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…, should look at the phase rather than 
amplitude. The difference between the 

phase distribution for the values of      
S/ΔS equal to 0 and 1 is much more 
obvious than the difference between 

the associated amplitude distributions.

p.132, “Sensitivity” by P. C. Crane & P. J. Napier in  
“Synthesis imaging radio astronomy” (1989)
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A first comparison between 850 and 450 micron 
dust polarization images toward  
high-density star-forming gas 

in Ophiuchu A

Ray S. Furuya 
with a collaboration of BISTRO Consortium

Team BISTRO-J is supported by 262 individuals



 Outline of talk

Introduction of 450 um polarization observations 

   Data reduction and inspection 

         850 vs. 450 μm maps in Ophiuchus A             

              Extremely early-phase analysis on pol. spec.  

                  Summary and future works 



 What does polarimetry tell us?
• Intrinsic polarization of the emitter 

Anisotropy of directions of charged-particles’ motions 
e.g., thermal emission from aligned dust, synchrotron radiation 

Absorption or emission in molecules and atoms,  

e.g., Zeeman effect, maser, laser, Goldreich-Kylafis effect 

• Polarization caused in radiative transfer process 
Liner polarization by scattering and reflection 

Circular polarization by multiple scattering 

Linear polarization by selective absorption and/or scattering,  

e.g., absorption and scattering by aligned dust 

Faraday rotation 

Instrumental polarization (IP) caused by telescope system

Objects

Path



 POL-2 + SCUBA2 on JCMT

2516 W. S. Holland et al.

Figure 2. Optical layout for SCUBA-2 from the tertiary mirror to the detector arrays inside the cryostat. The beam envelope, shown in red, is a combined
ray trace of the on-axis and two extremes of the field of view for this projection of the optics. The arrow shows the direction of light propagation. Mirror N3
is located just inside the cryostat window, whilst mirrors N4 and N5 relay the optical beam into the array enclosure (‘1-K box’) which houses the focal plane
units (FPUs).

Figure 3. The measured SCUBA-2 bandpass filter profiles at 450 (blue
curve) and 850 µm (red), superimposed on the atmospheric transmission
curve for Mauna Kea for 1 mm of precipitable water vapour (PWV; grey
curve). The atmospheric transmission data are provided courtesy of the
Caltech Submillimeter Observatory.

shield, a multilayer insulation blanket and a radiation shield op-
erating at ∼50 K. These provide radiation shielding for the main
optics box, that houses the cold re-imaging mirrors at ∼4 K. The
radiation shield and optics box are cooled by a pair of pulse-tube
coolers (Section 2.5). The main optics box provides the support for
the three cold mirrors and the 1 K enclosure (‘1-K box’). Mounted
within the 1-K box are the two focal plane units (FPUs) that con-
tain the cold electronics and the detector arrays. The still and the
mixing chamber of a dilution refrigerator (DR) cool the 1-K box
and arrays, respectively (Section 2.5). The 1-K box and the outer
casing of each FPU are also wrapped in superconducting and high
magnetic permeability material (Hollister et al. 2008a; Craig et al.
2010).

2.4 1-K box and focal plane units

The removable 1-K box creates the required environment for the
detector arrays (Woodcraft et al. 2009). In addition to radiation
shielding, it provides a cold-stop aperture at the entrance to help
minimize stray light. Furthermore, it gives mechanical support for
magnetic shielding, a cold shutter (used to take dark frames), filters
and the dichroic that splits the incoming beam on to the two focal
planes. The 1-K box consists of an outer shell with aluminium
alloy panels that hold the high-permeability material for magnetic
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 Observations and data reduction
Telescope and instruments 

James Clerk Maxwell Telescope (JCMT) 15m 

2016 April — May 

Polarimeter, POL-2 (rotating half-wave plate plus wire-grid 
analyzer) plus detector, SCUBA-2 

Observed wavelength of 450 and 850 micron simultaneously, 
yielding angular resolutions of 8” at 450 um and 14” at 850 um 

The 850 micron data are published in Kwon, J., et al. 2018 ApJ 
859, 4.



