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Outline

n Mathematical description of polarised light

n Physical processes creating polarisation

n Examples of astrophysical polarimetry



Electromagnetic wave
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y
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Polarisation = evolution of E(t)

Ex(t) = Ex(0) cos (!t� �1)

Ey(t) = Ey(0) cos (!t� �2)
E(t) = {Ex(t), Ey(t)}



Polarised EM waves
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Polarisation is defined by 

Ex(0), Ey(0), � ⌘ �1 � �2

n Linear polarisation:

�1 = �2

Ex(t) = Ex(0) cos (!t)

Ey(t) = Ey(0) cos (!t)



Polarised EM waves
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Polarisation is defined by 

Ex(0), Ey(0), � ⌘ �1 � �2

n Circular polarisation:

�2 = �1 ± ⇡/2
Ex(0) = Ey(0) = E0

Ex(t) = E0 cos (!t)
Ey(t) = ±E0 sin (!t)



Polarised EM waves
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Polarisation is defined by 

Ex(0), Ey(0), � ⌘ �1 � �2

n Elliptical polarisation (general 
case):

Ex(0) 6= Ey(0)

�1 6= �2 6= m⇡/2



Stokes parameters

Astronomical observations: average light intensities 
instead of EM fields 
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Poincare sphere

{S1,S2,S3} = {Q,U,V}

I = hE2
xi+ hE2

yi
Q = hE2

xi � hE2
yi

U = 2hExEy cos �i
V = 2hExEy sin �i

THE STOKES PARAMETERS 

I    (“natural” light, or “intensity”)  

Q & U   (“linear polarization”) 

V    (“circular polarization”) 

Georges Gabriel Stokes (1852) G. Stokes (1852)



Stokes parameters

Operational definition using ideal polarisers
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intensity measured through perfect linear polarizer  

intensity measured through perfect right-hand and 
left-hand polarizers  

I↵o

I�, I 



Sign conventions
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+Q -Q

+U -U

+V -V

Figure 1: Sign conventions for the Stokes parameters, cf. the definition of the Pauli spin matrices.
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+V: clockwise rotation 
of electric vector

+U: counterclockwise 
rotation by 45o from +Q

+Q: freely chosen
• Local meridian
• Instrument
• Plane of scattering
• Solar limb



Normalised and fractional 
polarisations

n Normalised to Stokes I

n Normalised to continuum of Stokes I

n Fractional linear polarisation
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PX = X/I,X = Q,U, V

P (c)
X = X/Ic, X = Q,U, V

PL =
p
Q2 + U2/I

✓ =
1

2
arctan (U/Q)



Mueller matrix formalism

Stokes vector changes due to an interaction with 
matter or astronomical instrument
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S = {I,Q, U, V }T

S1 = MS0

M is 4 x 4 Mueller matrix 

S1 = Mn . . .M2M1S0

ideal reflection ideal linear polariser

M =

0

BB@

1 0 0 0
0 1 0 0
0 0 �1 0
0 0 0 �1

1

CCA M =
1

2

0

BB@

1 1 0 0
1 1 0 0
0 0 0 0
0 0 0 0

1

CCA



Macroscopic polarisation

n Every EM wave is intrinsically polarised

n “Natural”, unpolarised light contains a mixture 
of EM waves of all possible polarisation states

n Macroscopic polarisation signal = statistical 
preference of a certain polarisation state
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Polarisation in everyday life
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Reflection from water/ice Rayleigh scattering



Polarisation in everyday life
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Polarisation mechanisms

n Anisotropic scattering/reflection

n Differential absorption/scattering by aligned 
non-spherical grains

n Synchrotron radiation from charged 
particles in a magnetic field

n Magnetic line polarisation (Zeeman effect)

n Magnetic depolarisation of continuum 
radiation (Hanle effect)
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continuum

continuum

continuum

lines

lines +
continuum



Scattering polarisation

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

n Anisotropy leads to net macroscopic polarisation
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Polarised view of stellar 
environments
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T-Tauri MWC147 

The!Power!of!Polarimetry!

