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Abstract. Fragmentation is a key step in the process of transforming clouds (and their substructures, such as
filaments, clumps and cores) into protostars. The thermal gas pressure and gravitational collapse are believed
to be the primary agents governing this process, referred as thermal Jeans fragmentation. However, the con-
tributions of other factors (such as magnetic fields and turbulence) to the fragmentation process remain less
explored. In this work, we have tested possible fragmentation mechanisms by estimating the mean core mass
and mean inter-core separation of the B213 filament. We have used the ~14° resolution James Clerk Maxwell
Telescope (JCMT) Submillimeter Common-User Bolometer Array 2 (SCUBA-2)/POL-2 850 wm dust con-
tinuum map and combined it with a Planck 850 um map and Herschel data. We find that in addition to the
thermal contribution, the presence of ordered magnetic fields could be important in the fragmentation of the

B213 filament.
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1. Introduction

Observations have shown that filamentary structures
are ubiquitous in molecular clouds (André et al. 2014;
Tafalla & Hacar 2015). These filaments fragment to
form dense cores, which further collapse to form proto-
stars. This fragmentation is modeled using gravitational
instability, turbulence and magnetic fields. The Jeans
instability relations (Jeans 1902) govern the contribu-
tions of the thermal gas pressure and the gravitational
potential. These relations determine the critical length
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scales,! and masses at which gravitational collapse
occurs. However, they are only accurate for clouds
without turbulence and magnetic fields. The magneto-
hydrostatic equilibrium and stability of a gas cloud
generally depend on the amplitude of external pertur-
bations acting on it.

When magnetic field contributions are considered,
the effects depend on its orientation and strength as
well as on the geometry of the cloud. Dynamical insta-
bility occurs when the magnetic energy (due to a

I Critical lengths refer to the threshold characteristic scales anal-
ogous to the Jeans length beyond which a self-gravitating cloud
is unstable to perturbations. This nomenclature is widely used
instead of the Jeans length for models incorporating magnetic
fields/compressibility of the field.
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uniform, isotropic magnetic field) exceeds the gravi-
tational potential energy. For an axial magnetic field?
through an infinitely long, incompressible cylinder,?
the system is unstable for transverse oscillations with
a wavelength of perturbation exceeding a critical value
(Chandrasekhar & Fermi 1953). The magnetic field
does not affect the equilibrium of the fluid, but only
acts on the perturbation imposed. At equilibrium, the
gravitational instability is counteracted by gas (sum of
thermal and non-thermal contributions) and magnetic
pressures. Since the latter increases with field strength,
the critical length scale (of perturbation) increases with
increase in the magnetic field strength.

However, this only holds if the system is incompress-
ible. For a compressible cylinder, the transversal (in the
direction parallel to the filament minor axis) dimensions
expand with increasing field intensity. This expansion
leads to a rise in excess gravitational pressure, thereby
causing instability in the system. This indirect contri-
bution to gravitational instability is stronger than the
stability rendered by magnetic pressure. Thus, for a
compressible cylinder with an axial magnetic field, the
critical length of perturbation decreases with increasing
magnetic field strength (Stoddlkiewicz 1963). For zero
magnetic field intensity, the critical wavelength (Acri()
is 1.77 times the Jeans length (Stoddlkiewicz 1963).

In contrast, Hanawa et al. (2017) demonstrated that
magnetic fields work against fragmentation for an
isothermal cylinder permeated by a perpendicular mag-
netic field that is affected by a sinusoidal perturbation.
They also show that magnetic fields reduce the growth
rate of a perturbation for the free boundary condition,
but cannot fully stabilize the system as the growth rate
remains positive even for an infinitely strong magnetic
field. Thus, the critical wavelength and length scale of
fragmentation increases above the zero field intensity
Acrit Of 1.77A 5 indicated by Stodélkiewicz (1963). This
length scale depends on the magnetic field strength and
perturbation.

