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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)
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Stokes Parameters:
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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
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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
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ju

jl

∆λB = (ml gl - mu gu) λB  where:

B (gauss), λ0  and λB (angstroms)

λB = 4.67 x 10-13 λ02 B

Zeeman Effect

B

σBπσR

m = +1
m = 0
m = -1

m = 0J                   (2J+1)

π ≡ ∆m = 0 linearly polarized light ∣∣ B

σR ≡ ∆m = +1 right-handed circularly polarized light

σB ≡ ∆m = -1 left-handed circularly polarized light
B
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Zeeman Effect

The polarization signals due to the Zeeman effect only 
arise because of the wavelength shift between the pi and sigma

components of the spectral line.

If there is no magnetic field, there is no polarization.
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Shortcomings of the Zeeman Effect

The Zeeman Effect polarization signals cancel out when tangled magnetic fields are 
present at sub-pixel spatial scales.

+ = 0

Very weak magnetic fields do not produce measurable polarization signals (when 
the Zeeman splitting is much smaller than the width of the spectral line).

vmac ↑↑ 

B = 100 G, θ = 0 deg 
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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
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84 JAVIER TRUJILLO BUENO

Fig. 4. Anisotropic illumination of the outer layers of a stellar atmosphere, indicating that the
outgoing continuum radiation (which shows limb darkening) is predominantly vertical while the
incoming radiation (which shows limb brightening) is predominantly horizontal . The figure also
illustrates the type of anisotropic illumination experienced by atoms situated at a given height
above the visible ‘surface’ of the star, including the polarization analysis of the scattered beam
at 90◦. The ‘degree of anisotropy’ of the incident radiation field is quantified by A = J2

0
/J0

0
,

where J0
0

is the familiar mean intensity and J2
0
≈

∮
dΩ⃗

4π
1

2
√

2
(3µ2 − 1)I

ν,Ω⃗
(with I

ν,Ω⃗
the Stokes-I

parameter as a function of frequency ν and direction Ω⃗, while µ = cos θ, with θ the polar angle
with respect to the Z-axis). The possible values of the ‘anisotropy factor’ W =

√
2 A vary between

W = −1/2, for the limiting case of illumination by a purely horizontal radiation field without
any azimuthal dependence (case b of Fig. 3), and W = 1 for purely vertical illumination (case
a of Fig. 3). It is important to point out that the larger the ‘anisotropy factor’ the larger the
fractional atomic polarization that can be induced, and the larger the amplitude of the emergent
linear polarization. We choose the positive direction for the Stokes-Q parameter along the X-axis,
i.e. along the perpendicular direction to the stellar radius vector through the observed point. The
inset shows the wavelength dependence of the anisotropy factor corresponding to the center to limb
variation of the observed solar continuum radiation. Note that in this case the maximum anisotropy
factor occurs around 2800 Å, i.e., very near the central wavelength of the k line of Mg ii, whose
polarization may contain valuable information on the magnetic fields of the transition region from
the chromosphere to the 106 K solar coronal plasma.

In order to clarify that, depending on the scattering geometry, the Hanle effect can
either destroy or create linear polarization in spectral lines, let us consider scattering
processes in a Jl = 0→Ju = 1 line transition for the following two geometries: 90◦

scattering and forward scattering.

5.1. 90◦ scattering

Figure 5 illustrates the 90◦ scattering case, in the absence and in the presence of a
magnetic field. For this geometry the largest polarization amplitude occurs for the
zero field reference case, with the direction of the linear polarization as indicated in
the top panel (i.e, perpendicular to the scattering plane).

(from Trujillo Bueno 2006)

Optical Pumping

Chromosphere:
✤ non-frequent collisions
✤ anisotropic illumination:  

center-to-limb variation
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Stokes Q

Stokes U

B ≠ 0 and inclined with 
respect to the axis of 
symmetry of the radiation 
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The Hanle Effect can be sensitive to very weak magnetic fields, depending
on the spectral line (from milligauss to hectogauss).

THE PHYSICS OF SPECTRAL LINE POLARIZATION 83

Fig. 3. Illustration of the atomic polarization that is induced in the lower level of a two-level
atom (with Jl = 1 and Ju = 0) by two types of anisotropic illuminations (a and b). The incident
radiation field is assumed to be unpolarized and with axial symmetry around the vertical direction,
which is our choice here for the quantization axis of total angular momentum. In both cases, an
excess population tends to build up in the weakly absorbing sublevels. Note that the alignment
coefficient of the lower level (i.e. ρ2

0
= (N1 − 2N0 + N−1)/

√
6, Ni being the populations of the

magnetic sublevels) is negative in case (a) (where the incident beam is parallel to the quantization
axis), but positive in case (b) (where the incident beams are perpendicular to the quantization
axis).

magnetic field inclined with respect to the symmetry axis of the pumping radiation
field. The basic formula to estimate the magnetic field intensity, BH (measured in
gauss), sufficient to produce a sizable change in the atomic level polarization results
from equating the Zeeman splitting with the natural width (or inverse lifetime) of
the energy level under consideration:

BH = 1.137×10−7/(tlife gJ) , (4)

where gJ and tlife are, respectively, the Landé factor and the level’s lifetime (in
seconds), which can be either the upper or the lower level of the chosen spectral
line. This formula provides a reliable estimation only when radiative transitions
dominate completely the atomic excitation. If elastic and/or inelastic collisions are
also efficient, then the critical field increases, since it turns out to be approximately
given by (Trujillo Bueno, 2003a)

B ≈
1 + δ(1 − ϵ)

1 − ϵ
BH , (5)

where δ = D/Aul quantifies the rate of elastic (depolarizing) collisions in units of
the Einstein Aul-coefficient, and ϵ = Cul/(Cul + Aul) is the probability that a de-
excitation event is caused by collisions (with Cul the rate of inelastic collisional
transitions between the upper level “u” and the lower level “l”). The application
of this basic equation to the upper and lower levels of typical spectral lines shows
that the Hanle effect may allow us to diagnose solar and stellar magnetic fields
having intensities between at least one milligauss and a few hundred gauss, i.e., in
a parameter domain that is very hard to study via the Zeeman effect alone.

