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ABSTRACT

Context. Dense molecular filaments are ubiquituous in the interstellar medium, yet their internal physical conditions and the role of
gravity, turbulence, the magnetic field, radiation and the ambient cloud during their evolution remain debated.

Aims. We study the kinematics and physical conditions in the Musca filament, the ambient cloud and the Chamaeleon-Musca complex,
to constrain the physics of filament formation.

Methods. We produce CO(2-1) isotopologue maps with APEX that cut through the Musca filament. We further study a NANTEN2
12CO(1-0) map of the full Musca cloud, H1 emission of the Chamaeleon-Musca complex, a Planck polarisation map, line radiative
tranfer models, GAIA data and synthetic observations from filament formation simulations.

Results. The Musca cloud, with a size of ~ 3-6 pc, contains multiple velocity components. Radiative transfer modelling of the CO
emission indicates that the Musca filament consists of a cold (~10 K), dense (ny, ~10* cm™) crest, best described with a cylindrical
geometry. Connected with the crest, a separate gas component at T~15 K and ny, ~10° cm™ is found, the so-called strands. The
velocity-coherent filament crest has an organised transverse velocity gradient that is linked to the kinematics of the nearby ambient
cloud. This velocity gradient has an angle > 30° with respect to the local magnetic field orientation derived from Planck, and the
magnitude of the velocity gradient is similar to the transonic linewidth of the filament crest. Studying the large scale kinematics,
we find coherence of the asymmetric kinematics from the 50 pc H1cloud down to the Musca filament. We also report a strong
[C'®0)/[**CO] abundance drop by an order of magnitude from the filament crest to the strands over a distance < 0.2 pc in a weak
ambient FUV-field.

Conclusions. The dense Musca filament crest is a long-lived (several crossing times) dynamic structure that can form stars in the near
future because of continuous mass accretion replenishing the filament. This mass accretion on the filament appears to be triggered
by a Hicloud-cloud collision which bends the magnetic field around dense filaments. This bending of the magnetic field is then
responsible for the observed asymmetric accretion scenario of the Musca filament, which is for instance seen as a V-shape in the PV
diagram.

Key words. ISM: structure — ISM: kinematics and dynamics — ISM: individual objects: Musca — Stars: formation — ISM: evolution

1. Introduction

The complexity of the interstellar medium (ISM) has been
revealed in numerous continuum and molecular line studies, but
it is only since the unprecedented far-infrared sensitivity of the
Herschel Space Telescope (Pilbratt et al. 2010) that the ubiquity
of dense filamentary structures in the ISM was revealed, and
their integral role in the star formation process established. It
was shown that almost all pre-stellar and protostellar cores are
located in filaments or at a filament junction (e.g. André et al.
2010; Molinari et al. 2010; Bontemps et al. 2010; Konyves
et al. 2010, 2015; Arzoumanian et al. 2011; Hill et al. 2011;
Schneider et al. 2012; Rygl et al. 2013; Polychroni et al. 2013;
André et al. 2014; Marsh et al. 2016). Spectral line observations
of filamentary structures have shown that many dust continuum
filaments contain several velocity-coherent sub-filaments, so

called fibers (e.g. Hacar et al. 2013; Tafalla & Hacar 2015;
Dhabal et al. 2018). However, recently some theoretical studies
have indicated that coherent structures in velocity space are not
necessarily coherent in three-dimensional space (Zamora-Avilés
et al. 2017; Clarke et al. 2018). Massive filamentary structures
in more distant regions, such as massive ridges (e.g. Schneider
et al. 2010; Hennemann et al. 2012) and hub-filament systems
(e.g. Myers 2009; Schneider et al. 2012; Peretto et al. 2013,
2014; Henshaw et al. 2017; Williams et al. 2018), are proposed
to be the dominant way to form rich clusters of stars (e.g. Motte
et al. 2018), and thus the bulk of star formation in our galaxy.
It is therefore critical to unveil the precise physical processes at
work to explain the formation of filaments of all types.

While early theoretical studies described filaments as structures
confined by isotropic pressure equilibrium (Ostriker 1964;
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Fig. 1. Planck emission map at 353 GHz of the Chamealeon-Musca complex (Planck Collaboration et al. 2016a). The names of the relatively dense
regions in the complex are indicated in white. The black circle indicates the region where GAIA data was extracted to investigate the distance
of the Musca filament/cloud. The Planck resolution at 353 GHz is 4.8’, which corresponds to a physical size of 0.25 pc at a distance of 180 pc

(Zucker et al. 2019).

Inutsuka & Miyama 1992), simulations support the argument
that filaments are a manifestation of structure development
caused by the thermodynamic evolution of the ISM during
molecular cloud formation. All (magneto)-hydrodynamic
ISM simulations with turbulence, including and not including
self-gravity and/or magnetic field, naturally produce filaments (
e.g. Audit & Hennebelle 2005; Heitsch et al. 2005; Hennebelle
et al. 2008; Nakamura & Li 2008; Banerjee et al. 2009; Gémez
& Vizquez-Semadeni 2014; Smith et al. 2014, 2016; Chen
& Ostriker 2014; Seifried & Walch 2015; Federrath 2016;
Duarte-Cabral & Dobbs 2017). In these simulations, filaments
are argued to originate from the collision of shocked sheets
in turbulent flows (Padoan et al. 2001), by instabilities in
self-gravitating sheets (Nagai et al. 1998), or as the result of
long-lived coherent flows in the turbulent ISM (Hennebelle
2013) which could be at least partly convergent. The magnetic
field can only reinforce the presence of filaments, as it increases
local axisymetries and as it may stabilise and drive turbulent
flows aligned with the field (Hennebelle 2013). The case of
magnetised Hicolliding streams and cloud-cloud collisions
(e.g. Ballesteros-Paredes et al. 1999; Koyama & Inutsuka 2002),
is particularly interesting in this context as it naturally creates
a significant level of turbulence and flows. It can also lead to
bending of the magnetic field around pre-existing structures
which could then drive local convergent flows perpendicular to
the dense filamentary structures (Inoue & Fukui 2013; Inoue
et al. 2018). Such local convergent flows were indeed observed
for massive dense cores by Csengeri et al. (2011) for instance.
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From an observational point of view, cloud-cloud collisions at
a velocity of 10-20 km s~! have been argued to form massive
star forming filaments (Fukui et al. 2019, and references therein).

Any scenario to form filaments has to account for the most
critical properties of observed filaments. The so-called universal
(Arzoumanian et al. 2011, 2019; Koch & Rosolowsky 2015), yet
highly debated (e.g. Panopoulou et al. 2017; Seifried et al. 2017;
Ossenkopf-Okada & Stepanov 2019), filament width of 0.1 pc in
nearby molecular clouds is close to the sonic scale which could
fit in a scenario where filaments are made of dense, post-shock
gas of converging flows (Arzoumanian et al. 2011; Schneider
et al. 2011; Federrath 2016). In the companion paper (Bonne
et al. 2020), observational indications were found of warm
gas from low-velocity shocks associated with mass accretion
on the Musca filament. It has also led to some theoretical
models considering gravitational inflow that might provide an
explanation for this universal width (Heitsch 2013; Hennebelle
& André 2013). Indications of an inflowing mass reservoir as
a result of gravity were presented in Palmeirim et al. (2013)
and Shimajiri et al. (2019). In the medium surrounding dense
filaments, striations are often found which are well aligned with
the magnetic field (Goldsmith et al. 2008; Palmeirim et al. 2013;
Alves de Oliveira et al. 2014; Cox et al. 2016; Malinen et al.
2016). This has often led to the interpretation of gas streaming
along the magnetic field lines. So far, there is no strong ob-
servational evidence for this and recently it was argued from a
theoretical study that striations might result from MHD waves
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(Tritsis & Tassis 2016) in large pc-scale sheets. Similarly, the
so-called fibers, seen as sub-structures of filaments, are found
at different velocities as if they would originate from slightly
different velocity flows inside the same global convergence of
flows in the cloud. Several numerical simulations also observe
fibers (e.g. Smith et al. 2014, 2016; Moeckel & Burkert 2015;
Clarke et al. 2017; Zamora-Avilés et al. 2017), while in pressure
equilibrium models filaments naturally tend to fragment rapidly
into cores (Inutsuka & Miyama 1997).

In summary, these different views on the relation between
filaments and the surrounding ambient cloud, in particular the
understanding of the physical origin of star-forming filaments,
require detailed observational studies and comparison with
simulations. In this paper, we study the Musca filament which
is probably at an early evolutionary state as its ambient cloud is
not yet perturbed by star formation.

The following section introduces the Musca filament and why
this filament is particulary interesting to study the relation with
its ambient cloud. Section 3 describes the observations carried
out with the APEX telescope and section 4 presents the first
results of the APEX and NANTEN2 observations. Section 5
provides a radiative tranfer analysis of the observational data to
constrain the physical conditions in the filament. In section 6
the implications of these results on the formation of the Musca
filament and its relation with the ambient cloud are discussed.

2. The Musca filament and Chamaeleon clouds
2.1. The Musca filament

We focus on the Musca filament which is seen on the sky as
a 6 pc long filamentary structure in continuum, extinction and
molecular lines (e.g. Mizuno et al. 2001; Kainulainen et al. 2009;
Schneider et al. 2011; Hacar et al. 2016; Cox et al. 2016). This
filament is located in the Chamaeleon-Musca complex, see Fig.
1, which is considered a single molecular complex with a size
of ~ 70 pc on the plane of the sky if one includes Cham East
(e.g. Corradi et al. 1997; Mizuno et al. 2001; Planck Collabora-
tion et al. 2015; Liszt et al. 2019). Figure 2 presents the column
density map of the Musca filament combining 2MASS and Her-
schel data which shows that this high column density filament
with its ambient cloud is in relative isolation in the plane of the
sky. The Musca filament hosts one protostellar core (Vilas-Boas
et al. 1994; Juvela et al. 2012; Machaieie et al. 2017), and may
contain a few prestellar cores (Kainulainen et al. 2016) with an
average core separation that could fit with gravitational fragmen-
tation inside a filamentary crest. The filament is thus likely at a
relatively early evolutionary stage and has indeed a relatively
low line mass compared to other more active star forming fila-
ments like B211/3 in Taurus (Palmeirim et al. 2013; Cox et al.
2016; Kainulainen et al. 2016). As there is only one protostar
which is located in the far north of the filament, the cloud is
still unperturbed by protostellar feedback and is thus a very in-
teresting location to study the formation of star forming gas and
the role of the ambient cloud. The presence and structure of this
ambient cloud was clearly established with high sensitivity dust
continuum observations with Herschel and Planck (Cox et al.
2016; Planck Collaboration et al. 2016c¢), and will be described
in more detail below.

For clarity in this paper, we will distinguish four features of
the Musca cloud based on the column density map and profile of
dust emission, mostly following the nomenclature introduced by
Cox et al. (2016).

