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Today

✤ Spectropolarimetry and the remote sensing magnetic fields!
!
✤ Polarization of light!
!
✤ Polarization in spectral lines!
!
✤ Zeeman Effect!

✤ Line profiles (absorption and dispersion)!
✤ Effective Lande factor!

!
✤ Radiative transfer equation for polarized light!

✤ The propagation matrix!
✤ Physical dependencies!
!

✤ Effects of the magnetic field on photospheric lines



Remote Sensing

“Remote sensing is the acquisition of 
information about an object without 
being in physical contact with it.”
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Spectropolarimetry is the measurement of 
the distribution of energy and polarization 

of light as a function of frequency

It is an incredibly powerful tool for remote sensing !
of magnetic fields in the Sun’s atmosphere! 

Spectropolarimetry



Polarization of light Ex(t) = 𝜀x(t) eiδx(t) e -2πiν0t!

Ey(t) = 𝜀y(t) eiδy(t) e -2πiν0t

+ - - -
I Q U V

I = 𝜅 (⟨𝜀x2⟩+⟨𝜀y2⟩)!
Q = 𝜅 (⟨𝜀x2⟩-⟨𝜀y2⟩)!
U = 2𝜅 ⟨𝜀x 𝜀y cos δ(t)⟩!
V = 2𝜅 ⟨𝜀x 𝜀y sin δ(t)⟩

where δ(t) = δx(t) - δy(t)

Ez(t) = 0



Mechanisms that produce polarization in spectral lines

 Anisotropy in the excitation mechanism of the atom!
! !

 Impact polarization!
 Optical pumping!
!

 External field breaking the axis of symmetry!
!

 Electric field!
 Magnetic field



Zeeman Effect

j = total angular momentum!
m = -j, -j+1, …, 0, …, j  (magnetic quantum number)

Each energy level of an atom is characterized by a series of quantum numbers

In the absence of magnetic field,  (2j+1) degenerate sublevels with energy Ej

where g is the Lande factor of the level, which in LS coupling:

gLS = 3/2 + {s(s+1) - l(l+1)} / {j (j+1)}

and the Larmor frequency is given by:
νL  = e0 B / (4πmec)

B magnetic field!
e0 electron charge!
me mass of electron!
c speed of light

B
j m = -j, …, j

Ej + mghνL Ej  

In the presence of a magnetic field, an energy level with angular momentum j !
splits into (2j+1) sublevels with energies Ej + mghνL. 



Allowed transitions
Spectral lines are a consequence of electronic transitions between two levels !
(l and u) with energies El < Eu, which result in the absorption or emission of a 
photon.

Conservation of angular momentum requires that:

∆j ≡ ju - jl = 0, ± 1!
with  ju = jl = 0  forbidden

ju

jl
σBπσR

B

In the presence of a magnetic field, each j-level will split into (2j+1) components, !
producing several spectral lines, shifted in frequency (wavelength) by:

∆νB  = (mu gu - ml gl) νL !
∆λB = (ml gl - mu gu) λB  

where:!

B (gauss), λ0  and λB (angstroms)

λB = 4.67 x 10-13 λ02 B

∆m ≡ mu - ml = 0, ± 1

And the selection rules for electric !
dipole transitions require that:

σR ≡ ∆m = +1 σB ≡ ∆m = -1π ≡ ∆m = 0



Zeeman Patterns
π components ∆m = 0 (represented upwards)!
σ components ∆m = ± 1 (represented downwards)

A&A 398, 411-421 (2003)



Absorption Profiles

The absorption profiles would be Lorentzian functions if 
the atoms were all at rest:
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But the atoms have a distribution of velocities (let’s 
assume Maxwellian). They will see the photons shifted 
in wavelength:

Problem Set

Rebecca Centeno

February 16, 2016

1 Introduction

dI⃗

dτc
= K(I⃗ − S⃗) (1)

N(λ) =
N

π∆λD
e−(∆λ2/∆λ2

D) (2)

vD =

√
2kT

m
+ ξ2mic (3)

u0 =
λ− λ0
∆λD

(4)

φ(u0, a) =
1

π

a

u20 + a2
(5)