Another factor relevant to filament fragmentation is
the presence of turbulence (see Gehman et al. 1996;
Jappsen et al. 2005; Federrath & Klessen 2012). Tur-
bulence increases the growth rate and length scale of
the fastest growing mode for weak magnetic fields.
Strong magnetic fields produce an opposite effect, and

2 Axial magnetic fields refer to fields parallel to a cylinder’s long
axis (in this case, a gas filament).

3The condition of incompressibility is V - V. = 0, where V is
the fluid’s velocity field (gas). Compressible fluids refer to systems
that do not follow this relation, while solving for the Navier—Stokes
equations.
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decrease the growth rate of the fastest growing mode
(Gehman et al. 1996). Above a threshold, the mag-
netic field reduces the length scale of fragmentation in
turbulent clouds.

In more recent theoretical work, Clarke et al. (2017)
used smoothed particle hydrodynamical (SPH) simu-
lations to model filaments fragmenting due to grav-
itational collapse and accretion from the turbulent
medium. They reported that increased turbulence dom-
inated gravitational effects, changed fragmentation
length scales, and caused elongated fiber-like filaments
to form within the larger filament, which is similar to
the ‘fray and fragment’ scenario proposed by Tafalla &
Hacar (2015). They also concluded that large gradients
in the vorticity of the velocity field caused more gas to
accrete to form dense structures.

This paper focuses on testing the fragmentation
mechanism occurring in the L1495/B213 filament of
the Taurus molecular cloud, a widely studied star-
forming region. At a distance of about 140 pc (Elias
1978), it is one of the closest Sun-type star-forming
regions. It is an excellent candidate for studying the
fragmentation scenario using the sensitive and high-
resolution dust continuum maps acquired from the
JCMT SCUBA-2/POL-2 BISTRO survey (Eswaraiah
et al. 2021).

The description of the data that we utilized for this
work is given in Section 2. The results based on the
identification of cores are shown in Section 3. The
implications of the core properties and fragmentation
analysis are discussed in Section 4. The paper is sum-
marized in Section 5.

2. Data

The B213 filament consists of a chain of two protostel-
lar cores (K04166 and K04169), three prestellar cores
(Miz-8b, Miz-2 and HGBS-1) and a T-Tauri star as
shown in Figure 1. It is shifted away from the straight
L1495 filament and exhibits a kink-like structure (see
Figure 1(a) of Eswaraiah et al. 2021). The position angle
(N to E) of the filament is 133°, and the filament takes a
90° turn towards the core HGBS-1 as shown in Figure 3
of Palmeirim et al. (2013). The mean large-scale mag-
netic field orientation is 29° (Eswaraiah et al. 2021).
For this work, we have used an 850 pum thermal
dust emission map acquired by the JCMT telescope
equipped with SCUBA?2 camera and POL2 polarimeter.
The polarization data was acquired as a part of the B-
fields In STar-forming Region Observations (BISTRO;
Ward-Thompson et al. (2017); JCMT project code



J. Astrophys. Astr. (2023) 44:59

mjy/beam
-200 -150 -100 -50 0 50 100 150 200

R

27.36

27.28 H

27.20{

Dec (J2000)

27.12

27.04

T T T
64.96 64.88 64.80

RA (J2000)

Figure 1. JCMT SCUBA-2/POL-2 dust continuum map of
the Taurus B213 filament at 850 wm. The five cores and the
T-Tauri star are labeled. The green contours represent the core
boundaries obtained based on the FellWalker algorithm.

T T
65.12 65.04

M16AL004) survey between 5 November 2017 and
8 January 2019. The two fields were observed (each
of them 20 times) using the POL-2 DAISY mapping
mode (Friberg et al. 2016). This mode results in maps
with a 12° diameter, of which the central ~7 repre-
sents usable coverage, so these two pointings represent
a tightly spaced mosaic. These observations were made
in JCMT weather bands 1 and 2 with the 225 GHz atmo-
spheric opacity (t225) varying between 0.02 and 0.06.
The total exposure time for the two fields is ~28 h
(14 h in each of the two overlapping fields), result-
ing in one of the deepest observations yet made by the
BISTRO survey.

The 850 um POL-2 datasets were reduced using the
pol2map routine recently added to SMURF (Berry et al.
2005; Chapin et al. 2013). The final mosaicked maps,
calibrated in milliJanskys per beam, are produced from
coadded Stokes I, Q and U maps with a pixel size of
4°. The final rms noise for the Stokes I map binned to
a pixel size of 12° was ~1.3 mJy per beam. We used
the Stokes I map for this work, i.e., the thermal dust
continuum map shown in Figure 1. More details on the
POL2 data reduction and analyses can be found in one
of the recent BISTRO papers (Ching et al. 2022).

