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Abstract

We have obtained sensitive dust continuum polarization observations at 850 um in the B213 region of Taurus
using POL-2 on SCUBA-2 at the James Clerk Maxwell Telescope as part of the B-fields in STar-forming Region
Observations (BISTRO) survey. These observations allow us to probe magnetic field (B-field) at high spatial
resolution (~2000 au or ~0.01 pc at 140 pc) in two protostellar cores (K04166 and K04169) and one prestellar
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core (Miz-8b) that lie within the B213 filament. Using the Davis—Chandrasekhar—Fermi method, we estimate the
B-field strengths in K04166, K04169, and Miz-8b to be 38 £ 14, 44 416, and 12 + 5 uG, respectively. These
cores show distinct mean B-field orientations. The B-field in K04166 is well ordered and aligned parallel to the
orientations of the core minor axis, outflows, core rotation axis, and large-scale uniform B-field, in accordance with
magnetically regulated star formation via ambipolar diffusion taking place in K04166. The B-field in K04169 is
found to be ordered but oriented nearly perpendicular to the core minor axis and large-scale B-field and not well
correlated with other axes. In contrast, Miz-8b exhibits a disordered B-field that shows no preferred alignment with
the core minor axis or large-scale field. We found that only one core, K04166, retains a memory of the large-scale
uniform B-field. The other two cores, K04169 and Miz-8b, are decoupled from the large-scale field. Such a
complex B-field configuration could be caused by gas inflow onto the filament, even in the presence of a substantial

magnetic flux.

Unified Astronomy Thesaurus concepts: Dust continuum emission (412); Polarimetry (1278); Low mass stars
(2050); Dense interstellar clouds (371); Interstellar magnetic fields (845)

1. Introduction

According to the filamentary paradigm of star formation, low-
mass stars predominantly form in dense cores that are distributed
in a chain-like fashion along gravitationally unstable filamentary
clouds (Hartmann 2002; André et al. 2014; Tafalla & Hacar 2015;
Marsh et al. 2016). The magnetic field (B-field) is important at all
scales during this process (Shu et al. 1987; McKee & Ostriker
2007; Crutcher 2012; Ward-Thompson et al. 2020). Nevertheless,
the interplay between the B-field, gravity, and turbulence in the
formation of cores and their collapse to form stars is still a subject
of investigation.

Studies of the B-field on cloud scales with Planck 850 psm low-
resolution (~5 or ~0.2 at 140 pc) polarization observations and
optical and near-infrared (NIR) polarimetry of background stars
have revealed that low-density gas striations are mostly aligned
with the B-field, and high-density filamentary structures are
oriented perpendicular to the B-field (Alves et al. 2008; Sugitani
et al. 2010; Chapman et al. 2011; Planck Collaboration et al.
2016a; Wang et al. 2020). These observations imply that material
can accumulate along field lines and aid in the assembly of dense
structures perpendicular to the B-field as a result of gravitational
collapse and/or converging flows (see Ballesteros-Paredes et al.
1999a; Hartmann et al. 2001; Soler & Hennebelle 2017).

If the large-scale, uniform B-field is inherited down to core
scale (<0.1 pc), it governs not only the contraction, stability, and
collapse of the core (Mestel & Spitzer 1956; Mouschovias &
Spitzer 1976) but also the properties of the circumstellar disk by
helping to remove angular momentum via magnetic braking
(Mouschovias 1991; Allen et al. 2003; Li et al. 2014). According
to the theory of isolated, low-mass star formation via ambipolar
diffusion (Mouschovias 1991; Mouschovias et al. 2006), the
gravitational collapse of a dense core is regulated by a strong,
ordered B-field such that the core preferentially contracts along
field lines. As a result, the core acquires an oblate-like structure
over 10,000 au scales. After gaining sufficient mass via B-field-
mediated contraction, the subcritical core initially becomes
supercritical and eventually collapses under its own gravity. At
this stage, the flux-freezing condition will no longer be valid due
to efficient neutral-ion decoupling. As a result of this ambipolar
diffusion, the B-field will acquire an hourglass morphology on
protostellar envelope scales, <1000 au (e.g., Galli & Shu 1993;
Girart et al. 2006; Stephens et al. 2013). This model predicts
a positive correlation between the angle of the mean B-field and
that of the minor axes of the filament and core and the axes
of both pseudodisk symmetry and bipolar outflow (Fiedler &
Mouschovias 1992, 1993; Galli & Shu 1993; Mocz et al. 2017;
Hull & Zhang 2019).

Evidence for magnetically regulated star formation through
observations of a coherent B-field across orders of magnitude in
size scale (e.g., Li et al. 2006, 2009; Hull et al. 2014) is not
always the norm. A departure from coherency, especially at
smaller scales, can occur in regions dominated by turbulence
(e.g., Hull et al. 2017b), shocks from outflows (e.g., Hull et al.
2017a), gravity-driven gas flows (e.g., Pillai et al. 2020), stellar
feedback driven by expanding ionization fronts from HII
regions (Arthur et al. 2011; Pattle et al. 2018; Eswaraiah et al.
2020), or gas dynamics arising from gravitational collapse
(Ching et al. 2017, 2018). These observations suggest that the
very local environment can determine the morphology and role
of the B-field.

We emphasize here that B-field observations of low-mass
dense cores (i) formed out of a single natal filament,
(ii) characterized by an ordered B-field at larger scales
(subparsec to several parsecs; see Figure 1(a)), (iii) having
signposts of accretion flows (Palmeirim et al. 2013; Shimajiri
et al. 2019), and (iv) hosting pristine physical conditions
unaffected by any disruption by strong stellar feedback are
sparse. Taurus B213 is one of these rare regions, making the
B213 cores the ideal laboratories to understand the role of the
B-field in the star formation process.