450 micron data reduction 
Selected data with atmospheric tau225 < 0.04 

Reduced “pol2map” pipeline w. ver.3 Instrumental Polarization (IP) 
model released 2019 August 7th; Utilized November 1st. v. of Starlink 

Obtained Stokes I, Q, and U maps with a pixel size of 4” 

450 micron data analysis 
Residual of sinusoidal fitting to the time-series data are tracked, 
and stored as variance of Stokes I, Q, and U images  
Convolved a Gaussian beam so that the dual-band I, Q, and U 
image and their variance images have the identical 14” beam 
Produced “vector catalog” from the convolved images with 
debiasing 
Matched the 450 and 850 micron “vector” catalogs to make 
point-by-point comparison

 Data reduction and analysis



Data inspection
Sensitivity	comparison	of	BISTRO	data



- Green and brown 
circles show 850 and 
450 micron sensitivity, 
respectively. 

- 450 micron data were 
convolved so that 
they have 14” 
aperture 

- Note that some 
projects are still 
ongoing
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Ophiuchus	A

Data inspection



larger dispersion at the low-intensity regions in the I selection
because not only high P data but also several low P data exist
in the I selection. This trend might be due to a combination of
several factors, such grain alignment and magnetic field
geometry. A detailed discussion will be presented elsewhere.

We have found by eye that there are at least 10 distinct
magnetic field components in the core region, and we refer to
them as “components a–j” (see Figure 8). Please note that our
division of these components does not mean that these field
components are always independent, but all or some of them
could be smoothly connected with each other. The aim of the
region division here is mainly to identify the change of
directions and degrees of the polarization vectors and to
compare them with the near-infrared polarization data. A
summary of these components is as follows.

(a) Small P (<3%) and ∼50° component at SM1 and
VLA1623 around the center of the observed field
of view.

(b) Large P and ∼40° component near A-MM7 to the east
of A-MM5.

(c) Large P and ∼20° component near A-MM5.
(d) Large P and ∼100° component at A-MM4.
(e) Small P (<3%) and ∼100° component between A-MM5

and SM1N.
(f) Large P and ∼80° component to the west of SM1.
(g) Large P and ∼70° component to the east of SM1

and SM1N.
(h) Large P and ∼80° component at A-MM3.

(i) Small P (<3%) and ∼80° component between SM2 and
A-MM8.

(j) Large P and ∼120° component between SM2
and A-MM8.

Figure 8 illustrates that these components differ from each
other either in polarization position angle or degree of
polarization (see also Table 2). Components a, c, and i are
already seen in and consistent with the SCUPOL data (Tamura
1999). Components b, d, e, f, g, h, and j are additionally
identified in our SCUBA-2/POL-2 data. One can also see the
polarization vectors associated with components b, d, e, g, and j
in Matthews et al. (2009). We also note that our results suggest
that the magnetic field is mostly well organized (rather than
disordered due to turbulence; see Section 5.2).
In the central region around SM1 (component a), the vectors

are well aligned with the 50° magnetic field component
observed in the surrounding medium on various scales (see
Section 5.4). Although the average direction of the main
component is approximately 50°, the magnetic field tends to be
locally perpendicular (approximately 100°–110°) to the
arcstructure (south part of region f). Between SM1N and
A-MM6, the magnetic field direction is almost east–west
(component e), while the arc extends to the northeast or
northwest, and the magnetic field directions extend toward
LFAM 1 and GSS 30–1 (component f). A perpendicular field
relative to the core shape (i.e., the elongation of the arcstructure
between the northeast and northwest filaments) is important for
the formation and growth of this core. Such orthogonal fields

Figure 5. Same as Figure 3 but rotated by 90° with near-infrared polarization vectors (cyan dotted vectors) from Kwon et al. (2015). These vectors therefore show the
inferred magnetic field orientation projected on the plane of the sky. Scale vectors of 5% at submillimeter and near-infrared wavelengths are shown in the bottom left
corner.
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Kwon, J., et al. 2018,  
ApJ 859, 4