Given the close proximity of the Taurus molecular
cloud, the observations resolve the B213 filament into
individual cores at a resolution of 14.1° >~ 0.01 pc at
140 pec.
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The work presented here also uses data from other
facilities to extract the filament properties to perform
Jeans fragmentation analyses. We use the dust temper-
ature map and the column density map (36.3° and 18.2°,
respectively) obtained by Palmeirim ez al. (2013) as part
of the Herschel Gould Belt Survey (André et al. 2010;
Marsh er al. 2016).* These maps are made using Her-
schel PACS 160 um band and SPIRE 250, 350 and 500
pm bands. This data is then combined with a Planck 353
GHz map using the J-comb algorithm (Jiao et al. 2022)
to obtain an improved column density map, thereby
recovering extended low-density material.

The J-comb algorithm combines high- and low-
resolution images linearly and aids in the easier con-
volution of multi-wavelength data products. It achieves
this by applying a taper function’ to the low-pass fil-
tered image and combine it with weighed high-pass
images. Unlike algorithms that do not preserve the beam
shapes of the original maps, this method guarantees a
near-Gaussian beam shape for the combined map. Jiao
et al. (2022) demonstrated that this algorithm performs
better than CASA-feather and Miriad-IMMERGE
using benchmark tests and also asserted that J-comb
shows greater detail than earlier studies for combining
data products from ground-based and space-based
observatories.

3. Results
3.1 Identification of cores

The five cores (K04166, K04169, Miz-8b, HGBS-1 and
Miz-2) can be distinguished from the rest of the filament
due to their higher density and emission. The FellWalker
algorithm (Berry 2015) of the CUPID package (part
of the Starlink project) is used to identify clumps® of
emission and obtain their dimensions. The algorithm
takes several input parameters, such as root mean square
(RMS) noise, beam size (FWHM), threshold value for
clump peak, maximum corrupted pixels allowed inside

4http:// www.herschel.fr/cea/gouldbelt/en/Phocea/Vie_des_labos/
Ast/ast_visu.php?id_ast=066.

SA taper function is a non-constant scaling function that modifies
and combines low- and high-resolution beams. Mathematically, it is
the product of amplitude modulation factor and a weighing function.
This method provides a meaningful approach to combining the con-
tributions of low-density and high-density materials. See Equations
(17) and (18) of Jiao et al. (2022).

SIn this context, ‘clumps’ do not refer to cloud substructures that
are >0.1 pc. They refer to ‘clumps of emission’ corresponding to
star-forming cores in the filament.
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Table 1. Spatial properties of ellipse fits to the cores obtained from the JCMT map.
Core properties K04166 K04169 Miz-8b HGBS-1 Miz-2
Center of the core RA (deg) 64.928 64.994 64.965 64.851 64.906
Center of the core Dec (deg) 27.226 27.168 27.192 27.250 27.255
Position angle (N to E; deg) 127 126 119 20 17
Semi-major axis (a) (pc) 0.029 0.032 0.029 0.022 0.019
Semi-minor axis (b) (pc) 0.0207 0.021 0.022 0.013 0.01
Offset angle between the filament® and cores (deg) 6 7 14 113 116
Offset angle between the large-scale mean B-field® and 98 97 90 9 12
cores (deg)
Dust temperature of the core (in K) 122404 128+05 10.7+0.1 11.8+0.1 11.4+0.1

Filament position angle is 133°. PLarge-scale B-field orientation 29°.

a clump, etc., to identify the cores using the steep-
est ascent (gradient-tracing) approach. The threshold
clump peak value is generally taken as twice the RMS
noise. Using the 850 pum POL-2 map and by setting
the parameters for the FellWalker algorithm, the star-
forming cores are identified as contours on the POL-2
map.