4 10%

—70°00'00"

—72°00'00"
w2) Alsusp uwinjoo 2y

DEC [J2000]

(
\z—

A
J

—74°00'0C

@ beam size extinction map

m

12"30M00°
RA [J2000]

Fig. 2. Column density map of the Musca filament from the Herschel
Gould Belt Survey (HGBS) (André et al. 2010; Cox et al. 2016) embed-
ded in the large scale 2MASS extinction map of Musca, scaled to the
Herschel column density, that traces the ambient cloud. The extinction
map was produced by the Ay mapping tool in Schneider et al. (2011).
The black boxes indicate the maps made with the APEX telescope, the
red box indicates the area displayed in Fig. 4, and the blue box indi-
cates the area mapped with the NANTEN?2 telescope. The black trian-
gles show the locations of the stars with a distance smaller than 140 pc
and a significant reddening (> 0.3) in the GAIA catalogue. The blue tri-
angle shows the location of the only young stellar object (YSO) in the
Musca filament.
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Fig. 3. Average column density profile of the Musca filament from the
Herschel data (Cox et al. 2016), corrected to a distance of 140 pc. The
blue horizontal line indicates the column density associated with the
ambient cloud (N, ~ 0.8-10*' cm™2). The dashed blue line shows the
fitted Plummer profile to the column density (excluding the strands).
The vertical lines indicate the location of column density excess with re-
spect to the Plummer fit close to the filament crest, the so-called strands.
The dashed horizontal black line indicates N, = 3 10! cm™2, which is
the minimal column density used to define the filament crest.
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Fig. 4. Zoom (red box in Fig. 2) in the Herschel 250 ym map of the
Musca cloud (Cox et al. 2016). The hair like structures perpendicular to
the Musca filament, in the strands and ambient cloud, are indicated in
white. The black boxes indicate the regions covered by the APEX maps.

e The (filament) crest is the high column density spine of the

large filament in the Musca cloud with Ny, > 3-10*! cm™2 (Cox
et al. 2016), see Fig. 3. From fitting a Plummer profile to the av-
erage column density profile of the full Musca filament, working
with a distance of 140 pc, this suggest a radius of 0.056 pc for
the filament crest (Cox et al. 2016).

e Strands were defined in Cox et al. (2016) as the immediate
surrounding of the filament crest where dust column density was
found to be significant (N, ~ 2-10*! cm™2) and inhomogeneous.
For instance, there is a strong tendency to be asymmetric with
a brighter emission directly east of the filament crest, and the
strands display a hair-like structure that is preferentially perpen-
dicular to the filament crest (Cox et al. 2016), see Fig. 4. To go
one step further we here propose that the strands could repre-
sent all column density in excess in Fig. 3 to the average Plum-
mer profile fitted on the column density toward the crest. These
strands might then contain the most nearby ambient gas of the
filament crest and may represent a mass reservoir to be collected
soon by the crest. In Fig. 3 and local cuts perpendicular to the
filament axis, we found that the strands typically extend up to
a distance of ~ 0.4 pc from the filament crest. It is not straight-
forward to fit a function to the strands, but from Fig. 3 it can
be observed that the column density excess to the Plummer fit
typically extends up to a distance of 0.4 pc. The presence of
the strands leads to an asymmetric column density profile for
Musca. Other asymmetric column density profiles were already
observed in the Pipe Nebula (Peretto et al. 2012).

e The ambient Musca cloud is embedding the filament crest and
strands, and has a typical average column density of Ny, ~
0.8-10?! cm™2 within a typical distance of 3 pc from the fila-
ment crest, see Figs. 2 and 3.

e Striations are filamentary structures in the parsec scale ambi-
ent cloud and sub-parsec scale strands of the Musca filament,
see Fig. 4. The striations are well aligned with the magnetic field
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on the plane of the sky (Cox et al. 2016). This magnetic field
is roughly perpendicular to the Musca filament crest, as is also
found for other dense filamentary structures (Planck Collabora-
tion et al. 2016b,c) and even at the center of massive ridges like
DR21 (Vallée & Fiege 2006; Schneider et al. 2010). Using C'30
observations it was proposed that the filament crest is a velocity-
coherent structure (Hacar et al. 2016), or a single fiber following
the nomenclature of Hacar et al. (2013), unlike well studied fila-
ments such as B211/3 in Taurus and Serpens south (Hacar et al.
2013; Dhabal et al. 2018). This makes the Musca filament rela-
tively simple in velocity space.

More recently, it was questioned whether the Musca filament can
be described as truely cylindrical (in constrast to a sheet seen
edge-on) by proposing that the striations pattern is reflecting
magnetohydrodynamic vibrations which would require a large,
pc-scale region of emission in contradiction to the 0.1 pc width
of the crest. It would then suggest that the Musca cloud is a sheet
that is seen edge-on and thus only appears filamentary due to
projection (Tritsis & Tassis 2018). We will use our new obser-
vations and an updated view of the global structure of the cloud
to re-discuss this important issue. Meanwhile we will keep using
the term ’filament’, at least for the crest, throughout the paper.

2.2. Distance of the Musca filament

In earlier studies, the distance of the Musca cloud was generally
estimated to be 140-150 pc (e.g. Franco 1991; Knude & Hog
1998). Studying the reddening of stars in the GAIA DR2 data
release (Gaia Collaboration et al. 2018; Andrae et al. 2018) that
are close to the Musca filament, with a method similar to Yan
et al. (2019), shows indeed a noteworthy reddening increase at
a distance of 140-150 pc, see Fig. 5. The region in the plane of
the sky studied with GAIA data is displayed in Fig. 1. For more
information on the determination of the distance, see App. A. It
can however be noted in Fig. 5 that there is already reddening for
a couple of stars starting at 100 pc towards the Musca cloud. One
should note that there are significant uncertainties on the redden-
ing in the GAIA catalogue, but this behaviour can also be noted
for two stars in Franco (1991). In the GAIA catalogue, the loca-
tion of the stars with significant reddening at a distance < 140 pc
is spread over the full Musca cloud, see Fig. 2. This points to the
fact that there might be some extended nearby gas at a distance
of ~ 100 pc towards the Musca region. Since the Chamaeleon-
Musca complex has a size of ~ 70 pc in the plane of the sky, it
is not unlikely that the cloud has a similar size along the line of
sight. This could possibly lead to extinction starting at 100 pc
for some stars. However, the clearest jump in reddening happens
around 140 pc, which is consistent with several earlier studies
(Franco 1991; Corradi et al. 1997; Whittet et al. 1997; Knude
& Hog 1998) of the high column density Musca cloud. We will
thus assume a distance of 140 pc for the Musca filament in this
paper. Note that this distance is smaller than the distance of 183
+ 3 + 9 pc derived for the dense Chamaeleon clouds (Cha I, Cha
IT and Cha III) in Zucker et al. (2019). Inspecting the redden-
ing as a function of distance with the GAIA data, we also found
a distance of 180-190 pc for these dense Chamaeleon clouds,
see App. A. This would indicate that Musca has a slightly more
nearby location than the Chamaeleon clouds.
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Fig. 5. Reddening obtained with the GAIA telescope as a function of
distance for stars in the region of the Musca cloud. The colored points
are observed at locations where the Planck 353 GHz emission is above
the threshold that was used to define the area covered by the Musca
cloud, see App. A. This shows a general increase of the reddening at
a distance of 140 pc, shown with the full vertical line, but there also
appears to be some reddening starting at 90-100 pc, indicated with the
dashdot vertical line. The dashed vertical line indicates the distance of
the Chamaeleon I, II and III molecular clouds at 183 pc from Zucker
et al. (2019).

3. Observations
3.1. APEX: PI230 observations

In September 2018, we performed observations with the PI230
receiver which is installed on the APEX telescope (Giisten et al.
2006). The two bands of PI230, each with ~ 8 GHz bandwidth,
were tuned to a frequency to cover 213.7-221.4 GHz and 229.5-
237.2 GHz such that the '>CO(2-1), *CO(2-1), C'30(2-1) and
SiO(5-4) lines, respectively at 230.538, 220.399, 219.560 and
217.105 GHz, were observed simultaneously. The observations
with PI230 were performed in the on-the-fly mode, creating two
maps in all these lines with a size of 600”x 100”. These two
maps cover the Musca filament crest and its nearby strands in
two different regions, see Fig 2. The northern map of the two
is located towards a region that has a filamentary shape and the
strands to the east, while the southern map is located in a re-
gion that shows signs of fragmentation with strands to the west.
The OFF position used for the observations is located at (2000
= 12"417m38%; O000) = -71°11’00”, identical to the OFF posi-
tion used for the observations presented in Hacar et al. (2016).
This OFF position was checked using another OFF position that
is located further away from the Musca filament, at @(o00) =
127427215, 0000y = -72°27'31”, which was selected based on
Planck maps. We found no contamination for any of the lines,
e.g. for 2CO(2-1) the baseline rms was 2.8-1072 K.

The spectral resolution of these observations is ~ 0.08 km s~
which resolves the velocity-coherent filament crest component
with o ~ 0.15 km s~! presented in Hacar et al. (2016). The spa-
tial resolution of the observations is ~ 28”, and inside a velocity
interval of 0.1 km s~!, the typical rms is ~ 0.07 K. The main
beam efficiency is 77, = 0.68 ', and the forward efficiency used

! http://www.apex-telescope.org/telescope/efficiency/

is 0.95. The data reduction was performed using the CLASS
software?.

3.2. APEX: FLASH* observations

With FLASH* (Klein et al. 2014) on the APEX telescope, the
12C0O(3-2), 12CO(4-3) and '3CO(3-2) lines at 345.796 GHz,
461.041 GHz and 330.588 GHz, respectively were observed si-
multaneously. FLASH* consists out of two receivers that can
observe simultaneously: FLASH345 and FLASH460. Both re-
ceivers have two bands with a 4 GHz bandwidth. FLASH345
can observe in the 268-374 GHz range, while FLASH460 can
observe in the 374-516 GHz range. These observations were
performed towards the northern and southern map. Towards the
northern area, the FLASH* observations make a map of 500" x
100" that covers an area including the filament crest and the
eastern strands, and in the southern area the FLASH* map only
covers an area of 120”x 100” which is centered on the fila-
ment crest. The observations towards the southern map were per-
formed in a setup that did not cover the 3CO(3-2) line. As a
result this line is only available for the northern map. These ob-
servations with FLASH™ were spread over 3 observing periods:
July 2017 (P100), from May to June 2018 (P101) and Septem-
ber 2018 (P102). All observations experienced certain compli-
cations requiring specific attention. The P100 '>CO(3-2) obser-
vations have some contamination from the used OFF position
(at Q(2000) = 12h24m()5x; 6(2000) = —71023'45”). For 12C0(3—2) a
correction for the contamination from the OFF position was car-
ried out by fitting a gaussian to the contamination in the OFF
position and adding it to all spectra observed with this OFF po-
sition. This gaussian has T} = 1.17 K, v = 3.05 km s7! and a
FWHM = 0.418 km s~'. For the '2CO(4-3) observations, no con-
tamination was found in this OFF position at a baseline rms of
0.09 K within 0.1 km s~!. In P101, both the observations with
FLASH345 and the FLASH460 instruments were shifted by re-
spectively -230 kHz and 490 kHz (F. Wyrowski, priv. comm.). In
P102, the shift for the FLASH?345 observations was solved, how-
ever the FLASH460 observations still had the same shift of 490
kHz (F. Wyrowski, priv. comm.). A correction was performed
for these frequency shifts. The OFF position used in P101 and
P102 is at @(o00) = 12"25™15% and §(000) = -71°15°21”, which
is free of '2CO(3-2) emission with a baseline rms of T,,;, = 0.04
K within 0.06 km s7!.

