like and blob-like structures
using the local aspect ratio. Together with the second stage of fil-
tering, it yields much thinner filamentary regions (Fig. B.2, panel
5), enabling a more accurate skeletonisation. The use of a contin-
uous filter (with values ranging from 0 to 1) before thresholding
makes the method suitable for a multi-scale approach, which re-
duces possible detection biases. However, as can be seen from
the filaments indicated in red in Fig. B.2 (panel 6), this approach
also yields a large amount of small-scale structures that end up
being rejected during the cleaning; there is 19% of rejection in
the first geometrical cleaning stage, compared to only 12% in the
case of the S1 skeleton. The multi-stage filtering process also
requires more parameters to be adjusted by hand (at least two,
d and τf) than the first method. Another issue arises from the
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smoothing that occurs during the computation of the gradient.
The gradient can be distorted in the vicinity of intersections of
filaments, which can result in a distorted (misaligned) skeleton,
but more often the filter simply misses the intersections, thereby
truncating the filaments.

In summary, we can consider to first order that S1 is an upper
limit for filament detection and S2 is a lower limit. This would
be completely true if S2 were nested in S1 (i.e. if we had S2 =
robust ⊂ S1). However, Fig. 5 shows that this is not the case, but
that nonetheless filaments exclusive to S2 are far less numerous
than those exclusive to S1.

It is important to note that the final quality of the obtained
skeletons does not only depend on the initial detection method,
but also on the cleaning process. In that respect, we can see
that a larger proportion of the S2 skeleton (44%) is rejected
than in the S1 skeleton (37%). In both cases it is a significant
fraction, which shows that the skeletons should not be used
without cleaning, lest the statistical results be contaminated
by many unwanted structures. We can also add a qualitative
remark on the rejected fraction of the skeletons: although the
fraction rejected in S1 is smaller, the filaments rejected in S2
seem to be mostly very small structures, while the longer ones
are retained. It can be a sign that the multi-scale detection
has a drawback tightly linked to its main quality. Because this
detection is unbiased, it picks up many small features that, on
closer inspection, end up not matching the requirements that we
set on bona fide filaments. It is thus not easy to rule in favour of
one or the other detection scheme – at least not in their current
state.

We can also question the nature of the detected structures, re-
garding their geometry and their origin. Filaments are most often
described as elongated, almost unidimensional condensations in
the three-dimensional turbulent medium, but this mechansm is
not the only one that can form elongated structures in the molec-
ular ISM. Geometry and projection effects are an important is-
sue. For example, it is possible that some detected filaments
are actually two-dimensional structures seen edge-on. This is
most probably the case for at least one filamentary structure de-
tected in Orion B, namely the vertical filament at the base of
the Horsehead Nebula. Rather than a unidimensional structure,
this filament is the edge of the IC 434 ionisation front, a wall
seen edge-on. Thus, its high observed density is the result of a
larger dimension along the line of sight than for other filaments.
Another structure can raise the question of its evolutionary sce-
nario: the Horsehead Nebula itself. Rather than a condensation in
a three-dimensional turbulent medium, it is rather a pillar carved
by the IC 434 ionisation front.

There are two reasons to keep all structures in the filamen-
tary network, even when the knowledge of the region points to
the fact that they might not match the usual definition of fila-
ments. First, this a priori knowledge of the structure can be ab-
sent when studying another filamentary region, and it is impor-
tant to treat the skeleton statistically in an unbiased way, to see
whether and how the physical properties of the filaments can dis-
tinguish different populations. The results of this paper suggest
that all the above-mentioned structures should be treated in the
same way. Second, mostly in the case of the Horsehead Nebula,
the fact that an elongated structure had one formation scenario
or another does not necessarily determine its further evolution,
hence the necessity of keeping the entire variety of structures in
the sample.

List of Objects

‘Pipe Nebula’ on page 1
‘Orion B’ on page 2
‘Horsehead Nebula’ on page 3
‘IC 434’ on page 3
‘NGC 2023’ on page 3
‘NGC 2024’ on page 3
‘Flame Nebula’ on page 3
‘σ Ori’ on page 3
‘IC 435’ on page 3
‘HD 38087’ on page 3
‘IC 5146’ on page 11
‘Orion A’ on page 15
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