The output of the FellWalker algorithm is a set of five
parameters describing the properties of the cores: (i) RA
and Dec values of vertices of the core polygons, (ii) cen-
ters, (iii) areas, (iv) spatial extents in RA and Dec and (v)
peak dust emission values. These polygons, which phys-
ically trace the core boundary, are fitted as an ellipse
using the SciPy least squares method. The best-fit yields
the dimensions of the semi-major and semi-minor axes,
the center and the position angle of a given core, and
are listed in Table 1. The identified cores and polygons
obtained from the FellWalker algorithm are shown in
Figure 1. Berry (2015)’ concluded that for 2-D artificial
Gaussian clumps of emission, the FellWalker algorithm
is less dependent on specific parameter settings and less
likely to create false clump detections or split up large
clumps as compared to CLUMPFIND. This motivated
us to use the FellWalker algorithm over CLUMPFIND
for identifying star-forming cores.

It is important to note that the core K04169 does not
resemble the shape of an ellipse. It has a protrusion
towards the South—West direction as seen in Figure 1.
However, the masses calculated from the integrated col-
umn densities for the ellipse and the polygons within the
error limits. Therefore, fitting an ellipse for K04169 is
still valid. The other four cores resemble the shape of an
ellipse due to their prolate-like or oblate-like structures.
Hence, an elliptical fit is a meaningful choice.

7 And also Watson 2010—http://hdl.handle.net/2299/13228.
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Figure 2. Herschel column density map of Taurus B213
region. The red contour is the Herschel 8.55 x 102! cm™2
column density contour. The green contours represent the
core boundaries based on ellipse-fitting to the cores in the

POL-2 Stokes I-map.

3.2 Core properties

Using the fitted ellipses (Figure 2), it is possible to esti-
mate the mass of the cores based on the Herschel column
density map and POL-2 dust continuum map. Equation
(1) is used to calculate the mass of the cores from the
column density map, where M is the mass of the core
in kg, u is the mean molecular weight considered as 2.8
based on cosmic abundances (Kauffmann ez al. 2008),
my is the mass of the hydrogen atom, A is the area
of a pixel and N(H») is the column density of a pixel.
The area of each pixel is calculated by converting the
RA /Dec pixel area of 3 x 3 arcsec” to cm? units. This
is done by using the angular separation formula shown


http://hdl.handle.net/2299/13228
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Table 2. Masses of the cores obtained from the Herschel
map.
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Table 3. Masses of the cores obtained from the JCMT
SCUBA-2/POL-2 dust continuum map.

NH2)sum Mass Integrated Mass
Core (x 1024, cm_2) (Mg)  Core flux (mJy) (Mg)
K04166 6.5 0.6 K04166 1502 0.5+£0.3
K04169 8.5 0.8 K04169 1951 0.6£0.3
Miz-8b 5.0 04 Miz-8b 484 0.2+0.1
HGBS-1 3.5 0.3 HGBS-1 291 0.10 = 0.05
Miz-2 1.7 0.2 Miz-2 137 0.054+0.03

in Equation (3) (assuming a constant distance to the fil-
ament of 140 pc). From this calculation, A is equal to
3.948 x 103! cm? on the projected sky at a distance of
B213.

Therefore, the integrated column density is the sum-
mation of the masses corresponding to every pixel
within the fitted ellipse of the core. Since the mass of
each pixel is the product of the constant parameters i,
my and A, and the variable N(H;), we numerically add
the column density values of all the pixels within a core
and label that as N(Hy)gum. Thus,

M = (umuAN(H))),

1

= umpA Y N(Hp);,

1

= MmHAN(HZ)sum, (1)

where i is the summation index for the pixels.

The masses of the cores can also be calculated from
the POL2 dust continuum map using the following
equation (Hildebrand 1983):

F,D?

= BT’ @

where F), is the integrated flux in the fitted ellipse of
the core. T; is the mean dust temperature obtained by
computing the arithmetic mean of the dust temperature
of all pixels within the respective core’s boundary. D is
the distance to the B213 filament taken as 140 pc, B, is
the Planck function value at the specified dust tempera-
ture and observed frequency, «,, is the dust mass opacity,
taken to be equal to 0.00125 m? kg~! (Johnstone et al.
2017), and the frequency v corresponds to a wavelength
of 850 um. Table 1 shows the core properties, dust tem-
peratures, etc. Table 2 contains the core masses obtained
from the Herschel column density map. Table 3 contains
the core masses obtained from the POL-2 map.