The observations with FLASH345 have a spectral resolution
of 0.033 km s™! and an angular resolution of ~ 18”. The
FLASHA460 observations have a spectral resolution of 0.05 km
s~! and an angular resolution of ~ 14”. For further analysis, all
the observations (both with PI230 and FLASH™) were sampled
at the same spectral resolution of 0.1 km s~! since this is suffi-
cient for Musca while it reduces the rms of CO(4-3) to ~ 0.2 K
and ~ 0.5 K for the northern and southern map, respectively. This
difference in data quality is due to different weather conditions
with the water vapor varying between pwv = 0.4 and pwv = 1.0.
Generally speaking, the observations for the northern map were
carried out under better weather conditions. The main beam effi-
ciencies® used for the FLASH345 and FLASH460 observations
are Ny = 0.65 and 1y, = 0.49, respectively. The results from the
12CO(3-2) and '2CO(4-3) transitions are presented in the com-
panion paper (Bonne et al. 2020, hereafter Paper II), while the
13C0O(3-2) data will be discussed in this article.

2 http://www.iram.fr/IRAMFR/GILDAS
3 http://www.apex-telescope.org/telescope/efficiency/
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Fig. 6. Top: *CO(2-1) (in white) and C'*O(2-1) (in black) spectra overlayed on the Herschel column density map of Musca (Cox et al. 2016) for
the northern position. The offset is centered on: @g00) = 12"28"58* and 0000y = -71°16755”, and 100" corresponds to ~ 0.07 pc at a distance of
140 pc. C'30 emission is only detected at the crest (green-yellow-red), while *CO can be used to trace the strands (blue) as well. Bottom right:
Several *CO(2-1) spectra are displayed that were extracted at the indicated positions in the map above. This shows that '*CO has two components
towards the filament crest. Bottom left: The same for C'#0(2-1), demonstrating it is only detected towards the filament crest.

3.3. NANTENZ2: '2CO(1-0) in Musca

To obtain a more general view of the Musca cloud, we use
12C0O(1-0) observations of the Musca cloud with the NANTEN?2
telescope at Pampa la Bola in the Atacama desert. These obser-
vations were carried out with the single-beam SIS receiver on
the telescope, developed by Nagoya University, with a 1 GHz
bandwidth and a spectral resolution of 0.16 km s~! at 115 GHz.
The observations made several 30" OTF maps, resulting in a full
map size of 9 square degrees (7.3 pc x 7.3 pc at a distance of 140
pc) with an rms noise of 0.45 K within the spectral resolution of
0.16 km s~!. This large map covers the Musca filament as well
as the extended ambient cloud. The region of the Musca cloud
covered by the NANTEN?2 observations is indicated in Fig. 2.
The main beam temperature scale was calibrated with Orion KL
to be 52.6 K, such that the observations are consistent with the
intensity of the CfA 1.2m telescope. The data was reduced with
a linear baseline fit to the emission-free part of the spectrum.

3.4. Herschel and extinction maps

The column density and dust temperature profile close to the fil-
ament are provided by data from the Herschel Gould Belt Sur-
vey (HGBS)* (André et al. 2010; Cox et al. 2016). For a more
extended view on the mass distribution in the Musca cloud, we

4 http://gouldbelt-herschel.cea.fr/archives
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derived an extinction map of the region using the code A,Map
(Schneider et al. 2011) which measures the average reddening of
background stars in the 2MASS catalog. The map was smoothed
to a resolution of 5’ in order to improve the quality of the extinc-
tion map. In Fig. 2 the high resolution Herschel column density
map (18.2”) is embedded in the extinction map. In order to com-
bine the Herschel and large scale extinction data, a linear relation
between the Herschel column density and extinction was fitted.
A conversion Ny, = 0.83+0.02-10%' A, gave the best fit, which
allowed to convert extinction to column density based on the
information in the Herschel map. This conversion factor from
extinction to column density for Musca is close to the canonical
values reported for large samples in the galaxy (e.g. Bohlin et al.
1978; Giiver & Ozel 2009; Rachford et al. 2009).

4. Results

In this section, the first results from the CO(2-1) isotopologues
are presented. The emission from these isotopologues in the
northern and southern APEX map is presented in Figs. 6 and
7, while the average spectra towards the filament crest are pre-
sented in Fig. 8. The observations will be presented step by step,
starting with C'80, followed by 13CO and in the end 2CO, be-
cause it can be observed in the before mentioned figures that the
spectra show increasing complexity from C'30 to 2CO.
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Fig. 7. Top & middle: Same as Fig. 6 for the southern position, where the offset is centered on: @) = 12"2446% and 0000y = -71°4720”. It
can be noted that at the location where there are no strands (Ny, < 1.5-10?! cm™) that the '*CO emission also disappears. Bottom: The '2CO(2-1),
13CO(2-1) and C'*0(2-1) emission at the indicated white positions (a, b, c) in the map above with the same beam size (28”) and spectral resolution
(0.1 km s7!). This indicates that in 2CO(2-1) there is an extra blueshifted component that is barely detected in '*CO(2-1). It also shows that

C'30(2-1) is not detected away from the filament crest with this data.

4.1. C'80 emission from the filament crest

Figures 6 and 7 show the '3CO(2-1) and C'®0(2-1) spectra of
the northern and southern map overlaid on the Herschel column
density. In both maps, C'80(2-1) is only detected at the crest of
the Musca filament within a physical size of 0.1 - 0.15 pc, and
the brightness of C'30(2-1) quickly decreases when moving to-
wards the strands around the filament crest. It suggests that C'30
is tracing only the highest column density regions of the filament
(typically Ny, > 3x10%! cm™).

Inspecting the spectra in both maps, we confirm that the filament
crest has a single velocity component with a transonic linewidth
of 0.15 km s~!, going up to 0.2 km s~!, as reported in Hacar
et al. (2016). However, it should be noted that Fig. 8 shows that
the C'30 emission in the southern map has a pronounced shoul-

der which might be the result of a second velocity component.
Additionally, we note a slight and continuous shift of the cen-
tral velocity across the crest. To further investigate this velocity
structure, a gaussian line profile was fitted to the CB0O(2-1) spec-
tra above the 30 noise rms. The velocity field obtained from
the fitting is presented in Figs 9 and 10. These figures demon-
strate organised velocity fields across the crest in both maps
with a typical velocity interval of ~ 0.2 km s~!, which is similar
to the spectral linewidth, suggesting a part of the linewidth might
be due to these gradients. The velocity gradients were calculated
using the nearest neighbour values for every pixel. They have a
magnitude of 1.6 and 2.4 km s~' pc™! and an angle of 77° and
45° compared to the local orientation of the filament crest for
the northern and southern map, respectively. One should note

Article number, page 7 of 24



A&A proofs: manuscript no. output

— co(z-1)

64 — Lico(z-1)

Bco(3-2)

51 — clfo(2-1)
=== WNerest

44 =—-= shoulder

— blueshifted component

Tms (K)

1.0 15 2.0 2.5

2co(2-1)
13co(z-1)
c%0(2-1)

South

Verest
shoulder
blueshifted component

Tms (K)
w

T
1.0 15 2.0 2.5 3.0 35 4.0 4.5 5.0
v (kmys)

Fig. 8. Top: Averaged CO(2-1) isotopologue spectra and the *CO(3-2)
spectrum observed towards the filament crest (Ny, > 3-21 cm~2) in the
northern map, showing the presence of the three components. Bottom:
The same for the crest of the southern map.

that the southern map covers a part of the filament that is frag-
menting which might have an impact on the observed velocity
gradient (e.g Hacar & Tafalla 2011; Williams et al. 2018; Ar-
zoumanian et al. 2018). We also find that the central velocity at
the crest is ~ 3.5km s~! in the north and around 3.0-3.1 km s~
in the south.

Since the velocity gradient is in the opposite direction in the
south compared to the north, see Fig. 10, this does not lead to
a straightforward analysis of the entire Musca filament crest as a
simple rotating filament which is theoretically studied in Recchi
et al. (2014).

4.2. 3CO emission from the strands

In contrast to C'80(2-1), the emission of '>CO(2-1) is not
confined to the filament crest alone, but is also high towards the
strands of Musca, see Figs. 6, 7 and 11. At the locations where
the strands are not bright in the Herschel dust column density
map, the 1*CO emission also strongly decreases, see Figs. 7 and
11.

Inspecting the '*CO(2-1) spectra of both maps in more detail,
a component at the same velocity as the filament crest can be
found, as well as a slightly blueshifted shoulder at v;,; ~ 3.1 km
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Fig. 9. Velocity field obtained over the Musca filament crest from the
C'80(2-1) line in the northern (top) and southern (bottom) map. The
contours indicate the column density levels of the filament crest (Ny, =
3-6-10' cm™3). The black line on the velocity field connects the max-
imal column density at the top and bottom of the map, indicating the
local orientation of the filament axis. In the lower left corner, the red
arrow indicates the orientation of the velocity gradient, while the black
line indicates the orientation of the magnetic field.

s~! in the northern map and vy, ~ 2.7-2.8 km s~! in the southern
map, see Fig. 8. The velocity component related to the filament
crest disappears when moving away from the filament crest,
while the emission from the shoulder remains present over the
strands, see e.g. Figs. 6 and 11. This implies that the observed
shoulder comes from slightly more blueshifted emission related
to the strands. From this moment on, when talking about the
shoulder we will thus implicitly talk about the strands and vice
versa.

The velocity field of C'®0(2-1) demonstrated internal mo-
tion in the filament crest. The '*CO(2-1) spectra provide more
information, namely that there are two velocity components:
one related to the filament crest and a second component related
to the strands.

At this point, we have presented the blueshifted shoulder
that correlates well with the Herschel strands in both maps.
This indicates that the strands around the filament crest are
blueshifted compared to the filament crest. When inspecting the
13CO(2-1) channel maps of the southern map in Fig. 11 in more
detail, one finds that east of the filament crest there is some
weak '3CO(2-1) emission (T,;, < 1 K) away from the filament
crest at more or less the same velocity as the filament crest, see
Figs. 7 and 11. This emission suggests that at some locations
there is also a small amount of ‘redshifted’” gas near the filament
crest that is roughly at the same velocity along the line of sight
as the filament crest itself.
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Fig. 10. Line-of sight velocity across the filament derived from C'#O(2-
1) emission averaged along the filament as a function of the distance
(r) for the northern (red) and southern (green) maps. The distance is al-
ways determined perpendicular to the local orientation of the filament
crest center. The horizontal dashed lines indicate the velocity at the cen-
ter of the filament crest, the vertical dashed line indicates the center of
the crest, and the errorbars indicate the dispersion at each radius in the
maps.

4.3. 2CO: blueshifted emission

Inspecting the APEX '2CO(2-1) spectra, another velocity
component shows up with little corresponding emission in
BCO(2-1), see e.g. Figs. 7 and 8. This new velocity component,
which is even more blueshifted than the shoulder, is observed
both in the northern and southern map and also at the locations
where the strands disappear (in the Herschel column density
map), see Fig. 7. This suggests, as '3CO(2-1) is only marginally
detected at this velocity, that there is low column density gas
present around the Musca filament with blueshifted velocities
along the line of sight of 2.7 km s~! in the north and 2.5 km s~!
in the south, see Fig. 8. We will refer to it as "the blueshifted
component’ from now on.