ηI = 1 +
η0
2

{
φ0sin

2θ +
1

2
[φ+1 + φ−1](1 + cos2θ)

}

ηQ =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θcos2φ
}

ηU =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θsin2φ
}

ηV =
η0
2
[φ−1 − φ+1]cosθ

ρQ =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θcos2φ
}

ρU =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θsin2φ
}

ρV =
η0
2
[ψ−1 − ψ+1]cosθ

1

absorption!
profile

Problem Set

Rebecca Centeno

February 16, 2016

1 Introduction

dI⃗

dτc
= K(I⃗ − S⃗) (1)

N(λ) =
N

π∆λD
e−(∆λ2/∆λ2

D) (2)

vD =

√
2kT

m
+ ξ2mic (3)

u =
λ− λ0
∆λD

(4)

φ(u0, a) =
1

π

a

u20 + a2
(5)

ηI = 1 +
η0
2

{
φ0sin

2θ +
1

2
[φ+1 + φ−1](1 + cos2θ)

}

ηQ =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θcos2φ
}

ηU =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θsin2φ
}

ηV =
η0
2
[φ−1 − φ+1]cosθ

ρQ =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θcos2φ
}

ρU =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θsin2φ
}

ρV =
η0
2
[ψ−1 − ψ+1]cosθ

1

damping



The absorption profiles would be Lorentzian functions if 
the atoms were all at rest:
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Where ∆λD is the Doppler width in units of wavelength. 
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So the absorption profile becomes a Voigt function:

Lorentzian

Voigt

damping
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In the presence of magnetic field, each Zeeman component will be shifted!
by a quantity ∆λ = (mlgl -mugu) λB:
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Unshifted absorption profile:

If there is a macroscopic LOS velocity there will be a Doppler shift!
of the entire Zeeman pattern
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Absorption Profiles



Effective Lande factor

For some spectral lines we can use an approximation that substitutes the 
multiple-component Zeeman pattern for a simple Zeeman triplet.

By defining an effective Lande factor:
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geff gives as an idea of the magnetic sensitivity of the transition!!
If geff = 0, the line won’t split in the presence of a magnetic field.

The Voigt and Faraday profiles are approximated to those of an effective triplet,!
in which the Zeeman splitting is geff times that of a normal triplet:

with α = ∆m = 0, ±1Absorption (Voigt profile)
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θ

φ

B→

x

y

z ≡ LOS

Geometry

But, from the observer’s point of view, because !
the EM radiation is transverse in nature, it makes!
sense to describe it (Stokes vector) in the LOS !
reference frame.!
!
The transformation between the two reference!
frames is given by 2 angles, θ and φ.

Because the magnetic field imposes an anisotropy !
in the medium through which the light propagates,!
it makes sense to pose the radiative transfer problem!
in the reference frame of B.



Radiative transfer equation
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d

dτc
I⃗(λ0 − λ) = K′(I⃗(λ0 − λ)− S⃗) (8)

I(λ0 − λ) = I(λ− λ0) (9)

Q(λ0 − λ) = Q(λ− λ0) (10)

U(λ0 − λ) = U(λ− λ0) (11)

V (λ0 − λ) = −V (λ− λ0) (12)

NCP =

∫

W
Vobs(λ)dλ (13)

φB =

∫
A |Bz|dA∫

A dA
(14)

V (λ) = −CgeffB cos θ
∂I(λ)

∂λ
(15)

2

Remember the unpolarized case!

Problem Set

Rebecca Centeno

January 26, 2016

1 Introduction

dI⃗

dτc
= K(I⃗ − S⃗) (1)

ηI = 1 +
η0
2

{
φ0sin

2θ +
1

2
[φ+1 + φ−1](1 + cos2θ)

}

ηQ =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θcos2φ
}

ηU =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θsin2φ
}

ηV =
η0
2
[φ−1 − φ+1]cosθ

ρQ =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θcos2φ
}

ρU =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θsin2φ
}

ρV =
η0
2
[ψ−1 − ψ+1]cosθ

K =

⎛

⎜⎜⎝

ηI ηQ ηU ηV
ηQ ηI ρV −ρU
ηU −ρV ηI ρQ
ηV ρU −ρQ ηI

⎞

⎟⎟⎠

1
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1 Introduction

dI⃗

dτc
= K(I⃗ − S⃗) (1)

