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ABSTRACT

Context. Filamentary gas flows are an important process for funneling gas from cloud scales onto star-forming cores.

Aims. We investigate the role of filaments in high-mass star formation, whether gas flows from large to small scales along them, and
what their properties might reveal about the region they are found in.

Methods. The Max Planck IRAM Observatory Program (MIOP), the Cygnus Allscale Survey of Chemistry and Dynamical Environ-
ments (CASCADE), includes high spatial resolution (~3") data of HCO*(1-0) and H'3CO*(1-0) emission in the star-forming region
DR20 in the Cygnus X complex. In this data we identify filaments with the structure identification algorithm DisPerSE. We further
analyze these filaments using Gaussian fits to the spectra to determine the line peak velocity and full width half maximum along them.
The Python package FilChaP was used to determine filament widths.

Results. We find projected velocity gradients inside several filaments between 0.4 and 2.4 km s™! over projected length-scales of 0.1 pc
toward star-forming cores. This can be interpreted as a sign of gas flowing along the filaments toward the cores. The filament width
distributions exhibit median values between 0.06 and 0.14 pc depending on the core, the tracer, and the method. Standard deviations
are approximately 0.02 to 0.06 pc. These values are roughly in agreement with the filament width of 0.1 pc typically found in nearby
low-mass star-forming regions.

Conclusions. This first analysis of filamentary properties within the Cygnus X CASCADE program reveals potential signatures of gas
flows along filaments onto star-forming cores. Furthermore, the characteristics of the filaments in this high-mass star-forming region
can be compared to those of filaments in low-mass star-forming regions typically studied before. Extending such studies to the entire

CASCADE survey will enhance our knowledge of high-mass filament properties on solid statistical grounds.

Key words. stars: formation — ISM: kinematics and dynamics — ISM: structure — ISM: individual objects: Cygnus X —

ISM: individual objects: DR20

1. Introduction

The filamentary nature of molecular clouds has been observed
for decades (e.g., Arzoumanian et al. 2011; André et al. 2014;
Pineda et al. 2023; Hacar et al. 2023), and the ubiquity of
filaments has been revealed by Herschel observations (e.g.,
André et al. 2010; Motte et al. 2010; Schisano et al. 2020) of
nearby molecular clouds. Filaments are found over a large range
of scales, from small substructures of clouds (~0.1 pc, e.g.,
Hacar et al. 2018; Li et al. 2022) up to giant structures associ-
ated with galactic spiral arms (several kiloparsecs, e.g., Ragan
et al. 2012; Goodman et al. 2014; Zucker et al. 2015; Wang
et al. 2015; Abreu-Vicente et al. 2016; Mattern et al. 2018).
They are also identified in various environments, from dense
high-mass star-forming regions (e.g., Hill et al. 2011) to the

* Corresponding author: beuther@mpia.de

** In memory of Karl Menten, who suddenly passed away before com-
pleting this work. His invaluable advice and contributions will be deeply
missed.

atomic interstellar medium (ISM) (e.g., Clark et al. 2014; Syed
et al. 2020) (for a recent review see Hacar et al. 2023). This
suggests that filaments may precede and lead to star formation
(e.g., André et al. 2014; Pineda et al. 2023). The general picture
is that large-scale supersonic flows compress gas into such fila-
mentary structures, which further fragment into pre-stellar cores
and ultimately protostars when gravity takes over (e.g., Inoue &
Inutsuka 2009; Heitsch et al. 2009; Hennebelle & André 2013;
Klessen & Hennebelle 2010; Tielens 2021). Since high densi-
ties are observed at filament intersections, referred to as “hubs”,
high-mass star formation is thought to take place in these loca-
tions, with gas flowing along the filaments (e.g., Schneider et al.
2012; Peretto et al. 2014; Trevino-Morales et al. 2019; Kumar
et al. 2020). The DR21 ridge in Cygnus X is a well-studied exam-
ple of such a process (e.g., Hennemann et al. 2012). It was shown
that parsec-scale sub-filaments, connected to the ridge, provide
a significant mass reservoir to further build up the DR21 ridge,
probably guided by the magnetic field (Schneider et al. 2010).
On much smaller scales (<0.1 pc), Csengeri et al. (2011) found
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velocity-coherent flows toward some of the massive star-forming
cores in Cygnus X. In this paper, we aim to investigate such gas
flows at scales of star-forming regions (parsec to sub-parsec) and
characterize their physical properties.

Furthermore, several studies so far have found filament
widths around 0.1 pc, independent of the resolution and the
fitting methods of the radial profiles, therefore suggesting a
typical filament width (e.g., Arzoumanian et al. 2011; André
et al. 2014; Suri et al. 2019). André et al. (2014) and André
et al. (2022) summarized possible physical processes that could
lead to this; for example, filaments may be accreting additional
material from their surroundings while contracting, which would
constrain their central diameter on the order of the effective
Jeans length, i.e., ~0.1 pc. However, in a recent review, Hacar
et al. (2023) presented a meta-analysis of filament widths with
a broader spread in measured filament width. Hence, it remains
an open question whether a universal filament width exists or
not. While the majority of prior filament studies have concen-
trated on low-mass star-forming clouds, there exists a paucity of
investigations examining high-mass star-forming clouds. Single-
dish continuum studies typically found broader filament widths
in high-mass regions (e.g., Hennemann et al. 2012; Schisano
et al. 2014), which may also be related to the limited angular
resolution, whereas some studies within Orion also found nar-
rower filament widths (e.g., Hacar et al. 2018; Monsch et al.
2018). We now investigate the filament properties in a high-mass
star-forming region in the Cygnus X complex and look for possi-
ble differences in the evolutionary star formation stages they are
found in. Given the typically larger distances of high-mass star-
forming regions, high angular resolution is crucial to disentangle
the structures.

For our investigation, we chose the Cygnus X region. It is a
nearby (1.46kpc, Rygl et al. 2012), very luminous star-forming
region, which includes various stages of long-lasting (at least for
the past few million years) and on-going massive star forma-
tion events (e.g., Schneider et al. 2006; Reipurth & Schneider
2008; Wright et al. 2015). We use high spatial resolution
data obtained by combining the NOrthern Extended Millimeter
Array (NOEMA) data with the Institut de Radioastronomie Mil-
limétrique IRAM 30 m single-dish data taken for the Max Planck
IRAM Observatory Program (MIOP), the Cygnus Allscale Sur-
vey of Chemistry and Dynamical Environments (CASCADE;
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Fig. 1. Overview of the DR20 region in Spitzer

1.8 8 wm emission in color-scale with white con-
tours showing the hydrogen column density in
five steps from 1 to 5 x 10?2 H, cm™2, derived

1.6 with Herschel data by Marsh et al. (2017). The
red dots indicate the NOEMA 3.6 mm contin-
uum intensity peaks, which are labeled from A
to F (Beuther et al. 2022).
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Beuther et al. (2022) present an overview and first results). This
combination allows us to look at filaments at (sub-)parsec scales
(down to approximately 1072 pc or 3700 AU), where we aim to
study the connection of the larger, diffuse scales to the smaller,
denser regions and embedded cores. The data cover a large area
(640 arcmin?), i.e., all important subregions of Cygnus X, with
a very broad band pass of ~15.51 GHz, covering a plethora of
spectral lines; see Beuther et al. (2022), who outline the wealth
of data.

Only noting this wealth of spectral lines available in CAS-
CADE, we focus here on the dense gas-tracing molecule
HCO*(1-0) and its isotopologue H'3*CO™*(1-0). While the for-
mer also traces more extended gas emission around the star-
forming regions, the latter more closely follows the dust con-
tinuum emission and hence traces the densest core regions.

