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42Joint ALMA Observatory, Alonso de Córdova 3107, Vitacura, Santiago, Chile

43NAOJ Fellow
44Department of Physics, Konan University, Okamoto 8-9-1, Higashinada-ku, Kobe 658-8501, Japan

45Department of Physics, Graduate School of Science, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan
46Department of Environmental Systems Science, Doshisha University, Tatara, Miyakodani 1-3, Kyotanabe, Kyoto 610-0394, Japan

47Department of Astronomy and Atmospheric Sciences, Kyungpook National University, Republic of Korea
48Division of Theoretical Astronomy, National Astronomical Observatory of Japan, Mitaka, Tokyo 181-8588, Japan

49Hiroshima Astrophysical Science Center, Hiroshima University, Kagamiyama 1-3-1, Higashi-Hiroshima, Hiroshima 739-8526, Japan
50Department of Physics, Hiroshima University, Kagamiyama 1-3-1, Higashi-Hiroshima, Hiroshima 739-8526, Japan

51Core Research for Energetic Universe, Hiroshima University, Kagamiyama 1-3-1, Higashi-Hiroshima, Hiroshima 739-8526, Japan
52Institute of Space Sciences (ICE), CSIC, Can Magrans, 08193 Cerdanyola del Vallés, Barcelona, Spain
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78Astrophysics Group, Cavendish Laboratory, J. J. Thomson Avenue, Cambridge CB3 0HE, UK

79Kavli Institute for Cosmology, Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge, CB3 0HA, UK
80Faculty of Pure and Applied Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8577, Japan

81OSL, Physics & Astronomy Dept., University College London, WC1E 6BT London, UK
82Department of Physics, School of Science and Technology, Kwansei Gakuin University, 2-1 Gakuen, Sanda, Hyogo 669-1337, Japan

83Kyushu Kyoritsu University, 1-8, Jiyugaoka, Yahatanishi-ku, Kitakyushu-shi, Fukuoka 807-8585, Japan
84Dominion Radio Astrophysical Observatory, Herzberg Astronomy and Astrophysics Research Centre, National Research Council

Canada, P. O. Box 248, Penticton, BC V2A 6J9 Canada
85Astrobiology Center, National Institutes of Natural Sciences, 2-21-1 Osawa, Mitaka, Tokyo 181-8588, Japan

86Xinjiang Astronomical Observatory, Chinese Academy of Sciences, 830011 Urumqi, People’s Republic of China
87University of Science and Technology of Hanoi, Vietnam Academy of Science and Technology, Hanoi, Vietnam

88Physics & Astronomy Dept., University College London, WC1E 6BT London, UK
89Korea Astronomy and Space Science Institute, Yuseong-gu, Daejeon 34055, Republic of Korea

90Department of Astronomy, Beijing Normal University, Beijing100875, China
91Laboratoire d’Astrophysique (AIM), Université Paris-Saclay, Université Paris Cité, CEA, CNRS, AIM, 91191 Gif-sur-Yvette, France
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ABSTRACT

We present BISTRO Survey 850 µm dust emission polarisation observations of the L1495A-B10

region of the Taurus molecular cloud, taken at the JCMT. We observe a roughly triangular network of

dense filaments. We detect 9 of the dense starless cores embedded within these filaments in polarisation,

finding that the plane-of-sky orientation of the core-scale magnetic field lies roughly perpendicular to

the filaments in almost all cases. We also find that the large-scale magnetic field orientation measured

by Planck is not correlated with any of the core or filament structures, except in the case of the lowest-

density core. We propose a scenario for early prestellar evolution that is both an extension to, and

consistent with, previous models, introducing an additional evolutionary transitional stage between

field-dominated and matter-dominated evolution, observed here for the first time. In this scenario, the

cloud collapses first to a sheet-like structure. Uniquely, we appear to be seeing this sheet almost face-

on. The sheet fragments into filaments, which in turn form cores. However, the material must reach

a certain critical density before the evolution changes from being field-dominated to being matter-

dominated. We measure the sheet surface density and the magnetic field strength at that transition

for the first time and show consistency with an analytical prediction that had previously gone untested

for over 50 years (Mestel 1965).

Keywords: ISM: Clouds, Evolution, Magnetic fields

1. INTRODUCTION The L1495 region of the Taurus molecular cloud ap-

pears as an obscuring dark cloud on optical images

(Barnard 1907; Lynds 1962), with a linear, or filamen-
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Figure 1. Left: False-colour red-green-blue (RGB) image of the L1495A region taken from the SCUBA2 and Herschel-SPIRE
observations of Ward-Thompson et al. (2016). Red shows the SCUBA2 850 µm observations and green and blue show the
500 µm and 250 µm Herschel-SPIRE observations respectively. This region lies at the head of the L1495 filament, which can
be seen heading south from the lower left part of the image. Right: Zoomed in region of the green square on the left, showing
the region mapped in this paper. The RGB channels are the same as in the left panel.

tary, structure, coming to a head at a small globule that

is referred to as L1495A (Benson & Myers 1989; Lee

et al. 2001), or sometimes as B10 (e.g. Punanova et al.

2018).

