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ABSTRACT

Context. High-mass stars and star clusters commonly form within hub-filament systems. Monoceros R2 (hereafter Mon R2), at a
distance of 830 pc, harbors one of the closest of these systems, making it an excellent target for case studies.

Aims. We investigate the morphology, stability and dynamical properties of the Mon R2 hub-filament system.

Methods. We employed observations of the '3CO and C'0 1—0 and 2—1 lines obtained with the IRAM-30m telescope. We also
used H, column density maps derived from Herschel dust emission observations.

Results. We identified the filamentary network in Mon R2 with the DisPerSE algorithm and characterized the individual filaments
as either main (converging into the hub) or secondary (converging to a main filament). The main filaments have line masses of
30-100 M, pc™! and show signs of fragmentation, while the secondary filaments have line masses of 12-60 M, pc™' and show
fragmentation only sporadically. In the context of Ostriker’s hydrostatic filament model, the main filaments are thermally supercritical.
If non-thermal motions are included, most of them are transcritical. Most of the secondary filaments are roughly transcritical regardless
of whether non-thermal motions are included or not. From the morphology and kinematics of the main filaments, we estimate a mass
accretion rate of 10710~ M, yr~! into the central hub. The secondary filaments accrete into the main filaments at a rate of 0.1—
0.4x 10™* My yr~!. The main filaments extend into the central hub. Their velocity gradients increase toward the hub, suggesting
acceleration of the gas. We estimate that with the observed infall velocity, the mass-doubling time of the hub is ~2.5 Myr, ten times
longer than the free-fall time, suggesting a dynamically old region. These timescales are comparable with the chemical age of the
HII region. Inside the hub, the main filaments show a ring- or a spiral-like morphology that exhibits rotation and infall motions. One

possible explanation for the morphology is that gas is falling into the central cluster following a spiral-like pattern.

Key words. ISM: kinematics and dynamics — ISM: structure — ISM: clouds — ISM: individual objects: Monoceros R2

1. Introduction

In recent decades, our view of star-forming regions has been
undergoing a revolution thanks to the new observational facil-
ities. Space telescopes such as Spitzer and Herschel provided
observations of a large number of molecular clouds that have
revealed a ubiquity of filamentary structures containing stars
in different evolutionary stages (e.g., Schneider & Elmegreen
1979; Loren 1989a,b; Nagai et al. 1998; Myers 2009; André
et al. 2010; Molinari et al. 2010; Schneider et al. 2010; Busquet
et al. 2013; Stutz et al. 2013; Kirk et al. 2013; Peretto et al.
2014; Fehér et al. 2016; Abreu-Vicente et al. 2016). Filamentary

Article published by EDP Sciences

structures pervading clouds are unstable against both radial
collapse and fragmentation (e.g., Larson 1985; Miyama et al.
1987a,b; Inutsuka & Miyama 1997), and although their origin
or formation process is still unclear, turbulence and gravity (e.g.,
Klessen et al. 2000; André et al. 2010) can produce, together
with the presence of magnetic fields (e.g., Molina et al. 2012;
Kirk et al. 2015), the observed structures. It is thought that star
formation occurs preferentially along the filaments, with high-
mass stars forming in the highest density regions where several
filaments converge, called ridges or hubs (Ng ~ 10?* cm™2 and
ny, ~ 10 cm™3, e.g., Schneider et al. 2010, 2012; Liu et al. 2012;
Peretto et al. 2013, 2014; Louvet et al. 2014). This suggests that
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Fig. 1. Left: three-color image of the Mon R2 cluster-forming hub-filaments system. Red: H, column density map derived from Herschel SPIRE
and PACS observations (Didelon et al. 2015), green: 1.65 um band of the Two Micron All Sky Survey (Skrutskie et al. 2006), and blue: 560 nm
band of the Digitalized Sky Survey (Lasker et al. 1990). Center: Herschel H, column density (in cm™2, Didelon et al. 2015). The black polygon
shows the area surveyed with the IRAM-30m telescope, while the white box corresponds to the inner 0.7 pc X 0.7 pc around the central hub and
zoomed in the right panel. Right: Herschel H, column density (in cm™2) of the central hub of Mon R2. Gray contours show the H3CO* (3—2)
emission tracing the high-density molecular gas (Trevifio-Morales et al. 2014). The red star gives the position of IRS 1 (with coordinates a(J2000) =
06"07™m46.2°, §(J2000) = — 06°23’08.3"). White stars indicate the positions of infrared sources. The white circle indicates the beam size of the
IRAM-30m telescope at 100 GHz (see Sect. 2). The colored symbols are the sources identified by Rayner et al. (2017): pink stars are protostars,

green circles are bound clumps, and red triangles are unbound clumps.

filaments precede the onset of star formation, funneling interstel-
lar gas and dust into increasingly denser concentrations that will
contract and fragment, leading to gravitationally bound prestel-
lar cores that will eventually form both low- and high-mass stars.
Following this process, high-mass stars can inject large amounts
of radiation and turbulence in the surrounding medium that may
affect the structural properties of filaments, leading to a differ-
ent level of fragmentation (e.g., Csengeri et al. 2011; Seifried &
Walch 2015, 2016).

In the recent years, an increasing number of works have
focused on the study of the dynamics and fragmentation of fila-
mentary structures from both the observational and theoretical
points of view (see e.g., André et al. 2010; Schneider et al.
2010, 2012; Hennemann et al. 2012; Busquet et al. 2013; Galvan-
Madrid et al. 2013; Hacar et al. 2013, 2018; Peretto et al. 2013;
Louvet et al. 2014; Tafalla & Hacar 2015; Smith et al. 2014,
Henshaw et al. 2014; Tackenbergt et al. 2014; Seifried & Walch
2016; Kainulainen et al. 2017; Seifried et al. 2017; Arzoumanian
et al. 2019; Williams et al. 2018; Clarke et al. 2019). However,
few of these works focus on massive star-forming regions within
hub-filament system, and little is known about the dynamics
of filamentary networks (e.g., cluster-forming hub filament sys-
tems) and their role in the accretion processes that regulate the
formation of high-mass star-forming clusters. In addition, most
of the research on high-mass star-forming regions focuses on the
study of one particular cloud: the Orion A molecular cloud (e.g.,
Hacar et al. 2018; Suri et al. 2019). Thus, and with the goal of
having a better understanding of the filament properties in high-
mass star-forming regions, it is necessary to study other massive
clouds. For this, the Monoceros star-forming complex appears to
be an ideal target.

Located at a distance of only 830 pc (Herbst & Racine
1976), Monoceros R2 (hereafter Mon R2) is an active massive
star-forming cloud that hosts one of the closest ultracompact
(UC) HIl regions. Recently, Herschel observations have revealed
an intriguing look of the cloud with several filaments converg-
ing into the central area (~2.25 pc?, see left panel in Fig. I;
Didelon et al. 2015; Pokhrel et al. 2016; Rayner et al. 2017).
A number of hot bubbles and already developed HII regions
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are identified throughout the region (visible in blue in the
image shown in Fig. 1, left) mainly in the outskirts of the
central and densest region, where a cluster of young high-
mass stars is found to be forming at the junction (or hub)
of the filamentary structures. The most massive star of this
infrared cluster is IRS 1, at (J2000) = 06"07™46.2%, 5(J2000) =
—06°23’08.3”, with a mass of ~12 M, (e.g., Thronson et al.
1980; Giannakopoulou et al. 1996). This source is driving
an UC HII region that has created a cavity free of molecu-
lar gas extending for about 30” (or 0.12 pc, e.g., Choi et al.
2000; Dierickx et al. 2015) and surrounded by a number of
photon-dominated regions (PDRs) with different physical and
chemical conditions (e.g., Ginard et al. 2012; Pilleri et al. 2012;
Trevifio-Morales et al. 2014, 2016). Based on Herschel PACS and
SPIRE maps, Didelon et al. (2015) determined that the central
region hosting the UC HII region shows a power-law density
profile of p(r) o r~23. This density profile was attributed to
an external pressure certainly associated with global collapse.
Rayner et al. (2017) studied the distribution of dense cores and
young stellar objects in the region and proposed that the hub
may be sustaining its star formation by accretion of material
from the large-scale mass reservoir (see also Trevifio-Morales
2016).

In summary, thanks to its morphology, proximity and gen-
eral characteristics, Mon R2 appears to be one of the clearest
examples of a hub-filament system, thus being an excellent tar-
get to study in detail the physical properties of these systems. In
this paper, we report observations of the Mon R2 star-forming
region conducted with the IRAM-30 m telescope. We observed
different molecular line transitions that allow us to study the
molecular gas content in the region, and for the first time, study
the large-scale gas dynamics of its filamentary structure. The
observational data are introduced in Sect. 2. In Sect. 3, we
present the large-scale structure of the molecular gas (at parsec
scales), while in Sect. 4 we analyze the filamentary structure in
Mon R2, giving special emphasis on the kinematic properties
and zooming into the central hub. A general discussion and a
summary of the main results are presented in Sects. 5 and 6,
respectively.
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Table 1. Observational parameters of the main detected lines.

Freq. HPBW @ B @ rms®
Species Transition (GHz)  (arcsec) (%) (mK)
HNC 1oo—000 90.664 28.6 80 0.15
HC;N 10-9 90.979 28.5 80 0.15
N,H* 1-0 93.173 27.8 80 0.14
CCS 75—67 93.870 27.6 80 0.15
HC;N 12-11 109.174 23.8 80 0.20
SO 3,-2; 109.252 23.7 80 0.20
c'®0 1-0 109.782 23.6 80 0.22
NH,D  1,;-1p; 110.154 23.5 79 0.23
13co 1-0 110.201 23.5 79 0.24
c'®0 2-1 219.560 10.5 58 0.15
Bco 2-1 220.399 10.5 58 0.15

Notes. “The values of HPBW (half-power beam width), F.q (forward
efficiency: 95% between 90 and 110 GHz, and 92% at 220 GHz) and
B.g (beam efficiency) are taken from http://www.iram.es/IRAMES/
mainWiki/Iram30mEfficiencies. ®Rms noise level over the whole
surveyed area. The rms is given at the nominal resolutions of the
spectrometers used, as described in Sect. 2.

2. Observations and data reduction

We observed the Mon R2 star-forming region with the IRAM-
30m telescope (Pico Veleta, Spain). The observations were
conducted between July 2014 and December 2016' under good
weather conditions, with precipitable water vapor (pwv) between
1 and 3 mm and 7 ~ 0.06-0.18>. We used the on-the-fly (OTF)
mapping technique to cover a field of view of 855 arcmin?
at 3 mm in dual polarization mode using the EMIR receivers
(Carter et al. 2012), with the fast Fourier transform spectrom-
eter (FTS) at 50 kHz of resolution (Klein et al. 2012). The
observed area is indicated with a black polygon in the middle
panel of Fig. 1, where the offset [0”",0”'] corresponds to the posi-
tion of the IRS 1 star. The molecular spectral lines covered and
detected within our spectral setup are listed in Table 1. During
the observations, the pointing was corrected by observing the
strong nearby quasar 0605—058 every 1-2 h, and the focus by
observing a planet every 3—4 h. Pointing and focus corrections
were stable throughout all the runs.

The data were reduced with a standard procedure using the
CLASS/GILDAS package® (Pety et al. 2005). For each molecu-
lar transition listed in Table 1, we created individual data cubes
centered at the source velocity (vsg = 10 km s™'), and spanning
a velocity range of +60 km s~!. The native spectral resolution
across the whole observed frequency band varies between 0.13
and 0.16 km s~!. In order to perform a proper comparison of
the line profiles of every molecule, we smoothed it to a com-
mon value of 0.17 km s~!'. A two-order polynomial baseline was
applied for baseline subtraction. The final data do not show plat-
forming effects and/or spikes (bad channels) in the observed
sub-bands. The emission from the sky was subtracted using dif-
ferent reference positions, which were observed every 2 min for
a duration of 20 s. Single-pointing observations of the reference

' Under the project numbers 027-14, 035-15 and D03-16; PI: A. Fuente
and S. P. Trevifio-Morales.

2 The atmospheric opacity T at 225 GHz is calculated from the
expression 7(225) = 0.058 x pwv + 0.004.

3 Seehttp://www.iram.fr/IRAMFR/GILDAS for information on the
G’ILDAS software.

positions revealed the presence of weak '*CO (1—0) emission
(Tme < 300 mK), but not from the other transitions included in
the setup. We corrected the 13CO (1—0) emission data cube of
Mon R2 by adding synthetic spectra derived from Gaussian fits
to the emission found in the reference positions. Throughout this
paper, we use the main beam brightness temperature (Tyg) as
intensity scale, while the output of the telescope is usually cali-
brated in antenna temperature (77). The conversion between T}
and Ty is done by applying the factor Feg/Beg, Where Feg is
the forward efficiency which equals 95%, and B.g is the beam
efficiency (see Table 1).

In addition to the IRAM-30m data at 3 mm, we also make
use of complementary C'80 and '3CO (2— 1) maps. These maps
were obtained with the IRAM-30 m telescope during 2013 (PI: P.
Pilleri). The observations were performed using the same tech-
nique described above, but combining the EMIR receivers with
the FTS backed at 200 kHz of resolution. The J=2—1 maps
cover an area of about 10 arcmin® around the IRS 1 star. The
data were processed following the strategy described above.

3. Parsec-scale molecular emission

Figure 2 shows the spectra for the detected species averaged over
an area of 3’ x 3’ (or 0.7 pc X 0.7 pc at the distance of Mon R2),
corresponding to the inner part of the hub (see Fig. 1, right).
Among all the detected species, 3co, C!80, HNC, and N,H*
are the brightest with Tyg > 1 K. For these species, the emission
spans a velocity range of ~13 km s~! for 3CO, ~8-10 km s~! for
C!80 and HNC, and ~5 km s~! for N,H*. The emission from
the other species (i.e., HC3N, SO, CCS, and NH;D) spans a
velocity range of 4-6 km s~! and presents weaker intensities with
Twvp < 1 K. In Fig. 3, we show the maps of integrated intensity
(left column), velocity centroid (middle column), and linewidth
(right column) for the 3CO (1-0), C'*0 (1—0), HNC (1-0),
and N,H* (1—-0) molecular lines (rows, from top to bottom). The
velocity range considered includes emission above 30 (see red
dashed vertical lines in Fig. 2).

As seen in the top panels of Fig. 3, the CO isotopologs show
extended emission distributed across all the surveyed area reveal-
ing a set of filaments coming from all directions to flow into the
central hub. For clarity, we refer to the various relevant structures
seen in the maps as N for the north-south elongated structure,
NE for the structure to the northeast of the central hub, E for the
structure extending to the east, and SW for the emission toward
the southwest of the central area. For the HNC and N,H" species
(see bottom panels), the emission is mainly found in the central
region. However, these species also show faint extended emis-
sion coincident with the elongated structures identified in the
13CO and C'80 maps. The lack of NoH* emission within the
elongated structures might mean that CO could be frozen out
outside the central hub. These structures are also traced by HNC
and N,H™, but their lower abundances result in a lower signal to
noise ratio (S/N) which challenges their detection. In the follow-
ing, we use the *CO and C'30 (1—0) lines to study the physical
properties and kinematics of the extended structures in Mon R2.

The central area around IRS 1 is bright in all the observed
species, but some different features can be distinguished. The
emission of most of the detected species appears mainly in an
arc-shell structure surrounding the central cluster of infrared
stars (see red star in Fig. 3 and right panel of Fig. 1) that pin-
point the location of newly formed stars in Mon R2. The arc
structure points toward the south of the infrared cluster, in agree-
ment with the cometary shape of the HII region as revealed
in previous works (e.g., Ginard et al. 2012; Pilleri et al. 2012;
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Fig. 2. Spectra averaged over an area of 0.7 pc X 0.7 pc centered at the
position of IRS 1 (corresponding to the area shown in Fig. 1, right). The
blue dotted vertical line indicates the source velocity (v.sg = 10 km s7h.
The red dashed vertical lines indicate the velocity range where the S /N
is above 3¢ for the molecular emission. These ranges are used to gener-
ate the integrated intensity maps presented in Fig. 3. The velocity ranges
correspond to 5-18 km s™! for 13CO, 7-15 km s~! for C'30, 6-14 km s~!
for HNC, and 7-12 km s~! for N,H*.

Marti et al. 2013). The observed species present their strongest
emission to the northeast and southwest of the infrared cluster.
The HNC and N,H" maps show a third bright peak to the south
of the cluster, where the CO intensity decreases. This spatial dif-
ferentiation may be due to different physical conditions causing
13CO and C'0 to be depleted onto dust grains and/or a high
opacity that results in self-absorption of the CO lines. However,
the spectra at these positions show Gaussian profiles with no sig-
natures of self-absorption. A more detailed study of the chemical
properties in this region is the subject of a forthcoming paper.
The middle column of panels in Fig. 3 show the veloc-
ity field as determined from the first-order moment analysis.
The region presents complex kinematics with different velocity
components and velocity gradients. On large scales, there is a
global velocity gradient (~1.5 km s~ pc™!) from east to west.
On smaller scales, we do not find a clear velocity gradient along
the N structure, with most of the emission at systemic velocities
(~10 km s™"). The NE structure is mainly blue-shifted, with a
velocity ~8.5 km s~!. The E structure shows a velocity gradient
of ~3 km s™'from east (at 7.5 km s~!) to the center of the region
(at 10.5 km s~). Finally, the southern part of SW is red-shifted
(11 km s~1), but shows a velocity gradient toward the central part,
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reaching a velocity of 9.5 km s~!. In addition to the longitudinal
gradients, these four structures also show signatures of smaller
velocity gradients (~1 km s~!) across them. The velocity features
of these structures are studied in more detail in Sect. 4.4. The
velocity structure around the hub is similar in all the species with
a prominent northeast-southwestern velocity gradient. Interest-
ingly, the blue-shifted gas is reminiscent of an elongated curved
structure that starts to the west of IRS 1 and approaches the cen-
ter through the north. The red-shifted emission, although not as
clear as for the blue-shifted component, also seems to converge
toward the IRS 1 position from the east and then south, con-
stituting a complementary curved structure to the blue-shifted
emission (see Sect. 4.5 for a detailed discussion).

The right column of panels of Fig. 3 show the velocity disper-
sion as determined from the second-order moment analysis. The
extended emission has a constant, relatively narrow linewidth of
~1-1.5 km s~!, which increases toward the central part, reach-
ing a maximum value of ~6 km s~! for '3CO, ~4 km s~! for
CBBO, ~4 km s~! for HNC, and ~2.0 km s~! for N,H*. These
large linewidths are more likely the consequence of the com-
plex kinematics in the inner region, which is not resolved by the
IRAM-30m beam.

4. Filamentary network of Mon R2

In the following section we analyze the structure of the dense
gas in Mon R2, concentrating on the characterization of the fil-
amentary structure previously seen in dust continuum emission
maps with Herschel and now, for the first time, resolved in veloc-
ity in different molecular species. In Sects. 4.1 and 4.2 we derive
column density maps from molecular line emission and identify
filamentary structures from the position-position-velocity data
cubes. The stability of the filaments is explored in Sect. 4.3, and
their kinematic properties are discussed in Sect. 4.4. We study
the convergence of the filaments into the central hub in Sect. 4.5.

