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The Perseus molecular cloud complex
Credit: Lynn Hillborn, “amateur” astronomer – Grafton, Ontario, Canada



Summary

1. Fundamental principles
– Dust polarization and magnetic fields

2. Far-Infrared and submillimeter polarimetry
– BISTRO, HAWC+, BLAST-TNG, ALMA

3. Dynamics of star-forming regions
– Magnetic field structures in nearby molecular clouds

– Magnetic and turbulent properties

4. Dust polarization and alignment mechanisms
– Testing Radiative Alignment Torques (RATs)
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1. Fundamental Principles
4

Messier 16
Credit: NASA/ESA



Molecular Clouds

Left: Composite image of the Orion 
nebula – Salji+ 2015
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• Composition

• Atomic gas

• Neutral : HI gas

• Ionized : HII regions

• Molecular gas

• H2, CO, NH3, …

• Interstellar dust

• ~1 % of the mass

• Extinction in the optical

• Formation of molecules

• Star-forming regions

• Dense and cold environments
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A Few Star Formation Criteria

Step 1: Interstellar Cloud

Step 2: ??????

Step 3: Stars!!!!!!!

𝑀Φ =
5

3

𝚽𝑩

3𝜋 𝐺

Critical Magnetic Mass

• Φ𝐵 is the magnetic flux
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Jeans Mass

• 𝜌 is the density of the gas
• 𝑇 is its temperature
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32 𝐺 𝝆
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Dust Thermal Emission

• Grain composition

– Silicates, graphite, PAHs, etc.

– Draine & Lee 1984
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Left: Model from Draine
& Anderson 1985

• Size distribution and emissivity

– MRN 1977

• Temperature, density

Above: Dust grain
Credit: Brownlee & 

Jessberger



Polarization of Dust Thermal Emission
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Alignment by Radiative 
Torques (RAT)

– Asymmetrical dust grains

– Interstellar radiation field

– Lazarian & Hoang 2007

Lazarian & Hoang 2011; 
Andersson, Lazarian & Vaillancourt 2015

Above: POL-2 polarization in B1



The Davis-Chandrasekhar-Fermi Method

𝐵𝑝𝑜𝑠 = 𝑄 4𝜋𝜌
𝛿𝑉

𝛿𝜃
≈ 9.3

𝑛 𝐻2 Δ𝑉

𝛿𝜃
µ𝐺
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Left: Plane-of-sky magnetic field in 
OMC-1 from Pattle+ 2017

• Difference between vector 
orientation and smoothed field

• Updated DCF method
• Highly ordered field geometry

Above: Equation from Crutcher+ 2004, adapted from C&F 1953

• 𝜌 is the density of the gas

• 𝛿𝑉 is the velocity dispersion of the gas

• 𝛿𝜃 is the dispersion of polarisation angles

• 𝑄 is the theoretical correction factor (~0.5)



Left: Plane-of-sky magnetic field in Taurus 
relative to filaments and sub-filaments
André+ 2014

10

Right: Magnetohydrostatic filament 
Model from Tomisaka 2015

Magnetic Fields and Filaments



Left: Magnetohydrodynamic simulation 
of a protostellar outflow and jet
Machida, Inutsuka & Matsumoto 2008
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Right: Structure of a protostellar core
Machida, Inutsuka & Matsumoto 2008

Magnetic Fields in Protostellar Cores



Important Questions

• In which regime, if any, can magnetic fields 
counteract gravitational collapse? 

• At what stage, and scale, are magnetic fields in cores 
decoupled from those in filaments?

