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A B S T R A C T 

We hav e observ ed the large Bok globule CB 54 in 850- μm polarized light using the POL-2 polarimeter on the James Clerk 

Maxwell Telescope (JCMT). We find that the magnetic field in the periphery of the globule shows a significant, ordered deviation 

from the mean-field direction in the globule centre. This deviation appears to correspond with the extended but relatively weak 

12 CO outflow emanating from the Class 0 sources at the centre of the globule. Energetics analysis suggests that if the outflow 

is reshaping the magnetic field in the globule’s periphery, then we can place an upper limit of < 27 μG on the magnetic field 

strength in the globule’s periphery. Comparison with archi v al Planck and CARMA measurements shows that the field in the 
centre of the globule is consistent o v er sev eral orders of magnitude in size scale, and oriented parallel to the density structure in 

the region in projection. We thus hypothesize that while non-thermal motions in the region may be sub-Alfv ́enic, the magnetic 
field is subdominant to gravity o v er a wide range of size scales. Our results suggest that even a relatively weak outflow may be 
able to significantly reshape magnetic fields in star-forming regions on scales > 0.1 pc. 

Key words: stars: formation – ISM: individual objects: CB 54 – ISM: magnetic fields – submillimetre: ISM. 
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 I N T RO D U C T I O N  

utflows from protostellar systems play an important role in the
ynamics of the molecular clouds from which the y form, pro viding
nstantaneous feedback on the cloud as they eject angular momentum
nd kinetic energy from the forming stellar system (Bally 2016 ).
olecular clouds, like the lower density interstellar medium (ISM),

re threaded by magnetic fields on all size scales (e.g. Crutcher 2012 ).
utflows and magnetic fields in combination may play a significant

ole in setting the star formation efficiency (SFE) of both cores (e.g.
ffner & Chaban 2017 ) and clouds (e.g. Krumholz & Federrath
019 ). 
Interferometric observations of large samples of protostellar

ources have found that magnetic fields and outflows are typically
andomly aligned, with the possibility of a well-aligned subset, on
nterferometric (1000s of au) scales (Hull et al. 2014 ; Hull & Zhang
019 ), while a comparable single-dish study found outflows to be
 E-mail: k.pattle@ucl.ac.uk 
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isaligned with respect to magnetic fields by an average of 50 ◦

15 ◦ in 3D, but did not rule out random orientation (Yen et al.
021 ). Recent observations have shown that in some cases, dust
olarization around young protostars appears to trace their outflow
avity walls, suggesting compression and rearrangement of magnetic
elds by outflow feedback (Hull et al. 2020 ; Lyo et al. 2021 ).
o we ver, the physical scales over which and time-scales on which

his rearrangement can occur are not well-established, and neither is
he range of magnetic environments in which this rearrangement of
he field can take place. 

Bok globules (Bok & Reilly 1947 ) are isolated clumps of molec-
lar gas, typically containing a few tens of solar masses within a
iameter of a few tenths of a parsec (Launhardt et al. 2010 ). They
re therefore a relatively simple environment in which the low-mass
tar formation process can be studied. 

CB 54 (Clemens & Barvainis 1988 ), also known as LBN 1042
Lynds 1965 ), is a large ( ∼ 0 . 5 pc diameter) globule at a distance of
1.5 kpc which is associated with the Vela OB1 complex (Ciardi &
 ́omez Mart ́ın 2007 ; Sen et al. 2021 ). CB 54 is an example of a

orming group of low-mass stars (Ciardi & G ́omez Mart ́ın 2007 ),
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nd so whether it should be described as a Bok globule or as a small
loud is arguable. As the maximum mass of a Bok globule is not well
efined, and as CB 54 is an isolated, apparently spheroidal cloud 
approximately circular in projection) and is consistently referred to 
s a Bok globule in the literature, we continue to define it as such in
his work. 

CB 54 contains five known point sources: the NIR-bright sources 
B54YC1-I and -II (Yun 1996 ), and the deeply embedded sources
IR-a, -b, and -c (Ciardi & G ́omez Mart ́ın 2007 ). CB54YC1-II

s established as a Class I source (Yun 1996 ); the classification of
B54YC1-I is more uncertain, with possibilities including its being 
 highly extinguished embedded A or B star, a background G or
 giant, or a very highly inclined embedded protostar (Ciardi & 

 ́omez Mart ́ın 2007 ). The three remaining sources, MIR-a, -b and
c, are deeply embedded Class 0 sources forming in close proximity 
o one another (Ciardi & G ́omez Mart ́ın 2007 ), coincident with the
RAS source PSC 07020-1618 and with a peak in submillimetre 
mission (Launhardt et al. 2010 ). At least one of these sources is
riving a small-scale molecular outflow oriented 108 ◦ E of N (Hull 
t al. 2014 ). A larger scale outflow from CB 54, oriented broadly
E/SW ( ∼45 ◦ E of N), was mapped by Yun & Clemens ( 1994 ).
ep ́ulveda et al. ( 2011 ) suggest that this large-scale outflow is also
xcited by one or more of the Class 0 sources. 

Using measurements of polarized extinction of background 
tarlight, Sen et al. ( 2005 ) found a mean magnetic field direction
n CB 54 of 116 ◦ ± 38 ◦ E of N. Bertrang, Wolf & Das ( 2014 )
ound a complex geometry, with near-infrared (NIR) extinction 
olarization vectors on the northern side of the globule broadly 
ligned with the Yun & Clemens ( 1994 ) CO outflow axis. However,
en et al. ( 2021 ), using R -band extinction polarization, find a random
istribution of polarization angles, suggesting significant amounts of 
ore ground e xtinction. Henning et al. ( 2001 ) observed CB 54 in 850-
m polarized emission with the SCUPOL polarimeter on the James 
lerk Maxwell Telescope (JCMT), finding a somewhat random 

istribution of polarization vectors. Wolf, Launhardt & Henning 
 2003 ) re-analysed these data, and found a weak correlation between
he magnetic field and large-scale outflow directions in CB 54. 

In this paper, we present JCMT 850- μm observations of CB 54,
ade in polarized light using the POL-2 polarimeter. We describe 

ur observations and the data reduction process in Section 2 . In
ection 3, we discuss the magnetic field geometry, mass and density 
roperties and energetic balance of the globule, and make comparison 
o pre vious observ ations of the globule. In Section 4, we discuss our
esults. Section 5 summarizes this work. 

 OBSERVATIONS  

e observed the Bok globule CB 54 15 times between 2019 March
 and 2021 February 26 using the POL-2 polarimeter (Friberg 
t al. 2016 ) mounted on the Submillimetre Common-User Bolometer 
rray 2 (SCUBA-2; Holland et al. 2013 ) on the JCMT. The data
ere taken in Band 2 weather (0 . 05 < τ225 GHz < 0 . 08) under project

odes M19AP016, M20AP022, and M21AP028. Each observation 
onsisted of a 42-min POL-2-DAISY scan pattern. 