This work concentrates on the pilot region of CASCADE,
the DR20 subregion at a distance of 1.46 kpc (Rygl et al. 2012)
with a total mass estimate of ~2500 M, (Beuther et al. 2022).
It shows strong centimeter and millimeter continuum emission,
with 6 mm intensity peaks labeled A to F (see Fig. 1). These
peaks show different evolutionary stages of star formation, with
a gradient in evolutionary stage from A (most evolved) to F (very
young) (e.g., Beuther et al. 2022). A and B are associated with
evolved (ultracompact) HiI regions with radio and strong mid-
infrared emission and elevated dust temperatures around 25-30
K, with B having slightly lower temperatures than A (Marsh et al.
2017; Beuther et al. 2022). Additionally, B exhibits strong com-
pact molecular emission and a 6.7 GHz Class II CH3OH maser
(Ortiz-Leon et al. 2021). Meanwhile, clumps C to F are more
quiescent at radio and mid-infrared; they are also colder at about
20 K and are therefore thought to be younger, less-evolved star-
forming regions (Beuther et al. 2022). These different regions,
which are found to be in various evolutionary stages of star
formation, make the DR20 subregion a very interesting region
to investigate potential filamentary gas flows connecting to the
star-forming cores.

The combined NOEMA and IRAM 30 m data have a velocity
resolution of 0.8 km s~!, making it possible to investigate the gas
kinematics along the filaments. By investigating these properties
of the filament structures in the different star formation stages
of DR20, we try to answer whether filaments connect the large
and small scales; whether gas flows along the filaments into the
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Fig. 2. Integrated intensities (from —8.4 km s~! to 6 km s™!) for HCO*(1-0) (left) and H'*CO™*(1-0) (right). The intensity peaks of the NOEMA
3.6 mm continuum emission (continuum sources) are labeled A to F. The NOEMA synthesized beam is shown in the bottom-right.

cores; whether filament properties depend on the evolutionary
stage of star formation; and whether a typical filament width
may also be found in this high-mass region.

First, we summarize the properties of the data used (Sect. 2),
followed by the methods used to identify filaments; then, we
determine their kinematics and width distributions (Sect. 3).
Next, we show the identified filaments and their resulting prop-
erties (Sect. 4). After a discussion of the results (Sect. 5), we end
with a summary and conclusion (Sect. 6).

2. Observations

The data we use for this work are taken from “The Cygnus
Allscale Survey of Chemistry and Dynamical Environments”
(CASCADE'). The data and the reduction procedures are
described in detail in Beuther et al. (2022), which we summarize
here briefly,. CASCADE combines NOEMA 3.6 mm interfero-
metric data with IRAM 30 m single-dish radio data of the same
target region Cygnus X. While the NOEMA data give high
spatial resolution for small-scale structures (~3"" correspond to
~4380 AU at the distance of DR20), the IRAM 30 m comple-
ments the missing short spacings to map extended structures of
several parsec size. The combination of these two datasets there-
fore allows us to connect large to small spatial scales, which is
one of the goals of CASCADE. The observations cover ~16 GHz
bandwidth in the 3.6 mm window, containing many different
spectral lines (combined NOEMA+30m data) and also good
continuum measurements (NOEMA-only data). The DR20 sub-
region, which is the focus of this work, is composed of three
mosaics. Each mosaic consists of 78 NOEMA pointings. All
regions are observed in the NOEMA C and D configurations,
with typically ten antennas in the array, with baselines between
~15 m and ~356 m. The 3.6 mm continuum data were obtained
only with NOEMA with a broad band pass of ~15.51 GHz
and a synthesized beam of 3.45" x 2.77”, corresponding to a
linear spatial resolution of approximately 4400 AU. The spec-
tral lines were observed over a band width of ~8 GHz in the
upper and lower sideband at a central nominal frequency of
~82.028 GHz. Important ground state lines as well as unique
deuterated molecule lines are covered. The available spectral
lines and their parameters are reported in Table 1 and A.l in
Beuther et al. (2022). The NOEMA data with the higher spectral
resolution (~0.2kms~!) were resampled to match the spectral
resolution (~0.8 kms~!) of the IRAM 30 m data before merging
the datasets. The velocity at the local standard of rest (v sg) of

I https://www2.mpia.de/CASCADE

Table 1. Parameters of the spectral lines used.

Line HCO*(1-0) H'3CO*(1-0)
Frequency 89.189 GHz 86.754 GHz
Beam (comb.) 32" x24” 3.3” x2.5”
Beam (30 m) 28.2" 29"
Res. (comb.) 4100 AU, 0.02 pc 4200 AU, 0.02 pc
Res. (30 m) 41 000 AU, 0.21 pc = 42 000 AU, 0.21 pc

Notes. The synthesized beam values for the combined data are taken
from Beuther et al. (2022). “Res.” refers to the approximate linear spatial
resolution, calculated using the distance to the DR20 subregion (1.46
kpc, Rygl et al. 2012).

DR20 is —2.0kms~! (e.g., Beuther et al. 2022). The parameters
of the HCO* and H'*CO* spectral lines used in this work are
presented in Figure 2 and Table 1.

We identify filaments in the merged data of NOEMA and the
IRAM 30 m (referred to as “combined data”), which are used
for further analysis. Although a higher spectral resolution would
be desirable, the available higher-resolution NOEMA-only data
suffer severely from missing flux, which results in unreliable
spectral structures (e.g., Plunkett et al. 2023). Hence, using the
combined data is mandatory for our analysis. For comparison we
also identify filaments in the lower spatial resolution IRAM 30 m
single-dish spectral line data on its own (Table 1), as well as in
the Herschel hydrogen column density data with 12" resolution
derived by Marsh et al. (2017).

3. Methods

With the structure identification algorithm Discrete Persistent
Structures Extractor (DisPerSE, Sousbie et al. 2011), we identi-
fied filamentary structures in the 3D (position-position-velocity,
PPV) data cubes. Apart from the combined NOEMA and IRAM
30 m data, we analyze the lower spatial resolution IRAM 30 m
single-dish data separately to compare the filaments to those
identified in the combined data. We did the same with the 2D
Herschel hydrogen column density data taken from Marsh et al.
(2017). The Herschel data cover a larger area of DR20 than the
NOEMA and 30 m observations, showing us how the smaller
filament structures connect to larger ones. Using the combined
NOEMA and IRAM 30 m data, we studied the properties of
the identified filaments with the Python Filament Characteri-
zation Package (FilChaP, Suri 2018). FilChaP provides filament
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widths along the filaments, as well as statistical results of fila-
ment width distributions in different star formation evolutionary
stages. Additionally, it gives us the possibility to study how well
different functional forms fit the filaments’ radial profiles (see
Section 3.3).

3.1. DisPerSE

DisPerSE (Sousbie et al. 2011) extracts persistent topological
features, such as peaks, voids, walls, and filamentary struc-
tures, using discrete Morse theory’. Morse theory is based on
the concept of ascending and/or descending k-manifolds, which
partition space into k-dimensional domains defined by the gra-
dient of a function. These k-manifolds can be associated with
astrophysical objects; for example, ascending 1-manifolds can be
interpreted as filaments. DisPerSE was originally developed for
research in cosmology but is now widely used in other fields,
especially to identify filamentary structures in star formation.

DisPerSE uses the concept of persistence, which is a mea-
sure of robustness of topological features, i.e., their contrast with
respect to their surroundings. If we set the persistence threshold
higher, fewer intensity maxima, saddle points, and arcs connect-
ing features, which are filaments, are identified. We chose a
threshold so that only the most significant topological features
remain, which is between 3 to 60, depending on the dataset
(HCO*, H3CO* and Herschel column density data, Table 2).
For the CASCADE data, we determined the noise as the standard
deviation of the masked last velocity channel, which is noise-
dominated and has no source emission. The mask excludes the
higher noise at the edges of the maps. Since for radio interfer-
ometers, i.e., the combined data, the noise is not Gaussian, the
standard deviation is not entirely accurate. Additionally, we mea-
sured the noise in only one velocity channel and assumed it is
similar for all. To make up for these inaccuracies, we took a per-
sistence threshold at a conservative high level of 60. For the
IRAM 30 m single-dish data, the noise is approximately Gaus-
sian, and we chose a 40 persistence threshold. In the Herschel
data, the noise is determined as the standard deviation of the sig-
nal in a 50 pix? rectangle at a position with no significant source
emission within the image. Since there is no region completely
without emission, the standard deviation is too high. Therefore,
we took a comparatively lower persistence threshold of 30 All
of these thresholds have been additionally inspected in the per-
sistence plots given by DisPerSE. These show the persistence of
all persistence pairs over their background densities, so that the
most significant features stand out of the general distribution on
the y-axis and can be separated from it with a horizontal line,
i.e., a persistence threshold. Additionally, we visually checked
the filaments resulting from the different thresholds.