4.1. Column density structure

The integrated intensity maps of the '*CO and C'30 (1—0) lines
reveal the existence of several filamentary structures converging
into the central hub (see Fig. 3). These filamentary structures are
also detected in the H, column density map derived from the
Herschel continuum emission maps (see Didelon et al. 2015).
Complementary to the H, column density maps, we derive
column density maps for the 3CO and C'80 species. Assum-
ing local thermodynamic equilibrium (LTE) and optically thin
molecular emission, the column densities are calculated (see
Appendix A) as

N(3CO o [ [T@) dv

O a0 rc | L0 ®

and

N(C80 o | [T) dv

NCEO| 473 % 1057 f—_ : )
cm~2 K km s™!

where Tex is the excitation temperature in K, and the term
fT(v) dv is the integrated flux of the (1—0) line in K km s~!.
We assume that the lines are thermalized with the excitation
temperature being equal to the gas kinetic temperature (i.e.,
Tex = Tx) and that this equals the dust temperature, Tgqug, as
derived in Didelon et al. (2015, see top-right panel in Fig. 4).
This assumption is only accurate in dense regions (n > 10* cm™3)
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Fig. 3. Left column panels: integrated intensity maps over the whole surveyed area for the (1—0) transition lines of the *CO, C'*0, HNC and
N,H* molecules. Middle column: velocity centroid. Right column panels: linewidth. The maps were produced by computing the zero-order (left),
first-order (middle) and second-order (right) moments in the velocity range defined in Fig. 2. The yellow labels and the dotted lines indicate the
main features identified in the region. The red star at (0”,0”) offset gives the position of IRS 1.
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Fig. 4. Top panels: H, column density (lef) and dust temperature (right) maps from Herschel (Didelon et al. 2015). Middle panels: '3CO (left) and
C'80 (right) column density maps. Bottom panels: velocity centroid for '*CO (leff) and C'80 (right). The “skeleton” of identified filaments are
marked with solid white, black, or yellow lines. The black and white circles correspond to the radii at 200”, 250", and 300" (transition between
the hub and the filaments, see Fig. 5). The white circles in the fop right panel shows sources identified by Sokol et al. (2019); the colored symbols

show the sources identified by Rayner et al. (2017).
shielded from the UV radiation. Hence, in the surroundings of ~ considered as a lower limit to the real temperature. We smoothed
the central UC HII region and the PDRs, the UV radiation will ~the IRAM-30m molecular maps to the angular resolution of
increase the gas temperature (Tgas), and Teas = Tquse should be  the Herschel-derived Tguse map (i.e., 36”) and used Egs. (1)

AS8]1, page 6 of 44


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201935260&pdf_id=0

S. P. Trevifio-Morales et al.: Dynamics of cluster-forming hub-filament systems

13
co (1-0) R _
A i e s e e s s ey e e e Ko TS I o s s s s e s By e | LU B s B S B B s p L LML E B B B B R B R
i f +0 o :
/ [} 7] :
- a8 o ‘
=™ : ER= 5 :
= |2 < 3 ]
N S 3 |
2 17 Eo \
1€ L N ]
oy — — TR
o_ L ; i : 2 :
: (3 : . = :
L central: 12 central: central: 2 central: \\
hub, | o hub, | hub, | o hub,
o PR Lt PR B _OO PR B I PR B PR N I PR oO Ly [ S W W T
200 400 200 400 200 400 - 200 400
Rcir [“] Rcir [“] Rcir,out [“] Rcir,out [“]
18
c'®o0 (1-0) _
R e e e e e e e T o B e e e s B S e e ————T T ——— T
: N : Ng
L : / % : o
-3 : o : IE.‘_ | B
= - J= ' =
= < \"\ 1 L
= _;°‘_ B "Q“ < ‘
- 1€E : E | \, _
o e :
oL 4= 2 N
: 5 ‘ : £ ;
L central: 12 central: 1 central: < central: \
o L hw, L o L hab, | L 2o L hub, |
200 400 200 400 200 400 - 200 400
Rcir [“] Rcir [“] Rcir.out [“] Rcir.out [“]

Fig. 5. Azimuthally averaged mass and surface density derived from the '*CO (top) and C'®O (bottom) column density maps. From left to right: each
column shows (i) radially integrated mass, (ii) radially integrated mass divided by the area of the circle with radius R, (i.e., radially integrated
surface density), (iii) concentric annular mass, (iv) concentric annular surface density. The radially integrated mass and surface density were
calculated within circles of radius R, centered on IRS 1 from R = 25” (~0.1 pc) to R = 600" (~2.4 pc). The concentric annular mass and surface
density were calculated within concentric rings of radius Ryne = Reirou — Reirin = 36” (corresponding to the Herschel beam size). In order to do a
direct comparison of the profiles, the x-axis in the concentric annular mass and surface density profiles correspond to R 0. The yellow dotted
lines indicate the different slopes in the surface density profiles. The light gray zone indicates the transition between the hub and the filaments,
from 200" to 300”. The dark gray area marks the central hub with Ry, = 250”= 1 pc.

and (2) to derive the molecular column density maps shown in

Fig. 4. The highest column densities are found toward the cen-

tral hub with N('*CO)>5 x 10'® cm~2. Outside the hub, we

find a constant column density of N('*CO) ~ 1 x 10'® cm™ with

local enhancements associated with the filamentary structures.

F}or C!80, we derive column densities ~10 times lower than for
CO.

We next present our study of the internal structure of
the cluster-forming region; our specific aim was to determine
whether a well-defined hub can be identified, and if so, to mea-
sure its size and average radial parameters. To this end, we
studied the azimuthally averaged mass and surface density of the
cloud within concentric circles and rings centered at IRS 1. The
radius of the circles, R, ranges from 0.1 pc to 2.4 pc (or 25—
600", the radius of the UC HII region is 12.5”), while the ring
radius Ry is the difference of an external circle Reir o and an
inner circle Rgin. In Fig. 5, we plot the azimuthally averaged
radial profiles for '*CO (top panels) and C'30 (bottom panels).
We first considered the radially integrated gas mass M. (first
column of panels) calculated in circles of radius R, and then,
we calculated the gas mass My, (third column of panels) over
concentric rings with radius Rying = Reir,out — Reir,in- The gas mass
M within each circle or ring is given by
M= EA(Z.S my), 3)

X
where N is the total column density of the molecule (as derived
in Egs. (1) and (2), X is the relative abundance of the molecule

with respect to Hy, A is the surface area of the circle, and my is
the hydrogen atom mass. We used the typical Mon R2 abun-
dances X('3C0)=1.7 x 107® and X(C'*0)=1.7 x 1077 (e.g.,
Ginard et al. 2012). These values are consistent with the aver-
age abundances that can be derived by comparing the H, (from
Herschel) and the 3CO and C'®0 column density maps (see
Fig. B.1). Figure 5 also shows the radially integrated gas mass
divided by the surface area of the circles (second column of pan-
els) and the concentric ring’s mass divided by the ring’s surface
area (fourth column of panels), i.e., the surface densities pro-
files. The radial profiles of the surface density in Fig. 5 show
two different slopes (yellow dotted lines) with the turnover point
occurring at a radius between 200” and 300" (or 0.8-1.2 pc).
This change in slope may result from a transition between a
denser region in the center and a more diffuse component on
the outside. We therefore consider that there is a well-defined
hub structure with a radius of about 250", or 1 pc. Hereafter, we
refer to this as the hub radius, Ry,,. We note that the radial mass
and surface density profiles do not correspond to the initial mass
distribution of the cloud. They are just a tool to investigate the
morphology of the current evolutionary stage of the cloud.
From the '3CO and C'8O column density maps, we esti-
mated a mass of ~1700 M within the Ry, = 1 pc, which
corresponds to about 24% of the total mass (~7200 M) of the
surveyed area. From the H, column density maps obtained with
Herschel observations (Didelon et al. 2015), we derived the mass
of ~3600 M, for the hub and ~8300 M., for the surveyed area.
These are in reasonable agreement with the values derived from
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Table 2. Gas and dust mass derived from different tracers for the
different structures in Mon R2 (see Sect. 4.1 for details).

Mass derived from

BCO C'"®O dust Average

Mo)  (Mo)  (Mo) mass
Total cloud 6200 8300 8400  100%
Hub 1800 1600 3600 32%
Main/secondary filaments 2400 3200 2500 35%
Diffuse medium 2000 3500 2300 33%

the molecular species (see Table 2). In summary, considering
the different tracers, we find that about 32% of the mass in the
surveyed area is contained in the central hub.

4.2. Filament identification

As shown in Fig. 4, Mon R2 has a filamentary structure outside
the central hub. Making use of our 3D data cubes (position—
position—velocity) we used the structure identification algorithm
Discrete Persistent Structures Extractor (DisPerSE, Sousbie
2011) to define filaments. DisPerSE was originally developed
to search for filamentary structures in large-scale cosmological
simulations, but it has been successfully applied to identify fila-
ments from molecular clouds and from numerical simulations of
star-forming regions (e.g., Arzoumanian et al. 2011; Schneider
et al. 2012; Palmeirim et al. 2013; Smith et al. 2014; Panopoulou
et al. 2017; Zamora-Avilés et al. 2017; Chira et al. 2018; Suri et al.
2019). DisPerSE identifies critical points in a data set where the
gradient of the intensity goes to zero and connects them with
arcs; the arcs are then called filaments. The critical point pairs
that form an arc with low significance can be eliminated with two
thresholds: the persistence threshold and the detection threshold.
The persistence is expressed as the difference between the inten-
sities of critical points in a pair. The higher the persistence, the
more contrast the structure has. The detection threshold elimi-
nates the critical points that are below the noise. We used the
3CO emission map for filament identification with DisPerSE,
and set both the persistence and the detection thresholds to be
five times the noise level per channel. These thresholds assure
that we select filaments with high significance.

Complementing the identification of filaments with Dis-
PerSE, we visually inspected the correspondence between the
DisPerSE-identified filaments and elongated structures visible in
the 13CO (1—-0) and C'80 (1—0) data sets. Most of the struc-
tures identified with DisPerSE are clearly visible in at least one
velocity interval and appear contiguous in successive velocity
channels, which further supports the picture that they are coher-
ent entities in the position-position-velocity space. Only few
structures are not clearly identified in the molecular channel
maps and have been discarded. Thus, our final set of filaments
consists of those DisPerSE identified structures that are con-
firmed via visual inspection in both '*CO and C'30 emission
through different velocity intervals.

The skeletons of the identified filaments are shown in Fig. 4.
A comparison of the filaments with the Herschel maps confirms
that most of them trace H, column density structures (see top left
panel). Some of the filaments extend beyond the area surveyed
with the IRAM-30 m telescope. In total, we have identified nine
filaments, which are named F1 to F9, counterclockwise from
the north. Filaments F1 to F7 and F9 converge to the central
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hub, while F8 seems to be spatially and kinematically isolated
from the other filaments (see Sect. 4.4). In addition to these nine
main filaments, DisPerSE identified other filaments that do not
converge into the central hub, but merge into one of the main
filaments. These structures are more prominent in '3CO than
in C130. We call these structures secondary filaments, and use
labels to indicate to which main filament they are connected
with, for example sFla. The last letter in the label is an increas-
ing index for the secondary filaments associated with one main
filament. A total of 16 secondary filaments are identified.

On the basis of C'80 (2—1) line observations, Rayner et al.
(2017) performed an identification and analysis of the filamen-
tary structure in the inner area of Mon R2 (about 7 pc?). They
found eight filaments with about 1 pc of length converging into
the Mon R2 hub. Six of them* seem to correspond to filaments
identified in this work, extending into the hub. However, there
are some differences between the filament skeletons presented
by us and Rayner et al. (2017). We attribute these differences to
the identification techniques and the difference in the resolution
of the data cube used by Rayner et al. (2017) and used in this

paper.

4.3. Physical properties of the filaments

One possible way to gain insight into the stability of filaments is
to study their line mass, M/L (mass per unit length). In the case
of an isolated, infinitely long filament where gravity and thermal
pressure are the only forces, an equilibrium solution exists at the
line mass (Ostriker 1964)

ch T 1

(M/L)erit 064 = < - 16'7<10_K) Mo pe™, 4)
where ¢, = (kT/,umH)l/ 2 is the sound speed, which is linked
to the thermal velocity dispersion, and G is the gravitational
constant. Equation (4) only depends on the gas temperature.
Linear perturbation analyses have shown that this equilibrium
solution is prone to fragmentation due to gravitational fragmen-
tation (see, e.g., Inutsuka & Miyama 1997, hereafter IM97). The
fragmentation leads to clumps that are separated by a distance

1/2 1/2 -1/2

b8 T n,
dawor = es[=—| = 0.066 [ ] [ : ,
cLIMT CS(Gp) Pliok! 1105cm=

and have masses given by

ne -1/2
105 cm‘3] ’
where n, is the number density of gas at the filament center.

These models only consider the thermal gas pressure as the
force opposing gravity. It is possible, and commonly assumed in
the literature, that turbulence within gas can also provide a sup-
porting pressure (Chandrasekhar 1951, hereafter C51, see also
Wang et al. 2014). This pressure can be simplistically taken into
account by replacing the sound speed in Eq. (4) by an effective
sound speed that results from the combination of thermal and
non-thermal motions (or velocity dispersion). In this case, the
critical line mass is given by (Wang et al. 2014)

T 3/2
Mavoer = (M/L)crig X At = 0.877 Mo [ 0 K] [

202 o
ML) s :i:465($
( / )cr1t,v1r G 1 km S_l
4 The nomenclature in this work was chosen to be consistent with
the previous analysis presented in Trevifio-Morales (2016). The corre-
spondence between our nomenclature and that adopted by Rayner et al.
(2017) can be found in Fig. 7.
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Fig. 6. Comparison of the observed M/L values with the critical
ones. The gray circles correspond to the values of [(M/L)cicvicl/
[(M/L)ciit064], the blue circles show [(M/L)1/[(M/L)cit064], and the
black circles correspond to [(M/L)]/[(M/L)eitvic]- The gray band indi-
cates the transcritical range, between 0.5 and 1.5.

where oy = Av/ V8In2 is the total velocity dispersion, which in
our case is obtained from the '3CO and the C'80 linewidths (see
Fig. 3). The separations and masses of the clumps are given by

Ttot n -1z
Aervir = 1.24 [ ] )
Cl, 1r pC [1 km S_] :| 105 Cm_3

Otot [ n ]_1/2
1 km 371 105 cm—3 ’

It should be noted that these models represent a simplistic
case of an isolated and highly idealized gas cylinder. Effects
of various additional physical processes on the filament sta-
bility and fragmentation have been studied by several works
(e.g., Fiege & Pudritz 2000a,b; Fischera & Martin 2012; Heitsch
2013a,b; Recchi et al. 2014; Zamora-Avilés et al. 2017). Also,
simulations have analyzed the evolution of filaments in vari-
ous setups (e.g., Clarke et al. 2016, 2017; Chira et al. 2018;
Kuznetsova et al. 2018). Nevertheless, we employ here the sim-
plistic framework to gain the first insight into the stability of the
filaments and to compare the filaments in Mon R2 with other
works that have analyzed filaments using the same framework.

Making use of Egs. (4) and (5), we calculated the
(M/L)crit064 and (M/L)gritvir Values for each filament. The oo
values used to calculate M/L; i are listed in Table B.5; they
were obtained from the median value of the AV, estimated from
Gaussian fits (see Appendix B) in different positions along the
filaments. We find that (M/L)it. 064 and (M/ L)ci vir agree within
a factor of ~2, indicating that thermal and non-thermal pres-
sures are similar (see gray circles in Fig. 6, and last columns of
Tables B.1 and B.2). This is in good agreement with the results
of Pokhrel et al. (2018) work, where the authors present a study
of the hierarchical structure in the Perseus molecular cloud on
different scales. They show that the thermal motions are least
efficient in providing support on larger scales such as the whole
cloud (~10 pc), and most efficient on smaller scales such as the
protostellar objects (~15 AU). Our analysis in Mon R2 corre-
sponds to an intermediate scale between small clumps (~1 pc)
and cores (~0.05-0.1 pc), in the frontier where the turbulent
support starts to be substituted by the thermal support.

In Tables B.1 and B.2 we compare the observed M/L val-
ues for each filament with the critical values. The masses of
the filaments were calculated using Eq. (3) for both 3CO and

M i = 5753 Mo[

C'80 and for the Herschel-derived column density. We find
differences of less than a factor of two between the masses
determined with different tracers. We adopt the mean of these
masses for the following analysis and estimate that the uncer-
tainty on the mass is a factor of two. This results in a line mass of
M/L=30-110 M pc‘1 for the main filaments, which are a factor
of 1-4 above the thermally critical values, (M/L)cit064 =24—
30 M pc'. The main filaments are therefore thermally super-
critical (see blue circles in Fig. 6). If non-thermal motions are
considered, (M/L)cityir =30-75 My pc‘l, most main filaments
become transcritical (see red circles in Fig. 6). For the secondary
filaments we obtain M/L=12-60 M, pc~!, which can be com-
pared to0 (M/L)eito6s =24-30 Mo pc™' and (M/L)eigvir = 30—
70 Mg pc~!. They are roughly in agreement with the critical line
mass regardless of whether non-thermal motions are considered
or not. Figure 6 shows the results of the line mass comparisons.
It is important to mention that for filaments F6, F7, sF5b and
sF7a, it is possible to identify more than one velocity compo-
nent (see Sect. 4.4). This suggests that more than one structure
(not resolved with our spatial resolution) may exist in these fil-
aments. In these cases, we may have overestimated the mass of
the filaments, leading to values of M/L that are too high. If we
assume that the intensities of the two velocity components iden-
tified in F6 and F7 are directly proportional to their masses, the
two components of F6 would contain 35 and 65% of its total
mass. The M/L values of these two components would be ~20
and ~30 My pc™!, similar to the (M/L)csi 064 value. Following
the same procedure, the two components of F7 each contain
50% of the total filament mass. The two components would be
transcritical under the O64 model, but subcritical under the C51
model. The secondary filaments sF5b and sF7a also show mul-
tiple velocity components, but in these cases we cannot make a
clear separation between them using line intensities.

Figure 7 presents a comparison of the observed M/L for the
main filaments (F1 to F9) with a selection of filaments in other
low and high-mass star-forming regions. The main filaments in
Mon R2 have line masses similar to the filaments in the Taurus
molecular cloud (M/L=50 M pc™', Palmeirim et al. 2013), and
Serpens (M/L ~70 Mg pc’l, Kirk et al. 2013), and clearly lower
line masses than those found in high-mass star-forming regions
such as Orion A and DR 21 (M/L ~500 My pc~!, Bally et al.
1987; Johnstone & Bally 1999; Hacar et al. 2018; Stutz & Gould
2016; Hennemann et al. 2012). This is consistent with the fact
that the physical conditions measured in the Mon R2 filaments
(T« ~15-20 K and n ~1-5x 10* cm™3, Rayner et al. 2017; see
also Tables B.3 and B.4) are more similar to those found in low-
mass star-forming clouds. Figure 7 also shows the comparison
of the range of M/L values obtained in this work with the range
obtained in Rayner et al. (2017), which are in agreement within
a factor of 1.5.