ηI = 1 +
η0
2

{
φ0sin

2θ +
1

2
[φ+1 + φ−1](1 + cos2θ)

}

ηQ =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θcos2φ
}

ηU =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θsin2φ
}

ηV =
η0
2
[φ−1 − φ+1]cosθ

ρQ =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θcos2φ
}

ρU =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θsin2φ
}

ρV =
η0
2
[ψ−1 − ψ+1]cosθ

K =

⎛

⎜⎜⎝

ηI ηQ ηU ηV
ηQ ηI ρV −ρU
ηU −ρV ηI ρQ
ηV ρU −ρQ ηI

⎞

⎟⎟⎠

1

Polarized case:



Dispersion Profiles

Problem Set
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March 1, 2016

1 Introduction

dI⃗

dτc
= K(I⃗ − S⃗) (1)

N(λ) =
N

π∆λD
e−(∆λ2/∆λ2

D) (2)

vD =

√
2kT

m
+ ξ2mic =

∆λDc

λ0
(3)

u =
λ− λ0
∆λD

(4)

φ(u0, a) =
1

π

a

u20 + a2
(5)

φ(u0, a) =
1√
π
H(u0, a) =

a

π
√
π

∫ +∞

−∞
e−y2 1

(u− y)2 + a2
dy (6)

ψ(u0, a) =
1√
π
F (u0, a) =

1

π
√
π

∫ +∞

−∞
e−y2 u− y

(u− y)2 + a2
dy (7)

φ =
1√
π
H(u0 + uB , a) (8)

φ =
1√
π
H(u0 + uB − uLOS, a) (9)

1

Absorption Profiles

Problem Set

Rebecca Centeno

February 16, 2016

1 Introduction

dI⃗

dτc
= K(I⃗ − S⃗) (1)

N(λ) =
N

π∆λD
e−(∆λ2/∆λ2

D) (2)

vD =

√
2kT

m
+ ξ2mic =

∆λDc

λ0
(3)

u =
λ− λ0
∆λD

(4)

φ(u0, a) =
1

π

a

u20 + a2
(5)

φ(u0, a) =
1√
π
H(u0, a) =

a

π
√
π

∫ +∞

−∞
e−y2 1

(u− y)2 + a2
dy (6)

1

The absorption profiles are Voigt functions:

The dispersion profiles are Faraday-Voigt functions:



Problem Set
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1 Introduction

dI⃗

dτc
= K(I⃗ − S⃗) (1)

ηI = 1 +
η0
2

{
φ0sin

2θ +
1

2
[φ+1 + φ−1](1 + cos2θ)

}

ηQ =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θcos2φ
}

ηU =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θsin2φ
}

ηV =
η0
2
[φ−1 − φ+1]cosθ

ρQ =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θcos2φ
}

ρU =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θsin2φ
}

ρV =
η0
2
[ψ−1 − ψ+1]cosθ

K =

⎛

⎜⎜⎝

ηI ηQ ηU ηV
ηQ ηI ρV −ρU
ηU −ρV ηI ρQ
ηV ρU −ρQ ηI

⎞

⎟⎟⎠

1
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1 Introduction

dI⃗

dτc
= K(I⃗ − S⃗) (1)

ηI = 1 +
η0
2

{
φ0sin

2θ +
1

2
[φ+1 + φ−1](1 + cos2θ)

}

ηQ =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θcos2φ
}

ηU =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θsin2φ
}

ηV =
η0
2
[φ−1 − φ+1]cosθ

ρQ =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θcos2φ
}

ρU =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θsin2φ
}

ρV =
η0
2
[ψ−1 − ψ+1]cosθ

K =

⎛

⎜⎜⎝

ηI ηQ ηU ηV
ηQ ηI ρV −ρU
ηU −ρV ηI ρQ
ηV ρU −ρQ ηI

⎞

⎟⎟⎠

1

Radiative transfer equation
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1 Introduction

dI⃗

dτc
= K(I⃗ − S⃗) (1)

