
Polarization and Stokes parameters 
Electromagnetic radiation travels as transverse waves, i.e., waves that vibrate in a direction 
perpendicular to their direction of propagation. Polarization is a phenomenon peculiar to 
transverse waves. Unlike electromagnetic (transverse) waves, sound is a longitudinal wave. 
Polarization is the distribution of the electric field in the plane normal to the propagation 
direction. 

Unpolarized radiation (or randomly polarized) is an electromagnetic wave in which the 
orientation of the electrical vector changes randomly. 

If there is a definite relation of phases between different scatterers => radiation is called 
coherent. If there is no relations in phase shift => light is called incoherent 

� Natural light is incoherent. 
� Natural light is unpolarized. 

The initial orientation of the x-axis (or y-axis) is arbitrary. Vertically polarized wave is one 
for which the electric field lies only in the vertical plane. Horizontal and vertical polarizations 
are examples of linear polarization, see Figure 1. 

 

 

 
Figure1: Horizontally polarized wave is one for which the electric field lies only in the x-z 
plane (top panel) or in the y-z plane (bottom panel). 

A simple solution of wave Eq. can be given by 

Ex (z; t) = E0x cos (ωt-kz+δx)           Ey (z; t) = E0y cos (ωt-kz+δy)          (1) 

the electric vector was decomposed into two components. The solution is characterized by the 
values of the angular velocity, ω=2πν, the wave number, k =2π/λ, the field amplitudes, E0i, 
and an arbitrary phase, δi. 

After squaring the equations (1), the equation of the polarization ellipse can be derived: 



 

with the phase difference, δ = δx−δy. Eq. (2) gives the location of points (Ex;Ey), which are 
taken during one oscillation, forming a general ellipse.  

� The specific shape depends on the amplitudes E0x and E0y, as well as on the relative 
phase δ. These three parameters encode the polarization state of the light beam. For 
example, δ = ±π/2 and E0x = E0y leads to the equation of a circle, corresponding to 
circularly polarized light. The sign of the phase shift gives handedness: right-handed 
and left-handed polarization. A linear polarization is obtained when δ = ±π. 

� Because the phase difference is hard to measure, the alternative description called a 
Stokes vector is often used. 

Stokes vector: S=(S0, S1, S2, S3)  or  S=(I, Q, U, V) in which 

  

o I=E0x
 2+ E0y

2 

o Q=E0x
2- E0y

2 

                                       (3) 

o U=2 E0x E0y cos δ 

o V=2 E0x E0y sin δ 

 

� S0 is the total intensity of both polarized and unpolarized light. 

� S1 is the difference of the intensities of linearly polarized light at the angles 0 and 90 
deg. 

� S2 is the difference of the intensities of linearly polarized light at the angles +45 and 
45 deg. 

� S3 is the difference of the intensity of right and left circularly polarized light. 

Inversely one can derive 

o <ExEx*>=1/2(I+Q) 

o <EyEy*>=1/2(I-Q) 

o <ExEy*>=1/2(U+iV) 

o <Ex*Ey>=1/2(U-iV) 

One obtains after a short computation, the equation 

 

� Then for fully polarized light:      I2 = Q2 + U2 + V2
 , 

� For partially polarized light:     I2 > Q2 + U2 + V2  , 

� For unpolarized light:     Q = U = V = 0 . 

The degree of polarization, P, of a light beam is defined as P = (Q2 + U2 + V2)1/2 / I. The 
degree of linear polarization, LP, of a light beam is defined as LP = (Q2 + U2)1/2 / I. 



Table 1: Special cases of Stokes vectors 

Polarization Stokes vector  

Unpolarized; Natural (1,0,0,0) 

Linearly polarized at 0° (1,1,0,0) 

Linearly polarized at 90° (1,-1,0,0) 

Linearly polarized at 45° (1,0,1,0) 

Linearly polarized at 135° (1,0,-1,0) 

Right circularly polarized (1,0,0,1) 

Left circularly polarized (1,0,0,-1) 

  

  اندازه گيري حالت قطبش نور

 :گيري مخصوص انجام مي شوداين كار توسط دو وسيله اندازه

  ،(θ) تجزيه كننده خطي) 1

 ،(δ)  تأخير انداز خطي) 2

  :ده خطي عبور كنداگر پرتو نور از ميان يك تأخير انداز خطي وسپس از ميان يك تجزيه كنن

Eθ (t, δ)=Ex cos(θ)+Ey sin(θ) e iδ 

Imeas.(ө, δ)=< Eө(t, δ).Eө*(t, δ) > 

Imeas(ө, δ) = < ExEx*cos2(ө) + EyEy*sin2(ө) + 1/2ExEY*sin(2ө) e –iδ 

+ 1/2Ex*Ey sin(2ө) e iδ >  

  از آنجايي كه

<ExEx*>=1/2(I+Q)        <EyEy*>=1/2(I-Q) 

<ExEy*>=1/2(U+iV)      <Ex*Ey>=1/2(U-IV) 

  توان بدست آورد كهمي

Imeas(ө,δ)=1/2[I + Q cos(2ө) + U cos(δ) sin(2ө) + V sin(δ) sin(2ө)]  

 .شدت پرتو خروجي يك تركيب خطي از چهار پارامتر استوكس استلذا 



  :را تعيين كرد Vو   U ,Q ,Iمي توان به آساني  δو θبا تغيير  

� I = Imeas(0,0) + Imeas(π/2,0)      

� Q = Imeas(0,0) - I meas(π/2,0) 

� U = Imeas(π/4,0) - Imeas(3π/4,0) 

� V = Imeas(π/4,π/2) - Imeas(3π/4,π/2) 

This means that Stokes components I, Q, U, and V (Stokes, 1852) are 
defined in the following sense: 

 
Stokes I is just the integrated (unpolarized) light. Stokes Q and U 
measure the two directions of linear polarization, and Stokes V 
measures circular polarization. Note that Stokes Q and U are the 
differences between two linearly polarized beams with perpendicular 
directions of polarization. The components measured in Stokes U are 
rotated by 45° with respect to the components measured in Stokes Q; 
directions of Q and U are not defined in an absolute sense but require 
the definition of a frame of reference, in which polarization is 
measured. For a very readable introduction to Stokes vectors and 
alternative forms the reader is referred to Tinbergen (1996). 

