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processes which trigger deviations of atomic level populations 
from the LTE values 

‘Mechanisms of departures from LTE’ 



[Ne(t),	
  T(t),	
  A]	
  

Assumption:	
  level	
  populations	
  are	
  what	
  they	
  will	
  be	
  given	
  the	
  local	
  
values	
  T,	
  Ne,	
  A	
  

A	
  –	
  abundance	
  of	
  an	
  element,	
  A	
  =	
  log	
  N/NH	
  +	
  12	
  

N	
  -­‐	
  total	
  number	
  density	
  of	
  an	
  element	
  	
  
[atoms	
  /cm3]	
  



i	
  

NL	
  

We	
  neglect	
  transitions	
  in	
  the	
  atom	
  caused	
  by	
  radiation	
  

[ nc+1/ni,c ] ~ Ne
-1 T3/2 e(-χ/KT) 

ni,c	
  –	
  level	
  population,	
  [atoms	
  /cm3]	
  
χ	
  –	
  ionization	
  energy	
  of	
  an	
  ion	
  

Sν, κν, σν	



emergent	
  intensity	
  Iν	



Atom,	
  e.g.	
  Fe	
  I	
  



	
  n	
  (Ti	
  I)	
  

n	
  (Mg	
  I)	
  

LTE:	
  line	
  formation	
  is	
  coupled	
  to	
  the	
  local	
  temperature	
  and	
  density	
  

[Ne,	
  T]	
  



	
  	
  	
  	
  	
  n	
  i ∑	
  (C	
  ij	
  +	
  R	
  ij)	
  =	
  	
  ∑	
  n	
  j	
  (C	
  ji	
  +	
  R	
  ji	
  ),	
  	
  	
  i = 1, …, NL 

i	
  

NL	
  

Rates	
  out	
  =	
  Rates	
  in	
  	
  
Cij,	
  Rij	
  –	
  transition	
  rates	
  
[1/second/particle]	
  

Statistical	
  equilibrium	
  
the	
  number	
  of	
  atoms	
  in	
  
each	
  excitation	
  level	
  i	
  
and	
  each	
  ionization	
  stage	
  j	
  



LTE:  
Saha-Boltzmann 
equations for 
calculation of atomic 
number densities  

Extreme NLTE 

< τλ > = 1	



Photosphere: a transition from LTE to extreme NLTE 



caused	
  by	
  the	
  radiation	
  field	
  that	
  departs	
  from	
  the	
  isotropic	
  
blackbody	
  radiation	
  field	
  (Jν	
  /=	
  Bν)	
  characteristic	
  of	
  the	
  local	
  Te	
  

Strong	
  interdependence	
  between	
  the	
  
properties	
  of	
  material	
  (κν, σν)	
  and	
  the	
  

radiation	
  field	
  (Iν)	
  !	
  



	
  	
  	
  	
  	
  	
  	
  N	
  i ∑	
  (C	
  ij	
  +	
  R	
  ij)	
  =	
  	
  ∑	
  N	
  j	
  (C	
  ji	
  +	
  R	
  ji	
  )	
  	
  	
  	
  	
  i	
  =	
  1,	
  …,	
  NL	
  

«Rates»	
  of	
  transitions	
  [1/sec/particle]:	
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  ij	
  =	
  Bij	
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  (b-­‐b)	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  R	
  ic	
  =	
  4π	
  ∫kν	
  Jν	
  dν	
  /hν	
  	
  	
  (b-­‐f)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  µ	
  dIν/dz	
  =	
  -­‐αν	
  Iν +	
  εν	
  	
  	
  	
  	
  	
  	
  

(1)	
  

(2)	
  

Equations	
  (1)	
  and	
  (2)	
  must	
  be	
  solved	
  simultaneously!	
  