The data were reduced using the pol 2 map 1 script recently added
o the SMURF package in the Starlink software suite (Chapin et al.
013 ). See Pattle et al. ( 2021b ) for a detailed description of the
urrent POL-2 data reduction process. Instrumental polarization (IP) 
 ht tp://st arlink.eao.hawaii.edu/docs/sun258.ht x/sun258ss73.html 

2

t

as corrected for using the ‘August 2019’ IP model. 2 The 850- μm
ata were calibrated using a flux conversion factor (FCF) of 2795
Jy arcsec −2 pW 

−1 using the post-2018 June 30 SCUBA-2 FCF of
070 mJy arcsec −2 pW 

−1 (Mairs et al. 2021 ) multiplied by a factor
f 1.35 to account for additional losses in POL-2 (Friberg et al.
016 ). POL-2 observes simultaneously at 850 and 450 μm, but we
onsider only the 850- μm observations in this work as the 450- μm
ata reduction process remains under development. 
We binned our output vector catalogue to 8-arcsec (approximately 

yquist-sampled) pixels. The per-pixel RMS noise values in the 
ector catalogue were then remodelled using the pol 2 noise script,
hich models map variance as the sum of three components, based
n exposure time, the presence of bright sources, and residuals. The
verage RMS noise in Stokes Q and U and I in the central 3 arcmin of
he map on 8-arcsec pixels is 0.004 mJy arcsec −2 (1.0 mJy beam 

−1 ).
The observed polarized intensity is given by 

 I ′ = 

√ 

Q 

2 + U 

2 . (1) 

e debiased this quantity using the modified asymptotic estimator 
Plaszczynski et al. 2014 ; Montier et al. 2015 ): 

 I = P I ′ − 1 

2 

σ 2 

P I ′ 

(
1 − e 

−
(

PI ′ 
σ

)2 )
, (2) 

here σ 2 is the weighted mean of the variances σ 2 
Q 

and σ 2 
U , 

2 = 

Q 

2 σ 2 
Q 

+ U 

2 σ 2 
U 

Q 

2 + U 

2 
, (3) 

alculated on a pix el-by-pix el basis. Debiased polarization fraction 
s given by p = PI / I . 

Polarization angle is given by 

p = 0 . 5 arctan ( U, Q ) . (4) 

e note that the polarization angles which we detect are not true
 ectors, as the y occupy a range in angle 0 ◦−180 ◦. We none the less
efer to our measurements as vectors for convenience, in keeping 
ith the general convention in the field. 
Throughout this work, we assume that dust grains are aligned with

heir major axis perpendicular to the magnetic field direction (e.g. 
ndersson, Lazarian & Vaillancourt 2015 ), and so that the plane-
f-sky magnetic field direction can be inferred by rotating θp by 
0 ◦. 

 RESULTS  

50- μm polarization and magnetic field vector maps are shown in
ig. 1 . In these figures and throughout the following analysis, we use

he vector selection criteria p / δp > 3 and I / δI > 5. Note that p / δp >
 is equi v alent to δθp < 9 . ◦6(cf. Serkowski 1962 ). Maps of Stokes Q
nd U emission, and of PI ′ , are shown in Appendix A . 

.1 Magnetic field geometry 

he six vectors which we detect in the dense centre of CB 54 are quite
niform, with a mean position angle θB = 163 ◦ ± 8 ◦. Ho we ver, in the
eriphery of the globule, the magnetic field geometry appears curved, 
ho wing well-ordered de viation from the field direction which we
easure in the centre of the globule. The field in the periphery of
MNRAS 515, 1026–1036 (2022) 

 ht tps://www.eaobservat or y.or g/ jcmt/2019/ 08/new- ip- models- for- pol2- da 
a/

http://starlink.eao.hawaii.edu/docs/sun258.htx/sun258ss73.html
https://www.eaobservatory.org/jcmt/2019/08/new-ip-models-for-pol2-data/
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M

Figure 1. Our observations of CB 54. Left-hand panel shows polarization vectors ( I / δI > 5, p / δp > 3), scaled by polarization fraction. Right-hand panel shows 
uniform-length magnetic field vectors (polarization vectors rotated by 90 ◦). Red vectors are POL-2 measurements; grey vectors are Planck measurements which, 
with an ef fecti ve resolution of 15 arcmin, are significantly oversampled. The background image is POL-2 850- μm Stokes I emission. The JCMT beam size is 
shown in the lower right-hand of each panel. 
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Figure 2. Planck magnetic field vectors in CB 54, using the GNLIC 

foreground dust model (Planck Collaboration XIX 2016 ). Vector length is 
proportional to polarization fraction. All Planck vectors shown have p / dp 
> 3. Dashed grid lines show equatorial projection; dotted grid lines show 

galactic projection. The ef fecti ve resolution of this data set is 15 arcmin, and 
the pixels are Nyquist sampled. The beam is shown in the lower right-hand 
corner. 
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he globule has a mean position angle of 67 ◦ ± 45 ◦, and a median
osition angle of 47 ◦. 
We compared our POL-2 data to Planck 353-GHz dust polar-

zation maps of CB 54 (Planck Collaboration XIX 2015 ; Planck
ollaboration XLVIII 2016 ). The Planck archive measures polar-

zation angle relative to Galactic north, and uses the convention
p = 0 . 5 arctan ( −U, Q ). We calculated the difference in polarization
ngle between galactic and equatorial systems, ψ , using the relation 

 = θp , gal − θp,eq 

= arctan 

(
cos ( l − 32 . ◦9) 

cos b cot 62 . ◦9 − sin b sin ( l − 32 . ◦9) 

)
(5) 

Corradi, Aznar & Mampaso 1998 ). For ( l , b ) = ( 228 . ◦99 , −4 . ◦62),
 = −63 . ◦08. 
Planck observations of CB 54 are shown in Fig. 2 . We used the

NLIC foreground dust model (Planck Collaboration XLVIII 2016 ),
s it provides covariance matrices for each Stokes parameter, but the
ommander dust model (Planck Collaboration XIX 2015 ) produces
ear-identical polarization angles in CB 54. The mean-field direction
n the Planck data is 158 ◦ ± 7 ◦ E of N, consistent with the value of
63 ◦ ± 8 ◦ that we measure in the densest part of the globule with
OL-2. Both of these values are also consistent within uncertainties
ith the mean-field direction of 116 ◦ ± 38 ◦ measured in the region
y Sen et al. ( 2005 ). 
Although the magnetic field which we observe in the centre of