 Ophiuchus A star-forming region



the different cloud core components. Putting it differently, the
magnetic field morphology seems to be connected between
different cores in the ρ Oph molecular cloud complex. In
addition, comparing their near-infrared polarimetric results
with the large-scale magnetic field structures obtained from a
previous optical polarimetric study (Vrba et al. 1976), they
suggested that the magnetic field structures in the ρ Oph core
were distorted by the cluster formation in this region, which
may have been induced by shock compression due to wind/
radiation from the Scorpius–Centaurus association. Also note
that there is 350 μm submillimeter polarization from the CSO
in Dotson et al. (2010) for ρ Oph-A. Their data are broadly
consistent with our 850 μm map.

Our new submillimeter polarimetry demonstrates that one of
the main polarization position angles in Oph-A is approxi-
mately 50° (see Figures 3–10) and so is well aligned with the
50° magnetic field found in the near-infrared (Kwon et al.
2015; see also Figure 5 in this paper for the comparison within
the same field of view). Kwon et al. (2015) found that the “50°
component” is the dominant magnetic field component in the
observed region; it can be seen as a distinct clump in the
diagram plotting degree of polarization versus polarization
angle (Figure 9 of Kwon et al. 2015) and in the histogram of
polarization position angles (Figure 10 of Kwon et al. 2015).

This component is seen in the northeast regions of ρ Oph-A
(and in ρ Oph-B and ρ Oph-E on a large scale, regions not
covered in this work). The “0° component” can be seen from ρ
Oph-A toward ρ Oph-AC (located at the southeastern region of
ρ Oph-A, which is not shown in our submillimeter map; cf.
Kwon et al. 2015). In contrast, in Oph-A, both the 0° and the
50° components exist.
Figure 11 shows the histogram of polarization position

angles for the 90° rotated submillimeter polarization vectors, as
well as for the H-band polarization position angles from Kwon
et al. (2015). The distribution is relatively widespread, but if we
refer to both the H-band polarization vector map (Figure 8 of
Kwon et al. 2015) and this histogram, we see several
components, of which the components at 0°and 50° are most
clearly seen. As shown in Figure 11, the distribution of the
polarization position angles obtained from submillimeter
polarimetry is in relatively good agreement with that obtained
from near-infrared polarimetry for the 0° and 50° components
but not for the 150° component. Note that since our
submillimeter map covers a small part of the area covered by
the near-infrared polarimetry survey and we see much higher
column density regions of ρ Oph-A, there is also some
inconsistency between the distributions of submillimeter and
near-infrared polarization angles. Therefore, our results indicate

Figure 9. Contours of the 850 μm total intensity (Stokes I) image (cf. Figure 1 of this work) of the ρ Oph-A field superimposed on HARP CO J=3−2 observations
showing the integrated emission between −5 and +12 km s−1 (cf. Figure 1 of White et al. 2015).
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 Data Inspection: Ophiuchus A, Stokes I

PI Stokes I  
S/N ratio = 1



PI Stokes I  

S/N ratio = 20
S/N ratio = 10

Due to e.g.,  
Uncertainty of instrumental 
polarization model?  
Even time variation of 
atmospheric opacity?

 Data Inspection: Ophiuchus A, Stokes I



PI Stokes I  

S/N ratio = 3

 Data Inspection: Polarized Intensity, PI
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What are presented here? 
- Color image: Polarized 

intensity, PI w. pixel size 
=12”  

- Contour: 90, 95, 99% 
percentile of Stokes I 

- “Vectors”: rotated 90 deg to 
see B field directions  

- “Vectors” are shown with 
identical length to see 
directions 

How vectors are selected? 
- A threshold of I/ΔI > 10 and 

PI/ΔPI > 3 so as not to miss 
intrinsically-weak 
polarization

 B-fields traced by 850 micron observations

0.012 pc

	the image = 850 micron Polarized Intensity,                                                      PI = Q2 + U2
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 B-fields traced by 450 micron observations
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- Color image: Stokes I 
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percentile of Stokes I 
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see B field directions  