We conduct sensitive dust polarization observations at 850 ym
toward B213 as part of the B-fields In STar-forming Region
Observations (BISTRO; Ward-Thompson et al. 2017) survey to
resolve its B-field. BISTRO is a large program on the 15 m James
Clerk Maxwell Telescope (JCMT), making use of its SCUBA-2
camera and POL-2 polarimeter. The B213 filament is nearby
(distance ~140pc; Elias 1978), well studied, and part of the
~10pc filament LDN 1495, as shown in Figure 1(a). It is
fragmented into a chain of cores that are in the early evolutionary
stages of low-mass star formation (Figure 1(b)). These include
three prestellar cores, namely, Miz-8b, Miz-2, and HGBS-1
(Mizuno et al. 1994; Marsh et al. 2016); two class 0/1 protostellar
cores, IRAS 04166+2706 and IRAS 0416942702 (Ohashi et al.
1997; Tafalla et al. 2010; Takakuwa et al. 2018); and one evolved
object, J04194148+2716070, classified as a class II T Tauri star
(Davis et al. 2010). We hereafter refer to IRAS 0416642706 and
IRAS 0416942702 as KO1466 and K04169, respectively (see
Kenyon et al. 1990, 1993), adopting the core nomenclature of
Bracco et al. (2017).

Here, for the first time, we resolve the B-field in the three
cores of B213 on 0.01-0.1 pc spatial scales. In this letter, our
key aims are to examine whether (i) B-fields at scales <0.1 pc
are coherent with or decoupled from the uniform large-scale B-
field and (ii) the paradigm of magnetically regulated, isolated
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Figure 1. (a) The overall structure of the B213 filament is shown using a high-resolution (1872) column density map taken from the HGBS archive (Palmeirim
et al. 2013). It is a part of the 10 pc long large-scale filament LDN 1495 in the Taurus molecular cloud. Measurements of the large-scale B-field orientation are
overlaid: optical polarimetry measurements are shown as magenta segments (Heyer et al. 1987; Goodman et al. 1990; Heiles 2000), NIR polarimetry measurements as
cyan segments (Goodman et al. 1992; Chapman et al. 2011), and Planck 850 pm dust emission polarimetry measurements as yellow segments. (b) Our inferred core-
scale B-field geometry (red segments) superimposed on the area of our total intensity (Stokes /) map, which contains the fragmented cores of B213. The extent of the
map is shown as a white box in panel (a). Plotted segments correspond to a detection at a minimum of 3¢ in polarization fraction and 100 in total intensity. Note that
all segments are shown with equal lengths to better display the B-field morphology. The white contour marks a column density of 1 x 10*? cm™? (Palmeirim
et al. 2013), as measured in the Herschel data, that outlines the structure of the parental B213 filament, which has fragmented into the cores shown. Red contours in
both panels mark 100 total intensity (Stokes I) values, where 1o = 1.3 mJy beam ' is the rms noise. Note that the apparent >10c intensity values seen in low column
density regions in panel (a) result from low exposure times at the edges of the POL-2 map and so delineate the extent of our mapped area. Reference scale and beam

size (~14”1) are shown.

low-mass star formation holds in these cores. This paper is
organized as follows. Section 2 describes the observations and
data reduction. Sections 3 and 4 present the results and
discussion, respectively, and Section 5 summarizes our main
findings.

2. Observations and Data Reduction

The POL-2 observations of two fields in B213 were carried
out as part of the JCMT BISTRO survey (JCMT project code
M16AL004) between 2017 November 5 and 2019 January 8.
The two fields, shown in Figure A2, have a center-to-center
angular separation of ~5’ . The fields were each observed 20
times using the POL-2 DAISY mapping mode (Holland et al.
2013; Friberg et al. 2016). This mode results in maps with a 12/
diameter, of which the central ~7' represents usable coverage,
so these two pointings represent a tightly spaced mosaic. The
observations were made in JCMT weather bands 1 and 2, with
225 GHz atmospheric opacity (7,,5) varying between 0.02 and
0.06. The total exposure time for the two fields is ~28 hr (14 hr
in each of the two overlapping fields), resulting in one of the
deepest observations yet made by the BISTRO survey.

The 850 um POL-2 data 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”, while the final debiased polarization
vector catalog is binned to 12” to achieve better sensitivity. The
rms noise values in our Stokes 7, @, U, and PI maps, binned to a
pixel size of 127, are ~1.3, ~0.9, ~0.9, and ~1.0 mJy beam™ ",

ot http://starlink.eao.hawaii.edu /docs/sun258.htx /sun258ss73.html

respectively. Here PI represents the polarized intensity of the
dust emission, debiased using the asymptotic estimator method;
our PI map is shown in Figure A2. The instrumental
polarization (IP) of POL-2 was corrected for using the “2019
August” IP model (Friberg et al. 2018). The POL-2 data
reduction process is described in detail by Doi et al. (2020) and
Pattle et al. (2021).

3. Results
3.1. B-field on Small Scales

We present the data of 28 polarization measurements
satisfying the following criteria: (i) the ratio of intensity to its
uncertainty I/o;> 10 and (ii) the degree of polarization to its
uncertainty P/op > 3, where P = PI/I. These measurements are
listed in Table 1. The resulting PI within the core boundaries
(see Appendix A) ranges from ~2 to ~4 mlybeam ' with a
median uncertainty in PL, op;, of 0.64 mly beam™!. The
polarization fraction ranges from ~0.8% to ~18% with a
median value of ~7%. The B213 cores are characterized by
weak dust emission (~12-318 mJy beam™ '), as well as weak
polarized emission in comparison to the other regions studied by
the BISTRO program (Ward-Thompson et al. 2017; Kwon et al.
2018; Soam et al. 2018; Coudé et al. 2019; Liu et al. 2019; Pattle
et al. 2019; Wang et al. 2019; Doi et al. 2020).

