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Cool star: T .= T, = 1000 K, low-mass, long-lived,

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

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

- .
! |—Atl::rmic numkber ‘f Pb . HeaVIe St
H 5 O Metal He , 7 =82

1oos| 2 C |—Symbol O Semimetal B 14 15 16 17 |40 elements
Sy LS Stomes  [BT& R ToTe el Th 7z—00 >

BO4d | 9012 Atomic weight 10,51 | 1201 | 1401 1600 | 19.00 [ 201z ’ Z - 90

Na|M ALl Si| P | S |61 Ar observed
2299 24.2# I 4 5 ¢ 7 8 9 10 M 12 |cess|zso0e| sosv| seor | 5545 s99s U Z = 92

1o [ =0 [ 21 [ 23 [ 25 | =% [ 25 | =6 [ &7 | == [ =9 | 20 | =t == |34 | 35 | 95 ) p,

in MP stars.

o| K [Ca | Sc|Ti| V | Cr|Mn| Fe|Co| Ni |Cu|Zn|Ga| Ge|As | Se | Br | Kr

S9.90 ) 4005 ([ 4496 | 4765 | 5094 | 5200 ) 5494 | 5555 | 5595 | 5569 | 6355 | 6539 | 69.72 | V261 [ 7492 | TE96 | 79.90 | 5360

37 35 39 40 41 £ 43 44 45 45 47 45 49

Rb|Sr| Y | Zr |Nb|Mo| Tc | Ru|Rh|Pd | Ag|Cd|In |Sn|Sb| Te| I |Xe

G547 | G762 |[ 6591 | 9122 | 9291 | 9594 | 9591 | 101.1 | 1029 | 1064 | 1079 | 1124 | 1148 | 1167 [ 1216 | 1276 | 1269 | 151.3

Cs | Ba||Lu| Hif | Ta| W | Re|Os | I | Pt | Au|He| 71 (Ph) Bi | Po| At |Rn| B1: 1n one MP star,

1529 | 1373 (| 1750 1765 | 1509 | 1856 |156.2| 1902 | 1922 | 1951 | 197.0 EDD.E 204.4 NaOF 34 209.0 | 209.0 | 210.0 | 222.0

ST S5 103 [ 104 [ 105 | 106 107 [ 1035 | 109 | 110 | 111 ii= 114 116 11&

Fr|Ra||Lr |Rf |Db| Sg|Bh| Hs| Mt UuaUuuiuub o [Uuq - [Uuh - Uwed  Po-Pu: radioactive,

=7 == = =] E1 [=F] E3 E4 ES EE &7 ES =E] 70

¢\| La|Ce | Pr |Nd |Pm|Sm| Eu|Gd|Tb |Dy| Ho| Er |Tm|Yb halflives < 1 Gyr

1569 | 1401 | 1409 | 1442 | 1469 [ 1504 | 152.0 | 1575 [ 1569 | 1625 | 1649 | 16753 | 1659 | 1750

i!l @ I‘El,iﬂ‘ a2 ﬁﬁ é‘;‘ 95 95 g'i: gaf E‘; 100 1l:I1dI 102
7 || Ad( U Am|Cm|Bk|C Fm|Md|No t Thand U
227r.0 231.0 | 235.0 ES?E 244.1) 2451 ) 2471 ] 2471 ] 2511 ] 2520 ] 2571 | 2551 | 2591 K,“E;]rr:j excep an .




Relative flux

0.9

0.8

0.7

0.6

0.5

0.4

Nucleocosmochronometry with Th and U

L L L L L L L L L L L L L L L L L | L L
Fel

Ndl Nil Thill
l Cell

||

Relative Flux
o
(4]

0.7

FPTTTT T T T T T T T T T TRTT T T

TT T T T T[TV T T[T I T T[T T T T[T T T T]

e HE 15623-0901 ,—1.14

TT

=

TN TN T TN T A T T Y A I HE 1523'0901,4630/1/'3, I

-

peeili

e e b b berralans

3858.5 3859 3859.5 386 _
Wavelength [A] [Eu/Fe] = 1.8 (Frebel et a{.“%QQZzgt:O éz.]z

- 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:

At =46.78 { log (Th/r). .. .- log &(Th/r) } Gyr

Alog &(Th) = 0.05 dex — uncertainty of 2.3 Gyr
for the star age !

now



= Pb in MP stars as indicator of the onset of the s-process
in AGB stars.
Solar Pb
s:1r=1(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 (?)
r-1I stars: [Eu/Fe] > 1, [Ba/Eu] < 0 (Beers & Christlieb, 2005)

Initial Pb:
: Accumulated Pb:
-1l star: — f", b and a decays decays from long-lived
present day | = - + Y g
of short-lived Th and U nuclei
Pb A > 206 nuclei
Waiting-point r-process | 82 % 18 % (13 Gyr)

(Roederer et al. 2009)



This study aims

v' to evaluate systematic abundance errors
connected with simplified line formation
treatment for Th II and Pb I,

v’ to improve observational data for
testing nucleosynthesis theories.



What 1s meant by

non-local thermodynamic equilibrium (non-LTE) ?

* Maxwellian velocity distribution, 7 =7, =T,

* n, from balance between various population and

dn /dt = 0

de-population processes:
= photoexcitation, ® photoionization and their inverse,

" inelastic collisions with electrons, atoms, molecules,

= dielectronic recombination, * charge exchange.

Statistical equilibrium

, :
: - ; - . . equations for NL levels
; | ;s aal = ; ' oy [ =1......._-""|-'L. .
" Z‘R""j' T i) E n;(Rji + i 3 in model atom.
jFi j#i
) dl, (=, u) o . Radiation transfer
s = X)Lz )+ () equations at frequencies

of all transitions

Radiative rate RZ.J.(JV ), collisional rate Cl.j( TN ).




