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1. Introduction

« The process of low-mass star formation is initiated by the frag-
= mentation of molecular clouds into cold, dense cores. These
(Nl cores are usually identified by subsonic gas motions, in con-
trast with the supersonic turbulence of their surrounding clouds
(Goodman et al. 1998). The formation of a protostar is deter-
\@| mined by a competition between gravity, thermal pressure, ex-
. ternal pressure, and magnetic field strength. The precise role of
(O the magnetic field (B-field) in the star formation process is still
controversial, highlighting the importance of studying the con-
figuration of B-field lines in regions where stars are formed.

. According to Planck data analysis, clouds are generally mag-
= netized (Planck Collaboration et al. 2016). The B-field tends to
' be aligned parallel to the density structures for visual extinc-
>< tion (Ay) values less than or equal to 2 — 3.5 mag. However,
beyond this Ay threshold, the B-field orientation becomes per-
pendicular to the density structures (Soler et al. 2017; Planck
Collaboration et al. 2016). Studies show that the B-field may
take on a pinched morphology perpendicular to the long axis of

the filament (e.g., Tomisaka 2015; Burge et al. 2016). For exam-

ple, higher-resolution observations strongly indicate a significant
pinch of the B-field inside the filament of NGC 1333 (Doi et al.

2021).

In the low-mass star formation regime, pre-stellar cores are
the dense cores where star formation is about to take place (i.e.,
prior to the formation of a protostar in the center), and they
are embedded in larger structures that often exhibit filamentary
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ABSTRACT

Context. To develop a more comprehensive picture of star formation, it is essential to understand the physical relationship between
dense cores and the filaments embedding them. There is evidence that magnetic fields play a crucial role in this context.
Aims. We aim to understand how magnetic fields influence the properties and kinematics of an isolated filament located east of the

Methods. We used near-infrared polarization observations to determine the magnetic field configuration, and we applied the
Davis—Chandrasekhar—Fermi method to infer the magnetic field strength in the plane of the sky. Furthermore, we used comple-
mentary data from the James Clerk Maxwell Submillimetre Telescope of C'30 and the '3CO J = 3 — 2 transition to determine the
filament’s kinematics. Finally, we modeled the radial density profile of the filament with polytropic cylindrical models.

Results. Our results indicate that the filament is stable to radial collapse and is radially supported by agents other than thermal
pressure. In addition, based on previous observations of emission lines on this source (Duarte-Cabral et al. 2012), we suggest that gas
is flowing toward the hub, while C'80 (3-2) nonthermal motions indicate that the cloud is in a quiescent state.

Key words. Stars: formation — Magnetic fields — Astrochemistry — ISM: Kinematics and dynamics

shapes. The origin of these filamentary structures is still debated.
Two main hypotheses have been proposed to explain their for-
mation. The first suggests that filaments are formed due to com-
pressions in turbulent clouds (Padoan et al. 2001 and Auddy
et al. 2016). The second proposes that filaments arise from the
global gravitational collapse of a molecular cloud as a whole,
and consequently, filaments accrete material from their parent
clouds and feed it into the bottom of the potential well (Heitsch
2013a, Heitsch 2013b, and Hennebelle & André 2013).

Observational evidence suggests that there are organized gas
flows along filaments toward the cores in both high-mass and
low-mass star-forming regions (see Henshaw et al. 2013 for an
example of filamentary structure in high-mass star-forming re-
gions and Hacar et al. 2013 for low-mass star-forming regions).
This is supported by studies by Kirk et al. (2013) of gas flows
along the southern filament of the Serpens South embedded clus-
ter (see also Peretto et al. 2014). To gain a better understanding
of star formation, it is crucial to comprehend the physical re-
lationship between cores and the filaments they are associated
with.

The Pipe Nebula, located at a distance of doug = 163 pc
(Dzib et al. 2018), is one of the closest known star-forming re-
gions. The star formation rate within the Pipe cloud is notably
low (only ~0.06% efficiency; Forbrich et al. 2009). Lombardi
et al. (2006) identified 159 dense cores across the Pipe Nebula,
each with estimated masses ranging from 0.5 to 28 M. How-
ever, it appears that the only area within this cloud where star
formation is currently taking place is limited to its northwest-
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ern extreme, known as Barnard 59 (hereafter B59; Brooke et al.
2007, Forbrich et al. 2009; Forbrich et al. 2010). B59 contains a
young protocluster with approximately 20 young stellar objects
(Brooke et al. 2007, Redaelli et al. 2017).

Alves et al. (2008) and Franco et al. (2010) proposed that
the magnetic properties of the Pipe Nebula may be responsible
for the fact that only B59 has active star formation. Studies of
the morphology of the B-field with optical polarimetric obser-
vations revealed the filamentary structure to be threaded by a
B-field, aligned perpendicular to the cloud’s axis, that is possi-
bly preventing or slowing down its global collapse (Alves et al.
2008; Franco et al. 2010).

As Peretto et al. (2012) suggested, B59 is located in the cen-
ter of what resembles a hub-like clump with apparently converg-
ing filaments. Nevertheless, from the kinematics of the region,
Duarte-Cabral et al. (2012) determined that a significant frac-
tion of the filaments around the B59 clump are shaped by the
outflows of the forming protocluster pushing the cloud material,
rather than by infalling filaments of gas. The one clear exception
is the filament to the northeast of the clump, which is the target
of this work. This filament, although situated in the immediate
vicinity of the B59 star-forming clump, is relatively isolated and
seems to be extremely quiescent (Fig. 1). As such, it is a good
candidate for our modeling (see Sect. 5).

This paper is organized as follows. In Sect. 2 we present the
data collected from different telescopes and describe how we
processed them. In Sect. 3 we explain how we analyzed the data
and discuss our results in terms of the kinematic properties of the
filament. In Sect. 4 we discuss the polarization and B-field prop-
erties through the filament, and lastly, we present our modeling
of a hydrostatic filamentary cloud based on our observational pa-
rameters of the filament within B59 in Sect. 5. Our main findings
and conclusions are summarized in Sect. 6.

