
Zeeman Effect

… the split of a spectral line into 
several components in the presence of 
a magnetic field. It is analogous to the 
Stark effect, the splitting of a spectral 
line into several components in the 
presence of an electric field. 
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𝐹: coupling of net orbital angular 

momentum and the net nuclear spin



Zeeman splitting was first detected in 21-cm absorption 
(Verschuur 1969); later seen in emission, too (Heiles 1982)

… also has been observed in OH 18 cm and 6 cm H2CO 6 cm lines
 to derive 𝐵 and  𝑛 (𝐻𝐼)

𝐵 ∝ 𝑛𝛼 for H I clouds, 𝛼~ Τ2 3 to Τ1 3
(the denser the cloud, the stronger the magnetic field) 4



Note: For an isotropically contracting cloud with a “frozen-in” 

magnetic field, 𝐵 ∝ Τ1 𝑅2, and because 𝜌 ∝ Τ1 𝑅3 ⟹ 𝐵 ∝ 𝑛𝐻
Τ2 3

Mouschovias (1983) Adv. Space Res. 2, 71Chap 9 Zeeman 5

Magnetic field does not 

intensify as the density 

increases, as the frozen-in 

assumption predicts 

--- there is “flux leakage”
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Troland & Heiles (1986) ApJ, 301, 339
Chap 9 Zeeman 7



Crutcher 1999, ApJ, 520, 706

Slope =0.47 +/- 0.08
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Figure 1: Optical image of the spiral galaxy M 51 obtained 

with the Hubble Space Telescope (from Hubble Heritage), 

overlaid by contours of the total radio intensity and 

polarization vectors at 6cm wavelength, combined from radio 

observations with the Effelsberg and VLA radio telescopes 

(from Fletcher and Beck, in prep.). The magnetic field follows 

well the optical spiral structure, but the regions between the 

spiral arms also contain strong and ordered fields. The bar in 

the top right corner indicates a scale of 1 arcminute or about 

9000 light years (about 3 kiloparsecs) at the distance of the 

galaxy. Copyright: MPIfR Bonn

http://www.scholarpedia.org/article/Galactic_magnetic_fields

Magnetic field strengths in galaxies determined by intensity of 
synchrotron emission, assuming equi-partion between magnetic 
field and cosmic rays.

9

http://www.scholarpedia.org/w/images/f/f0/M51.jpg
http://www.scholarpedia.org/w/images/f/f0/M51.jpg


Polarized Starlight

Magnetic field in the ISM first discerned by linearly polarized 
starlight (~1%) (Hiltner 1949 and Hall 1949)

It is thought that the partial polarization of starlight is produced 
by elongated dust grains aligned by magnetic fields in the ISM 
(see a review by Lazarian astro-ph 0003314 “Physics of Grain 

Alignment”)
B

Thermalized grains 
preferentially spin with the 
minor axes // B direction

Unpolarized starlight

Polarized starlight observed
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Observations in OIR

Observations in FIR to mm

Scattering by dust Dichroic extinction by aligned dust

Polarized thermal emission by 
dust aligned by B

Courtesy: Tamura 

Stahler & Pallo 2004

A thermalized ISM 
elongated grain tends 
to spin along its 
minor axis: 𝜔 ⟶ B

𝑩

Davis-Greenstein
alignment mechanism
--- paramagnetic 
dissipation

http://bgandersson.net/grain-alignment

𝜔
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../../ISM/DavisGreenstein1951ApJ114-206 polarization of starlight.pdf
http://bgandersson.net/grain-alignment


Organized magnetic field 
morphology in the Taurus 
dark-cloud complex 
superposed on a 13CO map 
(Chapman et al. 2011).  Blue
lines show polarization 
measured at optical 
wavelengths and red lines 
show near-IR (H-band and I-
band) polarization.
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Dichroic extinction by dust
(optical and near-IR)   

𝑷 ∥ 𝑩
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Thermal emission 
by dust (far-IR, 
and smm)  

𝑷 ⊥ 𝑩

Houde et al. (2002)

Chap 9 Zeeman



Pulsar Dispersion

Shape of the same pulse varies with freq.
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Every pulsar is different.
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Pulses propagate at the group velocity, which is frequency 
dependent.
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𝑑𝑠
observer

pulsar

𝑳

Pulse traveling time =

Traveling time  frequency

Signal arrives earlier at a higher 

frequency.