- “Vectors” are shown with 
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directions 

How vectors are selected? 
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PI/ΔPI > 3 so as not to miss 
intrinsically-weak 
polarization

	the image = 450 micron Stokes I intensity                                                    
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Polarization	angles	observed	at	the	dual-bands

Analysis



Well-aligned B-fields at the peak and periphery  ꔄ IP model is reasonable   
Coherent patterns are identified in each band.
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Well-aligned B-fields at the peak and periphery  ꔄ IP model is reasonable   
Coherent and incoherent patterns are identified in each band.
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Figure 2. Line-integral-convolution maps of the inferred magnetic field direction in ⇢ Oph A from bands C (top) and D
(bottom). The colors indicate the Stokes I emission in each band. The star indicates the position of Oph S1, and the ⇥ marks
the peak column density position. Notice that both maps have the same spatial scale and centering. The circle at the bottom
right of each panel represents the beam size (FWHM).

BISTRO 450 micron SOFIA 154 micron
effective beam size~8” beam size = 13.6”

Santos et al. 2019, ApJ September 10 issue

 Comparison with SOFIAʼs 89 and 154 micron results 

Well-polarized in low-density and well-illuminated cloud’s periphery 
Less-polarized in high-density and less-illuminated cloud’s peak



Polarization	fractions	and	pol.	spectral	index

Analysis



Pν = pdust,ν ⋅ Rν ⋅ Fν ⋅ cos2 γ

γ

pdust,ν : Dust properties — size, shape, composition                                                    
Voshchinnikov & Hirashita 2014

Rν : Grain alignment efficiency w.r.t. local B fields                  
Goodman 1992; Whittet et al. 2008; Hoang & Lazarian 2014

Fν : Depolarization from 2 (or multi-) layers along l.o.s.                 
F = P

P1 + P2
P2 = P2

1 + P2
2 + 2P1P2cos2Δψe.g.,                    where                                                for 2 layers                 

Myers & Goodman 1991; Jones et al.1992, 2015; Planck 2015 XX, 2016 XXXIIII

cos2 γ : B-field geometry (where     is w.r.t. p.o.s.)
Planck 2015 XX, 2016 XXXIIII

 P observed in submm emission polarimetry



 P observed in submm emission polarimetry

Pν = pdust,ν ⋅ Rν ⋅ Fν ⋅ cos2 γ

γ

pdust,ν : Dust properties — size, shape, composition                                                    
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Fν : Depolarization from 2 (or multi-) layers along l.o.s.                 
F = P

P1 + P2
P2 = P2

1 + P2
2 + 2P1P2cos2Δψe.g.,                    where                                                for 2 layers                 

Myers & Goodman 1991; Jones et al.1992, 2015; Planck 2015 XX, 2016 XXXIIII

cos2 γ : B-field geometry (where     is w.r.t. p.o.s.)
Planck 2015 XX, 2016 XXXIIII

Excluding non-parallel vectors ꔄ Excluding line of sight  
where dual bands tracing different temperature gas                                                      



 450 um polarization fraction vs. 850 um p.f.

How vectors are 
selected? 
- I/ΔI > 10 and PI/ΔPI 

> 3, and vectors 
whose directions 
agree within errors

P450 ≃ 0.7P850
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Figure 5. Polarization spectrum in several molecular clouds, normalized at
350 µm. The P (850)/P (350) data in this work are shown as dotted lines; note
that OMC-1, OMC-3, and DR21 (Main) have identical medians (see Table 1).
The solid circle represents the median of all data in this work. All data in
this plot, including that shown here for the first time, meet the 3σp and ∆φ
criteria described in the text. Data at λ < 350 µm and that for DR21 (Main) at
P (1300)/P (350) are from Vaillancourt (2002). All data used at 350 µm are from
Hertz (Dotson et al. 2010) with the exception of the OMC-1 point comparing 350
and 450 µm (solid triangle) which is from SHARP (Vaillancourt et al. 2008).
For clarity no error bars are shown here, but see Figure 4 for the distributions.
(A color version of this figure is available in the online journal.)

have made no correction for different spatial resolutions when
comparing these data sets.