2. Observations
2.1. Near-infrared observations

The polarimetric data were obtained at Observatério do Pico dos
Dias/Laboratério Nacional de Astrofisica (OPD/LNA, Brazil)
using IAGPOL, the IAG imaging polarimeter mounted on the
1.6 m telescope. Observation runs were completed in June 2013.
A special infrared (IR) detector was used to collect these data
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Fig. 1. Dust extinction map of the B59 region
at a spatial resolution of 20” (Romdn-Zuiiga
et al. 2010). The solid white line contours
represent levels of visual extinction at Ay =
[5,7,10,15,20,25,30, 35,40, 50, 60, 70, 80, 90]
mag. The yellow square marks the filament
studied in this work. Two yellow stars indicate
the approximate length of the filament. The
scale bar is at the bottom right side of the panel.

for polarimetric measurements. A precise description of the po-
larimeter is provided in Magalhaes et al. (1996). We obtained
linear polarimetry in the H band using deep imaging for three
fields, each with a 4’ by 4’ field of view. The images were ob-
tained with an IR camera, CamIV, which has a HAWAII detector
of 1024 by 1024 pixels and 18.5 um/pixel, resulting in a plate
scale of 0.25”/pixel. For each of the eight waveplate positions
separated by 22.5°, sixty dithered images were obtained follow-
ing a five-dot pattern (12 by 5 positions). Each image was ex-
posed for 10 seconds, adding up to 600 seconds per wave-plate
position. Observations of polarized standard stars were used to
determine the reference direction of the polarizer.

From the Stokes Q and U, we derived degree to the lin-

ear polarization, P = /0% + U? and the polarization angle,
O = 0.5tan"!(U/Q). Assuming that the polarization is produced
by magnetically aligned dust grains, in all the figures, we show
polarization segments that outline the direction of the B-field.
Since near-infrared (NIR) polarization is produced by dichroic
extinction, polarization segments give the B-field direction di-
rectly. The data are filtered by a P/op > 3 where correspond to
an uncertainty in 6 (0p < 10°) and op represents the standard
deviation of the measurement. The data are length-scaled by the
polarization degree, with the longest vectors with ~ 3% polar-
ization and a mean value of ~1% (segments in Fig. 2 and Fig.
4).

Our analysis of gas column density and dust temperature
is based on data from the Gould Belt Survey obtained with
the Herschel Space Telescope (SPIRE/PACS instrument; Peretto
et al. 2012, Roy et al. 2014). We utilized the visual extinction
map created from a deep near-infrared (NIR) imaging survey
conducted with various telescopes, including the New Technol-
ogy Telescope (NTT), the Very Large Telescope (VLT), and the
3.5-meter telescope at the Centro Astronémico Hispano Aleman
(CAHA) as well as 2MASS data (Romén-Zuiiga et al. 2010,
Fig. 1).

2.2. James Clerk Maxwell Telescope

The molecular line data used in this work are presented in
Duarte-Cabral et al. (2012), where a detailed description of the
observations and data reduction can be found. In brief, here we
use the maps of '3CO (3-2) and C'30 (3-2) at 330.6 and 329.3
GHz, respectively, covering the entire BS9 star-forming region
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( ~ 0.11 deg?). The data were obtained from the James Clerk
Maxwell Telescope (JCMT) using HARP (Buckle et al. 2009) in
May and June 2010. This dataset contains an rms noise level of
0.22 K (in T;) with 0.25 kms~! channels. The main beam effi-
ciency of the telescope (7mp = 0.66) was taken into account for
all data (Buckle et al. 2009; Curtis et al. 2010)

3. Kinematical analysis of the filament

To interpret the gas kinematic behavior in the filament, we esti-
mated the centroid velocity (Vi) and velocity dispersion (o) by
fitting a single Gaussian profile to the C'80 and '*CO line emis-
sion, using the Python package pyspeckit (Ginsburg & Mirocha
2011). All fitted spectra have residuals of less than 2 X rms and
widths of less than 0.35 kms~!. Almost all spectra with S/N >
3.5 for C'30 and S/N > 4.5 for '*CO are well fitted using only
one Gaussian, as seen in Fig. 3, as proved by the low residuals
(see Appendix A). As a result, and for simplicity, we adopted the
single-velocity component fit for the whole filament. The best-
fit parameters of Vi and o, are shown in Fig. 2. The V), map
of C'80 shows the velocity gradient of gas toward the location
of the hub, ranging from 3.3 kms~! to 3.6 kms™!. To estimate
the velocity gradient, we determined an approximate estimate
of two positions at a distance of AR ~ 0.4 pc (see the green
crosses in Fig. 2). Therefore, the velocity gradient for C'*0 is
VV = AV/AR = 0.69 + 0.01 km s~! pc~!. This value is com-
parable with that of a smaller filament, ~ 0.1 pc, in Lupus L. In
comparison, Tabatabaei et al. (2023) report VV = 0.9 + 0.2 km
s~! pc™! for a filament associated with a low-mass Class 0 stellar
object IRAS15398-3359.

3.1. Velocity dispersion and nonthermal motions

The total observed broadening of any optically thin line profile is
the sum of the contributions of thermal and nonthermal motions.
We can obtain some insight into the gas kinematics properties by
comparing the thermal sound speed with the Gaussian velocity
dispersion.

To estimate nonthermal velocity dispersion, we subtracted
the thermal velocity dispersion from the observed velocity dis-
persion in quadrature:

— o2, (1)

where o s 18 equal to o, (see Sect. 3). We used the mean value
of o, for the filament area as defined by Ay > 8 mag.
The thermal velocity dispersion is

_ |kTkin
o-th - - 9
Mobs

where Ty, is the kinetic temperature of the gas, kg is Boltzmann
constant and mgps i the mass of observed molecule. Hence, the
effect of o is quantified by the turbulent Mach number, which
is calculated as the ratio of nonthermal dispersion to isothermal
sound speed M = o /cs. The isothermal sound speed was ob-
tained from

[k Txin
CS - - 9
pmyy

where u = 2.37 (Kauffmann et al. 2008) is the mean molecular
weight per free particle and my is the mass of the hydrogen atom.

