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Nakagami-Rice distribution for the observed polarization fraction

0.6 True Po/O

; — 0.0

> o5 | — 1.0

el ' i 2.0

N i 3.0

nemm (0.4 : 5.0

-Q | — 10
@ [ |
o 0.2 |
— g
Q. \ 5
0.0 &— i

0 1 2 3 4 5 6 7 8 9 10 11 12

Figure 2. ff E-Rice 7747, BIXEDRHEZED
DIEFED S/N thz 9. S/N PRV &,

Observered, P/o

Observed S/N ratio

Bl X 7z S/N LT, MV BOMER 1L E




Polarimetry | Interferometer
U A IAm
H

Figure 7. fRE Dk () é:?%ﬁ?r%ﬁ%%f?“uf VYT 1 Ok (4) DRI H BBFIILETH B
Noise PDF Noise PDF

Pol. ang.: von-Mises-Fisher dist|Visibility phase: von-Mises-Fisher dist.
Pol. frac.: Nakagami-Rice dist. |Visibility amplitude: Nakagami-Rice dist.

{f_E(1940)-Z 1 X (1945)55 % mﬂtﬁ 940)-Z 1 A (1945)7 %

b




..., Should look at the

phase

rather than

amplituae.| The difierence between the

phase adistribution for the values of

S/AS equal to O and 1 is

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)



polarization angle

should look at the

olarization fraction

phase

rather than

amplitude.| The difference between the

phase adistribution for the values of

S/AS equal to O and 1 is

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)



A first comparison between 850 and 450 micron
dust polarization images toward
high-density star-forming gas
in Ophiuchu A

Team BISTRO-J is supported by 262 individuals



Outline of talk

Introduction of 450 um polarization observations

Data reduction and inspection

hiuchus A




What does arimetry tell us?

® Intrinsic polarization of the emitter Objects

¢ 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

Path

¢ Linear polarization by selective absorption and/or scattering,

¢ Liner polarization by scattering and reflection

¢ Circular polarization by multiple scattering

e.g., absorption and scattering by aligned dust

¢ Faraday rotation

& Instrumental polarization (IP) caused by telescope system



POL-2 + SCUBAZ2 JCMT

Holland et al. 2013
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POL-2: Polarimeter
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Main source of

Instrumental Polarization
(IP)




What does -« - {1 A G NTEY

® Intrinsic polarization of the emitter Objects

¢ 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

Path

¢ Linear polarization by selective absorption and/or scattering,

® Liner polarization by scattering and reflection

¢ Circular polarization by multiple scattering

e.g., absorption and scattering by aligned dust

® Faraday rotation

“ Instrumental polarization (IP) caused by telescope system



Observations and duction

Telescope and instruments

® James Clerk Maxwell Telescope (JCMT) 15m
e 2016 April — May

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

on simultaneously,
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Data reduction SIS

450 micron data reduction

® Selected data with atmospheric tauzzs < 0.04

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

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

‘ S —

ive the ide
Produced "W K nvolved i
debiasing

® Matched the 450 and 850 micron
point-by-point comparison

mctor” catalo
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INn Stokes | vs. PI

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

- 450 micron data were
convolved so that
they have 14"
aperture
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INn Stokes | vs. PI

Sensitivity of PI
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- 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




INn Stokes | vs. PI

850 micron - Green and brown
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450 micron sensitivity,
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Ophiuchus A star-forming region

C Kwon, J., et al. 2018,
ApJ 859 4
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Ophiuchus A sta

Kwon, J., et al. 2018, Apd 859, 4
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Contour key
— 14h
—— 725
1450
—— 290.0
—— 580.0

¢ Color image: 12CO J=3-2 , 20

—— 3480.0

¢ Contour: 850 micron continuum =———Leroilon |




Data Inspection: °):);{[e 1N o] (LR |
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Data Inspection: °):);{[e 1N o] (LR |
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Data Inspecti Polarized Intensity, PI

| g | ' .
8 102- e 450 um: 14-asec aperture ” |
c = 850 um: 14-asec aperture P ”
Q - 48§ :
Q | ,/S/Nrat|o=3
S~ :
> :
Ele
[SE— -
—
Q. ]
9= 109
o —%“;?b L
> >
T 1 |
a Median: 0.75 [mJy/beam] at 850 um, 4.47 [m]y/beam] at 450 um
107} ' '

100 [ ] lfOl | ] I|102 [ l

Pl [m]Jy/beam]



Results \
Maps



B-fields traced by 850 ;1 (e ] Kol s a1 15
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What are presented here?