The dense clumps and cores identified in Herchel contin-
uum maps (Rayner et al. 2017) and Large Millimetre Telescope
(LMT) continuum maps (Sokol et al. 2019) appear distributed
along the filaments of Mon R2 (see Fig. 4). The clumps and cores
identified in both works are consistent, with only a few bound
cores in the external regions of the filaments reported only in
the work of Rayner et al. (2017). In Tables B.3 and B.4, we list
the ranges of mass separation of the observed clumps and cores
in filaments. We compare these values with the predicted masses
and separations, which are listed in the tables and derived follow-
ing the IM97 and C51 models. The density n. used to calculate
the predicted separations and masses was estimated assuming
that the filaments are homogeneous cylinders with 7n. being the
average density derived from the mass and size of the filament.
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Fig. 7. Comparison of the observed M/L for the filaments F1 to F9 with different low-mass and high-mass star-forming regions. The gray area on
the left present the Mon R2 range of values obtained in this work (in black) and by Rayner et al. (2017) (in blue). The gray area located toward the
right of the plot present the Orion values. The blue solid bars at the Orion band indicate the M/L range found in the fibers within each filament.
The black bars present the total filament M/L reported by Bally et al. (1987) and Johnstone & Bally (1999). The red crosses indicate the value
of the (M/ L) 064 for each region, while the green ones indicate the value of the (M/L)cicvir for each filament in Mon R2. The plot indicates the

resolution used in each work to obtain the observational M/ L.

This value of n¢, a few 10* cm™, is a lower limit to the density.

In order to account for possible density gradients within the fila-
ments, we adopt a value ten times larger as an upper limit to the
central density. The obtained values, a few 10° cm™3, are similar
to those measured by Berné et al. (2009) and Ginard et al. (2012)
within the central hub (see also Rizzo et al. 2003). Figure B.2
shows a comparison between the observed and predicted clump
masses and separations. The observed separations (A obs =0.25—
2.00 pc) are in agreement with the predictions of the C51 model
(Ac1vir =0.20-1.60 pc), and they are 5-10 times higher than the
predictions of the IM97 model (A 97 =0.05-0.25 pc). Simi-
larly, most of the observed masses (M. obs =5-35 M) are in
agreement with the predictions of the C51 model (M yir = 8—
55 Mgy). The observed clump masses are 1-5 times higher
than the predictions of the IM97 model (M mo7 = 1-5 Mo; see
Fig. B.2). In summary, our observations are in good agreement
with the C51 model. This indicates that that non-thermal motions
are non-negligible in the fragmentation and formation of clumps
and cores within the filaments of Mon R2. Finally, it is worth
noting that only 50% of the mass outside the hub is contained
within the filaments (see Table 2), while the rest is distributed in
a more extended and diffuse inter-filament medium. This diffuse
inter-filament medium is basically devoid of clumps, suggesting
that it is non-star-forming gas.

4.4. Filament kinematics

In this section, we study the kinematic properties of the Mon R2
hub-filament system, with special focus on the line shape
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properties (Sect. 4.4.1) and the velocity gradients along the
filaments (Sect. 4.4.2) and inside the central hub (Sect. 4.5).

4.4.1. Velocity components and linewidths

Most of the main and secondary filaments have a relatively
simple velocity structure with one velocity component (see
Figs. B.4-B.14). However, a few of them show two velocity
components (F6, F7, sF5b, and sF7a). This is similar to the
velocity structure observed toward some filaments in low-mass
star-forming regions like Taurus, where a number of velocity-
coherent, small filaments or fibers have been found (e.g., Hacar
et al. 2013). However, other authors (e.g., Zamora-Avilés et al.
2017; Clarke et al. 2018) suggest that it is not clear that fibers
are actual objects. Our low angular resolution (~25”, or 0.1 pc),
even though it resolves the kinematic structure of the fila-
ments, prevents us from searching for “fiber-like” structures in
Mon R2. Higher angular resolution observations with facili-
ties like the Atacama Large Milllimeter/Sub-millimeter Array
(ALMA, ALMA Partnership 2015) may help in the search for
small-scale substructures.

In order to have a complete image of the kinematical pro-
files of the filaments, we extracted a number of '*CO and C!80
spectra along the filament skeletons. We fit them with Gaus-
sian functions. The whole spectra set and Gaussian fits are
shown in Appendix B, while Fig. 8 presents a summary of
the main results. Larger linewidths are observed in the hub,
very likely as a consequence of filaments merging together and
due to the presence of a hot and expanding UC HII region
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(e.g., Trevifio-Morales et al. 2016, see also Sect. 4.5). The fila-
ments have linewidths of 1-2 km s~! in '*CO, and 0.5-1.5 km s™!
in C'80. Assuming that the gas and dust are thermalized, T} =
T4, the non-thermal velocity dispersion, ont, can be determined
as

= [|2)  (feef | ®
MU Vem) \wmw) |

where AV is the observed full width at half maximum, Ty is the
kinetic temperature, my is the mass of the hydrogen atom, and
(x is the molecular mass of the a specific molecule (i.e., 29 for
13CO and 30 for C'80). Assuming Ty = Ty, all the filaments
have T between 14 and 18 K (Tables B.1 and B.2), correspond-
ing to a thermal sound speed’ ¢ (Ty) of 0.23-0.26 km s~!. Using
the ratio o-nT/cs(Tk), we calculate the Mach number, M, for the
main and secondary filaments (see Table B.5) and look for sub-
sonic (M < 1), transonic (1 < M < 2) and supersonic (M > 2)
gas motions along them. For the filaments associated with two
velocity components (e.g., F6, F7), we estimated the Mach num-
ber using the most intense velocity component. Figure 9 (top)
presents the distribution of M of all filaments. There are no sig-
nificant differences between the main and secondary filaments,
with mean (and standard deviation) values of M = 1.5(x0.7).
Our analysis, therefore, indicates that the main and secondary
filaments exhibit transonic non-thermal motions on average. In
Fig. 9 (bottom), we present a comparison of M with the observed
line mass for all the filaments. In the figure it is possible to distin-
guish a trend suggesting that the filaments that have higher M/L
also have higher M values (see blue and red lines in Fig. 9).

5 The thermal sound speed, cs(T%) = (kp Tk /Ugastu,)'/?, was calculated
assuming an average molecular mass of pg,s = 2.7.
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Fig. 10. Position-velocity diagrams (top panels) along the skeleton of filament F1 obtained from the '*CO (left) and C'3O (right) data cubes. The
vertical yellow dashed lines indicate the transition between the hub and the filaments, corresponding to radii 200”, 250" (R ), and 300”. Middle
panels: variation in velocity against the offset along the filament in two different manners. The dotted black line corresponds to the velocity obtained
at the central pixel that constitutes the skeleton of the filament, while the blue line shows the velocity along the skeleton after averaging over the
velocity range shown in the top panels. The green lines indicate the velocity range where most of the emission of the filament resides. Bottom
panels: line-width (Av) of the skeleton’s central pixels along the filaments (in black) and the velocity dispersion calculated from o = Av/ V8In2 (in
red). The text labels show the mean and the median value of the velocity dispersion.

Finally, we study the variation in linewidth (and velocity
dispersion, see bottom panels of Figs. 10 and B.3). We do not
find large variations (<0.5 km s7!) in the velocity dispersion
along the secondary filaments. In contrast, the velocity disper-
sion increases along the main filaments when approaching and
entering the central hub. Inside the central hub (R, < 250”) the
gas has supersonic non-thermal motions on average. It is worth
noting that given the moderate spatial resolution of our obser-
vations, we cannot exclude the possibility that all our filaments
and secondary filaments could contain smaller (subsonic) enti-
ties like those observed in other regions (e.g., Orion A: Hacar
et al. 2018, Perseus: Hacar et al. 2017b and Taurus: Hacar et al.
2013).

4.4.2. Velocity gradients

In the following, we study the velocity gradients along the fila-
ments by constructing position—velocity (PV) diagrams along all
the filament skeletons. The PV diagrams were obtained with the
python tool pvextractor®, which generates PV diagrams along

6 The python package pvextractor is freely available at http://
keflavich.gitHub.io/pvextractor
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any user-defined path or curved line given its spatial coordinates
in a position-position-velocity data set. In the PV diagrams we
average over ten pixels (corresponding to two beams, or ~0.2 pc)
in the direction perpendicular to the filament skeleton to enhance
the S/N. In this section, we analyze the velocity gradients along
the filaments excluding the area located within the hub. The
kinematics within the hub are discussed in Sect. 4.5.

Figure 10 (top) shows the PV diagrams along the skeleton of
the filament F1 for the '*CO (1-0) and C'®0 (1-0) lines. The
PV diagrams for the other filaments are shown in Fig. B.3. Most
of the filaments show different velocities at the two ends of the
filament, i.e., global velocity gradients. We determine the global
velocity gradient of each filament from a linear fit to the veloc-
ities along the filament (see middle panels of Figs. 10 and B.3)
after excluding the region of the filament located inside Rpy, =
250”.In Table B.5, we list the velocity gradients derived for each
filament, which are in the range 0.0-0.8 km s~!' pc~!. Figure 11
shows the distribution of the velocity gradients measured over
along filaments.

Some main filaments show significant variations or zig-
zag features in the velocity distribution. In particular, filaments
F1, F2, F5, and F7 show different velocity gradients in some
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Fig. 11. Distribution of the velocity gradients. The blue dots correspond
to the values calculated from the '*CO data and the red dots to the
values calculated using the C'®O data. The blue and red dotted lines
indicates the average values of the gradients. The black triangles ('*CO)
and green squares (C'®0) correspond to the different gradients calcu-
lated along the filaments F1, F2, F5, and F7. The Zones (ZI, ZII, and
ZIII) labeled in those filaments correspond to those indicated in their
respective velocity diagrams (e.g., Fig. 10).

segments or zones along the filament. These zones are marked
in the PV diagrams as ZI to ZIII (see, e.g., Fig. 10). The velocity
gradients seen along the defined zones are in the range 0.2—
3.0 km s~ pc™! (see green and black symbols in Fig. 11). The
larger velocity gradients are found in those regions close to the
central hub, suggesting that the gas may be accelerating when
approaching the center of the potential well. In contrast to the
main filaments, the secondary filaments have smooth and con-
stant velocity gradients along them. These velocity patterns have
also been observed in numerical simulations of clouds in global
collapse (e.g., Gémez & Vazquez-Semadeni 2014).

4.5. Into the hub

As seen in Fig. 4, the filaments extend into the central hub
forming a ring structure traced by the DisPerSE filament skele-
tons. Several velocity components can be distinguished within
the hub suggesting a complex structure that remains unre-
solved due to the limited angular resolution of the '*CO and
C'30 (1—0) maps. To explore the morphology and the kine-
matics of the central hub in more detail, we use the higher
angular resolution maps of the '*CO and C'80(2—1) lines.
Figure 12 shows, for different velocity ranges, the superposition
of the filament skeletons detected with DisPerSE (white con-
tours) with 3CO and the brightest C'80 features. The brightest
13CO (2—1) emission highlights an elliptical structure (here-
after hub-ring) consistent with the skeleton structure identified
from the '*CO (1—0) data. The hub-ring morphology is also
observed in the C'®0 (2—1) maps, although it traces an inner
layer compared to the '3CO (2—1) maps. The innermost area
of the ring-like structure is, however, devoid of B3CO and C'80
emission, suggesting a lack of molecular gas, or a lower column
density in the very center. This is likely caused by the interac-
tion of the UC HII region associated with IRS 1 that affects the
dynamics, structure, and chemistry of the gas close to the stellar
cluster (Pilleri et al. 2012; Trevifio-Morales et al. 2016), creating
a cavity devoid of gas.

In the following, we describe the kinematics of the gas within
the hub-ring. We assume that the gas is falling into the young
protostellar cluster while an UC HII region is developing and

breaking out the external cocoon. We make use of PV dia-
grams to search for possible rotation and infall signatures. The
right panels in Fig. 13 show the PV diagrams built along the
ellipse corresponding to the hub-ring seen in '*CO (red ellipse in
Panels A-D in Fig. 13). Panels E and G show the PV dia-
grams along the hub-ring, while panels H-M show the PV dia-
grams along the major and minor axes of the ellipse. The gas
velocity along the ellipse follows a sinusoidal curve reminis-
cent of a rotational motion (green dots in Panels E-G). The
interpretation of a rotational motion is also supported by the
PV diagrams along the major axis with a velocity gradient of
about 4 km s™! pc~! from east to west (see Panels H-J in Fig. 13).
However, the PV diagrams present some features that do not
follow the rotational patterns. These features are likely the conse-
quence of the interaction of the young stars with the surrounding
gas (bipolar outflows and the UC HII region, Dierickx et al.
2015; Downes et al. 1975; Massi et al. 1985). A velocity gra-
dient, 1-1.5 km s~ ! in 0.1-0.2 pc, is observed along the minor
axis which is consistent with the presence of infall (see Panels K
and M in Fig. 13). The combination of rotation and infall motions
suggest that the molecular gas falls into the stellar cluster fol-
lowing a spiral path as seen in the morphology structure of the
C'80(2—1) maps. In Fig. 12, it is possible to distinguish three
spiral-filament features flowing into the forming cluster. To look
for further support for this scenario, it is interesting to compare
the velocity gradient measured in the PV diagram with the free-
fall velocity in the gravitational potential created by the stellar
cluster. The total mass content in the intermediate -to high-mass
IRS 1 to IRS 5 cluster is about 48 M (Carpenter & Hodapp
2008). We need to add the mass of the population of low-mass
near-IR stars. Following Carpenter & Hodapp (2008), there are
371 stars within a circle of R = 1.85 pc. As a first approxima-
tion, we can assume that the stellar surface density is uniform,
resulting in 154 stars in R < 0.32 pc, and a stellar mass of 77 M,
assuming an average stellar mass of 0.5 M. Finally, we should
consider the gas mass. The gas density within the HII region is
expected to be ~100 times lower than in the molecular cloud
if we assume thermal pressure equilibrium. However, the fully
ionized region has a radius of Ryy ~ 0.09 pc, which is much
smaller than our ellipse. On the basis of our molecular data,
we estimate a mass of ~1600 My within Ry, = 1 pc. Assum-
ing constant volume density, this would imply 43 M, gas mass
in the inner 0.32 pc sphere. In total, we would have a mass of
168 M, leading to the free-fall velocity of ~2.0 km s~! at a
distance of 0.32 pc (semimajor axis of the ellipse). This free-
fall velocity is consistent with the velocity gradients measured
along the semiminor axis of the hub-ring. It is important to note
that the hub-ring is not completely edge-on, and thus the mea-
sured infall velocity is a lower limit. However, the mass content
also suffers from significant uncertainty. Therefore, we con-
sider that the proposed infall-rotation scenario is consistent with
our observational data. Higher angular resolution observations
can better resolve the spiral pattern and provide us with more
constraints on the kinematics of the gas in the very center of
Mon R2.

It should be noted that similar spiral-like morphologies have
been reported by recent observational (see e.g., Galvan-Madrid
et al. 2013; Johnston et al. 2015; Liu et al. 2015, 2019; Lin
et al. 2016; Schworer et al. 2019) and theoretical works (see e.g.,
Gémez & Vazquez-Semadeni 2014; Mapelli 2017) studying OB
cluster-forming regions. This indicates that this structure is not a
peculiarity of Mon R2, but they are common features in cluster-
forming regions and thus it is essential to perform a deeper study
of this kind of features.
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Fig. 12. Integrated emission maps in ranges of 1 km s~! for the C'80 2—1 line (top panels) and '*CO 2—1 line (bottom panels). The red lines in the
top panels depict the brightest features of the C'#0 emission, and mark the possible path that the gas follows to reach the stellar cluster, indicated
with a white star. The white lines in the bottom panels mark the “skeletons” of the filaments identified by DisPerSE in the '*CO and C'*0 1—0

maps.
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Fig. 13. Integrated intensity (panels A and B) and velocity centroid (panels C and D) maps of the C'#0 and '*CO (2—1) lines. The red ellipse marks
the position of the hub-ring. Panels E-G: PV diagrams clockwise along the hub-ring (starting at the point A of the ellipse) for the *CO (2—1),
C"®0 (2—1) and C'®0 (1—0) lines. Panels H and J: PV diagrams along the major axis (from point A to point C). Finally, panels K and M: PV
diagrams along the minor axis (from point B to point D). The green dots in panels E-G indicate the velocities associated with the most intense
emission along the ellipse, tracing the sinusoidal pattern. The yellow stars in panels H—J show the position of the cluster along the major axis.
Finally, the cyan lines in panels K—M mark the strongest velocity gradients along the minor axis.

5. Discussion

In the previous sections we presented and analyzed the properties
of the filaments. In this section we discuss the implications of
the kinematical and dynamical properties of the gas along the
filamentary network converging into the dense hub.

5.1. Mass accretion rate

The kinematic properties can also give us information on the
mass of the accretion flow (M,..) along the filaments of Mon R2.
We calculate M, following Kirk et al. (2013). We consider that
the filaments are cylinders with mass M; length, L; and radius, r.
They are inclined with respect to the plane of the sky by an angle
a and the velocity of the gas along the long axis of the filament
is given by Vj. The mass accretion rate, My, is given by

. M
My = s
(L)XV”
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where, due to projection effects, Ly, = Lcos(e) and Vjops =
V) sin(a). Defining the velocity gradient as VV) obs = V) obs/Lobss
we can write Eq. (7) as

(Vi) MV
Macc = =
tan(a@)

tan(a) ®

As a first approximation, we assume that all the filaments
have an inclination of @ = 45°. In Table B.5, we list, the velocity
gradients and the derived mass accretion rates for the filaments
in Mon R2 (see also Fig. 14). We determine a mean (standard
deviation) accretion rate of 0.72(+0.82) x10™* My yr™! and
0.17(+0.19) x10~* M, yr~! for the main and secondary filaments,
respectively. Changing the inclination angle to 30° (60°) would
increase (reduce) the mass accretion rate by a factor of 1.73. Con-
sidering that there is no preferred direction, or inclination angle,
for the filaments, the measured mass accretion rates indicate that
the secondary filaments transport mass to the main filaments at
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Fig. 14. Mass accretion rate along the main and secondary filament con-
sidering an inclination of o = 45° (fop) and the inclination listed in
Table B.5 (bottom). The blue dots correspond to the values calculated
from the *CO parameters (M and VV),) and the red ones correspond
to the values calculated using the C'*O parameters. The gray zone in
the plots indicate the values corresponding to the main filaments.

a rate four times lower than the main filaments do to the central
hub.

It is important to note that each filament may be distributed
around the central core with different inclination angles with
respect to the plane of the sky. The angle of the filament can
be obtained from

Vil.obs _ Vii.real (sin(a)) _ Vil real

= = t
Lobs Lreal COS(CY) Lreal

an(a), 9

which results in the inclination angle of

1 VVH,obs

@ =tan~ .
VVll,real

10)

Assuming that all the filaments are accreting material onto
the hub and have the same velocity gradient, the observed dif-
ferences can only be due to different inclination angles. Hence,
we calculate the average of all the observed velocity gradi-
ents to be (VV}) = 0.30 km s~! pc™! for 3CO and (VV}) =
0.35 km s~! pc‘1 for C'80, and consider that this is the veloc-
ity gradient at an angle @ = 45°. We then determine the angle
of each one of the main filaments as a = tan’l(VV”’obs /<VViD)
(see Table B.5). With these angles, we determine the corrected
mass accretion rates (M7, see Table B.5). Figure 14 (bottom)
shows the corrected mass accretion rates for all the fila-
ments. We find a mean (standard deviation) accretion rate of
0.70(+0.52) x 107* Mg yr~! and 0.20(x0.11) x 10™* Mg, yr~! for
the main and secondary filaments, respectively. Considering the

eight main filaments that feed the central hub, we determine a
total mass accretion rate of 4-7 x 10~ M, yr~!. Using Egs. (9)
and (10), it is also possible to determine corrected lengths (L°™)
for the filaments. We find that these values can be larger than
the observed L by a factor of 1.2-2.3, which would result in a
decrease of about 35% in the calculated A, and M parame-
ters. Moreover, the larger values of L result in a decrease of the
observed M/L by a factor of 10-40%.

