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Outline

= Mathematical description of polarised light
= Physical processes creating polarisation

s Examples of astrophysical polarimetry



Electromagnetic wave

Polarisation = evolution of E(t)



Polarised EM waves

Polarisation is defined by
E.(0),E,(0),0 = ¢1 — @2

= Linear polarisation:

O1 = P2
E.(t) = E,(0) cos (wt)
E,(t) = E,(0) cos (wt)




Polarised EM waves

Polarisation is defined by
E.(0),E,(0),0 = ¢1 — @2

= Circular polarisation:
P2 = p1 £ 7/2

E,(0) = Eo
FEy cos (wt)

- Fo sin (wt)



Polarised EM waves

Polarisation is defined by
E.(0),E,(0),0 = ¢1 — @2

= Elliptical polarisation (general
case).

P1 # G2 #F mm/2




Stokes parameters

Astronomical observations: average light intensities
instead of EM fields

G. Stokes (1852) _
Poincare sphere

{81,82s83} = {Q’U!V}



Stokes parameters

Operational definition using ideal polarisers
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Sign conventions

+V: clockwise rotation
of electric vector

+U: counterclockwise
rotation by 45° from +Q

+Q: freely chosen
 Local meridian
 |nstrument

* Plane of scattering
« Solar limb




Normalised and fractional
polarisations

= Normalised to Stokes /
Px = X/I,X =Q,U,V

s Normalised to continuum of Stokes |/
P =X/I.,X =Q,U,V

= Fractional linear polarisation

P =+/Q24+U?/I

0 = % arctan (U/Q)

10



Mueller matrix formalism

Stokes vector changes due to an interaction with
matter or astronomical instrument

S={I,Q,UV}" M is 4 x 4 Mueller matrix
Si1=MS, Si1=M, ... MyMS,
ideal reflection ideal linear polariser
ERE T Y
M=190 -1 o0 M=5100 0 0
\0 0 0 -1/ \ 0 0 0 0




Macroscopic polarisation

= Every EM wave is intrinsically polarised

= "Natural”, unpolarised light contains a mixture
of EM waves of all possible polarisation states

= Macroscopic polarisation signal = statistical
preference of a certain polarisation state
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Polarisation in everyday life

Reflection from water/ice Rayleigh scattering

Thru a Standard Lens
B S R

b
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Polarisation in everyday life

Polarizing
3D Glasses
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Polarisation mechanisms

Anisotropic scattering/reflection continuum
Differential absorption/scattering by aligned ’
non-spherical grains continuurm
Synchrotron radiation from charged .
continuum

particles in a magnetic field
Magnetic line polarisation (Zeeman effect) Jlines

Magnetic depolarisation of continuum lines +
radiation (Hanle effect) continuum
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Scattering polarisation

= Any microscopic scattering (Thomson, Compton,
Rayleigh, etc.) creates linear polarisation

= Anisotropy leads to net macroscopic polarisation

Isotropy

Thomson
5 ! Scattering

No Polarization
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Polarised view of stellar
environmen
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Massive disk around

a young star
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Intensity + linear polarisation



Polarised view of stellar
environments

Ring around
a young star

Intensity Linear polarisation
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Polarised view of stellar
environments

S
V4

Shell around
a dying star

Dec. offset [arcsec]

20 10 0 -10 =20 5010 R

R.A. offset [arcsec] R.A. offset (arcseconds)
Intensity Linear polarisation
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Polarimetry of solar system

bodies
7 y
. Incident _Iight . Reflected light X
(Unpolarized) i (polarized)

- PHASE -
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Polarimetry of solar system
bodies

Linear polarisation as a function of phase
: . 1 angle for low-albedo (Ceres, filled symbols)
LE 1 and high-albedo (Nysa, open symbols)

0 10 20 30
Phase angle (°)

Cellino & Bagnulo (2019) Albedo from polarimetric slope
log A = Cilogh + Cs
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Polarimetry of exoplanets

Scattering polarisation modulated by phase angle

@ T HD189733b |
Neptune

1 milliarcsecond

Geometrical Albedo ¢ . -

400 600 800 1000

DrL\-ital pi‘msa ’

Berdyugina etal. 2011, WaVEle ngth, nm
Apl,726,L6

Berdyugina et al. (2011)
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Polarimetry of biospheres

Red edge polarisation signature of chlorophyll

©S. Berdyugina RN
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Fraction of polarization, P (%)

Fraction of polarization, P, (%)

Polarimetry of biospheres

Red edge polarisation signature of chlorophyll
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Zeeman effect

Atomic Hamiltonian in the presence of a magnetic field

2

ho e e 9 . 9
H= 2mv +V(r)+£&(r)L S—i—[ 2ch (L+2S)+8m02B r2sin 0]