Marsh et al. (2016) studied the L1495 filament and

found it to be consistent with the filamentary star for-

mation model (André et al. 2014) favoured by Herschel

observations of star-forming regions (André et al. 2010).

Lee et al. (2001) found evidence for asymmetric line pro-

files in the southern part of L1495A, apparently indicat-

ing collapse or contraction. However, this is close to the

Herbig Ae/Be star, V892 Tau, which is clearly affecting

at least the southern part of L1495A, so interpreting

asymmetric line profiles is made more complex in this

area.

Ward-Thompson et al. (2016) presented a comparison

of SCUBA2 and Herschel observations of the L1495A

cloud – see Figure 1. They found that SCUBA2 de-

tects only the highest-surface-brightness sources, prin-

cipally detecting protostellar sources and starless cores

embedded in filaments, while Herschel is sensitive to

most of the cloud structure, including extended low-

surface-brightness emission. For similar temperature

cores, such as those seen in L1495A, the surface bright-

nesses of the cores are determined by their column den-

sities, with the highest-column-density cores being de-

tected by SCUBA2. For roughly spherical geometries,

column density can be related to volume density, and

so SCUBA2 selects the densest cores from a population

at a given temperature – thus, the cores in Figure 1 ap-

pear red. Hence, the polarimeter POL2 on SCUBA2 is

most sensitive to the polarization in the cores of L1495A,

rather than the filaments.

In this paper we present POL2 data of L1495A as part

of the BISTRO survey. In a previous paper from the

BISTRO survey (Eswaraiah et al. 2021a) we presented

data from the B213 part of the L1495 filament, which

lies to the southeast of this region. In both cases we

concentrate on the polarisation of the cores. However,

whereas the cores in the previous B213 paper mostly
contained YSOs, the cores studied in this paper are all

starless.

2. OBSERVATIONS AND DATA REDUCTION

2.1. SCUBA2-POL2 Observations

L1495 was observed at 450 and 850 µm, using

SCUBA2-POL2 on the JCMT. SCUBA2 only detects

Stokes I, whereas POL2 also detects Q and U. Observa-

tions were carried out as part of the BISTRO large pro-

gram between January 2020 and January 2021 (Project

ID: M17BL011). Additional observations as part of

BISTRO were further carried out between March and

November 2021 (Project ID: M20AL018). There were

20 observations completed, each of ≈41 minutes for a to-

tal on source time of ≈14 hours. The observations were
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Table 1. Core characteristics

Core RA Dec. FWHMb θb,ccore θc,dfil Temp.b N(H2)e n(H2) Af
V θcpol

no.a (J2000) (J2000) (′′ × ′′) (◦) (◦) (K) (×1021cm−2) (×105cm−3) (mag) (◦)

1 (2) 4:17:42.10 +28:08:44.4 54.6 × 21.4 167 26 10.1 ± 0.2 19.1 ± 7.6 2.0 ± 0.8 17 ± 7 4 ± 2

2-N (7) 4:17:43.75 +28:07:04.6 32.0 × 16.0 0 0 10.6 ± 0.2 14.7 ± 5.9 2.4 ± 1.0 13 ± 5 -3 ± 4

2-S (7) 4:17:43.40 +28:06:04.5 32.4 × 20.7 45 0 10.6 ± 0.2 15.7 ± 6.3 2.1 ± 0.8 14 ± 6 -46 ± 3

3 (12) 4:17:34.58 +28:03:05.0 55.2 × 20.3 53 37 12.7 ± 0.3 15.3 ± 6.1 1.6 ± 0.6 14 ± 6 68 ± 11

4 (−) 4:17:53.92 +28:05:28.3 31.4 × 12.1 60 85 12.5 ± 0.1 9.2 ± 3.7 1.7 ± 0.7 8 ± 3 -72 ± 8

5 (5) 4:18:08.17 +28:05:10.3 39.6 × 32.0 121 150 10.1 ± 0.2 17.8 ± 7.1 1.8 ± 0.7 16 ± 7 -4 ± 12

6 (11) 4:18:03.08 +28:07:35.2 39.0 × 20.5 126 170 9.3 ± 0.2 14.0 ± 5.6 1.8 ± 0.7 13 ± 5 18 ± 5

7 (19) 4:18:00.55 +28:11:08.7 45.0 × 22.2 165 147 10.7 ± 0.2 14.4 ± 5.8 1.7 ± 0.7 13 ± 5 9 ± 6

8 (14) 4:17:52.08 +28:12:31.1 51.6 × 48.7 93 135 (15) 10.9 ± 0.2 14.1 ± 5.6 1.0 ± 0.4 13 ± 5 -13 ± 7

a. Core number in parentheses from Ward-Thompson et al. (2016)
b. Values taken from Ward-Thompson et al. (2016)

c. All angle values are measured east of north
d. We adopt ±10◦ for the local filament angle except in cores 4 and 8 (see Section 3.2)

e. Column density values from Gould Belt Survey (Palmeirim et al. 2013)

f. AV calculated using NH/AV ∼ 2.2× 1021 cm−2 mag−1 (Güver & Özel 2009) and N(H2)∼0.5 NH

carried out in weather bands 1 and 2 which is equivalent

to atmospheric opacity at 225 GHz (τ225) ≤0.05 for the

first sets of observations and in the range 0.05–0.08 for

the later observations respectively.