Assuming a distance to Taurus of 140 pc, our observations
allow us to delineate the B-field in B213 on scales ranging from
~2000 au (~0.01 pc) up to ~0.25 pc, the length over which the
cores K04166, Miz-8b, and K04169 are distributed. The resulting
B-field geometry, based on the 28 polarization measurements (see
Table 1), is shown in Figure 1(b). Since the three cores, T Tauri,
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Table 1
Polarization Data along with the Celestial Coordinates of the Pixels

R.A. (J2000) Decl. (J2000) I+o0 Q+op Utoy PI £ op; P+op Ocore.8 £ Otoore
(deg) (deg) (mJy beam ™) (mly beam™") (mly beam ™) (mJy beam ™) (%) (deg)
1 @) (3) (C)) 5 (6) @) ®)
64.982471 27.157917 25.0+0.6 —-0.7+£0.6 -25+0.7 254+0.7 9.8 £2.8 37+7
65.004946 27.161250 16.9 £0.7 1.1 £0.7 2.7+0.7 2.8+0.7 16.8 £ 4.4 124 £7
64.989963 27.161250 33.0£0.7 03 +£0.6 3.0+0.6 3.0+£0.6 9.0+£19 132+6
64.986217 27.161250 37.3+£0.7 —0.7 £ 0.6 3.1+0.7 3.1+£0.7 83+ 1.8 141+5
65.004946 27.164583 35.7+0.7 1.1 +£0.7 2.7+0.7 294+0.7 81+19 124 +7
65.001200 27.164583 78.6 £0.7 —-0.2+£0.7 2.7+0.7 2.6 +£0.7 33+09 137+7
64.989963 27.164583 1139+ 09 23+0.6 0.3£06 22+£0.6 1.9+0.5 94 +8
65.008696 27.167917 20.3 £0.6 —-1.6 £0.7 1.6 £ 0.7 22+0.7 10.8 £3.3 157 £ 8
64.993708 27.167917 3184+ 1.7 2.7+0.7 0.2+0.6 2.6 +0.7 0.8+0.2 92+7
64.989963 27.167917 140.9 £ 0.8 3.1+£0.6 1.6 £ 0.6 35+0.6 25+04 104 +£5
64.986212 27.174583 454+ 0.6 1.9+0.6 09 +£0.6 20+£0.6 44+13 103 +£ 8
64.967479 27.181247 122 £05 —-1.5+£06 —-1.6 £0.6 2.1 £0.6 17.6 £5.1 24 + 8
64.971225 27.184581 158+ 0.6 14+0.6 -1.9+0.7 234+0.6 144+4.0 63+7
64.959979 27.191247 46.1 £ 0.6 02+0.6 20+0.6 1.9+£0.6 41+£13 132+9
64.971221 27.194583 26.1 £0.6 02+0.6 29+0.6 29+0.6 11.0£25 133+6
64.967475 27.194581 484+ 0.6 —2.0+£0.6 04 +0.6 1.9+0.6 40+13 174 £9
64.963729 27.194581 58.6 £0.6 —-15+£06 —-1.8£0.6 23+£0.6 38+1.0 2547
64.933733 27.217906 54.7 £ 0.6 —0.8 £0.6 —24+£06 25+06 4.6+ 1.1 36 £6
64.926237 27.217903 25.0£0.6 —-0.6 £0.5 —-2.7+£0.7 2.7+£0.7 10.8 £2.7 39+6
64.926237 27.221236 72.0 £ 0.6 04 +£0.6 —29+06 2.8+0.6 39+0.8 49+ 6
64.937479 27.227906 37.7+£0.6 1.8 £0.6 -1.9+£0.7 25+£0.6 6.7+1.7 66 + 7
64.933729 27.227906 1134 £ 0.7 22+0.6 —-0.0 £0.7 2.1 £0.6 1.8 +£0.6 90 +9
64.929979 27.227903 290.0 £ 1.4 1.2+£0.6 —-23+£06 25+£0.6 09+02 59+7
64.926233 27.227903 2539+ 1.5 —1.8£06 —-22+£07 2.8+0.6 1.1£0.3 25+6
64.933725 27.234572 14.6 £0.6 0.5+0.7 —-22+£0.7 22407 149 +45 51+9
64.854983 27.247850 293+ 1.1 36+ 1.0 —-20+1.0 39+1.0 134 +3.5 76 +7
64.907471 27.251225 22.1£0.8 4.0+0.38 —-0.5+£038 39+0.8 17.8 £3.8 86+ 6
64.922458 27.267900 919+ 1.3 1.3+£09 37+09 3.8+0.9 42+1.0 125+7

Note. R.A. and decl: celestial coordinates. I: total intensity. Q and U: Stokes parameters. PI: debiased polarized intensity. P: debiased degree of polarization. O ore p: B-

field orientation, determined by applying an offset of 90° to the polarization angle.

Miz-2, and HGBS-1, have only a single measurement each (and
also because the background noise dominates at the locations of
these cores; see Appendix A), we exclude them from further
analysis and discussion. The overall B-field morphology appears
to be uniform within K04166 and K04169, but the mean field
directions are offset by ~90° from one another. In contrast, the B-
field morphology in Miz-8b is complex.

We compute the weighted mean position angle (PA) of the core
B-field, 9core, B, Using uncertainties in polarization angle as weights.
These values are given in Table 2. The 900& B, along with the low-
resolution B-field morphology based on Planck 850 pm polariza-
tion data, is shown in Figure 2. Table 2 lists the offset between
O:ore.5 and the large-scale mean B-field orientation (Gll?rge“ale; see
Appendix B) based on multiwavelength polarimetry. Also listed
are the offset between 9cme, p and the PA of each core’s major axis
(Beore; see Appendix C).

Interestingly, we see completely different B-field geometry
in each of the three cores. The B-field in K04166 lies roughly
parallel to the large-scale field (or perpendicular to the
filament), while that in K04169 lies roughly perpendicular to
the large-scale field (or roughly parallel to the filament). The
field direction in Miz-8b lies roughly halfway between the
other two, albeit with a larger standard deviation in B-field
orientations (35°; see Table 2). Hence, we see that the core-
scale B-field, in a set of cores spanning ~6', or ~0.25 pc,
appears to be rather complex.