We applied these chosen thresholds (Table 2) and the same
mask used for the noise calculation to exclude the high noise at
the edges of the maps. Namely, we used the main program “mse”
to compute Morse-smale complexes, with the option “upSkl” to
dump the “up” skeleton, i.e., arcs linking maxima to saddle-
points, to extract the filamentary structures. The order of the
parameters is “mse,” followed by the mask, the cutting of the
threshold, and “upSkl”.

We tested several additional setting options, the most impor-
tant being “periodicity", which can be used to change the default
fully periodic to nonperiodic boundary conditions; “breakdown”,
which breaks filaments into smaller parts and keeps them from

2 The manual can be found at http://www2.iap.fr/users/
sousbie/web/html/index4f3e.html?category/Manual
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Table 2. Noise of the different datasets.

o (persistence threshold)

HCO* H'3CO* Herschel
(mJy beam™') (mJy beam™!) (10%° cm™?)
Combined 6.78 (x6) 6.86 (x6) 5.02 (x3)
30 m 285 (x4) 300 (x4)

Notes. The noise of the different CASCADE datasets is calculated as
the standard deviation of the signal in the respective edge-masked last
velocity channel. For the Herschel hydrogen column density data, the
noise is calculated as the standard deviation of the signal in a 50 pix?
rectangle at a position with no significant source emission. In brackets,
the multiplicator to calculate the persistence threshold used as DisPerSE
input is shown.

overlapping; and “assemble”, which combines filaments con-
nected to each other at an angle lower than a specifiable number.
Our tests show that due to these options, some filaments disap-
pear and/or new ones appear, which visually do not represent
the data as well. The differences are minimal, but to avoid them
while gaining the merits of breakdown and assemble, we chose
to combine short filaments ourselves.

While the filaments in the Herschel continuum data were
extracted from the 2D spatial map, those in the 3D spectral
line cubes (PPV) were extracted from the 3D data including the
velocity information. Therefore, we can also measure velocity
changes along the filaments (e.g., Fig. 4). However, since DIS-
PERSE typically identifies only one velocity component along
a given spine due to the large selected persistence thresholds,
and because several velocity components may be present (e.g.,
Fig. 3), here below we analyze the velocity structure in more
depth by fitting Gaussians — often several Gaussian compo-
nents — along the identified skeleton spines. We note that in this
approach multiple Gaussian components measured toward one
filament are assigned to a single spatial structure, whereas small
spatial offsets between different velocity components are possi-
ble (e.g., Hacar et al. 2013). For the current analysis, we stick to
the conservative high thresholds; however, future analysis may
investigate smaller spatial substructures potentially identified
with other filament identification algorithms.

3.2. Velocity and linewidth

To visualize the gas velocity and linewidth along a filament,
we investigated all spectra along that filament. To improve the
signal-to-noise ratio, we consistently averaged three adjacent
spectra following the crest of the spine of the filament (corre-
sponding to ~2/3 of the beam width). We determined the velocity
of the spectral peaks in the average spectrum and tried to simul-
taneously fit a number of Gaussian components equal to the
number of identified spectral peaks (to a maximum of four). For
the fitting, the curve_fit function of the scipy.optimize Python
package is used. We tried a Gaussian fit with one component less
until the error of the full width half maximum (FWHM) of the
fitted peaks reached below 2kms~'. An example of a Gaussian
fit with one to three peaks each can be seen in Fig. 3. Further-
more, a fit was discarded if the amplitude of the fitted main peak
was lower than 30~ (with o = 6.78 mJy beam™! for HCO* and o =
6.86 mJy beam™! for H'3CO*, Table 2). After visual inspection
we further excluded fits where the FWHM > 4 km s~!, since in
these cases an unresolved second peak was likely included in the
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Fig. 4. Filaments identified with DisPerSE in all velocity channels (from —8.4 km s™! to 6 km s™!) overlaid on the respective zeroth moment maps,
i.e., the intensity integrated over all velocity channels, of all CASCADE data types. Top: combined HCO*(1-0) (left) and H'3CO*(1-0) (right).
Bottom: single-dish HCO*(1-0) (left) and H'*CO™*(1-0) (right). The intensity maxima of the 3.6 mm continuum emission are labeled A-F in the

upper right panel. The beam is shown in the bottom-right of each panel.

first. Depending on the molecule (HCO™ or its H'*CO* isotopo-
logue) and the core, the number of discarded fits varies. For the
rarer H3CO™, especially on the more extended structures, addi-
tional fits were discarded with a mean value around 54%. For
the main isotopologue HCO™, only about 10% of the fits were
discarded. In Figs. 8, 9 and Appendix C (linewidth and velocity
within all analyzed filaments), the discarded fits correspond to
missing points in the plots.

3.3. FilChaP

FilChaP is a Python package developed by Suri (2018) in order to
determine filament properties, in particular their width. It picks
up coordinates of a line perpendicular to a given filament, and
extracts the intensity profile along this line. This is done sev-
eral times along each filament, where the distance of the lines,
or slices, as well as the length of the line can be given as

input settings. Additionally, the distance along the filament over
which these intensity profiles should be averaged can be set. The
resulting average intensity profile can then be fit to determine
the filament width. This is often done with Plummer functions,
which define a cylinder with a dense and flat inner portion and a
power-law decline at larger radii (Plummer 1911; Arzoumanian
et al. 2011; Suri et al. 2019):

PR

5,0 =4, M

p-1

[

with Z,(r) being the column density, p. the central density, Ry
the filament’s inner radius within which the density is uniform,
p the power-law index, and A, a finite constant for p > 1 that
depends on the filament’s inclination angle i to the plane of the
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sky: A, = o~ f o +lel)p/2 (Arzoumanian et al. 2011). The incli-
nation angle i is assumed to be zero for simplicity in FilChaP.
The FWHM, i.e., the filament width, can be calculated as (e.g.,
Hacar et al. 2023):

FWHM = 2Rgy V220D — 1, )

which assumes an isolated filament with no background column
density. For an isothermal hydrostatic cylinder, the power-law
index is p = 4 (Ostriker 1964), but observations show a better
agreement with p ~1.5-2.5 (Arzoumanian et al. 2011). Profiles
with p <4 are expected for cylinders not in equilibrium, possibly
magnetized, externally pressurized, non-isothermal, polytropic
or rotating (see Hacar et al. 2023 for a full discussion).

FilChaP fits the determined average profile of neighboring
intensities with Plummer functions with power-law indices of
p =2 and p =4, as well as a Gaussian function (Suri et al. 2019):

p(r) = Ae 02 3)

where o is the standard deviation of the Gaussian function. The
filament width then corresponds to

FWHM = 22in(2) - o~ 4)

Furthermore, FilChaP computes the filament width via the
second moment of the distribution /, where the nth moment is
given by

1V L = X)
my = N i >

®)

where X is the intensity weighted mean position of the profile,
I; is the intensity at position x;, and o is the intensity weighted
standard deviation of the profile. The second moment is the
variance of the distribution, and therefore the width of the
profile can be calculated with /n; X 2 V2in2.

The de-convolved width is

FWHMueconw = VFWHM? — B2, (6)

with B the observed beam-width (a mean of the two beam axes
for the NOEMA+30m data, Table 1). Zucker & Chen (2018)
used this deconvolution procedure on FWHM values of Gaussian
as well as Plummer functions. They found that this decon-
volution can lead to an overestimation of the filament width
that increases significantly as the spatial resolution of the data
decreases. However, the resolution of our data is a factor of 10
higher than that of their best test data. They also note that this
overestimation is a little less significant for the Plummer function
compared to the Gaussian function.