• What are the optimal conditions for Radiative 
Alignment Torques (RATs) in star-forming regions? 
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2. Far-Infrared and 
Submillimeter Polarimetry
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SOFIA
Credit: NASA
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The James Clerk Maxwell Telescope

Left: The JCMT without its wind blind
Credit: East Asian Observatory

• Submillimetre observatory

• Continuum – SCUBA-2
• Polarimetry – POL-2
• Spectroscopy – HARP ++

• 15-m single-dish telescope

• 7.9’’ FWHM at 450 µm
• 13.0’’ FWHM at 850 µm
• Spatial scales up to ~5’

• Experiences may vary 

• Mauna Kea observatory

• 4092 m in elevation
• > 50 % of time below 
𝜏225 = 0.12 (Grade 4)



Orion A North – POL-2
Ward-Thompson+ 2017

BISTRO
B-fields In STar-forming RegiOns

Principal Investigators:

• Derek Ward-Thompson – UK 

• Shih-Ping Lai – Taiwan

• Keping Qiu – China

• Woojin Kwon – Korea

• Tetsuo Hasegawa – Japan

• Pierre Bastien – Canada

And over 100 members ! 

Left: James Clerk Maxwell Telescope
Right: The POL-2 polarimeter
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16 Stratospheric Observatory For 
Infrared Astronomy (SOFIA)

Credit: NASA



Elizabeth Ruth, SOFIA pilot
Credit: NASA

Flight Crew (i.e., Miracle Workers)
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Inside SOFIA

Credit: NASA
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Observing on SOFIA – HAWC+
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Credit: “The Sky at Night”, British Broadcasting Corporation

Observing on SOFIA – GREAT
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SOFIA Flight Plans

Canada
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SOFIA Flight Plans

Not Canada

Hawai’i
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SOFIA Southern Deployment



24 High-resolution Airborne 
Wide-band Camera (HAWC+)



25 High-resolution Airborne 
Wide-band Camera (HAWC+)

Left: 89 µm polarization 
towards the W3 star-
forming region

Above: Characteristics of 
the four HAWC+ bands.
Polarization is obtained 
using a chop-nod 
observing mode
Harper+ 2018
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BLAST-TNG

Top: Magnetic field in the
Vela C molecular cloud
Fissel+ 2016

Coming December 2018 2019!

Bottom: BLAST-Pol in Antarctica
December 2010

Credit: BLAST team 
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Atacama Large Millimeter Array (ALMA)

Credit: ESO

Left: 870 µm polarization towards a protostar in 
Perseus – Cox+ 2018
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Don’t Forget Spectroscopy

Above: Ammonia observations of the 
Orion A with GAS – Friesen+ 2018

Left: Green Bank Telescope



3. Dynamics of Star-Forming Regions
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Magnetic fields of Orion
Credit: NASA/ESO



The Perseus molecular cloud complex
Herschel at 160 µm, 250 µm, and 350 µm
Sadavoy+ 2012
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Left: Plane-of-sky magnetic field in Taurus 
relative to filaments and sub-filaments
André+ 2014
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Magnetic Fields in Filaments and Cores

Right: Magnetohydrodynamic simulation 
of a protostellar outflow and jet
Machida, Inutsuka & Matsumoto 2008



Left: Outflows in the Perseus complex
Stephens+ 2017
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Right: Distribution of projected angles 
between outflows and filaments

Stephens+ 2017

Relation Between Outflows and Filaments



Filament
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12CO J=3-2 

contours

Barnard 1 – BISTRO
Plane-of-sky magnetic field
Coudé+ 2019

B1-E
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Left: B1-b N/S
First hydrostatic core candidates

Above: B1-c
Protostellar core



Misalignment Between Magnetic Field 
and Angular Momentum in Protostellar Cores

Right: Misaligned protostellar core
Kataoka, Machida & Tomisaka 2012
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Left: Protostellar core B1-c
Plane-of-sky magnetic field and
molecular outflow

Simulation



Misalignment Between Magnetic Field 
and Angular Momentum in Protostellar Cores

Right: Protostellar core B1-c
Non-rotated ALMA polarization map 

Cox+ 2018
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Left: Protostellar core B1-c
Plane-of-sky magnetic field and
molecular outflow

Precession?
Matthews+ 2006

8 minutes integration

Outflow 
cavities?

Complex field?