Intensity + linear polarisation

Massive disk around 
a young star



Polarised view of stellar 
environments
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GPI!First!Light:!HR4796A!

Intensity Linear polarisation

Ring around 
a young star
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Fig. 1. Observations of R Scl in the R-band. Top left to right: total intensity, total intensity with template star subtracted, polarised intensity, and the
lower limit of the polarisation degree derived using the measured total intensity (without psf subtraction). The images are smoothed by a Gaussian
kernel with a FWHM of two pixels. The bottom row shows the corresponding radial profiles. The total intensity radial profile shows R Scl (solid
line) and the scaled template star (dashed line). The radial profile of the polarisation degree shows the polarisation degree using the measured total
intensity (solid line) and the template-subtracted total intensity (dashed line).

The sizes and widths of the shells are determined by creating
AARPs of the polarised intensity in the radmc-3dmodel images.
The peak of the intensity at the position of the shell in the model
AARP is then scaled to the peak in the observed AARP at the
position of the shell. The radius of the shell and the width are
varied until a satisfactory fit to the observed profile is achieved
(Fig. 5). The radius is constrained by fitting the position of the
peak, while the width is determined by fitting the model AARP
to the outer edge of the detached shell in the observed AARP.
Both the radii and widths can be determined to within ±0′′.5.

In principle, the increase in intensity towards the inner re-
gions could be used to constrain the density contrast between the
present-day mass-loss rate and the detached shells. However, ef-
fects due to the coronographic mask and a potential polarisation
of the central star make any such estimate extremely uncertain.

4.1. R Scl

A shell radius for R Scl is determined from the dust-scattered po-
larised light images to 19′′.7 and a FWHM width of the Gaussian
shell to 3′′.2. The polarisation degree reaches values of >20% at
the position of the shell, showing that the dust is indeed located
in a thin shell around the star. A comparison with determined
shell radii and widths using different probes for the dust and gas
is presented in Table 2. Our results are consistent with the radius
derived by (GD2003). The determined radius also fits well with
the radius determined in the HST images in O2010. We derive
a larger FWHM for the shell than O2010. However, the HST
images only cover ≈ 1/3 of the total shell. The region imaged
in the HST data is dominated by a bright arc along the limb-
brightened shell, while the radmc-3d models in this work are fit
to the AARP of the entire shell, which may lead to a broader av-

Table 2. Measured shell radii (R) and shell widths (∆R – FWHM of
Gaussian distribution) for R Scl and V644 Sco. Both can be determined
to with ±0′′.5. The results from this paper are derived from radiative
transfer models constrained by the polarised intensity images from Pol-
Cor (see Fig. 5). The results are compared to previous estimates of the
detached shells.

R Scl V644 Sco
R[′′] ∆R[′′] R[′′] ∆R[′′]

this paper 19.7 3.2 9.4 2.0
GD2001a 20.7 – – –
GD2003b 20.0 2.0 – –
S2005 (dust)c 27.0 – 17.0 –
S2005 (gas)c 20.1 – 10.5 –
O2010d 19.2 1.2 – –
M2012e 18.5 1.3 – –
(a) based on observations stellar light scattered in NaD and K
resonance lines
(b) based on polarised, dust-scattered stellar light
(c) based on dust and gas radiative transfer models
(d) based on observations of dust scattered stellar light
(e) based on fit to observed CO(3 − 2) line emission
with ALMA

erage width. In particular the apparent flattening of the Southern
part of the shell will lead to a slightly broader shell. The shell
radius derived in the dust models in S2005 has a large uncer-
tainty (±14′′). These models depend critically on the assumed
grain properties. If the grains are too small for example, the ra-
dius of the shell will be overestimated, since the grains have to
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Polarised view of stellar 
environments