These observations of the CO isotopologues thus indicate that
the Musca cloud has two more velocity components on top
of the already established velocity-coherent filament crest:
the shoulder (detected in '3CO) and the blueshifted velocity
component (detected in '>CO). These different velocities can
also be seen as a continuous velocity structure from large scale
blueshifted gas to the small scale crest which corresponds to
the reddest CO emission of the region. This generally indicates
that the kinematics in the Musca cloud is more complex than
the single velocity component of the filament crest (Kainulainen
et al. 2016; Hacar et al. 2016), and that large scale kinematics
might play an important role in the filament formation and cloud
evolution.

4.4. NANTEN2 '2CO(1-0) data

The '>CO(1-0) mapping performed by the NANTEN?2 telescope
provides a view on the large scale kinematics of the Musca fil-
ament and the ambient cloud. Fig. 12 presents channel maps of
this data set, which shows that the brightest '>CO(1-0) gas is lo-
cated at the crest and strands defined by the Herschel data.

int ity (K
in gnmy( 2

12°25730" 25700" 24730" 24700"

RA(2000)

Fig. 11. Top: Channel maps of the APEX '3CO(2-1) observations in
the northern map. The contours indicate the Herschel column densities
Ny, = 2-10*,3.5:10%! and 5-10*' cm™2. The velocity of the channel is
indicated in red at the upper left corner of every channel. It can be seen
that the velocities of the blueshifted shoulder trace the strands. Bottom:
The same for the southern map.

In the channel maps with v < 2.7 km s~!, there is also emis-

sion observed outside the filament contours. This is confirmed
with the velocity field obtained from the NANTEN?2 data in Fig.
13, which demonstrates that the blueshifted component traces a
more diffuse and extended ambient cloud that is observed in dust
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Fig. 12. Integrated intensity of NANTEN2 data over velocity intervals of 0.3 km s™!. The black contours at N, = 5-10?! cm™ from the Herschel
data indicate the center of the filemant crest. These black contours are best visible at velocities between 2.7 and 3.6 km s~! when there is '>CO(1-0)
emission towards the crest. The grey contour, at N, = 2-10?' cm™2, indicates the area that encloses the strands. It can be observed that there is
some extended emission east of the Musca filament and that the filament crest is not at the middle of the area containing the strands.

continuum emission with Herschel and in the extinction map. At
velocities between 2.7 and 4 km s~!, corresponding to the veloc-
ity of the shoulder and crest, the emission is nicely constrained
to the filament seen by Herschel as was already inferred from the
APEX data, see Fig. 12.

The NANTEN?2 observations confirm that the large scale, sur-
rounding gas of the Musca filament is mostly blueshifted. It also
confirms that smaller scale blueshifted strands can be found at
both sides of the filament crest, as was already suggested from
the APEX data. This indicates that there are local changes in the
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position of these blueshifted strands compared to the crest. The
column density profile perpendicular to the filament crest in Fig.
14 also shows that the filament crest, both in the south and north,
is not located at the center of the strands. It even shows that the
crest has a direct border with the more diffuse ambient cloud at
some locations, which results in locally asymmetric column den-
sity profiles.

Furthermore, NANTEN2 data shows that there is virtually no
CO emission in the whole Musca region that is redshifted com-
pared to the crest at 3.0 - 3.5 km s~!. This confirms the ten-
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Fig. 13. Left: '>’CO(1-0) velocity field in the Musca cloud from fitting a single gaussian to the '>?CO(1-0) NANTEN?2 data, showing an organised
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Musca filament. The white contours show the high column density region (Ny, > 2-10?") in Musca. Right: The '>?CO(1-0) linewidth from the

gaussian fitting to the NANTEN2 data.

dency already noted at small scales with the APEX data in the
two maps. In conclusion, the Musca filament and its possible
gas reservoir have an interesting asymmetric distribution both
spatially (crest concentrated in the west/north-west direction)
and kinematically (redshifted crest and strands compared to the
blueshifted large-scale).

4.5. Orientation of the velocity gradient and the magnetic
field

An organised velocity gradient over the Musca filament crest
was reported in Sec. 4.1 from C'30 observations. Here, the
orientation of this velocity gradient is compared to the orienta-
tion of the local magnetic field. For the entire Musca filament,
the magnetic field is nearly perpendicular to the filament crest
(Pereyra & Magalhdes 2004; Planck Collaboration et al. 2016c),
with a typical angle between the filament crest and the magnetic
field of 80° (Cox et al. 2016).

In order to further investigate a possible link between the
plane of the sky magnetic field orientation and the velocity
gradient in the filament crest, the magnetic field was constructed
from the Planck 353 GHz data (Planck Collaboration et al.
2016a). To reduce the noise in the magnetic field map, the I,
Q and U maps were smoothed to a resolution of 10’ (or 0.4 pc
for Musca at 140 pc) (Planck Collaboration et al. 2016b,c). The
orientation of the magnetic field was then calculated in the IAU
convention using the formulas presented in Planck Collabora-
tion et al. (2016b,c). In the area covered by the C'30O velocity
maps, the magnetic field orientation (Planck Collaboration et al.
2016c¢) and the average velocity gradient were compared in Fig.
9, showing no clear correlation. In the northern map, the angle
between the magnetic field orientation and the average velocity
gradient is 28°. In the southern map the angle is 54°. A word of
caution on this comparison: the velocity gradient is located over
the filament crest, while the resolution of the Planck magnetic
field orientation is significantly larger than the ~ 0.1 pc size of
the filament crest. It does however show that the velocity gradi-
ent over the filament crest has a significant offset compared to
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Fig. 14. Top: Herschel column density and temperature profile in the
northern map. It demonstrates an asymmetry of the column density due
to the strands. The fitted Plummer profile (excluding the strands) shows
that the strand is a dense structure directly next to the filament crest.
The standard deviation from the average value is also indicated at each
radius. A negative radius was chosen to be located east of the filament
crest. Bottom: The same for the southern map, note that the strand has
changed side.
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the large scale organised magnetic field in its close surroundings.

5. Line radiative transfer analysis
5.1. Density in Musca from radiative transfer of CO

With the non-LTE line radiative transfer code RADEX (van der
Tak et al. 2007), which uses the LAMBDA database (Schoier
et al. 2005), we investigate whether the CO isotopologue data
can provide a consistent picture for the 3D geometry of the
Musca filament. To do this, we begin with estimating the density
profile across the Musca filament. In Fig. 15 it is shown that
we can estimate the density with RADEX using the '*CO(3-
2)/'3CO(2-1) brightness ratio, after smoothing '3CO(3-2) to
the same resolution of '3CO(2-1) (here 28”), because this
ratio strongly depends on the density. In particular between
10? - 5-10* cm™, which covers the wide range of proposed
densities at the Musca crest (Kainulainen et al. 2016; Tritsis &
Tassis 2018), the ratio strongly depends on the density. We will
focus on the northern map since we only have '3CO(3-2) and
13CO(2-1) data for this location, which has a Herschel column
density up to N, ~ 6-10*! cm2, see Fig. 14.

In principle the line ratio does not depend on the abundance
of 13CO, but since both '*CO lines become optically thick
at the crest this is not completely true. However, in App. B
it is demonstrated that the varying optical depth related to
the column density or abundance variations is not the main
uncertainty for the 13CO(3-2)/13CO(2-1) ratio.

To construct the density profile, a RADEX grid of the
13CO brightness temperature ratio was created with 40 points on
a log scale between ny, = 10? and 10° cm™ for three different
kinetic temperatures: 10, 13 and 16 K. This covers the range of
Herschel dust temperatures as well as kinetic gas temperatures
put forward for Musca by Machaieie et al. (2017). The FWHM
and column density for '>CO that are used in the RADEX calcu-
lations are 0.7 km s~! and Nis¢p = 1.1-10'® cm™2, respectively,
which is obtained from Ny, = 6:102' cm™2 using [H,]/["*CO]
= 5.7-10° (from [H,]/['*CO] ~ 10* and [*COJ/["*CO] ~ 57
(Langer & Penzias 1990)). The calculated opacities by RADEX
for these models vary between 3 to 6 for *CO(2-1) and 1 to 3
for 3CO(3-2), which fits with the estimated opacities in Hacar
et al. (2016).

To invert the observed ratios with APEX to a density profile, we
will work with the Herschel temperature profile in Fig. 14. The
resulting density profile for the Musca filament is presented in
Fig. 16.

This density profile predicts ny, = 6.5+1.9-10° cm™ at
the filament crest that drops to ny, ~ 1-3-10° cm™ for the
strands, see Fig. 16. However, for the interior of the filament
crest the 13 K temperature is certainly overestimated. It was
shown by Nielbock et al. (2012); Roy et al. (2014) that the
temperature in the dense interior of different clouds is at least 3
K lower than the Herschel dust temperature on the sky. Using
a temperature of 10 K, which is actually also suggested by the
LTE study of '3CO(1-0) and C'30(1-0) by Machaieie et al.
(2017) for the filament crest, one gets a more probable typical
density in the crest of ny, = 1.3+0.4 -10* cm™.

Combining the obtained densities with the Herschel column
densities, one can estimate the size of the dense gas along the
line of sight as a function of the distance from the filament crest.
This is shown in Fig. 17, demonstrating a typical size of 0.2-0.5
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pc for the strands and a size of ~ 0.25 pc at the filament crest for
the overestimated temperature of 13 K. For the most probable
10 K temperature of the crest, we get a size of ~ 0.1 pc for the
crest. We thus get for both the filament crest and strands that
their characteristic sizes along the lines of sight are roughly
the same as their sizes in the plane of the sky, which implies a
cylindrical geometry.

The density profile from the '3CO(3-2)/'3CO(2-1) bright-
ness ratio, is compared in Fig. 16 with the predicted density
profile from fitting a Plummer profile to the filament crest in
the northern APEX map (Cox et al. 2016). This shows that
a Plummer profile provides an acceptable fit for the filament
crest. In the strands we find that the density estimate from
3CO(3-2)/*CO(2-1) is significantly higher than the density
predicted by the Plummer profile, similar to what is observed
for the column density in Fig. 14. This suggests that the strands
consist of denser gas than the surroundings, and it reinforces
our earlier proposal that the strands are additional components
on the top of the density (presumably plummer-like) profile of
the filament crest.

We also verified the overall consistency of the obtained
density results for the filament crest and strands by studying
the observed brightness of the CO isotopologues, see Tab. 1.
For the filament crest, we find that ny, = 10* cm™ and T; =
10 K reproduce the observed CO isotopologue brightnesses,
even when taking into account a 30 % uncertainty of the CO
abundance as is shown in Tab. 1. For the strands, we reproduce
the observed '3CO brightness with ny, = 10 - 3-10° cm™ and
Ty, = 15 - 18 K, however it is not possible to reproduce the
C'30 brightness of the strands with typical ['*COJ/[C'3O] ratios
around 10. This will be addressed in more detail in the next
section.