N	
  i 	
  

αν,εν	
  	
  =	
  F(Ni)	
  

LTE	
  if	
  	
  Jν	
  =	
  Bν(T)	
  

	
  	
  	
  	
  	
  	
  	
  	
  or	
  C	
  ij	
  »	
  R	
  ij	
  	
  



LTE	
  if	
  	
  Jν	
  =	
  Bν(T)	
  

	
  	
  	
  	
  	
  	
  	
  	
  or	
  C	
  ij	
  »	
  R	
  ij	
  	
  

Are	
  these	
  conditions	
  satisfied	
  in	
  FG	
  stars?	
  



	
  Jν	
  =	
  Bν(T)	
  at	
  500	
  nm	
  

Trad	
  =	
  Te	
  

R.	
  Rutten	
  (lecture	
  notes)	
  



But,	
  Jν	
  ≠	
  Bν(T)	
  at	
  other	
  frequencies	
  even	
  in	
  LTE	
  

Bν	
  drops	
  steeply	
  with	
  τ	



Bν	
  drop	
  is	
  less	
  steep	

	
  IR:	
  Jν	
  <	
  Bν(T)	
  

	
  UV:	
  Jν	
  >	
  Bν(T)	
  



?	
  

Bruls et al. (1992) 

Bν(T)	
  
Jν	
  

Jν	
  >	
  Bν(T)	
  



C ij (coll rates) /= R ij (radiative rates)	
  

The	
  rates	
  for	
  the	
  Fe	
  I	
  atom	
  in	
  a	
  model	
  of	
  a	
  solar	
  atmosphere	
  

Bergemann	
  (2008)	
  



R ij (radiative rates) are LARGER than C ij (coll rates) 	
  

The	
  rates	
  for	
  the	
  Fe	
  I	
  atom	
  in	
  a	
  model	
  of	
  a	
  solar	
  atmosphere	
  

The	
  levels	
  and	
  transitions	
  important	
  for	
  the	
  exc-­‐ion.	
  balance	
  of	
  Fe	
  I	
  



LTE	
  if	
  	
  Jν	
  =	
  Bν(T)	
  

	
  	
  	
  	
  	
  	
  	
  	
  or	
  C	
  ij	
  »	
  R	
  ij	
  	
  

The	
  conditions	
  are	
  not	
  satisfied	
  in	
  FG	
  stars	
  



Pm = 4!
a! J!
h!

d!!
Radiative	
  (photo-­‐)	
  ionization	
  P	
  
Radiative	
  recombination	
  R	
  
	
  
Collisional	
  ionization	
  S	
  
Collisional	
  recombination	
  Q	
  	
  
	
  
Radiative	
  emission	
  Anm	
  
Stimulated	
  emission	
  Bnm	
  	
  

!Nm Amk + Bmk J! +Cmk( )
k<m
! + BmnJ! +Cmn( )

n>m
! + Pm + Sm( )

!
"
#

$
%
&
= 0

Nn Anm + BnmJ! +Cnm( )
n>m
! + Nk BkmJ! +Ckm( )

k<m
! + Ne Rm +Qm( )



1.  over-­‐ionization	
  
2.  photon	
  pumping	
  
3.  IR	
  over-­‐recombination	
  
4.  photon	
  suction	
  
5.  photon	
  loss	
  in	
  resonance	
  lines	
  

not	
  unique	
  physical	
  processes,	
  
but	
  mechanisms	
  that	
  	
  
describe	
  how	
  statistical	
  
equilibrium	
  is	
  achieved	
  



Overionization	
  

Rik	
  
Rki	
  

R: [transitions/sec/particle] 

νik	
  –	
  frequency	
  of	
  a	
  level	
  ionization	
  edge	
  
	
  
σik	
  –	
  ionization	
  cross-­‐section	
  
(from	
  lab.	
  experiments	
  and/or	
  
theoretical	
  quantum-­‐mechanical	
  
calculations)	
  	
  

radiative	
  ionization	
  

radiative	
  recombination	
  

Rik ~
!" J!
h!

d!!

