
Testing  Star  Formation  theories—�
Zeeman  splitting  applied



Zeeman  splitting  –  An  Introduction
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Zeeman  What  ?
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SA  particle  with  angular  momentum  
essentially  is  like  a  magnet.

With  no  external  Gield,  any  
orientation  would  have  same  
energy.
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Zeeman  Splitting—How  it  works???
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h&p://www.tcd.ie/Physics/people/Peter.Gallagher/lectures/js_atomic/JS_atomic_lecture12.pdf

Photon  propagating  in  the  z  
direction  can  only  have  
polarization  in  the  x-‐y  plane.

Electric  dipole  
transitions   𝑥 ±𝑖𝑦 

à  We  can  measure  the  
Stokes’  V  spectrum

𝐵↓∥ 

𝐵↓⊥ 

Photons  will  be  circularly  
polarized  for  this  case.

©  Wikipedia

z

x

y

©  VLA



Zeeman  Splitting—Measurement
1.  In  the  ISM,  Zeeman  splitting   Δν↓𝑍   is  typically  much  smaller  
than  line  broadening  δν

FWHM  (δν)

𝜈↓0 + Δν↓𝑧 𝜈↓0 − Δν↓𝑧 𝜈↓0 

For  better  detectability,  we  need  to  choose  molecules  with  
larger  splitting  Δν↓𝑍   at  lower  central  frequency   𝜈↓0   (since  δν  is  
proportional  to  𝜈↓0 ).
Examples  :   𝜈↓0 <11.2𝐺𝐻𝑧  –  OH,  CH,   𝐶↓4 𝐻,   𝐶↓2 S



Zeeman  Splitting—Measurement
2.  Typically  we  can  measure   𝐵↓∥   by  using  Stokes’  V  parameter  
which  is  related  to  the  Girst  derivative  of  Stokes’  I.  (Technical  
details  omitted  as  it  will  probably  take  half  an  hour  to  
explain)
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Heiles&Crutcher  2005

Zeeman  Splitting  –  CasA

Stokes  I

Stokes  V
Solid:  Measured  Stokes’  V
Dotted:  Stokes’  I
Dashed:  First  derivative  of  Stokes  I

Dark:  Measured  Stokes  I
Light:  Fitting  components



Heiles&Crutcher  2005

Zeeman  Splitting  –  TauA

Stokes  I

Stokes  V
Solid:  Measured  Stokes’  V
Dotted:  Stokes’  I
Dashed:  First  derivative  of  Stokes  I

Dark:  Measured  Stokes  I
Light:  Fitting  components



Stack  it  up!

Heiles&Haverkorn  2012

Applying  the  method  to  different  clouds,  a  pattern  emerges…

Traced  with  CNTraced  with  OHTraced  with  H

B~const~6µG

What  d
oes  this

  say  ab
out  Sta

r  Form
ation?
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Star  Formation  Theories

Ambipolar
  DiffusionTurbulence



Star  Formation—Ambipolar  Diffusion
Gravity Magnetic  Tension Gas  Pressure

A  spherical  cloud  
compressed  by  gravity

Eventually  forms  a  magnetically  
supported  hourglass  shape



Star  Formation—Ambipolar  Diffusion
Within  the  hourglass  shape,  there  
is  relative  motion  between  the  
neutral  and  charged  particles.  

Neutral  particles  eventually  
get  dense  enough  for  onset  of  

gravitational  collapse.

Gravity

Magnetic  Tension

Gas  Pressure

Eventually  forms  a  magnetically  
supported  hourglass  shape



Star  Formation—Turbulence
Scattered  turbulent  compression  events  (e.g.  SN  driven)  might  at  some  point  
have  different  streams  converge  and  form  dense  Molecular  Clouds  that  

collapse.

  Projections  of  the  density  field  in  a  simulation  of  MC  formation  by  the  collision  of  
convergent  streams,  each  at  a  Mach  number  M  =  2.4.  

The  panels  illustrate  how  the  collision  first  forms  a  thin  sheet  that  then  fragments,  
becomes  turbulent,  and  thickens,  until  it  becomes  a  fully  three-‐dimensional  cloud.  

2Myr 4Myr 7.33Myr



B-‐ρ  Scaling  relation
Model Condition Scaling

Ambipolar  Diffusion Subcritical  phase  (envelope) 𝐵~𝑐𝑜𝑛𝑠𝑡
Ambipolar  Diffusion Supercritical  phase  (core) 𝐵∝𝜌↑0.5 

Turbulent Collapsing  core  with  no  signiGicant  
magnetic/kinetic  support 𝐵∝𝜌↑2/3 

Crutcher  1999

Troland&Heiles  1986

B~constant!

