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B-fields In STar forming 
Region Observations: 
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P.I.s: Derek Ward-Thompson (UK), Di Li (China), Ray S. Furuya (Japan), 
         Woojin Kwon (Korea), Ramprasad Rao (Taiwan), Pierre Bastien (Canada)



● Aims to map polarized 850 micron emission towards Gould 
Belt star-forming regions  
!

● Aims to map the high-column-density regions of: 
 Ophiuchus, Orion A & B, Perseus, Serpens Main, Taurus 
L1495/B211, Auriga, IC5146 

!
● Awarded 224 hours of Band 2 observing time 
!
● The first science data were successfully taken last night! 
!
● ~100 survey members across 6 partner regions + EAO

 BISTRO: Overview

P.I.s: Derek Ward-Thompson (UK), Di Li (China), Ray S. Furuya (Japan), 
         Woojin Kwon (Korea), Ramprasad Rao (Taiwan), Pierre Bastien (Canada)

 Pol. Image Credit: POL-2 Commissioning Team
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Figure 8. Total magnetic field strength, derived from the λ6 cm emission
assuming equipartition between the energy densities of magnetic fields and
cosmic rays (colour scale in µG) along with contours of neutral gas den-
sity [a combination of CO (Helfer et al. 2003) and H I (Rots et al. 1990)
observations] plotted at 1, 4, 8, 16, 32, 64 per cent of the maximum value.

Intrinsic fluctuations dominate the RM maps; even smoothed to
linear scales of order 1 kpc, no large-scale pattern in rotation mea-
sure is apparent, in contrast to the clear large-scale spiral structure
in polarization angles. This result is quite surprising, as we would
expect to see the components of the same field in the sky plane and
along the line of sight in polarization angle and in Faraday rotation,
respectively. As polarization angles are not sensitive to field rever-
sals, the observation of ordered pattern in angles does not demon-
strate the existence of a regular (coherent) field. The spiral field
seen in polarization angle could be anisotropic with many small-
scale reversals, e.g. produced by strong shearing gas motions and
compression, and hence would not contribute to Faraday rotation.
Alternatively, the field may have significant components perpen-
dicular to the galaxy plane (due to loops, outflows etc.) which are
mostly visible in Faraday rotation and hide the large-scale pattern.
Such an underlying large-scale pattern indeed exists, as we discuss
in the next section.

The close alignment of the observed field lines along the CO arms
and the lack of enhanced Faraday rotation in the polarized ridges
can be understood if the turbulent magnetic field is anisotropic. An
anisotropic turbulent field can produce strong polarized emission,
but not Faraday rotation. This picture is similar to that obtained
for the effect of large-scale shocks on magnetic fields in the barred
galaxies NGC 1097 and 1365 (Beck et al. 2005) and will be inves-
tigated in detail in Section 7.

Figure 9. Rotation measures between λλ3, 6 cm, at 15 arcsec resolution,
overlaid with contours of Hα emission (Greenawalt et al. 1998) at the same
resolution, plotted at 4, 8, 16, 32 per cent of the map maximum. Data were
only used where the signal-to-noise ratio in polarized intensity exceeds
three.

Figure 10. Distribution of rotation measures between λλ3, 6 cm, shown in
Fig. 9. Note that the map is oversampled and so the histogram of pixel counts
does not represent statistically independent data points. Data were only used
where the signal-to-noise ratio in polarized intensity exceeds three. Solid
line is the best-fitting Gaussian to the histogram.

5.1.1 The size of turbulent cells

Here we derive a new method for estimating the size of turbulent
cells in the ISM of external galaxies.
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 Importance of B-feilds in a Spiral G.

Fletcher et al. 2011

Magnetic fields and spiral arms in M51 2399

Figure 1. (a) λ3 cm (left) and (b) λ6 cm (right) radio emission at 15 arcsec resolution from VLA and Effelsberg observations, overlaid on a Hubble Space
Telescope optical image [image credit: NASA, ESA, S. Beckwith (STScI) and The Hubble Heritage Team (STScI/AURA)]. Total intensity contours in both
maps are at 6, 12, 24, 36, 48, 96, 192 times the noise levels of 20 µJy beam−1 at λ3 cm and 30 µJy beam−1 at λ6 cm. (Note that the roughly horizontal contours
at the left edge of panel (a) are artefacts arising from mosaicking the two VLA pointings.) Also shown are the B-vectors of polarized emission: the plane of
polarization of the observed electric field rotated by 90◦, not corrected for Faraday rotation, with a length proportional to the polarized intensity (PI) and only
plotted where PI ≥ 3σ PI.

companion galaxy is filled with highly polarized radio emission
(typically 15 per cent at λ6 cm). Arm 2 becomes well organized
again at larger radii (located at the western edge of Fig. 2), where
the total radio, polarized radio and CO emission perfectly coincide.