Furthermore, we observe a good alignment between the core B-
field (~48°) and outflows (~33°) in K04166 (Figures 2 and 3(d)),
consistent with studies by Davidson et al. (2011) and Chapman
et al. (2011). In contrast, we see a misalignment between the core
mean B-field (~121°) and the outflows (~58°) in K04169
(Figures 2 and 3(e)), in accordance with studies by Hull et al.
(2013, 2014), Hull & Zhang (2019), and Yen et al. (2021).
Despite the fact that these two cores lie within ~0.25 pc of each
other, they exhibit different B-field/outflow orientations.

3.2. B-field Strength

Based on the assumption that turbulence-induced Alfvén
waves can distort B-field orientations, the plane-of-the-sky
component of the B-field strength (B,,,s) can be estimated using
the Davis—Chandrasekhar—Fermi relation (DCF method; Davis
1951; Chandrasekhar & Fermi 1953),

oy,
Bpos = Q\/ 4w pmy an( ~
0
where ny, is the gas number density, dy,, is the nonthermal gas

1
velocity dispersion, and ¢ is the dispersion in polarization angles
about the mean B-field orientation. Here Q is a factor accounting
for line-of-sight and beam dilution effects, which we take as 0.5
based on studies using synthetic polarization maps generated from
numerically simulated clouds (Ostriker et al. 2001). This suggests

ey
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Table 2
Various Parameters for K04166, K04169, and Miz-8b
No. Parameter K04166 K04169 Miz-8b
Weighted Mean B-field Orientation along with Various Offset PAs
1 No. of B-field segments 8 10 4
2 Weighted mean B-field orientation (Gcore,p &€ 70re 3 deg)™” 48 +2 121 £2 158 £4
3 Angular dispersion (6p; deg) 18+4 20+ 3 35+7
4 Standard deviation in HCK,re,[,»(deg)h 20 33 35
5 PA of core major axis (Ocore; deg)” 127 + 20 126 + 16 119 + 30
6 Ocore.s — 05" (deg)* 19 88 51
7 |gcorc,B - ecorcl (deg) 79 5 39
Core Dimensions, Mass, Column and Number Densities, etc.
1 Semimajor axis (a) (pc) 0.032 + 0.005 0.036 + 0.006 0.029 £ 0.010
2 Semiminor axis (b) (pc) 0.024 + 0.003 0.025 + 0.005 0.023 £ 0.005
3 Effective radius (Reg) (pc)© ) 0.028 £ 0.003 0.030 £ 0.004 0.026 £ 0.005
4 Median dust temperature (7) (K)! 122+04 122 +£0.8 109 +£0.2
5 Integrated flux (F,) (mJy) 1564 1969 516
6 Mass (M) (Mg) 0.55+£0.28 0.69 + 0.36 0.22 £0.11
7 Column density (N(H,)) x 10*' (cm™?) 10£6 11+6 543
8 Number density (n(H,)) x 10* (cm™>) 945 946 544
B-field Strength and Magnetic and Turbulent Pressures, etc.
1 B-field strength (using DCF method) (1G) 38+ 14 44 + 16 12+5
2 B-field pressure (Pg; x107'° dyn cm™?) 0.6+04 0.8+0.6 0.06 £ 0.05
3 Turbulent pressure (Pup; x 10710 dyn cm™2) 04403 07405 0240.1
4 Pg/Purb 1.3+1.3 1.0+ 1.0 03+04
5 Mass-to-flux ratio criticality (A = (M/®)/(M/})cri) 0.7+0.4 14+1.0 342
6 Alfvén velocity (Vs; kms™") 0.17 £ 0.09 0.21 +£0.12 0.07 + 0.04
7 Alfvénic Mach number (M,) 1.1 £0.6 1.2+0.7 2+1
Energy Parameters
1 p 0.27 0.27 0.27
2 Rotational energy E,o (x10*" erg) 0.02 0.1 0.01
3 Magnetic energy Enyag (X 104! erg) 2 3 0.1
4 Eiot/Emag 0.01 0.04 0.05
Various PAs
1 Core minor axis PA (deg) ~37 ~36 ~29
2 Outflow PA (deg)® ~33 ~58
3 Core 0 (deg; from W to N)° —169 —144 93
4 Core 6 (deg; from N to E)' 101 126 3
5 PA of the core rotation axis (deg; from N to E)' 11 36 93
Notes.

4 While estimating 9&@, B, one B-field segment associated with K04169, with PA ~ 37°, was ignored, as it belongs to an another condensation to the south of K04169.
Similarly, two segments associated with Miz-8b, with PAs of 24° and 63°, were ignored, as they fall in the core boundary and do not represent the B-field orientation
in Miz-8b. These ignored segments are, within 30°, parallel to the large-scale B-field (with a PA of 29°).

® We also cross-check the 960,6,3 and corresponding standard deviation values against the circular mean and circular standard deviation values (Doi et al. 2020; see
their Appendix C), which are estimated to be 51° 4 19°, 121° + 21°, and 158° & 35° for K04166, K04169, and Miz-8b, respectively. These values are quite
consistent with the quoted weighted mean and standard deviations.

€ Here feore is the PA of the major axis of the core obtained by fitting an ellipse to the 13 mJy beam ™' POL-2 Stokes / contours of the cores.

9 Here ng"ge“ale is the mean large-scale mean B-field orientation (29°; Table B1).

N Reff: \/%

" Based on the HGBS column density map.

€ The PA of the outflows is determined based on the midline that passes through the center of the bipolar cones. The outflow data are from Tokuda et al. (2020; see
also Ohashi et al. 1997).

" The core 0 is based on the total velocity gradient derived from N,H" data (Punanova et al. 2018). The negative sign corresponds to the angle in the clockwise
direction from W to S (see Table B.1 of Punanova et al. 2018).