There is a clear discrepancy between the masses
obtained from the Herschel column density map and

the JCMT POL-2 dust continuum map. This inconsis-
tency can be attributed to the fact that there is a missing
flux in the POL-2 map, possibly due to spatial filtering
of the extended emission. The masses obtained from
the POL-2 map are lesser than those obtained from the
Herschel column density map. This further supports the
hypothesis.

To solve this flux issue, maps from three telescopes
(JCMT, Herschel and Planck) are merged using the J-
comb algorithm to obtain a corrected column density
map (see Jiao et al. 2022). The FellWalker algorithm is
then run onto this map to estimate the spatial dimensions
of the cores (Figure 3). The masses of the identified
cores are then estimated using Equation (2) and are
shown in Table 4. We use these corrected masses from
the J-comb combined map for comparison with the
Jeans mass.

The uncertainties in mass for the POL-2 map and the
combined map are estimated by propagating the stan-
dard deviation in 7;;,% 10% of the F, value as the flux
calibration uncertainty of SCUBA-2 (Dempsey et al.
2013), and a 50% uncertainty in dust mass opacity
(Roy et al. 2014). These uncertainties are also listed
in Tables 3 and 4.

3.3 Filament parameters and fragmentation analyses

Using the RA and Dec values of the centers of the cores
and setting the distance to the B213 filament as 140 pc,
it is possible to estimate the inter-core separations using
the following formulae:

0= cos_l[sin(SA sindp + cosd4 cosdp
x cos(ag — ap)] (3a)
and

c? = a® + b*> — 2ab cos(0), (3b)

8Computed by finding the standard deviation of the dust temperature
values of all pixels inside the respective core, shown in Table 1.
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Figure 3. J-comb flux density map (obtained by combining
JCMT, Herschel, Planck maps). The five cores are shown as
red polygons obtained by running the FellWalker algorithm
again.

Table 4. Masses of the cores obtained from the J-comb
combined map.

Integrated Mass
Core flux (mJy) (Mg)
K04166 2223 0.8+0.4
K04169 3180 1.0£0.5
Miz-8b 1144 0.5+0.3
HGBS-1 2918 1.1+£0.5
Miz-2 2437 09+0.5

where 6 is the angular separation of two points on the
surface of a sphere (celestial sphere defined using the
equatorial coordinate system). The o4 and ap are RA
values, and the 64 and 6  are Dec values of neighboring
cores. The last equation is the cosine rule, with a and b
being the distances from the Sun to adjacent cores (140
pc) and ¢ being the distance between the cores.

These equations yield the core separations as 0.098,
0.111, 0.089 and 0.129 pc (in the order from K04169 to
HGBS-1; see Figure 1). The total length of the filament
is thus ~0.42 pc. The Herschel column density contour
of 8.55 x 10?! cm ™2 (corresponds to ~5¢ of the nearby
background) encompasses the five cores and the B213
filament well (see Figure 2). We can then obtain the fil-
ament’s mass from the J-comb combined map by using
Equation (2).

The integrated flux across the filament obtained from
the J-comb map is 18876 mly. Thus, the filament’s

J. Astrophys. Astr. (2023) 44:59

mass is 7.0 = 3.6 My. The line mass of the fila-
ment i.e., the ratio of the total mass (7 Mg) to its
length (0.42 pc) is ~16.8 & 8.6 Mg, pc~!. The critical
mass of the filament is estimated using the following
equation:

(F)="e" @

If the filament’s mass exceeds the critical mass, it under-
goes fragmentation (Ostriker 1964). The critical mass is
estimated to be ~16.140.6 Mg pc~!, which is slightly
smaller than the filament’s line mass, and thus, the B213
filament can fragment into cores.

We further examine whether the B213 filament has
undergone thermal Jeans fragmentation. To estimate the
Jeans length and Jeans mass, we calculate the isothermal
speed of sound using the following equation:

kT, s
ot = | =20 )
nmy

Here, T, g1 is the mean dust temperature of 11.76+£0.43
K, which is the arithmetic mean of dust temperature
values of pixels within the Herschel column density con-
tour of 8.55x 102! cm~2. This Ty f1 yields anisothermal
speed of 0.186 4 0.003 km s~ 1.