— 2
Ont = T ops

@)

3

We used the dust temperature, T4, as a proxy for the gas kinetic
temperature. We obtain 7y = 14 K from the Herschel map. We
obtain ¢, = 0.2 kms~! and the corresponding oy are 0.12 +0.02
kms~' and 0.22 + 0.01 kms~! for C'80 and '3CO, respectively.
For this filament, Duarte-Cabral et al. (2012) estimated an exci-
tation temperature of 9 K for *CO. The thermal velocity disper-
sion, oy, is reduced by ~ 20% when Ty, = 9 K is used in Eq.2.
According to the C'80 data, nonthermal motions are subsonic
(M = 0.54 < 1). This suggests that the filamentary cloud is in
a quiescent state where the nonthermal gas motions are smaller
than the sound speed. We highlight that for this filament, for the
13CO emission, we obtain M = 1.0, implying that the gas mo-
tions are transonic. The difference between the Mach number of
these two molecules comes from the difference in their velocity
dispersion. The emission of '*CO traces the lower-density gas,
which is more turbulent and likely to be affected by larger optical
depth, causing more line broadening than for the C'30 lines.

3.2. Mass per unit length

From a theoretical point of view, a self-gravitating isothermal
cylinder has an infinite radius but a finite mass per unit length.
The critical value of this parameter at 10 K is

M 2¢2 T
— :—:16(—)M -1 4
( L )cr G 10K ) e Pe @
where G is the gravitational constant M and is the mass of the

sun. If (%)ﬁl > (%)Cr, the filament collapses radially. To estimate

the filament mass, we used

n 2
My = A X Z (N(H2))' (g)z (dd—oud) Hu, my Mo, (5)
i=1 i

cm™2 pc

where ). (N(Hy);) adds the contribution of n pixels within the
area of the filament selected with Ay > 8 mag, my = 1.67X 1072
g is the hydrogen mass, yy, = 2.8 (from Kauffmann et al. 2008)
is the gas mean molecular weight per hydrogen molecule, d.jouq
is the distance to the cloud, A = 1.13 x 1077 is a numeri-
cal factor to adjust units, and 6 is the pixel size. In our case,
deioud = 163 pc and 6 = 7.28”. We obtained the gas column den-
sity of the filament, N(H,), in two ways. First, we used the visual
extinction, Ay, a parameter that can be converted into molecu-
lar hydrogen column density using Bohlin et al. (1978)’s rela-
tion, N(Hy) = 9.4 x 10% x Ay cm™? mag~!. We also obtained
N(H;) from the Herschel map for the same exact area of the
filament that was selected for the extinction map in the previ-
ous method. As a result, the mass calculated based on Herschel
column density‘, MHerschel, and the mass calculated from the ex-
tinction map, Mgy, are 6.7 Mg and 12.2 Mg, respectively. The
resultant uncertainty is ~ 42% (Tabatabaei et al. 2023, Roy et al.
2014, Dzib et al. 2018) and ~ 11.7% (Roman-Zuiiga et al. 2010)
for Myerschet and Mgy, respectively. The two values are consis-
tent at 30~ level. We estimate L ~ 0.7 pc for the filament length,
which corresponds to the distance between the two yellow stars
in Fig. 1. We adopted both M ~ 6.7 My and 12.2 M, of the
filament to obtain the observational value of the mass per unit
length. Table 1 shows the critical and observation values for the
whole filament.

! The column density map was constructed via pixel-by-pixel gray-
body fitting from 160 pym to 500 um, fixing the dust opacity such that

2
Ky =0.1x (ﬁ) cm?g~!; for more details, see Roy et al. (2014).
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Fig. 2: Maps of kinematic parameters. Top panels: Centroid velocity maps of '*CO (3-2) and C'®0 (3-2) obtained from the Gaussian
fitting procedure described in Sect. 3, Bottom panels: Velocity dispersion maps of '*CO and C'80. Contours show the column
density of H, with levels [4,6] X102 cm™2, as derived from Herschel data (Peretto et al. 2012). The black segments represent the
polarization angles in the NIR band. The blue crosses in the top-right panel present the locations of spectra in Fig. 3. The green
crosses represent the locations where the velocity gradient is estimated. Scale bars are at the top right of each panel.

In Sect. 5 we discuss the stability of the filament based on
the cylindrical polytropic hydrostatic models by Toci & Galli
(2015a, hereafter TCa), and Toci & Galli (2015b, hereafter TCb).
We also calculated the mass per unit length for different poly-
tropic indexes of the cylindrical model. The mass per unit length
is lower than the critical value for the whole filament in all the
analyses (see Table 1), indicating that the filament is stable.

4. Polarization and magnetic field properties of the
filament

We divided the filament area into three regions, R1, R2, and R3,
as shown in Fig. 4. Although they belong to the same filament,
each region has distinct polarimetric characteristics. Our method
involves cutting the filament into three parts in which the B-field
is approximately uniform in direction, as well as doing the cuts
perpendicular to the filament’s spine for each region (see the
dashed red lines in Fig. 4). It is worth noting that the angles
of the spine for the R1, R2, and R3 regions are precisely 45°,
60°, and 90°, respectively, from the north to the east. This al-
lowed us to approximate the three regions as cylinders to which
we can apply the model described in Sect. 5. A detailed anal-
ysis of the distribution of the observed polarization angle as a
function of Right Ascension over the core filament is presented
in Fig.5. The distribution of polarization angles is rather com-
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plex. In region R1, we see a distribution of polarization angles
ranging from ~ 120° to 170°, which tends to concentrate around
149°+ 20°(mean position angle + standard deviation, dashed
green line). All angles are measured from north to east. In re-
gion R2 in Fig. 5, we can see that polarization angles range from
~-30° to 60° with a mean value of 34°+19°(dashed red line). In
the small region southeast of the filament, region R3 (blue dots
in Fig.5), we obtain a wide range of polarization angles, 30° to
170° with a mean value of 75°+ 38°. We present the 1o inter-
val around the mean as two vertical gray lines in the right panel
of Fig. 5. This analysis shows two sharp changes in the B-field
orientation: the first change from R1 to R2 and another one in-
side of R3, the second presenting a U-shaped B-field where the
filament is close to connecting to the core region. These proper-
ties are more clearly illustrated in the histograms shown in Fig.5,
where two distributions of polarization angles are visible as two
peaks. In the left panel of Fig. 5 a curved structure can be ob-
served from the R2 region to the R3 region, where the position
angle increases as the RA decreases. The curvy structure of the
filament likely causes it and tracks the change in the direction
of the filament. The change in the B-field orientation from per-
pendicular to the filament spine in the eastern region to parallel
toward the west, where this dense filament connects to the hub,
suggests a coupled evolution of the B-field and the filament. The
reorganization of the B-field along filaments could be caused by
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Table 1: Values of mass per unit length for the filament.