Compared to other star-forming regions, the mass accretion
rates measured along the filaments of Mon R2 (~10~* Mg yr™")
are (i) similar to those found in Serpens (1-3x 10™* Mg yr~!,
Kirk et al. 2013), Perseus (0.1-0.4 x 107* M, yr‘l, Hacar et al.
2017b), and Orion (~0.6 x 10™* Mg, yr~!, Rodriguez-Franco et al.
1992; Hacar et al. 2017a); (ii) lower by one order of magni-
tude than those measured in the DR 21 ridge (~1073 M, yr!,
Schneider et al. 2010); and (iii) higher than those seen in
Taurus (0.1-0.9 x 1073 My, yr~!, Hacar et al. 2013) and SDC 13
(2-5%x 1079 M, yr‘l, Peretto et al. 2014).

It is important to note that V) o»s Was calculated as an average
velocity gradient along the filament. However, it is possible to
distinguish changes in the velocity gradients along the filaments
F1, F2, F5, and F7. The velocity gradients seen in the different
zones (see Figs. 10 and B.3) are in the range 0.2-3.0 km s~! pc™!
(see green and black markers in Fig. 11), and correspond to M.
of 0.3-3.5 Mg, yr~!. The largest velocity gradients are found in
the vicinity of the hub, i.e., when the filaments reach and enter
the hub. This is due to the higher masses (the main filaments
gather mass on their trajectories to the hub) and the acceleration
of the material when approaching the hub. The behavior seen
in filaments F1, F2, F5, and F7 is reminiscent of a gravitational
collapse, where a rapid acceleration is expected in the proximity
to the potential well, with the velocity varying as R In this
expression, R is the distance to the center of the potential well
which is related to the distance measured in our maps, Ruyp, by
R = Ry /sin(a) with @ being the inclination angle relative to
the plane of sky. In a rotating cloud, because of the conservation
of the angular momentum, the trajectories of the infalling mate-
rial change from a large-scale radial infall to a rotating flattened
structure around the potential well. The rotation within the hub
can produce the “zig-zag” variations seen in the PV diagrams. In
contrast with the main filaments, the velocity gradients along the
secondary filaments show a constant gradient with no significant
variations.

We make use of the velocity gradients and the angles derived
for each filament to build a 3D vision of the filamentary net-
work in Mon R2. Figure 15 shows a sketch in which we assign a
color to each filament depending on its location. We find that the
northern (F1) and eastern filaments (F2 to F4) are placed behind
the hub (blue-shifted in velocity), while the western filaments
(F6 to F9) are placed in front of the hub (red-shifted velocities),
with the ones in the north-south direction being less shifted and
most likely located close to the plane of the sky. This suggests
that the main filaments are located in an extended 2D sheet with
an angle of 30° with respect to the plane of the sky, i.e., the
eastern side being located behind the plane, and the western side
in front of it.

5.2. Timing a global collapse

In the context of a hub-filament system presenting a global
non-isotropic collapse, the gas flows through the filaments to
form the central hub. We determine a mass-doubling time
of 4-7.5 Myr to build up the current mass of the hub
(~3000 My) considering the total mass accretion rate of the
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Fig. 15. Three-dimensional schematic view of the filamentary structure
in Mon R2. Top panel: face-on view of the filaments, as seen in the plane
of the sky. Bottom panel: top view of the filaments. Filaments F1 to F4
are placed behind the hub (with blue-shifted velocities), while filaments
F6 to F9 are placed in front of the hub (with red-shifted velocities).

main filaments (4-7 x 107 Mg yr~'). A slightly shorter mass-
doubling time (~2.5 Myr) is obtained if we consider the higher
mass accretion rates measured in the vicinity of the central hub
(~12x10™* M, yr~!, see Sect. 5.1). This last value is com-
parable with the velocity gradients and timescale presented by
Rayner et al. (2017) when analyzing only the inner part of the fil-
aments in Mon R2. The mass-doubling time derived from the
velocity gradients seen in the filaments is one order of mag-
nitude larger than the free-fall’ time in Mon R2, suggesting a
dynamically old region. If the initial density of the cloud is lower,
and on the order of ~5 x 102 cm~2, the free-fall time is in agree-
ment with the mass-doubling time, suggesting a dynamically
young region.

7 Considering the gas density of ~10* cm™ for Mon R2, the free-fall
time (f; = (37/(32Gp))™"?) is ~3 x 10° yr.
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In general, hub-filament systems are likely to be very com-
mon in massive collapsing regions as a consequence of the
interaction between turbulence and gravitational instabilities.
The similarity between observed hub-filament systems with
numerical simulations is striking (see e.g., Smith et al. 2009;
Gomez & Vizquez-Semadeni 2014; Vazquez-Semadeni et al.
2017; Ballesteros-Paredes et al. 2018; Lee & Hennebelle 2016,
2019). Lee & Hennebelle (2019) present simulations of a col-
lapsing molecular cloud and summarize the main features of the
process in (i) a global collapse forming a central stellar clus-
ter, (ii) prominent filamentary structures, and (iii) stars forming
along the radial filaments that feed the central cluster. The pres-
ence of radial filamentary structures like the one seen in Mon R2
is more prominent in simulations with a low initial density. In
this situation (case A of Lee & Hennebelle 2019) the global col-
lapse precedes the formation of most of the stars. Contrary to
that, for initially denser clouds (see case C of Lee & Hennebelle
2019), star formation activity is more widespread and the global
collapse is less efficient, resulting in a web-like cloud instead
of a radially filamentary cloud. A different interpretation for
the generation of a radial filamentary structures in a molecular
cloud, is presented in Ballesteros-Paredes et al. (2015), where
the turbulent crossing time is ~6—7 times longer than the sound
crossing time (consistent with the obtained in the case A of
Lee & Hennebelle 2019). For turbulent crossing times that are
much longer or shorter, the morphology can be substantially dif-
ferent (case C of Lee & Hennebelle 2019; Ballesteros-Paredes
et al. 2015).

In a recent work Motte et al. (2018) present an evolutionary
scheme for the formation of high-mass stars (see their Fig. 8)
that follows an empirical scenario qualitatively recalling the
global hierarchical collapse and clump-feed accretion scenarios
(see Vazquez-Semadeni et al. 2009, 2017; Smith et al. 2009).
In this scenario, parsec-scale massive clumps such as ridges
(e.g., DR21) and hub-filament systems (e.g., Mon R2) are the
preferred sites for high-mass star formation, and their physical
characteristics (velocity, density, and structure) favor a global
controlled collapse. The Motte et al. scheme (adapted from Tigé
et al. 2017) represents a molecular cloud complex containing a
ridge or a hub-filament system with gas flowing through the fil-
aments to the central hub, where a number of massive dense
cores/clumps (MDCs, on a 0.1 pc scale) form. During the starless
phase (~10* yr), MDCs only harbor low-mass prestellar cores.
The MDCs become protostellar when hosting a stellar embryo
of low mass (~3 x 10° yr). Then the protostellar envelopes feed
from the gravitationally driven inflows and lead to the forma-
tion of high-mass protostars. High-mass protostars become IR
bright for stellar embryos with masses higher than 8 M. Finally,
the main accretion phase terminates when the stellar UV radia-
tion ionizes the envelope and generates an HII region (in a few
10°-10° yr). The properties of the Mon R2 hub-filament system
agree with the morphological description of the scheme pre-
sented in Motte et al. (2018). Adapting this evolutionary scheme
for the case of Mon R2, we consider that it was necessary for
a low initial collapsing mass (dense structure) to reach the cur-
rent physical and morphological properties of the hub-filament
system after ~1-2 Myr. Moreover, massive star formation exist
in the central hub of Mon R2 for about 10° yr, as determined
on the basis of the UC HII region and surrounding PDRs (see
Trevino-Morales et al. 2014; Didelon et al. 2015).

Thus far, very few massive star-forming regions have been
studied with a detail similar to that presented in this paper
(among them: Orion and DR 21, Stutz & Gould 2016; Hacar et al.
2018; Suri et al. 2019). Even though this group is not numerous, it
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is clear that giant molecular clouds may undergo different types
of collapse, most likely related to their initial physical conditions.
Mon R2 shows differentiated dynamical properties from the oth-
ers. While DR 21 and Orion have massive supercritical ridges
with high star formation rates, Mon R2 is formed by a network
of filaments resembling those in low-mass star-forming regions
that converge in a single well-defined gravitational hole where
a cluster of massive stars is forming. The formation of the hub
and radial filamentary structure has taken more than one million
of years. To our knowledge, this is the first massive cloud with
these characteristics and thus it is essential to compare it with 3D
magneto-hydrodynamic simulations to better understand the star
formation process. With its simple geometry and location at only
830 pc from the Sun, Mon R2 appears to be an ideal candidate
to study the global collapse of a massive cloud.

6. Summary and conclusions

In this paper, we studied the stability and the kinematic/dynamic
properties of the cluster-forming hub-filament system in the
Monoceros R2 molecular cloud. We used large-scale maps of
different molecular tracers obtained with the IRAM-30m tele-
scope, and the H, column density map derived from Herschel
observations. Our main results can be summarized as follows:

— The large-scale emission seen in '*CO, C'80, HNC, and
N,H™ correlates with the Herschel-derived H, column den-
sity. All tracers reveal a hub-filament system in Mon R2.

— We identified 9 main filaments and 16 secondary filaments in
the position—position—velocity data sets. The main filaments
converge to the central hub for which we determine a radius
Ry = 1 pc, while the secondary filaments merge into main
filaments.

— We studied the stability of the filaments by determining
their line mass (M/L) and comparing it with the critical line
masses of a thermally supported filament and a filament sup-
ported by non-thermal motions. The two critical line masses
are similar suggesting that thermal pressure and turbulence
have similar contributions to the stability of the filaments.
The line mass for the main filaments is 30-100 My, pc~!, and
is lower for the secondary filaments (12-60 M pc™!). The
main filaments are slightly supercritical, while the secondary
filaments are transcritical.

— We studied the fragmentation of the filaments by compar-
ing the masses and separations of clumps located within
the filaments, with the estimates of a fragmenting filament
as predicted in two different models: a filament regulated
by thermal motions, and a filament with non-thermal sup-
port. The observed clump masses (M. obs =5-35 M) and
separations (A obs =0.25-2.00 pc) are in agreement with
a fragmenting properties of a filament if the non-thermal
motions are considered.

— We studied the kinematic properties of the filaments by
inspecting the velocity and linewidth values. Most of
the filaments have a simple velocity structure with one
velocity component, and linewidths of ~0.5-1.5 km s™!. The
linewidth increases inside the hub, likely due to the filaments
merging together and to presence of a hot and expanding
UC HII region. We find subsonic non-thermal motions along
the filaments, which become supersonic inside the hub.

— We measured velocity gradients ~0.4 km s~' pc™! in the
filaments of Mon R2, and derived mass accretion rates
of ~0.7x107™* Mg yr™! and ~0.2x10™* My yr~' for the
main and secondary filaments, respectively. We find sig-
nificant variations in the velocity of some main filaments,

in particular when approaching or entering the hub. The
velocity gradients and mass accretion rates of these filaments
increase by a factor of a few in the vicinity of the central
hub, likely due to an acceleration of the accretion flow when
approaching the center of the potential well.

— We determined that most of the main filaments extend into
the central hub forming a ring structure. The kinematics of
the hub-ring reveal signs of rotation and infall motions with
gas flowing from the external filaments to the central massive
cluster following a spiral-like pattern.

— We constructed a 3D schematic view of the filamentary
structure in Mon R2. Filaments F1 to F4 (located to the
north and east) are placed behind the hub. Filaments F6 to
F9 (located in the south and west) are placed in front of the
hub. This scheme suggests that the filaments in Mon R2 may
be distributed in a 2D plane with an angle of about 30° with
respect to the plane of the sky.

— Considering that the velocity gradients seen in the main fila-
ments converging to the central hub correspond to infall, we
estimate a timescale of about ~2.5 Myr as the necessary time
to gather the current mass in the central hub (~3000 M,).

Overall, the properties of Mon R2 are in agreement with a sce-
nario of a massive star-forming region that has been formed by
a global non-isotropic collapse. The main filaments converge in
the central hub from different directions feeding it at an accretion
rate of 1073-10™* M yr~!. The mass accretion rates increase
along the filaments when approaching or entering in the hub,
which may be due to an acceleration of the gas when entering
the hub. In a similar way, secondary filaments feed the main fil-
aments at lower mass accretion rates. The main filaments extend
in to the central hub forming a ring structure. Within the hub,
it is possible to distinguish several velocity components suggest-
ing a complex structure that remains unresolved. The kinematics
inside the hub show signs of rotation and infall motions with
the gas converging in to the stellar cluster following a spiral
like pattern, while the central UC HII region is expanding and
breaking out of the surrounding envelope. Thanks to its sim-
ple geometry and nearby distance (830 pc), Mon R2 is an ideal
candidate to study the global collapse of a massive cloud and
the formation process of high-mass stars, combining both high
spatial resolution observations and numerical simulations.
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Appendix A: Mass and column density

The mass M of the filaments is given by

M = N(H,) A(2.8my), (A.D)
where N(H») is the total column density of the H, molecule, A
is the surface area of the filament and my is the hydrogen mass.
When the mass is determined from a molecular tracer different
to H, (e.g., 13Co, C'®0) Eq. (A.1) is written as

M = %A(Z.SmH), (A2)
where N is the total molecular column density and X its abun-
dance with respect to H,.

The molecular column density can be determined from
observations of a molecular transition from level u (upper) to
level [ (lower). In particular (see e.g., Estalella & Anglada 1999;
Sanchez-Monge 2011), the column density of molecules in the u
level (N,) is related to the optical depth as a function of velocity
(tv) by

3
7y = Sy (e — 1)y (0, (A3)
%

where c is the speed of light, A, is the Einstein spontaneous
emission coefficient, v is the frequency of the transition, 7ex
is the excitation temperature, /4 is the Planck constant, k is the
Boltzmann constant and ¢, (v) is the line profile function. The
parameter NN, corresponds to the number of molecules in the
energy level u (integrated over the path-length dx). The opti-
cal depth (1) can be rewritten in terms of the maximum optical
depth (7 at the center of the line) and the linewidth (Av) using

Ty = ToAvgy (V). (A4)

Inserting Eq. (A.4) in Eq. (A.3) and normalizing the line
profile to 1, f ¢y (v) = 1, we obtain

3

—_— A.
8mkv? (A-5)

ToAv = Au]Nu,(ek% - 1).

In the Rayleigh—Jeans approximation (hv < kTe), Eq. (A.S)

can be written as

6‘3 AulNu
kv Te

ToAv = (A.6)

The number of molecules in the energy level u (N,) is related
to the total number of molecules (N) by
Jo__ (7)

Tex

0T "

where g, and E, are the upper state degeneracy and energy,
respectively, and Q(Te) is the partition function defined as the
sum over all the posible energy levels. Substituting Eq. (A.7) in
Eq. (A.6), we have

No=N (A7)

3
Ay N ()
kv O(Te)

The opacity term in Eq. (A.8) can be written as

TexToAv =

(A.8)

1 T
-,v(Tex) - Ju(Tbg) l—e™

ToAv = f‘r(v) dv = - fTL(v) dv, (A.9)

(e.g., Palau et al. 2006). Where J,(T) is defined as
hv/k
exp (g—;) -1
If J,(Tex) > Tyg, where T, is the background temperature,
Eq. (A.9) can be written as

1 To
Tohv = T_ex(l . e_m) f T, (v) do.

Combining Eqs. (A.8) and (A.11), the total molecular column
density N can be written as

Jou(T) = (A.10)

(A.11)

8rkv? O(Tey) To Ey
= Tex T A12
N hc3Ay ( Gu (1 —en )e f L (o)dv, ( )
which simplifies to
8rkv? T, Ey
N = Ik (0T emeL (0)do (A.13)
]’lC3Au1 Ju

in the optically thin scenario (7 <« 1).

The partition funtion is Q(Tex) = Zgue(ﬁ). For linear
molecules like CO, the degeneracy and energy of a rotational
transition going from level u (described by the quantum num-
ber J) to a lower level / (described by the quantum number
J — 1) are given by g, = (2J + 1) and E, = J(J + 1)hBy, where
By = h/(8n%]) is the rotational constant of the molecule and I its
moment of inertia. Then, the partition function can be written as

KT 1 1 hBy kT

+ = .= .
hBy

T.) =~ -
OTe) > 3B+ 3+ a7, T

(A.14)

For 3CO and C18O, By, is 55101.012 MHz and
54891.421 MHz, respectively, and the partition function
can be calculated as Q(Tex) = Tex/2.644416 K for 3CO, and
O(Toy) = Tex/2.634358 K for C'30. Applying this to Eq. (A.13),
we find that the column density N is

13 5 T(v) dv
NCCON _ 469% 101 [Toy] el ) Jrwd , (A.15)
cm™2 Kkms™'
for the 3CO (1—0) line, and
N(CB0 o[ [ T@) do
NETON _ 47235108 (7] 72 JTwdo (A.16)
cm—2 Kkms™

for the C'30 (1—0) lined.

Appendix B: Additional figures and tables

In this section, we present additional figures and tables listing
the main parameters of the filaments identified in Mon R2.

Figure B.1 shows an abundance map of the main analyzed
species '*CO and C'80. These maps have been obtained from
the molecular column density maps obtained pixel by pixel using
Egs. (A.15) and (A.16), and the H, column density map obtained
from Herschel (Didelon et al. 2015).

8 We use vio = 110.2013541 GHz, A, = 6.338x 1078 57, g, = 3 for
13CO (1-0), and v;o = 109.7821734 GHz, A,; = 6.266 X 107* 57!, g, =
3 for C'®0 (1—0). Values reported in the Cologne Database for Molec-
ular Spectroscopy (CDMS, https://cdms.astro.uni-koeln.de/
classic/entries/).
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Fig. B.1. *CO and C'®0 abundance maps toward Mon R2. The yellow
star at offset (0”, 0”) indicates the position of IRS 1.

In Fig. B.2, we show the ranges of the observed and pre-

dicted masses (top) and separations (bottom) between the clumps
obtained from the stability analysis presented in Sect. 4.3.
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Fig. B.2. Masses (fop panel) and separation (bottom panel) of clumps
within main and secondary filaments. The observed values are marked
in black, and the ranges are set from the minimum and maximum val-
ues obtained from the different molecular tracers (see Tables B.1-B.4).
Theoretical values are marked in blue (following the 064 model) and in
red (following the C51 model), see Sect. 4.3.

Tables B.1-B.4 list the stability parameters of the main and sec-
ondary filaments identified in Mon R2. All the parameters are
calculated on basis of the '*CO, C'80, and H, (derived from
dust) molecular emission, following the analysis presented in
Appendix A.

