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 ✶  Introduction. 
      Why to study Pb and Th in metal-poor stars? 
              What is non-LTE?

 ✶  Non-LTE modelling for Th II.

 ✶  Non-LTE modelling for Pb I.
 
 ✶  Solar Pb abundance.

 ✶  Pb abundances of metal-poor stars.

Outline of this talk



  

Why to study Pb and Th in metal-poor stars?

Pb, Z = 82

Th, Z = 90

U,   Z = 92

Cool star: T
eff

 = TSun ± 1000 K, low-mass, long-lived, 

                 preserves on its surface initial chemical composition,
                 [Fe/H] = +0.5  to  -5.5.
Metal-poor star: [Fe/H] < -1, 
                           old, age ≥ 10 Gyr (Freeman & Bland-Hawthorn, 2002).

Heaviest 
elements
observed 
in MP stars.

Bi:  in one MP star,
Po-Pu: radioactive,
            halflives < 1 Gyr 
           except Th and U.

[X/Y] = 
lg n(X)/n(Y) - lg n(X)/n(Y)sun



  

Nucleocosmochronometry with Th and U 

 - U abundance was measured in only 3 stars.
Star age from abundances of Th and stable element (r)
produced together with Th in r-process:

Δt = 46.78 { log (Th/r)initial - log ε(Th/r)now } Gyr

 Δlog ε(Th) = 0.05 dex →  uncertainty of 2.3 Gyr 
                                                                 for the star age !

HE 1523-0901, 4630/1/-3,
[Eu/Fe] = 1.8 (Frebel et al. 2007)



  

82 %                              18 % (13 Gyr)

 ▪ Pb in MP stars as indicator of the onset of the s-process 
                                                                       in AGB stars. 
       Solar Pb 
       s : r = (91-62) : (9-38),  most s-nuclei originate from
                                                      AGB stars with [Fe/H] = -1
                                        (Gallino et al. 1998; Travaglio et al. 2001).

▪ Pb in VMP r-II stars tell about initial Th and U (?)

Initial Pb: 
β‾, β and α decays 

of short-lived 
A ≥ 206 nuclei

r-II star:
present day

Pb

Accumulated Pb: 
decays from long-lived

Th and U nuclei
= +

r-II stars: [Eu/Fe] > 1, [Ba/Eu] < 0 (Beers & Christlieb, 2005)

Waiting-point r-process 
(Roederer et al. 2009)



  

This study aims 
  to evaluate systematic abundance errors 
     connected with simplified line formation 
     treatment for Th II and Pb I,

  to improve observational data for 
     testing nucleosynthesis theories.



  

 •  Maxwellian  velocity distribution, T
e
 = T

A
 = T

i
 ,

 •   ni   from balance between various population and 
             de-population processes:
          ▪ photoexcitation, ▪ photoionization and their inverse, 

            ▪ inelastic collisions with electrons, atoms, molecules,

            ▪ dielectronic recombination, ▪ charge exchange.

What is meant by 

                non-local thermodynamic equilibrium (non-LTE) ?

Radiative rate R
ij
(J

ν 
), collisional rate C

ij
(T,N

e 
).

Radiation transfer 
equations at frequencies

of all transitions 

Statistical equilibrium 
equations for NL levels

in model atom.

 dn
i 
/dt = 0



  

  bulky (combined SE + RT 

                 equations),

ni = f(T, p),

Non-LTE:
at any depth point 

calculations

atomic data
  a lot, 
  missing data,

  for single line.

  not fulfilled 
     in line formation layers.

  simple (Saha-Boltzmann 
                     equations),

   correct description
      of  line formation.

validity

LTE:

n
i
 = F(T

1
,p

1
,T

2
,p

2
, ..., T

ND
,p

ND 
)



  

Th II 
3741,

           4019

Th II 
4086

  Th II is a majority species 

  at T
eff

 = 4500 - 6000 K.

Input atomic data

 ▪ transition probabilities:

   measured (Nilsson et al. 2002),

   calculated (Kurucz & Bell, 1995), 

 ▪ collision excitation and ionization 

   by electrons and H atoms,

 ▪ hydrogenic photoionization 

   cross-sections.  

Non-LTE modelling for Th II

▪ Model atom of Th II based on 
416 levels from Blaise & Wyart (1992)

Code DETAIL 

   (Butler & Giddings 1985, updated)



  

Departure coefficients for Th II  
in solar and  4500/1/-3 models.

Th II lines:
 - b(low) = 1,
 - b(up)/b(low) > 1 → S

ν
 > B

ν
(T)

NLTE leads to weaker 
Th II lines and

positive abundance corrections.

• b(E
exc

 = 0-2.5 eV) = 1,

• b(E
exc

 > 2.5 eV) > 1

due to enhanced photoexcitation
from the E

exc
 = 0-1 eV levels. 



  

Non-LTE abundance correction,  Δ
NLTE

 = log ε
NLTE

 - log ε
LTE

 ≤ 0.15 dex for Th II lines 
when inelastic collisions with H atoms are included.