We used FilChaP on the combined HCO* and H'*CO™ data
and chose settings similar to Suri et al. (2019). For the distance
from one slice to the next, they chose 1.5 beam sizes to ensure
statistical independence of each slice, i.e., no pixels were used
in several slices. They then averaged the intensity profiles over
a length of three beam sizes; therefore, they averaged two inten-
sity profiles each. We tested different combinations of these two
settings, i.e., slightly smaller and larger separations between the
slices as well as slightly smaller and larger average distances.
However, the overall distribution of the filament width did not
change significantly. Hence, we also used a separation of 1.5
beam sizes, corresponding to ~0.031 pc, and we also averaged
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over two slices (three beam sizes). For the length of the per-
pendicular line, we chose 100 pixels corresponding to ~0.73 pc,
sufficient to estimate the widths of the filaments. The length
should not be too short to ensure the closest significant minima
that determine the fitting range are covered, but it should also
not be too long, as additional surrounding emission can influ-
ence the baseline subtraction (for a description of the baseline
subtraction, see Appendix A of Suri et al. 2019).

To exclude slices where the fitting does not perform well,
we decided not to use reduced X,% criteria (e.g., Suri et al. 2019)
because the substructure as well as the low signal-to-noise ratios
along the slices affect these too strongly in our data. Instead,
we chose to exclude slices based on the calculated parameters.
Since the determined peak position of the fit should be very
close to zero, corresponding to the center of the filament, we
excluded fits where the peak position is further away from zero
than +0.05 pc for HCO* and +0.038 pc for H3CO*. Visual
inspection shows that, in such cases, the wrong peak or sev-
eral peaks were fit. To determine an appropriate value for the
threshold, we made a histogram of all determined peak positions
with signal-to-noise-ratio S/N > 3 and chose a value where the
number of positions indicates a sudden drop, while also trying
to maximize the amount of non-excluded data that passes the
visual inspection. We decided to use the same value on the neg-
ative and positive side. Furthermore, we chose the error of the
parameter giving the profile width — which is the standard devi-
ation (o) for the Gaussian fit and Ry, for the Plummer fits —
as an exclusion criterion. For that, we used the same method as
for the peak positions, i.e., finding a drop in their distributions
and visual inspection. The determined threshold values are o =
0.0065 pc, Raa = 0.0065 pc (p = 2), and Ry = 0.012 pc (p = 4)
for HCO*, and o = 0.0065 pc, Rgy = 0.0063 pc (p = 2), and Ry
=0.011 pc (p = 4) for H*CO*. Determined filament widths with
errors larger than these thresholds are excluded from the results.
Sometimes one of the fits gives a large error while the others
do not, leading to slightly different sample sizes for the different
methods (Table A.2). Since the second moment does not have a
formal error, we include its result only when all other methods
are included as well.

Further results achieved with FilChap are goodness-of-fit
values for the different fits, making it possible to investigate
the equations that could describe our identified filaments best.
Shoulders, i.e., local minima in the second derivative of the
averaged intensity profile with a significance of 5o, are also
identified. Suri et al. (2019) find the number of shoulders to cor-
relate with the determined filament width, suggesting that this
might show the complex substructure of filaments influencing
the widths. Features of FilChaP separating it from other methods
are presented in the Appendix (Appendix B).

4. Results

We present the integrated emission maps and the identified fil-
aments of the CASCADE data in Fig. 4. Both the combined
NOEMA+30m and the 30m-only data are shown to investigate
the filament properties at different spatial scales. The filaments
are identified in each velocity channel, which is represented by
their color. While the overall filamentary structure is similar
between the single-dish and interferometer data, one difference
between them is the long filament that connects cores A to D in
the low-resolution 30 m data, whereas the high-resolution data
rather exhibit individual filament networks around each core.
The identified filaments of the Herschel hydrogen column den-
sity data are displayed in Fig. 5. An overlay of the filaments
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Fig. 5. Filaments identified with DisPerSE in the Herschel hydro-
gen column density data (Marsh et al. 2017). To also show the lower
hydrogen column densities, the color scale bar is truncated at 3 X
10?° H, cm™2, but the peak positions reach much higher column densi-
ties >10?> cm™2 (Fig. 1). The intensity maxima of the 3.6 mm continuum
emission are labeled A-F. The beam is shown in the bottom-right.

Table 3. Number of filaments identified with DisPerSE.

Number of identified filaments

HCO* H"CO* Herschel
Combined 366 95 56
30m 36 25

identified in the CASCADE data with those in the Herschel data
(Fig. 6) shows that some of the filaments coincide. Especially
most of the large-scale filaments in the outer regions of the Her-
schel data connect to the small-scale filaments in the CASCADE
data closer to the cores, for both HCO* and H'3CO* (Fig. 6). The
correspondence of the Herschel filaments seems to be slightly
better with the H'*CO* structures than the HCO™ filaments.
This is plausible because, while the HCO™ traces more of the
extended diffuse emission, the lower optical depth of H'3CO*
should trace better the denser structures that are also visible in
the Herschel dust continuum data.

The number of identified filaments for each dataset is listed
in Table 3. Note that different DisPerSE settings lead to different
filament lengths and therefore numbers. However, the numbers
can be relatively interpreted, confirming that the higher spatial
resolution of the combined data compared to the single-dish
data, as well as the higher sensitivity to low-density material
of HCO* compared to H'>CO*, lead to a higher number of
(identified) filaments.

The identification of partially different structures in the
HCO™"(1-0) and H'3CO™(1-0) lines depends on several aspects.
As mentioned before, HCO™ traces additional extended emission
whereas H'*CO* follows better the higher column densities also
traced by the Herschel dust continuum data. The high gas column
densities, especially toward the positions of the densest cores,
cause high optical depth, in particular for the main isotopologue
HCO™, which can result in self-absorption dips at the respective
velocities in the spectra. Complex spectral profiles may also be
caused by infall motions in optically thick lines (e.g., Myers et al.
1996). We compared the HCO*(1-0) and H'*CO™*(1-0) spectra
along the filamentary structures and identified different features.

Toward the highest column density cores, some HCO™ spec-
tra indeed exhibit velocity shifts compared to where the more
optically thin H'*CO* peaks (Fig. C.1 left spectrum). However,
such velocity shifts between H'>CO* and HCO™, likely caused
by high optical depth, are typically spatially constrained only to
regions close to the main cores. With increasing distance to the
cores, and by that decreasing column density, one typically finds
well agreeing velocities between HCO*(1-0) and H'3CO*(1-0).
One finds single component spectra for both lines but one some-
times also finds multiple components in the main isotopologue
HCO™ but only a single component in H'*CO* (Fig. C.1, mid-
dle and right spectra). If the velocity of the single component
in H'3CO* agrees then with one of the HCO* components,
this is indicative for HCO* tracing multiple gas components
along those lines of sight. And only the higher column density
component is also seen in the rarer H'3CO* isotopologue.

While analyzing all identified filaments is beyond the scope
of the paper, for further analysis, we selected several representa-
tive filaments from the combined HCO* and H'3CO™* data. We
combined adjacent and coherent short filaments from the Dis-
PerSE analysis to obtain longer coherent structures. We define
the “origin” of these new filaments as their coordinates closest
to the core peak position derived from the millimeter continuum
data. These origin coordinates are identical for all filaments con-
nected to each core. In addition, in HCO™ we also chose some
filaments in more remote areas, which are not directly connected
to a core, to see if their properties differ from those connected
to cores. In this case their “origin” was chosen arbitrarily as the
last coordinates on one of their ends. The selected filaments are
presented in Fig. 7.