Table B.5 lists the kinematic parameters of the filaments
derived from the '3CO and C'80 emission maps. Figure B.3
shows the position-velocity diagrams along the skeletons of
the main and secondary filaments for both '3CO and C'80.
Figures B.4 and B.14 show '3CO (black) and C'®O (red) spec-
tra along the main filaments. The green solid lines correspond
to Gaussian fits. The parameters of the Gaussian functions are
listed in Table B.6.
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Table B.1. Physical parameters of the main filaments.

L@ Area® [Tygdo® T© N@ M© M/L  (M/L)aicoss ' (M/L)eritvic @
Filament (pc) (pc?) (Kkms™!') (K) (x10%cm™2) (M,) (My/pc) (Mo/pe) (Mg/pc)
Derived from >CO
F1 4.6 1.45 9.54 15.80 1.26 241.22 5244 27 54
F2 3.6 1.00 9.35 17.27 1.28 172.04  47.80 29 50
F3 3.8 1.43 11.61 14.97 1.48 279.86  73.65 25 70
F4 1.7 0.45 8.50 14.97 1.10 64.67 38.04 25 40
F5 2.6 0.61 8.90 16.50 1.20 95.50 36.73 28 29
F6 3.0 0.60 13.54 16.32 1.82 142.77 47.59 27 60
F7 43 1.36 13.85 14.73 1.76 318.37 74.04 25 55
F8 21 0.70 8.86 14.61 1.11 101.74  48.45 24 55
F9 4.4 1.29 8.90 15.66 1.16 198.54  45.12 26 56
Derived from C'80
F1 4.6 1.45 1.29 15.80 1.70 326.60  71.00 27 40
F2 3.6 1.00 1.27 17.27 1.75 234.31 65.08 29 34
F3 3.8 1.43 1.78 14.97 2.27 42828  112.71 25 37
F4 1.7 0.45 1.46 14.97 1.87 111.62 65.66 25 25
F5 2.6 0.61 1.00 16.50 1.34 107.78 41.46 28 74
F6 3.0 0.60 1.29 16.32 1.75 137.23 45.74 27 74
F7 4.3 1.36 1.83 14.73 2.35 42457  98.74 25 50
F8 21 0.70 1.40 14.61 1.77 161.96 77.12 24 50
F9 4.4 1.29 1.06 15.66 1.40 239.60  54.45 26 74
Derived from the H, Herschel-derived column density maps
Fl1 4.6 1.45 e 15.80 10.23 33418  72.65 27
F2 3.6 1.00 .. 17.27 7.90 179.98  50.00 29
F3 3.8 1.43 . 14.97 10.83 347.37 91.41 25
F4 1.7 0.45 e 14.97 10.67 108.37  63.75 25
F5 2.6 0.61 . 16.50 5.56 75.91 29.20 28
F6 3.0 0.60 . 16.32 7.91 105.30  35.10 27
F7 43 1.36 . 14.73 11.17 34298  79.76 25
F8 2.1 0.70 . 14.61 6.34 98.46 46.89 24
F9 4.4 1.29 . 15.66 7.34 213.21 48.46 26

Notes. The lengths are calculated from the PV diagrams (see Figs. 10 and B.3). ®From a polygon defined from the emission (over 5¢07) around
each filament skeleton. “From a polygon defined in the T, map (Fig. 4) around each filament skeleton. From a polygon defined in the N('3CO)
map (Fig. 4) around each filament skeleton. “Mass of the filament derived from Eq. (3). " Calculated from Eq. (4). ©Calculated from Eq. (5). For
filaments F6 and F7, the values are calculated considering the velocity dispersion of the velocity component with larger Tyg.
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Table B.2. Physical parameters of the secondary filaments.

L@  Ara®”  [Tygdo® T© NBCO@ M@ M/L  (M/L)aicoss ' (M/L)eritic @

Filament (pc) (pc?) (Kkms™) (K) (x10%cm™2) (My) (Mylpc) (My/pc) (Mylpc)
Derived from >CO

sFla 1.90 0.22 6.29 14.22 0.78 23.24 12.23 24 39
sF1b 410  0.60 7.87 14.63 1.00 78.32 19.10 24 50
sFlc 1.30  0.25 13.90 15.60 1.80 58.03 45.50 26 67
sF2a .40  0.22 11.90 17.37 1.63 46.93 33.52 29 70
sF2b 225 035 8.25 16.70 1.11 52.21 23.20 29 67
sF2c 0.80  0.09 9.25 15.98 1.22 13.93 17.41 27 67
sF2d .30  0.17 10.22 17.80 1.43 31.89 24.53 30 50
sF2e .00 0.28 7.90 16.73 1.10 39.68 39.68 28 70
sF3a 0.80  0.07 7.50 15.20 1.00 8.61 10.76 25 60
sF3b .70  0.21 8.18 14.60 1.00 29.17 17.16 24 50
sF3c 3.00 0.55 6.89 15.00 0.90 64.47 21.50 25 48
sF4a 1.55 0.26 8.37 15.00 1.10 37.20 24.00 25 67
sF4b .10 0.22 6.50 15.70 0.85 24.91 22.65 26 50
sF5a 1.40  0.18 6.62 15.90 0.87 2491 17.80 27 30
sF5b ® 1.15 0.24 15.58 16.00 2.00 64.81 56.35 27 60
sF7a ™ 220 0.62 13.09 14.80 1.66 135.73 61.70 25 60
Derived from C'80

sFla 1.90 0.22 1.08 14.22 1.40 40.47 21.30 24 30
sF1b 410  0.60 1.30 14.63 1.64 129.32  31.54 24 25
sFlc .30  0.25 1.73 15.60 2.28 73.47 56.52 26 30
sF2a 1.40 0.22 1.44 17.37 2.00 57.22 40.87 29 39
sF2b 225 035 1.00 16.70 1.42 66.82 29.70 28 70
sF2c 0.80  0.09 1.17 15.98 1.60 17.88 22.35 27 70
sF2d .30  0.17 1.00 17.80 1.40 31.35 24.12 30 57
sF2e .00  0.28 1.10 16.73 1.50 54.56 54.56 28 50
sF3a 0.80  0.07 1.30 15.20 1.70 15.01 18.76 25 67
sF3b .70 0.21 1.42 14.60 1.80 51.24 30.14 24 39
sF3c 3.00 0.55 1.30 15.00 1.67 122.40  40.80 25 37
sF4a .55 0.26 1.27 15.00 1.64 57.20 36.90 25 39
sF4b .10 0.22 1.00 15.70 1.32 38.55 35.05 26 30
sF5a 1.40  0.18 1.13 15.90 1.50 33.91 24.22 27 30
sF5b 1.15 0.24 1.35 16.00 1.80 56.54 49.17 27 39
sF7b 220 0.62 1.34 14.80 1.70 139.59  63.45 25 50
Derived from the H, Herschel-derived column density maps

sFla .90  0.22 el 14.22 5.93 29.99 15.78 24

sF1b 410  0.60 ... 14.63 7.86 10547 2572 24

sFlc 1.30 0.25 .. 15.60 13.72 75.11 57.78 26

sF2a .40  0.22 e 17.37 11.81 57.84 41.31 29

sF2b 225 035 ... 16.70 5.84 46.70 20.75 29

sF2¢ 0.80  0.09 .. 15.98 7.34 14.26 17.83 27

sF2d .30 0.17 . 17.80 7.51 28.57 21.98 30

sF2e .00 0.28 ... 16.73 493 31.10 31.10 28

sF3a 0.80  0.07 .. 15.20 4.73 7.20 9.00 25

sF3b 1.70  0.21 el 14.60 5.23 25.21 14.83 24

sF3c 3.00 0.55 e 15.00 5.08 63.16 21.05 25

sF4a 1.55 0.26 . 15.00 7.40 43.63 28.15 25

sF4b .10 0.22 e 15.70 2.99 14.84 13.49 26

sF5a 140  0.18 ... 15.90 5.82 22.47 16.05 27

sF5b ® 1.15 0.24 . 16.00 8.64 46.38 40.33 27

sF7a ® 220 0.62 . 14.80 8.69 121.25 55.11 25

Notes. “The lengths are calculated from the PV diagrams (see Figs. 10 and B.3). ®From a polygon defined from the emission (over 5¢0-) around
each filament skeleton. “From a polygon defined in the Ty, map (Fig. 4) around each filament skeleton. “From a polygon defined in the N(*3*CO)
map (Fig. 4) around each filament skeleton. “Mass of the filament derived from Eq. (3). “"Calculated from Eq. (4). “Calculated from Eq. (5).
“)These values were calculated considering the velocity dispersion of the velocity component presenting the largest Ty.
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Table B.3. Clumps properties of the main filaments.

ne @ Adobs @ Meaons @ Aammor @ Mamor @ Adawie @ Meyie P
Filament ~ (10* cm™) (po) (Mo) (po) (Mo) (po) (Mo)
Derived from >CO
F1 0.97 0.20-1.00 5-35 0.09-0.27 1.8-5.6 0.43-1.35 20-70
F2 1.13 0.20-2.00 10-25 0.08-0.25 1.9-5.9 0.38-1.21 20-60
F3 0.95 0.10-1.00 10-15 0.08-0.26 1.6-5.2 0.49-1.56  35-110
F4 1.00 0.20-0.70 7-10 0.08-0.25 1.6-5.0 0.35-1.13 15-45
F5® 1.23 ... ... 0.07-0.24 1.7-5.3 0.26-0.85 8-22
Fo6 2.19 >1.00 12-17 0.05-0.18 1.2-3.9 0.26-0.85 1240
F7 1.36 0.25-1.00 8-25 0.07-0.21 1.3-4.3 0.38-1.20 22-70
F8 0.80 0.25-1.00 8-11 0.09-0.28 1.7-5.5 0.32-1.00 11-35
F9 0.96 0.08-0.26 1.7-5.5 0.44-1.40 25-80
Derived from C'80
F1 1.31 0.20-1.00 10-30 0.07-0.22 1.5-4.8 0.30-1.00 12-38
F2 1.55 0.20-2.00 15-30 0.06-0.22 1.6-5.0 0.26-0.85 10-28
F3 1.46 0.10-1.00 15-35 0.07-0.21 1.3-4.2 0.29-0.90 10-33
F4 1.73 0.20-0.70 1020 0.06-0.19 1.2-3.8 0.19-0.63 5-13
F5® 1.38 ... ... 0.07-0.22 1.6-5.0 0.42-1.33  30-100
Fo6 2.10 >1.00 10-15 0.06-0.18 1.3-3.8 0.34-1.10 25-80
F7 1.81 0.25-1.00 12-35 0.06-0.18 1.2-3.7 0.46-1.50  55-100
F8 1.27 0.25-1.00 15-20 0.07-0.22 1443 0.40-1.30  18-100
F9 1.16 0.07-0.25 1.6-5.0 0.45-1.45 23-35
Derived from the H, Herschel-derived column density maps
F1 1.34 0.20-1.00 1040 0.07-0.23 1.5-4.8
F2 1.19 0.20-2.00 1040 0.08-0.25 1.8-5.8
F3 1.18 0.10-1.00 10-25 0.07-0.23 1.5-4.6
F4 1.66 0.20-0.70 7-17 0.06-0.19 1.3-4.0
F5® 0.97 ... ... 0.09-0.27 1.9-4.5
F6 1.61 >1.00 7-12 0.07-0.21 1.5-4.0
F7 1.46 0.25-1.00 10-30 0.07-0.21 1.3-5.4
F8 0.78 0.25-1.00 10-17 0.09-0.29 1.8-3.2
F9 ® 1.03 0.08-0.25 1.7-2.3

Notes. “The density, n., was estimated considering that the filaments are homogeneous cylinder. ®Minimum (left) and maximum (right) values
of the masses and distances between clumps. These values were measured from the '3CO, C'80 and H, maps. For this, we set a polygon around the
clumps and protostar presented in Fig 4. )Calculated from the equation . ogs = 0.066 pc (7/10 K)!/? (n./10° cm™3)~1/2. @Calculated from the
equation M, o6 = 0.877 My, (T/10 K)*? (n./10° cm=3)"12. ©Calculated from the equation Aqpo; = 1.24 pc (/1 km s (e /10% em=)~1/2,
(NCalculated from the equation M o7 = 575.3 My (00i/1 km s™')? (n./10° cm=3)~"/2, The values at the right of the Cols. 5-8 were calculated
using the n, listed in Col. 2. The values at the left of the Cols. 5-8 were calculated using the n. as an order of magnitude larger that the values listed
in Col. 2. ®The filaments that are not associated with any clump or protostar (see Fig. 4) were flagged with the *...” mark.
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Table B.4. Clumps properties of the secondary filaments.

A&A 629, A8l (2019)

ne @ Aobs ' Maoes @ Aamor @ Mamer @ Aair @ Meyie
Filament  (10% cm™) (pc) (Mo) (po) (Mo) (pc) (Mo)
Derived from 3CO
sFla 1.66 0.25-1.00 7-15 0.05-0.19 1.2-3.5 0.29-0.90 10-23
sF1b 1.63 0.25-2.00 5-10 0.05-0.19 1.2-3.8 0.32-1.00 15-13
sFlc 2.22 0.25-0.50 5-10 0.05-0.17 1.1-3.6 0.31-1.00 16-20
sF2a 2.50 >1 10-15 0.05-0.17 1.3-4.0 0.30-1.00 22-25
sF2b 1.75 >0.5 5-10 0.07-0.20 1.4-4.5 0.35-1.10 24-70
sF2¢ 2.54 e 0.05-0.16 1.1-3.5 0.35-1.00 20-59
sF2d 2.64 0.06-0.17 1.3-4.0 0.30-0.80 13-48
sF2e 0.94 0.10-0.27 1.9-6.2 0.25-1.50 35-58
sF3a 2.70 0.05-0.15 1.0-3.2 0.50-0.90 15-48
sF3b 2.13 e e 0.06-0.17 1.0-3.4 0.27-0.90 15-23
sF3c 1.19 0.25-2.00 4-8 0.08-0.23 1.5-4.7 0.28-1.15 17-27
sF4a 1.56 0.06-0.20 1.5-4.0 0.36-1.20 25-28
sF4b 1.04 e e 0.10-0.25 1.3-54 0.38-1.30 20-22
sF5a 1.99 >0.5 10-15 0.06-0.19 1.7-3.9 0.40-0.70 5-18
sF5b 2.39 e e 0.06-0.17 1.2-3.6 0.22-0.90 20-30
sF7a 1.43 0.25-1.00 10-15 0.07-0.21 1.3-4.2 0.30-1.30 25-53
Derived from C'80
sFla 1.43 0.25-1.00 10-20 0.05-0.20 1.0-3.9 0.25-0.82 10-38
sF1b 2.72 0.25-2.00 8-15 0.05-0.15 1.0-3.0 0.17-0.55 5-38
sFlc 2.83 0.25-0.50 8-15 0.05-0.15 1.0-3.2 0.18-0.82 5-38
sF2a 3.03 >1.0 15-20 0.05-0.15 1.1-3.6 0.20-0.58 10-38
sF2b 2.26 >0.5 10-15 0.06-0.17 1.5-4.0 0.32-0.65 22-38
sF2¢ 3.27 0.05-0.15 1.0-3.0 0.26-1.00 20-38
sF2d 2.56 0.06-0.17 1.34.1 0.27-0.85 15-38
sF2e 1.29 0.07-0.23 2.2-5.3 0.36-1.10 18-38
sF3a 4.50 0.04-0.12 1.0-2.5 0.22-0.70 15-38
sF3b 3.68 e e 0.04-0.13 1.2-2.5 0.18-0.60 7-38
sF3c 2.22 0.25-2.00 8-13 0.05-0.17 1.5-3.4 0.23-0.74 8-38
sF4a 2.44 0.05-0.16 1.2-3.3 0.22-0.73 7-38
sF4b 1.63 . e 0.07-0.20 2.2-4.3 0.24-0.77 7-38
sF5a 2.70 >0.5 13-17 0.05-0.16 1.3-3.4 0.19-0.60 5-38
sF5b 2.09 e e 0.05-0.18 1.4-4.0 0.20-0.60 9-38
sF7a 1.47 0.25-1.00 10-15 0.06-0.20 1.44.1 0.25-0.80 17-38
Derived from the H, Herschel-derived column density maps
sFla 2.17 0.25-1.00 12-22 0.06-0.17 1.6-3.2
sF1b 2.20 0.25-2.00 7-10 0.06-0.17 1.6-3.3
sFlc 2.87 0.25-0.50 5-10 0.06-0.15 1.6-3.2
sF2a 3.09 >1.0 16-23 0.06-0.16 1.6-3.6
sF2b 1.59 >0.5 5-8 0.06-0.21 1.64.8
sF2¢ 2.72 e e 0.06-0.16 1.6-3.4
sF2d 2.40 0.06-0.18 1.6-4.3
sF2e 0.72 0.06-0.31 1.6-7.0
sF3a 2.40 0.06-0.17 1.6-3.3
sF3b 1.77 e e 0.06-0.19 1.6-3.7
sF3c 1.15 0.25-2.00 4-6 0.06-0.23 1.6-4.8
sF4a 1.85 0.06-0.19 1.6-3.8
sF4b 0.62 e e 0.06-0.33 1.6-6.8
sF5a 1.74 >0.5 8-11 0.06-0.19 1.6-4.2
sF5b 1.72 e e 0.06-0.20 1.6-4.2
sF7a 1.26 0.25-1.00 12-15 0.06-0.22 1.6-4.4

Notes. @The density, n., was estimated considering that the filaments are homogeneous cylinder. ®Minimum (left) and maximum (right) values
of the masses and distances between clumps. These values were measured from the '*CO, C'®0 and H, maps. For this, we set a polygon around the
clumps and protostar presented in Fig 4. )Calculated from the equation . og4 = 0.066 pc (T/10 K)'/? (n./10° cm=3)~1/2, @Calculated from the
equation M, oes = 0.877 My, (T/10 K)*? (n./10° cm™3)""/2, Calculated from the equation Agper = 1.24 pc (oo/1 km s™H)(ne/10° cm™)=1/2,
Calculated from the equation M o7 = 575.3 Mo (0it/1 km s™13 (n./10° cm™3)~1/2, The values at the right of Cols. 5-8 were calculated using
the n, listed in Col. 2. The values at the left of the Cols. 5-8 were calculated using the 7. as an order of magnitude larger that the values listed in

Col. 2. The filaments that are not associated with any clump or protostar (see Fig. 4) were flagged with the *“...” mark.
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Table B.5. Kinematical parameters of the main and secondary filaments.