Dispersion Measure

(DM) [cm−3 pc]; 

typical DM = 10 − 200 19



This gives DM  𝑛𝑒 along the line of sight

λ2 ~ 1/ν2

Δτ

Slope ~ DM

Observed 𝑛𝑒 ~ 0.03 to 0.08 cm−3

Alternatively, one can assume 
𝑛𝑒 and estimate the distance.

In fact, 𝑛𝑒 varies along the line of sight  scintillation 
(terrestrial 1”, ISM 1 mas)

in MHz
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http://www.jb.man.ac.uk/~pulsar/l

|𝑏| < 2 2-5 5-10 10-30 30-90

DM 142 60 59 37 13

Dispersion measure of the ISM from observations of 60 
pulsars for various intervals of Galactic latitude 𝑏 (from 
Scheffler & Elsässer 1987 based on Pottasch 1974)
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Faraday Rotation/Effect

What if there is magnetic field?

The effect in which the plane of polarization of an EM wave 
rotates under the influence of a magnetic field parallel to the 
direction of propagation

𝐵 different 𝑛𝑟 different phase velocities (circular 
birefringence) for 2 opposite circular polarizations (linear 
polarization with a specific position angle)  PA rotates

In ISM, ω (~108 Hz) >> ωp (~104 Hz) >> ωB (~10 Hz) 23



Faraday Rotation --- rotation of the plane of polarization when light 
passes through a magnetic field 

Circularly polarized light  E field rotates  force on the charged 
particles to make circular motion  creating its own B field, either 
parallel or in opposite direction to the external field  phase difference
 Change of position angle of the linear polarization

Faraday rotation angle β = 𝑅𝑀 𝜆2

where the rotation measure (RM) is

RM =
𝑒3

2𝜋𝑚2𝑐4
න

0

𝑑

𝑛𝑒 𝑠 𝐵∥ 𝑠 d𝑠

24



original change
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RM =

Rotation Measure

𝑑𝑠 [pc]; 𝑛𝑒 [cm−3]; 𝐵 [Gauss]; 𝜆 [m]; φ[radian] 

Note:  
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λ2 ~ 1/ν2

Slope ~ RM

φ

B

pol

Radio source with linear 
polarization, e.g., pulsars

Different PA at 
different wavelengths

For polarized pulsars for which DMs are known

For galaxies, guess 𝑛𝑒 and get 𝐵

e.g., 𝐵(Vela) ~ 0.8 𝜇G
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http://ned.ipac.caltech.edu/level5/Sept10/Kronberg/Figures/figure3.jpg

Figure 3. A smoothed representation of 2257 Faraday rotation measures in Galactic 

coordinates with the Galactic center at (0,0). (Kronberg & Newton-McGee, [3]). Blue 

and red circles represent positive and negative RM's respectively, and the circle size is 

proportional to RM strength.
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Plot of 37,543 RM values over the sky north of δ = –40°. 
Red circles are positive rotation measure and blue circles are negative. 
The size of each circle scales linearly with magnitude of rotation 
measure. (Taylor et al. 2009 ApJ, 702, 1230)
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Note:
The Crab pulsar (PSR 0531+21) has been measured to have 
𝐷𝑀 = 56.791 cm−3 pc, and 𝑅𝑀 = −42.3 m−2 rad
mean longitudinal field of 0.92 micro-gauss (Manchester, Nat, 1971).



31http://www.scholarpedia.org/article/Galactic_magnetic_fields#The_Origin_of_Galactic_Magnetic_Fields

Rainer Beck (2007) Scholarpedia, 2, 2411

Milky Way (and galaxies) 

 Primordial (seed) weak field (origin unknown) could not last  
dynamo

a strong field

 Dynamo needs turbulence and differential rotation 
(alpha-Omega dynamo)

 Spherical objects (stars/planets)  double torus near 
equator with a reversal

 Flat objects (galactic disks)  single torus of spiral shape 
with no reversal

http://www.scholarpedia.org/article/Galactic_magnetic_fields#The_Origin_of_Galactic_Magnetic_Fields