                                 Δ
NLTE

(Th II 4019)

                                 S
H
 = 0     0.1        1 

5780/4.44/0               0.06      0.01      0.0
4500/1.0/-2                            0.12
4500/1.5/-2                            0.07       
4500/1.0/-3                0.52     0.12       0.03
4500/1.5/-3                            0.07

S
H
 - scaling factor

to Drawin formula,
S

H
 = 0 – pure 

electronic
collisions



  

                  Pb I 4057 Å
Pb I 3683

Non-LTE modelling for Pb I

Energy levels of Pb I

(Wood & Andrew, 1968;

Brown et al. 1977, 

Hasegawa & Suzuki, 1996)

Input data

 ▪ model atom: 97 levels of Pb I + Pb II,

 ▪ photoionization cross-sections: 

     measured (the ground state) and

     hydrogenic approximation,

 ▪ transition probabilities:

      measured (Biemont et al. 2000) and

      calculated (A. Ryabtsev, 2010), 

 ▪ collisional excitation and ionization 

   by electrons and H atoms. 

Pb I is minority species at T
eff

 ≥ 4500 K.



  

Departure coefficients for Pb I  
in solar and  4500/1/-3 models:

 • 6p2 leves:  b < 1 due to 
   UV overionization.  
 • b(6p7s) > b(6p2) due to 
   radiative pumping.

Pb I 3683, 4057

Non-LTE leads to weaker 
Pb I spectral lines and

positive abundance corrections.

Pb I 3683, 4057 Å
 - b(low) < 1,
 - b(up)/b(low) > 1 
                →  S

ν
 > B

ν
(T)

6p2

6p7s



  

Solar Pb abundance

Non-LTE reduces discrepancy between 
solar and meteoritic Pb abundances

lg ε(Pb) = none, 1.94

― ― NLTE
―  ― LTE

Solar flux
 spectrum 

lg ε(X) = lg n(X)/n(H) + 12

T
eff

/log g = 5780/4.44,  

log ε(Pb I 3683 Å) = 

 NLTE, S
H
 = 0           1.99,

 NLTE, S
H
 = 0.1        1.94,

             S
H
 = 1           1.87,

 LTE                          1.78. 

Meteoritic Pb: 2.06±0.03 (Lodders et al. 2009)

Other studies, LTE, Pb I 3683: 1.75±0.10 (Asplund et al. 2009), 

                                                  2.00±0.06 (Lodders et al. 2009)

 MARCS model, ξ
t
 = 0.9 km/s



  

Stellar Pb abundances

Roederer et al. (2010, LTE)

CS 31082-001,
4825/1.5/-2.9,
[Eu/Fe] = 1.63
(Plez et al. 2004)

log ε(Pb) = none, 
      0.7, 0.9

HD 29907,
5500/4.64/-1.55,
[Eu/Fe] = 0.53

(Sitnova & Mashonkina, 2011)

Pb I 4057

Scatter of data - 
  real cosmic? 
  observational errors?
  stellar parameters?



  

Non-LTE effects
on stellar Pb abundances

Non-LTE correction
grows toward lower [Fe/H],
                        lower lg g,
                        higher T

eff 

Δ
NLTE

(Pb I 4057,  S
H
 = 0.1) = 

       +0.16        5500/4.5/0
       +0.33        5500/4.5/-1.5
       +0.31       4500/1.0/-2
       +0.41       4500/1.0/-3

 ○ NLTE

         LTE [Pb/Fe] - [Fe/H] from 
          Roederer et al. (2010):
                ● lg g < 3,  
                ● lg g > 3.
      Non-LTE: less steep upward
                 trend at [Fe/H] > -2.3. 



  

Empirical constraining a pure r-process Pb/Eu ratio ?

Roederer et al. (2010), LTE 
 -2.3 < [Fe/H] < -1.4:  Pb/Eu shows no upward trend, 
                                       no production of Pb by AGB stars.
  [Fe/H] > -1.4:           Pb/Eu grows, s-process is at work.

lg Pb/EuWaiting-point r-process: 
   log Pb/Eu = 0.61 - 0.7
    (Roederer et al. 2009)

Non-LTE
  -2.3 < [Fe/H] < -1.4:  log Pb/Eu = 1.26±0.25,

  two r-II stars,             log Pb/Eu = 0.67.

● lg g < 3, LTE 
● lg g > 3, LTE
 ○ NLTE

r-II “normal” halo

WP r-process

lg Pb/Eu

Non-LTE for 
Eu II according 
to Mashonkina 
(2000, updated) 

Δ(“normal” halo - r-II) = 0.6 dex!
 ? s-nuclei of Pb at [Fe/H] < -2
 ? multiple r-processes



  

Conclusions

Non-LTE leads to  

 ▪  weaker Pb I spectral lines and positive abundance corrections,

         Δ
NLTE

(Pb I 4057,  S
H
 = 0.1) = 0.16 – 0.56 dex

                                                 depending on stellar parameters,

 ▪ consistent solar and meteoritic Pb abundance, 

 ▪  weaker Th II spectral lines and positive abundance 
corrections,  Δ

NLTE 
(Th II 4019, S

H
 = 0.1) = 0.01 - 0.15 dex.

 ▪  Non-LTE Pb/Eu in two r-II stars support the WP r-process 
predictions of K.-L. Kratz (in Roederer et al. 2009).

 ? What is the source of discrepancy (0.6 dex!) in Pb/Eu between 
r-II and “normal” halo stars?
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