M ONT @ Tot ® M@ VVIIobs M accr @ a® Mac::)g o

Filament (My) (kms™)) (kms™) (kms~'pc!)y (107 My yr™!) (degrees) (107* Mg yr™!)
Derived from >CO

F1 241.22 0.33 0.34 1.38 +0.15 0.36 +26 0.73
F2 172.04 0.32 0.33 1.28 +0.17 0.30 +30 0.51
F3 279.86 0.38 0.39 1.67 +0.63 1.80 +64 0.85
F4 64.67 0.28 0.29 1.23 +0.65 0.43 +65 0.20
F5 95.50 0.23 0.24 0.95 +0.00 0.00 +0 0.00
F6 142.77 0.31 0.32 1.30 -0.50 0.72 -60 0.42
F7 318.37 0.35 0.36 1.54 -0.33 1.10 —48 0.96
F8 101.74 0.25 0.26 1.00 -0.38 0.39 -28 0.31
F9 198.54 0.34 0.35 1.43 -0.17 0.34 -30 0.60
sFla 23.24 0.28 0.29 1.23 -0.25 0.06 —41 0.07
sF1b 78.32 0.32 0.33 1.41 -0.26 0.20 -42 0.21
sFlc 58.03 0.37 0.38 1.55 -0.50 0.16 -60 0.17
sF2a 46.93 0.38 0.39 1.53 +0.43 0.20 +56 0.13
sF2b 52.21 0.37 0.38 1.55 -0.13 0.10 -25 0.15
sF2¢ 13.93 0.37 0.38 1.56 +0.19 0.02 +34 0.03
sF2d 31.89 0.32 0.33 1.28 +0.18 0.06 +33 0.10
sF2e 39.68 0.38 0.39 1.60 -0.29 0.12 —-46 0.11
sF3a 8.61 0.35 0.36 1.54 -0.77 0.07 =70 0.03
sF3b 29.17 0.32 0.33 1.41 +0.10 0.03 +19 0.09
sF3c 64.47 0.31 0.32 1.36 +0.64 0.41 +65 0.20
sF4a 37.20 0.38 0.38 1.63 -0.18 0.07 =33 0.10
sF4b 2491 0.32 0.33 1.35 +0.42 0.10 +55 0.07
sF5a 2491 0.24 0.25 1.00 +0.12 0.03 +23 0.07
sF5b 64.81 0.37 0.38 1.55 -0.10 0.07 +20 0.18
sF7a 135.73 0.37 0.38 1.63 +0.00 0.00 +0 0.00
Derived from C'80

F1 241.22 0.33 0.34 1.38 +0.15 0.36 +26 0.73
F1 326.60 0.28 0.29 118 +0.10 0.32 +16 112
F2 234.31 0.26 0.27 1.04 +0.10 0.24 +16 0.80
F3 428.28 0.27 0.28 1.18 +0.80 3.42 +84 0.35
F4 111.62 0.20 0.21 0.87 +0.38 043 +46 0.40
F5 107.78 0.39 0.40 1.64 +0.00 0.00 +0 0.00
F6 137.23 0.39 0.40 1.64 -0.33 0.45 —42 0.50
F7 424.57 0.50 0.51 2.20 —0.31 1.40 —41 1.54
F8 161.96 0.32 0.33 1.41 -0.30 0.50 -40 1.75
F9 239.60 0.39 0.40 1.64 -0.10 0.80 -15 1.60
sFla 40.47 0.24 0.25 1.00 -0.72 0.30 -60 0.17
sF1b 129.32 0.22 0.23 0.95 —-0.47 0.61 -49 0.53
sFlc 73.47 0.24 0.25 1.00 -0.52 0.38 =52 0.30
sF2a 57.22 0.28 0.29 1.12 +0.30 0.17 +55 0.12
sF2b 66.82 0.38 0.39 1.59 -0.10 0.07 -14 0.27
sF2¢c 17.88 0.38 0.39 1.59 +0.15 0.03 +20 0.07
sF2d 31.35 0.34 0.35 1.37 +0.73 0.23 +60 0.13
sF2e 54.56 0.32 0.33 1.41 —-0.47 0.26 —48 0.23
sF3a 15.01 0.37 0.38 1.55 -0.46 0.07 +48 0.06
sF3b 51.24 0.28 0.29 1.23 +0.14 0.07 +19 0.21
sF3c 122.40 0.27 0.28 1.19 +0.76 0.93 -62 0.49
sF4a 57.20 0.28 0.29 1.23 -0.20 0.11 -26 0.24
sF4b 38.55 0.24 0.25 1.00 +0.62 0.23 +56 0.16
sF5a 33.91 0.24 0.25 1.00 +0.53 0.18 -50 0.15
sF5b 56.54 0.28 0.29 1.17 -0.44 0.25 +47 0.23
sF7b 139.59 0.32 0.33 1.41 +0.00 0.00 +0 0.00

Notes. “Calculated with the equation o-xr = [(AV/ V8In2)? — (kg Ty /uxmu)?]'%. ®Velocity dispersion calculated from oo, = Av/ V8In2. ©Mach

number calculated from onr/cy(Tk). @Calculated with the equation Myeer = M VVjy. ©Calculated with the equation o = tan™! (%)

. . v .
(NCalculated with preor = 2 Viobs

accer tana
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Fig. B.3. Position-velocity diagrams along the skeletons of the main and secondary filaments. For each filament there is a set of six plots showing
the results for *CO (left) and C'®O (right). The description of the panels and symbols can be found in Fig. 10.
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Fig. B.3. continued.
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Fig. B.4. Spectra of the '*CO (black) and C'30 (red) lines. These spectra were extracted along skeleton of the Filament 1. The green solid lines
correspond to the Gaussian fits listed in Table B.6. The blue dashed line shows the velocity of 10km s~!. The corresponding positions for each
spectra are indicated in the top left corner of the panels. The positions corresponding to the filaments outside the hub are labeled in black. The
positions corresponding to spectra inside the central hub (Ry,, = 250”) are in blue. The colored symbols in the panels indicate the positions
corresponding with sources identified by Rayner et al. (2017). The pink stars correspond to protostars, the green circles to bound cores, and the red
triangles to unbound clumps. The large aqua circles correspond to the sources identified by Sokol et al. (2019). Figures B.5-B.12 show the spectra
along the Filaments 2-9 skeleton. Figures B.13 and B.14 show the spectra along the secondary filament skeletons.
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Fig. B.7. Same as Fig. B.4, but for main filament F4.
. to _the hub Filament 5
(53-- -723--): ' i_(”" -eeg--)i ' 7(3 Jg43v) ! iz(za" -soa--)i ; (75", Lsgg") ! 13C 01
B E 2 R o
o | s s :j s | f
! 7:: o | o | -
o L Al

ST R

o o

Tty

T
R
“T 2

cle i baay b Ly

Lodaloaaboal

P o
o F(-43", —31 31') ] ) —268]') ¢
o + 3
0 + -
. i1 54 "
5 10 15 5 10 15 5 10 15 5 10 15
V (km/s)

Fig. B.8. Same as Fig. B.4, but for main filament F5.
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Fig. B.9. Same as Fig. B.4, but for main filament F6.
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Fig. B.10. Same as Fig. B.4, but for main filament F7.
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Fig. B.11. Same as Fig. B.4, but for main filament F8.
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Fig. B.12. Same as Fig. B.4, but for main filament F9.
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Fig. B.13. Same as Fig. B.4, but for secondary filaments converging to F2.
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Table B.6. Gaussian fit parameters for offsets along the filaments.

S. P. Trevifio-Morales et al.: Dynamics of cluster-forming hub-filament systems

13CO CISO
Offset Area Vel w Tpeak Area Vel w Tpeak
() (Kkms™) (kms™) (kms™) (K) (Kkms™ (kms™) (km s™1) (K)
Filament F1 — outside the hub
(—48, +1108) 41+0.1 10.1+0.1 0.5+0.1 73 0.9+0.1 10.2+0.1 0.4+0.1 2.1
(=73, +1083) 42+0.2 10.2+0.1 0.5+0.1 8.0 0.5+0.1 10.2+0.1 0.2+0.1 2.2
(=33, +1038) 23+0.7 10.1+£0.1 0.5+0.1 4.7 22+0.3 9.9+0.1 1.6+0.3 1.3
- 50+0.8 10.5+0.1 1.3+£0.1 3.7 0.6+0.1 10.1+£0.1 0.3+0.1 1.9
(—33, +995) 5.6+0.2 10.2 0.1 0.8+0.1 6.7 0.7+0.1 10.2+0.1 0.4+0.1 1.6
(—10, +943) 7.8+04 10.4 +0.1 1.1+0.1 72 1.4+0.2 10.2+0.1 0.6+0.1 2.3
(—23, +885) 7.8+0.3 10.2+0.1 0.8+0.1 9.8 09+0.2 10.3+0.1 0.4+0.1 2.1
(—28, +836) 6.7+£0.2 10.3+£0.1 0.6+0.1 10.6 1.7+0.2 10.3+0.1 0.7+0.1 2.2
(—33, +778) 121+0.2 10.3+0.1 1.1+0.1 11.1 1.5+0.2 10.5+0.1 0.6+0.1 2.3
(=23, +730) 121+0.3 10.4 +0.1 1.1+0.1 10.6 1.7+0.3 10.5+0.1 0.7+0.2 1.3
(-4, +678) 8.8+0.2 10.8 +£0.1 0.7+0.1 11.8 09+0.1 10.8 +0.1 0.5+0.1 1.8
(—38, +626) 8.4+0.2 10.6 +£0.1 0.7+0.1 11.1 0.5+0.1 10.5+0.1 0.6+0.1 0.8
(—33, +568) 6.3+0.2 10.5+0.1 0.7+0.1 8.2 0.7+0.1 10.7 0.1 0.6+0.2 1.1
(=23, +520) 9.2+0.2 10.6 0.1 1.0+0.1 8.8 0.5+0.1 10.4+0.1 0.5+0.1 1.0
(=13, +473) 129+0.5 10.5+0.1 0.8+0.1 15.1 4.7+0.6 10.4 +0.1 21+£03 2.2
- 51+09 12.0+0.1 1.4+04 3.4 1.2+04 121 +0.1 0.8+0.2 1.5
(—13, +418) 153+£0.5 10.5+0.1 0.9+0.1 15.3 24+15 10.4+£0.5 1.9+0.8 1.2
- 6.9+0.5 11.9+0.1 1.1+0.1 5.9 06+14 11.9+0.9 1.6+1.1 04
(—13, +359) 8.3+04 10.6 0.1 0.8+0.1 9.7 1.4+0.2 10.5+0.1 09+0.3 1.0
(—17, +311) 12.1+0.5 10.4 +0.1 1.0+0.1 10.9 24+0.3 10.5+0.1 11+0.2 2.2
(=31, +253) 15.7+0.2 9.6+0.1 1.1+0.1 13.6 1.1+0.1 9.7+0.1 0.8+0.1 1.3
Median 71 10.6 0.8 8.5 0.9 10.4 0.7 1.4
o 0.4 0.3
Mean 7.6+3.9 10.6 0.6 09+0.3 8.5+3.8 1.3+1.0 10.5+0.7 0.8+0.5 1.5+0.6
o 0.4+0.1 04+0.2
Filament F1 — inside the hub
(-12, +213) 99+04 9.6+0.2 0.9+0.2 10.6 21+02 9.6+0.1 1.0£0.2 2.1
- 77+04 10.5+0.2 1.4+0.2 5.1 1.3+£0.2 11.4 £0.1 14+03 0.9
(—13, +173) 20.4+0.5 9.7+0.1 1.2+0.1 15.6 0.8+04 9.3+0.1 0.4+0.1 2.0
- 3.9+0.5 11.2+0.1 1.0+0.1 3.8 23+0.6 9.8+0.1 1.0+£0.2 2.2
(-3, +128) 33.6+0.1 9.6+0.1 1.6 0.1 20.4 6.7+0.8 9.8 +0.1 39+04 1.6
- 43+04 11.3+0.1 1.1+0.1 3.6 23+0.7 9.7+0.1 1.3+£0.2 1.7
(+18, +73) 33.4+09 9.4+0.1 57+0.2 5.5 0.5+0.9 94+14 29+1.0 0.2
- 29.1+1.0 9.6 +0.1 1.8+0.1 154 49+0.9 10.5+0.1 23+0.2 2.0
(+56, +25) 58+0.5 1.0+ 0.1 1.1+0.1 4.8 33+0.1 10.2+0.1 1.3+0.1 2.5
- 36.3+0.7 10.2 0.1 32+0.1 10.7
(+98, —13) 75+0.2 11.0+0.1 3.8+0.1 1.8 14+0.1 10.9+0.1 09+0.1 1.5
- 26.8+0.1 10.2+0.1 1.7+0.1 14.5 0.6+0.1 151+0.1 1.2+0.3 0.5
(+120, —66) 152+0.5 10.8 £0.2 14+02 10.5 10.1+0.3 11.2+0.1 27+0.1 3.6
- 15.8+0.5 14.9+0.2 22+0.2 6.8 54+0.1 14.2+0.1 2.5+0.1 2.0
- 12.7+0.5 124 +£0.2 55+0.2 2.2
(+88, —98) 31.7+0.3 10.8 +£0.1 23+0.1 13.1 3.8+0.3 11.1+0.1 1.2+0.1 2.9
- 11.5+0.4 13.7+0.1 2.2+0.1 5.1 54+0.1 12.5+0.3 5.6+04 0.9
(+38, —118) 123+£0.5 11.1+0.1 1.1+0.1 10.4 32+0.5 10.4+£0.0 1.7+0.2 1.7
- 28.4+0.6 11.8 +£0.1 45+0.1 5.9 3.4+0.5 12.6 £0.1 25+0.3 1.3
(-3, —118) 20.4+0.5 10.7 +0.1 1.8+0.1 10.5 3.4+0.8 10.8 +£0.2 20+04 1.6
- 99+0.3 12.5+0.1 1.1+0.1 8.4
- 94+0.8 13.2+0.2 6.0+0.3 1.5
(—48, —113) 22.0+0.7 10.3+0.1 1.9+0.1 10.8 3.1+0.7 12.7+0.2 1.6+0.3 1.9
- 21.5+0.7 12.3+0.1 14+0.1 14.6
(—83, -98) 39.3+0.5 11.2+0.1 34+0.1 10.8 1.7+0.5 11.1+0.3 2.6+0.7 0.7
Filament F2 — outside the hub
(+743, +568) 41+0.3 9.0+0.1 0.7+0 5.4 1.3+0.3 8.1+0.1 0.7+0.2 1.8
(+703, +533) 49+0.2 8.9+0.1 0.6+0.1 7.7 1.3+£0.3 93+0.2 1.6+04 0.8
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13CO CISO
Offset Area Vel w Tpeax Area Vel w Tpeax
(0 (Kkms™) (kms™") (km s™") (K) (Kkms™) (kms™") (kms™") (K)
(+662, +489) 75+0.2 8.9+0.1 0.7+0.1 9.6 05+0.2 8.9+0.1 03+0.1 1.8
(+653, +443) 58+£0.3 8.9+0.1 0.6+0.1 9.5 0.6+£0.2 9.0+0.1 03+0.1 1.8
(+598, +438) 3.7+£0.2 8.9+0.1 1.2+0.1 3.0 1.0+0.1 8.9+0.1 04+0.1 2.1
- 5.6+0.1 8.9+0.1 0.6+0.1 9.0
(+583, +383) 55+04 8.7+0.1 0.8+0.1 6.7 0.8+04 9.2+0.2 0.9+0.6 0.9
- 44+13 11.8+1.8 95+31 0.4 1.1+£04 10.7+£0.2 1.1+£0.5 1.0
(+525, +363) 9.0+0.3 8.4+0.1 09+0.1 9.2 0.6+0.1 8.1+0.5 09+16 0.6
(+468, +353) 41+0.2 8.0+0.1 0.5+0.1 7.5 1.0+0.3 72+0.1 0.9+04 1.1
- 6.4+0.3 8.3+0.1 1.0+0.1 5.8 1.2+0.2 8.1+0.1 04+0.1 2.9
(+424, +314) 8.2+0.3 8.2+0.1 0.6+0.1 12.8 1.3+0.2 8.3+0.1 0.6+0.1 2.1
- 40x0.1 8.6+0.1 0.7+0.1 5.7
(+373, +278) 6.8+0.1 8.8+0.1 0.8+0.1 79 09+0.1 8.6+0.1 0.4+0.1 1.9
- 40+0.1 8.4+0.1 0.5+0.1 7.4
(+318, +263) 6.7+0.1 8.8+0.1 1.2+0.1 54 1.0+0.2 8.6+0.1 0.6+£0.2 1.7
- 46+03 8.6+0.1 0.6+0.1 74
(+287, +282) 53+x04 8.9+0.2 1.2+0.2 4.3 1.1+0.2 8.9+0.1 0.6+0.1 1.6
- 49+04 8.9+0.2 0.5+0.2 8.7
(+253, +233) 10.3+£0.2 9.3+0.1 09+0.1 10.5 1.5+0.1 9.1+0.1 09+0.1 1.7
- 42+0.1 8.9+0.1 0.8+0.1 5.3
(+223, +203) 13.0£2.2 9.3+0.1 0.9+0.1 14.3 1.6+0.3 9.1+0.1 0.7+0.2 2.3
- 23+21 10.0+0.3 0.8+0.3 2.7
(+203, +173) 47+0.1 10.2 +£0.1 1.1+£0.2 4.2 1.1+£0.2 10.1 £0.1 0.8+£0.2 1.3
- 8.5+0.3 10.1£0.1 0.8+0.1 10.1
Median 54 8.9 0.8 74 1.0 8.9 0.7 1.7
o 0.3 0.3
Mean 59+24 9.0+0.8 1.1+1.1 72+3.2 1.0+£0.4 8.9+0.8 0.7+0.3 1.5+0.6
o 0.5 5 03+0.1
Filament F2 — inside the hub
(+163, +143) 71+1.9 9.9+0.1 14+0.1 4.7 1.0£0.1 10.1 £0.1 0.6+0.1 1.7
- 8.5+2.0 10.1+0.1 0.8+0.1 9.8 0.2+0.1 10.7+0.1 04+0.2 0.4
(+133, +108) 6.9+0.2 10.4 £ 0.1 0.7+0.1 8.7 1.6+0.3 10.3+0.1 0.9+0.2 1.8
- 6.3+£0.2 10.4 +0.1 0.8+0.2 7.2 03+0.2 11.7+£0.2 0.5+03 0.6
(+103, +83) 18.5+0.2 10.7 £0.1 1.2+0.1 14.9 1.3+£0.3 10.8 £0.1 0.7+0.1 1.6
- 54+0.1 9.6 +0.1 1.0+0.1 5.1 1.7+0.2 10.6 £0.2 1.6+0.4 1.0
(+73, +58) 472+1.2 9.8+0.2 34+0.2 13.2 1.6+0.3 9.5+0.1 1.5+0.3 1.0
- 14.6+1.2 11.2+£0.2 1.5+0.2 9.1 2.8+0.2 11.0 £ 0.1 1.0£0.1 2.6
Filament F3 — outside the hub
(+978, +13) 27+0.5 9.2+0.1 0.8+0.1 34 0.5+0.1 8.6+0.1 0.5+0.1 0.9
- 45+0.5 8.4+0.1 0.7+0.1 5.9
(+943, -8) 6.8+1.1 9.0+0.1 1.2+0.1 54 0.5+0.1 82+0.1 0.4+0.1 1.1
- 3.0+£1.0 8.3+0.1 0.6+0.1 4.5 03+0.1 8.9+0.1 0.5+0.2 0.6
(+893, -28) 72+0.7 9.3+0.1 1.0+0.1 6.5 09+0.1 8.2+0.1 0.5+0.1 1.9
- 5.0+0.6 8.3+0.1 0.7+0.1 6.4 0.8+0.2 9.4 +0.1 0.7+0.2 1.0
(+843, -38) 79+0.7 9.2+0.1 1.0+0.1 7.6 2.8+0.8 8.5+0.2 1.3+0.3 2.0
- 49+0.7 8.4+0.1 0.7+0.1 6.5 1.3+£0.8 9.3+0.1 0.7+0.2 1.9
(+813, -38) 8.8+0.9 8.6+0.1 09+0.1 9.3 31+09 8.6+0.2 1.2+0.3 2.5
- 42+0.8 9.4+0.1 0.6x0.1 6.4 1.5+0.8 9.4+0.1 0.6+0.1 2.3
(+758, -53) 3.0+04 8.9+0.2 0.5+0.2 6.1 25+0.2 9.2+0.1 1.1+0.1 2.3
- 75+04 9.4+0.2 09+0.2 7.6
(+703, =73) 1.0+04 8.9+0.1 03+0.1 3.0 22+0.2 9.0+0.1 0.7+0.1 3.0
- 8.2+0.5 9.2+0.1 09+0.1 8.2
(+698, —113) 29+03 9.2+0.2 1.2+0.2 2.3 1.9+0.2 9.5+0.1 1.4+£0.2 1.3
- 49+03 9.5+0.2 09+0.2 5.3
(+648, —128) 3.6+0.8 8.8+0.1 0.6+0.1 6.2 1.6+0.1 9.5+0.1 0.7+0.1 2.3
- 8.7+0.8 9.5+0.1 0.8+0.1 9.8
(+607, —118) 3.8+1.5 9.3+0.1 09+0.2 4.1 23+04 9.5+0.1 0.7+0.1 3.3
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Table B.6. continued.