Simulations of 
Magnetic Fields in Cores

Left: Protostellar outflow model – Tomida+ 2013
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Right: Polarisation model for a non-trivial
magnetic field – Franzmann & Fiege 2017



Angular Dispersion Function – Houde+ 2009

Right: Angular Dispersion Function for 
Barnard 1 – Coudé+ 2019
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𝑓 ΔΦ ≈
1

𝑁

𝐵𝑡
2

𝐵𝑜
2 − 𝑏2 𝑙 + 𝑎𝑙2

Angular Dispersion Function

• 𝑩𝒕
𝟐 / 𝑩𝒐

𝟐 – turbulent-to-
ordered magnetic energy ratio

• 𝒂 – first order Taylor coefficient

𝑁 ≈ Δ′
𝛿2 + 2𝑊2

2𝜋 𝛿3

Number of turbulent cells
• Δ′ – effective cloud depth
• 𝑊 – telescope beam width
• 𝜹 – turbulent correlation length

𝑏2 𝑙 =
1

𝑁

𝐵𝑡
2

𝐵𝑜
2
𝑒−𝑙

2/2 𝛿2+2𝑊2

Autocorrelation function



Amplitude of the Magnetic Field in Barnard 1
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𝐵𝑝𝑜𝑠 ≈ 4𝜋𝜌 𝛿𝑉
𝐵𝑡
2

𝐵2

−
1
2

Modified DCF equation

• 𝛿𝑉 – Velocity dispersion of the gas
• NH3 (1,1) – GAS survey

• 𝜌 – Density of the gas
• 𝑛 𝐻2 = (1.5 ± 0.3) × 103 cm-3

• Friesen+ 2017, GAS+ in prep.

Left: Perseus B1 - BISTRO
Plane-of-sky magnetic field

Total magnetic energy ratio

𝐵𝑡
2 / 𝐵2 = 0.5 ± 0.3

Turbulence correlation length

𝛿 = 5.0’’ ± 2.5’’ or 1500 au

Magnetic field amplitude

𝑩𝒑𝒐𝒔 ~ 𝟏𝟐𝟎± 𝟔𝟎 µG 

12CO J=3-2 
contours
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NGC 1333 – BISTRO
Plane-of-sky magnetic field

Coudé & Doi+, in prep.

Preliminary Data
Joint Canada-Japan 

BISTRO Team

Bi-modal field?
Perspective?

IRAS 4A
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Magnetic Field in IRAS 4A

Right: SMA data of IRAS 4A
Girart, Rao & Marrone 2006

Left: IRAS 4A – BISTRO
Plane-of-sky magnetic field
Coudé & Doi+, in prep.

Preliminary Data



Magnetic Fields in Star-Forming Regions
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Left: Magnetic field around the BN-KL 
outflow in Orion A. 
Pattle+ 2017

Above: Magnetic field in Messier 16. 
The magnetic field lines follow the 

length of the pillars. 
Pattle+ 2018



Magnetic Fields in Star-Forming Regions
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Left: Magnetic field orientation in the
𝜌 Ophiuchus B clump. 
Soam+ 2018

Right: Magnetic field orientation in the
𝜌 Ophiuchus A clump.  

Kwon+ 2018



Magnetic Fields in Star-Forming Regions
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Left: Magnetic field orientation in the 
IC 5146 hub-filament structure. 
Wang+ 2019

Right: Magnetic field orientation in the
𝜌 Ophiuchus C clump.  

Liu+ 2019



Published BISTRO Results
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Region Paper Field strength Criticality

Orion A Pattle+ 2017 6.6 ± 4.7 mG 0.41

Perseus B1 Coudé+ 2019 120 ± 60 µG 3.0 ± 1.5

IC 5146 Wang+ 2019 0.5 ± 0.2 mG 1.3 ± 0.4

𝜌 Ophiuchus A Kwon+ 2018 N/A N/A

𝜌 Ophiuchus B Soam+ 2018 630 ± 410 µG 1.6 ± 1.1

𝜌 Ophiuchus C Liu+ 2019 ~150 µG ~2

Messier 17 Pattle+ 2018 N/A N/A

…and more results coming soon! 