Rki ~ B! (Te )



Jν	
  >>	
  Bν(T)	
  	
  

Overionization	
  

Rik	
   Rki	
  

R: [transitions/sec/particle] 

radiative	
  ionization	
  

radiative	
  recombination	
  

JJν	
  drops	
  less	
  steeply	
  than	
  Bν(T)	
  in	
  the	
  UV	
  

Rik	
  >>	
  Rki	
  

Rate	
  out	
  >	
  Rate	
  in	
  

Rik ~
!" J!
h!

d!!

Rki ~ B! (Te )



Overionization	
  

Solar	
  UV	
  spectrum	
  

Neutral minority atoms 
•  with ionization edges in the UV  
•  and large bound-free radiative cross-sections 



Ion 	

    Level 	

              l0 [nm]              a0 [MBarn]	



H I 	

    n = 2       	

364.7 	

 	

15.84���
Mg I	

    3s 1S 	

 	

162.1 	

 	

  1.18 ���

	

    3p 3Po 	

 	

251.4 	

 	

20.00 	

���
	

    3p 1Po 	

 	

375.7 	

 	

11.95 ���

Al I 	

    3p 2Po 	

 	

207.1 	

 	

65.00���
Si I 	

    3p 3P 	

 	

152.1 	

 	

39.16 	

���

	

    3d 1Do 	

 	

168.2 	

 	

34.49���
	

    4s 1So 	

 	

198.6 	

 	

33.56���

Fe I 	

    a5D 	

 	

156.9 	

 	

  4.06	



Cr I      z7P 	

        320.1                13.3           	



Atoms	
  with	
  large	
  bound-­‐free	
  absorption	
  edges	
  (an	
  atomic	
  property)	
  

Fe	
  I	
  has	
  a	
  large	
  number	
  of	
  bf	
  
absorption	
  edges	
  between	
  200	
  
and	
  300	
  nm	
  

Mg	
  I,	
  Al	
  I,	
  Si	
  I,	
  
Fe	
  I,	
  Cr	
  I,	
  Ti	
  I	
  
Mn	
  I,	
  Co	
  I,	
  Ni	
  I	
  
…	
  



Jν0	
  >>	
  Bν0(T)	
  
Photon	
  pumping	
  

Rik	
   Rki	
  

The	
  same	
  as	
  radiative	
  
ionization	
  but	
  at	
  the	
  
frequencies	
  of	
  line	
  
transitions	
  

ν0	
  

A	
  transition	
  is	
  ‘pumped’	
  if:	
  
	
  
•  opacity	
  is	
  large	
  in	
  the	
  line	
  core	
  

(τν0	
  >	
  1)	
  •  line	
  wings	
  are	
  transparent	
  (τν	
  <	
  1)	
  



Photon	
  suction	
  

Jν	
  <	
  Bν(T)	
  

Jν	
  drops	
  below	
  Bν(T)	
  in	
  the	
  (Infra)-­‐red	
  
when	
  radiative	
  equilibrium	
  holds	
  
	
  
	
  
Recombination	
  in	
  the	
  bound-­‐free	
  edges	
  
of	
  high-­‐excitation	
  levels	
  
(inverse	
  of	
  over-­‐ionization)	
  

radiative	
  ionization	
  

radiative	
  recombination	
  

Rik ~
!" J!
h!

d!!

Rki ~ B! (Te )



Photon	
  loss	
   Jν0	
  <	
  Bν0(T)	
  

Rij	
   Rji	
  

ν0	
  

opacity	
  is	
  small	
  in	
  the	
  line	
  core	
  (τν0	
  <	
  1),	
  
too	
  less	
  photo-­‐excitations	
  
	
  
à	
  photons	
  ‘escape’	
  



Resonance	
  line	
  scattering	
  and	
  photon	
  loss	
  

Due	
  to	
  frequency	
  redistribution	
  in	
  
the	
  line	
  profile,	
  a	
  photon	
  can	
  escape	
  
in	
  the	
  wings	
  from	
  far	
  below	
  the	
  
location,	
  where	
  τν0	
  <=	
  1.	
  