The JCMT has a primary dish diameter of 15 m and

a beamsize of 14.′′6 at 850 µm when approximated with

a two-component Gaussian (Dempsey et al. 2013). This

corresponds to roughly 0.01 pc at a nominal distance

to Taurus of 140 pc (Torres et al. 2009; Schlafly et al.

2014; Roccatagliata et al. 2020). The observations were

carried out using a SCUBA2 DAISY mode that is opti-

mized for POL2 observations. This produces a central

3′ diameter region with uniform coverage and exposure

time. Coverage decreases and noise increases towards

the edge of the field of view (Holland et al. 2013). This

mode has a scan speed of 8 arcsec/sec and a half-wave

plate with a rotation frequency of 2 Hz (Friberg et al.

2016).

2.2. Data Reduction

The data were reduced using the Submillimetre User

Reduction Facility (SMURF) package (Chapin et al.

2013) from the Starlink software (Currie et al. 2014).

The SMURF package contains the data reduction rou-

tine for SCUBA2-POL2 observations named pol2map

which is used for both 450 and 850 µm. In this paper

we only consider the 850-µm data.

Initially, the raw bolometer timestreams are separated

into separate Stokes I, Q and U timestreams. The

command makemap (Chapin et al. 2013) is then called

to create an initial Stokes I map from the Stokes I

timestreams. The second step of the reduction creates

the final Stokes I, Q and U maps and a polarization

half-vector catalog. Note that we refer to the polariza-

tion measurements as half-vectors because they have a

180◦ ambiguity.

We included the parameters skyloop and mapvar in our

reduction (Chapin et al. 2013). Skyloop allows for each

observation to be compared to each other at each iter-

ation, as opposed to the previous map-making method

where each individual set of observations would iterate

individually and then be coadded at the end. Using sky-

loop allows us to pick up fainter, more extended emis-

sion.

Normally, variances in the map are calculated as linear

combinations of the variances of each observation (where

variances are calculated by the spread of bolomoter sig-

nals which fall within the pixel). However when using

mapvar, variances are calculated by the spread across

the individual observations.

The reduction was carried out using a pixel size of 8′′.

This is a larger pixel size than previous SCUBA2-POL2

reductions which tend to use a pixel size of 4′′. However,

with lower flux density starless sources such as those in

L1495A, a larger pixel size increases the signal-to-noise

ratio of the Stokes I, Q and U maps.

The 850-µm Stokes I, Q and U maps were also

multiplied by a Flux Conversion Factor (FCF) of 748

Jy beam−1 pW−1 to convert from pW to Jy beam−1 and

account for loss of flux from POL2 inserted into the tele-

scope. This value is the standard 495 Jy beam−1 pW−1

for reductions using 4′′ pixels, multiplied by the stan-

dard 1.35 factor from POL2 (Mairs et al. 2021) and

then multiplied by a factor of 1.12 to account for the

8′′ pixels. This factor was determined from SCUBA2

calibration plots.1

To further increase the signal-to-noise ratio (SNR) of

our polarization half-vectors, we binned them to a res-

olution of 12′′ as is standard in previous BISTRO work

1 https://www.eaobservatory.org/jcmt/instrumentation/
continuum/SCUBA2/calibration

https://www.eaobservatory.org/jcmt/instrumentation/continuum/SCUBA2/calibration
https://www.eaobservatory.org/jcmt/instrumentation/continuum/SCUBA2/calibration
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and to roughly match the primary beam size of the

JCMT at 850 µm (Dempsey et al. 2013). The polar-

ization half-vectors are also debiased as described by

Wardle & Kronberg (1974) to remove statistical bias in

regions of low SNR (see Equation 1).

The values for the debiased degree of polarization P

were calculated from

P =
1

I

√
Q2 + U2 − 1

2
(δQ2 + δU2) , (1)

where I, Q, and U are the Stokes parameters, and δQ,

and δU are the uncertainties in Stokes Q and U. The un-

certainty δP of the degree of polarization was obtained

using

δP =

√
(Q2δQ2 + U2δU2)

I2(Q2 + U2)
+
δI2(Q2 + U2)

I4
, (2)

with δI being the uncertainty in Stokes I (total inten-

sity).

The polarization position angles θ, measured from

north through east on the plane of the sky, were cal-

culated using the relation

θ =
1

2
tan−1U

Q
. (3)

The corresponding uncertainties in θ were calculated us-

ing

δθ =
1

2

√
Q2δU2 + U2δQ2

(Q2 + U2)
× 180◦

π
. (4)

We chose SNR cuts of I/δI > 10 and P/δP > 2, as is

standard for making SCUBA2-POL2 polarisation maps.

This corresponded to a minimum flux density of around

10 mJy/beam. The number of individual positions at

which we detect polarisation at this level varies in each

core from a couple up to 20 or more. Typically, all of the

half-vectors in each core were seen to be lying roughly

parallel to each other, so we subsequently averaged the

measured polarisation half-vectors as a weighted mean

(weighted according to their SNR), averaged over the

FWHM size of each core (see Table 1), to make a single

polarisation measurement on each core.