Criticality: 𝜆~7.6 × 10−21
𝑁 𝐻2

𝐵
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B-fields in Orion A
SOFIA/HAWC+
Chuss+ 2019



Magnetic Fields in Star-Forming Regions
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Left: 53 µm observations of Orion A. 
Magnetic field amplitude 𝐵~1.0 mG.
Chuss+ 2019

Right: 850 µm observations of Orion A.
Magnetic field amplitude 𝐵~6.5 mG.  

Pattle+ 2017

1.0 mG

300 µG

300 µG

6.5 mG



Magnetic Fields in Protostellar Cores
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Left: Magnetic field orientation in the 
Ser-emb-8 protostellar core (Serpens).
Hull+ 2017

Right: Magnetic field orientation in the 
nearby B335 protostellar core.

Maury+ 2018



4. Testing Grain Alignment Mechanisms
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The alignment efficiency of interstellar dust

Left: Polarisation spectrum from
Vaillancourt & Matthews 2012
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Right: POL-2 850 µm polarisation 
map of the CB 68 protostellar core• Grain alignment efficiency

– Test for RAT theory

• Andersson+ 2015

– Environmental differences?

– Dust composition



Multi-wavelengths Polarization
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Left: 53 µm observations of Orion A.
Chuss+ 2019

Right: 214 µm observations of Orion A.  
Chuss+ 2019

1.0 mG

300 µG

300 µG

6.5 mG
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Barnard 1 – BISTRO
850 µm polarization map

Coudé+ 2019



Depolarization effects 
in molecular clouds

53

• Grain alignment efficiency

• Turbulent cells along line-of-sight

• Complex 3D field morphology

• 12CO J=3-2 contamination

Perseus B1
Polarization map
Coudé+ 2019

Polarization fraction as a 
function of total intensity

Polarized intensity as a 
function of total intensity

𝛼~− 0.9
𝑃 ∝ 𝐼𝛼



Depolarization effects 
in molecular clouds

54

• Depolarization with extinction A𝑉
– Test for radiative alignment

– Opacity maps from Chen+ 2016

Perseus B1
Polarization map
Coudé+ 2019

Error-weighted fit 𝛽~ − 0.5

𝑃 ∝ 𝐴𝑉
𝛽

Cox+ 2018



Conclusions

1. New age of far-infrared and submillimeter polarimetry
 SOFIA, JCMT, ALMA, BLAST-TNG, and more!

2. Probing the dynamics of star formation

 Magnetic field amplitude and criticality in star-forming regions

 Field morphology, filaments, and outflows

3. Testing grain alignment mechanisms

 Multi-wavelength and multi-scale polarimetry

 Testing RATs in high extinction environments
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Merci! 
Thank you!

Mahalo!
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Orion A integral-shaped filament
Credit: ESA – Herschel Gould Belt Survey, André+ 2010

Appendices
59



The SCUBA-2 Camera
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Left: SCUBA-2 detector array
Submillimetre Common-User 
Bolometer Array
Holland+ 2013

Right: Effective transmission of SCUBA-2
Drabek+ 2012

450 µm

850 µm



61
POL-2: The SCUBA-2 Polarimeter

Top: Typical modulated signal produced by POL-2
Credit: EAO/David Berry

Bottom: Picture of the POL-2 polarimeter
Credit: EAO/Pierre Bastien

• Rotating half-wave plate and analyzer

• 2 Hz rotation
• 8 Hz polarized astronomical signal
• ~190 Hz sampling





Comparison with SCUPOL

Right: Histograms of polarization angles
Top: All vectors

Bottom: Overlapping vectors
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Left: Comparison with the SCUPOL 
Legacy Catalog - Matthews+ 2009



Comparison with SCUPOL

Right: Difference as a function of 
SCUPOL Signal-to-Noise ratio
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Left: Comparison between overlapping 
POL-2 and SCUPOL vectors