B 54 is well-ordered and consistent with the Planck -scale field,
he magnetic field direction in the periphery of the globule deviates
ignificantly from that seen in the centre. There is a striking similarity
etween the magnetic field morphology in the periphery of CB 54 and
he contours of the outflow described by Yun & Clemens ( 1994 ), as
hown in Fig. 3 . This is most apparent in the northern (red) wing of the
utflow, as more polarized emission, is detected on the north-eastern
ide of the globule, and is consistent with previous NIR extinction
olarization measurements on larger scales (Bertrang et al. 2014 ).
he few vectors which we detect on the south-western side of the
lobule are also broadly aligned with the blue wing of the outflow. 
On the eastern periphery of the globule, away from the outflow,

here are a small number of POL-2 vectors which appear broadly
ligned with the Planck -scale field. 
NRAS 515, 1026–1036 (2022) 
.2 Comparison with SCUPOL 

e compared our POL-2 data with previous measurements of 850-
m polarization in CB 54, made using the SCUPOL polarimeter.
hese data were originally presented by Henning et al. ( 2001 ). We
se the updated reduction presented by Matthews et al. ( 2009 ) in the
CUPOL Le gac y Catalogue. These data are presented on 10 arcsec
ix els. We selected SCUPOL v ectors using the criteria I /d I > 5, p /d p
 3 and d p < 4 per cent (cf. Matthews et al. 2009 ). The SCUPOL and
OL-2 vectors are compared in Fig. 4 . The two sets of polarization
ngles are similar: in the centre of CB 54, they agree well, with the
ean magnetic field angle o v er the fiv e central SCUPOL v ectors

art/stac1356_f1.eps
art/stac1356_f2.eps
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Figur e 3. The lar ge-scale 12 CO outflow mapped by Yun & Clemens 
( 1994 ), o v erlaid on our POL-2 data. Note similarity between the magnetic 
field and outflow morphology. The southern lobe (solid contours) is blue- 
shifted emission (13–17 km s −1 ), northern lobe (broken contours) is red- 
shifted emission (23–27 km s −1 ). Background image shows POL-2 Stokes I 
emission. 

Figure 4. Comparison of POL-2 (red; this work) and SCUPOL (blue with 
white outline; Matthews et al. 2009 ) magnetic field vectors in CB 54. 
Background image shows POL-2 Stokes I emission. 

b  

m  

a
d
i  

a
w  

a
s
c

s  

D
F  

a  

o  

Figure 5. Circular histograms of POL-2 (grey) and SCUPOL (blue) magnetic 
field angles. Mean Planck and IMPOL (Sen et al. 2005 ) magnetic field 
angles across CB 54 are shown, with their uncertainties shown as shaded 
sectors. The POL-2 histogram is shown o v er the angle range 0 ◦−180 ◦ E of 
N, while the SCUPOL histogram is shown o v er the range 180 ◦−360 ◦. Due 
to the ±180 ◦ ambiguity on polarization vector measurements, this range is 
ef fecti vely identical to the range 0 ◦−180 ◦, and so opposite angles on the plot 
agree. In Cartesian space, the area of each histogram is normalised to 1; the 
projection of the histograms on to a circle means that their areas are distorted. 
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eing 159 ◦ ± 6 ◦ E of N, compared to the 163 ◦ ± 8 ◦ E of N which we
easure with POL-2. In the periphery of the globule, the SCUPOL

nd POL-2 vectors show qualitative similarity, and the significant 
eviations from the mean direction in the globule centre are apparent 
n both cases. A two-sided KS test suggests that the two sets of angles
re consistent with having been drawn from the same distribution, 
ith a p -value of 0.37. Histograms of the POL-2 and SCUPOL angles

re shown in Fig. 5 . The SCUBA/SCUPOL and SCUBA-2/POL-2 
ystems are fully independent, consisting of separate polarimeters, 
ameras, observing modes, and data reduction algorithms. 

Henning et al. ( 2001 ) inferred a plane-of-sky magnetic field 
trength of 60 + 11 

−8 μG in the higher density centre of CB 54 using the
avis–Chandrasekhar–Fermi (DCF; Davis 1951 , Chandrasekhar & 

ermi 1953 ) method. Ho we ver, to do so they used a measured
ngle dispersion of 42 . ◦7 + 11 . 1 

−8 . 0 , significantly greater than the limit
f ∼25 ◦ abo v e which the DCF method has been found to become
nreliable (Ostriker, Stone & Gammie 2001 ). Wolf et al. ( 2003 )
ederived the magnetic field strength in CB 54 to be 104 + 24 

−21 μG,
sing the same angular dispersion but a hydrogen number density of
 (H) = 1 . 5 × 10 5 cm 

−3 . 

.3 Globule mass and density 

e measured the total 850- μm flux density in a 2 arcsec-diameter
perture centred on CB 54 to be 4.19 ± 0.25 Jy. The uncertainty
n this value is dominated by the 6 per cent SCUBA-2 850- μm
alibration uncertainty (Mairs et al. 2021 ). 

We thus calculated the mass of CB 54 using the Hildebrand ( 1983 )
elation, 

 = 

F νD 

2 

κνB ν( T ) 
, (6) 

here M is mass, F nu is flux density at frequency ν, D is distance
o the source, κν is dust opacity, and B ν( T ) is the Planck function
t temperature T . Taking D = 1.5 kpc, κν = 0.0125 cm 

2 g −1 (e.g.
ohnstone et al. 2017 ) and T = 15 K (Sep ́ulveda et al. 2011 ), this
ives a mass of 117 ± 7 M � for CB 54. We have here considered only
he uncertainty on F ν , and so the formal error bars on our measured

ass are quite small. 
This value for the mass of CB 54 can only be considered

s an approximation. D , T , and κν are all subject to significant
ncertainties. We adopt a distance of 1.5 kpc to CB 54 (Launhardt &
enning 1997 ; Ciardi & G ́omez Mart ́ın 2007 ); recent extinction
easurements support this distance, but find a potential range of 

istances to the globule of 1.5–2 kpc (Sen et al. 2021 ). κν is likely
o be accurate to within a factor of 2 (Ossenkopf & Henning 1994 ;
oy et al. 2014 ). Sep ́ulveda et al. ( 2011 ) give T � 15 K in CB 54,
MNRAS 515, 1026–1036 (2022) 
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s discussed below, so taking T = 15 K gives us a lower limit on the
ass traced by POL-2. 
We will not have traced the full extent of the dust emission from

B 54 in these observations: SCUBA-2 is insensitive to large-scale
tructure due to atmospheric filtering effects (Chapin et al. 2013 ),
nd POL-2 is more so due to its low scanning speed (Friberg et al.
016 ). Ho we ver, the angular size of CB 54 is ∼2 arcmin, smaller than
he maximum allowed size scale in POL-2 observations of 5 arcmin
Friberg et al. 2016 ), and the source is strongly centrally peaked, so
his effect may not significantly reduce the measured mass. 