The plane-of-sky orientation of the magnetic field is

inferred by rotating the polarization angles by 90◦, as-

suming that the polarization is caused by elongated dust

grains aligned perpendicular to the magnetic field (see

Andersson et al. 2015, and references therein). This

is true for dust grains in the Rayleigh regime (Kirch-

schlager et al. 2019; Guillet et al. 2020), and for obser-

vations at 850 µm this is fulfilled for dust grains with

Figure 2. Same background image as Figure 1. The fila-
ments seen in the original SCUBA2 and Herschel images are
clearly seen and are labelled ‘A’, ‘B’ and ‘C’, as described in
the text. The cores that we identify in this paper are num-
bered 1 to 8 as described in the text. Superposed on this im-
age are rotated polarization half-vectors to demonstrate the
orientation of the magnetic field. The red vectors show the
mean magnetic field orientation in each core from the POL2
observations. The yellow vectors show the orientation of the
large-scale magnetic field (over-sampled) from Planck obser-
vations (there are only about 4 independent Planck beams
in this whole field of view). The blue half-vectors show the
local filament major axis orientation (for core 8 we only show
the axis of filament B). Each set of vectors in this image has
a constant length for clarity.

sizes up to roughly 100 µm, which form the majority

of those we observe. This single measurement of the B-

field is what is plotted at the position of each core in

Figure 2 and listed in Table 1 below.

3. RESULTS

3.1. Cores

Figure 1 (left) shows a false-colour image (adapted

from Ward-Thompson et al. (2016)), in which green and

blue are taken from the Herschel -SPIRE images of the

region at 500 and 250 µm respectively, and red is the

SCUBA2 850-µm Stokes I emission. The much larger-

scale B211-213 L1495 filament (e.g. Marsh et al. 2016)

can be seen beginning at the southern edge of this field

and extending southwards out of the field of view. Fig-

ure 1 (right) shows a close-up of the triangle of fila-

mentary structures observed by Ward-Thompson et al.

(2016). This is the region observed by BISTRO. The

dense cores show up clearly in the 850-µm data as red

sources, as mentioned above. These are all starless cores
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and candidate pre-stellar cores (Ward-Thompson et al.

2016; Howard et al. 2019).

We here assign the cores numbers as shown in Fig-

ure 2, which has the same background as Figure 1

(right). One core where we have detected polarisation

was not identified as a core by Ward-Thompson et al.

(2016), as it was only detected very faintly in the earlier

work. This is labelled on Figure 2 as core 4. Hence,

if we include core 4 amongst the list of cores detected

earlier, we find that we only detect polarisation at this

level on the cores themselves. We also note that core 2

appears to be split into two cores in the Stokes I image,

which we here label 2N and 2S. Core 2 was not identi-

fied as a double core by Ward-Thompson et al. (2016).

The two cores 2N and 2S have very different polarisation

orientations. We therefore have a sample of 9 cores.

Table 1 lists the cores detected in L1495A here in our

BISTRO POL2 survey. We also state the core numbers

assigned to them by Ward-Thompson et al. (2016), who

fitted elliptical gaussians to each of the cores and we list

the properties of those ellipses also in Table 1 (recall that

30′′ is roughly 0.02 pc at a nominal distance of 140 pc

to Taurus). We note that core 21 from Ward-Thompson

et al. (2016) is in our field of view, but no detectable

polarised emission was observed at this position. For

cores 2N, 2S and 4 we calculated the parameters of the

elliptical gaussians here.

Table 1 also lists the orientation of the local filament

major axis at the position of each core, which we mea-

sure here from Figure 2, and the core major axis orien-

tation. Core 8 has two filament angles listed, because it

sits at the junction of two filaments. The value that is

in brackets is for the western filament (see also below).

Table 1 further lists the chief core parameters of tem-

perature as measured by Ward-Thompson et al. (2016)

and column density which was calculated by Palmeirim

et al. (2013) using the Herschel bands at the resolution

of SPIRE 250 µm. We calculate the volume number den-

sity in Table 1 using the column density values and the

850 µm core sizes from Ward-Thompson et al. (2016).

The optical extinction values from Table 1 are calcu-

lated using the column density values. We also list the

weighted mean of the polarisation position angle in each

core from this work measured north through east.

Figure 2 shows the SCUBA2-POL2 polarisation half-

vectors overlaid in red, rotated by 90o to indicate the ori-

entation of the plane-of-sky magnetic field, within each

dense core. As explained above, we refer to them as

half-vectors because they have a 180o ambiguity (i.e. we

don’t know which end of the B-field half-vectors to put

the arrow on). Each half-vector represents the weighted

Figure 3. A plot of core magnetic field orientation for each
core on the y-axis, versus 90o minus its local filament ma-
jor axis angle on the x-axis. The cores are numbered as in
Figure 2. The solid line indicates a one-to-one correlation,
which is where the points would be located if the B-field lay
exactly orthogonal to the local filament orientation in every
case. The two dashed lines represent ±20o, roughly matching
our predicted systematic angle error at our chosen signal-to-
noise ratio cut-off. The shaded area is ±45◦. See text for
details.

mean polarisation angle measured for each core respec-

tively, rotated by 90o.