The filament can be modeled as an isothermal cylin-
der with its length equal to the height of the cylinder
and the effective radii as the radius of the cylinder. This
yields a radius of 0.025 pc (a diameter of 0.05 pc is
obtained by averaging the width of the filament calcu-
lated using line segments perpendicular to the filament
long axis and along the center of the cores) and a height
of 0.42 pc. We then calculate the mass density using the
following relation:

Mg

Pl = ——5 >
7R3, Hgi

(6)

where Rg) is the radius of the filament and Hp; is the
height of the filament. Using these, we estimate the mass
density of the filament to be 5.529 x 10~1® kg m—3. We
then calculate the Jeans mass and Jeans length using the
following relations:

o \05
AJ = Csfil (—) (72)
’ Gpsi
and
M, =2 2A% (7b)
= =TT — ,
;=37 | S
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Table 5. Computed filament quantities.

Quantity Value with units
Otot 0.85+0.01 kms~!
ONT 0.83 +£0.01 kms™!
Va4 0.15kms™!

B 3.0+0.1
AJ.mag 0.06 & 0.02 pc
M mag 1.14+0.3 Mg

where G is the gravitational constant. These relations
yield a Jeans length of 0.05+0.01 pc and a Jeans mass’
of 0.7+ 0.2 Mg.

A sophisticated magnetic version of the Jeans length
and Jeans mass are given to be (Krumholz & Federrath
2019):

N [nc%(l +87
Jmag — | —~
Gp

and

3
M mag = My(1+ 712, 9)

1
] —nA+BTHE @®

respectively, where A; and M are the standard Jeans
length and Jeans mass calculated purely based on
the thermal contribution. In the above equations, the
term (1 + B~!) signifies the combined contributions of
thermal and magnetic pressures.

For an isothermal equation of state, the plasma 8, i.e.,
the ratio of thermal to magnetic pressure is 2./\/1124 JM?
(Federrath & Klessen 2012). Here, the Alfvén Mach
number M4 = ont/V4 and the sonic Mach num-
ber M = ont/cs. Va4 is the Alfvén velocity, which
is equal to B/(s/4mp), where B is the magnetic field.
onr is the non-thermal velocity dispersion, which can be
computed by subtracting the thermal contribution using

oNT = /02, — 04 The thermal velocity dispersion can

be calculated by using oy, = \/ (kg Tq.51)/(umy) (Xu
et al. 2023).

oot 18 the total velocity dispersion obtained using
13CO spectra by Chapman et al. (2011). We consider
an average magnetic field value of 40 G in accordance
with the range ~30-50 G estimated by Chapman
et al. (2011) for the B213 filament based on optical
and near-infrared polarization observations. All these
values along with A mag and M e are tabulated in
Table 5.

9The uncertainties in the Jeans properties are estimated by propa-
gating the error from the filament mass and the dust temperature.
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We also estimate the average mass of the five cores
(obtained from Table 4) as 0.8 £ 0.2 M. The average
inter-core separation is 0.10 &= 0.01 pc. This distance
is the value projected in 2D space. To obtain the 3D
distance, we de-project it by dividing it by a factor!?
of 2/m. This, then yields the 3D unprojected inter-core
separation as 0.16 £ 0.02 pc.

4. Discussion

The calculations show that Jeans instability is an impor-
tant factor in the fragmentation of this filament to
protostellar cores. The calculated mean mass of the
cores (0.8 £0.2 M) closely matches with the Jeans
mass (0.7 £ 0.2 Mg). A more detailed prescription
incorporating the magnetic contributions provides a
larger value of magnetic Jeans mass (1.1 = 0.3 My).
Within the uncertainty, this value matches the observed
value. This modification could hint at the importance of
considering magnetic field effects in the early stages of
fragmentation.

The predicted critical wavelength A, obtained from
the relation given by Stoddélkiewicz (1963) for zero
magnetic field intensity is 1.77 times Aj. For B213,
this value turns out to be 0.09 = 0.02 pc. A comparison
of predicted and observed quantities clearly ascertains
that the predicted critical length scale (Aqyjt) is smaller
than the mean unprojected inter-core separation of 0.16
pc. This could imply that the length scale of frag-
mentation has increased due to the presence of strong
magnetic fields perpendicular to the filament, which is
in accordance with Hanawa et al. (2017). The modified
magnetic Jeans length is also smaller than the mean
inter-core separation, suggesting the effect of B-fields
in the later stages of fragmentation.