4.1. Spectral line parameters of filaments

For the selected filaments, we determined peak velocity,
linewidth and their corresponding uncertainties along the fila-
ment lengths, as described in Section 3.2. We show some of the
results in Figs. 8 and 9. The filaments corresponding to the plots
in their row are colored by the velocity of the channel they were
identified in. The red color indicates the analyzed filaments in
this region (Fig. 7), and all the additional plots can be found in
the supplementary material available at Zenodo. The filament
origin together with the intensity peak of the line emission over-
laps with the continuum source for half the cores, and is slightly
offset in cores D, E, and F in HCO™, and in cores B, D, and F in
H'3CO™* by a distance on the order of 1072 pc. While such off-
sets for HCO* could be caused by high optical depth, this is less
likely for H'3CO*. Offsets between the latter and the continuum
emission may relate to chemical effects; however, this is beyond
the scope of this paper. We number the filaments of each core
and write this number and the core label together to identify a
filament; for example, the third filament connected to core A is
referred to as “A3”. In the plots in the Appendix showing all the
analyzed filaments, this number corresponds to the row the fila-
ment is shown in. In HCO* there are some filaments in remote
areas, which are labeled according to the core they are close to,
i.e., Arem and Biep.

Our method identifies up to four velocity components per
spectrum within each filament (Fig. 3). However, while several
second peaks are found, a third or fourth peak is only rarely fit.
We show the second peaks if there is a reliable amount of data
(=10 data points) (e.g., Fig. 8; third peaks are only shown for
Biem in Fig. B.9 in supplementary material at Zenodo). In some
filaments, however, while not enough third peaks are identified
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Fig. 6. Filaments identified in the combined CASCADE data overlaid on the Herschel hydrogen column density image and its filaments (see Figs. 4
and 5). To also show the lower hydrogen column densities, the color scale bar is truncated at ~2.5 x10% H, cm™2, but the peak positions reach
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Fig. 7. Selected filaments for further analysis shown in red in the com-
bined HCO*(1-0) (top) and H'*CO*(1-0) (bottom) data. The six main
cores labeled A to F are shown in the bottom panel.

to show them in separate plots, there still seem to be three veloc-
ity components (e.g., A5 in HCO*, Fig. 8). In some cases, the
identified first and second peaks are clearly separated by their
amplitude and velocity into two components, as B2 in HCO*
(Fig. B.3 in supplementary material at Zenodo). However, in
most cases, their separation is difficult, and what might be two
(or more) components could also be (at least partly) a large vari-
ance in velocity of one component, as A5 in HCO* (Fig. 8).
Similarly, an unidentified second component could resemble a
large variance in velocity, as with E1 in HCO* (e.g., Fig. 10).
We try to separate components into two plots, but they should
always be considered together. The error bars in the plots show
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the corresponding parameter errors of the Gaussian fits to the
spectra given in the covariance matrix of the curve_fit function.

For several filaments, we find a projected velocity gradient
close to the core in their main velocity component (i.e., the high-
est amplitude peaks). From 0 to 0.1 pc projected distance, i.e.,
along 5 beam sizes from the core, we find changes in the gas
velocity inside the filament between 0.4 and 2.4kms~'. While
0.4km s~ sounds at first sight small compared to the velocity
resolution of 0.8 kms~!, we point out that these velocity differ-
ences are measured from the Gaussian fits to the spectra, and
Gaussian peak values can be determined to much higher accu-
racy than the actual velocity resolution (down to the resolution
divided by the signal-to-noise ratio, e.g., Reid et al. 1988). We
find at least one filament with such a gradient toward almost
every core, with core B (2nd row in Fig. 8 and Fig. B.3 in sup-
plementary material at Zenodo) as the one exception for HCO™,
and core E as the one exception for H*CO* (Fig. B.12 in sup-
plementary material at Zenodo). For core F the S/N close to
the core is too low for an analysis. All gradients are presented
in Table A.1. Note that the filaments converge at the core posi-
tions, and their first spectra at 0 pc distance are often the same for
several filaments (marked in Table A.1, e.g., A3 to AS in HCO™).

While this is difficult to interpret in absolute terms due to
unknown inclination angles of the individual filaments, the gas
inside such filaments may speed up toward the core. This is
discussed in Section 5. There is one point to note about these gra-
dients: visual inspection shows that the large velocity gradients
in core E of HCO™ (Fig. 10) and core A of H'*CO* may originate
from two velocity components gradually merging together. The
fit might pick up only one of the peaks at first, then fit both peaks
as one with a peak position in between the two real positions
together with a growing linewidth. We also find such behavior
farther from the core. Lastly, only the second peak, which has a
higher amplitude than the first farther from the core, might be fit.
However, we cannot clearly see in the spectra whether this is the
case, or if there is a different reason for the velocity gradients in
core E of HCO* and core A of H'3CO*.

Further from the cores, some filaments show a velocity gra-
dient not only close to the core, but over the whole length of
the filament (e.g., B2 and D2 in HCO®*, Fig. B.3 in supple-
mentary material at Zenodo). In contrast to this, we also find
filaments with an approximately constant velocity over most of
their length (e.g., B1 in HCO™*, Fig. B.3 in supplementary mate-
rial at Zenodo). We refrain from further interpretation of these
features.
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Fig. 8. From top to bottom: cores A, B, D, and a remote area close to core A, respectively (A5, B3, D2, Aen2). Images: HCO*(1-0) zeroth moment
map (see top left of Fig. 4). The white dot within the core indicates the coordinates of the continuum source, while the yellow dot indicates the
filament “origin”, as described in the main text. The filament corresponding to the plots is shown in its velocity colors. Other analyzed filaments
are shown in green, their plots can be found in supplementary material at Zenodo (Figs. B.1 and B.16). Plots: Gaussian fitted HCO* FWHM (left)
and peak positions (right) of the spectra within the corresponding filament, plotted over the distance from the core. The yellow dot in the image
corresponds to a distance of zero. If there is a significant amount of data points (>10) for a second spectral Gaussian peak, the positions of the
higher velocity peaks (top) and the lower velocity peaks (bottom) are shown in separate plots. The peaks that do not clearly belong to either of the
two components are shown in gray. The other data points are colored by their fitted peak positions.

The observed typical linewidths along the filaments are gen-
erally narrower for H3CO™, i.e., between 1.2 and 2.1 km s~!
compared to those for HCO*, which range between 1.6 and
2.5 km s~!. We point out that the lower end of the measured
linewidths is limited by our spectral resolution (0.8kms™).
Nevertheless, the relative linewidth differences between the two

species should be real. The linewidths of the main components
at the core are around 2 km s~! for all filaments in all cores,
with the exceptions of two filaments in core B (see Fig. B.3
in supplementary material at Zenodo) with linewidths around
3kms~! (B1)and 4 km s~! (B3) in HCO* and 1 filament in core
A (see Fig. B.10 in supplementary material at Zenodo) around
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Fig. 10. Linewidth and velocity along E1 in HCO*(1-0) (for more details, see Fig. 8) and its first ten averaged spectra possibly showing two
velocity components. The distance from the core is shown in each spectrum. The green line indicates a double-peak Gaussian fit, while the orange

line indicates a single-peak.

3km s~ in HB3CO™. We observe the linewidths decreasing over While we do not find a clear trend, there seems to be a tendency
the distance for one or more filaments in each core, sometimes of larger linewidths closer to the core, and this tendency is more
down to ~1 km s7! (e.g., A6 in H*CO™, Fig. 9). To visualize ©obvious for the two evolved cores than for the younger ones.
this tendency, we create 2D histograms of the linewidths of the ~ While increased linewidth toward a core can also be produced
main peaks over the distance along all filaments, and separated by feedback processes, such as molecular outflows or expand-
into evolved cores A and B, and younger cores C to F (Fig. 11).  ing HII regions, a larger linewidth toward the cores fits into the
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picture of a gravitationally accelerated accretion flow toward the
cores (see also discussion Section 5).

To summarize, we find velocity gradients of 0.4-2.4km s~
over 0.1 pc in HCO*, and of 0.7-1.7 km s~! over 0.1 pc in
H'3CO*. We find such gradients in at least one filament in all
regions, with the exceptions of core B in HCO" and core E
in H'*CO*. However, we find gradients in these cores in the
respective other data.

The linewidth is generally narrower for H'3CO* than for
HCO™, with mean values between 1.6 and 2.5 km s~ in HCO™*
and between 1.2 and 2.1 km s~ in H'3CO*. We find a tendency
of larger linewidths closer to the core. We further discuss these
results in Section 5.