(1 @) (3) (4) (9)

B: magnetic field vector (1): kinetic energy

L: orbital angular momentum (2): potential (Coulomb) energy

S: spin angular momentum (3): spin-orbit coupling energy
(4): linear magnetic term

):

(5): quadratic magnetic term

(5) << (4) << (3): linear Zeeman effect
(5) << (4) & (3) << (4): Paschen-Back effect
P. Zeeman (1896) (4) << (9) & (3) << (9): quadratic Zeeman effect
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Zeeman effect

Splitting and polarisation of spectral lines

No external External magnetic
magnetic field field present
M=1
J=1 M=0 J=1 / M=0
N\
AE,
E, E, AE,
J=0 M=0 J=0 —- M =0
Corresponding Corresponding
spectral line spectral lines




Zeeman effect

Zeeman splitting patterns = Zeeman splitting [G, A]
AXg_r = 4.67 x 107 gAGB
M 1G=104T = 0.7 km s/ kG for
1kG=01T Xy =5000 A, g =1

T = Polarisation in weak field

I ~1,0)~0,U=Q0

\ S Ve 67 < 107N Beos 05

O\
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G. Hale (1908)

Solar magnetism

Sunspots are magnetic
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Zeeman diagnostics

= Strong fields: Zeeman slitting and Stokes QUV
= Weak fields: Stokes V
= Polarisation amplitudes: 102 - 103

£
0.2 j \_'_J

0.1 T T T T T T _0.5 T T T T T T T T
5250.1 m 5250.3 5250.4 5250.1 5250.2 5250.3 5250.4
Wavelength A (A) Wavelength A (A)
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positive
polarity

Magnetograms

Line of sight field
component estimated
from a single line

negative
polarity
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Apt

L

19496
un

Magnetograms

Line of sight magnetic field
component estimated
from wings of a single line

doy = 120
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Full magnetic field vector from modelling of /IQUV parameter

Vector magnetograms

profiles of one / few spectral lines for each image pixel
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Vector magnetograms

Results obtained with HMI SDO data
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Solar activity cycle

Cyclic evolution of interior and surface magnetic fields

400 Years of Sunspot Observations

Modern
Maximum

Dalton
Minimum
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The Magnetic Butterfly Diagram

average magnetic fields at the Sun's surface
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Scattering polarisation

= Solar limb => anisotropic illumination + scattering
=> |inear polarisation

Linearly polarized
scattered photon

7/‘/ 7/‘ i Scattering atom

Scattered light Incident light
(polarized || solar surface) (unpolarized)

o
R

Solar surface
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Hanle effect

= Solar limb => anisotropic illumination + scattering
=> |inear polarisation

= Weak (0.1-100 G) field
=> depolarisation and
rotation of polarisation
plane
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Stokes /1,

Stokes Q/1 (%)

“Second” solar spectrum

Stokes Q spectrum at the solar limb
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Stellar magnetism

= Sun and cool stars:
= fields are generated by dynamo

= flelds are weak, complex,
evolving

s Hot stars:
= fields are fossil remnants

= fields are strong, globally
organised, stable




Stellar Zeeman signatures

Disk-integrated Stokes spectra: a sum of Doppler-
shifted contributions from the entire stellar disk

e
"y
"
......
L
LI}

Taa
"
.....
LD

.
.
"""

.
.

.
..
..
.
..
.
.
.
"""
.
..
..
..
..
.
.
..

",
"~
",
"y,
"y,
......
"~
"y
"~
"y,
L
o

(W

&
=

v

Nl

39



(Stokes 1)

(Stokes V/I) + 0.5

Strong-field stars

Zeeman splitting in Stokes [; Stokes V signatures in
individual lines in high-resolution spectra
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Weak-field stars

= Stellar surfaces are unresolved => spatial
resolution can be traded for wavelength coverage

= Multi-line techniques (Least-Squares Deconvolution)
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= Polarimetric sensitivity 10 — 10 for bright stars;
possible to detect fields ~0.5 G



Zeeman Doppler imaging

Detailed maps of vector fields from modelling of
Stokes IQUYV time series of individual/average lines

Radial field Horizontal field
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Zeeman Doppler imaging

Detailed maps of vector fields from modelling of
Stokes IQUYV time series of individual/average lines
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- radial field ———

Rotational phase
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Retations prose

Il Peg (active, rapidly rotating) 18 Sco (solar twin)

43



Observational requirements

= Sensitivity to weak signals

= Tradeoff between sensitivity/image size/spectral
resolution/wavelength coverage/time resolution

Spectro
polarimetry

Imaging
polarimetry

polarimetry



