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An ellipse can be represented by 4 quantities:
1. Size of minor axis
2. Size of major axis
3. Orientation (angle)
4. Sense (CW, CCW)

Intensity (square of amplitude) can be written as:
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Stokes Parameters

x

y
αβ

I

Q

U

V

0

BB@

I
Q
U
V

1

CCA =

0

BB@

E2
0x + E2

0y

E2
0x � E2

0y

2E0xE0y cos ✏
2E0xE0y sin ✏

1

CCA = 2

0

BB@

intensity
I(0�)� I(90�)
I(45�)� I(135�)

I(RCP )� I(LCP )

1

CCA



Polarization fraction (p) angle (χ)
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The Interstellar Medium...

...is everything that exists between the stars.

1. Gas
2. Dust
3. Radiation
4. Cosmic Rays
5. Magnetic Fields



Structure of the ISM
Ionized Gas:
- Very Hot Ionized Medium (HIM)

n ~ 0.01 cm-3 T ~ 105 K
- Warm Ionized Medium (WIM)

n ~ 0.1 cm-3 T ~ 104 K
- HII Regions:  T ~ 104 K    n ~ 0.1-104 cm-3

Neutral Gas:
- Warm Neutral Medium (WNM)

n ~ 1 cm-3 T ~ 6000 K 
- Cold Neutral Medium (CNM)

n ~ 50 cm-3 T ~ 100 K
Molecular Gas:

n ~ 1000 cm-3 T ~ 10 K
“cores”:  n ~ 104 – 106 cm-3 T ~ 10 K

(Ultra High Vacuum: n~106 cm-3)



B-Field Probing Radiation Processes

1. Synchrotron Radiation
2. Faraday Rotation
3. Dust Thermal Emission/Absorption
4. Zeeman effect



Synchrotron



Cosmic Rays

Victor Hess

• Large Range of Energies
• Flux -> Power Law: slope ~ -2.7



Cosmic Rays + B-field -> synchrotron

ε ~ N0ν
(γ+1)/2Β⊥

(1−γ )/2

p = 1−γ
7 / 3−γ

Credit: open.edu

Emissivity of power-law distribution of 
CR e- with slope γ:

Radiation linearly polarized perp. to B-field 
with max polarization fraction:



All sky synchrotron emission

408 MHz 

Haslam et al. 1982;  Remazeilles et al. 2014



Faraday Rotation (HIM + WIM)

Savage, Spangler,& Fischer 2013



Faraday Rotation (HIM + WIM)

Oppermann et al. 2012

Taylor, Stil, & Sunstrum 2009

R > 0 
R < 0

Credit: Beck



Dichroic absorption of starlight 
from interstellar dust (CNM)

Dust grains align with 
long axis perpendicular 
to magnetic field

Starlight 
starts out 
unpolarized

Dust grains act like a polaroid, 
preferentially absorbing component 
polarized parallel to their long axis 

Emerging starlight is partially polarized 
parallel to the POS magnetic field



Starlight polarization map of Polaris

Pqanopoulou et al. 2015



Thermal dust emission also polarized

Absorption
Polarization 
parallel to BposEmission 

polarization 
perp to Bpos

B-field

E-vector

E-vector

E-vector

optical

far infrared



Dust Thermal Emission



Polarization in Absorption and 
Emission match

Soler et sl. 2016

Pipe Musca



Zeeman Effect

Pieter Zeeman 



Zeeman Effect

�E / �⌫ / B

Credit: http://encyclopedia2.thefreedictionary.com/Zeeman+Effect



http://crab0.astr.nthu.edu.tw/~hchang/ga1/f1802-SunspotZeeman.JPG

In the Sun



Crutcher et al. 1993

1667 MHz

1665 MHz

In the ISM



Putting the Diffuse Probes Together

Jaffe 2010



Current Large Scale Models
Planck XLII 2016
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Current Large Scale Models
Planck XLII 2016



Bt/Bo estimates from Planck

Planck XLIV 2016

Bt
Bo

= 0.9

Planck XXXII 2016

Bt
Bo

= {0.6− (0.8)−1}



Bt/Bo estimates in MC

Bt
Bo

= {0.2− 0.8}

Houde et al. 2016  
analyzed interferometric
data (CARMA) and 
found:

Bt
Bo

= 0.74

Bt
Bo

= 0.58

Bt
Bo

= 0.70

W3(OH)