West of the central region, between Arms 1 and 2 in Fig. 4,
another polarization feature emerges which appears similar to the
magnetic arms observed e.g. in NGC 6946 (Beck & Hoernes 1996).
However, in contrast to NGC 6946, Faraday rotation is not enhanced
in the interarm feature of M51 (see Fig. 9). Some peaks of polarized
emission between Arms 1 and 2 in the south and southeast (see a
low-resolution image of Fig. 2) and may indicate the outer extension
of this magnetic arm. Inside of the inner corotation radius, located at
4.8 kpc (Elmegreen et al. 1989), this phenomenon can be explained
by enhanced dynamo action in the interarm regions (Moss 1998;
Shukurov 1998; Rohde, Beck & Elstner 1999).

3.3 Polarized radio emission from the inner arms
and central region

In the CO and Hα line emissions (Fig. 4 and the red regions in
Fig. 5), the spiral arms continue towards the galaxy centre. The
high-resolution CO map by Aalto et al. (1999) shows that the arms
are sharpest and brightest between about 25 and 50 arcsec distance
from the centre. The arms become significantly broader and less
pronounced inside a radius of about 0.8 kpc; this is inside the inner
Lindblad resonance of the inner density-wave system at r ≈ 1.3 kpc
identified by Elmegreen et al. (1989).

The polarized emission at 4 arcsec resolution (see Fig. 6) is also
strongest along the inner arms 1–2 kpc distance from the centre,
with typically 20 per cent polarization. The arm–interarm contrast
is at least four in polarized intensity (this is a lower limit as the
interarm polarized emission is below the noise level at this resolution
and we take σ PI as an upper limit for the interarm value), larger
than that of the outer arms, and is consistent with the expectations
from compression of the magnetic field in the density-wave shock
(Section 7). The contrast weakens significantly for r < 0.8 kpc.
This may be an indication that the inner Lindblad resonance of the
inner spiral density wave is at r ≃ 0.8 kpc rather than r ≃ 1.3 kpc
(as located by Elmegreen et al. 1989); the shock is probably weak
around the inner Lindblad resonance. In total intensity, the typical
arm–interarm contrast for the region of the inner arms is about five.
The actual contrast in the M51 disc alone may be stronger than this
if there is significant diffuse emission in the central region from a
radio halo, but this effect is hard to estimate.

In the central region, two new features appear in polarized inten-
sity which are the brightest in the entire galaxy (Fig. 6). The first
is a region 11 arcsec north of the nucleus with a mean fractional
polarization of 10 per cent and an almost constant polarization an-
gle. This feature coincides with the ring-like radio cloud observed
in total intensity at λ6 cm and at 1 arcsec resolution by Ford et al.
(1985) who also detected polarization in this region. The polarized
emission indicates that the plasma cloud expands against an exter-
nal medium and compresses the gas and magnetic field. The second
feature of similar intensity in polarization is a ridge located along
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 Importance of B-feilds in a Spiral G.Magnetic fields in the Milky Way 5

Figure 2. Energy densities and their radial variations in the spiral galaxy NGC 6946.

proposed by Battaner & Florido (2000). Field strengths in the outer parts of
galaxies can be measured by Faraday rotation of polarized background sources.
Han et al. (1998) found evidence for regular fields in M31 at 25 kpc radius
of similar strength as in the inner disk. More detailed studies in a number of
galaxies are required.
Magnetic fields seem to play a major and possibly even dominant role in

ISM physics, affecting gas flows, cloud collisions and the formation of spiral
arms. Strongly tangled fields may provide a source for gas heating by recon-
nection.

5. Large-scale field structures
The Sun is located between two spiral arms, the Sagittarius/Carina and the

Perseus arms. The mean pitch angle of the spiral arms is ≃ −18◦ for the stars
and −13◦ ± 1◦ for all gas components (Vall«ee 1995, 2002). Starlight polariza-
tion and pulsar RM data give a significantly smaller pitch angle (−8◦±1◦) for
the local magnetic field (Heiles 1996, Han & Qiao 1994, Indrani & Deshpande
1998, Han et al. 1999a). The local field may form a magnetic arm located
between two optical arms, with a smaller pitch angle.
For external galaxies, maps of the total radio emission and ISOCAM maps

of the mid-infrared dust emission reveal a surprisingly close connection (Frick
et al. 2001b, Walsh et al. 2002). Strongest total fields generally coincide with
highest emission from dust and gas in the spiral arms. This suggests a coupling
of the tangled magnetic field to the warm dust mixed with cool gas. The regular
field runs parallel to the spiral arms, though its ridge line is generally offset
and, in some galaxies, forms magnetic spiral arms between the gaseous arms
(Fig. 3) or across the arms, like in NGC 3627 (Soida et al. 2001). In galaxies