! The core g and PA of the core rotation are perpendicular to each other.

that without this correction factor, the DCF-measured B-field As illustrated in Appendix C, we have used the 850 um
strength is overestimated by a factor of 2 when the angular Stokes I map to extract core dimensions, column and number
dispersion in the B-field is <25°. densities, and masses. To quantify the nonthermal velocity
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Figure 2. Same as Figure 1(b) but now we only show the mean B-field orientation in the three cores K04166, Miz-8b, and K04169, based on the weighted mean of the
PAs we measure. The blue and red dashed arrows denote the protostellar outflows (lengths are not to scale) emanating from K04166 and K04169. The red contour
around each core is drawn at I = 13 mJy beam ', corresponding to 100 in total intensity. The large-scale B-field morphology, as determined from the oversampled
Planck 850 pm polarization data (pixel size 1’), is shown as yellow segments. The white contour is as described in Figure 1(b).

dispersion induced by the turbulence, we estimated the average
velocity dispersion (dy,,) from archival N,H" (1-0) data
(Punanova et al. 2018)82 obtained using the IRAM 30m
telescope. The spatial and velocity resolutions of the N,H™ data
are 26”5 and 0.063 kms™', respectively. The thermal con-
tributions to the observed velocity dispersions (6y,) are
estimated (based on the mean dust temperatures of the cores
given in Table 2). These components are quadratically
subtracted from the observed velocity dispersions (fy,,) to
obtain nonthermal velocity dispersions (dy,,). The angular
dispersion in the B-field is calculated using the relation for the
inverse variance—weighted standard deviation of the B-field
(e.g., Wang et al. 2020). These estimated parameters are listed
in Table 2.

Using Equation (1) and the parameters listed above, the B-
field strength is estimated to be 38 £ 14 uG for K04166,
44 4+ 16 uG for K04169, and 12 £+ 5 uG for Miz-8b. Since the
majority of the B-field segments in K04166 and K04169 are
confined to the core radii of ~20"-50", the B-field strengths in
these cores are mainly valid to the core envelopes. Further, we
caution here that the B-field strength of Miz-8b could be highly

92 The data can be found at http://cdsarc.u-strasbg.fr/ftp/J/A+A /617 /A27 ]
fits/.

uncertain because of the limited number of B-field segments,
and hence the larger angular dispersion, used in the DCF
method. The current estimations are similar to the B-field
strengths of ~10-100 uG estimated in relatively unperturbed
low-mass star-forming regions (Crutcher et al. 2004; Chapman
et al. 2011; Crutcher 2012) and 2 orders of magnitude less than
the ~1 mG values estimated in massive star-forming regions
(e.g., Curran & Chrysostomou 2007; Hildebrand et al. 2009;
Pattle et al. 2017; Liu et al. 2020).

We can use our estimated B-field strength to infer the dynamic
state and physical properties of the cores (see Table 2). First, we
estimate the magnetic and turbulent pressures using the relations
Pp= Bz/ 87 and Pu= pOxr, respectively. Second, we estimate

the Alfvénic Mach number using the relation My, :\/g (M),

Va
where Alfvén velocity Vy = % (where p = ny, p my). Third,

we use the mass-to-magnetic flux ratio to infer how important the
B-field is in comparison to gravity. We measure the mass-to-flux
ratio in units of the critical value, as described in Appendix D.
Finally, we estimate the rotational energy of each core to
determine how rotation may influence the B-field in Appendix E.
The derived energy values, along with all other parameters, are
listed in Table 2.


http://cdsarc.u-strasbg.fr/ftp/J/A+A/617/A27/fits/
http://cdsarc.u-strasbg.fr/ftp/J/A+A/617/A27/fits/
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Figure 3. (Top panels) Velocity gradient maps for (a) K04166, (b) K04169, and (c) Miz-8b. The length and angle of each black arrow correspond to the magnitude
and direction, respectively, of the local velocity gradient. A reference arrow with units of kilometers per second per parsec is shown on each plot. Red segments show
the B-field orientations from Figure 1(b). (Bottom panels) Weighted mean B-field geometry (thick red segments; same as Figure 2) in the cores of (d) K04166, (e)
K04169, and (f) Miz-8b, overlaid on the Stokes / map (color scale). The large-scale Planck mean B-field direction is shown as a yellow segment on each core. Red and
blue contours show the redshifted and blueshifted '>CO (2—1) emission tracing the bipolar outflow in the center of each core. These were obtained with the ALMA 7 m
array by Tokuda et al. (2020). The cyan line denotes the mean PA of each outflow (33° for K04166 and 58° for K04169). The thin black line represents the PA of the
core rotation axis. The integrated velocity ranges are —10 to 0 and 10 to 20 km s~ ! for the blue- and redshifted outflows of K04166 and —5 to 4 and 11 to 17 km s~

for the blue- and redshifted outflows of K04169. The lowest and subsequent contour steps are 0.4 and 1.2 K km s

ALMA data is 6”8 x 675.

4. Discussion

Since the two protostellar cores, K04166 and K04169, are
at a similar evolutionary stage and share similar characteristics
(see Table 2), we discuss their energy parameters and gas
kinematics with reference to the differences in B-field morph-
ology in Section 4.1. These aspects for the prestellar core Miz-8b
are addressed in Section 4.2.

4.1. K04166 and K04169

The magnetic-to-turbulent pressure ratio is seen to be ~1 in
both cores (see Table 2). This suggests that the B-field and
turbulence are near equilibrium with each other. Equivalently, the
Alfvénic Mach number (~1) suggests that turbulent motions are
trans-Alfvénic. Therefore, turbulent motions are not dominant
over, and so do not shape the morphology of, the B-field in these
cores. The mean mass-to-flux ratio criticality of the cores, J, is
found to be ~1, suggesting that the core envelopes may be
magnetically critical and marginally supported by the B-field. The
ratio of rotational to magnetic energy (see Appendix E) is

~1 | respectively. The angular resolution of the

Erot/Emag <1, which infers that the core rotational energy is too
weak to alter the B-field orientation.