4.2. Filament properties derived with FilChaP

For all selected filaments, we determined the filament width
from the combined NOEMA+30 m data, as described in Sec-
tion 3.3. We created histograms for the different methods and for
all regions, and calculate mean, median, and standard deviations
of the filament parameter distributions. First, the histograms of
the de-convolved filament width including all filament slices
analyzed, i.e., in the case of HCO™ also including the filaments
from the remote areas, are shown in Fig. 12 for HCO* and in
Fig. 13 for H'*CO*. In the same figures, we show the histograms
for the different methods of only the filament slices belonging
to the evolved cores A and B (second column in the figures),
and of only the filament slices belonging to the younger cores
C to F (third column). All other histograms can be found in the
supplementary material at Zenodo (Figs. B.18-B.29). All mean,
median, and standard deviation values for HCO*, H'3CO*, and
all different methods can be found in Tables A.2 and A.3.

The means of the linewidth distributions for HCO* filaments
in all different methods (first column of Fig. 12), range from
0.08 to 0.13 pc while the corresponding standard deviations are
approximately 0.04 pc. For the evolved regions A and B in HCO*
(second column in the Figure 12), the mean and standard devi-
ation values of the distribution have the same range as for the
one including all filament slices, with the values only differing
by <0.003 pc. For the younger regions, they differ slightly more,
by up to ~0.006 pc compared to the distribution including all
filaments, but still ranging from 0.08 to 0.13 pc, with standard
deviations closer to 0.03 pc. The lower standard deviation could
simply be an effect of the sample size for the younger cores
being smaller, with, for example, 69 slices for the Gaussian fit
of the younger cores, compared to 82 slices for the same fit of
the evolved cores.

In H*CO* the means of the width distribution of all filament
slices for the different methods range from 0.07 to 0.10 pc, with
standard deviations from 0.03 to 0.04 pc. This range stays the
same for the evolved cores A and B, as well as the younger cores
C to F, with the values only differing by <0.003 pc. The standard
deviations are also similar for evolved and younger cores.

The lowest mean and median values are always a result of
the Plummer (Eq. (1)) (p = 2) fit, for both HCO* and H'*CO".
The highest values are a result of the second moment (Eq. (5))
in HCO™ with significant differences to the other methods. In
H'3CO*, however, the second moment gives similar results to
the Gaussian (Eq. (3)) fits. In the Appendix (Figs. C.3 and C.4)
we show histograms of the goodness of the different fits (reduced
x?). We find that for a Plummer (p = 4) fit the mean of the distri-
butions of all filaments in HCO™ is closest to 1, and the median
has the lowest value. Since many values of reduced y> < 1 are
included, this is difficult to interpret (see Section 3.3). It could
also be argued that the peak of the histograms at reduced y? ~ 1
is most pronounced within the distribution for the Gaussian fits
(Eq. 3)).

For H3CO*, the values for all fits are similar, and none of the
distributions has a pronounced peak at reduced y? ~ 1. This will
be discussed in Section 5. Nevertheless, all fits lead to filament
widths around 0.1 pc, with small systematic differences.

In general, we find smaller filament widths for H'*CO* than
for HCO™ for all methods, with differences between the two usu-
ally <0.03 pc, but up to 0.06 pc (second moment in core C). The
only exception is core E, where we find similar or slightly larger
mean and median values of the width distributions in HCO*
and H'*CO™ for all methods except the second moment. Again,
the values range around 0.1 pc for both tracers. Since H'3CO*
has a lower optical depth than the main isotopologue, it likely
represents the real physical width of the filaments better.

Furthermore, FilChaP calculates the width for filament
slices, meaning we can also plot this width along the length of
the respective filament. We show one filament in core D in HCO*
and H'*CO™ each as an example in Fig. 14. The error bars in
these plots show the de-convolved FWHM errors. The errors are
calculated from the corresponding parameters of each fit to the
radial profile as given in the covariance matrix of the curve_£fit
function that was used in FilChaP. As mentioned above, we see
the Plummer (Eq. (1)) (p = 2) fit generally giving the smallest
filament width, while the second moment often gives the largest.
We find no general trend of the linewidth along filaments in any
of the cores. All plots showing the filament width along each
filament can be found in the supplementary material at Zenodo
(Figs. B.30-B.45).
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Fig. 12. All calculated de-convolved filament widths resulting from the different fits performed with FilChaP on the combined HCO"(1-0) data.
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Plummer p =2 and p =4, and second moment, from top to bottom.

5. Discussion
5.1. Do filaments connect the large and small scales?

In the following, we discuss our results as answers to the ques-
tions posed in the introduction. Fig. 6 shows an overlay of the
filaments identified in the combined NOEMA and 30 m data
with the filaments identified in the Herschel data in a more
extended region around DR20. One sees that the large-scale
filaments from the Herschel data connect to some of the small-
scale filaments in the CASCADE data, indicating a hierarchy
of filamentary structures, which connects large to small scales.
Furthermore, we can see multiple velocity components in most
filaments in HCO* and H'*CO™, which indicates unresolved spa-
tial substructure, and therefore a hierarchy in filament networks
as well. We also find examples of such multiple components right
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at the core, which then merge together further from the core
(Fig. 10). This may also indicate a richer network of filaments
closer to cores, but could partly also be an effect of higher S/N
closer to the cores.

5.2. Is gas flowing along the filaments into the cores?

In Section 4.1, we investigate the gas velocities within selected
filaments in HCO* and H'3CO*. For several filaments in most
cores, in HCO* and H'3CO*, we find projected velocity gradi-
ents, i.e., the absolute velocity increasing toward the core with
gradients of ~0.4 to 2.4km s~! over 0.1 pc. Since our data are
only 2D in space, it is not unambiguous to interpret such gra-
dients. The velocity of many analyzed filaments is not linear or
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bottom.

constant further from the core, and similar or even steeper gra-
dients can be seen there as well. We also find filaments with
rather constant velocities close to the core (e.g., core B HCO™).
Furthermore, we find that sometimes the reason for these gra-
dients may be multiple merging velocity components (Fig. 10).
However, we do find velocity gradients close to the core for most
filaments. We suggest that this could be a sign of gas flowing
along them into the cores. These results are consistent with sim-
ilar findings reported in the literature (e.g., Csengeri et al. 2011;
Henshaw et al. 2014; Peretto et al. 2014).

Considering the linewidths within filaments, we find gener-
ally larger linewidths for HCO* than for H'*CO*, but all fila-
ments in both emission lines show a linewidth of about 2 km s™!

in the spectrum closest to the core. Furthermore, all filaments
in H'3CO* have a linewidth down to ~1 km s~ (close to the
spectral resolution of 0.8 kms~!) further away from the core. We
notice this tendency of smaller linewidths further away from the
cores (Sect. 4.1 and Fig. 11). The tendency seems to be slightly
clearer for the evolved cores A and B. Since there are already
signs of star formation in the younger cores, this difference could
indicate that the linewidth increase is caused by feedback, but it
could also be caused by a gravitational accelerated flow toward
the core center. While the linewidth in itself cannot discriminate
that scenario, the additionally observed velocity gradients toward
the core indicate that inflow as well as feedback may contribute
to the increased linewidth toward the center.
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5.3. Do filament properties depend on the evolutionary stage
of star formation?

We investigated several filament properties separately for
evolved and younger cores (Fig. 1). Considering the gas veloc-
ity within filaments (see Section 4.1), we find no clear difference
between them. While we find a velocity gradient close to the core
in most filaments, we do not observe it in the ones connected to
core B in HCO*; however, for the same core in H*CO*a gradi-
ent is identified. Similarly, for core E we do not find a gradient in
H'3CO*, but we do find it in HCO*. We also investigate the fil-
ament width for the younger and more evolved cores separately
(Section 4.2, Figs. 12 and 13). However, we find no differences in
the mean and median values of their distributions. Furthermore,
we looked for changes of filament width along the filaments in
the different cores. However, we find no clear trends in gen-
eral, and again no clear differences between younger and more
evolved cores. We also took a look at the goodness-of-fit values,
to check if the “best” fit function differs for the younger and more
evolved cores, but we cannot find a clear difference. Therefore,
it seems that filament properties do not depend strongly on the
evolutionary stage, but the dataset in this work is too small to
draw a firm conclusion.