(a)

cr o ObS i hel obsg’)zt ‘ Region n9=-1 n=-2 n=-3 n=-4
M/L Mp/pc) 224 9.6 17.4 R1 17.8 9.8 6.3 44
M/L Mp/pc) 224 9.6 17.4 R2 15.1 8.7 5.7 4.0

Note: The columns labeled cr, 0bsgerscnel> and obsgy, contain values corresponding to the whole filament region.  obSprsener 1S the mass per unit
length value obtained from mass of filament calculated from Herschel N(H,) and ) obsg,, is from the mass of filament calculated with Ay (see
Sect. 3.2). © n is the polytropic index; see Sect. 5.

— 1300 (3-2)
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1o} m — %0 (3-2) P1
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== VISR it

P2

Twe (K)

2.5 3.0 3.5 4.0 2 3 4 5

Visr (kms™h)

Fig. 3: C'80 (3-2) and '3CO (3-2) spectra at three selected loca-
tions within the filament (locations are shown with blue crosses
in Fig. 2). C'%0 (3-2) spectra are in the left column, and '*CO (3-
2) spectra are in the right column. Blue and green lines show the
observed spectra for the C'80 and '*CO, respectively, whereas
dashed black curves show the best-fit Gaussian for each. As dis-
played by the vertical dotted lines, C'®0 (3-2) and '*CO (3-2)
have average Vi, of 3.4 and 3.5 kms™!, respectively.

local velocity flows of matter in-falling toward the hubs, where
the B-field is dragged by gravity and flows along the filaments,
which is also observed in magnetohydrodynamic (MHD) simu-
lations (e.g., Gémez et al. 2018). Pillai et al. (2020) studied the
Serpens hub-filament with polarimetric data from NIR and ter-
ahertz regimes. They found that the transition in relative orien-
tations between the B-field and the filament elongation at about
Ay = 21 mag. Those authors claim that this configuration results
from the B-field lines being dragged by the infalling material,
feeding the central hub. To determine the relation between kine-
matics and the magnetic direction of the filament (especially the
bending part of the B direction), further observations of C!30
with better sensitivity and spectral resolution are needed.

Figure 6 shows the scatter plot of the polarization efficiency,
which is described as the polarized fraction normalized by the
visual extinction (Pesr = Ppo1/Av), as a function of visual extinc-
tion (Ay) in log-log space. As a result of fitting a linear relation-
ship between Py, /Ay and Ay (red curve in Fig. 6), we obtain the
slope of the relation Pe oc AL (see Fig. 6; the error bars on each

data points are calculated from the least square solution). For our
NIR data, we find a slope of @ = 0.75 +0.07, which is consistent
with radiative torque alignment (Lazarian & Hoang 2007) theory
and previous studies. According to Alves et al. (2014), for NIR
polarization, the values of « in the starless object Pipe-109 in
the Pipe Nebula are 1 and 0.34 for Ay < 9.5 mag and Ay > 9.5
mag, respectively. Redaelli et al. (2019) calculated a very steep
slope, @ = 1.21, for far-infrared (FIR) polarization data on the
protostellar core IRAS 15398-3359. These slopes indicate depo-
larization at high column densities. Consequently, if dust grains
are aligned by radiative torque originating from the interstellar
radiation field at higher visual extinction, less radiation pene-
trates the cloud, and, therefore, grain alignment is less efficient.
In addition, the dust grain size distribution has a great impact on
alignment efficiency (Brauer et al. 2016; Pelkonen et al. 2009).

4.1. Dispersion of polarization angles and the magnetic field
strength

Various methods have been proposed to estimate the B-field
strength from dust polarization data. According to Davis (1951)
and Chandrasekhar & Fermi (1953), hereafter DCF, the kinetic
energy of turbulent motions is equal to the fluctuating magnetic
energy density:

1 SB?
Z oot = —/. 6
S POV = = (6)
The mean B-field (By) is
4mp v
By = | ——, 7
0 3 50 @)

where p is the gas density, dv is the velocity dispersion, and 66
is the dispersion of the polarization angle equal to the ratio of
the turbulent B-field over the mean B-field (660 = 6B/ By). Hilde-
brand et al. (2009) and Houde et al. (2009) developed the an-
gular dispersion function (ADF) approach as an alternative way
to estimate the 6B/By ratio (known as the HHO9 method). The
method was formulated to eliminate inaccurate estimates of the
B-field generated by factors other than MHD waves, such as
large-scale bending caused by differential rotation and gravity.
We calculated the autocorrelation function of the position an-
gles, A®. This refers to the variation in angle between every pair
of vectors separated by a distance of / (see Houde et al. 2009),

N

(AD*(D) = % D I0G) - d(x + DI, ®)

i=1
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Fig. 5: Distribution of polarization angles. Left panel: Distribution of polarization angles as a function of the right ascension of the
field. Dashed green and red lines show the mean polarization angle values for R1 and R2, 147°, and 43°, respectively. Right panel:
Histogram of the distribution of magnetic polarization angles. Green, red, and blue data points refer to R1, R2, and R3, respectively.
Gray dash-dot lines illustrate the 1o interval around the mean for region R3.

which results in the following analytical relation,

63
2
(A0 =2V2 ( )m

12 272
)]+ml, )

X —
2(6% +2W?)