Conversely, we will also have some contamination from the 12 CO
 = 3 → 2 line in our Stokes I map (Drabek et al. 2012 ), which
ill contribute to the measured 850- μm flux. This is likely to be

he most significant in the outer parts of the globule, where the dust
olumn density is low, but the net contribution of 12 CO J = 3 → 2
o SCUBA-2 850- μm emission in star-forming regions is typically
 20 per cent (Drabek et al. 2012 ; Pattle et al. 2015 ; Coud ́e et al.

016 ). 
Our estimated mass implies an average density of molecular

ydrogen o v er CB 54 of n (H 2 ) ∼ 5.1 × 10 3 cm 

−3 , taking CB 54
o be a uniform sphere, i.e. 

 (H 2 ) = 

3 M 

4 πμm H r 3 
, (7) 

here we take μ = 2.8 to be the mean particle mass. Ho we ver, this is
n av erage o v er the entire globule. The centre of the globule, in which
he Class 0 protostars are located, is significantly higher density. We
herefore model CB 54 as a two-layered sphere, with a high-density
entral core embedded in lower density surroundings. We took the
nner sphere to have a radius of 16 arcsec, in order to include the
igh-density central region in which the magnetic field direction is
niform, and in which the protostars are embedded, and the outer
phere to have an inner radius of 16 arcsec and an outer radius of 60
rcsec. 

We determined the mass and volume density of the inner and outer
egions by initially considering the flux in an annular region covering
as in the outer sphere only, with an inner radius of 16 arcsec and
n outer radius of 60 arcsec. The total flux in the annular region was
.28 ± 0.14 Jy. For the values of D , κν , and B ν( T ) listed abo v e, this
s equi v alent to a mass of 64 ± 4 M �. The average volume density in
he annular region, and so in the ‘outer sphere’ in our model of CB
4, is thus given by 

 (H 2 ) = 

M 

μm H 

(
4 

3 
πa 2 − 2 πa 2 

√ 

r 2 − a 2 

− 2 

3 
π
(
r −

√ 

r 2 − a 2 
)2 (

2 r + 

√ 

r 2 − a 2 
))−1 

, (8) 

here r = 60 arcsec and a = 16 arcsec, and so we estimate n (H 2 ) =
.0 × 10 3 cm 

−3 in the periphery of the globule. 
Conversely, the total flux in the central circular aperture, of radius

6 arcsec, is 1.91 ± 0.11 Jy, equi v alent to a mass of 53 ± 3 M �. Using
ur previous density estimate for gas in the outer sphere, we estimate
hat the column of emission contained in the annulus represents the
um of contributions from 6 M � of material in the low-density outer
phere, and from 47 M � of material in the high-density inner sphere.
he inner sphere thus has an average density of 1.0 × 10 5 cm 

−3 . 
These values are quite consistent with previous measurements of

B 54. Sep ́ulveda et al. ( 2011 ) measured a gas temperature of T
 15 K, a mass of � 62 M �, and an average density in CB 54 of
3.3 × 10 3 cm 

−3 from NH 3 emission (a suitable dense gas tracer,
ith a critical density of ∼ 2 × 10 3 cm 

−3 ; e.g. Juvela et al. 2012 ).
he NH 3 contours shown by Sep ́ulveda et al. ( 2011 ) correspond
NRAS 515, 1026–1036 (2022) 
ell to the 850- μm dust emission which we observe. Our value
or the density in the central region is also comparable to previous
easurements. Henning et al. ( 2001 ) found a density n (H) = 5 ×

0 4 cm 

−3 within the FWHM contour of a Gaussian profile fitted to
B 54, while Wolf et al. ( 2003 ) found a density of 1 . 5 × 10 5 cm 

−3 . 

.4 Energetics analysis 

n this section, we present a crude energetics analysis to determine
n approximate upper limit on the magnetic field strength in the
eriphery of CB 54, if the magnetic field is indeed being reshaped
y the large-scale outflow. 
Yun & Clemens ( 1994 ) find that the large-scale CO outflow has

 mass in its blue wing of 0 . 55( D/ 600 pc ) 2 M �, and in its red
ing of 0 . 2( d/ 600 pc ) 2 M �. They further find a total momentum
f 4.4 ( D/ 600 pc ) 2 M � km s −1 , and an ener gy of 10 43 ( d/ 600 pc ) 2 er g
or the outflow. The length-scale of the outflow is 1.4 arcmin, and
ts dynamical time is 2 . 8 × 10 4 ( D/ 600 pc ) yr. Taking the distance to
B 54 to be 1.5 kpc (Ciardi & G ́omez Mart ́ın 2007 ; Sen et al. 2021 ),

he total outflow mass is 4.7 M �, the energy is 6.3 × 10 43 erg, and the
ynamical time is 7 × 10 4 yr, while the length-scale of the outflow
s 0.61 pc. 

From Fig. 3 , we estimate an aspect ratio in the red lobe of the
utflow of ∼0.5: 1, and of ∼1: 1 in the blue lobe. If we consider each
obe as a cylinder of height 0.61 pc, we estimate a total volume of the
utflow of ∼6.6 × 10 54 cm 

3 . The estimated average energy density
n the outflow is thus u outflow ∼ 1 × 10 −11 erg cm 

−3 . Alternatively, if
e consider each lobe of the outflow as a right circular cone of the

ame height, we estimate a volume of ∼2.2 × 10 54 cm 

−3 , and so an
verage energy density of u outflow ∼ 3 × 10 −11 erg cm 

−3 . 
If the magnetic field is reshaped by the outflow, it implies that the
agnetic energy density in CB 54 ( u B ) is less than the outflow energy

ensity, i.e. 

 B < u outflow . (9) 

agnetic energy density, u B , is given in cgs units by 

 B = 

B 

2 

8 π
, (10) 

here B is magnetic field strength, and so equation (9) is equi v alent
o placing an upper limit on B , such that 

 < 

√ 

8 πu outflow . (11) 

ur estimate of u outflow implies u B < 1 −3 × 10 −11 erg cm 

−3 , and
o that B < 16 μG (cylindrical outflow geometry) or B < 27 μG
conical outflow geometry) in the low-density peripheral regions of
B 54 where the field appears to have been reshaped by the outflow.
e therefore adopt an upper limit on the magnetic field strength in

he periphery of CB 54 of B < 27 μG. 
We note that while this upper limit is very approximate, it is

elati vely insensiti ve to the uncertainty on the distance to CB 54.
f we take CB 54 to be at a distance of 1.1 kpc rather than 1.5 kpc
Brand & Blitz 1993 ), the upper limit on B is modified by a factor
 