13CO CISO
Offset Area Vel w Tpeax Area Vel w Tpeak
(0 (Kkms™) (km s™") (kms™") (K) (Kkms™) (kms™") (kms™!) (K)
- 53+1.6 9.7+0.1 0.8+0.1 6.1 1.8+0.7 10.0+0.3 1.4+0.8 1.1
(+553, —113) 0.8+0.5 11.0+£0.51 1.7+£0.3 0.5 1.4+0.2 9.6 +0.1 0.5+0.1 2.5
- 11.3+£0.6 9.8+0.1 1.1+0.1 9.4
(+498, —93) 129+0.3 10.0+0.1 1.1+0.1 10.7 1.8+0.2 10.0+0.1 0.9+0.1 2.0
(+440, —88) 10.3+0.2 10.2+0.1 0.8+0.1 11.9 1.3+0.2 10.2+0.1 0.5+0.1 2.5
(+379, —98) 10.5+0.2 10.3+0.1 09=+0.1 11.1 1.7+0.2 10.3+0.1 0.7+0.1 2.3
(+310, —98) 13.2+04 10.6 0.1 1.3+0.1 9.6 1.0£0.2 10.0+0.1 0.4+0.1 2.4
- 1.7+04 15.5+0.1 12+04 1.3 1.5+04 10.9+0.1 1.1+0.3 14
(+283, —133) 155+0.1 10.5+0.1 1.1+0.1 14.2 2.0+0.1 10.6 0.1 0.8+0.1 2.3
- 34+0.1 16.1 +0.1 1.6+0.1 2.0
(+243, —158) 9.6+0.1 10.8 £0.1 0.9+0.1 10.6 1.4+0.1 10.8 £0.1 0.5+0.1 2.7
- 1.4+0.1 14.7 £0.1 1.3+0.2 1.0
Median 49 9.3 0.9 6.6 1.6 9.5 0.7 2.3
o 0.4 0.3
Mean 6.1+39 9.8+1.6 09+04 6.6+3.5 1.6 +0.7 9.5+0.8 0.8+0.3 2.0+0.7
o 04+0.2 0.3+0.1
Filament F3 — inside the hub
(+188, —148) 12.1+0.1 10.9+0.1 1.1+0.1 10.0 1.5+0.1 10.9+0.1 0.8+0.1 1.7
- 2.0+0.1 14.8+0.1 1.3+0.1 1.43
(+123, —148) 12.6 £0.6 10.4 +0.1 3.5+0.2 3.3 0.4+0.1 10.7 +0.1 0.3+0.1 1.2
- 11.7+£0.5 10.8 £0.1 1.2+0.1 8.8 0.8+0.1 11.4 +0.1 0.6+0.1 1.3
(+83, —158) 28.7+0.8 10.8 £0.1 23+0.1 11.6 20+04 11.0£0.1 1.1+0.1 1.8
- 71+0.7 13.7+0.1 2.0+0.2 3.4 02+04 11.2+0.1 04+04 0.5
Filament F4 — outside the hub
(+473, -373) 45+0.2 10.0+0.1 0.7+0.1 5.8 1.3+0.3 10.6 0.3 20+04 0.6
(+420, —368) 3.5+0.3 9.9+01 0.6+0.1 5.6 09+0.3 9.4+0.1 1.0+04 0.8
(+388, —368) 57+0.2 10.1+0.1 0.7+0.1 8.1 1.2+0.2 10.1+0.1 0.7+0.2 1.7
(+358, —338) 56+03 10.2+0.2 0.7+0.1 7.5 05+0.3 10.5+0.2 0.6+0.3 0.7
(+318, —298) 6.6+0.2 10.3+0.1 0.7+0.1 9.1 1.0+£0.2 10.4 +0.1 0.4+0.1 2.4
(+288, —278) 72+£0.2 10.4 +0.1 0.7+0.1 9.2 0.7+0.2 10.5+0.1 0.6+0.1 1.1
(+268, —253) 8.0+£0.2 10.5+0.1 0.7+0.1 11.4 1.5+0.2 10.5+0.1 0.5+0.1 3.0
(+218, —258) 9.8+0.1 10.6 £0.1 0.8+0.1 11.3 1.1+0.1 10.7 £0.1 0.5+0.1 2.3
(+178, —243) 8.7+0.3 10.8 0.1 0.8+0.1 10.5 1.0+£0.2 10.8 +£0.1 0.5+0.1 2.0
(+138, —233) 8.2+0.3 10.8 +£0.1 0.7+0.1 10.7 14+0.2 10.8 +£0.1 0.4+0.1 2.9
Median 6.9 10.4 0.7 9.2 1.1 10.5 0.5 1.8
o 0.3 0.2
Mean 6.8+2.0 10.4 £0.3 0.7+0.1 8.9+22 1.0+0.3 104 +0.4 0.7+0.5 1.8+0.9
o 0.3+0.1 0.3+0.2
Filament F4 — inside the hub
(+93, -213) 129+0.2 10.6 0.1 1.3+0.1 9.4 21+£0.2 10.8 +£0.1 1.6+£0.2 1.3
(+63, —188) 18.5+0.3 10.5+0.1 1.8+0.1 9.5 1.2+0.3 10.0+0.1 1.0+0.3 1.1
- 0.8+0.3 10.9+£0.1 0.5+0.1 1.5
(+33, —-168) 19.8+0.7 10.8 +£0.1 29+0.1 6.5 0.5+0.1 10.6 £0.1 0.7+0.1 0.74
- 9.4+0.7 10.7 +0.1 1.2+0.1 7.7 2.4+0.1 10.7 +0.1 1.4+0.1 1.6
Filament F5 — outside the hub
(+53, =723) 77+0.2 10.9+0.1 1.1+0.1 6.6 09+0.2 10.6 £0.1 1.5+0.3 0.6
(+27, —669) 4.8+0.6 11.2+0.1 1.1+0.1 4.0 1.5+0.1 10.3+0.1 2.0+0.2 0.7
- 2.7+0.5 10.7 +0.1 0.5+0.1 4.9
(+3, —643) 3.7+0.1 11.1+£0.1 1.1+0.1 3.4 0.4+0.1 11.8 0.1 0.7+0.2 0.5
- 2.7+0.1 10.6 £0.1 0.5+0.1 5.2
(+28, —608) 41+0.2 11.3+0.1 0.7+0.1 5.8 1.4+0.2 11.2+0.1 1.3+0.2 1.0
- 45+0.2 10.5+0.1 0.6+0.1 72
(+75, =568) 72+0.2 10.7 £ 0.1 0.6+0.1 11.8 0.6+0.1 10.9+0.1 0.5+0.1 1.3
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Table B.6. continued.

A&A 629, A8l (2019)

3co c'®0
Offset Area Vel w Tpeak Area Vel w Tpeak
(0 (Kkms™) (kms™") (km s™") (K) (Kkms™) (kms™") (km s™") (K)
(+63, —528) 6.1+02 10.9+0.1 0.6+0.1 10.2 1.8+£0.2 10.5+0.1 1.6+£0.2 1.1
(+13, —493) 3.9+£0.3 10.9+0.1 0.7+0.1 5.3 0.5+0.1 11.1+0.1 09+03 0.5
(—18, —468) 59+0.2 11.0£0.1 0.5+0.1 10.7 03+0.1 1.0 £ 0.1 03+0.2 0.9
(—23, —408) 43+0.2 11.1 £0.1 0.7+0.1 5.5 0.5+0.1 10.9+0.1 1.0+£0.2 0.5
- 1.3+03 12.7+0.1 1.1£0.2 1.1
(—28, =350) 8.9+0.5 11.1+0.1 0.8+0.1 10.9 0.7+0.1 11.1+0.1 04+0.1 1.6
- 29+0.6 12.1+0.1 0.8+0.2 33 0.5+0.1 11.8 0.1 0.5+0.1 1.0
(—43, -313) 8.9+0.3 10.5+0.1 0.8+0.1 11.3 0.8+04 11.0+0.1 0.8+0.2 1.1
- 82+0.6 12.0+0.1 1.6 0.1 4.9 1.8+04 12.1+£0.2 1.4+£0.3 1.1
(=63, —268) 10.2+£0.9 10.5+0.1 1.3+0.1 7.2 04+0.1 10.4+£0.1 0.5+0.1 0.9
- 7.8+0.6 10.5+£0.2 32+04 2.3 0.7+0.1 11.8 £0.1 1.0£0.2 0.7
Median 5.4 10.9 0.8 5.6 0.7 11.0 1.0 0.9
o 0.3 04
Mean 5.6+2.6 11.1+£0.6 0.9+0.6 6.4+3.2 0.8+0.5 11.2+0.6 1.9+£0.5 09+03
o 04+03 0.4+0.1
Filament F5 — inside the hub
(—48, —-218) 27.2+0.8 10.9+£0.2 1.6+0.2 16.0 2.6+0.5 10.8 £0.1 09+0.1 2.8
(—43, —183) 24.8+0.5 10.8 £0.1 1.6 +£0.1 14.7 1.9+19 10.8 £0.1 1.0+£0.3 1.9
- 53+0.5 12.3+0.1 1.2+0.1 4.3 26+1.1 10.6 £0.3 22+0.5 1.1
(=73, —153) 23.1+£0.3 10.6 £0.1 23+0.1 94 9.6+0.3 11.2+0.1 2.7+0.1 3.3
- 3.6+0.2 10.9+0.1 0.7+0.1 5.0 0.8+0.2 10.7+0.1 0.5+0.1 1.5
- 6.5+0.2 12.5+0.1 1.1+0.1 5.8
Filament F6 — outside the hub
(—408, -713) 24+0.1 69.6 +0.1 0.8+0.1 3.0 9.7+0.1 69.5+0.10 0.3+0.2 0.3
- 46+0.1 11.4+0.1 0.9+0.1 4.8 0.2+0.1 11.2+0.1 0.5+0.2 0.4
(—368, —668) 23+0.3 10.3+0.1 1.2+0.2 1.7
- 35+0.2 11.2+0.1 0.5+0.1 6.6 ..
(=348, —633) 25+0.2 104 +0.1 2.2+0.2 1.0 0.3+0.1 9.5+0.2 1.1+£0.5 0.2
- 34+02 11.3+0.1 0.6+0.1 54 0.3+ 11.3+0.2 +0.7 0.2
(—298, —593) 22+0.1 9.6+0.1 1.0£0.1 2.1
- 6.5+0.1 11.2+0.1 0.7+0.1 8.6
(=278, —545) 22+04 10.2+0.2 1.7+£0.2 1.3 0.7+0.1 11.3+0.1 0.8+0.1 0.8
- 74+04 11.2+0.1 0.8+0.1 9.2
(—293, —490) 45+£0.2 10.0+£0.1 1.4+0.1 3.0 1.3£0.1 9.5+0.2 1.4+0.2 0.9
- 6.3+0.1 11.3+0.1 0.7+0.1 8.7 2.8+0.1 11.2+£0.2 1.9+0.2 14
(=303, —433) 9.9+0.1 9.8+0.1 1.5+£0.1 6.2 1.5+£0.2 9.7+0.1 1.4+£0.2 0.9
- 6.9+0.1 11.3+0.1 0.7+0.1 8.9 1.8+0.2 11.3+0.1 1.5+£0.2 1.1
(—298, —375) 8.9+04 10.0+£0.1 1.3+0.1 6.2 29+04 10.2+0.1 1.3+£0.2 2.1
- 9.4+03 11.3+0.1 0.7+0.1 12.0 1.8+04 11.4 0.1 0.8+0.1 2.0
(=278, -332) 13.2+0.2 9.8 +0.1 1.6+£0.1 7.9 3.6+0.3 9.8 +0.1 1.9+0.2 1.7
- 6.4+0.1 11.4+0.1 0.7+0.1 9.1 0.7+0.2 11.4+0.1 0.7+0.1 0.9
(—253, -278) 72+0.2 94+0.1 1.1+£0.1 5.9 1.4+£0.1 9.3+0.1 1.4+0.1 0.9
- 10.7+0.1 11.2+0.1 0.7+0.1 14.1 1.0£0.1 11.2+0.1 0.7+0.1 14
(—228, —228) 7.8+0.1 9.1+0.1 1.1+0.1 6.5 0.7+0.1 9.2+0.1 0.7+0.2 0.9
- 10.2+0.1 11.2+0.1 0.8+0.1 12.1 0.8+0.1 1.1 £0.1 0.8+0.1 1.0
(—228, —168) 9.3+£0.3 93+0.1 1.8+0.1 49 32+0.2 10.0+£0.1 2.8+0.2 1.1
- 9.9+0.2 10.9+0.1 0.7+0.1 13.7 1.0+£0.1 10.8 +0.1 0.6+0.1 1.7
Median 6.7 10.6 0.8 6.4 1.2 11.0 1.2 1.0
o 04 0.5
Mean 6.5+3.2 10.5+0.8 1.0£0.5 6.8+3.8 1.4+1.1 10.5+£0.9 1.2+0.6 1.1+£0.6
o 0.4+0.2 0.5+03
Filament F6 — inside the hub
(=208, —118) 8.6+0.3 9.4+0.1 1.4+0.1 5.9 0.2+0.1 9.2+0.1 02+0.7 0.8
- 13.5+0.3 10.7 0.1 0.9+0.1 13.6 1.4+0.1 10.7 0.1 0.7+0.1 2.1
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Table B.6. continued.

3co C30
Offset Area Vel w Tpeax Area Vel w Tpeax
() (Kkms™) (km s71) (km s1) (K) (Kkms™) (km s (km s™1) (K)
Filament F7 — outside the hub
(=743, —638) 13.0+£0.2 11.9+0.1 1.9+0.1 6.3 09+0.1 11.8 £0.1 0.6+0.1 1.3
- 1.6 +0.1 11.7+0.1 20+03 0.8
(=708, —603) 7.6+0.5 10.9 +0.1 2502 2.8 1.3+0.2 11.7+£0.1 09+0.2 1.3
- 32+04 11.7+0.1 0.7+0.1 4.6
(—688, —563) 57+04 10.4 £ 0.1 1.1+0.1 4.8 1.2+0.3 10.5+0.1 1.3+£0.2 0.8
- 41+04 11.4+0.1 0.7+0.1 5.5 04+0.1 11.4+0.1 0.4+0.1 1.1
(—-678, —518) 11.4+0.1 10.9 +0.1 1.5+0.1 7.2 1.0+0.1 11.3+0.1 0.8+0.1 1.2
(—658, —483) 9.9+0.2 11.2+0.1 1.1+0.1 8.9 04+0.2 11.4+0.1 0.3+0.1 1.1
- 3.5+0.1 10.1 £0.1 1.1+0.1 3.2 1.0+0.3 11.0+£0.2 1.6+0.5 0.6
(—653, —433) 9.4+0.2 10.6 = 0.1 1.2+0.1 72 11+0.1 10.7 £0.1 0.6+0.1 1.7
- 34+0.1 11.5+0.1 1.8+0.2 1.8 02+0.1 11.4 0.1 04+0.2 0.5
(—653, —383) 5.6+0.6 11.7+0.1 1.1+0.1 49 1.6 +0.1 114 +0.1 1.4+0.1 1.0
- 72+0.6 10.7 £0.1 1.1+0.1 6.4
(—678, —338) 5.6+0.6 11.0+£0.1 21+02 2.5 11+0.2 11.1+0.1 0.8+0.1 1.3
- 42+0.6 111 +0.1 0.7+0.1 5.2
(—623, —323) 9.6+0.1 11.3+0.1 23+0.1 3.9 1.6 +0.1 11.6 0.1 1.1+0.1 1.4
- 32+0.2 10.9 £ 0.1 1.2+0.1 2.5
- 1.2+0.1 12.0+0.1 0.4+0.1 2.6 ..
(—583, —=308) 1.0+0.1 10.0+0.1 0.5+0.1 1.9 1.2+0.1 11.1+0.1 0.6+0.1 1.8
- 6.6+0.7 11.9+0.1 1.2+0.1 5.2 14+0.1 11.9+0.1 0.6+0.1 2.2
- 54+0.7 11.0£0.1 0.8+0.1 6.1
(—565, —260) 31+03 10.0+0.2 21+02 1.4 03+0.1 11.3+0.1 0.7+0.2 0.4
- 54+0.3 123 +0.2 09+0.2 5.5 09+0.1 12.2+0.1 0.5+0.1 1.6
- 2.5+0.3 11.2+0.2 1.0£0.2 2.4
(=538, —208) 2.3+0.1 10.1 £0.1 09+0.1 2.3 1.5+£0.1 12.0+£0.1 0.8+0.1 1.8
- 5.8+0.1 11.9+0.1 1.5+0.1 3.8
- 3.1+0.1 12.1+0.1 09+0.1 3.1
(—488, —213) 3.7+0.1 9.9+0.1 0.8+0.1 42 1.8+0.1 11.8+0.1 0.9+0.1 1.9
- 0.6+0.2 129+04 1.7+0.1 0.3
- 6.6+0.2 11.8 0.1 09+0.1 6.6
(—438, -213) 112+04 9.8+0.1 1.5+0.1 6.9 0.6 +0.1 9.9+0.1 0.4+0.1 1.5
- 8.1+04 11.3+0.1 1.1+0.1 71 28+03 10.8 £0.1 2.7+0.2 1.0
(—420, —180) 10.9+0.1 9.7+0.1 1.8+0.1 5.9 1.0+£0.1 9.5+0.2 1.5+0.2 0.6
- 1.8+0.2 10.0+0.1 0.5+0.1 3.7 0.6+0.1 99+0.2 04+0.2 1.6
- 59+0.2 11.6 +£0.1 1.0+0.1 5.8 1.5+0.1 11.5+0.2 1.3+0.2 1.0
(—383, —148) 3.9+0.6 9.5+0.1 0.7+0.1 5.4 1.3+0.1 9.6+0.1 0.4+0.1 2.8
- 10.8 £0.7 10.3 £0.1 1.5+0.1 6.9 05+0.2 10.5+0.2 09+03 0.5
(-328, —120) 5015 9.5+0.1 09+0.1 5.5 2.3+0.1 9.6+0.1 0.7+0.1 3.0
- 74+1.6 10.1+0.1 1.6 +0.1 4.5
(-273, —-113) 71+0.1 10.6 £0.1 1.7+0.1 4.0 1.5+0.2 9.2+0.1 0.5+0.1 2.8
- 8.7+04 9.2+0.1 09+0.1 8.8 21+03 10.1 £0.1 1.8+0.3 1.1
- 59+04 10.2+0.1 11+0.1 53
Median 5.6 11.1 1.1 49 1.1 11.2 0.8 1.3
o 0.5 0.3
Mean 58+3.3 12.0+0.9 1.2+0.5 46+2.1 1.2+0.6 10.9+0.9 09+0.5 1.4+0.7
o 0.5+0.2 04+0.2
Filament F7 — inside the hub
(—228, -93) 8.3+0.3 9.4+0.1 09+0.1 8.9 1.9+0.1 9.4+0.1 1.1+0.1 1.6
- 11.8 +0.3 10.6 +0.1 11+0.1 10.5 1.0+0.2 10.6 0.1 0.6+0.1 1.6
(—188, —93) 5.2+0.1 9.1+0.1 1.2+0.1 4.0 1.4+0.1 10.0+£0.2 25+0.2 0.5
- 22.6+0.2 10.5+0.1 1.4+0.1 15.2 1.4+0.1 10.5+0.2 0.7+0.2 1.8
Filament F8 — outside the hub
(—823, +108) 10.4+£0.2 13.0+0.1 1.1+0.1 8.7 1.3+0.2 12.8+0.1 1.2+0.2 1.1
(=770, +78) 7.6+0.3 13.2+0.1 09+0.1 7.6 1.0+0.3 13.4+0.2 1.2+0.2 0.8
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Table B.6. continued.