These results suggest that the kinetic temperature of the strands
and the filament crest are similar to the Herschel dust tem-
perature. Generally speaking it is found that Ty, < Ty (e.g.
Goldsmith 2001; Merello et al. 2019), but in the dense interior
of the Musca cloud Tg,s; = Ty can be expected (e.g. Goldsmith
2001; Galli et al. 2002; Ivlev et al. 2019). In the simulations by
Seifried & Walch (2016), the dust is not yet fully coupled to the
gas at the predicted densities inside the filament crest (ny, ~
10* cm™3 ), but in these simulations the dust temperature reaches
values below 10 K.

5.2. C'30 abundance drop in the strands

Studying the CO isotopologue emission in the strands, a strong
variation of the ['3CO]/[C'80] abundance ratio is observed. As
already noted, the C'*0(2-1) emission, with a typical rms of
~ 0.07 K, rapidly decreases in the strands until it is no longer
clearly detected for a single beam in the strands. When studying
the data in bins of 0.03 pc as a function of the distance from the
center of the filament crest, we always obtain a >30 detection
of C'30(2-1). This then allows to follow the rapid continuous
increase of ['*COJ/[C'30] in Fig. 18 as a function of the dis-
tance from the filament crest, showing that the ratio varies by an
order of magnitude over less than 0.2 pc. Fig. 18 displays the
evolution of the integrated line brightness ratio as a function of
the distance, which is a decent proxy for the ['?COJ/[C'80] ratio
because of the very similar excitation conditions for both lines.
This strong increase of the ['*CO]/[C!30] ratio agrees with a
weak C'80(2-1) detection at the velocity of the strands with a
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Fig. 15. Evolution of the *CO(3-2)/'3CO(2-1) brightness temperature
ratio as a function of density for realistic temperatures of the Musca
filament. The dotted curves are the functions fitted through the RADEX
results to invert the observed ratio in Musca to a density. The horizontal
lines indicate the average observed ratios for the strand and the crest in
the northern map.
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Fig. 16. In red, the density profile and its standard deviation obtained
from the 13CO(3-2)/"*CO(2-1) ratio as a function of the distance from
the filament crest for the northern map. The vertical dashed lines indi-
cate the extent of the filament crest. Note that the Herschel temperature
is too high for the filament crest such that the density will be slightly
higher than the values shown in this figure, see Fig. 15. The dotted
black line describes the Plummer density profile for the Musca filament
as derived from the column density profile using equation (1) in Arzou-
manian et al. (2011). This density profile fits with density predictions
at the filament crest, but towards the strands the density is significantly
higher than predicted from the Plummer profile. The Herschel column
density profile, in blue, is plotted on the axis on the right. When com-
paring the density profile with the column density profile, one should
take into account the different scales of the left and right axes.

brightness of ~ 0.08 K when smoothing over the area covered
by the strands, while the brightness of '*CO(2-1) in the strands
is still ~ 2.5 K, see Tab. 1.

It was shown by Zielinsky et al. (2000) that a FUV field can cre-
ate a variation of [?COJ/[C'80] as a function of the column den-
sity due to fractionation (e.g. van Dishoeck & Black 1988). With
theoretical studies of gas exposed to a weak FUV-field (~ 1 Gy),
it was shown that carbon fractionation reactions can increase the
13CO abundance up to a factor 2-3 and thus affect the CO iso-
topologue ratios, specifically at low Ay ~ 1 (e.g. Visser et al.
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Fig. 17. Estimated characteristic size for the observed '*CO emission
in the line of sight as a function of the distance (r) from the center of the
filament crest. The characteristic size is estimated combining the Her-
schel column density with the '*CO(3-2)/"*CO(2-1) density estimate
using the Herschel dust temperature (red) and a temperature of 10 K
(blue). The horizontal lines indicate the characteristic sizes in the plane
of the sky (POS) of the strands and the filament crest.

2009; Rollig & Ossenkopf 2013; Szfics et al. 2014). For C!80,
the wavelengths of the dissociation lines can penetrate deeper
into the interior of the molecular cloud because of its poor
self-shielding (e.g. Glassgold et al. 1985). Furthermore, oxygen
fractionation reactions can significantly decrease the C'*0 abun-
dance which can further increase the ['2CO]/[C'30] ratio. How-
ever, to this point, oxygen fractionation reactions have received
little attention (Loison et al. 2019).

The observations of Musca indicate that the weak FUV field
in Musca (< 1 Gg: see Paper II) might be able to significantly
suppress the C'80 abundance in the strands to [*CO]/[C'80] =
40-50 on average, see Tab. 1. Inside the filament crest we find
[*CO]/[C'80] < 10. Significantly increasing [*COJ/[C'#0] at
the crest would drop the brightness of C'80(2-1) below the ob-
served value. This confirms that the [?CO]/[C'80] abundance
ratio increases by roughly an order of magnitude over a small
physical distance (< 0.2 pc in the plane of the sky) when going
from the crest to the strands at lower Ay. In the study by Hacar
et al. (2016) of the filament crest it was already noted that there
were some indications of a drop in ['*COJ/[C!80] towards lower
Ay (< 3) areas of the filament crest. Including the strands into
the analysis, we now demonstrate that there is indeed a strong
drop of C'®0O abundance for low Ay gas in the Musca cloud.
This observation indicates that even a weak FUV field can have
a large impact on the molecular cloud chemistry of CO. The for-
mation of the dense filament crest is thus necessary for sufficient
shielding such that C'0O can form and implies that C'80 is not
a good column density tracer.

6. Discussion

6.1. A cylindrical geometry for the Musca filament crest and
strands

In Sect. 5, from 3CO line ratios, we derived estimates of the
densities for the emitting CO gas in a section of the Musca fila-
ment to be ny, = 1-3 and 6—13-10° cm ™ in the strands and crest
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crest Ny, (cm™) Ty (K) Ny, (em™) [HJ/[PCO] [“*COJ/[C"0] Tiscop-1y K)  Ticoaa K)  Teispp1y (K)
observed values 4.2 2.1 1.6
4-107T 10 10 5.7-10° 7.3 4.6 2.1 1.6
6-10%! 10 10* 5.7-10° 7.3 4.9 2.6 2.3
6-10%! 9 10* 5.7-10° 7.3 4.1 2.0 2.0
RADEX 4-10%! 11 10* 8-10° 7.3 4.8 2.2 1.5
4-10%! 13 6.5-10° 5.7-10° 7.3 6.1 3.0 1.9
3-10% 10 10* 5.7-10° 7.3 4.3 1.8 1.3
strand Ny, cm™®) Ty (K)  ng, (em™)  [H)/[®CO] [BCOJIC"®0] Tiscop-n K Ticosn K Tespp1y (K)
observed values 2.4 0.8 0.085
107 15 3-10° 5.7-10° 7.3 2.8 0.85 0.52
10! 15 2:10° 5.7-10° 7.3 2.3 0.59 0.42
10! 18 2:10° 5.7-10° 7.3 2.6 0.8 0.48
RADEX 10* 15 3-10° 3.8-10° 7.3 3.7 1.2 0.78
10! 15 103 3.8-10° 7.3 2.0 0.44 0.39
10! 15 10° 2.9-10° 7.3 24 0.59 0.52
10! 15 10° 1.9-10° 7.3 3.0 0.84 0.74
10! 15 3-10° 5.7-10° 40 2.8 0.85 0.10
10! 15 3-10° 5.7-10° 50 2.8 0.85 0.08

Table 1. Top table: Results of several RADEX calculations for the filament crest using a FWHM of 0.5 km s!, and with varying column
densities, temperatures and [H,]/['*CO] abundance ratios. The predictions closely match the observed brightness towards Musca filament crest for
ny, = 10* cm™ and T, = 10 K, in particular when working with N, = 4-10%! cm~? which is the column density that is associated with filament
crest. The presented observed brightness is obtained from the average spectra at Ny, > 3-10*! cm™. Bottom table: RADEX calculations for the
strands with varying abundances for '3CO and C'®0. The [H,]/['*CO] abundance ratio is varied up to a factor 3, supported by theoretical models,
and the [*COJ/[C'80] abundance ratio is varied to obtain results consistent with the observations. It demonstrates a high average ['*CO]/[C'?0]
abundance ratio (~ 50) in the strands. The presented observed brightness is obtained from the average spectra at Ny, < 3-10*! cm™2. The observed
brightness towards the strands generally matches predictions using ny, = 103-3-10% and T = 15-18 K.
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Fig. 18. Evolution of the *CO(2-1)/C'®0(2-1) integrated brightness
ratio as a function of distance from the filament crest in the northern
map, showing a rapid increase as a function of the distance. It shows
the average ratio for the values in each distance bin of 0.03 pc with the
uncertainty related to the noise.

respectively. Using the Herschel total column densities towards
the same directions (crest and strands), and assuming the stan-
dard CO abundance and gas/dust ratio, we then obtained the typ-
ical sizes on the line of sight for the crest and strands: 0.1-0.2 pc
for the crest and 0.2 — 0.5 pc for the strands. This is very similar
to their respective sizes projected on the sky. This clearly shows
that both the strands and the crest are not more elongated along
the line of sight than their transverse size in the plane of sky.
Our CO observations therefore confirm that the Musca crest and
strands correspond more to a filament, i.e. a cylindrical struc-
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ture, than to a sheet seen edge-on as proposed in Tritsis & Tassis
(2018). The 0.1 — 0.2 pc line of sight size of the crest is clearly
in disagreement with the proposed 6 pc size in Tritsis & Tassis
(2018) to explain the regular pattern of striations observed in the
Musca cloud with MHD waves.

Looking carefully at the Herschel maps in Cox et al. (2016)
we actually see that the striations are not necessary originating
from the crest of the filament as assumed in Tritsis & Tassis
(2018). The striations are indeed seen over an extended region
of ~ 2 X 4 pc around the crest (see Fig. 2 in Cox et al. (2016)),
that we here refer to as the ambient cloud. It could thus come
from some extended, more diffuse gas around the filament.

For the immediate surroundings of the crest seen in our
APEX maps, we also get a density from CO which points to
sizes along the line of sight not larger than ~ 0.5 pc only. This
is still far from the 6 pc required to explain the striations with
the magnetohydrodynamic waves. On the other hand our APEX
CO study is limited to only the most nearby regions of the crest,
of the order of ~0.2 pc. At larger scale, the ambient cloud sur-
rounding the filament could have a line of sight size up to 6 pc,
and could then host the striation pattern. Using the typical ob-
served column density of N, = 1 —3-10?! cm~2 in the direction
of the strands, and assuming all this column density could be
due to the surrounding ambient cloud, we would get for a line
of sight length of 6 pc a typical density for this medium as low
as ~ 50 — 150 cm™. Such low densities might actually not be
visible in CO and may correspond to some surrounding CO dark
gas.

In conclusion, our CO observations clearly show that the
densest region (crest and strands) of Musca is mostly a cylindri-
cal filamentary structure. The striations are either not related to
the proposed MHD vibrational modes of Tritsis & Tassis (2018)
or these modes, if they require a depth of 6 pc, have developed
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in the extended ambient, probably CO-dark low density medium
(~ 50 — 150 cm™3) surrounding the Musca filament.