- Color image: Polarized
intensity, Pl w. pixel size
=12"

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

- "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/Al > 10 and
PI/API > 3 so as not to miss
intrinsically-weak
polarization

the image = 850 micron Polarized Intensity, P] = \/Q2 + U~




B-fields traced b

cras L 1688 feld], Frage=4a50 um, Soes / wCatOz AL ZYYNN FIT What are presented here?
e 140001 _ Color image: Stokes |
intensity w. pixel size =12"
} 12000 - Contour: 90, 95, 99%

percentile of Stokes |
- “"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/Al > 10 and
PI/API > 3 so as not to miss
intrinsically-weak

polarization

325 S5 2435 203
Right Ascention (/2000)

the image = 450 micron Stokes | intensity



Polarization angles observed at the dual-bands



chus L 1652 Nelkd], 4350/3350 vexctors 450 wmn Stoces 1, po veca O UAYYNNAS Tatched 12 ssecErr Tasec F

What are presented here?

- Color image: 450 um Stokes
| intensity w. pixel size =12"

- Contour: 90, 95, 99%

°21°00°

2007 .
percentile of Stokes |
== "Vectors": rotated 90 deg to
— 3600 E see B field directions
£l - "Vectors" are shown with
-4000'? identical length, Green: 850
200" ‘;« mic, Brown: 450 mic
=
2| How vectors are selected?

- A threshold of I/Al > 10 and
PI/API > 3 so as not to miss
intrinsically-weak

3500

polarization

16h2ema0s 353 203

32s 8 245
Right Ascention (/2000)

& Well-aligned B-fields at the peak and periphery = IP model is reasonable



chus L 1652 Nelkd], 4350/3350 vexctors 450 wmn Stoces 1, po veca O UAYYNNAS Tatched 12 ssecErr Tasec F

What are presented here?

- Color image: 450 um Stokes
| intensity w. pixel size =12"

- Contour: 90, 95, 99%

°24:00°

22007 .
percentile of Stokes |
== "Vectors": rotated 90 deg to
— 3600 E see B field directions |
£l - "Vectors" are shown with
.m'g” identical length, Green: 850
200" ;5-« mic, Brown: 450 mic
=
2| How vectors are selected?

- A threshold of I/Al > 10 and
PI/API > 3 so as not to miss
intrinsically-weak

3500

polarization

16h2ema0s 353 203

Rl{;ﬁ A«enﬁgg (J2000) e
& Well-aligned B-fields at the peak and periphery = IP model is reasonable
& Coherent and incoherent patterns are identified in each band.



Polarization angles observed at the dual-bands



B-fields traced by 450 m
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What are presented here?
- Color image: 450 um
polarized intensity, Pl, w.
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pixel size =12"
- Contour: 90, 95, 99%
percentile of Stokes |
- "Vectors": rotated 90 deg to
see B field directions
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identical length, Green: 850
mic, Brown: 450 mic
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How vectors are selected?
- A threshold of I/Al > 10 and

Pl/API > 3 so as not to miss
intrinsically-weak

<0

polarization
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the image = 450 micron Polarized intensity, P] = \/Q2 + U~



B-fields traced by 450 um

.h.skl&rifc gl A50/85C vet s, 450 um Stokes A1 poivecatOphi AYYNRAE valched i e Err Tasec ol What are presented hel‘e?
e - - Color image: 450 um
polarized intensity, Pl, w.
— pixel size =12"
. - Contour: 90, 95, 99%
T percentile of Stokes |
B E | - "Vectors": rotated 90 degto
» § see B field directions
£| - "Vectors” are shown with
— E identical length, Green: 850
w& mic, Brown: 450 mic
=
2300 How vectors are selected?
. | - A threshold of I/Al > 10 and
0401 2 C L "4 “ PI/API > 3 so as not to miss
. 1- P intrinsically-weak
I i ) polarization
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325 <85
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the image = 450 micron Polarized intensity, P] = \/Q2 + U~



B-fields traced by 450 lm
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What are presented here?
- Color image: 450 um
polarized intensity, Pl, w.