1 . 5 / 1 . 1 = 1 . 16, becoming B < 19 μG (cylindrical outflow) or
 < 32 μG (conical outflow). Conversely, taking the upper-limit
istance to CB 54 of 2 kpc (Sen et al. 2021 ) leads to B < 14 μG
r B < 23 μG. 
Crutcher et al. ( 2010 ) used archi v al Zeeman measurements to

erive a maximum magnetic field strength as a function of gas density
f 

 max = 10 

(
n (H) 

300 cm 

−3 

)0 . 65 

μG (12) 
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Figure 6. CARMA TADPOL observations of CB 54 (Hull et al. 2014 ). Background shows 1.3-mm dust continuum. Green vectors show magnetic field direction 
inferred from 1.3-mm dust polarization observations. Grey vectors show POL-2 magnetic field vectors, as presented in Fig. 1 . Blue and red contours in Panels 
(b)–(d) show the 12 CO J = 2 − 1 transition, inte grated o v er v elocity ranges a way from the systemic v elocity of CB 54 (as determined by Hull et al. 2014 ). 
Contour intervals: 2, 3, 5, and 8 σ , where σ = 1.28 mJy/CARMA beam. Panel (a) CARMA 1.1mm continuum, with embedded sources labelled. Maroon contours 
show 3, 10, and 50 per cent of the maximum brightness, emphasizing the extent and direction of the ridge structure in which the protostars are embedded. 
Dotted circle shows the 16 arcsec-radius area o v er which the central density is estimated in the POL-2 data. Panel (b) contours of 12 CO emission integrated in 
the velocity ranges 0 . 5 −14 . 3 km s −1 (blue) and 23.8 −39.7 km s −1 (red) are shown. The direction of the outflow identified by Hull et al. ( 2014 ) (108 ◦ E of N) 
is shown as a dotted line through MIR-b. Our proposed approximate directions of the outflow from MIR-c, and the blue wing of the outflow from MIR-a are 
shown as dotted lines through the respective sources. Magnetic field vectors are excluded for clarity. Panel (c) contours of ‘fast’ 12 CO emission, integrated in 
the ranges 0 . 5 −9 . 0 km s −1 and 28.0 −36.5 km s −1 are shown. Panel (d) contours of ‘slow’ emission, integrated in the ranges 9 . 0 −14 . 3 and 23.8 −28.0 km s −1 

are shown. The CARMA beam is shown in each panel. The JCMT beam is shown in the top left-hand panel. 
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or hydrogen number densities n (H) > 300 cm 

−3 . For our estimated
as density of n (H 2 ) ∼ 3.0 × 10 3 cm 

−3 in the periphery of CB 54
 n (H) ∼ 6.0 × 10 3 cm 

−3 ), this implies B max = 69 μG. Our inferred
pper limit, B < 27 μG, is below the more general Crutcher et al.
 2010 ) upper limit at this gas density, and so is consistent with it,
nd also suggests that the magnetic field in the periphery of CB 54
s comparatively weak. 

.5 CARMA obser v ations 

he Yun & Clemens ( 1994 ) outflow emanates from the dense ridge
t the centre of CB 54. Ciardi & G ́omez Mart ́ın ( 2007 ) detected
hree Class 0 protostars in this ridge, MIR -a, -b and c, with masses
f ∼ 4 M �, ∼ 1 . 5 M � and > 0 . 2 M �, respectively. This ridge was
apped in both 1.3-mm dust polarization and the 12 CO J = 2 −1

ransition (230.538 GHz) at 3.64 × 2.41 arcsec 2 resolution by Hull 
t al. ( 2014 ) using the CARMA (Combined Array for Research in
illimeter -wa ve Astronomy) interferometer as part of the TADPOL 

urv e y. We show the Hull et al. ( 2014 ) CARMA data in Fig. 6 . The
agnetic field in the dense ridge in which the three protostars are
orming appears to broadly lie along the length of the ridge (which
tself is oriented ∼145 ◦ E of N, as shown in Fig. 6 ), and is similar
o the magnetic field direction traced by POL-2 on larger scales in
B 54, and with the average field direction in the globule given by
lanck . The magnetic field is approximately perpendicular to the 

idge in the material to the north-east and south-west of the ridge,
nd parallel to the large-scale outflow direction, again consistent with 
he behaviour seen on larger scales in the POL-2 data. Histograms
f POL-2 and CARMA magnetic field angles are shown in Fig. 7 . 
Inspection of the CARMA 

12 CO data presented by Hull et al.
 2014 ) suggests that there is (i) a fast, highly collimated but quite
aint outflow running ∼45 ◦ E of N, which appears most likely to
e excited by MIR-c; (ii) a slower , broader , but brighter outflow
unning 108 ◦ E of N (identified by Hull et al. 2014 ), which appears
o be excited by MIR-b; (iii) velocity structure suggestive of an
utflow around MIR-a, the red wing of which is either not visible
r not distinguishable from the MIR-b outflow, but the blue wing of

◦

MNRAS 515, 1026–1036 (2022) 
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M

Figure 7. Circular histograms of POL-2 (grey) and CARMA (orange) 
magnetic field angles. Opposite angles agree, as described in the caption 
of Fig. 5 . Mean Planck and IMPOL (Sen et al. 2005 ) magnetic field angles 
across CB 54 are shown, with their uncertainties shown as shaded sectors. 
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It appears from this that the large-scale CO outflow in CB 54
Yun & Clemens 1994 ) is associated with the fast, collimated outflow
hich appears likely to arise from MIR-c. MIR-c is the faintest of

he three Class 0 sources in the MIR, with a lower limit mass of
 0.2 M � (Ciardi & G ́omez Mart ́ın 2007 ). This suggests that MIR-c

s young and deeply embedded in the dense centre of CB 54. 
The total mass in the large-scale outflow is ∼ 4 . 7 M � (Yun &

lemens 1994 ), significantly greater than the 0.2-M � lower limit
laced on the mass of MIR-c itself by Ciardi & G ́omez Mart ́ın ( 2007 ).
achida & Matsumoto ( 2012 ) suggest that in a single protostellar

loud core, 26–40 per cent of the initial cloud mass is incorporated
nto the protostar, while 8–49 per cent is ejected by the outflow.
n outflow mass of 4.7 M � would thus imply a mass reservoir of
.6–58.8 M � for MIR-c, and so an eventual mass of MIR-c of 2.5–
3.5 M �. As there is no indication that CB 54 is a high-mass star-
orming region, it seems likely that MIR-c is at the lower end of this
otential mass range. As discussed abo v e, the total mass of CB 54
ppears to be broadly in the range ∼60 −120 M �, sufficiently large
o accommodate even the largest value of the implied mass reservoir
or MIR-c, but is shared by the three forming protostars. 