All half-vectors are shown at the same length for clar-

ity. Also shown on Figure 2 in yellow are the half-

vectors of the Planck measurements (over-sampled), also

rotated by 90o to indicate the large-scale plane-of-sky

magnetic field orientation. Additionally, the blue vec-

tors in each core indicate the local filament major axis

as listed in Table 1.

3.2. Fields and filaments

Examination of Figure 2 shows a number of interest-

ing features. The filaments form a roughly triangular

pattern on the sky. We here label the western filament

‘Filament A’, the eastern filament ‘Filament B’ and the

southern filament that runs roughly east-west ‘Filament

C’. Cores 1, 2 and 3 lie in Filament A, with cores 5, 6

and 7 in Filament B. Core 4 lies in Filament C. Core 8

lies at the northern apex of the triangle where Filaments

A and B meet.
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Figure 2 shows that the magnetic field in cores 1, 2N

and 3 lies roughly orthogonal to the local filament (Fil-

ament A) long axis. In core 2S the magnetic field is not

orthogonal, but at this point the filament turns through

90o, so it is difficult to uniquely define a filament orienta-

tion. Core 4 has a magnetic field orientation roughly or-

thogonal to the western half of Filament C, which turns

somewhat at the position of core 4. The magnetic field

orientations in cores 5, 6 and 7 also lie roughly orthogo-

nal to their local filament (Filament B) major axis ori-

entation. Core 7 is slightly further from orthogonal than

the other two, although we note that here also the local

filament orientation turns slightly. The magnetic field

of core 8 is roughly orthogonal to filament B.

Figure 3 shows a plot of core magnetic field orienta-

tion for each core on the y-axis, versus 90o minus its

local filament major axis angle on the x-axis, in order

to quantify the above discussion. Any angle that lay

between 180o and 360o has had 180o subtracted from it

and any angle that lay between 0o and −180o has had

180o added to it due to the fact that both the magnetic

field orientation and the filament orientation are half-

vectors, as discussed above. The exception to this was

core 4, whose error-bar overlaps the origin, so we extend

the plot to slightly negative numbers to accommodate

core 4.

We took the error-bar in filament orientation to be

±10o as an indication of how accurately we could mea-

sure this orientation. For core 4 where the filament is

curving we took the filament orientation to be the tan-

gent to the curve and the error-bar to be the amount of

curvature. For core 8, which lies at the junction of two

filaments we took the local filament orientation to be

that of filament B, which is denser. The error-bar used

in the B-field orientation in each case is the standard de-

viation of the angles of the weighted mean half-vectors

shown in Figure 2 and listed in Table 1.

If all B-field orientations lay exactly orthogonal to

their respective filaments, then this plot would show a

one-to-one correlation. This is shown by the solid line

on Figure 3. We also plot two dashed lines, at +20o and

−20o from orthogonal. This is the typical systematic

error that we would expect for a 2-σ detection of polar-

ization (Naghizadeh-Khouei & Clarke 1993), the value

we chose for our cut, as described above. The shaded

area represents ±45◦.

It can be seen that there is a good degree of corre-

lation in this plot, with most of the points consistent

(including error bars) with lying between, or very close

to, the dashed lines, and all lying within the shaded

area. Hence we conclude that the magnetic fields that

we have measured in these cores generally tend to lie

closer to orthogonal than parallel to the local filament

orientation in which the core is embedded. The core

that lies furthest from the correlation line is 2S. This is

one of the most dense cores and may have been affected

by the proximity of core 2N or the effect of the filament

changing orientation from the south to the north of core

2S.

A similar plot to Figure 3 looking for a correlation

between B-field orientation and core major axis shows

no correlation whatsoever. Likewise a plot of our mea-

sured small-scale B-field position angles shows no corre-

lation with the large-scale B-field orientation measured

by Planck, as shown in Figure 2. It can be seen that the

local field that we have measured in the starless cores

within the filaments has totally dissociated from the

large-scale field orientation seen by Planck, and there

is no correlation between them.

The exception to this is core 4, whose small-scale B-

field that we have measured lies almost exactly parallel

to the large-scale B-field orientation measured by Planck

– see Figure 2. This may be a coincidence, because the

B-field in core 4 also lies roughly perpendicular to its

host filament. However, we note that core 4 and the fil-

ament in which it sits have the lowest column density of

any of our cores by a factor of 1.5–2 (see Table 1), calcu-

lated using standard conversion factors (Güver & Özel

2009; Marsh et al. 2016). Thus it may be the youngest

core.

4. DISCUSSION: AN EVOLUTIONARY SCENARIO

All of the foregoing leads us to propose an evolution-

ary scenario for this cloud that is illustrated graphically

in Figure 4. This is an artist’s impression of the three

stages of evolution of the filaments and cores in L1495A-

B10. The grey-scale represents the observer’s view of
column density, as seen in Figure 2. The dashed lines

with arrows represent the magnetic field and circles rep-

resent the positions of cores.

