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Stokes V = RCP - LCP



The Zeeman Effect
• Reveals in situ B fields in neutral ISM.

• Splitting is much smaller than line width.
– Can probe only line-of-sight component of B.
– Get both field strength and direction.

• Complementary to Faraday rotation.
– RMs probe B in ionized magnetized plasma.

• Completely limited by sensitivity.



The Zeeman Effect

Stokes I

Stokes V = RCP - LCP

21-cm Line

Troland & Heiles (1982)



Green et al. (2012)

OH masers are so narrow, they can be fully split 
and yield total B field.

The Zeeman Effect



Cosmic Magnetism is not a key science working group for ngVLA, but…



Splitting coefficients
measured in lab or 
calculated quantum 
mechanically.

Free radicals with
an unpaired
electron in outer
shell give largest
Zeeman splitting.

• 4 GHz OH
• 22 GHz H2O
• 12.2, 36 & 44 

GHz Methanol 
Masers

Where’s ALMA?
Cycle 5, no full-Stokes.
Learn from this
when planning ngVLA.



HI & OH Absorption against 
Continuum Sources

LLNL

Cas A

Heiles & Troland (2004) 



NGC 1275



Diffuse 21-cm Emission



Diffuse 21-cm Emission

Instrumental 
polarization

a real concern 
for these measurements!



Riegel-Crutcher Cloud

McClure-Griffiths et al. (2006)

21-cm HI Self-Absorption

• Prediction: B > 30 µG.



JVLA Full Mueller A-Projection

15

Aperture Real Aperture Imag
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Velocity 
Gradient

…aligned with….

velocity

Stokes I

Stokes V

produces a Stokes V response
that has the exact signature of
Zeeman splitting! 

To estimate instrumental
contribution we need to know:
(1) Map of beam squint pattern.
(2) Stokes I spectral line cube

in vicinity of source.

+
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Mizugutch or
Mizuguchi or
Mizusawa
Condition
minimizes
beam squint.



There are 100+ Nα RRL transitions in ngVLA bands! 

• Diffuse Warm-Ionized Medium
• Photodissociation Regions



Molecular Clouds & Star-Forming Regions
in the Milky Way

• Extensive Zeeman work by Momjian, Sarma, 
Vlemmings, Surcis, Etoka, Crutcher, et al.
– Thermal OH in molecular clouds.

• Bourke et al. (2001) suggest single-dish detection rate is low 
due to fields being beam-averaged.

– ngVLA gives us resolution and sensitivity to investigate.

– SiO & H2O masers in AGB stars and supergiants
– Protoplanetary nebulae (Etoka & Diamond 2010)
– Methanol masers in massive SF regions

• CCS in young star-forming cores
• CN in disks and cores



Class I
Methanol Masers

at 36 & 44 GHz



Davies (1974) Reid & Silverstein (1990) Fish et al. (2003)

Brown et al. 
(2007)

van Eck et al. 
(2011)

Rotation Measures

OH Masers in the Milky Way



OH Masers As Tracers of Galactic Field

Han & Zhang 2007, A&A, 464, 609
137 maser regions

Need more data and better distances.



OH Masers in Nearby Galaxies
M31
Willett (2012) PhD work with VLA.
Found no OH masers to >10 mJy limit.



= Arp 220

OH Megamasers



Arp 220

Rovilos, Diamond,
Lonsdale2, & Smith

2003
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III Zw 35

Pihlström, Conway, 
Booth, Diamond, 

& Polatidis
2001
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Arp 220 III Zw 35

+3mG -3mG



+7.0mG-5.2mG



Megamasers
• All 77 OHMs in Arecibo sky have now been 

observed (McBride & Heiles 2013).
• Fields between 3 and 20 mG.
• 11 galaxies with Zeeman detections.

– Galaxies show multiple field components.
– Field reversals.

• ngVLA affords large sky coverage
• ngVLA allows search of H2O megamasers at 

22 GHz



Damped Ly-α Absorbers (DLAs)

Wolfe et al. (1985)



Characterizing Methanol as a Magnetic Field Tracer in Star 
Forming Regions (Lankhaar et al. 2016 and 2017 [submitted])

Allows for (re-)interpretation of current
and coming methanol maser 
polarization measurements

Quantum chemical calculations to
magnetic field characteristics of methanol

Zeeman parameters available for all 
torsion-rotation transitions

Non-linear effects could also arise in other molecules

—: Coudert 2015
—: Lankhaar 2016



Summary
• Advances in Zeeman effect driven by collecting area, 

frequency coverage, and clean instrumental 
polarization.

• Potential Zeeman targets for the ngVLA:
– HI & OH absorption in the Milky Way
– Diffuse 21-cm emission in the Milky Way
– Molecular clouds and star-forming regions
– OH masers tracing Galactic field structure
– OH masers in nearby galaxies
– OH megamasers in starburst galaxies
– Damped Ly-α absorbers (DLAs)





1-3	GHz 6-14	GHz 20-40	GHz 65-95	GHz 85-115	GHz



Don’t Let Stokes V Be the Garbage Dump

36
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JVLA holography revealed a 
rotation in addition to lateral 
shift in Stokes V beam. Ideas???