If MIR-c is indeed a young and deeply embedded Class 0 source,
his suggests that the reshaping of the magnetic field by the CO
utflow has been rapid, as does the dynamical time of the outflow,
 × 10 4 yr (Yun & Clemens 1994 ). The magnetic field direction
mplied by CARMA observations to the north-east and south-west
f the dense ridge has a direction similar to that of the outflow
manating into these regions from MIR-c, and perpendicular to the
verage magnetic field direction in the dense ridge implied by both
he POL-2 and CARMA observations. This supports the suggestion
hat this outflow is reshaping the magnetic field in the lower density

aterial of the globule. Conversely, the magnetic field in the dense
aterial of the ridge does not appear to be reordered by the MIR-c

utflow. 
NRAS 515, 1026–1036 (2022) 
 DI SCUSSI ON  

f the outflow is indeed reshaping the magnetic field on large scales
n the globule, this implies a relatively weak magnetic field in CB
4, significantly less than the likely maximum field strength of

70 μG at this gas density implied by the Crutcher et al. ( 2010 )
elation. We here discuss the extent to which our observations support
he suggestion that the magnetic field in CB 54 is dynamically
ubdominant. It is important to note that the relative dynamic
mportance of magnetic fields with respect to gravity, non-thermal

otions and thermal pressure may differ. These energy balances
re typically quantified using the mass-to-flux ratio, Alfv ́en Mach
umber, and plasma beta, respectively (e.g. Pattle et al. 2022 , and
efs. therein). The fact that stars have formed within CB 54 indicates
hat on at least some size scales, gravity must win out o v er the other
orces involved in the evolution of the globule; ho we ver, simulations
ndicate that the energy balance on larger scales can make both a
ualitati ve and quantitati ve dif ference to the evolution of star-forming
egions (e.g. Seifried et al. 2020 ). 

.1 Density structure 

he magnetic field geometry in CB 54 is well ordered and quite
onsistent in direction o v er man y orders of magnitude in size scale,
xcept in the vicinity of the Yun & Clemens ( 1994 )/MIR-c outflow. 

Strong-field star formation theory predicts that the minor axis of
 dense core will lie parallel to the magnetic field direction (Mestel
966 ; Basu, Ciolek & Wurster 2009 ). Basu ( 2000 ) shows that a
agnetic field parallel to the minor axis of a triaxial core can have a
ide range of orientations in projection, and is most likely to appear

t an angle ∼10 ◦–30 ◦ to the projected minor axis of the core. We
tted a two-dimensional Gaussian model to the POL-2 I map of
B54, finding the best-fitting model to have a low aspect ratio of
.15 (eccentricity e = 0.49), and a major axis oriented 118 ◦ E of
. As discussed abo v e, the mean magnetic field direction which we
easure in the centre of CB 54 is 163 ◦ ± 8 ◦. Thus, we infer that the
agnetic field observed by POL-2 is offset from the minor axis of

he globule by ∼45 ◦, in projection. 
Ho we ver, performing the same-fitting process on the CARMA

ata are shown in Fig. 6 results in a best-fitting model with an aspect
atio of 1.56 ( e = 0.77), and a major axis oriented 164 ◦ E of N.
he average magnetic field direction in the globule is thus very well-
ligned with the major axis of the dense core in which the MIR-a, -b
nd -c protostars are forming. While this does not rule out the field
eing parallel to the minor axis in three dimensions, the probability
f such a configuration is extremely low (Basu 2000 ). The similarity
etween the magnetic field angle measured by POL-2 and the major
xis of the dense core, along with the (sub)millimetre brightness
f this core, also suggests that the polarized emission observed by
OL-2 may be dominated by unresolved emission from this dense
ore. 

Many recent observations have shown that dense filaments prefer-
ntially align perpendicular to the direction of the local magnetic
eld, while lower density filaments tend to align parallel to the
agnetic field (e.g. Alina et al. 2019 ; Soler 2019 ; Doi et al. 2020 ;
rzoumanian et al. 2021 ; Kwon et al. 2022 ). Simulations suggest

hat a transition from parallel to perpendicular alignment at high gas
ensities will typically only occur in clouds in which the magnetic
eld’s energetic importance is initially similar to or greater than

hat of gravity (e.g. Soler et al. 2013 , 2020 ). Seifried et al. ( 2020 )
ound that for their models with initial magnetic field strengths below

5 μG, the magnetic field remained parallel or randomly oriented
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ith respect to both density and column density structures at all gas
ensities. Ho we ver, there is no clear dependence of the transition
ensity from parallel to perpendicular field/filament orientations on 
lfv ́en Mach number (Pattle et al. 2022 , and reference therein). 
Whether the extended structure seen by CARMA in which the 

ense star-forming core at the centre of CB 54 is embedded can
e considered as a ‘filament’ in the sense used in nearby molecular
louds (e.g. Andr ́e et al. 2010 ) is arguable. The young protostars in
B 54 are none the less forming within a core which is embedded in
 structure which is elongated parallel rather than perpendicular to 
he local plane-of-sky magnetic field direction. This would suggest 
 sub-dominant role for the magnetic field in comparison to gravity 
ot only in the dense, star-forming core, but also in the evolution of
he globule as a whole (e.g. Soler et al. 2013 ). It is, ho we ver, possible
hat the filament and the magnetic field could be perpendicular to 
ne another in three dimensions despite being parallel in projection 
e.g. Doi et al. 2020 ). 

We note that an alternative explanation of the observed correlation 
etween the outflow and magnetic field directions in the periphery 
f CB 54 is that the field geometry existed prior to the presence of
he outflow, and that this field has shaped and channeled the outflow
s it leaves the centre of the globule. Ho we ver, this would require the
eld to have changed direction in the periphery of the globule when

t is otherwise consistent in direction o v er man y orders in magnitude
n size scale. This scenario is difficult to physically moti v ate, but
annot be ruled out. 

We also note that this apparent consistency of the magnetic field 
irection o v er sev eral orders of magnitude in size scale suggests a
ighly ordered magnetic field (away from the outflow). The presence 
f such an ordered magnetic field suggests that non-thermal motions 
n the region are sub-Alfv ́enic (e.g. Ostriker et al. 2001 ). This implies
 relatively strong magnetic field in CB 54 in comparison to turbulent
otions. The magnetic field geometry which we observe in CB 54 

hus allows us to hypothesize that in this region, while the dynamics
re dominated by gravitational collapse, the magnetic energy in the 
egion is greater than that of the non-thermal gas motions. 