Beck, R., 2004
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Ph. André et al.: The Herschel Gould Belt Survey

Fig. 1. Column density maps of two subfields in Aquila (left) and Polaris (right) derived from our SPIRE/PACS data. The contrast of the filaments
with respect to the non-filamentary background has been enhanced using a curvelet transform as described in Appendix A. Given the typical width
∼10 000 AU of the filaments, these column density maps are equivalent to maps of the mass per unit length along the filaments. The color scale
shown on the right of each panel is given in approximate units of the critical line mass of Inutsuka & Miyama (1997) as discussed in Sect. 4.
The areas where the filaments have a mass per unit length larger than half the critical value and are thus likely gravitationally unstable have been
highlighted in white. The maximum line mass observed in the Polaris region is only ∼0.45× the critical value, suggesting that the Polaris filaments
are stable and unable to form stars at the present time. The candidate Class 0 protostars and bound prestellar cores identified in Aquila by Bontemps
et al. (2010) and Könyves et al. (2010) are shown as green stars and blue triangles, respectively. Note the good correspondence between the spatial
distribution of the bound cores/protostars and the regions where the filaments are unstable to gravitational collapse.

Fig. 2. Core mass functions (blue histograms with error bars) derived from our SPIRE/PACS observations of the Aquila (left) and Polaris (right)
regions, which reveal of total of 541 candidate prestellar cores and 302 starless cores, respectively. A lognormal fit (red curve) and a power-law
fit (black solid line) to the high-mass end of the Aquila CMF are superimposed in the left panel. The power-law fit has a slope of −1.5 ± 0.2
(compared to a Salpeter slope of −1.35 in this dN/dlogM format), while the lognormal fit peaks at ∼0.6 M⊙ and has a standard deviation of ∼0.43
in log10 M. The IMF of single stars (corrected for binaries – e.g., Kroupa 2001), the IMF of multiple systems (e.g., Chabrier 2005), and the typical
mass spectrum of CO clumps (e.g., Kramer et al. 1998) are also shown for comparison. Note the remarkable similarity between the Aquila CMF
and the stellar IMF, suggesting a ∼ one-to-one correspondence between core mass and star/system mass with M⋆sys = ϵMcore and ϵ ≈ 0.4 in Aquila.

one-to-one basis, with a fixed and relatively high local efficiency,
i.e., ϵcore ≡ M⋆/Mcore ∼ 20−40% in Aquila. This is consistent
with theoretical models according to which the stellar IMF is in
large part determined by pre-collapse cloud fragmentation, prior
to the protostellar accretion phase (cf. Larson 1985; Padoan &
Nordlund 2002; Hennebelle & Chabrier 2008). There are sev-
eral caveats to this simple picture (cf. discussion in André et al.
2009), and detailed analysis of the data from the whole GBS will
be required to fully characterize the CMF–IMF relationship and,
e.g., investigate possible variations in the efficiency ϵcore with

environment. It is nevertheless already clear that one of the keys
to the problem of the origin of the IMF lies in a good understand-
ing of the formation process of prestellar cores, even if additional
processes, such as rotational subfragmentation of prestellar cores
into binary/multiple systems (e.g., Bate et al. 2003), probably
also play an important role.

Our Herschel initial results also provide key insight into the
core formation issue. They support an emerging picture (see also
Myers 2009) according to which complex networks of long, thin
filaments form first within molecular clouds, possibly as a result
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 Aquila Rift — Active SF 

Andre et al. 2010;  see also Palla and Stahler 02, Goldsmith+08, MeMen’shchikov+08

                                        

 Polaris — Quiescence
A surface density threshold for star formation?   ML ～ Σ x H
where ML critical line-mass, Σ denotes surface density, and H scale height.

 Filaments, Cores, and Protostars: Hierarchical Structure 
Column density map derived from 70 - 500 μm maps taken with Herschel 



 Filament evolution and Core Formation: Regulated by B field?

Super critical filament ⊥ Magnetic field

Subcritical filament ‖ Magnetic field

 B213 in Taurus: Dust Cont.        