1 —exp (—

where m is a constant related to the large-scale structure of the
B-field and is not influenced by turbulence, A’ is the effective
cloud depth, and W is the telescope beam size. This relationship
only applies to spatial scales ¢ < I < d, where ¢ represents the
correlation length of the turbulent B-field (6B), and d represents
the highest distance at which By remains uniform. The effective
angular resolution of absorption dust polarization data is treated
as zero (Franco et al. 2010). As a result, the angular resolution
term in the equation is W = 0. To obtain 6B/ By by fitting Eq.
9), we calculated A®?(]) for all available pairs of points. The
spatial scale, /, is divided into 24, 38, and 16 bins corresponding
to ~ 0.009 pc, 0.007 pc, and 0.013 pc for the R1, R2, and R3
regions, respectively. The values of the parameters A’ = 0.1 pc
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and 6 = 10 mpc that were used in Eq. (9) are obtained from
Franco et al. (2010). They employed A’ = 0.3 pc for the whole
region of B59, but since we only focused on the filament area,
and each part of the filament has the length of ~ 0.1-0.3 pc, we
used A’ = 0.1 pc. A A’ = 0.3 pc will decrease the magnetic
strengths on the plane of the sky (PoS) (Bps) of each region by
~ 24% ( Bpos values in Table 2).

By employing the Scipy package, specifically using the
Scrpy.opTIMIZE.CURVE_FIT module with least squares optimization,
we found the best-fit solution of Eq. (9) in the three regions along
with their associated errors, by leveraging the standard deviation
of the fitted parameters obtained from the covariance matrix re-
turned by the curve_riT function. We estimated the strength of
the B-field in each region (see Table 2) using a further expansion
of Eq. (7) (which is valid if 6¢ < 25°; Crutcher et al. 2004):

ov

Bpos = V47T HMH, My NH, — 50

where my is the hydrogen mass, uy, is the gas mean molecular
weight per hydrogen molecule, and ny, is the gas volume den-

(10)
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Fig. 6: Scatter plots of the polarization efficiency (Pyo1/Av) as
a function of the visual extinction (Ay) in magnitudes in log-
arithmic scale. Measurement uncertainties are displayed as an
error bar for each data point. The solid line is the best fit for the
dataset, as explained in the main text. The best fit is shown in the
top-right corner.

sity. We employed the ng, = 3 x 10°cm™ from Alves et al.
(2008). They evaluated the gas volume density associated with
the optical polarization in the different parts of the Pipe Nebula
region. We computed the gas velocity dispersion by fitting one
Gaussian profile to the C'80 (3-2) molecular line, obtaining the
mean value of 6v = 0.14+0.02 km s~! in the filament region (see
Sect. 3).

We calculated these parameters for all pairs of data points,
obtaining the results shown in Fig. 7 (top panel). Our scatter plot
does not show the expected increase in the ADF with distance
l. In fact, due to the sampling of the data, we see peaks in the
profile of the ADF. The entire field of view was sampled at 0.08
degrees per tile, equivalent to 0.2 pc, which corresponds to a
peak every ~ 0.2 pc in Fig. 7, top panel (see Soler et al. 2016
for more details on this effect). To reduce these spurious effects,
we did our calculation for each region separately, obtaining the
fit parameters for every region of the filament (see Fig.7, bottom
panel). It is evident that the distribution of A®? along the fila-
ment follows a clear trend. In Fig. 7 the R3 region has a steeper
slope compared to other regions. A steep slope is evidence that
the B-field orientation in the plane of the sky changes signifi-
cantly. As the slope increases from R1 to R3, the dispersion of
position angles becomes larger. Table 2 shows the best-fit pa-
rameters for Eq. (9) and the plane of the sky magnitudes of the
B-field for each region. The B-field strength increases from R1
to R3 (see the fourth column of Table 2), ranging from 151 to
234 uG.

4.2. The influence of assumed parameters and used
methods

The previous analysis relied on specific key parameters. In this
section we examine if altering these assumptions can influence
our findings. Specifically, the initial focus is be on the turbu-
lence correlation scale, 0. For the calculation in Sect. 4.1, we
used & = 10 mpc, considering that Franco et al. (2010) reported
a turbulence correlation scale of a few milliparsecs for the Pipe
nebula. The values found align well with previous estimates of
this parameter in other areas where star formation occurs. For
example, Coudé et al. (2019) measured a value of 6 = 7 mpc in

0.0 0.1 02 0.3 04 0.5 0.6 0.7
1 (pe)

100+

<A®2> (rad)
=
<

1072F

L L L L

0.10 0.15

I (pc)

Fig. 7: ADF versus distance, /. Top panel: ADF for the whole
filament. Bottom panel: Same but for the three filament regions.
The best fits to the data points using Eq. (9) for R1, R2, and R3
are shown with the green, orange, and blue curves, respectively.
Measurement uncertainties are displayed as error bars, which are
not visible for small values of / due to the higher statistics.

the Barnard 1 region. In contrast, in the high-mass star-forming
region NGC 7538, Frau et al. (2014) calculated a range of values
for 6 between 13 and 33 mpc, and Redaelli et al. (2019) investi-
gated four values of 5, 10, 15, and 20 mpc for IRAS 15398-3359,
showing an increase in the B-field by increasing . We there-
fore used Eq. (9) again, but this time obtaining the best solutions
for three free parameters, m, 0B/By, and ¢ (the same method
as explained in Sect. 4.1). The B-field strength is calculated for
each region based on these updated parameters. Table 3 shows
the best-fit parameters and B-field strengths. We obtain the same
turbulence correlation value (6 = 10 mpc) and B-field strength
(B = 151 uG) for the R1 region, while for the R2 region is lower
than before (with two free parameters; see Table 2), and for R3
region the fit routine does not converge, due to the limited num-
ber of independent data points available.