It is also sensitive to tangled magnetic fields at sub-pixel scales, so it doesn’t 
cancel out as the Zeeman polarization signals would.

It has to be treated within the framework of the quantum theory of 
polarization.

Hanle techniques suffer from a saturation effect, so there is an upper limit for 
the magnetic field strength sensitivity.

Atomic polarization and the Hanle Effect
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Zeeman vs. Hanle
Zeeman Effect Scatt. polarization

Hanle Effect

Small-scale
mixed polarities

Weak fields

Strong fields

Ambiguities

Computationally/
Conceptually

Prevalent in Photosphere &
Chromosphere

Chromosphere
& Corona
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How do we use this knowledge to extract 
information about the magnetic field?
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Spectral Line Inversions

ATMOSPHERIC
MODEL

OBSERVATIONSradiation
output

compare

fee
db

ac
k

Solve Transfer Eqs 

feedback

Forward modeling
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Forward modeling approaches

RADIATIVE
TRANSFER

ATMOSPHERIC
MODEL

radiation
output

solve

Milne-Eddington:
Constant semi-infinite atmosphere
Linear source function
Zeeman polarization
No gradients/line asymmetries 
No thermodynamical variables

Forward modeling
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Forward modeling approaches

RADIATIVE
TRANSFER

ATMOSPHERIC
MODEL

atomic
populations

radiation
output

solve

LTE:
Stratified atmosphere/line asymmetries
Thermodynamical variables (T, P, ρ…)

Zeeman polarization 

Forward modeling
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Forward modeling approaches

RADIATIVE
TRANSFER

ATMOSPHERIC
MODEL

STATISTICAL
EQUILIBRIUM

atomic
populations

radiation
output

solve

solve
General non-LTE 

Problem:

Forward modeling



Rebecca Centeno                                          DKIST Workshop DC                                             January 8, 2018

Spectral Line Inversions
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Blind trial and error?!?!

Let’s assume we know how to solve the RTE.

Inversion Methods

Bayesian approaches
Least squares fitting: 

Levenberg Marquardt

Genetic algorithms: 
Pikaia

Pattern recognition techniques: 
Principal Component Analysis
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Inversions: Levenberg-Marquardt Techniques

white = observations                 red = synthetic fit

Stokes I Stokes Q

Stokes U Stokes V
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Photosphere Chromosphere

Computationally/
Conceptually

Magnetic fields Stronger Weaker

Scattering No Yes

Regime LTE non-LTE, PRD, 3D RT…

Polarization Zeeman Zeeman/Hanle
Scattering polariz.

Polarization signals

Acceptable/Easy Expensive/Complex

Spectral Lines Many (optical/IR spectrum) Few (optical/IR spectrum)

Inversions Milne-Eddington,
LTE

Milne-Eddington,
slab, non-LTE

10-1 - 10-3  Icont 10-3 - 10-5  Icont 
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Spectral Diagnostics: Photosphere

∆λB = (ml gl - mu gu) λB  where:

B (gauss), λ0  and λB (angstroms)

λB = 4.67 x 10-13 λ02 B

Zeeman splitting:

Some typical magnetically sensitive photospheric diagnostics

Fe I 5247, 5250 Å (line ratio techniques, Sunrise IMaX)
Fe I 6301.5 , 6302.5 Å  (Hinode spectropolarimeter)
Fe I 6173 Å (SDO / HMI)
Fe I 15648, 15650 Å (IR, large Lande factor == high magnetic sensitivity)
Si I 10827 Å (next to He I 10830 Å)
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Spectral Diagnostics: Chromosphere

From de la Cruz Rodriguez & van Noort, 2017, figure from M. Carlsson

Most common diagnostics in the visible and IR: 
✤ Ca II H & K, Ca II IR triplet (~8500 Å), 
✤ H-alpha (6563 Å)
✤ He I D3 (5876 Å) and He I 10830 Å

He I 10830
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Non-LTE Forward modeling: 
Hanle-RT (Roberto Casini, HAO) 
RH (Han Uitenbroek, NSO)

Milne-Eddington:
VFISV / HMI code (Juanma Borrero, KIS) 
MERLIN / Hinode (José García, Bruce Lites, HAO)
MILOS (David Orozco Suárez, IAA)

LTE codes (1D):
SIR (Basilio Ruiz Cobo, IAC): https://github.com/BasilioRuiz/SIR-code 
HELIX (Andreas Lagg, MPS)

Constant slab model, optical pumping, atomic level polarization, Zeeman+Hanle
HAZEL (Andrés Asensio Ramos, IAC): https://github.com/aasensio/hazel

 
Non-LTE (1D, no scattering polarization yet)

NICOLE (Héctor Socas-Navarro, IAC): https://github.com/hsocasnavarro/NICOLE
STIC (Jaime de la Cruz Rodríguez, Stockholm U.): in development

Inversion Codes
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