A&A 629, A8l (2019)

]3CO CISO
Offset Area Vel w Tpeax Area Vel w Tpeax
(0 (Kkms™) (km s™") (kms™!) (K) (Kkms™) (km s™") (kms™!) (K)
(=723, +68) 6.9+03 13.1+0.1 0.8+0.1 79 1.1+0.2 13.2+0.1 0.6+0.1 1.8
(=670, +68) 7.6+0.2 12.8+0.1 09+0.1 8.2 0.9+£0.2 129+0.1 0.6+£0.2 1.2
- 1.4+0.2 14.0+0.1 0.7+0.1 2.0 09+0.1 12.6 +0.1 1.0+0.1 0.9
(—610, +68) 52+0.2 12.5+0.1 0.8+0.1 6.5 0.9+0.2 12.6 £0.1 09+0.2 0.9
(—583, +53) 6.1+0.2 12.7+0.1 0.8+0.1 6.8 1.4+0.5 12.7+0.1 0.8+0.2 1.7
(=573, +13) 5103 12.6 0.1 0.6+0.1 7.6 09+0.1 12.7+0.1 20+£03 04
(=563, +23) 1.6+0.2 11.1+0.1 1.1+0.2 1.4 0.7+0.1 122+0.1 1.4+0.2 0.5
- 5.0+0.2 12.7+0.1 0.8+0.1 5.7
(=563, +23) 27+0.4 11.1+0.1 14+0.3 1.9 0.5+0.1 12.1+0.1 1.2+0.2 0.4
- 43+03 12.7+0.1 0.8+0.1 5.1
Median 5.1 12.7 0.8 6.7 0.9 12.9 1.0 0.9
o 0.4 0.4
Mean 53+2.6 12.6 0.8 09+ 0.2 5.8+2.6 09+03 129+04 1.0+04 1.0+04
loa 04+0.1 04+0.2
Filament F9 — outside the hub
(—400, +648) 57+0.2 10.8 £0.1 0.7+0.1 1.1 04+0.1 10.9+0.1 03+0.1 1.3
- 1.0+0.2 12.1+0.1 09+0.3 11
(—455, +663) 3.5+0.2 11.1+0.1 0.7+0.1 49
(=508, +648) 46+0.2 11.2+0.1 0.6+0.1 7.2 0.2+0.1 11.4+0.1 03+0.1 0.6
(=518, +595) 57+0.2 11.3+0.1 0.8+0.1 6.8 0.2+0.1 11.4+0.1 02+03 1.0
(—538, +548) 6.5+0.2 10.7+£0.1 1.3+0.1 4.8 0.2+0.1 10.7+0.1 0.5+0.1 0.3
(—558, +493) 5.8+0.2 10.3+£0.1 0.9+0.1 6.3 0.3+0.1 10.3+£0.1 0.4+0.1 0.7
(=518, +488) 0.3+0.1 9.0+0.1 04+0.1 0.6 0.6+0.1 10.5+0.1 1.1+0.1 0.6
- 24+£0.2 10.5+0.1 23+0.2 1.0
- 33+0.2 10.4+£0.1 0.6+0.1 5.2
(—465, +478) 1.7+£04 10.9+0.2 1.6+0.2 1.0 0.5+0.1 10.6 £ 0.1 0.6+0.1 0.8
- 3.5+0.3 10.6 £0.1 05+0.1 6.2
(—428, +448) 22+0.2 6.8+0.1 1.3+0.1 1.7 03+0.1 10.8 £0.1 05+0.1 0.6
- 43+03 10.4+£0.1 31+04 1.3
- 42+03 10.7+0.1 0.7+0.1 5.8
(—405, +410) 1.1+0.1 72+0.1 1.3+0.2 0.8 0.2+0.1 10.6 £0.1 0.5+0.1 0.4
- 42+0.1 10.7+£0.1 0.7+0.1 5.8
(=353, +369) 23+03 75+0.2 1.6+0.2 1.3 04+0.1 10.5+0.1 04+0.1 0.8
- 56+03 10.2+0.2 1.8+0.2 3.0
- 31+03 10.5+0.2 05+0.2 5.5 ..
(=318, +308) 6.9+0.1 10.4+£0.1 0.7+0.1 9.1 09+0.1 10.3+£0.1 05+0.1 1.6
(—283, +288) 1.1+0.2 6.4+0.1 1.5+0.3 0.7 0.8+0.1 10.4+£0.1 0.5+0.1 1.5
- 49+0.5 10.3+0.1 1.1+0.1 4.1
- 23+0.5 10.4 +£0.1 0.5+0.1 4.6
(—258, +233) 22+0.2 7.3+0.1 2.0+£0.2 1.0 0.7+0.1 10.4 +£0.1 05+0.1 1.2
- 47+0.3 10.6 £0.1 2.0+0.1 2.2
- 44+03 10.3+0.1 0.7+0.1 6.4
(—278, +193) 1.4+03 77+0.2 09+0.2 1.5 1.1+0.1 10.5+0.1 0.5+0.1 1.9
- 41+03 10.5+£0.2 09+0.2 4.2
- 3.8+0.3 10.5+0.2 05+£0.2 6.6
(—328, +183) 7.5+0.2 10.7+0.1 0.6+0.1 11.1 1.4+0.2 10.7+0.1 0.8+0.2 1.7
(—363, +138) 72+03 10.7 £ 0.1 0.8+0.1 8.0 0.8+0.1 10.8 £0.1 0.5+0.1 1.7
(—323, +113) 24+£0.2 8.5+0.1 14+0.2 1.7 1.2+0.1 10.4 +£0.1 05+0.1 2.3
- 9.2+0.2 10.8 +0.1 0.8+0.1 10.5 0.6+0.1 11.1 £0.1 0.4+0.1 1.4
(=273, +98) 8.9+0.2 10.3+0.1 09+0.1 9.1 1.3+0.1 10.2+0.1 09+0.1 1.6
Median 4.1 10.5 0.9 4.8 0.6 10.6 0.5 1.1
loa 04 0.2
Mean 40+£2.2 99+14 1.1+£0.6 45+3.0 0.6+£04 10.6 £0.5 05+£0.2 1.1+£0.6
o 05+03 0.2+0.1

AS8]1, page 42 of 44



S. P. Trevifio-Morales et al.: Dynamics of cluster-forming hub-filament systems

Table B.6. continued.

13CO C18O
Offset Area Vel w Tpeax Area Vel w Tpeax
") (Kkms™) (kms™) (kms™) (K) (Kkms™) (kms™) (kms™) (K)
Filament F9 — inside the hub
(=323, +113) 24+0.2 8.5+0.1 1.4+0.2 1.7 1.2+0.1 10.4 +0.1 0.5+0.1 23
(—203, +78) 11.0+£0.3 10.1£0.1 3.5+0.1 3.0 1.3+0.1 9.9+0.1 0.7+0.1 1.7
- 82+04 10.0+0.1 09+0.1 8.7
(—145, +67) 9.3+0.8 7.5+0.2 2.0+0.2 4.3 32+0.1 8.0+0.2 21+0.2 1.4
- 23.2+0.8 10.0+£0.2 45+0.2 4.9 29+0.1 10.3+£0.2 1.4+0.2 2.0
- 12.1+0.8 10.3+£0.2 1.7+0.2 6.5 1.8 +0.1 12.2+0.2 2.0+0.2 0.9
- 3.0+0.8 12.5+0.2 0.8+0.2 3.8
(—123, +23) 21.7+0.9 8.9+0.2 41+0.2 4.9 1.2+0.1 8.4+0.2 1.9+0.2 0.6
- 26+09 9.4+0.2 1.5+0.2 1.6 2.6x0.1 10.5+£0.2 1.6 +£0.2 1.5
- 22.2+0.9 10.7+£0.2 2.3+0.2 9.1 0.3+0.1 12.5+0.2 154+0.2 0.1
- 4.8+0.9 12.7+£0.2 09+0.2 5.2
(=73, +3) 231+ 1.1 8.8+0.2 39+0.2 5.5 0.5+0.1 8.1+0.2 37+0.2 0.1
- 327+1.1 11.1+£0.2 23+0.2 133 2.7+0.1 109+0.2 1.4+0.2 1.8
- 51+1.0 124+0.2 0.8+0.2 5.8 09=+0.1 12.3+£0.2 0.7+0.2 1.2
(—23, -23) 2.5+0.1 6.6+0.1 1.7+0.1 1.5 0.6x0.1 8.6+0.2 2.1+0.2 0.3
- 429+0.2 10.5+0.1 29+0.1 13.9 1.9+0.1 10.8+0.2 24+0.2 0.7
- 16.3+0.1 10.9+0.1 9.7+0.2 1.6 2.8+0.1 109+0.2 22+02 1.2
(+23, -3) 33+0.2 73+0.2 2.8+0.3 1.1 0.2+0.1 8.8+0.2 1.7+£0.2 0.1
- 41.5+0.2 10.2+0.1 31+0.1 12.5 2.3+0.1 10.1+0.2 1.6+0.2 1.3
- 22.7+0.4 12.1+0.1 6.8+0.2 3.2 1.5+0.1 10.9+£0.2 2.8+0.2 0.5
Secondary filament sFla
(—429, +1113) 6.8+0.1 10.6 +0.1 09+0.1 7.2 0.7+0.1 10.7+0.1 0.5+0.1 1.3
(=342, +1128) 7.0+0.1 10.5+0.1 0.8+0.1 7.0 0.3+0.1 10.5+0.1 0.8+0.2 0.3
(—240, +1143) 44+02 10.7+£0.1 0.6x0.1 6.4 04+0.1 10.8£0.1 04+0.1 1.1
Secondary filament sF1b
(—583, +834) 7.0+0.2 11.2+0.1 0.8+0.1 8.6 0.6+0.1 11.3+0.1 04=+0.1 1.3
(—414, +882) 7.0+0.2 11.0+0.1 0.9+0.1 7.3 0.6+0.1 11.0+0.1 0.5+0.1 1.2
(=298, +761) 51+0.3 9.8+0.1 0.6+0.1 7.7 0.3+0.1 9.7+0.1 0.5+0.1 0.6
Secondary filament sF1c
(—86, +394) 71+0.2 10.3+£0.1 1.0+0.1 6.8 04+0.1 10.3+£0.1 0.6+0.1 0.7
(—134, +360) 11.5+£0.5 9.9+0.1 1.1+£0.1 10.3 1.5+0.1 10.0+£0.1 0.8+0.1 1.7
(—100, +312) 129+0.3 9.7+0.1 1.2+0.1 10.1 0.8+0.1 9.7+0.1 0.6+0.1 1.2
Secondary filament sF2a
(+280, +365) 6.3+0.3 9.3+0.2 0.7+0.1 8.5 0.4+0.1 9.4+0.1 0.5+0.2 0.8
(4222, +273) 129+0.3 9.7+0.2 1.2+0.1 10.5 1.7+0.1 9.6+0.1 1.0+0.1 1.7
(+193, +215) 15.1+0.2 9.8+0.1 1.2+0.1 11.4 1.5+0.1 9.8+0.1 0.8+0.1 1.8
Secondary filament sF2b
(+705, +356) 73+0.2 9.4+0.1 1.0+0.1 7.5 0.3+0.2 10.3+£0.7 1.6 +0.8 0.2
(+551, +317) 52+03 9.6+0.1 1.2+0.1 42 0.7+0.2 9.2+0.1 1.1+04 0.6
(+430, +273) 53+0.2 9.1+0.1 0.7+0.1 74 04+0.1 9.1+0.1 0.5+0.1 0.7
Secondary filament sF2c
(+797, +341) 6.4+0.3 9.2+0.1 09+0.1 6.6 0.7+0.1 9.2+0.1 0.6+0.2 1.0
(+768, +307) 74+0.2 9.1+0.1 09=+0.1 7.7 0.6x0.1 9.2+0.1 0.5+0.1 1.0
(+686, +298) 44+0.6 9.2+0.1 0.5+0.1 8.7 1.6 +£0.2 9.9+0.1 1.7+£0.2 0.9
- 34+0.6 9.8+0.1 09+0.1 3.6
Secondary filament sF2d
(+797, +235) 6.0+£0.3 9.4+0.1 09=+0.1 6.3
(+667, +206) 6.6+0.3 9.7+0.1 0.8+0.1 8.1 0.3+0.1 9.7+0.1 04=+0.1 0.7
(+541, +172) 9.9+0.2 9.5+0.1 0.8+0.1 11.5 1.0+0.1 9.3+0.1 1.3+£0.2 0.7

AS8]1, page 43 of 44



Table B.6. continued.

A&A 629, A8l (2019)

Bco c'®o
Offset Area Vel w Tpeax Area Vel w Tpeax
(0 (Kkms™) (kms™") (km s™") (K) (Kkms™) (kms™") (kms™") (K)
Secondary filament sF2e
(+444, +100) 94+0.2 9.8+0.1 0.8+0.1 11.6 0.5+0.1 9.1+0.2 1.3+0.3 0.4
(+444, +162) 9.7+0.2 9.6+£0.1 0.9+0.1 9.8 0.3+0.1 9.5+0.1 0.5+0.1 0.5
(+372, +191) 8.6+0.3 9.7+0.1 0.9+0.1 9.2 04=+0.1 9.7+0.1 0.6+0.3 0.6
Secondary filament sF3a
(+845, +124) 5.8+0.2 8.8+0.1 0.8+0.1 6.5 0.3+0.1 9.7+0.1 0.5+0.2 0.5
(+860, +80) 6.4+0.3 8.4+0.1 09+0.1 6.8 0.6+0.1 8.4+0.2 1.4+0.3 0.4
(+923, =7) 5115 8.3+0.1 0.8+0.1 6.0 1.3+0.1 83+0.1 0.9+0.1 1.3
- 7.0+ 1.6 9.1+0.1 1.4+0.2 4.8
Secondary filament sF3b
(+995, —151) 3.7+0.3 9.3+0.3 0.7+0.1 5.1 0.4=+0.1 9.1+0.1 0.5+0.3 0.8
(+874, —127) 5.7+0.3 9.1+0.2 0.7+0.1 7.4 0.5+0.1 9.0+0.1 0.8+0.2 0.5
(+715, —146) 9.0+£0.2 9.4+0.1 1.0+0.1 9.1 1.2+0.1 9.3+0.1 0.5+0.1 23
Secondary filament sF3c
(+768, —339) 54+0.2 9.9+0.1 0.7+0.1 7.3 0.9+0.2 9.5+0.1 1.1+£0.3 0.8
(+526, —199) 713+0.3 10.1£0.1 0.8+0.1 8.7 1.0+0.1 10.1+0.1 0.5+0.1 1.9
(+372, -170) 109+0.4 10.3+0.1 0.8+0.1 12.3
Secondary filament sF4a
(+531, =707) 6.4+04 10.2+0.1 1.0+£0.1 6.1 1.2+0.2 10.3+0.1 1.0+0.2 1.2
(+449, —678) 6.4+0.3 104 +£0.1 09+0.1 7.0 04+0.1 10.3+0.1 0.3+0.1 1.2
(+343, -673) 4.0+0.2 10.8£0.1 0.9+0.1 4.3 0.2+0.1 10.4 +0.1 0.5+0.2 0.4
Secondary filament sF4b
(+217, —446) 7.7+0.2 10.9+0.1 0.8+0.1 8.9 0.7+0.1 10.9+0.1 0.4+0.1 1.4
(+169, —344) 53+0.3 10.6 £ 0.1 0.6+0.1 7.8 0.4+0.1 10.6 £0.1 0.5+0.1 0.8
(+155, -233) 9.2+0.2 10.8 +0.1 0.8+0.1 11.2 1.4+0.1 10.8 £0.1 0.6+0.1 2.3
Secondary filament sF5a
(+174, —-499) 81+04 11.0+£0.1 0.9+0.1 8.5 0.5+0.1 11.2+0.1 04+0.1 1.4
(+92, -513) 3.8+0.3 11.0+£0.1 04+0.1 8.0 0.7+0.1 11.0+£0.1 0.9+0.2 0.7
(+10, —465) 2.6+0.2 11.0+0.1 0.5+0.1 5.1 0.6+0.1 12.9+0.1 0.7+0.1 0.8
Secondary filament sF5b
(—158, —446) 10.4+0.4 10.2+0.1 1.5+0.1 6.5 0.6+0.1 10.2+0.1 1.2+0.3 0.5
- 74+0.3 11.2+0.1 0.7+0.1 10.5 0.5+0 11.2+0.1 04+0.1 1.1
(—115, -339) 5104 9.7+0.1 1.0+0.1 5.0
- 6.5+0.3 11.0+0.1 0.7+0.1 8.4
(-57,-301) 44+0.5 123+0.2 1.0+£0.2 4.2 04+0.1 10.7+0.1 0.3+0.1 1.1
- 13.6+0.5 10.7+0.2 1.2+0.2 10.5
Secondary filament sF7a
(—598, -581) 5.6+0.6 9.8+0.1 0.7+0.1 8.1 0.7+0.2 9.8+0.1 0.7+0.2 1.0
- 54+0.7 11.0+£0.1 1.4+0.2 3.7
(=516, -373) 8.4+0.3 10.0+0.1 1.0+0.1 7.8 1.2+0.1 9.9+0.1 0.5+0.1 24
- 7.0+0.3 11.2+0.1 0.8+0.1 8.4
(—453, -238) 11.7+£0.8 10.0+0.1 1.4+0.1 7.9 1.6+0.1 10.01 £ 0.1 1.0+0.1 1.6
- 52+0.7 11.1+0.1 0.8+0.1 5.8 1.2+0.1 11.3+0.1 0.8+0.1 1.5
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