Next, we discuss the impact of assumption on the meth-
ods we used to calculate the B strength. In this work, we used
the combination of DCF and HH09 methods to calculate the B-
field strength of the filament. Various modifications to the DCF
method have been proposed (e.g., Ostriker et al. 2001; Houde
et al. 2009; Cho & Yoo 2016; Lazarian et al. 2020; Skalidis &
Tassis 2021). There are several assumptions made by DCF, in-
cluding the fact that turbulence is Alfvénic, as well as that o
traces turbulent motions and that the mean B-field is uniform.
In general, it has been suggested that the original DCF method
overestimates B-field strength (Pattle et al. 2022; Ostriker et al.
2001; Houde et al. 2009; see Pattle & Fissel 2019 and Skalidis &
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Table 2: Physical parameters for the three regions of the filament from Eq. (9).

Region  6B/By m(radfpc]  Bpos [UG]  Bi [uG]  N(Hp)[em™] A®
Rl 039+002 16+02 151+6  66+1 4.1x10*"  0.27+0.04
R2  026+001 3.57+£006 222+9 801 3.9x10%  0.13+0.02
R3  025+006 135+02 234+6  83+8 39x102"  0.13+0.02

Note: @ B*

pos

is the B-field strength calculated from Skalidis & Tassis (2021). ® A is cloud stability; see Sect. 4.3. In all computations, we

considered ¢ = 10 mpc, obtained from Franco et al. (2010).

Table 3: Best-fit parameters with three free parameters, using Eq.
9.

Region 0B/ By m 0 Byyos
(radjpe)  (mpc)  (uG)
R1 04 +0.1 1.6 +0.2 10+ 4 151+9
R2 046+0.05 3.6=+0.1 3.0+0.01 127+4

Tassis 2021 for a thorough comparison). To show the differences,
we used one of the modification methods suggested by Skalidis
& Tassis (2021). Their modified equation includes non-Alfvénic
(compressible) modes and Alfvénic (incompressible) modes and
leads to
ov

B .= \2np—.

pos P \/6_6
Those authors claim that this method is more accurate in retriev-
ing Byos, and has lower error than DCF and HHO9 methods. Ta-
ble 2 shows calculated values for each region. As expected, the
Byyos for all regions has values lower than those obtained with the
DCF and HH09 methods.

D

4.3. Cloud stability

Determining the importance of B-fields for cloud gas dynamics
and cloud balance is one of the main motivations for studying
the B-field in the cloud. However, determining how the B-field
affects a cloud’s dynamic behavior remains challenging. One pa-
rameter that helps us quantify this importance is the mass-to-flux
ratio normalized to the critical value, A. Observed mass-to-flux
ratios exceeding the critical value of 1 indicate that the cloud is
supercritical, and the B-field cannot prevent it from collapsing.
On the other hand, clouds are subcritical if their ratio is 2 < 1
and the B-field stabilizes gravity. We calculated A from (Crutcher
et al. 2004)

1= (M/(D)observed

_76x% 10—21w( HG ) (12)

(M/q))crit B cm‘2

where N(H;) is the column density of the filament in units of
cm~2, and B is the total B-field strength given in uG. We used
B = B, derived from Eq.10. We note that this introduced a
source of uncertainty, as the inclination of the total B field with
respect to the PoS. We used the N(H;) values present in Table
2, obtained from the Herschel column density map, which rep-
resents the average N(H,) for each region. In the last column
of Table 2, we report our derived values of A for each region.
The results for all three regions in the filament indicate that their
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inferred mass-to-magnetic flux ratios are subcritical (see Table
2).It is worth emphasizing that, despite employing B, <Bpos),
the parameter A consistently remains below 1. This means that
B-fields are dynamically relevant and are expected to support the
filament against its own gravity, especially for the region R3. The
B-field in R3 is probably distorted by the gravity of the nearby
central hub. However, one should keep in mind that these con-
siderations do not take into account corrections for the geometry
of the filament and the B-field. Strictly speaking, the mass M in
Eq. 12 should be that contained in a flux tube characterized by
a B-flux ®@. The derived values of the mass-to-flux ratio should
therefore be taken as indicative.

5. Modeling of the filament

We used the model developed by TCa and TCb in order to in-
terpret the properties of the filament of B59. TCb considers the
stability of a self-gravitating, polytropic cylinder threaded by a
helical B-field as a function of the relative strength of the axial
and azimuthal components of the field (see also Fiege & Pudritz
2000). Although our polarization maps suggest the presence of a
twist in the B-field (see Fig. 2 or Fig. 4), our data are insufficient
for a detailed comparison with the models of TCb, and we defer
this analysis to subsequent work. Here, we present a preliminary
analysis following TCa, where the extra support provided by B-
fields (and possibly turbulence) against gravity is modeled by
assuming a polytropic relation between the gas pressure, p, and
the gas density, p,

p=Kp", (13)
where 1, is the polytropic exponent and K is a constant.

In this case, we assumed that the filament is perpendicular to
the line of sight and is cylindrically symmetric. In a polytropic
cylinder, the temperature T, o (dp/dp)'/? (hereafter the poly-
tropic temperature) is a measure of the radial support against
gravity. The comparison of the measured gas temperature T
with T, therefore reveals whether or not the thermal pressure
gradient is sufficient to provide support to the cloud. In all calcu-
lations, we used polytropic index n, defined as y, = 1+ 1/n. We
implemented the TCa models to describe the filament in B59.
TCa speculated about the support given by a superposition of
low-amplitude Alfvén waves, which behave as a polytropic gas
with n = =2, resulting in density profiles in agreement with ob-
servations. Fully developed MHD turbulence is another possi-
bility, although these filaments are not very turbulent, as shown
in Sect. 3. Considering the curved shape of the filament, we di-
vided the filament into three regions (R1, R2, and R3; see Fig.
4), as explained in Sect. 4. In the R1 region, most of the polar-
ization orientations are generally perpendicular to the cylinder
spine, while in the R2 region, the orientation tends to align with
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the cylinder spine. Lastly, the R3 region has a more complex
polarization pattern resembling a U-shape. In each segment, the
observed column density N(H,) was evaluated as a function of
cylindrical radius, averaging the two sides from the center to the
edges (0 to xpax and O to xpiy; see Fig. 8). Figure 9 shows the
results for the R1 and R2 regions of the filament.