Palmeirim et al. 2013                                        Goldsmith et al. 2008                                        

 Overall Taurus:  Molecular line       



“AKARI” surface density map, YK and RSF in prep 
Furuya et al. 2014 with Poidevin & Bastien 2006 (NIR pol) and RSF+08 (cores)

 Need to explore B-feilds in high-density gas



 POL-2 + SCUBA-2: Unique tool

Only open-instruments in the northern sky 

Tracing pol. structure in high-density gas of n(H2)~103-5 
cm-3 , while Opt/NIR pol. does ~101-3 cm-3 

14” beam @850 um: 

✴ Links arcmin-scale by e.g., Planck with (sub)arcsec-scale 
by ALMA, SMA, NOEMA 

✴ Corresponding to ~1700AU@120 pc — Core-scale down 
to envelope-scale	

✴ Comparable with the Nobeyama 45m beam@3mm



(1) To obtain maps of polarization position angle and fractional 
polarization in a statistically meaningful sample of cores 

(2) To characterize the evidence for and relevance of the field 
and turbulence (in conjunction with previous and follow-up 
HARP-B/FOREST observations) in cores and their 
surrounding environments  

(3) To test the predictions of low-mass star formation theories 
(filament, cores, outflow, field geometry), and grain 
alignment theories  

(4) To generate a large sample of objects that are suitable for 
follow-up with other instruments, such as ALMA, SMA, 
Zeeman measurements at Nobeyama 45m  

多数の分⼦雲コアでの偏波マップ

偏波マップと磁場や乱流との関連性

⼩質量星形成やダスト整列の理論を検証

他の望遠鏡での研究へ

 BISTRO: Scientific Goals



 POL-2: the Instrument

A single-beam imaging polarimeter 
!
Measures linear polarisation (Stokes Q & U)

Credit: POLPACK documentation/SUN 233
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 POL-2: Current Status

● Final stages of commissioning → “Science run” : the first data 
were taken last night!  

!
● Basic instrumental polarization (IP) well-established: 
 1.3%, parallel to elevation axis, at 850µm  
!
● Details of instrumental polarization model being investigated: 

Dependence on elevation 
Variation across the focal plane 

!
● Revised flux conversion factors: ×1.35 at 850µm; ×1.96 at 450µm 
!
● Tiling of observations to map larger regions currently under 
investigation 

!



 POL-2: Performance

Credit: POL-2 Commissioning Team



 POL-2: Comparison with SCUPOL

Credit: POL-2 Commissioning Team
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 BISTRO: Project Status and Plan

● Awarded time 224 hrs / 14 hrs per field = 16 fields can be observed 
!
● ~100 members in consortium / 16 fields ~ 6.25 members per field 
!
● Japan, Korea and UK ~ 20 members each → 3 fields per country 
● Canada, China and Taiwan ~ 12 members each → 2 fields each!

Finalized “Single Field” at BISTRO survey: 
• A “field” is 3-arcmin radius with a DAISY scan mode 
• σ~2 mJy/14” beam with PFoV= 12” using 850 um filter 

@tau225~0.07 (weather band#2)  
• Completed by 14 hrs observing time



 BISTRO: Project Status and Plan
!
● Japan, Korea and UK ~ 20 members each → 3 fields per country 
● Canada, China and Taiwan ~ 12 members each → 2 fields each!

Ophiuchus :  3 fields in L1688 and L1689 

Auriga : 1 field 

Taurus : 2 fields in the B211/213 filament, 1 field in L1495 

Perseus :  2 fields in NGC1333, 1 fields in B1 

Serpens :  2 fields in Serpens Main 

Orion :  1 field in Ori-A (commssioning field), 1 in Ori-B 

IC5146 :  1 field

● Management team (six PIs, Observatory, POL-2 team) meets once 
per month via Skype. PIs liaise with their own communities.



 BISTRO: Publication Plans
● Started to write “consortium” paper towards the “commissioning 
field” Orion A by Derek Ward-Thompson with Commissioning Team

● First-generation publications: 16 papers by mid-2017 
• Will focus on presentation of POL-2 data 
• Will be written by 6 “geographic regions” towards the 16 
assigned  “astronomical regions” 

• All members will appear in all first-generation publications 

● Second-generation publications: >8 papers, after mid-2017 
• Will statistically discuss scientific topics across SF-regions 
• Wii be written by one or more “geographic regions”



 Team BISTRO-J

● Team BISTRO-J: 

held ALMA Workshop “B-fields in SF-regions and ISMs” on March 
30 & 31: 37 participants including 24 non-BISTRO members 

pursues scientific discussion towards the 1st generation papers



 BISTRO: Summary 
•”B-field In Star forming Region Observations” started! 
!
•We expect to observe many molecular clouds to an unprecedented 
depth in polarized emission at 850 micron (<2 mJy/14” beam). 
!
•This will enable determination of magnetic field direction and 
strength in dense star-forming gas. 
!
•POL-2 is a completely unique instrument, and we intend to make 
the most of it to answer some of the most pressing questions in 
star formation. 

!

•19 members in “Team BISTRO Japan” are intensively working on 
DR, dust alignment mechanism, numeral simulations, and we are 
challenging crowd-funding for trips to JCMT