5.4. Is there a typical filament width?

Many studies about filament widths, using different star for-
mation regions, tracers, and calculation methods, find resulting
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mean values around 0.1 pc (e.g., Arzoumanian et al. 2019), while
a recent meta-analysis by Hacar et al. (2023) finds a broader fila-
ment width distribution. However, there are not yet many studies
focusing on high-mass star-forming regions, or various evolu-
tionary stages of star formation. Therefore, we estimated the
filament width distribution for each core, as well as for a com-
bination of all younger cores, and all those more evolved (see
Section 4.2, especially Fig. 12 and 13, and Table A.2). For all
cores and the various combinations, as well as for all used meth-
ods, the filament width distribution has a mean close to 0.1 pc
with standard deviations around 0.02 and 0.06 pc (depending on
the tracer). We find small variations between methods, where a
Plummer (p = 2) fit always gives the narrowest filament widths,
and the second moment always the broadest. Hereby the differ-
ence between these two methods in the median is up to 0.08 pc
(core C in HCO™"). Furthermore, in H3CO™* we find lower val-
ues for all cores (except core E), where the difference to HCO*
is 0.06 pc (second moment core C). In summary, although the
filament widths have a relatively wide spread, they are in gen-
eral distributed around the often discussed 0.1 pc. As described
in the previous paragraph, we find no clear difference between
the younger and more evolved cores. As discussed by André
et al. (2014), there may be a physical reason behind this typical
filament width, for example additional material accretion onto
filaments while they contract, which would make the central fil-
ament diameter on the order of the effective Jeans length, i.e.,
~0.1 pc.
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The systematic differences we find in the filament widths for
the different methods, where a Plummer (p = 2) fit always gives
the smallest widths, and the second moment always gives the
largest are comparable to Suri et al. (2019). They describe that
the second moment has the strongest correlation with the fitting
range of the radial profile, and that Plummer (p = 2) only fits
the very inner structure of the radial profiles and excludes wings.
We show histograms of the goodness-of-fit values for the differ-
ent fits as given by FilChaP in the Appendix (Figs. C.3 and C.4).
The mean values of the distribution of all filaments in HCO® is
closest to 1 for the Plummer (p = 4) fit, and the median has the
lowest value for this fit as well. However, many values of reduced
Xz < 1 are included, which are not ideal and make this difficult
to interpret (see Section 3.3). It could be argued that for our data
Plummer (p = 4) (Eq. (1)), with its mean of the distribution clos-
est to 1, describes the filament radial profile best, but on the other
hand the more pronounced peak of the histograms at reduced y?
~1 may indicate better fits with the Gaussian (Eq. (3)). It might
be interesting to note that both Gaussian and Plummer (p = 4)
often give similar filament widths. For H'*CO* the goodness-
of-fit values show less variance between the fits, even though the
filament widths do show variance.

6. Conclusions

With the aim to study gas flows from large (>pc) to small
(<0.1pc) scales in high-mass star formation, we investigated fil-
aments identified with DisPerSE in the high-mass star-forming
region DR20 of Cygnus X, using the high-resolution combi-
nation of NOEMA interferometry and IRAM 30 m single-dish
data (MIOP-CASCADE), as well as larger scale Herschel hydro-
gen column density data (Marsh et al. 2017). After outlining
the parameters of the data, we described the methods used, i.e.,
DisPerSE for filament identification, Gaussian fits to the spectra
within filaments to determine peak gas velocities and linewidths,
and FilChaP for filament width estimation, and explained our
assumptions and decisions when using them. Our first result is
the comparison of the filaments identified in CASCADE and the
larger-scale hydrogen column density data, which shows overlap
in several regions. This may indicate a connection from large to
small scales via filaments.

We selected a number of filaments around each contin-
uum source, i.e., core, in the CASCADE data, and deter-
mined the peak velocities and linewidths of the spectral lines
within them. This analysis shows projected velocity gradients of
0.4-2.4 km s~! over a 0.1 pc distance from the core in at least
one filament in every region, with only one core in each, HCO*
(core B) and H'3CO* (core E), as exceptions. We find that this
velocity gradient may in some cases arise from merging velocity
components but speculate that it generally indicates gas flowing
toward the cores. Furthermore, we notice a tendency for smaller
linewidths farther from the cores in all data, which is more pro-
nounced in H*CO™ than HCO*, especially for the evolved cores
A and B. This tendency also fits into the picture of a gravitation-
ally accelerated accretion flow toward the cores. With FilChaP
we find filament width distributions with median values between
0.06 and 0.14 pc, depending on the method, the tracer, and the
core. The smallest width for both HCO* and H'*CO* is always
given by the Plummer (p = 2) fit and the largest for HCO* by the
second moment. For H'3CO* the second moment and Gaussian
fit give similarly large widths. The widths are generally smaller

for H3CO* than for HCO™. However, we find no clear differ-
ences between the evolved and the younger cores. While the fila-
ment width distribution has a large spread, the mean and median
values are generally around the often discussed value of 0.1 pc.
Furthermore, we presented the estimated filament width along
the length of the filaments but found no clear trends.

Given the wealth of data in CASCADE, this analysis is only
the first step. There are many more regions covered by CAS-
CADE in Cygnus X, and larger statistics for the two groups
of more evolved and younger star-forming regions may be the
key to seeing clearer differences between them. Furthermore,
there are many more spectral lines available than the HCO* and
H'3CO* used in this work. Since we do find small differences
in the filament widths between these two, it would be interest-
ing to look at the results using other tracers, such as N,H™,
to trace even higher density closer to the cores. In addition,
exploring other filament-finding algorithms that may better dif-
ferentiate velocity structures during the filament identification
process will be important. A problem that remains is that of incli-
nation angles, which make the analysis of absolute gas velocities
within filaments difficult. A larger sample size can also help in
this regard.

Data availability

Supplementary material and figures are provided via Zenodo at
https://doi.org/10.5281/zenodo.17913743
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Appendix A: Additional tables
Appendix B: FilChaP features

Fitting range: Since filaments are not isolated, but encompassed
by background emission and sometimes even crossed by other
filaments, the fitting range of the radial profiles influences the
resulting filament width (Smith et al. 2014; Suri et al. 2019).
FilChaP tries to solve this by determining an individual fitting
range for each averaged profile. After a baseline subtraction of
the profile, the first minima to both sides closest to the main peak
with a significance of 30 are detected, and their coordinates are
used as beginning and end of the fitting range. However, even
though the effect is less severe, the filament width is still not
entirely independent of the fitting range (s. Fig. 8 in Suri et al.
2019).

Velocity range: To minimize the background emission to a cer-
tain degree, the intensity profiles calculated by FilChaP are not
integrated over the entire velocity range of the data. Rather, the
velocity inside the current slice of filament is determined, and
the integrated intensity of the radial profile is calculated using
the intensity of the two neighbouring velocity channels, i.e., one
channel after and one before, of the filament’s peak velocity. This
is done to exclude emission that is not connected to the filament
slice currently studied.

Average length: In previous studies the radial profiles have
often been averaged over the filament length, to increase the
signal-to-noise ratio (S/N). This not only leads to spatial infor-
mation along the filament being lost, it also results in an
overestimation of the filament width (Suri et al. 2019). Therefore,
Suri et al. (2019) choose to average only over a length of three
beam sizes, to still obtain a smooth radial profile, but minimize
the overestimation. Additionally, FilChaP therefore makes it pos-
sible to study changes in width along filaments. This average
length can be given as input setting. A comparison of different
average lengths can be seen in Fig. 4 of Suri et al. (2019).

Appendix C: Additional figures

Additional figures shown are:

— Fig. C.1 compares a few example spectra for HCO* and
H'3CO* to outline real multiple components or optical depth
effects.