The column density profile obtained in this way from
Herschel data was compared to the column density profiles of
unmagnetized polytropic filaments computed by TCa for various
cylindrical polytropes index (see Fig. 9). To compare the obser-
vation data with the model from TCa, we converted the density
of the model to column density N(4). As a means of making the
calculation more straightforward, we used the standard nondi-
mensional density, 6, and radius, &, parameters defined as

w = WOS, p= POQH, (14)

where @y = +/c2/(4nGpy) and py is the density at the center
of the filament (for more details about the model, see TCa). We

assumed volume number density on the axis . = 2x10* cm™ to
calculate pg = umy n.. In the models, the column density,N(h),
was computed from the tabulated density profile n(w), as

R R/’ZD'(]

n(w)w

\/ hZ

_ 2powo

MMy Jpiw, / — K2 /w

s)

N(h) =

9o ¢

where R is the radius of the filament’s “surface,” where the fil-
ament merges into the ambient medium (also called the “trun-
cation radius”; see Fig. 8 for more details). A radial column
density profile of observed and polytropic cylinder models for
various n is shown in Fig. 9. Column densities are normalized
to on-the-axis values, N(0), to eliminate biases due to arbitrary
choice of n.. The averaged column density profiles of the R1 and
R2 regions are well reproduced by cylindrical polytropes with
—4 < n < —2. In general, a single value of n = -3 is able to pro-
vide a good fit to the data in regions R1 and R2. We used n = -3
as the best-fit value in the rest of the analysis. The fitted param-
eters for these regions are listed in Table 4. In R3, the fit is not
good because it is difficult to consider this part of the filament as
cylindrically symmetric. Furthermore, the R3 region lies close
to the central hub, and is possibly characterized by strong gas
flows, which makes it more challenging to fit with our simplified
model.

According to the set of parameters for R1 and R2 regions
(see Table 4), the stability parameter & = R/wy = 4.16 and
3.9 is smaller than the critical value &, = 4.28 for R1 and R2
regions, respectively (see Table 1 of TCa). Given that & and &,
are very close, and considering the various assumptions made in
the model, we conclude that &; is not significantly larger than &,
and there is no sign of instability in the filament. Therefore, the
filament is stable to radial collapse.

Cylindrical polytropes have a different mass per unit length
depending on the polytropic index. We calculated the mass per
unit length for various polytropic indexes using the following
integral:

M R/w'()
7= 2npoy f QEde. (16)
0

The estimated % for each model are listed in Table 1. In Sect.

3.2 we show that the (%)ﬁl from the observation data is smaller

Xmu X

Line Of Sight  “min &> W

Fig. 8: Simplified model of a cylindrical filament illustrating all
parameters used for modeling. The cylinder is assumed to have
an infinite length and radius R (see Eq. 14 and Eq. 15). The blue
arrow indicates the direction of the observer’s line of sight.

than the critical value, which indicates the filament is in a stable
state. We show in Table 1 that % (from Eq. 16) forn = -3 is
smaller than the critical value in agreement with observations.

We used the data of Fig. 2 from the TCa model to plot radial
profiles of the polytropic temperature 7}, of a polytropic cylin-
der. In Fig. 10 the dashed lines show the temperature as a func-
tion of radius from the models. In contrast, the solid red curves
show dust temperature as a function of radius for the filament,
obtained from Herschel data for R1 and R2. The dust tempera-
ture Ty increases outward from ~ 13.9 K on the axis to ~ 15.5
K at @ ~ 0.09 pc in the region R1 of the filament (see Table 5;
the dust temperature map is shown in Appendix B). As for the
gas temperature T, similar (or even steeper) gradients are ex-
pected. Gas and dust are expected to be coupled at high densities
above ~ 10° ¢m™ (Goldsmith 2001), whilst gas temperatures
in the outer more diffuse regions are expected to be higher than
the dust temperature (Keto & Caselli 2008; Galli et al. 2002).
Figure 10 presents radial profiles of the observed dust and poly-
tropic temperature 77, for the same polytropic indexes shown in
Fig. 9. The polytropic temperature (a measure of the polytropic
pressure, which includes all contributions to the support of the
filament, not just thermal pressure) at the surface of the filament
is a factor of ~ 2 larger than on the center of cylinder for re-
gions R1 and R2 (see Table 5). The measured dust temperature
for the same regions of the filament, from the center to the sur-
face, increases by 12% and 14%, respectively (from Herschel
dust map). The gas temperature is not known; however, it is un-
likely to increase by a factor as large as 1.90 or 1.84. Assuming
T,(0) = Tq(0) = 14 K, for thermal pressure alone to support
the R1 part of the filament, the gas temperature at the surface of
the filament must be T,(R) = 25.3 K, which is unrealistic (and
the same reason for the R2, To(R) = 24.3 K, Table 5). Even if
the profile for the Herschel temperatures is flatter than the real
profile, due to the averaging of different temperatures along the
line of sight (which tends to overestimate the temperatures in
the densest and coldest regions), a sharper increase toward the
outskirts should be observable. Therefore, the filament must be
supported radially by some other agent(s) than thermal pressure,
like B-fields or (albeit less likely, as previously discussed) turbu-
lent support.
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Table 4: Model parameters.