.2 Star formation efficiency 

oth dynamically important magnetic fields and turbulence are 
xpected to decrease SFE by providing support on large scales in 
olecular clouds (e.g. Price & Bate 2009 ; Federrath & Klessen 

013 ). If the magnetic field in CB 54 is indeed not sufficiently strong
o support the globule against gravitational collapse, and turbulence 
n the globule is sub-Alfv ́enic, this suggests that gravitational col- 
apse, and so star formation, in the globule ought to proceed relatively
fficiently. The SFE of a molecular cloud varies from < 1 per cent in
egions of distributed star formation to up to ∼40 per cent in regions
orming large stellar clusters, with a mean value of ∼15 per cent
Bonnell et al. 2011 ). Ciardi & G ́omez Mart ́ın ( 2007 ) estimate a
otal mass of 10–15 M � for all of the sources embedded within CB
4, although as their estimated mass of MIR-c is a lower limit,
o too is this total. Comparing this to our measured dust mass
f 117 ± 7 M � suggests a current SFE of M embedded /( M embedded +
 globule ) � 8 −11 per cent. As discussed abo v e, the total mass of CB

4 is quite uncertain, but its centrally condensed geometry suggests 
hat the mass which we estimate is representative of the total mass of
he globule. The final SFE of CB 54 will be higher than this estimate,
s star formation is still ongoing and the Class 0 protostars may yet
ccrete a significant fraction of their final mass from the globule 
Andre, Ward-Thompson & Barsony 1993 ). 
The current SFE of CB 54 appears to be lower than the mean
fficiency of star-forming clouds (Bonnell et al. 2011 ). However, as
iscussed by Bonnell et al. ( 2011 ), comparison to this mean value can
lide the significant differences between expected SFEs in high-mass 
nd low-mass star-forming environments. Yun & Clemens ( 1990 ) 
nferred a typical SFE of ∼6 per cent in Bok globules. Star formation
n CB 54 thus appears to be proceeding somewhat more efficiently
han in the average Bok globule. 

More energetic outflows, and more efficient coupling between 
utflows and magnetic fields, are likely to result in lower SFE in
olecular clouds as a whole (e.g. Krumholz & Federrath 2019 ).
 total mass in the large-scale outflow from CB 54 of ∼ 4 . 7 M �

nd a dynamical time of the outflow of ∼7 × 10 4 yr (Yun &
lemens 1994 ) imply a very approximate mass outflow rate of
7 × 10 −5 M � yr −1 . This is consistent with the typical outflow rate of
10 −4 M � yr −1 for young Class 0 sources (Bontemps et al. 1996 ),

nd with the expected � 10 −5 M � yr −1 mass accretion rate for Class
 protostars (Whitworth & Ward-Thompson 2001 ), assuming that the 
ass accretion and outflow rates are comparable (e.g. Machida & 

atsumoto 2012 ). This suggests that the large-scale CB 54 outflow
s quite typical for an outflow being driven by a Class 0 source such as

IR-c. Ho we ver, as the relationship between magnetic field strength
nd outflow rate is non-monotonic (Tomisaka 2002 ), and given its
ighly approximate nature, the outflow rate which we estimate should 
ot be o v erinterpreted. 

.3 Outflow orientations 

ach of the three outflows in the centre of CB 54 has quite different
rientation, as shown in Fig. 6 . Random outflow alignments, with
espect to both one another and to density structure, have been
een in both the Orion (Davis et al. 2009 ) and Perseus (Lee et al.
016 ; Stephens et al. 2017 ) molecular clouds. Ho we ver, Stephens
t al. ( 2017 ) find that the distribution of outflow orientations in
erseus is also consistent with a mixture of parallel and perpendicular
lignments with respect to density structure, with perpendicular 
lignment a factor of 3 more common than parallel. Conversely, Kong 
t al. ( 2019 ) find that in the IRDC G28.37 + 0.07 there is widespread
lignment between outflow directions, with outflows having a strong 
reference to being perpendicular to the IRDC axis. A dynamically 
mportant magnetic field is likely to be a necessary condition for
utflows to have a consistent orientation (Li, Klein & McKee 2018 ).
o we ver, random outflo w directions could be created by interactions
ithin multiple systems despite the presence of a strong magnetic 
eld (Offner et al. 2016 ), and so the lack of a consistent outflow
irection amongst the protostars in CB 54 is not necessarily indicative 
f a weak magnetic field in the region. 
Ideal magnetohydrodynamic (MHD) simulations have shown that 
agnetic braking is more efficient in protostellar systems whose 

otation axis is perpendicular to the magnetic field direction than in
hose whose rotation axis and magnetic field directions are parallel 
Matsumoto & Tomisaka 2004 ; Hennebelle & Ciardi 2009 ). This
fficient magnetic braking thus fa v ours formation of a larger disc,
nd a weaker outflow, as misalignment between the field and rotation
xes increases (Matsumoto & Tomisaka 2004 ). Creating a significant 
utflow in the highly misaligned case requires the system to have
 high ratio of thermal kinetic to gravitational potential energy 
Tsukamoto et al. 2018 ). Non-ideal MHD simulations can produce 
n outflo w e ven in the fully misaligned case (Hirano et al. 2020 ),
lbeit a weak one. 

The large-scale outflow from CB 54 appears to be significantly 
isaligned with the magnetic field direction in the core. While 
MNRAS 515, 1026–1036 (2022) 
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e cannot determine the three-dimensional angle between the field
nd the outflow, the offset which we see in projection is near 90 ◦.
his extended outflow apparently perpendicular to the magnetic field
irection appears to be unusual in the light of the predictions of both
deal and non-ideal simulations (Tsukamoto et al. 2018 ; Hirano et al.
020 ), and so makes MIR-c a strong candidate for higher resolution
nterferometric follow-up, in order to determine whether its magnetic
eld direction on protostellar core scales is significantly offset from

hat in its surroundings. 

.4 Comparison with other regions 

lthough we have not demonstrated a causal link between the outflow
irection and the magnetic field geometry in the periphery of CB54,
e note that if the outflow is indeed reshaping the magnetic field,

his would be consistent both with previous observations of CB 54
Bertrang et al. 2014 ) and with recent results from other regions, as
ell as with the predictions for the evolution of magnetic fields in the
resence of outflows from numerical modelling (Hirano et al. 2020 ).
Magnetic fields have been seen to be reshaped by protostellar out-

ows on scales ∼1000 au ( ∼0.005 pc) in recent ALMA observations
f the BHR 71 IRS 2 source (Hull et al. 2020 ). In this case, the
agnetic field traced by ALMA polarized dust emission appears to

e that of the outflow cavity wall. Ho we ver, the neighbouring IRS 1
ource, which forms a wide binary with IRS 2, shows an apparently
ndistorted hourglass-shaped field. BHR 71 is ∼40 M � Bok globule
t a distance of ∼200 pc, with a large-scale collimated outflow on
ize scales ∼0.3 pc (Bourke et al. 1997 ). Although lower mass, BHR
1 appears to be somewhat analogous to CB 54. However, Kandori
t al. ( 2020 ) mapped the magnetic field in BHR 71 using SIRPOL
IR polarimetry at the IRSF, finding the field to be significantly
istorted from the mean plane-of-sky field direction in the region.
hey ascribe this distortion to an interaction between the globule and
 large-scale shock (cf. Inoue & Fukui 2013 ). 