Our analysis indicates that there is an equipartition among
magnetic, turbulent, and gravitational energies in the core
envelopes of K04166 and K04169. Then the question arises as
to why the mean B-field orientations in the two cores are different
from each other. We use the morphological correspondence
between N,H" velocity gradients and the B-field, as shown in
Figures 3(a) and (b), to shed light on this.

The velocity field in K04166 as inferred from the velocity
gradient map is well defined, fairly uniform, and almost
perpendicular to the B-field segments. This could be interpreted
as bulk core rotation, with the angular momentum (or core rotation
axis with PA ~ 11°) being parallel to the B-field direction. In
addition, the outflow is well collimated and exhibits extremely high
velocity components (Wang et al. 2014), suggesting a possible role
of the B-field in channeling the outflow and transporting energy
and angular momentum away from the rotating circumstellar disk.
The PAs of the core (and filament) minor axis (~37°), core rotation
axis (~11°), and bipolar outflows (~33°) are all roughly aligned
with both O.oe s (48°) and A5 (29°) to within ~30°, as
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shown in Figure 3(d). This strong geometrical correspondence
suggests that the B-field, which is inherited from the large-scale
uniform B-field, has played a significant role in core evolution by
allowing gas contraction along field lines to form the core,
subsequently governing its collapse via ambipolar diffusion, and
finally collimating the outflows. These signatures are in accordance
with the paradigm of the low-mass star formation process driven by
ambipolar diffusion in K04166. However, we could not trace an
hourglass morphology in the inner core (radii <20” or <2800 au)
due to limited resolution (1471 ~ 2000 au).

On the other hand, the velocity gradient map in KO4169 appears
to be rather complex and displays two converging flows, from the
northeast and the southwest (Figure 3(b)). Counterrotation between
the disk and the envelope in K04169 is also reported (Takakuwa
et al. 2018). We see that the core mean B-field (Opore 3 ~121°) is
nearly aligned parallel to the mean orientation of the velocity
gradient (Og ~126°; see Table 2). We suggest that this complex
gas flow might have altered the B-field from being parallel to the
core minor axis in the earlier stage to the current perpendicular
configuration in K04169. This might have also caused the
misalignment of the outflows (PA ~ 58°), core rotation axis
(PA ~ 36°), and core minor axis (PA ~ 36°) with Oyore, 5, as shown
in Figure 3(e) (see Table 2 for more details).

4.2. Miz-8b

Unlike K04166 and K04169, Miz-8b has a disordered B-field. It
has a magnetic-to-turbulent pressure ratio of ~0.3 and a Alfvénic
Mach number of ~2 (see Table 2), which suggests that turbulence
is super-Alfvénic and dominates over the B-field. Cores formed in
a weakly magnetized, turbulent cloud would have a chaotic B-field
configuration because of the dominance of turbulent eddies over
structural dynamics and field lines (Stone et al. 1998; Ballesteros-
Paredes et al. 1999b; Mac Low & Klessen 2004; Li et al. 2014).
We suggest that the B-fields in Miz-8b are complex because of the
dominance of turbulent flows (Figure 3(c)). As a result, the B-field
is decoupled from the large-scale ordered field (Figure 3(f)). Since
the inferred B-field strength in Miz-8b is weaker (12 &5 uG), it
will not support the core against gravity, as the mass-to-flux ratio is
found to be supercritical (A ~3).

5. Summary

We have performed deep dust polarization observations
toward the Taurus B213 filament at 850 ym using SCUBA-2
and POL-2 on the JCMT as part of the BISTRO survey. We
successfully detected polarized signal in and studied in detail
the B-field of two protostellar cores (K04166 and K04169) and
one prestellar core (Miz-8b) on scales from 2000 au to 0.25 pc.
The main findings of this work are as follows.

1. Despite having (i) ordered B-fields on large scales and (ii)
quiescent physical conditions and (iii) being formed out
of the same natal filament, the three B213 cores exhibit
diverse magnetic field properties.

2. Among the three cores, only one, K04166, retains a
memory of the large-scale B-field, with a field orientation
consistent with those seen on larger scales. The other two
cores appear to have decoupled from the large-scale field.

3. Using the DCF method, we estimate the B-field strengths in
K04166, K04169, and Miz-8b to be 38 & 14, 44 + 16, and
12 + 5 uG, respectively. The associated magnetic energies
are in equipartition with both turbulent and gravitational
energies in the core envelopes of K04166 and K04169

Eswaraiah et al.

while being much smaller than the turbulent energy in the
core of Miz-8b.

4. Based on the correlation between the PAs of the core-
scale B-field, the large-scale field, the minor axis of the
core, outflows, and the core rotation axis, we suggest that
the formation and evolution of K04166 are regulated by
the B-field, consistent with the paradigm of low-mass star
formation via ambipolar diffusion. However, as revealed
by their complex velocity fields, the evolution of the
other two cores, K04169 and Miz-8b, could be regulated
by converging accretion flows and turbulent motions,
respectively.

We suggest that cores formed in a magnetically regulated
molecular cloud may not necessarily retain a memory of the
large-scale B-field of the cloud in which they form. Instead,
localized differences in gas kinematics, which probably arise
due to gas inflows onto the filament, can affect the role of the
B-field in the star formation process and the subsequent
properties of the forming systems.
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Appendix A three cores, K04166, Miz-8b, and K04169, and also in the
Polarization Properties: Detection of Weakly Polarized plot showing all of the cores, a slowly increasing trend in PI
Dust Emission can be seen up to I~ 100 mJy beam ™, beyond which PI

remains approximately constant, although there exist fewer

Figure Al plots PI versus I for each core, using the i
data points.

selection criterion I/o; > 10 (gray filled circles). In at least
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Figure A1. The PI vs. intensity (/) plots for each core and all of the cores combined. The name of the core is stated in each panel. Gray filled circles represent the data
satisfying the criterion /o, > 10, whereas black filled circles denote those satisfying both criteria, //0; > 10 and P/op > 3. The dashed line represents the median
opr = 0.64 mly beam ™! determined from the black filled circles.

