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

...Is everything that exists between the stars.

Gas

Dust

Radiation
Cosmic Rays
Magnetic Fields

O W



Structure of the ISM

Tonized Gas:

- Very Hot Tonized Medium (HIM)
n~001cm3 T~10°K

- Warm Ionized Medium (WIM)
n~01lcm3 T~104K

- HII Regions: T~10*K n~0.1-10* cm-3

Neutral Gas:

- Warm Neutral Medium (WNM)

4H. CI1, CI
Hi, Crip -

n~1lcm3 T~6000 K
- Cold Neutral Medium (CNM) vedumt | %, A
n~50cm3 T~ 100 K S
Molecular Gas: Warm lonized Medwm

Hil. NI, Cll

n~1000cm3 T~ 10K
“cores™ n~10%-10cm3 T~ 10K
(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
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Cosmic Rays

Energies and rates of the cosmic-ray particles

- protons only
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Large Range of Energies

Flux -> Power Law: slope ~ -2.7



Cosmic Rays + B-field -> synchrotron

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

£ ~ NOV()/+1)/2BS_1—)/)/2

electron

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

2
of of electric
radiation field vector

7 / 3 — ')/ direction direction

Credit: open.edu



All sky synchrotron emission

408 MHz

Haslam et al. 1982; Remazeilles et al. 2014



Faraday Rotation (HIM + WIM)

l.f B = RMA?

N4 8 d
.—"V Y g el RM = / Ne (S ‘ (S
K L o 8mle 0 m2c? 0

.' |" hI.' | W ,"
" IRV - 0.5
| 00 /

-0.5

= ~-1.0
&
-15

-2.0

-25

0.002 0.003 0.004 0.005
X(m?)

Savage, Spangler,& Fischer 2013



Faraday RoTa‘non (HIM + WIM)
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Dichroic absorption of starlight

Starlight
starts out
unpolarized

A

from interstellar dust (CNM)

Dust grains align with
long axis perpendicular
to magnetic field

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
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Thermal dust emission also polarized
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Dust Thermal Emission




Polarization in Absorption and
Emission match
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Zeeman Effect

(a) (b) :
Pieter Zeeman



No Magnetic Field

hv

Spectrum without
magnetic field

Zeeman Effect

Magnetic Field present

Spectrum with magnetic
field present

m; = 2
my = 1
ml =0
mi = -1
ml = -2 4 4 Y .
R 2 polarizations —>y h?
m; =1 '
mp = 0 frequencies |
my = -1 Vo+ AV, Vg vo—Av, <« ->Vo+ Av, Vg Vo— AV,
| - S [ relative pe o) 2
intensities
observation perpendicular observation parallel to
to magnetic held magnetic field

AFE x Arv < B

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



In the Sun

Outside the sunspot, the
magnetic field is low

and this iron absorption
line issingle.

Withix the sunsport, the
magnetic field is strong
and this iron absorption
line sglits into three.

(b) The spectrum in and around the sunspot

(@) A sunspot

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



Antenna Temperature (K)
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Putting the Diffuse Probes Together

Coherent

[ifllEe
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RM > 0
Cpy =0
1=0
PI=0

Jaffe 2010



Current Large Scale Models

Planck XLIl 2016
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Current Large Scale Models

Planck XLII 2016
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Current Large Scale Models

Planck XLIl 2016
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B./B, estimates from Planck
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Planck XLIV 2016

Planck XXXIl 2016
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B,/B, estimates in MC

Houde et al. 2016
analyzed interferometric

data (CARMA) and
found:
Panopoulou, Psaradaki, KT 2016 W3(OH) B, '
analyzed RoboPol data in Polaris B
Flare and found: W3 Main B—t =0.74
B, .
1 =40.2-0.8 B
B, t ; DR21(OH) B—t=0.70




Declination

B-Field Correlates with Diffuse ISM
Structure
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B-Field Correlates with Molecular
Cloud Structure

P. Palmeirim et al.: Herschel view of the Taurus B211/3 filament and striations: evidence of filamentary growth?
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B-Field Correlates with Molecular Cloud
Structure + projection effects

Data from Hertz polarimeter on CSO @ 350 um

NOT uniformly distributed!

Random shapes /
B-field orientations
hypothesis rejected
at the 107 level

A (degrees)

Angle Difference,

f\/‘/] (VRS
Cloud Aspect Ratio, g

Tassis et al. 2009



in Molecular Cloud Cores

B-Field
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B-Field in Molecular Cloud Cores
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Galactic B-Field and Polarized emission
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‘There is intense speculation among cosmologists that a US team is on the verge of
confirming they have detected "primordial gravitational waves” - an echo of the
big bang in which the universe came into existence 14bn years ago.

Rumours have been rife in the physics community about an announcement due
on y s Center for Astrophysics. If there is
evidence for gravitational waves, it would be a landmark discovery that would
change the face of cosmology and particle physics.