𝐵∝𝜌↑0.5 

Ambipolar  Diffusion  Wins???



B-‐ρ  Scaling  relation

Heiles&Haverkorn  2012

Traced  with  CNTraced  with  OHTraced  with  H

B~const

??????????????????????

What  happened  here!?

No  com
ments  a

bout  th
is  in  pa

per…



Which  is  dominant  in  the  CNM?
Magnetic  
Energy

Turbulent
Energy

Thermal  
Energy

Quantities Energy  
density

Thermal T=50K nkT
Turbulent Δv↓turb =1.2km∕𝑠  ρΔv↓turb↑2 
Magnetic 𝐵↓tot =6µμG 𝐵↑2 ∕8 𝜋

Thermal

Magnetic  
Energy Magnetic  

Energy

Turbulent
Energy

≈0.29
≈1.3

Close  to
  Equipa

rtition!




Equipartition…  is  it  expected?

Both  theories  can  explain  the  result!

Ambipolar  Diffusion：

Ambipolar  diffusion  is  a  model  with  slow  steady  evolution  (until  collapse)  
therefore  the  forces  are  in  near  static  equilibrium.

Turbulent：

Since  CNM  are  regions  of  converging  turbulent  Glows,  with  magnetic  Gields  being  
the  main  halting  mechanism,  it  is  natural  that  magnetic  and  turbulent  energy  
densities  are  in  Equipartition…



Mass  to  Flux  (M/Φ)  ratio

Heiles&Crutcher  2005

Senario Predictions
Ambipolar  Diffusion M/Φ  should  gradually  increase  from  <1  to  ≳1
Turbulence Seems  to  be  very  model  dependent??    (I  have  no  idea…)

Seems  consi
stent  with  A

mbipolar  Id
ea



Turning  tides  ?

Crutcher  2009

In  2009…  it  was  found  that  for  4  regions,  the  M/Φ  seems  to  be  higher  for  the  envelope!  

Model Core Reference Prediction
Ambipolar L1544 Ciolek&Basu  2000 R’~1.25
Ambipolar B1 Crutcher+  1994 R’~2.4
Turbulent general Lunttila+  2008 0.08≤𝑅≤1.6

Seems  incon
sistent  with

  Ambipolar  I
dea





que  será,  será
“The  observational  interpretation  and  conclusions  of  Crutcher+  2010b  are  sharply  
criticized  by  Mouschovias  and  Tassis  (2009),  and  a  rather  severe  controversy  has  
erupted;  the  situation  is  not  yet  resolved  Crutcher+  2010a.”

“Perhaps  some  clouds  form  and  evolve  via  turbulence  and  some  via  the  quasi-‐
equilibrium  models,  as  implied  by  the  discussion  of  Crutcher  et  al.  (2010b).”












“As  they  say,  “que  será,  será”.  ”
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So  much  for  SF  theories…
And  they  fxxin’  formed…  And  no  one  knows  why…

©  Youtube



Astrophysical  Masers

Physics  of  the  interstellar  and  intergalactic  medium,  Draine  2011

Masers  often  occur  in  
PDRs  around  massive  
stars  and  can  be  used  as  
tracers  for  regions  of  
density  ~  10↑6−10  cm↑−3 

Along  with  Zeeman  
splitting,  they  can  reveal  
the  magnetic  Gield  in  
regions  of  high  density.

species Ref n( cm↑
−3 ) B  (mG)

OH Fish+  2003 10↑7  0.1~10

𝐻↓2 
𝑂 Sarma+  2002


10↑8−1

0 
13~49



Why?Weinreb+  1965

*Line  width  shows  temperature  way  
below  the  brightness  temperature.

*Polarization  is  exceedingly  high.



How?

h&p://laserstars.org/history/hydroxyl.html

Pump,  cascade,  and  population  inversion.



OH  Masers  –  Probing  the  galactic  Gield

Fish+  2003
Davies  1974

Assuming  that  SFRs  somehow  preserve  their  initial  Gield  
directions,  then  we  can  use  these  star  forming  regions  to  probe  
the  galactic  magnetic  Gield  structure

Reversal  in  Gield  direction!

For	  more	  details	  about	  B	  fields	  in	  galaxies	  h&p://arxiv.org/Ip/arxiv/papers/1302/1302.5663.pdf

Rotation  measure  shows  similar  results  and  again…  
no  one  knows  why  …  yet.
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