The Hertz data are undersampled. However, since the SCUBA
data are fully sampled, there is sufficient information to estimate
the SCUBA intensity and polarization at the same sky locations
of the Hertz data. This is accomplished by reducing the SCUBA-
pol data in the same manner as presented in Matthews et al.

Table 3
Polarization Ratio Distributions

Data Satisfying P ! 3σp Also Satisfying |∆φ| < 10◦

Source Peak MAD χ2
r Peak MAD χ2

r

OMC-1 1.3 0.5 13.4 1.4 0.5 20.8
OMC-3 1.4 0.5 2.9 1.2 0.3 3.7
DR 21 1.4 0.4 2.5 1.8 0.3 5.2
DR 21 (Main) 1.3 0.3 2.3 1.8 0.3 6.6
All 1.5 0.6 6.0 1.4 0.5 10.9

Notes. The peak value and the median absolute deviation (MAD) of the
polarization ratio (P [850]/P [350]) distributions which minimize the MAD
(Equation (2)). Also shown are χ2

r values as calculated from Equation (1); see
Section 3.2. The columns labeled “P ! 3σp” and “also |∆φ| < 10◦” are defined
as in Table 1.

(2009) but choosing to output the data to grids and map-center
locations which match the Hertz data set. Table 1 lists the objects
observed by both Hertz and SCUBA-pol at 350 and 850 µm;
Table 2 (in the electronic version only) gives a more complete list
of the locations within each of the clouds. Table 2 also includes
data for all points at both wavelengths for the polarization
magnitudes and their ratio P (850)/P (350), position angles and
their difference φ(850)–φ(350), intensity values and their ratio
F (850)/F (350), and uncertainties on all values. All polarization
magnitudes in Table 2 have been corrected for positive bias
(Section 2.2). The best estimates of those values are sometimes
zero; as a result the ratio P (850)/P (350) is reported as Nan for
cases in which P (850) = P (350) = 0, Inf for cases in which
only P (350) = 0, and equal to zero when only P (850) = 0.

2.2. Positive Polarization Bias

By definition, the polarization amplitude is a positive-
definite quantity. As a result, a noisy measurement of a truly

Figure 6. Map of the polarization ratio, P (850)/P (350), in OMC-1. This map includes only P ! 3σp data but includes points typically rejected by the |∆φ| criterion
discussed in the text. Data with P (850)/P (350) > 3 are shown as saturated (black) pixels. Thin contours denote the 350 µm intensity at levels of 1%, 4%, 8%, 20%,
40%, and 80% of the peak intensity (data from SHARC-2; Vaillancourt et al. 2008). The thick contour is drawn at P (850)/P (350) = 1. For reference we also show
the four Trapezium stars of M42.
(A color version of this figure is available in the online journal.)
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350 mic       850 mic

BISTRO measurements toward Ophiuchus A reconciles with VM2012, 
but shallower than their results.   Could be flat in cloud’s periphery?

 Polarization spectra

450 micron      

this work
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450 micron observations: methodology 
The 3rd generation instrumental Polarization (IP) model of the 
telescope is verified via scientific analysis 

The new capability allows to explore B-field structure towards 
the innermost dense regions with an angular resolution of 7”

 Summary and future works

First look of Ophiuchus A 450 micron data 
Polarization Angles: Caught the B-field structure down to ~1e3 
AU scale — corresponding to N~1e24 cm-2 region —- which 
maintains coherency from the pc-scale one. 

Polarization Fractions: Observed polarization properties may be 
explained w. Radiative Alignment Torque paradigm. But, “What 
causes the anti-correlation between P and N?” and “What is a 
general pol. spectrum?” may be studied using pol. spectra(um).