6.2. Continuous mass accretion on the filament crest in
Musca

The velocity structure of the Musca filament crest, displayed in
Fig. 9 and that of the surrounding strands, traced with *CO(2-1),
clearly indicates that in both APEX maps velocity gradients from
blue-shifted extended gas to red-shifted dense gas are mono-
tonic. These continuous gradients are a hint of slowing down of
the large scale gas reaching the crest, and then point to accretion.
Interestingly enough these monotonic gradients have an op-
posite direction at both observed locations, see Fig. 9, similar
to what was observed for instance in the massive DR21 ridge
(Schneider et al. 2010). In DR21 this behaviour was proposed
to be the result of a global collapse with inflowing subfilaments
driving the velocity gradients.
Studying the location and velocity of the strands in the observed
APEX maps, we found that the strands have changed side of the
filament from our point of view, see Fig. 14, while at both loca-
tions the velocity of the strands are blueshifted, see e.g. Fig. 11.
The blueshifted part of the filament crest velocity field, traced
by C'30(2-1), is always located at the side where the blueshifted
strands connect with the filament crest, which strongly suggests
a link between the velocity gradient over the filament crest and
the immediate surrounding blueshifted strands. These observa-
tions point to a scenario where the strands are being accreted on
the crest. As it is possible that this mass accretion is not exactly
fixed on the filament axis, it can also deposit angular momentum
inside the filament which could contribute to the C'30(2-1) crest
velocity field. This is schematically shown in Fig. 19.
Velocity gradients perpendicular to filaments have been found in
other clouds as well, e.g.: DR21 (Schneider et al. 2010), IRDC
18223 (Beuther et al. 2015), Serpens (Dhabal et al. 2018; Chen
et al. 2020) and SDC13 (Williams et al. 2018). In these stud-
ies, the observed velocity gradients have also found to be possi-
ble indications of mass accretion by the filament from inflowing
lower-density gas. However, the interpretation is often compli-
cated by e.g. the presence of multiple velocity components (e.g
Schneider et al. 2010; Beuther et al. 2015; Dhabal et al. 2018).
In the southern map of Musca there is a hint of a second compo-
nent in C'80, but in the northern map the emission only shows
a single velocity component which experiences the velocity gra-
dient. This strongly suggests that the velocity gradient in Musca
is indeed a mass accretion signature.

6.3. A Hicloud-cloud collision scenario to form the
Chamaeleon-Musca complex?

We obtain a scenario where the dense Musca filament is contin-
uously accreting mass from large scale inflow, which fits with
observed indications of filament accretion shocks towards the
Musca filament in Paper II. Here we will study the large-scale
kinematics of the Chamaeleon-Musca complex to constrain the
mechanism that drives the continuous mass accretion of the
Musca filament and thus is responsible for the formation of the
Musca filament.

6.3.1. A 50 — 100 pc coherent cloud complex in CO and Hi

The results of the NANTEN CO survey of the Chamaeleon-
Musca region in Mizuno et al. (2001) show the existence of a

Northern map Southern map

). (&

our point of view

Fig. 19. Schematic illustration of the proposed accretion scenario re-
sponsible for the velocity gradient over the crest, possibly also related
to some angular momentum deposition due to an accretion impact pa-
rameter, as seen from above the filament. The blue arrow indicates the
motion of the strands compared to the crest from our point of view and
the black arrows indicate the possible velocity field over the crest which
is responsible for the observed velocity gradient.

well-defined velocity (-1 to 6km s~') and spatially coherent CO
complex extending over roughly 20° x 24°, i.e. 35 — 40 pc at 90
pc to 70 — 80 pc at 190 pc while the analysis of GAIA data to-
wards the CO clouds Cha I, II, III and Musca indicates walls of
extinction ranging from 90 to 190 pc along the line of sight. This
suggests that the global CO gas and the well known clouds Cha
I, II, IIT and Musca are parts of a single complex of size 50 to
100 pc in projection and along the line of sight.

To go one step further, we investigated the atomic hydrogen
(Hr1) 21 cm line from the Galactic All Sky Survey (GASS) with
the Parkes telescope (McClure-Griffiths et al. 2009; Kalberla
et al. 2010; Kalberla & Haud 2015) towards the Chamaeleon-
Musca region. The data has a spectral resolution of 0.8 km s~!
and a spatial resolution of 16" (~ 0.65 pc). This does not resolve
CO clouds individually, but we find in Fig. 20 that the H1 spectra
have central velocities ranging from —2 to 5km s~! for the CO
clouds. In Fig. 21 we show in the upper map the H1integrated
emission between -10 and 10 km s~! with contours of the Planck
brightness at 353 GHz which indicates that there is a good
spatial coincidence between Hr1and extended dust emission
for the Chamaeleon-Musca complex. Fitting a gaussian to the
Hi1spectra, we obtain a velocity field which is mapped in the
lower map of Fig. 21. It shows that the whole complex displays
a global velocity gradient from (slightly south) east at —2km
s™! to (slightly north) west at +5km s~! which corresponds
well to a similar '2CO east-west gradient along a filamentary
feature ~ 15° long (i.e. 37 pc long in projection at 140 pc;
Mizuno et al. 2001) which is also seen in Planck dust emission.
Note that the magnitude of this gradient is similar to what was
found for giant molecular clouds in M33 and MS51, for which
it had been proposed that it would be related to galactic pro-
and retrograde rotational motion (Braine et al. 2018, 2020). The
global velocity field in the Chamaeleon-Musca complex might
thus also be linked to some galactic rotation. However, here
it would then be retrograde motion unlike clouds in M33 and
MS51 which are mostly found to be prograde. While the velocity
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Fig. 20. H1 spectra averaged towards Cha I, Cha II, Cha III, the eastern
region of the Chamaeleon cloud and Musca. The dashed vertical lines
give the 12CO velocities of the dense regions Cha I, Cha II, Cha III and
Musca (Mizuno et al. 2001). This shows that the dense gas traced by
12CO for all regions is redshifted compared to their H1 emission, iden-
tical to what is found for the filament crest of Musca when comparing
12CO and C™0.

gradient in Hiover the region is roughly identical to that of
CO, the Hilinewidths of ~ 5-6 km s~! are slightly larger than
the linewidths in CO (2 to 2.8 km s~! in Mizuno et al. (2001),
as expected if the turbulent motions in Hriare driving the CO
motions as proposed for instance in numerical simulations of
cloud formation by Koyama & Inutsuka (2002).

It is therefore clear that a coherent cloud complex exists con-
necting all known CO clouds of the region (Cha I, II, II and
Musca) as well as a few additional more diffuse CO clouds such
as Cha East and smaller CO clouds discussed for instance in
Mizuno et al. (1998).

6.3.2. Dense gas mostly red-shifted in Chamaeleon/Musca

Studying the CO isotopologues towards Musca, we found that
the dense filament crest, traced by C!30, is at redshifted veloc-
ities compared to the molecular ambient cloud traced by '2CO
(Sect. 4.4). With Hi1, it is possible to study the kinematics of
the even lower density and larger scale ambient gas. Inspecting
the average H 1 spectrum towards the Musca cloud in Fig. 20, we
found that the NANTEN2 '2CO emission also appears redshifted
compared to Hrin the same way as C'30 compared to '2CO at
smaller scale in Fig. 8. This demonstrates that denser gas in the
Musca cloud is systematically redshifted from low density, large
scale atomic and molecular gas down to the Musca strands and
filament crest.

In Fig. 21, we plot the individual H1 spectra (in red) of the
Chamaeleon/Musca clouds (Cha I, Cha II, Cha III, Cha East and
Musca) together with their '>CO velocities reported in Mizuno
et al. (2001) (dashed lines) in comparison with the globally av-
eraged H1spectrum (in blue). We see that while the individual
Hispectra are equally present in the blue and red-shifted parts
of the average H1spectrum, the CO gas tends to be mostly in
the red-shifted part and is basically always red-shifted com-
pared to the individual H1spectra towards each regions. This
suggests that the velocity asymmetry of the dense gas, being
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mostly red-shifted, seen towards Musca is a general trend for the
whole Chamaeleon/Musca cloud complex. Combining this with
the identical redshifted asymmetry at small scales for Musca
suggests a dynamical coherence in the complex, i.e. similar kine-
matic asymmetry, from the H1 cloud with a size of ~ 50— 100 pc
down to ~ 0.1 pc around the Musca filament crest. This puts
forward a scenario where the mass accretion of the dense (star
forming) gas, which was in particular proposed based on the ve-
locity gradients over the filament crest, in the complex is directly
related to this large scale, and asymmetric H1/CO kinematics of
the full complex.

We conclude that the local kinematic asymmetry observed
towards Musca is observed for the whole complex and individ-
ually for each CO cloud of the complex. This suggests that the
region corresponds to a single event of cloud formation. We ar-
gue in the following subsection that a H1cloud-cloud collision
event can explain the kinematic asymmetry, which can fit with
the observed indications of more than one velocity component
in several H1 spectra.

6.4. Asymmetric inflow guided by the magnetic field in a
H 1 cloud-cloud collision?

The asymmetry in velocity between low and high density gas
at all scales is difficult to explain with a classical view of an
isotropic injection of turbulence at large scales. In this view,
the velocity streams would be on average equally blue and red-
shifted. In contrast, any scenario based on a (H1) cloud-cloud
collision can easily introduce asymmetries if the two clouds in
collision have different initial properties and substructure, which
is actually expected and natural. In the case of a (H1) cloud-
cloud collision with some primordial density substructure, nu-
merical simulations show that such a collision is prone to con-
centrate the pre-existent structures (e.g. Inoue & Inutsuka 2012;
Inoue & Fukui 2013; Inoue et al. 2018; Iwasaki et al. 2019).
This concentration of matter can originate from a locally curved
magnetic field leading to dense structures perpendicular to the
magnetic field. This would fit with the generally accepted view
that inflows towards the dense filaments are guided by the mag-
netic field (e.g. Banerjee et al. 2009; Soler et al. 2013), possibly
in the form of striations (Palmeirim et al. 2013; Cox et al. 2016).
This (Inoue) mechanism is based on the fact that when a shock
wave impacts a slightly denser structure, the local magnetic field
is bent around the structure and then channels the streams of gas
(through an oblique shock; see Fig. 22a) towards the apex of the
bent which is then rapidly the densest part of the original struc-
ture (Inoue & Fukui 2013; Vaidya et al. 2013).

Interestingly enough such a bent of the magnetic field by a
shock in the Inoue mechanism naturally predicts a spatial and
kinematic asymmetry of the dense structure with the densest
region, the filament crest, being concentrated on the front
side of the original structure. Fig. 22 illustrates how such a
scenario could explain the described kinematical asymmetry
of Musca as well as the indicated spatial asymmetry in Sec.
4.4. The Musca filament/crest would trace this front side of
the original structure which has been concentrated by favored
channelling parallel to the bent magnetic field (see the sketch
in the right panels of Fig. 22). This dense structure is also the
most slowed down gas by the opposite stream of gas from the
red-shifted Hi1cloud (see panel (b) of Fig. 22). It would explain
why all dense CO structures in the region appear red-shifted as
they would be the most sensitive to the dragging force of the
opposite flow of gas from the colliding red-shifted H1 cloud.
If globally Hris dominated by the blue-shifted H1 gas, this
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Fig. 21. Integrated H 1 map (top) and the velocity field (below) of the Chamaeleon-Musca complex from fitting a single gaussian to the H 1 spectra,
with overplotted Planck brightness contours at 353 GHz. The blue contours highlight the dense Chamaeleon molecular clouds and the Musca
filament, while the black and grey contours indicate the more extended continuum emission from Planck. Around the two maps, the average
H1spectrum of the full complex and its peak emission (blue) is compared with the local H1 spectrum (red) and velocity of the CO gas (black
dashed line) (Mizuno et al. 2001) from the selected dense region (Cha I, Cha II, Cha III, Cha East and Musca). In the lower right figure, the '2CO

velocity field from the NANTEN 2 data is shown.

would explain the tendency to have the Hispectrum slightly
blue-shifted compared to the CO gas of all molecular clouds
in the Cha/Musca region. In this scenario the magnetic field
would channel the pre-existent mostly blue-shifted structure
and its immediate surroundings, while slightly slowing down
and becoming more red-shifted and therefore allowing for more
accretion of faster blue-shifted gas from behind. The orientation
of this organised inflow by two intersecting sheet-like structures

could then explain why most CO emission is observed east of
the filament. This scenario has the advantage to explain both the
spatial and velocity asymmetries, and to explain the fact that the
magnetic field is perpendicular to the filament/crest.