 

Zeeman effect and line polarization 

Absorption lines in a magnetic field 

In this section, I will give a brief introduction on the basics of the Zeeman effect. 
More comprehensive discussions of the Zeeman effect and equations to calculate 
Zeeman splitting in stellar atomic absorption lines can be found, e.g., in Condon and 
Shortley (1963), Beckers (1969), Saar (1988), Landstreet (1992), Mestel and 
Landstreet (2005), and Donati and Landstreet (2009). An atomic or molecular 
absorption or emission line is excited if electrons make a transition from one energy 
level to another. The energy of each level is altered in the presence of a magnetic field 
according to the vector product between the spin (�) and orbital angular momenta (�) 
of the electron, and the magnetic field vector (so-called LS coupling). Each energy 
level with total angular momentum quantum number � splits into (2� + 1) states of 



energy with different magnetic quantum numbers �. The difference between 
subsequent states of energy is proportional to �� with � the magnetic field and � the 
Land´e factor, the latter being a function of the energy level’s orbital and spin angular 
momentum quantum numbers, 

 

                           (1) 

 

A dipole transition between two energy levels must obey the selection rule ∆� = −1, 
0, +1, hence there are generally three groups of transitions between two energy levels. 
Spectral lines with ∆� = 0 are called � components, spectral lines with ∆� = −1 or 
+1 are called �blue and �red-components, respectively. Since orbital and spin angular 
momentum quantum numbers can be different between the two energy levels, the 
Land´e-factors of both levels can be different, and transitions between energy levels 
are not only a function of � but depend on the Land´e-factors of the energy states. 
The result is that each component consists of a group of transitions. 

An often used quantity in the characterization of Zeeman splitting is the so-called 
effective Land´e-factor, which is the average displacement of the group of �-
components with respect to line center. The effective Land´e factor � of a transition is 
a combination of Land´e values of the two energy levels involved (Beckers, 1969), 

 

   (2) 
 

In principle, the effective Land´e factor can be calculated from the energy level’s 
individual Land´e factors and Equation (2). For many transitions, however, LS-
coupling is a poor approximation of the real situation leading to large errors in the 
calculation of individual �
 values. In such cases, it can be more appropriate to 
measure �
 in laboratory experiments (e.g., Reader and Sugar, 1975) and use Equation 
(2) to obtain more useful empirical effective Land´e factors (Landi Degl’Innocenti, 
1982; Solanki and Stenflo, 1985). In summary, in the presence of a magnetic field, the 
transition energies of the �-components are shifted according to the sensitivity of the 
transition (the Land´e-factor �) and the strength of the magnetic field �. The energy 
perturbation depends on the energy level’s quantum numbers, condensed in �, and the 
magnetic field, �. If we measure the energy shift in terms of wavelength shift ∆� or as 
Doppler displacement ∆�, the perturbation becomes a function of the initial 
wavelength of the transition, �0. The wavelength displacement of the � components is 

 

                         (3) 
 

with ∆� in m˚A, �0 in µm, and � in kG. The average velocity displacement of the 
spectral line components can then be written as 

 
                            (4) 



with � in kG, �0 in µm, and ∆� in km s–1. The typical Zeeman velocity displacement 
of a spectral line at visual wavelengths in the presence of a kG-field is on the order of 
1 km s–1, which is somewhat smaller than the typical resolving power of a high-
resolution spectrograph and the intrinsic line-width of stellar absorption lines. The 
Doppler displacement is proportional to the wavelength �0, which facilitates the 
detection of Zeeman splitting at infrared wavelengths compared to measurements in 
the visual. 

 

 

The separation of the σ−components is directly proportional to the absolute field 
strength with a quadratic dependence on the rest wavelength of the transition, λ0. The 
case just discussed is the simplest that can happen (normal Zeeman triplet). 

 

 



Polarization of Zeeman components 
The three groups of Zeeman components, �blue, �red, and �, are characterized by 
different magnetic moments that mean that the three Zeeman components have 
distinct polarization states. Furthermore, the actual intensity and polarization seen by 
an observer depends on the angle between the line of sight and the magnetic field at 
the atom. 

 
Figure: Schematic view of Zeeman splitting. (a) The upper level in the example is split into three 
levels producing three spectral lines that are separated. (b) Polarization of the � and � components. 

 

 

 
 



 
 

 

 



In weak-field approximation (see Unno, 1956; Stenflo, 1994): if Zeeman splitting is 
much smaller than the Doppler width of spectral lines, the following equations hold 
for every line 
: 

                                                                                                                  (5) 

 

                                                                                                                  (6) 

 

with  and � the Stokes parameters, g
 the Lande factor for line 
, � the magnetic 
field, and � the Doppler velocity (wavelength). 