Gravitational waves are the last untested prediction of Albert Einstein's General
Theory of Relativity. They are minuscule ripples in the fabric of the universe that
canty energy actoss space, somewhat similar to waves crossing an ocean.
Convincing evidence of their discovery would almost certainly lead to a Nobel
prize.
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Telescope captures view of gravitational waves

Images of the infant Universe reveal evidence for rapid inflation aftr the Big Bang Space Ripples Reveal Big Bang’s Smoking Gun
Ron Cowen [E———

17 March 2014
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scientific events across
the world

Recent

1. Why hunting for lfe in Martian water
will be a tricky task
Naturs |28 Sef

3. India launches its first astronomy

satellite
Nature | 28 2015
Astronomers have peered back to nearly the dawn of time and found what seems to be the
long-sought ‘smoking gun’ for the theory that the Universe underwent a spurt of wrenching
Number theory

‘exponential growth called inflation during the first tiny fraction of a second of its existence.

CAMBRIDGE, Mass. — One nightlatein 1979, an tinerant young physicist

i o named Alan Guth, with a new son and a year's appointment at Stanford,
o stayed up late with his notebook and equations, venturing far beyond the
Using a radio telescope at the South Pole, the US-ed team has detected the first evidence n o1 o
of primordial gravitational waves, ripples in space that inflation generated 13.8 bilion years ago
v He was trying to understand why there was no trace of some exotic
in the Big Ban, Instead b
- discovered what might have made the universe bang (o begin with. A

potential hitch in the presumed course of cosmic evolution could have

sfucod stz it 2 sl snarn hat exerted 2 omslein fosea



Interstellar Dust in the Galaxy

ESA/ LFI & HFI Consortia
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Backlash to Big Bang Discovery
Gathers Steam

Physicists cast doubt on a landmark experiment’s claim to have observed gravitational waves
from the big bang

Big Bang blunder bursts the multiverse
bubble

Premature hype over gravitational waves highlights gaping holes in models
for the origins and evolution of the Universe, argues Paul Steinhardt.

By Michael D. Lemonick | May 21, 2014
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The Problem

Magnetized Galactic dust also emits polarized microwaves

A
A

ESA/ LFI & HFI Consortia ‘:|>




The Problem

Magnetized Galactic dust also emits polarized microwaves

ESA/ LFI & HFI Consortia

CMB dust emission removal:
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The Problem

Magnetized Galactic dust also emits polarized microwaves
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ESA/ LFI & HFI Consortia
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CMB dust emission removal:
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The Problem

Magnetized Galactic dust also emits polarized microwaves

AN

A

ESA/ LFI & HFI Consortia
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CMB dust emission removal:

« Map at high frequencies
(dust dominates)
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The Problem

Magnetized Galactic dust also emits polarized microwaves

AN

A

ESA/ LFI & HFI Consortia

2
10

CMB dust emission removal:

10'

« Map at high frequencies
(dust dominates)

« Subtract from lower frequencies
(CMB dominates)
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"Map & Subtract” cannot work with
polarization

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

Tassis & Pavlidou 2015



"Map & Subtract” cannot work with
polarization

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

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. XlI.,
BeyondPlanck XIV. 2021, Mangilli et al. 2021, etc.



The Solution: 3D Magnetic Tomography

* Use stars of known distances as lamp posts
* Measure stellar polarization
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The Solution: 3D Magnetic Tomography

* Use stars of known distances as lamp posts
* Measure stellar polarization
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PASIPHA optopolarimeftric survey

PASIPHAE survey area

Skinakas Observatory, Crete, Greece

PASIPHAE survey sites

SAAOQO, Sutherland, South Africa




The PASIPHAE survey:

» Will observe all stars with Rmag < 16

» Will deliver mean polarization down to 0.1% at 3o for 0.25
deg? pixels

» Survey rate: 15 deg?/night @ Skinakas + 15 deg?/night @ SAAO
assuming 70% efficiency

» ~ 5,000 deg? / yr



PASIPHAE optopolarimetric survey

Measure polarization of several million stars

10%

103 3

2

Stars per deg
=
ol\)

]
o
[

T ot el

10 50 0 50
Galactic latitude




PASIPHAE optopolarimetric survey

Measure polarization of several million stars
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WALOPs: the PASIPHAE polarimeters
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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
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More Information
e PASIPHAE WP on arXiv: 1810.05652 :

= S e We gratefully acknowledge support from
ornell Univ t‘rbli) the Simons Foundation and member institutions.
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More Information

* Nature Astronomy Mission Control:

News & Comment >

Editorial Pushing the limits of discovery

17 May 2021 Be it neutrinos, ultra-high-energy photons or gravitational waves, new cosmic messengers have expanded the available discovery space of astronomy by
exploring previously inaccessible astrophysical environments.

Mission Control Lifting the dusty veil over inflation

17 May 2021 Two novel imaging polarimeters are being installed on two 1-m-class telescopes in order to examine dust foregrounds
in cosmic microwave background studies as part of the PASIPHAE survey.

A. Ramaprakash, A. C. S. Readhead & K. Tassis

Research Highlight The oxygen bait
11 May 2021 Luca Maltagliati



More Information
* http://pasiphae.science :
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to inflation
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Hunt for the signature of the
first moments of the Universe
just got more complicated

POLAR-AREAS STELLAR IMAGING IN POLARIZATION HIGH-
ACCURACY EXPERIMENT


http://pasiphae.science/

Conclusions

* Polarization is the only probe of B-fields

* B-Field dynamically important at cloud scales and can NOT
be ignored

— B f/ Bo </
— Bpos correlates with cloud structures

* Polarized Dust emission due to Galactic B-Fields major

problem for inflation probing observations - 3D B-Field map
necessary
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