In particular, this bending of the magnetic field would

lead to an observable signature in the PV diagram of the Musca
cloud. This signature is displayed in Fig. 22 and in Fig. 16 from
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Fig. 22. Proposed sketch, observed from above the Musca filament, to explain the spatial and kinematic asymmetries of Musca originating from
a Hicloud-cloud collision event (blue and red dashed arrows) following the Inoue scenario (see panel (a) Inoue et al. (2018)). The asymmetry
between CO and H1could be due to the effect of compression of a clump in a cloud-cloud collision. The resulting bent of the magnetic field
(blue lines) drives the gas towards the apex along the magnetic field, leading to a concentration of the mostly blue-shifted but slowed down (i.e.
becoming red-shifted compared to the local mostly blue-shifted H1 gas) CO gas (B driven concentration, panel (b)). Later on, the self-gravity of
the strong concentration of matter (filament crest) can curve the concentration flows (see panel (c)) continuing the accretion onto the crest while
magnetic field slowly drifts through the crest. The crest would then be in equilibrium between an asymmetric accretion and the tension of magnetic
field. The progressive slowing down of the accretion flow, observed in the strands, from the bluest gas to the crest velocity could be partly due to
magnetic pressure (the flows get less aligned with the magnetic field as self-gravity starts to take over) and perhaps some contribution from the
turbulent pressure as it gets close to the crest (see Sect. 6.6). Seen from the side, the magnetic field would naturally appear perpendicular to the
crest of the filament as observed.

Arzoumanian et al. (2018). Specifically, the kinematic signature  6.5. Inhomogeneities in the inflow driven by local gravity or
consists of a ”V-shape” for the inflowing molecular cloud with large-scale dynamics?

the densest gas at the apex of this V-shape. A V-shape in the . . )

PV diagram was reported by Arzoumanian et al. (2018) for a While the. Inoue scenario may well explain the observgd lopal
filament in the Taurus molecular cloud. Fig. 23 shows the PV~ asymmetries towards the Musca filament, the change of direction
diagram of the Musca cloud from the NANTEN?2 data. This PV for the velocity gradient along the filament discussed in Sect. 6.2

diagram shows exactly such a V-shape, with the C!80 velocity might be more difficult to explain with this scenario alone. We
of the filament crest at the apex of this V-shape. note however that numerical simulations such as the ones pre-

sented in Clarke et al. (2017, 2018) reproduce very well this be-
haviour (see also simulations presented in Schneider et al. 2010
to explain similar features in the DR21 filament/ridge). These
simulations consist of a cylindrical converging flow which pro-
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Fig. 23. PV diagram as a function of the distance from the center of the
Musca filament for the '*CO(1-0) emission from the NANTEN? data.
The red line follows the velocity with maximal brightness as a function
of the distance from the filament crest. The PV diagram shows the
expected V-shape from the Inoue scenario with respect to the velocity
of the dense filament crest (Hacar et al. 2016) which is at the redshifted
apex of the V-shape.

duces an accreting dense filament. Turbulence in the flow leads
to inhomogeneities in the accretion and substructures in the fil-
ament with accretion flows which are not always landing on
the filament from the same side of the crest. The simulation in-
cludes hydrodynamics, self-gravity, a weak FUV-field (1.7 Gy),
and heating and cooling coupled with non-equilibrium chem-
istry. This allows for the self-consistent formation of CO and
thus the production of synthetic CO observations as shown in
Fig. 24, which present an RGB image from the simulation that
highlights the locations of the blue- and redshifted mass reser-
voir around the dense filament. These synthetic observations in-
dicate that there is no clearly separated blue- and redshifted mass
reservoir close to the filament crest, but rather that the location
of the dominant inflowing mass reservoir alternates to each side
of the filament as a consequence of the turbulence in the inflow-
ing mass reservoir (Clarke et al. 2017, Fig. 24). The simulations
demonstrate that in a cylindrical area close to the filament there
can be large local position variations of the converging flows
towards the filament. In Musca this relatively cylindrical area
has a size of the order of 0.4 pc, covering the filament crest and
strands.

We conclude that these inhomogeneities in the inflow
can be expected at least in a non-magnetic case (the above
discussed simulations do not include magnetic field). It is not
clear though what is the main driver of these local variations of
the converging flows in Musca. Including the possible role of
magnetic field, it can either originate purely from the original
kinematic fluctuations from large scales, forcing the magnetic
field guidance or could be partly due to self-gravity close to the
crest which could decouple the gas inflow from the guidance
of magnetic field allowing for these variations along the filament.

Fig. 24. RGB image using '2CO(1-0) synthetic observations (red: 0.5 to
2kms™! & blue: -2 to-0.5 km s~') and '*CO(1-0) synthetic observations
(green: -0.5 to 0.5 km s™') of the simulations in Clarke et al. (2018). The
white contour encloses the region with integrated C'30(1-0) brightness
> 1 K km s~'. This shows that close to the filament the direction of the
velocity gradient can change, similar to what is observed in Musca, as
a result of turbulent motions.

6.6. A two step scenario: B driven followed by a gravity
driven and B regulated accretion

As shown in the previous section thanks to numerical simula-
tions, self-gravity of the filamentary structure may explain the
changing direction of the velocity gradients along the crest of
the filament. We may then have a situation as shown in panel (c)
of Fig. 22 where there is a transition from the B (magnetic field)
driven concentration to a gravity driven accretion regime close
to the crest. This may correspond to the region of the strands
where we observe a smooth *CO velocity gradient from 3.1 to
3.5kms~! and from 2.7 to 3.1 km s~! for the northern and south-
ern APEX maps, respectively. The progressive slowing down of
the blue-shifted gas to the velocity of the crest could then be due
to the need to cross some magnetic field lines to reach the crest.
Indeed, close to the crest where the self-gravity of the crest is
maximal, the magnetic field should slowly drift through the fila-
ment crest in the Inoue scenario (Fig. 22) as it is dragged by the
larger scale pressure from the red-shifted gas. So we would have
a scenario where the gas is accelerated by gravity but slowed
down by magnetic pressure to reach the up-stream crest.

Alternatively in Shimajiri et al. (2019) for the B211/3 fila-
ment in Taurus, gravity was claimed to accelerate gas from large
to small scales, and with a slowing down of velocities close to
the crest being due to a large turbulent pressure (up to an order
of magnitude larger than the thermal pressure). To obtain a fit to
the data, they had to assume that the whole CO linewidth would
represent an effective turbulent pressure. In Musca in the APEX
and NANTEN2 maps we see that the global velocity dispersion
appears to be dominated by bulk motions with velocity gradi-
ents, and not by isotropic turbulence. We easily expect that at
higher spatial resolution an even larger fraction of the linewidth
is due to bulk motions rather than to isotropic turbulence. Also
we note that the velocity dispersion (expressed in o) is much
smaller in Musca compared to B211/3. Instead of 0.9 km s~!
for B211/3, we obtain a maximal o = 0.4 to 0.5km s~! over
the whole region for Musca in the NANTEN2 '2CO data (e.g.
Fig. 13), and even down to o ~ 0.2km s~! close to the crest in
the 3CO APEX data. The possible deceleration thanks to a pos-
sible contribution of the turbulent motions to pressure in the im-
mediate surroundings of the crest is therefore reduced in Musca
compared to B211. Since the gravitational acceleration in Musca
is also reduced (lower mass filament) it is not possible to firmly
reject some effect of the turbulent pressure effect, but we point
out here that our scenario can explain the observed deceleration
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without heavily relying on an hypothetical full conversion of CO
linewidth into effective sound speed such as in Shimajiri et al.
(2019) for B211/3. Altogether we may actually have a mixture
of magnetic and turbulent pressure to explain the deceleration of
the accretion flow onto the crest.

We finally note that our scenario might also explain the ge-
ometry and velocity field of the B211/3 filament. This filament
shows an asymmetry between the blue- and redshifted sides of
the accretion flow, and also displays a V-like shape in the PV
diagram (Shimajiri et al. 2019). The proposed angle of 130° be-
tween the two sheets in Shimajiri et al. (2019) could actually
trace the bent of the magnetic field in the Inoue scenario.

6.7. The physical scale of dominant self-gravity

Here we compare the typical observed relative motions between
the crest and the surrounding gas with the expected self-gravity
velocities to discuss at which scale gravity may be responsible
for the observed relative motions. In Chen et al. (2020) it is pro-
posed to use the non-dimensional parameter C, to differentiate
between gravity-driven mass inflow and other sources of motions
(shock compression in Chen et al. 2020), with C, expressed as

2
Av;

&= G ML

ey
where Avy, is half of the velocity difference over the filament and
M(r)/L the mass per unit length at the distance r from the center
of the crest.

On large scales, the velocity difference between the filament
and the CO gas reaches values of the order of 1 km s~! at both
sides of the filament crest, see Fig. 23. With a mass per unit
length of 15.6 M, pc™! (22.3 M, pc™! corrected to d = 140 pc)
for the Musca filament, this corresponds to C, = 15. At the pc
scale, the kinematics are thus not dominated by the self-gravity
of the filament. In other words the actual crossing time is clearly
smaller than the free-fall time from the self-gravity of the fila-
ment. At the 0.4 pc scale of the strands, we still have a velocity
difference of ~ 0.4 km s™! leading to C, = 2.4. This suggests that
self-gravity may start to play a role but is not dominant yet. At
the scale of the filament crest with a velocity difference of 0.2
km s~! we obtain C, = 1.1. We thus find that gravity may indeed
take over from the large scale motions at sub-pc scales, reinforc-
ing our proposed scenario in 2 steps with a B-driven followed by
a gravity driven accretion when matter is reaching the crest of
the filament at sub-pc scale.

When we apply the C, criterion to study the importance of
self-gravity for the B211/3 filament, we similarly found large
values of C, at the pc scale, and at the sub-pc scale close to the
crest that C, could be approaching a value of 1. The velocities
of the large scale flows in B211/3 are found to be typically 2-3
times larger than in Musca at the same distances from the crest
while the M/L value is roughly 3 times larger (54 My, pc™'). C,
is therefore found to be typically 2-3 times larger in B211/3 at
large scales.