10



THE ASTROPHYSICAL JOURNAL LETTERS, 912:1.27 (15pp), 2021 May 10

18'00"

15'00"
)
o
o

& 12'00"
1%
]
a

09'00"

+27°06'00"

Eswaraiah et al.

mJy/beam
4.0

4.8

s 4h19m24s

RA (J2000)

Figure A2. Debiased PI map produced using our POL-2 Stokes Q and U maps of the B213 region. Nonsmoothed PI contours are drawn at [2, 3, 4] x opj, Where opy is
the rms noise, ~1 mJy beam ' (estimated using the pixels in a signal-free region of the PI map). The red contour corresponds to a POL-2 total intensity of
13 mJy beam ™. The PI is nearly zero in the area surrounding the cores, but within the cores themselves, a clear detection can be seen. Cyan dashed circles mark the
areas with diameters of 3’ and 7’ around the central positions of the two observed fields. Polarization measurements within the smaller circles, as well as the common
area covered by both larger circles, should be useful. Therefore, the measurements of the three cores T Tauri, Miz-2, and HGBS-1 may not be reliable due to the
dominance of background noise at their locations. Each of the six cores are labeled.

To extract the reliable data from our POL-2 measurements of
the B213 cores, we adopt the selection criteria I/o; > 10 and P/op
> 3, which yield 28 polarization measurements (black filled circles
in Figure A1). The resulting median op; is 0.64 mJy beam ™. The
PI values lie in the range 1.88-3.94 mJy beam ', with a median of
2.60 mJy beam ', whereas I ranges from 13 to 318 mJy beam ',
as shown in Figure Al. The P values lie in the range 0.82%-—
17.8% with a minimum of ~1%, median of ~7%, and standard

deviation of ~5%. Above the 3¢ level in PI, a clear detection of PI

11

(yellow contours) within the core boundaries determined from the
Stokes / map (red contour at 13 mJy beam ') can be seen in the PI
map, as shown in Figure A2.

Appendix B
B-field at Larger Scales (~0.2-2.4 pc) Determined from
Optical, NIR, and Planck Polarization Data

In order to compare the core-scale B-field (see Section 3.1)
with that in the large-scale, low-density surrounding region,
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Table B1
Mean B-field Orientations, Determined from Optical, NIR, and Low-resolution Submillimeter (Planck/850 pm) Polarization Observations
Wavelength Diameter (arcmin) No. of Stars/Segments 9]1';‘@6““]“ + o (deg) Offset PA (deg)
@) @ 3 “ (6))
Optical® 60 15 29+ 14 104
NIR 60 42 37+£17 96
Submillimeter (Planck®) 60 445 29 +£17 104

Notes. Here 6'38%°° 4 5 are the mean and standard deviation values resulting from a Gaussian distribution fitted to the data. Offset PA is the difference in angle
between the PA of the B213 filament (~133°) and the large-scale mean B-field (9]§“ges“‘le; column (5)).

4 Two measurements with significant deviation in either P or @ are excluded from the optical data.

® pixels with values <0.008 Kcmp have been excluded from the Planck data in order to prevent randomization of our inferred B-field direction by measurements
dominated by noise.

we make use of archival optical, NIR, and Planck/850 pum low- relation (Hildebrand 1983)
resolution dust polarization data,” and the B-field morphologies

2
inferred from these data sets are shown in Figure 1. We = ﬂ (C1)
select the data within 1° of B213; the resulting values of the B, (1y) K,
Gaussian mean and standard deviation in B-field orientation where D = 140 pc is the distance of B213, x,= 0.0125 cm? gfl

(p'areeseale 4 ) are given in Table B1. There exist a significant
number of optical/NIR B-field segments around B213;
however, NIR polarization measurements are confined to an

(e.g., Johnstone et al. 2017) is the dust mass opacity, and B,(7y)
is the Planck function for a blackbody at temperature T4. The

area to the west of B213 and therefore may not reveal the local uncertainty in mass is estimated by propagating the standard
B-field of B213. Visual inspection suggests that an optical- and deviation in Ty, 10% of the value of F, as the flux calibration
Planck-inferred B-field is ordered. This is confirmed by their uncertainty of SCUBA-2 (Dempsey et al. 2013), and a 50%
mean B-field orientations, which are respectively found to be uncertainty in dust mass opacity (e.g., Roy et al. 2014).

29° 4 14° and 29° £ 17°. These values are nearly identical, The column and number densities of the cores are estimated
with slightly different standard deviations (see Table B1), using the following relations:

whereas NIR polarization data show a curved morphology, M

which follows the compressed and curved shell of LDN 1495 NH) = —— (C2)
with a slightly different mean B-field orientation of 37° + 17°. pomy T Rege

Therefore, to delineate the mean B-field in and around B213,
we select the optical and Planck polarization data within 1° of
B213, which yielded a mean orientation of 29°. This large- n(Hy) = 3M (C3)
scale, coherent B-field (egfge“‘“e) with a mean orientation of 4pumym Re3ff'

29° spans spatial scales from ~0.2pc (~5' resolution of . . .
Planck) to ~2.4 pc (1° area around B213). Estimated masses and column and number densities and their

corresponding uncertainties are given along with T4 and F,
values in Table 2.

and

Appendix C
Geometries, Effective Radii, Masses, and Column and . ce .
Number Densities of B213 Cores Mass-to-flux Ratio Criticality
To infer the importance of the B-field with respect to the
gravity, we estimate the mass-to-magnetic flux ratio in units of
the critical value (hereafter mass-to-flux ratio criticality) using
the following relation (Crutcher et al. 2004; Chapman et al.