125007 4
100

pixel size =12"
- Contour: 90, 95, 99%
percentile of Stokes |
- "Vectors": rotated 90 deg to
see B field directions

237007 4

“Vectors” are shown with
identical length, Green: 850
mic, Brown: 450 mic

J4°007 4

iC

Intensity [m)y beam ]
|

(o How vectors are selected?
. - A threshold of I/Al > 10 and

a4 PI/API > 3 so as not to miss
anrore | T - intrinsically-weak

45°007 +

polarization

Excluding non-parallel vectors = Excluding line of sight

where dual bands tracing different temperature gas
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What are presented here?

- Color image: 450 um Stokes
| intensity w. pixel size =12"

- Contour: 90, 95, 99%

°21°00°

2007 .
percentile of Stokes |
== "Vectors": rotated 90 deg to
— 3600 E see B field directions |
£l - "Vectors" are shown with
-4000'? identical length, Green: 850
200" ‘;« mic, Brown: 450 mic
=
2| How vectors are selected?

- A threshold of I/Al > 10 and
PI/API > 3 so as not to miss
intrinsically-weak

3500

polarization
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Right Ascention (/2000)

the image = 450 micron Stokes | intensity



B-fields traced by

chus L 1688 fieldl, 450/850 vectors, 450 um Stokes [, po'vecatOphiuAYYNN4A8matchedl2asscErr7asec.F!]
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What are presented here?

- Color image: 450 um Stokes
| intensity w. pixel size =12"

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

- "Vectors": rotated 90 deg to
see B field directions

- "Vectors” are shown with
identical length, Green: 850
mic, Brown: 450 mic
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Errors of B-field angles [Degrees]



Comparison with SOFIA'S :i° =1yle i Nyl [o[ge]a W=

Johus L1GBE fie'd]l . 450/85C vetors, 450 um Stokes A1, podvecatOphi LAYYNRAE v lched L 3 e For Tacs- 51T

waror] | Santos et al. 2019, ApdJ September 10 issue
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BISTRO 450 micron SOFIA 154 micron
effective beam size~8" beam size = 13.6"

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



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

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

FU: Depolarization from 2 (or multi-) layers along l.o.s.

P
P, + P, where p2 = p2 4 P2 4 2P Pycos2 Ay Tor 2 layers

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

e.g., F =

C082 y: B-field geometry (where Y is w.r.t. p.o.s.)

Planck 2015 XX, 2016 XXXIII



P observed in submm emission

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

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

[’ : Depolarization from 2 (or multi-) layers along l.o.s.

P
P, +P, where p2 = p? 4+ P? 4+ 2P P,cos2Ay tor 2 layers

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

eg., F=

Excluding non-parallel vectors = Excluding line of sight

where dual bands tracing different temperature gas



450 um polarlzatlo fraction vs. 850 um p.f.
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450 um polarization - R ITIRT] WA

S0 0 mjy/14* beam =/ (450 um) = 95.0 mjy/14" beam

P(450)/P(850)= 0.68 + 0.09
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Polarization spectr_

: —— ,
Vaillancourt & Matthews 2012, Apd 201, 13
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40 100 1000 2000
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BISTRO measurements toward Ophiuchus A reconciles with VM2012,
but shallower than their results. Could be flat in cloud’s periphery?



Summary .

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;towarels
the innermost dense regions with an angular resolution of 7*

First look of Ophiuchus A 450 micron data

v Polarization Angles: Caught the B-field structure'downto ~1e3
AU scale=—- corresponding to N~1e24 cm-2 regigh —= 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).