Non-LTE: LTE:

at any depth point
ni - F(Tl’pl’ Tz’pz’ Tee TND’pND) ni :f(]: p))
calculations
@ bulky (combined SE + RT © simple (Saha-Boltzmann
equations), equations),

atomic data
® a lot, © for single line.

@ missing data,

validity
© correct description ® not fulfilled
of line formation. in line formation layers.



Non-LTE modelling for Th II

Th II 1s a majority species [ _ -
at T = 4500 - 6000 K. 6l

Input atomic data

= transition probabilities:

S 4
O

L - — 1196d*

measured (Nilsson et al. 2002),
calculated (Kurucz & Bell, 1995),

- collision excitation and 1onizatiog

|

-
=)
S
a

805f*

by electrons and H atoms,

. . . . Thl
- hydrogenic photoionization I -
. O L
CI’OSS—SGCUOHS. 6d®> 6d° 6d° 6d7s 6d7s 5f6d S5f6d 5f6d 5 5f  5f7s  5f7s 7S
7s 7p 77 7s 7s 7p 6d 7s 6d 7s 7p 7p
Code DETAIL = Model atom of Th II based on

(Butler & Giddings 1985, updated) 416 levels from Blaise & Wyart (1992)



Departure coefficients for Th 11
in solar and 4500/1/-3 models.

*b(E__=0-2.5¢eV)=1,
*b(E, _>25eV)>1

b = nyre/Ne

due to enhanced photoexcitation

from the E = 0-1 eV levels.

Th II lines:

- b(low) =1,

- b(up)/b(low)>1— S > B (T)
NLTE leads to weaker

Th II lines and
positive abundance corrections.
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Non-LTE abundance correction, A
<0.15 dex for Th II lines

NLTE

=log ¢

- log €

NLTE LTE

when 1nelastic collisions with H atoms are included.

5780/4.44/0
4500/1.0/-2
4500/1.5/-2
4500/1.0/-3
4500/1.5/-3

A, .(Th 11 4019)
S,=0 01 1
0.06 001 0.0
0.12
0.07
052 0.2  0.03
0.07

S,, - scaling factor
to Drawin formula,
S, =0 —pure
electronic
collisions



Non-LTE modelling for Pb I

Pb I 1s minority species at T_. > 4500 K. :

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 (4. Ryabtsev, 2010),

- collisional excitation and 1onization

by electrons and H atoms.

6
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—

6 —

Pb 14057 A

b 1 3683
6 —

Pb |

Energy levels of Pb I
(Wood & Andrew, 1968;
Brown et al. 1977,
Hasegawa & Suzuki, 1996)



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

* 6p” leves: b <1 due to
UV overionization.

* b(6p7s) > b(6p?) due to
radiative pumping.

b = nyre/Nue

Pb 13683, 4057 A

- b(low) <1,
- b(up)/b(low) > 1 ¢
— §,>B(T)

Non-LTE leads to weaker
Pb I spectral lines and
positive abundance corrections.




Solar Pb abundance

log e(Pb 13683 A) =

lg &(X) =Ig n(X)/n(H) + 12

NLTE, S, =0 1.99, . *f }
= ! 1 !
@ J{ l..

NLTE, S, =0.1 194,  fosf o || ]
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S =1 1.87 i \
: 04} *
H ’ | — —NLTE \/ Solar flux

J X

LTE 1.78. joo -t spectrum

3683.2 3683.4 3683.6 3683.8

Wavelength (A)

Other studies, LTE, Pb I 3683: 1.75+0.10 (Asplund et al. 2009),
2.00+0.06 (Lodders et al. 2009)

Meteoritic Pb: 2.06+0.03 (Lodders et al. 2009)
Non-LTE reduces discrepancy between
solar and meteoritic Pb abundances



Stellar Pb abundances
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Non-LTE effects
on stellar Pb abundances

Non-LTE correction
grows toward lower [Fe/H],

ANLTE

+0.16
+0.33
+0.31
+0.41

lower Ig g,
higher T .

(Pb 14057, S =0.1) =

5500/4.5/0
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LTE [Pb/Fe] - [Fe/H] from
Roederer et al. (2010):
°lgg<3,
o lgg>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
v -2.3 <[Fe/H] <-1.4: Pb/Eu shows no upward trend,

no production of Pb by AGB stars.
v' [Fe/H] >-1.4: Pb/Eu grows, s-process 1s at work.

Non-LTE

Non-LTE for
v’ 2.3 <[Fe/H] <-1.4: log Pb/Eu = 1.26+0.25, Eu II accor@ing
v two r-I1 stars, lOg Pb/Eu = 0.67. to Mashonkina

(2000, updated)

Waiting-point r-process:

o5 T T T T T T T T -

log Pb/Eu=10.61-0.7 lg Pb/Eu T
2.0} o % -
(Roederer et al. 2009) ° o S
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b ’ 113 9 ¢ g8 < >
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Conclusions

Non-LTE leads to
= weaker Pb I spectral lines and positive abundance corrections,
(Pb 14057, S, =0.1)=0.16 — 0.56 dex

NLTE

depending on stellar parameters,
= consistent solar and meteoritic Pb abundance,

= weaker Th II spectral lines and positive abundance
corrections, (Th 114019, S,=0.1)=0.01 -0.15 dex.

NLTE

= Non-LTE Pb/Eu in two r-1I stars support the WP r-process
predictions of K.-L. Kratz (in Roederer et al. 2009).

? What 1s the source of discrepancy (0.6 dex!) in Pb/Eu between
r-I1I and “normal” halo stars?
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