We split this evolution into three distinct phases, il-

lustrated by the three panels in Figure 4. We label these

phases the magnetically-dominated phase (4a), the in-

termediate phase (4b) and the matter-dominated phase

(4c). Figure 4 is an attempt to reproduce the image

seen in Figure 2 at different times during this cloud’s

evolution.

4.1. The magnetically-dominated phase

This phase is illustrated in Figure 4(a) and is pre-

dicted by theory to be the earliest phase of evolution

from an interstellar cloud to the formation of a star.

Flux-freezing in this phase predicts that the magnetic

field should have a significant effect on any structure
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Figure 4. Artist’s impression of the three stages of evolution of the filaments and cores in L1495A-B10. The grey-scale
represents the observer’s view of column density, as seen in Figure 2. The dashed lines with arrows represent the magnetic field
and circles represent the positions of cores. The magnetic field lies initially mostly along the line of sight, with only a small
component in the plane of the sky: (a) The magnetically-dominated phase: the initial cloud is threaded by a large-scale, uniform
magnetic field, largely along the line of sight, as the matter forms a sheet in the plane of the sky; (b) The intermediate phase:
the sheet starts to fragment and form filaments, in which low-mass core formation starts; (c) The matter-dominated phase:
once the matter of the fragmenting structures crosses a critical surface density, the evolution becomes matter dominated and
the subsequent evolution of the matter affects the magnetic field to the extent that the local field is turned to lie perpendicular
to the long axis of the local filament orientation at the position of each core.

that is formed. This phase is also commonly referred to

as being magnetically sub-critical (Crutcher 2004).

Hence we hypothesise a scenario to explain why, in

our observations herein of L1495A-B10 on the plane of

the sky, the filament orientations appear totally unre-

lated to one another and to the orientation of the large-

scale Planck field. We hypothesise that the B-field lies

mostly along the line-of-sight orientation, with a small

component in the plane of sky. Note that this can be

explained, because, for a small range of viewing orienta-

tions around the B-field axis, there will be both a clearly

visible filament, and a significant component of the field

apparently approximately perpendicular to the filament.

If the large-scale field does indeed lie close to the line

of sight to the cloud, then the percentage polarisation

seen in the Planck data would be lower at this point

than elsewhere in Taurus. We looked at the Planck data

(Planck XIX) and found that this is in fact is the case.

L1495A-B10 does indeed lie in a ‘polarisation hole’ (a

minimum of percentage polarisation) relative to other

nearby regions of Taurus. Hence, our hypothesis to ex-

plain our data is also consistent with the Planck data,

although this does not constitute proof, since polarisa-

tion holes can also be caused by other mechanisms.

In this magnetically-dominated phase, the material

moves mostly along the line of sight, parallel to the B-

field, both towards and away from the observer (see Fig-

ure 4a). These counter-flows towards and away from us,

that feed matter into a denser layer, are assumed to be

oblique, and therefore produce a mildly sheared layer,

as one would expect for the general case. Since we are

assuming ideal MHD the flow is mostly aligned with the

magnetic field (the path of least resistance). Any mo-

tion of the matter perpendicular to the field lines has to

drag the field with it.

Consequently, the material that we see lies mostly in

a sheet-like structure close to the plane of the sky – i.e.

we are seeing the sheet almost face-on.

We illustrate the evolution occurring during this phase

in Figure 5. This cartoon illustrates the view roughly

orthogonal to the plane-of-sky views in Figures 2 and

4. Here the magnetic field (in red) is orthogonal to the

viewing angle. The observer is either looking upwards

from the bottom of this image or downwards from the

top.

On the left of Figure 5 we see the initial cloud threaded

by a magnetic field. The blue arrows on the cloud edges

indicate the principal directions of collapse along the

magnetic field orientation. On the right we see the cloud
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Figure 5. Cartoon illustrating the view roughly orthogo-
nal to the plane-of-sky views in Figures 2 and 4. Here the
magnetic field (red arrows) is orthogonal to the viewing an-
gle. The blue arrows are indicating the direction the matter
is flowing. The observer is either looking upwards from the
bottom of this image or downwards from the top. The tran-
sition from left to right is indicating the evolution occurring
during the phase illustrated in Figure 4(a), but here seen
edge-on. See text for discussion.

at the end of the magnetically-dominated phase. The

cloud has now collapsed to a sheet-like structure, here

seen edge-on, orthogonal to the orientation of the mag-

netic field.

4.2. The intermediate phase

Once the structures are sufficiently dense to cross a

certain critical surface density threshold, the gas mo-

tions of the cloud start to transition from magnetically-

dominated to matter-dominated. The sheet fragments

under self-gravity and filaments form in a fairly com-

plex web-like manner, all orthogonal to the large-scale

magnetic field (see Figure 4b). The convergent velocity

field producing each filament (i.e. an approximately lin-
ear over-density within the layer) requires a kink in the

magnetic field, so that material can slide down the field

lines into the filament.

Simulations suggest that the transition to matter-

dominated dynamics is associated with a transition from

the magnetic field being preferentially parallel to density

structures at low column densities to preferentially per-

pendicular at high column densities (Soler et al. 2013).