ηI = 1 +
η0
2

{
φ0sin

2θ +
1

2
[φ+1 + φ−1](1 + cos2θ)

}

ηQ =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θcos2φ
}

ηU =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θsin2φ
}

ηV =
η0
2
[φ−1 − φ+1]cosθ

ρQ =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θcos2φ
}

ρU =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θsin2φ
}

ρV =
η0
2
[ψ−1 − ψ+1]cosθ

K =

⎛

⎜⎜⎝

ηI ηQ ηU ηV
ηQ ηI ρV −ρU
ηU −ρV ηI ρQ
ηV ρU −ρQ ηI

⎞

⎟⎟⎠

φα =
1√
π

∑

i

Sα,iH(u0 + uB,α,i − uLOS , a) (2)

ψα =
1√
π

∑

i

Sα,iF (u0 + uB,α,i − uLOS , a) (3)

1
α = ∆m = 0, ± 1!
i = 1 … Zeeman components!
Sα,i ≡ weights

u0 ≡ rest wavelength!
uB,α,i ≡ magnetic splitting!
uLOS ≡ LOS bulk velocity!
(in units of the Doppler broadening, ∆λD)

Problem Set
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1 Introduction

dI⃗

dτc
= K(I⃗ − S⃗) (1)

ηI = 1 +
η0
2
{φ0sin2θ +

1

2
[φ+1 + φ−1](1 + cos2θ)}

ηQ =
η0
2
{φ0 −

1

2
[φ+1 + φ−1]sin

2θcos2φ}

ηU =
η0
2
{φ0 −

1

2
[φ+1 + φ−1]sin

2θsin2φ}

ηV =
η0
2
[φ−1 − φ+1]cosθ

ρQ =
η0
2
{ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θcos2φ}

ρU =
η0
2
{ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θsin2φ}

ρV =
η0
2
[ψ−1 − ψ+1]cosθ

1

The elements of the propagation matrix:



Dependencies

The optical depth scale, τc, depends on the continuum absorption coefficient, χcont, !
so also depends on the properties of the medium. 

Thermodynamics plays a role in χcont, η0, Bν(T), ∆λD  and the damping parameter, a.  

The propagation matrix, K, and the source function, S, carry information about the !
thermodynamic, dynamic, magnetic, atomic and geometric properties of the medium. 

→

Doppler shifts, through uLOS, are due to macroscopic motions of the plasma.

Atomic parameters (oscillator strength and quantum numbers), enter: η0, φα, ψα. 

The Zeeman splitting depends on the field strength.

The elements of the propagation matrix depend on the relative geometry of the !
LOS with the magnetic field vector (θ and φ).



Fe I @ 6302.5 Å line

                              Spectral     !!    Angular     !  ! Lande!
! ! ! !     term     ! !  momentum  ! ! factor!
!
Upper Level             5D0             ! ! J=0   !       !!     0!
Lower Level             5P1              ! ! J=1! ! ! !   2.487

Simple triplet!!
!

Effective Lande factor: 2.487

ju = 0

jl = 1

σBπσR
B

m = +1!
m = 0!
m = -1

m = 0

∆λB = (ml gl - mu gu) λB  



Intensity profiles

Doppler shift

B = 0 G!
v = -2, -1, 0, 0.5, 1, 2, 7 km/s

λB = 4.67 x 10-13 λ02 B

B = 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5 kG!
v = 0 km/s

Magnetic field strength

∆λ/λ = v/c



Polarization profiles:
ju

jl
σBπσR

B

Linear polarization - transverse field!
Circular polarization - longitudinal field

B

Stokes V

LOS ∣∣ magnetic field:!
    The π-component is seen head on.!
    Only σ-components: Stokes V

ηI = 1 +
η0
2

{
φ0sin

2θ +
1

2
[φ+1 + φ−1](1 + cos2θ)