Appendix D

To estimate various energy and pressure terms for the cores, we
extract their masses and column and number densities from the
POL-2 Stokes I map. For this, core dimensions are obtained by
fitting the ellipse function mpfitellipse.pro from the Marquardt

. _ 2011),
library to the 100 Stokes I contours (13 mJy beam l) of each core. )
The resulting core dimensions (@ = semimajor and » = semiminor), M/ )
N — : = L2 = 7.6 N(H) /Bu. (D1)

effective radius (Resr = +/ab), and PA in degrees east of north are (M ®)eric
given in Table 2. ) ] ) )

The integrated fluxes (F,) and median dust temperatures whereZIN ”(sz) is the mean column density (N(Hz)por») in units
(T4; from the Herschel Gould Belt Survey (HGBS) temperature of 10~ cm™~ along the magnetic flux tube, and B, is the total
map) over the core are used to estimate core masses using the B-field strength in ;G. The critical mass-to-flux ratio, (M/¢)cri =
5 1/{(47?G) (Nakano & Nakamura 1978), corresponds to the
” Planck 353 GHz (850 pm) dust continuum polarization data, comprising qH o :
Stokes I, Q, and U maps for the B213 region, have been extracted from the Stablhty,cntenon for an ISOtherm,a 1 gas'eous layer threaded b,y a
Planck Public Data Release 2 of Multiple Frequency Cutout Visualization perpendicular B-field. A cloud region with (M/¢) > (M/ peri)s ie.,
(PR2 Full Mission Map with PCCS2 Catalog: https://irsa.ipac.caltech.edu/ A> 1, will collapse under its own gravity, so such a cloud is
applications /planck/). The data have been reduced using the standard idered to b itical. A cloud with 1 will be i
procedures described by Planck Collaboration et al. (2015, 2016b), Soler COHSI.?re 0 be supercritical. i Clou with <1 will be mn a
et al. (2016), Baug et al. (2020), and references therein. subcritical state because of the significant support rendered by the
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B-field. Taking the mean N(H,)=N/(H,) as (10+£6) x 107,
(11+6)x 10*", and (5+£3)x 10’ cm™? and B = B, as
38+17, 48+22, and 12+ 5uG, we estimate p values of
241, 2+1, and 34+2 for K04166, K0O4169, and Miz-8b,
respectively.

However, considering (i) the projection effects between
Nj(H,)/Bo and the actual measured N(H,)/B (where By is the
plane-of-the-sky B-field strength), (ii) the B-field being
perpendicular to the core elongation in the case of an oblate
spheroid or parallel to the core elongation in the case of a
prolate spheroid, and (iii) the assumption that the B-field is
randomly oriented with respect to the line of sight, the actual
value of p becomes (1/3)Aps for KO4166, as the mean B-field
is perpendicular to the core major axis, and (3/4)\ys for
K04169, as the mean B-field is parallel to the major axis
(Planck Collaboration et al. 2016a; see their Appendix D.4”%).
No correction was applied on the A value of Miz-8b because of
the misalignment between the mean B-field and core major
axis. Therefore, the resulting A values are 0.7 £ 0.5, 1.4 £ 1.0,
and 3 & 1, which are given in Table 2.

Appendix E
Ratio of Magnetic-to-rotational Energy

By assuming that the cores are uniform density spheres, we
measure the rotational and magnetic energies using the
following relations (see Wurster & Lewis 2020):

MRZ()?
Eio = /s (ED)
5
and
2
Enag = ﬂ (E2)
8T

In Equation (El), the correction factor, pzigijizo.ﬂ

(where A is the power index in the density distribution of
the form p r~A and we consider A = 1.6), accounts for
the density distribution in the sphere (see Xu et al. 2020 for
more details). We use the effective radii R = R = Jab (where
a = semimajor axis and b = semiminor axis), and the volume
of the core V=(4/ 3)7rRe3ff. Here (2 is the angular velocity or
magnitude of the velocity gradient of the core measured from
the N,H" data and is found to be 2.05 + 0.02kms ™' pc™" for
K04166, 3.86+0.04kms 'pc™' for K04169, and 1.88 &
0.02kms ! pc_1 for Miz-8b (Punanova et al. 2018; see their
Table B.2). Here M is the mass of the cores (see Appendix C).
The derived energy values and their ratios are given in Table 2.

Appendix F
Morphological Correlation between the B-field and the
Gradients of Velocity

We model the observed line-of-sight centroid velocities of
N,H" (Visg,kms™') and the corresponding offset length
scales in sky coordinates (R.A (A, in pc) and decl. (As in pc))
around each pixel in terms of velocity gradients in R.A (Vj,
,kms™! pcil) and decl. (W, km g7t pcfl) and the constant

% In order to correct the estimated mass-to-flux ratio (in critical units) for
projection effects, a factor of 1/2 is valid for a spheroid cloud, 1/3 for an
oblate spheroid flattened perpendicular to the B-field, and 3/4 for a prolate
spheroid elongated along the B-field.

13

Eswaraiah et al.

systematic velocity of that reference pixel (Vo, kms™') using a
first-degree bivariate polynomial of the form (Goodman et al.
1993; Henshaw et al. 2016; Sokolov et al. 2018)

Vise = Vo + Vi, A + W As. (F1)

We have used the IDL algorithm mpfit to perform weighted,
nonlinear, minimum Y fitting to constrain the velocity gradients
Vy, and Vy, and their corresponding uncertainties. These are
further used to derive the magnitude (G) and direction (O) of the
velocity gradients using the following relations:

G=IWl =V} + Vi, (F2)
and
Vy,
©g = arctan| —* |. (F3)
( W, )

We considered at least six adjacent pixels lying within the
beam size of the IRAM 30 m telescope for N;H' (1-0), 26”5,
around each pixel when the fitting was performed. In addition,
we estimated the uncertainties in the velocity gradients using
Equation (2) of Punanova et al. (2018). These were used as
weights while performing the weighted fits. The top panels of
Figure 3 show velocity gradients superimposed on the POL-2
Stokes I maps of K04166, K04169, and Miz-8b.
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