This transition appears to require converging, likely

super-Alfvénic, gas flows (Soler & Hennebelle 2017), and

is likely associated with, and potentially a signature of,

the transition of the region to gravitational instability

(Chen et al. 2016). Although the precise mechanism

by which (and gas density at which) this transition oc-

curs varies between models (see, e.g. Pattle et al. 2022a

for a recent review), a large-scale magnetic field strong

enough to impose a preferred gas flow direction parallel

to the field at low densities is typically required (Soler

& Hennebelle 2017).

Figure 4(b) is intended to show the cloud in the pro-

cess of crossing from the magnetically-dominated phase

to the matter-dominated phase. Clearly, this change is

not instantaneous and takes a finite length of time. The

period of the transition is what we here refer to as the

intermediate phase seen in Figure 4(b). We here hy-

pothesise that core 4 may still be in this phase, with

its magnetic field orientation still parallel to that of the

initial large-scale field.

4.3. The matter-dominated phase

We would expect the filaments starting to form low

density cores would cause the realignment of the mag-

netic field orientations within them (see change from

Figure 4b to c). This phase is sometimes referred to

as being magnetically super-critical (Crutcher 2004), or

matter-dominated (our chosen term).

This is now the scenario depicted in Figure 4(c), which

is intended to show the picture largely seen in the ob-

servations across the majority of Figure 2.

Thus we see that the filaments influence the local

small-scale magnetic field orientation, turning it to tend

to lie apparently roughly orthogonal to the long axis

of the local filament (see Figure 4c). Thereafter, the

filaments start to form low density cores. All cores in

L1495A-B10 other than core 4 are here hypothesised to

be in this phase.

The cores and filaments then start to increase in den-

sity due to accretion of surrounding material. However,

the cores are still at an early stage in the star-forming

process, since none of them contains a compact proto-

stellar object yet (Ward-Thompson et al. 2016). Sim-

ilarly, the filaments are probably also in a fairly early

stage of development. This is a slight variation on a

picture that has previously been proposed – e.g. André

et al. (2014); Seo et al. (2019) – in that it adds an extra

transitional evolutionary phase to the picture that we

have here observed for the first time.

Simulations suggest that a transition in magnetic field

orientation within molecular clouds from lying parallel

to perpendicular to density structure occurs only in the

case where magnetic fields are dynamically important on

large scales (e.g. Soler et al. 2013; Seifried et al. 2020).

Planck Collaboration et al. (2016) find a significantly

sub-critical mass-to-flux ratio of ∼ 0.2 − 0.4 on large

scales in Taurus, while Soler (2019) find from Planck ob-

servations that in the L1495/B213 filament (just to the

south of the region studied here), a transition from pref-

erentially parallel to preferentially perpendicular occurs

at NH ∼ 1021.5 cm−2. The balance of evidence suggests
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that the cloud is still magnetically-dominated on large

scales.

Note that our scenario for the evolution of L1495A-

B10 is consistent with BISTRO observations of other

nearby filaments with embedded starless cores (except

that the field is not along the line of sight), including

Perseus NGC 1333 (Doi et al. 2020), Ophiuchus L1689

(Pattle et al. 2021) and Serpens Main (Kwon et al.

2022). All of these clouds have magnetic field orien-

tations consistent with being perpendicular to the lo-

cal filament orientation, and apparently agnostic to the

large-scale magnetic field orientation in the region.

4.4. Comparison with theory

The magnetically- to matter-dominated transition

critical volume density is not well-defined. Different the-

oretical simulations produce transitions at volume num-

ber densities in the range 102−106 cm−3, with no appar-

ent dependence on Alfvén Mach number (Pattle et al.

2022a). We thus need observational constraints on the

transition critical surface density in a range of environ-

ments.

However, calculations of the critical column density

at which this transition occurs date back over 50 years

(e.g. Mestel 1965, – see his equation 85), in which a rela-

tively idealised case of a uniform magnetic field threads

a uniform density cloud (see also Ward-Thompson &

Whitworth 2011, equation 4.82). Figure 5 shows a sim-

plified cartoon of the picture we are hypothesising of a

cloud collapsing to a sheet, followed by the fragmenta-

tion of the sheet to form filaments and cores (Figure 4)

above a certain sheet critical surface density, which we

are referring to as the surface density of the transition

from the magnetically- to the matter-dominated phase.

The above-cited equations lead to a prediction of the

relation between the critical surface density, Σc, and the

magnetic field strength, B, at which the transition oc-

curs, of the form

Σc = (5/G)1/2 (B/3π) (5)

which yields

[N(H2)/cm−2] ' 2× 1020 × [B/µG] . (6)

This equation contains uncertainties of a small numer-

ical factor of order unity (e.g. Nakano & Nakamura

1978) but is nevertheless a useful theoretical order-of-

magnitude prediction.

Our hypothesised scenario outlined in Sections 4.1-

4.3 above, together with our interpretation of the data

in Section 3.2 that core 4 may be the youngest core and

still undergoing the change from the magnetically- to the

matter-dominated phase, would lead us to set the crit-

ical column density N(H2) at around 9.2 × 1021 cm−2.