W3 Main

DR21(OH)

Panopoulou, Psaradaki, KT 2016  
analyzed RoboPol data in Polaris 
Flare and found:



B-Field Correlates with Diffuse ISM 
Structure

Planck XXXII 2016

Clark  et al. 2014



B-Field Correlates with Molecular 
Cloud Structure

Alves et al. 2008

Palmeirim et al. 2013



Random shapes / 
B-field orientations
hypothesis rejected 
at the 10-7 level

Tassis et al. 2009

B-Field Correlates with Molecular Cloud 
Structure + projection effects

Data from Hertz polarimeter on CSO @ 350 µm

NOT uniformly distributed!



Kunz & Mouschovias 2009

Girart et al. 2009

Schleuning 1998

Girart, Rao, & Marrone 2006

B-Field in Molecular Cloud Cores



Crutcher et al. 2010

B-Field in Molecular Cloud Cores

Tritsis et al. 2016



Galactic B-Field and Polarized emission



BICEP2 Success story!!! 



Interstellar Dust in the Galaxy

ESA/ LFI & HFI Consortia



BICEP2.... Disappointment  



The Problem

ESA/ LFI & HFI Consortia

Magnetized Galactic dust also emits polarized microwaves
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The Problem

ESA/ LFI & HFI Consortia

Magnetized Galactic dust also emits polarized microwaves

CMB dust emission removal: 
• Map at high frequencies 

(dust dominates)
• Subtract from lower frequencies

(CMB dominates)

dust CMB



Tassis & Pavlidou 2015

Polarization ROTATES between frequencies 
because of multiple clouds and misaligned B-fields

“Map & Subtract” cannot work with 
polarization



Tassis & Pavlidou 2015

frequency decorrelation most unconstrained effect 
Planck Collaboration L 2017, Poh & Dodelson 2017, Hensley & Bull 2017, Puglisi et al 2017, 

Martizez-Solaeche et al. 2017, Planck Collaboration XXX 2016, Planck 2018 results. XI., 
BeyondPlanck XIV. 2021, Mangilli et al. 2021, etc.

Polarization ROTATES between frequencies 
because of multiple clouds and misaligned B-fields

“Map & Subtract” cannot work with 
polarization



• Use stars of known distances as lamp posts
• Measure stellar polarization

– get B direction in different clouds 
– measure and model out 3D effects 

The Solution: 3D Magnetic Tomography 



• Use stars of known distances as lamp posts
• Measure stellar polarization

– get B direction in different clouds 
– measure and model out 3D effects 

The Solution: 3D Magnetic Tomography 

Possible for the first time



The PASIPHAE Collaboration

Our Sponsors



PASIPHAE optopolarimetric survey

PASIPHAE survey area

PASIPHAE survey sites

Skinakas Observatory, Crete, Greece

SAAO, Sutherland, South Africa



The PASIPHAE survey:

Ø Will observe all stars with Rmag ≤ 16 

Ø Will deliver mean polarization down to 0.1% at 3σ for 0.25 
deg2 pixels 

Ø Survey rate: 15 deg2/night @ Skinakas + 15 deg2/night @ SAAO 
assuming 70% efficiency 

Ø ~ 5,000 deg2 / yr



PASIPHAE optopolarimetric survey

Measure polarization of several million stars 



PASIPHAE optopolarimetric survey

Measure polarization of several million stars 
Major Leap: 

x1000 improvement 
in # of stars with measured 

polarimetric properties



WALOPs: the PASIPHAE polarimeters

Wide Area Linear Optical Polarimeter (WALOP)
• Innovative and well-tested technology of RoboPol
• Implements low-systematics design in a wide field
• Commissioning by the end of the year 

WALOP - S WALOP - N



The PASIPHAE Collaboration

Our Sponsors



• PASIPHAE WP on arXiv: 1810.05652 :

More Information



• Nature Astronomy Mission Control:

More Information



• http://pasiphae.science :

More Information

http://pasiphae.science/


Conclusions
• Polarization is the only probe of B-fields

• B-Field dynamically important at cloud scales and can NOT 
be ignored 
– Bt/Bo < 1
– Bpos correlates with cloud structures

• Polarized Dust emission due to Galactic B-Fields major 
problem for inflation probing observations – 3D B-Field map 
necessary



Thank you!