19Intensity Linear polarisation

Shell around 
a dying star

10 The Messenger 160 – June 2015

seconds) shell of gas and dust. R Scl has 
been observed extensively with single-
dish submillimetre observations (e.g., 
Olofsson et al., 1993). However, those 
low-resolution observations barely man-
aged to resolve the shell of gas. High 
spatial resolution images of the detached 
gas shell in CO line emission were 
observed in the first cycle (Cycle 0) of 

 science observations with the Atacama 
Large Millimeter/submillimeter Array 
(ALMA; see Figure 1 and Maercker et al., 
2012). The data clearly show the detached 
shell, as well as a binary-induced spiral 
structure extending from the shell, pro-
viding evidence of the  present-day mass 
loss. Although overall spherically sym-
metric, the CO obser vations show a 
clearly clumpy structure, and deviations 
from a perfect sphere along the perimeter 
of the shell.

Observations of dust-scattered stellar 
light showed the detached dust shell at 
high spatial resolution using the EFOSC2 
instrument on the ESO 3.6-metre tele-
scope (González Delgado et al., 2001; 
2003). A small-scale clumpy structure in 
the dust shell was revealed in fine images 
with the Hubble Space Telescope (HST) 
and is shown in Figure 2 (see Olofsson  
et al., 2010), albeit covering only approxi-
mately one third of the shell. The most 
complete observations of the dust shell 
were recently obtained with the PolCor 
instrument on the ESO 3.6-metre tele-
scope. PolCor observed the CSE around 
R Scl in polarised, dust-scattered stellar 
light, imaging the entire detached shell  
in unprecedented detail (see Figure 3 and 
Maercker et al., 2014).

In addition to the detached shell around 
R Scl, the PolCor observations imaged 
the detached shell around the carbon 
AGB star V644 Sco (Figure 4). The shell 
around this star had been deduced from 
single-dish CO emission line observa-
tions, and estimated to have a radius of 

approximately 10 arcseconds. However, 
no direct image had ever been made 
before the PolCor observations, which, 
for the first time, directly constrain the 
size and width of the detached shell 
around V644 Sco.

PolCor and dust-scattered light

We imaged the detached shells around 
R Scl and V644 Sco in polarised, dust-
scattered, stellar light using the PolCor 
instrument on the ESO 3.6-metre tele-
scope. PolCor is a user instrument devel-
oped by the Department of Astronomy at 
Stockholm University (Ramstedt et al., 
2011). It is a combined polariser and cor-
onagraph, allowing the detection of faint, 
scattered light emission close to bright 
stars. A large number of short exposures 
allows the lucky imaging technique to  
be utilised, effectively resulting in high-
quality images. The effective seeing in the 
observations of R Scl was typically 
reduced from 1.3 arcseconds during the 
observations to 0.9 arcseconds in the 
final shifted-and-added images. The pixel 
scale of the PolCor images was 0.114 
arcseconds/pixel.

The images of the CSE of the detached 
shells were taken in V-band (0.55 µm) 
and R-band (0.64 µm). The light from the 
star is scattered by the dust grains in  
the CSE. The total amount of scattered 
light depends on the scattering effi- 
ciency and direction per grain, and on  
the total number of grains. The scattering 
efficiency mainly varies with grain size 
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Figure 2. HST observations of the detached shell 
around R Scl in dust-scattered stellar light in the 
F814 filter observed with the Advanced Camera for 
Surveys (ACS) High Resolution Camera on HST. Due 
to the limited field of view of the ACS, only one third 
of the shell is covered in the image (from Olofsson  
et al., 2010). 
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Figure 3. PolCor observations of the CSE of R Scl  
in the R-band: total intensity (left), polarised intensity 
(middle), and degree of polarisation (right). The 
images are smoothed by a Gaussian kernel with a 
full width half maximum of two pixels (0.23 arcsec-
onds). The total and polarised intensities are given in 
counts s–1 (from  Maercker et al., 2014).