To support this scenario, we briefly state recent
results of studies focusing on magnetic fields in this
filament. Based on optical and near-infrared polarimet-
ric observations, Chapman et al. (2011) estimated the
plane-of-sky component of the magnetic field strength
in the B213 filament to be ~30-50 ©G. They found
that the relatively low-density regions are magnetically
supported. These strong fields could be important in

10Following Section 5.4.1 of Sanhueza er al. (2019), in which they
state ‘The average value for cos(i), with i the angle between the
core separation and the observed projected separation, is given by:

1 (3 2
—/2 cos(x)dx = —,
)z b4

on an average, the observed separation will be 2/ times smaller
than the unprojected one’.
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forming the B213 filament and, subsequently, its frag-
mentation into several cores. Furthermore, the offset
angles between the filament and the large-scale mag-
netic field and between the cores and the large-scale
magnetic field are found to be either parallel or perpen-
dicular (cf. Table 1), thereby attesting to the importance
of magnetic fields in the formation of the filament and
cores (e.g., Li et al. 2013; Zhang et al. 2014). Similar
trends have been witnessed, but at large scales such that
low-density striations tend to be parallel to the magnetic
fields, whereas the high-density filaments are oriented
perpendicular to the magnetic fields (Planck Collabora-
tion et al. 2016; Soler et al. 2016; Wang et al. 2019).

Additionally, Eswaraiah et al. (2021) estimated the
mass-to-magnetic flux ratios, magnetic energies and
rotational energies of three cores in the B213 fila-
ment. The mass-to-flux ratios (1) were found to be
~1 for cores K04166, K04199 and ~3 for Miz-
8b. They showed that the three cores exhibit diverse
magnetic field properties and concluded that B fields
could marginally support K0O4166 and K04199. They
also reported that the rotational energies are much
smaller than the magnetic energies (Eyot/Emag < 1)
and are thus too weak to modify the orientation of the
core-scale B-fields.

We also found that the fragmented cores in B213
exhibit an aligned distribution with respect to their
parental filament and the large-scale magnetic field.
In related work, Tang et al. (2019) found that ordered
and dynamically important magnetic fields produced
well-organized and aligned dense cores in the MM?2
clump of the massive Infrared Dark Cloud (IRDC)
G34.43+00.24. Numerical work using magneto-
hydrodynamic simulations (Fontani ef al. 2016) has
also shown similarly aligned clump fragments in fil-
amentary fashion in a cloud permeated by strong and
ordered magnetic field lines. If turbulence dominated
the magnetic fields, we could have observed a clus-
tered fragmentation (e.g., Fontani et al. 2016; Tang et al.
2019). Therefore, turbulence may not be more impor-
tant than the magnetic fields in the fragmentation of the
B213 filament.

We thus propose that the fragmentation of the
B213 filament may have occurred due to thermal Jeans
instability and sinusoidal perturbations in the presence
of strong large-scale magnetic fields perpendicular to
the filament. Such perturbations may have occurred
due to mass accretion onto the B213 filament along
the magnetic field lines (Shimajiri et al. 2019). Chap-
man et al. (2011) noted that an expanding bubble of a
supernova remnant could have caused the arc-like shape
seen northwest of the filament (Shimajiri ef al. 2019).

J. Astrophys. Astr. (2023) 44:59

The detection of the gamma-ray pulsar FermiLAT PSR
JO357+32 (Abdo et al. 2009) supports this claim.
This supernova remnant might have also contributed to
perturbing the equilibrium of the B213 filament.

5. Summary

e The B213 filament is collapsing into Sun-type
star-forming cores. The calculated Jeans mass
closely matches the mean mass of the cores.

e The mean inter-core separation is larger than
the critical length scale. This may be due to
the presence of strong magnetic fields perpen-
dicular to the filament that could cause the
fragmentation length scale to increase. This
hints at a thermal Jeans-instability and sinuso-
idal perturbation-driven fragmentation mode in
the presence of dynamically important magnetic
fields.

e Although this scenario can be adopted as a useful
model, deviations may be attributed to core-scale
magnetic fields, inhomogeneous accretion and
turbulence.
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