}

ηQ =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θcos2φ
}

ηU =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θsin2φ
}

ηV =
η0
2
[φ−1 − φ+1]cosθ

ρQ =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θcos2φ
}

ρU =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θsin2φ
}

ρV =
η0
2
[ψ−1 − ψ+1]cosθ

K =

⎛

⎜⎜⎝

ηI ηQ ηU ηV
ηQ ηI ρV −ρU
ηU −ρV ηI ρQ
ηV ρU −ρQ ηI

⎞

⎟⎟⎠

K =

⎛

⎜⎜⎝

ηI 0 0 0
0 ηI 0 0
0 0 ηI 0
0 0 0 ηI

⎞

⎟⎟⎠+

⎛

⎜⎜⎝

0 ηQ ηU ηV
ηQ 0 0 0
ηU 0 0 0
ηV 0 0 0

⎞

⎟⎟⎠+

⎛

⎜⎜⎝

0 0 0 0
0 0 ρV −ρU
0 −ρV 0 ρQ
0 ρU −ρQ 0

⎞

⎟⎟⎠

η2I ≥ η2Q + η2U + η2V (7)

Radiative transfer eq for non-polarized ligth!

dI

dz
= −kI + j (8)

dI

dτ
= −I + S (9)

φα =
1√
π

∑

i

Sα,iH(u0 + uB,α,i − uLOS , a) (10)

ψα =
1√
π

∑

i

Sα,iF (u0 + uB,α,i − uLOS , a) (11)

2

Stokes Q

LOS ⊥ to magnetic field:!
    Projection of σ-components = line.!
    Only linearly polarized components: !
        Stokes Q or UηI = 1 +
η0
2

{
φ0sin

2θ +
1

2
[φ+1 + φ−1](1 + cos2θ)

}

ηQ =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θcos2φ
}

ηU =
η0
2

{
φ0 −

1

2
[φ+1 + φ−1]sin

2θsin2φ
}

ηV =
η0
2
[φ−1 − φ+1]cosθ

ρQ =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θcos2φ
}

ρU =
η0
2

{
ψ0 −

1

2
[ψ+1 + ψ−1]sin

2θsin2φ
}

ρV =
η0
2
[ψ−1 − ψ+1]cosθ

K =

⎛

⎜⎜⎝

ηI ηQ ηU ηV
ηQ ηI ρV −ρU
ηU −ρV ηI ρQ
ηV ρU −ρQ ηI

⎞

⎟⎟⎠

K =

⎛

⎜⎜⎝

ηI 0 0 0
0 ηI 0 0
0 0 ηI 0
0 0 0 ηI

⎞

⎟⎟⎠+

⎛

⎜⎜⎝

0 ηQ ηU ηV
ηQ 0 0 0
ηU 0 0 0
ηV 0 0 0

⎞

⎟⎟⎠+

⎛

⎜⎜⎝

0 0 0 0
0 0 ρV −ρU
0 −ρV 0 ρQ
0 ρU −ρQ 0

⎞

⎟⎟⎠

η2I ≥ η2Q + η2U + η2V (7)

Radiative transfer eq for non-polarized ligth!

dI

dz
= −kI + j (8)

dI

dτ
= −I + S (9)

φα =
1√
π

∑

i

Sα,iH(u0 + uB,α,i − uLOS , a) (10)

ψα =
1√
π

∑

i

Sα,iF (u0 + uB,α,i − uLOS , a) (11)

2



Magnetic field strength

Inclination angle: θ = 0 (magnetic field ∣∣ LOS)!
Magnetic field strength, B = 0, 500, 1000,… 3500 gauss

Zero-crossing

Saturation



Magnetic field inclination
Inclination angle: θ = 0, 15, 30, … 90 degrees !
Magnetic field strength, B = 2500 gauss!
Azimuth angle: φ= 22.5 degrees



Stokes I Stokes Q Stokes U Stokes V

Zeeman!
splitting

SP/Hinode

What the data look like



Next time

✤ Symmetry properties of the Stokes profiles!
✤ Net Circular Polarization!

!
✤ Longitudinal magnetograms!
!

✤ Quiet Sun magnetic fields!
✤ Unsigned magnetic flux density!
✤ Effects of spatial resolution!

!
✤ Shortcomings of the Zeeman effect!
!
✤ Scattering polarization and the Hanle effect!

✤ Second solar spectrum