Inserting this value into equation (6) above predicts an

order-of-magnitude magnetic field strength in L1495A-

B10 of ∼46µG. If core 4 has passed the critical point

of the intermediate phase, then this B-field value is an

upper limit.

This compares to a literature value of 25–77 µG from

optical and NIR observations (Chapman et al. 2011) for

L1495A-B10. The equivalent Planck value is 13–32 µG

(Planck Collaboration et al. 2016) for the large-scale

field around the Taurus region as a whole.

We performed an approximate Davis-Chandrasekhar-

Fermi (Davis 1951; Chandrasekhar & Fermi 1953, DCF)

analysis in core 1, where we have sufficient half-vectors

to make this statistical analysis. For this DCF analysis

(e.g. Pattle et al. 2021), we used ∆VNT=0.206 km s−1

which is found from NH3 velocity dispersion observa-

tions (Seo et al. 2015) and then removed the thermal

component assuming a temperature of ∼10 K. We cal-

culated a dispersion in the magnetic field position angle

of 11.8o and used the n(H2) value of core 1 from Table 1.

We obtained an upper limit of ≈70 µG.

To summarise all of the above: we have hypothesised

that L1495A-B10 is evolving from the magnetically-

dominated phase to the matter-dominated phase, as the

face-on sheet that we are observing starts to fragment

into filaments and cores. We have further hypothesised

that our observed core 4 may be exactly in that transi-

tion phase. We have used theoretical arguments to pre-

dict what field strength would correspond to this transi-

tion at the column densities we observe. Our theoretical

prediction for the field strength required is ∼46µG. We

have estimated the field strength and, along with litera-

ture values, found a range of observed field strengths of

13–32, 25–77 and ≤70 µG.

Hence we see that the whole picture is mutually self-

consistent. The theory predicts a B-field strength that

is right in the range of measured values. Hence the theo-

retical prediction of Mestel (1965) is consistent with our

observations, and we have managed to fully test this

prediction for the first time in over 50 years.

4.5. Subsequent evolution

Using the ratio NH/AV ∼ 2.2 × 1021 cm−2 mag−1

(Güver & Özel 2009), the corresponding value of AV for

core 4 at the column density discussed above is AV ∼ 8

(assuming N(H2)∼0.5 NH). This is consistent with the

star formation threshold at which molecular clouds can

begin to form stars at AV ∼7–8, discussed by, e.g. John-

stone et al. (2004); Könyves et al. (2015); Marsh et al.

(2016), among others, and with the observations col-
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lated by Soler (2019), given that it has not yet begun to

form stars.

The subsequent behaviour of magnetic fields in regions

with embedded young stellar objects (YSOs) appears

to be more complex. Notably, in Taurus B213, a more

evolved region located elsewhere in the filament of which

L1495A-B10 forms the head, the average magnetic field

orientation within the embedded dense cores varies sig-

nificantly, with no clear correlation with either filament

or outflow orientation (Eswaraiah et al. 2021b). More

generally, YSO outflows appear to have the potential to

reshape magnetic fields in their vicinities (e.g. Yen et al.

2021; Lyo et al. 2021; Pattle et al. 2022b), suggesting

that we cannot infer the magnetic initial conditions for

star formation in environments with embedded YSOs.

Therefore, as a region without embedded YSOs,

L1495A-B10 represents a more pristine environment in

which to study the behaviour of magnetic fields in the

early stages of filament fragmentation and core forma-

tion.

5. SUMMARY

In this paper we have presented the first polarization

data from BISTRO of the dark cloud L1495A-B10 in

the Taurus molecular cloud, at a wavelength of 850 µm.

The cloud contains a complex pattern of small-scale fil-

aments, in a roughly triangular morphology, surrounded

by a web of lower density filaments. The main filaments

contain cores of varying densities. We detect polariza-

tion from 9 of the cores, all of which have previously

been shown to be starless.

We calculate the mean plane-of-sky orientation of the

small-scale magnetic field in each of the cores and com-

pare this to the large-scale field orientation measured by

Planck and to the orientation of the filaments and long

axes of the cores. There is no correlation between our

measurements and those of Planck other than in the low-

est density case, core 4, as expected for the ‘youngest’

core. There is also no correlation at all with the core

orientation.

However, we find a correlation between our small-scale

field measurements and filament orientation, in which

the field tends to lie orthogonal to the long axes of the

filaments in all cases except for a core that lies near to

a bend in its local filament.

We hypothesise a scenario to explain our data, which

is an extension of the previous magnetic filamentary

model, adding an additional transitional evolutionary

phase to the model, that we here observe for the first

time. We suggest we are seeing a cloud which was orig-

inally magnetically-dominated in the process of transi-

tion to being matter-dominated in its denser regions,

with core 4 defining the transition point, since the local

field in core 4 is still aligned with the large-scale field,

whereas in the others it tends more towards lying or-

thogonal to the local filament.

We measure the sheet surface density and the mag-

netic field strength of that transitionary phase for the

first time and show consistency with the original an-

alytical prediction that has gone untested for over 50

years (Mestel 1965).
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