— Fig. C.2: overlay of CASCADE data (30 m HCO™" and
H'3CO") filaments and Herschel hydrogen column density
filaments and map (s. beginning of Section 4 in Sawczuck et
al. 2026).

— Fig. C.3 and Fig. C.4: Goodness-of-fit values for the different
fits used in FilChaP (s. Section 4.2 in Sawczuck et al. 2026).
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Table A.1: Linewidths and velocity gradients within filaments.

HCO* HPCO*
Core Filament Length Linewidth  Velocity gradient  Length Linewidth  Velocity gradient
[pc] [km s~!] [km s~! over 0.1 pcl [pc] [km s~!] [km s~! over 0.1 pcl

1 12 2.077 0.8 0.8 15709 1.7®
2 0.3 1.7+9¢ - 0.5 16408 -
A 3 2.0 17407 13 0.4 1.8+1¢ A1
4 0.6 22413 A3®) 3.1 1.5%22 -
5 2.0 .82} A3®) 2.2 L6%03 -
6 - - 0.8 14403 A40)
3 5
1 0.4 2573 - 1.0 1.8%)3 1.4
B 2 1.0 1.6%07 - 1.3 16708 B1®
3 0.9 2146 - - - -
4 1.2 2.2+ - - - -
—1.4
1 0.1 2.2°0% - 1.9 13712 0.7
C 2 1.0 21714 - 0.5 21708 -
3 0.5 1.6%)2 0.5 1.6 16408 c20)
4 0.7 2443 0.8 - - -
1 0.7 19777 0.4 1.7 14307 -
D 2 0.6 1.8%02 D1 0.3 1.6*04 D1
3 0.4 22414 - 0.2 1.2+94 -
4 0.7 22411 - L1 1633 0.7
1 0.5 19730 2.4% 0.8 16730 -
E 2 0.7 22418 2.0% 2.2 1.4+14 -
3 0.9 2.3%10 E2®) - - -
.6 *
R :
F : -1-0.8 B : U-0.5 B
2 0.9 1.9} - - - -
1 0.7 L7% 0% - - - -
Aem 2 1.2 1.6*22 - - - -
3 0.5 2.343 - - - -
4 0.6 2.3 - - - -
Brem 1 2.2 1.9770 - : 5 5

(*) has the same spectra (and gradient) close to the core as the mentioned filament.
(-) has the same spectra (without gradient) close to the core as the mentioned filament.
(#) may be the result of two merging velocity components.

Notes. The linewidths are given as mean values and ranges (indicating minimum and maximum values), and the velocity gradients are determined
close to each core (within a 0.1 pc distance). All values correspond to the main spectral Gaussian peaks.
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Table A.2: De-convolved filament width statistics.

HCO* HBCO*
Core Method N Mean Median std N Mean Median std
[pc] [pc] [pc] [pc] [pc] [pc]
Gaussian 56 0.10 0.10 0.04 46 0.10 0.10 0.04

A Plummer (p=2) 53 0.08 0.08 0.04 45 0.07 0.06 0.03
Plummer (p=4) 59 0.09 0.09 0.04 46 0.08 0.08 0.04
Second Moment 52  0.12 0.13 005 44 0.10 0.09 0.04

Gaussian 26 012 012 004 18 010 010 003
B Plummer(p=2) 28 008 008 004 19 007 007 003
Plummer (p=4) 29 0.1 011 004 19 009 008 003
Second Moment 24 014 014 004 18 011 010  0.04
Gaussian 17 012 012 004 18 011 009 005

Cc Plummer(p=2) 15 007 006 003 18 007 007 003
Plummer (p=4) 17 010 010 004 17 009 008 004
Second Moment 14 0.4 014 004 17 011 008  0.05

Gaussian 15 0.1 0.11 0.03 21 0.09 0.08 0.03

D Plummer(p=2) 15 0.07 0.06 0.03 19 0.06 0.06 0.02
Plummer (p=4) 15 0.09 0.08 0.03 22 0.08 0.08 0.02
Second Moment 15  0.13 0.12 0.02 19 0.10 0.08 0.03

Gaussian 32 01 0.11 0.04 13 011 0.12 0.03

E Plummer(p=2) 30 0.08 0.08 003 16 0.09 0.08 0.04
Plummer (p=4) 32 0.10 0.10 003 15 0.10 0.11 0.03
Second Moment 30  0.14 0.14 0.04 13 0.1 0.12 0.04

Gaussian 5 012 0.11 002 5 0.10 0.09 0.06

F Plummer(p=2) 4 0.08 0.06 003 5 0.05 0.06 0.03
Plummer (p = 4) 0.11 0.09 003 5 0.08 0.07 0.04
Second Moment 4 0.11 0.11 002 5 0.10 0.10 0.04

Gaussian 82 0.1 0.11 0.04 64 0.10 0.10 0.04

A-B Plummer (p=2) 81 0.08 0.08 0.04 64 0.07 0.07 0.04
Plummer (p=4) 88 0.10 0.10 0.04 65 0.09 0.08 0.04
Second Moment 76  0.13 0.13 0.04 62 0.10 0.10 0.04

Gaussian 69 0.1 0.11 0.04 57 0.0 0.10 0.04

C-F Plummer(p=2) 64 0.08 0.07 0.03 58 0.07 0.07 0.03
Plummer (p=4) 67 0.10 0.10 003 59 0.09 0.09 0.03
Second Moment 63  0.13 0.13 003 54 0.10 0.10 0.04

Notes. "std" refers to the Gaussian standard deviation. The statistics include the chosen filaments connected to each core A to F separately, and in
the last two rows together for the evolved cores A and B and the younger cores C to F.

9]
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Table A.3: Deconvolved filament width statistics.

HCO* HBCO*
Core Method N Mean Median std N Mean Median std
[pc] [pc] [pc] [pc] [pc] [pc]
Gaussian 15 0.10 0.09 0.03

Ay Plummer (p=2) 14 0.08 0.08 0.03
Plummer (p=4) 15 0.09 0.09 0.03
Second Moment 13 0.10 0.10 0.04

Gaussian 7 0.11 0.11 0.04

By Plummer (p=2) 7 0.07 0.08 0.02
Plummer (p = 4) 8 0.10 0.11 0.03
Second Moment 6 0.10 0.10 0.03

Gaussian 173 0.11 0.11 0.04 121 0.10 0.10 0.04

All  Plummer (p=2) 166 0.08 0.08 0.04 122 0.07 0.07 0.03
Plummer (p=4) 178 0.10 0.10 0.04 124 0.09 0.08 0.04
Second Moment 158  0.13 0.13 0.04 116 0.10 0.10 0.04

Notes. The term "std" refers to the Gaussian standard deviation. The statistics include the remote filament(s) close to core A and B in HCO*(1-0)
separately, and all analyzed filaments together in the last row.

Map: H13CO* (Combined) Oth moment
Filament: H3CO* A6

0.30

—— HBcO*
—+— HCO*

0.10

41°37'30" 025

0.20

00" 015

6 (J2000)

0.10
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Intensity (Jy / beam)
Intensity (Jy / beam)

36'30" 0.05 0.02

0.00
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Fig. C.1: Example map and spectra in H*CO*(1-0) (blue) and HCO*(1-0) (orange) for three positions along filament A6, as marked by the red
dots in the map.
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Fig. C.2: Filaments identified in the 30 m CASCADE data overlaid on the Herschel hydrogen column density image and its filaments. Left:
HCO™(1-0). Right: H3CO™*(1-0).
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Fig. C.3: Calculated goodness-of-fit values (,\(,2e < 4.8) of the different fits done with FilChaP on the combined HCO™*(1-0) data. Left column: All
regions including cores A to F and the remote filaments close to A and B. Middle column: Only filaments directly connected to the evolved regions
A and B. Right column: Only filaments directly connected to the younger regions C, D, E and F. Rows: Different fits, i.e., Gaussian, Plummer p =
2 and p = 4, from top to bottom.
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to the younger regions C, D, E and F. Rows: Different fits, i.e., Gaussian, Plummer p =2 and p = 4, from top to bottom.
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