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Testing Star Formation Theory

• Two (extreme case) models:
1. compressible turbulence (with negligible

magnetic fields)
- turbulence forms dense clumps, some of which are

self-gravitating and collapse
2. magnetic support and ambipolar diffusion

(with turbulence having only an insignificant
role)
- magnetic field only frozen into ions, not neutrals,

which contract under gravity
• Observations of magnetic fields in molecular

clouds can distinguish between these models



Magnetic Field Morphology
ambipolar diffusion

Fiedler and Mouschovias (1993)

• field lines smooth

• field lines minor axis

• hourglass morphology

Padoan et al. (2001)

• field lines more chaotic

turbulence



Mass-to-Flux Ratio: M/
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Observational Techniques

1. Zeeman effect

2. Polarization of emission from paramagnetic
grains

3. Linear polarization of spectral lines (Goldreich-
Kylafis effect)



Zeeman Effect

V = LR (dI/d)(Zcos) 
line of sight B

Z = B Z, Z 1 – 2 Hz/ G, (ZH I = 1.4 Hz/G)

Requires species with unpaired electron: H I, OH, CN, …

Q or U (d2I/d2)(Zsin)2 
plane of sky B (not really)

Q or U (Z/linewidth)2



linear polarization B
 morphology of Bpos

gives field direction in strongest clump along line of sight

indirect estimate of field strength
(Chandrasekhar & Fermi 1953)

V B/(4)1/2, B/Bo

Bo 0.5(4)1/2 Vlos /

Dust Grain Polarization

Ostriker et al. (2001); Heitsch et al. (2001); Padoan et al. (2001)







“Riegel-Crutcher” H I Self-Absorption Cloud

Riegel & Crutcher (1972)

345< ℓ< 25, -10< b < +10

TK 20 - 40 K

d 125 25 pc



“Riegel-Crutcher” Cloud Filaments

McClure-Griffiths et al (2006)

Filaments properties:

17 pc by < 0.1 pc

T 40 K

magnetically dominated

 B > 30 G

X

W 22

ℓ= 353, b = +1



Zeeman Results toward W22

Kazes & Crutcher (1986)

Blos = -18 1 G



Taurus CO & Magnetic Field

Goldsmith et al (2008)



Taurus “Threads”

Goldsmith et al (2008)



CNM
component
(1 of 6)

I opacity profile

Blos = 11 3.1 G

V opacity
profile dI/dv Blos = 5.6 1.0 G

3C 138

Diffuse Cloud (H I Zeeman)

Arecibo “Millennium” Survey

Heiles & Troland 2005



L183 Starless Core
Crutcher et al. (1993)

Blos < 16 G

Crutcher et al. (2003)

Bpos80 G

n(H2) 3 105, N(H2) 3 1022n(H2) 1 103, N(H2) 3 1021



L1544 Starless Core

n(H2) 1 104, N(H2) 9 1021,
Blos = 11 µG

Crutcher & Troland (2000)

n(H2) 5 105 cm-3, N(H2) 4 1022,
13, Bpos 140 G

Crutcher et al. (2004)



L183 & L1498 Starless Cores

13

Crutcher et al. (2004) Kirk & Crutcher (2005)

L183 L1498

40



NGC1333 IRAS4 (BIMA 230 GHz)
Girart et al. (1999)

Bpos > 1 mG



NGC1333 IRAS4 (SMA 345 GHz)

Girart, Rao, and Marrone (2006)



NGC 2024 (Orion B) Magnetic Field Maps

Crutcher et al. (1999)



CN 1-0 (113 GHz) Zeeman (IRAM 30-m)

BLOS = 0.36 0.08 mG

Crutcher et al. 1999



Major Zeeman Data Sets

Blos detections/total

Arecibo H I quasar abs. 20/67
Heiles & Troland 2005

GB OH dark clouds 2/12
Crutcher et al. 1993

Arecibo OH dark clouds 17/48
Troland & Crutcher 2008

VLA H I & OH mapping 5/5
various; see Crutcher 1999

IRAM CN 9/15
Crutcher et al 1996, 1999; Falgarone et al. 2008

Bonn excited OH 1/1
Guesten et al. 1994



Results for Field Strength



Results for Field Strength



Probability Density Function of Btotal

Heiles & Crutcher 2005



Probability Density Function of BLOS

Heiles & Crutcher 2005



Super-Alfvenic Simulation
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Lazarian & Goncalves 2007



Bayesian Analysis of H I & OH Zeeman

H I

Unique : Uniform = 1 : 1.5 Unique : Simulation : Uniform = 1 : 1,000 : 10,000

OH



Results for Field Strength



Results for Field Strength



Results for Diffuse and Molecular Clouds

H I Clouds OH Clouds CN Clouds

T(K) 50 10 50

NH (cm-3) 11020 81021 91022

nH (cm-3) 54 3.6103 3105

thickness (pc) 0.6 0.7 0.1

σNT (km/s) 1.2 0.37 1.2

Btotal,1/2 (G) 6.0 14 280

Msonic 5.0 3.4 5.0

MAlfvenic 1.4 1.5 2.2

M/(wrt critical) 0.06 2.2 1.2



Results for Mass/Flux
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Mass-to-Flux Ratio: M/

M/has a correction
~2 for column density
N if clouds are disks;
this will decrease M/

Multiple clumps will lead
to larger measured M/if
they combine



A Definirive Test of Ambipolar Diffusion

M/

Vazquez-Semadeni, Dib & Kim 2005, 2006
Ciolek & Mouschovias 1994



The Future

Measure differential M/between core and envelope:
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core line los core

envelope line los envelope

M T V B
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L1448 (OH Zeeman)

Blos = 28 6 µGBlos = 25 5 µG

Troland & Crutcher 2007



L1448-CO