6.8. Future star formation in the Musca filament

In this paper we proposed that a large scale colliding H1 flow,
forming the Chamaeleon-Musca complex, could be at the
origin of the proposed mass accretion on the Musca filament
crest. Here, we will investigate whether such continuous mass
accretion can eventually lead to star formation in the Musca
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filament.

In the NANTEN2 data, most molecular gas traced by '>CO is
present in the filament and in a structure east of the filament
which has a relative velocity of -0.5 to -1 km s~' compared
to the velocity of the filament. Using simple assumptions we
will now estimate a time scale for accretion of this gas on the
filament. We will assume a projected inflow velocity in the plane
of the sky of 0.7 km s~! towards the filament, while the distance
perpendicular to the crest of this 2CO emission is generally
of the order of 0.5 to 1 pc. It would thus require roughly 0.7 -
1.4 Myr for the nearby ambient cloud within this radius to be
accreted on the filament/strands. Then there are the strands at a
velocity of -0.4 to -0.5 km s~! along the line of sight compared
to the filament crest. These strands are present from the edge of
the filament crest up to a distance of ~ 0.4 pc. At this velocity,
the accretion of these strands on the filament crest would take
close to 1 Myr. The filament crest has a velocity gradient, with a
maximal velocity difference of 0.15 to 0.2 km s~!. This results
in a similar crossing timescale for the filament crest of 0.7
Myr. However, one should note that this velocity gradient is not
necessarily related to dispersion of the filament, and that the
increasing role of gravity will confine the filament such that this
timescale is a lower limit.

Similar to Palmeirim et al. (2013) we can estimate the
mass accretion rate per unit length on the filament at R = 0.4 pc.
For this we need a density estimate at R = 0.4 pc. Here we use
the same approach as Palmeirim et al. (2013) by extracting the
density from the fitted Plummer model to the averaged Musca
filament (Cox et al. 2016). This results in a mass accretion
estimate of 14 Mg pc™! Myr~!'. With this mass accretion rate
it would roughly take 1 Myr to accrete the amount of mass
already present in the Musca filament. Based on the estimated
mass accretion rates and time scales, we find that strands can
be provided with sufficient mass from the more extend ambient
cloud during the timescale of their accretion on the filament
crest. This allows for a continuous mass accretion on the Musca
filament.

Several theoretical studies have investigated the collapse
timescales of non spherical structures (e.g. Burkert & Hartmann
2004; Toala et al. 2012; Pon et al. 2012; Clarke & Whitworth
2015). To estimate the longitudinal collapse timescale of
the Musca filament, we will use the formula from Clarke &
Whitworth (2015):

teon = (0.49 + 0.26A0)(Gny,) " @)

Where Ag is the initial aspect ratio, which is 54 using a half
length of 3 pc and a radius of 0.056 pc for Musca (Cox et al.
2016, corrected to d = 140 pc), G is the gravitational constant,
and for ng,, the molecular hydrogen gas density we use 10*
cm3. This results in a timescale of 9.2 Myr, which is roughly an
order of magnitude larger than the estimated accretion time scale
for the large scale inflowing mass reservoir. This lifetime for lon-
gitudinal collapse is a lower limit because of possible magnetic
field support.

We thus find a scenario where the Musca filament crest is a long-
lived filament because it is a coherent structure with sufficient
continuous mass accretion which is driven by the bending of the
magnetic field due to the large scale colliding H1 flow that forms
the Chamaeleon-Musca complex. As this provides a sufficient
amount of mass for Musca to become supercritical before it is
dispersed, gravity starts playing a more important role in further
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confining the filament. The future continuous mass accretion,
which might be increasingly driven by gravity, could further in-
crease the density in the filament. This can lead to further frag-
mentation of the Musca filament, which has started in several
regions of the filament (Kainulainen et al. 2016), to form pre-
stellar and protostellar clouds in a dynamic filamentary structure.

7. Conclusion

We have presented APEX observations of CO(2-1) isotopo-
logues towards the Musca filament crest and the strands. This
data was complemented with NANTEN2 observations of
12CO(1-0) covering the full Musca cloud. We find that C'30
traces the filament crest, 3CO the strands and '2CO the more
diffuse ambient molecular cloud. The main results of this study
can be summarized as follows:

- GAIA star reddening data suggests a distance of 140 pc
for Musca, but we note that there might already be some
reddening at ~ 100 pc.

- Modelling the CO lines with non-LTE line radiative transfer
favors a scenario where Musca crest is a compact filament with
a central density ny, ~ 10* cm™ at Tx ~ 10 K, and where the
strands are an independent feature, consisting of dense gas (with
ng, ~ 103-3-10° em™ at Tx ~ 15 K) that is connected to the
filament crest.

- We report a sharp increase of the [3CO)/[C'® 0] abun-
dance ratio by roughly an order of magnitude over a small
distance (< 0.2 pc) at Ay < 3. This occurs in a weak ambient
FUV field (< 1 Gy) and indicates C'30 is a limited column
density tracer.

- We confirm that the filament crest is a velocity-coherent
structure, and also demonstrate that there are transverse velocity
gradients over the velocity-coherent filament crest with a
magnitude similar to the transonic linewidth of the filament
crest.

- The ambient cloud contains a significant amount of blueshifted
gas along the line of sight with respect to the filament crest,
while there is a lack of redshifted gas with respect to the filament
crest.

- We observe a link between the transverse velocity gradi-
ent over the filament crest and the location of the blueshifted
strands, indicating that the strands are accreted on the filament
crest and that the velocity gradient is a signature of this accretion
which possibly also deposits some angular momentum in the
crest.

- We find a kinematically coherent asymmetry from the ~
50 pc Hicloud down to the Musca filament crest as well as
an asymmetric column density profile for the Musca cloud,
indicating that the large scale evolution of the Chamaeleon-
Musca complex is directly related to the formation of the Musca
filament and that the asymmetry contains essential information
on the physical process responsible for dense gas formation in
the region.

- The PV diagram of the Musca cloud traces a V-shape
with the filament crest located at the redshifted apex of this
V-shape.

Combining all data, we propose that the Musca filament
crest is a long-lived dynamic filament because it is a coherent
structure that is continuously replenished by inflowing gas. This
mass accretion is driven by the colliding Hi1flow that forms
the Chamaeleon-Musca complex and can eventually lead to
the formation of protostellar cores embedded in this dynamic
filament. This colliding flow in Chamaeleon-Musca is the result
of a magnetised low-velocity H1cloud-cloud collision that
produces the observed asymmetric accretion scenario, seen as
a V-shape in the PV diagram, driven by the bending of the
magnetic field.
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Appendix A: Distance of the dense
Musca-Chamaeleon clouds

With the recent GAIA DR2 (Gaia Collaboration et al. 2018)
data release, a vast amount of information on nearby stars in
the Galaxy has become available. This makes it possible to esti-
mate the distance of interstellar clouds by studying the redden-
ing they cause on background stars of these clouds (e.g. Zucker
et al. 2019; Yan et al. 2019). To estimate the distance of Musca,
a region in the sky centered on the Musca filament with a ra-
dius of 80" (~ 3 pc at a distance of 150 pc) was selected in the
GAIA catalog, see Fig. 1. In this region, all stars with a calcu-
lated reddening (Andrae et al. 2018) and a distance < 250 pc
were selected. This results in a total of 223 stars found that can
be used to estimate the distance of Musca. Because there can be
foreground reddening we only select the stars that are located in
the Planck 353 GHz map above a threshold (Yan et al. 2019).
Inspecting the Planck map by eye, a threshold of 0.006 K,
was used. The idea behind the method is that the presence of the
Musca cloud should give rise to a jump in reddening at a certain
distance. The plot of the reddening as a function of the distance
shows indication of such a jump at a distance of 140 pc, suggest-
ing the presence of the Musca cloud. However, it can be noted
that there already is reddening for a few stars before 140 pc. This
generally starts at a distance of 90-100 pc and might indicate the
presence of some gas that is more nearby than the Musca fila-
ment/cloud. Note that there generally is significant uncertainty
about the reddening calculated in the GAIA catalogue (Andrae
et al. 2018), such that this reddening effect before 140 pc might
appear larger than it actually is. Fig. 5 shows that the nearby stars
(< 140 pc) with high reddening are located all over the map. This
could imply that this is not the result of nearby gas concentrated
in a small region, but that such nearby gas might be present over
a larger area which could be related to the Chamaeleon-Musca
complex. The same approach was used for Cha I, Cha II and Cha
III, suggesting a distance of 180-190 pc, see Fig. A.1, which is
consistent with the results from Zucker et al. (2019).

Appendix B: The 13C0O(3-2)/13CO(2-1) uncertainty

To estimate the average density along the line of sight in the
Musca filament and make an evolution versus distance from the
filament crest, we have studied the ratio of 3CO(3-2)/'3CO(2-
1). Here, we will check the dependence of the density estimate
on the width of the line and the column density of the line.

To study the impact of a change in width, the same setup as
in section 5.1 was run, but this time with a FWHM of 0.5 km
s~! (which is the minimal FWHM over the entire map). To
study the impact of the column density, the setup from section
5.1 was retaken but this time with Ny, = 4-10*' cm™2 (or 33%
less than the maximal column density used in section 5.1). The
impact of these changes are plotted in Fig. B.1. When one has
a fixed 3CO(3-2)/'3CO(2-1) ratio, for a lower column density
this would result in a slightly higher density of the gas. The
opposite is true for the FWHM: when the FWHM is lower for a
fixed *CO(3-2)/'*CO(2-1) ratio, the density for this ratio will
be slightly lower than for a higher FWHM. When comparing
the variation of the ratio as a function of density for a different
FWHM or column density with the variation related a different
temperature in Fig. B.1, it is found that the variation related to
the temperature is larger than the variation related to the FWHM
or column density. Furthermore, the FWHM and column density
values used in section 5.1 are both relatively high for the strands
located around the filament such that for both parameters a
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Fig. A.1. Top: Reddening as a function of distance for stars in the area
covered by Cha I. As in Fig. 5, the red points are located at the high
density region of the cloud. This shows that the reddening experiences
a strong jump around 180 pc as was found in Zucker et al. (2019). The
other two vertical lines in the plots indicate a distance of 100 and 140 pc.
Bottom: The same for the region Cha II and Cha III together, showing
a reddening jump at 190 pc.

lower value might be more accurate. But the above analysis
indicates that the effect of lowering the FWHM and column
density at the same time might roughly cancel out due to their
opposite impact on the ratio. The estimated densities in the
strands might thus be reasonable as well. This is confirmed
when using the obtained estimates for the density in the strands
and filament from the above model to characterise the gas in
these components. The intensity of the observed lines towards
Musca are reproduced for temperature and column densities
that can be expected from Herschel. This provides further
confidence that the density estimates might be relatively good.
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Fig. B.1. Top: Impact of a lower column density, namely Ny, = 4-10?!
cm? (indicated with 1. c.) instead of Np, = 6-10*' cm™2, on the *CO(3-
2)/"3CO(2-1) ratio as a function the density. Bottom: The impact of
a lower FWHM (0.5 km s7! instead of 0.7 km s™!) on the 3CO(3-
2)/"3CO(2-1) ratios as a function of the density. For both the width and
the column density, their impact is plotted for 3 different temperatures:
10 K, 13 K and 16 K. This shows that the impact of these two variables
is smaller than the uncertainty related to the temperature.
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