Regions n 7y, w@o(cm) @ =R (cm) ED ¢ = Rimy
R1 -3 2/3 7.25x10'° 3.02x10'7 4.8 4.16
R2 -3 23 725x10'  2.84x10'7 428  3.92

Note: ¢ from Toci & Galli (2015a).
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Fig. 9: Radial column density profiles (with background subtrac-
tion and normalized to the central column density, N(0)) of both
observations (solid red curves) and polytropic cylinder models
with n = —1,-2,-3,—4 (dashed curves). The radius is nor-
malized to wg. The black crosses indicate the observation data
points. The top and bottom panels describe regions R1 and R2
of the filament, respectively.

6. Conclusions

We used C'#0 and '*CO (3-2) transition data from JCMT to re-
veal the kinematics toward one filament in B59, and NIR po-
larization observations to investigate the polarization properties
of this isolated filament. We modeled the filament as a self-
gravitating hydrostatic cylinder, as in TCa. Our results are as
follows:

— According to the nonthermal motion strength derived from
the C'30 line, the filamentary cloud appears to be in a quies-
cent state where the nonthermal gas motions are smaller than
or on the order of the sound speed of the gas (M = 0.54 < 1).
On the contrary, for the 3CO emission, which traces the
larger-scale gas, we obtain M = 1.0, indicating transonic
motions.
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Table 5: Temperatures at the center and surface of a cylinder
from models and observations (7).

R1 obs R1 mod Rzobs Rzmod
TOOMK) 139 133 138 132
TV (K) 155 253 157 243
R(pc) 3.9 3.9 42 42

Note: @ Temperature at the center of the cylinder,
® Temperature at the surface of the cylinder.

— Based on the Vi map of C180, we determine a gas flow to-
ward the location of the hub with a velocity gradient of about
~0.69 +0.01 kms™! pc!.

— The orientation of the polarization angles changes from per-
pendicular to the filament spine in the eastern region to par-
allel to it going toward the west. This could be caused by
local velocity flows of matter infalling toward the hub, with
the B-field being dragged by gravity along the filaments.

— The distribution of the polarization angles shows two peaks.
One Gaussian profile corresponds to polarization angles in
the R3 region, while the other Gaussian distribution suggests
a broader distribution due to the merger of the R1 and R2
regions.

— Using the DCF and HHO9 methods, we calculated the
strength of the B-field on the plane of the sky for three differ-
ent regions of the filament; they range from 150 to 230 uG
(see Table 2).

— Our analysis shows that the mass-to-flux ratio is lower than
the critical value (i.e., the filament is subcritical), which
means that the B-field is nominally sufficient to stabilize
gravitational collapse due to its own gravity.

— The observed radial density profiles of filaments are, in gen-
eral, well represented by polytropic indexes in the range
-3 < n < -3/2 (see Fig. 1 in TCa). This rules out isothermal
gas pressure as a supporting agent for n = +co. In principle,
an outward increasing gas temperature can provide the re-
quired pressure gradient, but the observed dust temperature
gradient is too shallow (see Fig. 10). It is unlikely that the gas
temperature gradient is much steeper at these densities. The
observed radial profiles of the density and temperature pro-
files of the filamentary cloud, compared to theoretical mod-
els of polytropic self-gravitating cylinders, show that the fil-
ament is stable to radial collapse and is supported radially by
agents other than thermal pressure.

Our findings suggest that the filament remains stable against
radial collapse and is supported radially by factors beyond ther-
mal pressure. The B-field is nominally sufficient to stabilize
gravitational collapse due to its own gravity. The B-field we de-
rived is adequately strong to counteract gravitational pull from
the filament. Our result of a magnetically subcritical condition



Farideh S. Tabatabaei et al.: Unveiling the role of magnetic fields in a filament accreting onto a young protocluster

4 x10!
== Observed /
- n=-4 //
= n=-3
3X 10 = n=-2 // ,°
- n=-1 7 v
s’ 7/ -
e /7 7
R1 e 7 77
T d s L L7
o 1 - PP
':12><10- —— 7 /,/
= _—————— ,/:/ﬁ’
—””:” b2
————__—‘—f:/
__——:—::_—’
10.0f, A
1
w/ wo
4x 10!
m— observed ,,
- n=—4 7 P
3x10'h = ns 3 AR
-—n= -2 P4 -,
-—n=-1 /, 7 .
- 7 s -
- s s
R2 - ,/////
o - P
E2x10 —mmm=m——" PRt
= P e
_————’ -
- ——”a’M
—=E=
10.0f L
1
w / wo

Fig. 10: Radial profiles of the observed temperature and the poly-
tropic temperature, Tp (normalized to the central temperature
value, T, for the same polytropic indexes, n, as in Fig. 9). Solid
and dashed lines represent observations and models, respec-
tively. The black crosses indicate the observation data points.
The top and bottom panels represent regions R1 and R2 of the
filament, respectively.

implies that the filament is stable and not prone to fragmenta-
tion.
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Appendix A: Residual of the Gaussian fit

We fit a single Gaussian component to the spectra in the C'80 (3-
2) and '*CO (3-2), using the Python pyspeckir library ( Ginsburg
& Mirocha 2011). All spectra that have a peak signal-to-noise
ratio lower than 3.5 are excluded from the analysis for the case of
C'80 (3-2) and lower than 4.5 (3-2) for *CO. Figure A.1 shows
the positions with bad fit for C'30 and '*CO emission lines. Red
pixels display the places where the single Gaussian fit fails. We
define them as places that have a residual higher than 2 X rms,
and that Gaussian fits with a width broader than 0.35 kms~! for
both lines.
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Fig. A.1: Positions where the Gaussian fit fails for C'30 (3-2)
and '3CO (3-2), shown in the top and bottom panels, respec-
tively. Contours shows the column density of H, with levels [4,6]
x107?? cm™2. Scale bars are at the bottom right of each panel.

Appendix B: Dust temperature map

Figure B.1 represents the dust temperature map of the filament
from Herschel data. The three regions (R1, R2, and R3) used in
the analysis are marked by black rectangles.
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Fig. B.1: Dust temperature map of the filament. The black rect-
angles display three regions of the filament. Contours show the
column density of H, with levels [4,6] x10%? cm ™.