Maercker M. et al., Probing the Effects of Stellar EvolutionAstronomical Science



Polarimetry of solar system 
bodies
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POLARIZATION FROM REFLECTION 

PHASE 
ANGLE 

Incident light 
(unpolarized) 

Reflected light 
(polarized) 



Polarimetry of solar system 
bodies
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Cellino & Bagnulo (2015)

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

Albedo from polarimetric slope

logA = C1 log h+ C2

h



Polarimetry of exoplanets

Scattering polarisation modulated by phase angle
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Berdyugina et al. (2011)



Polarimetry of biospheres

Red edge polarisation signature of chlorophyll
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Berdyugina et al.



Polarimetry of biospheres

Red edge polarisation signature of chlorophyll
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Earthshine polarisation spectra

Sterzik et al. (2012)



Zeeman effect

Atomic Hamiltonian in the presence of a magnetic field
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(1) (2) (3) (4) (5)

(1): kinetic energy
(2): potential (Coulomb) energy
(3): spin-orbit coupling energy
(4): linear magnetic term
(5): quadratic magnetic term

B: magnetic field vector 
L: orbital angular momentum
S: spin angular momentum

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



Zeeman effect

Splitting and polarisation of spectral lines
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π σrσb



Zeeman effect

n Zeeman splitting [G, Å]

n Polarisation in weak field
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Zeeman splitting patterns

I ⇡ I0, Q ⇡ 0, U ⇡ 0

V ⇡ �4.67⇥ 10�13ḡ�2
0B cos ✓

@I

@�

����⇡ = 4.67⇥ 10�13ḡ�2
0B

= 0.7 km s-1 / kG for 

�0 = 5000 Å, ḡ = 1

1G=10-4 T

1kG=0.1 T



Solar magnetism

Sunspots are magnetic
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4. Disk Spectropolarimetry 1908 

Hale, ApJ 28, 315, 1908 

G. Hale (1908)



Zeeman diagnostics

n Strong fields: Zeeman slitting and Stokes QUV
n Weak fields: Stokes V
n Polarisation amplitudes: 10-2 – 10-3

29

I/Ic

V/Ic



Magnetograms
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Line of sight field 
component estimated 
from a single line



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



Vector magnetograms
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Full magnetic field vector from modelling of IQUV parameter
profiles of one / few spectral lines for each image pixel

SDO
HMI



Vector magnetograms

33

Results obtained with HMI SDO data



Solar activity cycle
Cyclic evolution of interior and surface magnetic fields
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Scattering polarisation

n Solar limb => anisotropic illumination + scattering 
=> linear polarisation
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Hanle effect

n Solar limb => anisotropic illumination + scattering 
=> linear polarisation
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n Weak (0.1-100 G) field 
=> depolarisation and 
rotation of polarisation 
plane

B = 0
B ≠ 0



“Second” solar spectrum

Stokes Q spectrum at the solar limb
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MgH



Stellar magnetism

n Sun and cool stars:
n fields are generated by dynamo
n fields are weak, complex, 

evolving 

n Hot stars:
n fields are fossil remnants
n fields are strong, globally 

organised, stable
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Stellar Zeeman signatures

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

UQ

I V

UQ



Strong-field stars

Zeeman splitting in Stokes I; Stokes V signatures in 
individual lines in high-resolution spectra
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moderately strong field very strong field



Weak-field stars

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

n Multi-line techniques (Least-Squares Deconvolution)

n Polarimetric sensitivity 10-5 – 10-6 for bright stars; 
possible to detect fields ~0.5 G
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Zeeman Doppler imaging

Detailed maps of vector fields from modelling of 
Stokes IQUV time series of individual/average lines 
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Horizontal fieldRadial field



Zeeman Doppler imaging

Detailed maps of vector fields from modelling of 
Stokes IQUV time series of individual/average lines 
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±5 G
radial field

azimuthal field

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



Observational requirements

n Sensitivity to weak signals
n Tradeoff between sensitivity/image size/spectral 

resolution/wavelength coverage/time resolution

44

Imaging
polarimetry

Photo
polarimetry

Spectro
polarimetry