Davidson et al. ( 2011 ) observed the magnetic field structure on
.04 −0.09 pc scales around the nearby low-mass B335, L1527,
C348-SMM2 protostars at 350 μm using the SHARP polarimeter
n the CSO. They found that the magnetic field geometries ob-
erved around L1527 and IC348-SMM2 could be consistent with
agnetically regulated star formation models distorted by bipolar

utflows, but that the magnetic field geometry around B335 was
ot consistent with magnetically regulated models, suggesting that a
ignificant amount of distortion had occurred. They gave an outflow
nergy density of ∼ 10 −9 erg cm 

−3 for B335, and further found that
he energy densities of all of the outflows were sufficiently large
o distort magnetic fields of strengths predicted by magnetically
egulated star formation models. They suggested that the relative
ack of distortion in L1527 and IC348-SMM2 is due to the youth of
hese outflows, ∼10 3 yr, compared to ∼2 × 10 4 yr in B335. POL-2
nd ALMA polarization observations of B335 support the presence
f a field aligned with the outflow direction (Yen et al. 2019 ). The
avidson et al. ( 2011 ) sources are lower in mass than is CB 54,
hich houses multiple protostars. Ho we ver, in both CB 54 and B335
 single outflow from a low-mass protostar appears to be shaping the
agnetic field, suggesting an at least qualitative similarity between

hese sources. 
In Orion B NGC 2071 (Lyo et al. 2021 ), the magnetic field appears

o be shaped by the outflow from NGC 2071 IRS 3 on ∼0.25 pc
cales, similar to CB 54. The NGC 2071 IRS 3 outflow, as estimated
rom 

13 CO emission, is significantly more energetic than the CB 54
utflow, with u outflow = 2.33 ± 0.32 × 10 −8 erg cm 

−3 ( � 10 3 × that
f CB 54, as discussed abo v e). Lyo et al. ( 2021 ) estimate a magnetic
NRAS 515, 1026–1036 (2022) 
eld strength of 563 ± 421 μG in the central 0.12 pc of NGC 2071,
nd a magnetic energy density ∼2 × 10 −8 erg cm 

−3 , comparable to
he outflow energy density in the region. 

An extreme example of this behaviour is the explosive BN/KL
utflow in the OMC-1 region of Orion A, which appears to have
ubstantially reordered the magnetic field in the region on ∼0.01 pc
cales (Cortes et al. 2021 ; see also Pattle et al. 2021a ). Ho we ver,
he BN/KL outflow is an exceptional event, with an energy density
f ∼6 × 10 −4 erg cm 

−3 o v er the area o v er which the magnetic field
s reordered (Bally et al. 2017 , 2020 ), more than three orders of
agnitude greater than the magnetic energy density in the region

Cortes et al. 2021 ). Moreo v er, it is likely to have arisen from the
nteraction or decay of a multiple system, and so is not representative
f usual conditions in star-forming cores. 
The magnetic field geometry in dense star-forming cores is a key

iscriminant between weak- and strong-field modes of star formation
e.g. Myers & Basu 2021 ). Our observations of CB 54 suggest that
ven a weak outflow may be able to significantly alter the geometry
f a weak magnetic field on scales � 0 . 1 pc in the cloud from which
ts driving protostar formed, and can do so on relatively short time-
cales, ∼10 4 yr. This suggests that if we wish to understand the role of
agnetic fields in the evolution of molecular clouds to gravitational

nstability, we must look at regions where stars have not yet formed.
he magnetic field observed in the presence of an outflo w-dri ving
rotostar cannot be relied upon to inform us of the field in the gas
rom which the protostar formed. 

 C O N C L U S I O N S  

e hav e observ ed the large Bok globule CB 54 with the POL-2
olarimeter on the SCUBA-2 camera on the JCMT. 
We find that the magnetic field in the centre of the globule is

riented 163 ◦ ± 8 ◦ E of N. The field in the periphery of the globule
ho ws significant, ordered de viation from the mean field direction
n the globule centre, with a mean orientation of 63 ◦ ± 45 ◦ and a
edian orientation of 47 ◦. This deviation corresponds qualitatively
ith the contours of the extended but relatively weak 12 CO outflow

dentified in the region by Yun & Clemens ( 1994 ), which appears to
manate from the Class 0 source MIR-c at the centre of the globule.

If the magnetic field in the periphery of the globule is indeed
eshaped by the outflow, energetics analysis suggests that B < 27 μG
n the area. This is less than the maximum likely value at this gas
ensity, B max ≈ 69 μG, given by the Crutcher et al. ( 2010 ) relation. 
Comparison with archi v al Planck and CARMA measurements

hows that the field in the centre of the globule is consistent o v er
everal orders of magnitude in size scale, but oriented parallel to
he density structure in the region in projection. This leads us to
ypothesise that non-thermal motions in the region are sub-Alfv ́enic,
ut that the magnetic field itself is subdominant to gravity, suggesting
hat the gravitational collapse of CB 54 is relatively unimpeded. We
stimate a star formation efficiency in CB 54 of � 8 −11 per cent.
his is below the average value for molecular clouds, but may be

elati vely ef ficient for a Bok globule. 
The outflow from CB 54 is extended despite significant misalign-
ent between the outflow direction and the average magnetic field

irection in the globule. This suggests that the likely driving source,
he Class 0 protostar MIR-c, may be unusual, and merits high-
esolution interferometric follow-up, to determine the magnetic field
eometry in the protostellar envelope. 
Our results suggest that even a weak outflow can significantly

eshape weak magnetic fields in star-forming regions on scales >
 . 1 pc, and so that the magnetic field observed in a star-forming core
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n the presence of outflows cannot be relied upon to inform us of the
re-star-formation magnetic conditions in the region. 
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Figure A2. Stokes U emission in CB 54, shown on 8-arcsec pixels. Contours 
show Stokes I emission, marking 2 and 20 per cent of the maximum Stokes I 
value in the globule. 

Figure A3. Non-debiased polarized intensity PI ′ emission in CB 54, shown 
on 8-arcsec pixels. Contours show Stokes I emission, marking 2 and 
20 per cent of the maximum Stokes I value in the globule. 
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PPENDIX  A :  STOKES  MAPS  

n this appendix, we present maps of Stokes Q (Fig. A1 ) and U
Fig. A2 ) emission, and of non-debiased polarized intensity PI ′ 

Fig. A3 ), on 8-arcsec pixels. 

igure A1. Stokes Q emission in CB 54, shown on 8-arcsec pixels. Contours
how Stokes I emission, marking 2 and 20 per cent of the maximum Stokes I
alue in the globule. 
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