λ, Å 

N
or

m
al

iz
ed

 F
lu

x 



in most cases, all these NLTE effects are present 

 

The type and magnitude of a dominant NLTE effect depend on: 

¡  physical conditions (T, log g, [Fe/H]) in the atmosphere 

¡  atomic structure 



Atomic structure 

§  ionization energy, which gives 
relative abundances  [Fe I/ Fe II] 
depending on the T/log g 

§  characteristics of energy levels in 
the atom    

§  number of transitions (allowed, 
forbidden)  

§  magnitude of cross-sections for 
particle interactions  

(f-­‐values,	
  photoionization,	
  H	
  I	
  and	
  e	
  
impact	
  excitation	
  and	
  ionization,	
  di-­‐
electronic	
  recombination,	
  charge	
  
transfer)	
  



Li I 

Several NLTE processes act 
between these 9 Li I energy 
levels: 

overionization 
overrecombination 

resonance line scattering 

Light	
  elements	
  



Heavy	
  elements	
  

Fe I 

Fe I 

Fe	
  I,	
  complete	
  model:	
  	
  ~37	
  000	
  levels,	
  
~6	
  000	
  000	
  transitions	
  

Fe	
  I,	
  reduced	
  model:	
  	
  300	
  levels,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  13	
  000	
  	
  b-­‐b	
  transitions	
  

n	
  i	
  ∑	
  (C	
  ij	
  +	
  R	
  ij)	
  =	
  	
  ∑	
  n	
  j	
  (C	
  ji	
  +	
  R	
  ji	
  )	
  

µ	
  dIν/dz	
  =	
  -­‐α	
  Iν	
  +	
  ε	
  	
  	
  

NLTE:	
  simultaneous	
  solution	
  of	
  RT	
  
and	
  SE	
  equations	
  for	
  each	
  ν,	
  i,	
  j:	
  	
  	
  

Bergemann	
  et	
  al.	
  (2012)	
  





" 	
  	
  Jν	
  >	
  Bν(Tlocal)	
  in	
  the	
  UV	
  	
  	
  	
  	
  	
  over-­‐ioniza7on	
  from	
  the	
  low-­‐excited	
  levels	
  

bm	
  =	
  nm (NLTE)/ nm (LTE)  

Fe	
  I	
  

Bergemann	
  et	
  al.	
  (2012)	
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b m
 =

 N
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/N
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LT

E	



Na	
  I	
   Al	
  I	
  

log	
  τ5000	
  

" 	
  	
  Jν	
  >	
  Bν(Tlocal)	
  in	
  the	
  UV	
  	
  	
  	
  	
  	
  over-­‐ioniza7on	
  from	
  the	
  low-­‐excited	
  levels	
  

" 	
  	
  Jν <	
  Bν(Tlocal)	
  in	
  the	
  IR	
  	
  	
  	
  	
  	
  	
  over-­‐recombina7on	
  to	
  the	
  high-­‐excited	
  levels	
  	
  	
  



changes	
  in	
  the	
  line	
  opacity	
  kn	
  (~	
  τ)	
  
and	
  line	
  source	
  function	
  S	
  

NLTE	
  

NLTE	
  

as	
  a	
  result,	
  line	
  strengthening	
  or	
  
weakening,	
  or	
  both	
  

NLTE	
  effects	
  on	
  line	
  profiles	
  



Change	
  of	
  line	
  opacity	
  kn and	
  line	
  source	
  func7on	
  Sn	
  determine	
  
strength	
  and	
  shape	
  of	
  a	
  spectral	
  line:	
  

	
  	
  	
  	
  if	
  bi	
  <	
  1,	
  then	
  	
  kNLTE	
  <	
  k,LTE	
  

NLTE	
  line	
  weaker	
  than	
  in	
  LTE	
  

if	
  	
  bi	
  >	
  bj	
  ,	
  then	
  	
  

NLTE	
  line	
  stronger	
  than	
  in	
  LTE	
  

kn	
  ~	
  bi	
  
Sn	
  ~	
  Bn	
  bj/bi	
  

Sn	
  <	
  Bn	
  bj/bi	
  


