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Nucleo-chronometry
of the oldest stars

Anna Frebel

W. J. McDonald Fellow

McDonald Observatory

The University of Texas at Austin
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Cosmic timeline

today

Time

Big Bang

First stars 2nd generation

ObservationsTheory

Larson & Bromm 2001

my research interest
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Spectral Comparison

Christlieb 2003

[Fe/H]=0

[Fe/H]=-4

[Fe/H]=-5.3

Pop III star
(just noise...?!?)

[Fe/H] = log(NFe/NH)* ! log(NFe/NH)
!

“L
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k
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What can we learn from
metal-poor stars?

M < 1 M"; lifetimes > 10 Gyr; turnoff stars and giants

                     -------------------------------------

Metal-poor stars are “fossils” of the early Universe

- the origin and evolution of the elements

- the involved nucleosynthesis processes

" ideal tracers of the chemical evolution of their host galaxy
"  chemical history

"  dynamical history

"  galaxy formation and evolution

Near-field cosmology

- abundance patterns provide constraints on the first SN yields

     => the first stars

- easily accessible local equivalent of the high-redshift Universe
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B2FH

... there are old stars

with r-process signature

being discovered!
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r-Process Enhanced Stars
(rapid neutron-capture process)

• Responsible for the production of heavy elements

• Most likely production site: SN type II => pre-enrichment

• Chemical “fingerprint” of previous nucleosynthesis event

• ~5% of metal-poor stars with
    [Fe/H] < ! 2.5 (Barklem et al. 05)

    => Only ~12 stars known so

         far with [r/Fe] > 1.0

• Nucleo-chronometry: obtain

    stellar ages from decaying Th, U and

    stable r-process elements (e.g. Eu, Os, Ir)

SN
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Plus

HE0557-4840, [Fe/H] = -4.8

HE0107-5240, [Fe/H] = -5.3

HE1327-2326, [Fe/H] = -5.4

The Big Bang

Halo Metallicity 
Distribution Function

B
e

e
r

s
 e

t
 a

l
. 

2
0

0
5

N  <  - 4.0  =       3
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Where are r-rich stars?

Barklem et al. 2005
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rapid nucleosynthesis
evidence: HE 1523-0901

Basic and stellar parameters:

• Magnitude: B = 12.1 mag

• Colour: (B!")0 = 0.70 mag

• Reddening: E(B!V) = 0.02

• Effective temp.: Teff = 4630 ± 70K

• Surface gravity: log g = 1.0 (red giant)

• Metallicity: [Fe/H] = !3.0

• Frebel et al. 2007, ApJ 660, L117

• Frebel et al. 2008, in prep.
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We made no. 5!
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RGB

© B.J. Mochejska (APOD)
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What elements can we
see in HE 1523-0901?

Frebel et al. (2008), in prep.

Lanthanides or rare earth elements: i.e. Eu, Gd, Dy

observed spectrum

synthetic spectrum “best fit”
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Heavy neutron-capture
elements in stars
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The r-Process Pattern

HE 1523-0901

scaled solar 

r-process pattern

Very good

agreement

with scaled

solar r-

process

pattern

for Z>56

decayed Th,U

Pb

Frebel et al. (2007), ApJL, 660, 117
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High-precision at work

Cowan 2007, priv. comm

HE 1523-0901HE 1523-0901

CS 22892-052

HD 115444

 BD +17 3248

CS 31082-001

HD 221170

They all have the same abundance pattern, 

particularly in the heavy n-c elements!
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Cosmo-Chronometry

Age estimates can be obtained from a comparison of an observed abundance ratio of a

radioactive element (such as Th, U) to a stable r-process element  (such as Eu, Os, Ir)

and a theoretically derived initial production ratio.

Th/Eu: “most commonly” used chronometer

– “famous” example: CS22892-052

     ~14-15Gyr; (Sneden et al. 96,03)

U/Th: Uranium only confidently measured

           in one star before: CS31082-001

          ~14Gyr (Cayrel et al. 01, Hill et al. 02);

=> Ultimate goal: Use as many chronometers as possible

   (+ beat down any errors...)!

!t =  46.8 * (log (Th/r)0 ! log (Th/r)obs )

!t =  14.8 * (log (U/r)0    ! log (U/r)obs)

!t =  21.8 * (log (U/Th)0 ! log (U/Th)obs)
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Thorium II lines
in HE 1523-0901

Th                              Th             

Frebel et al. (2007) ApJL                                                  Frebel et al. (2008), in prep.
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U II at 3859Å in

HE 1523-0901

Frebel et al. (2007), ApJL, 660, 117

Synthetic spectrum that includes NO uranium

Synthetic spectrum with U abundance if it had NOT decayed

‘Best fit’ synthetic spectrum
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The Age of HE 1523-0901

2.9/0.4/0.9/0.4/2.2

1.9/0.3/0.3/0.8/1.6

1.9/0.6/1.2/0.3/1.6

1.9/0.6/0.4/0.2/1.6

3.3/2.0/2.9/1.5/5.6

3.3/2.8/5.6/0.0/5.6

3.3/3.4/0.6/0.6/5.6

#obs/Teff/log g/vmicr/PR

13.2U/Eu

AgeRatio

11.5Th/Eu

10.7Th/Os

15.0Th/Ir

12.9U/Os

13.2 Gyraverage

13.0U/Th

14.1U/Ir

Age of HE 1523-0901:

WMAP: 13.7 Gyr
The first time The first time more than onemore than one chronometer chronometer  

could be employed in a star to measurecould be employed in a star to measure  the age!the age!
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“Reverse engineering”

• Assume age for star, e.g. 13 Gyr

• Take observed ratios (at face value) & calculate initial prod. ratios

• Need star(s) with many measured chronometer ratios. Only

available: HE 1523-0902 so far  => NEED MORE STARS!!!

10.4

13.0

16.1

11.4

18.2, 18.6

26.6, 28.5

18.6, 13.5, 17.7,

17.7

derived ages

(Gyr)

BD 17 3248-1.422-2.30U/Ir

CS 22892-052, BD 17 3248-1.082-1.47, -1.48Th/Ir

CS 22892-052, BD 17 3248-1.022-1.59, -1.63Th/Os

CS 22892-052, BD 17 3248,

HD221170, HD 115444

-0.222-0.62, -0.51, -0.60,

-0.60

Th/Eu

CS 31082-001-0.344-0.82U/Th

BD 17 3248-1.362-2.45U/Os

BD 17 3248-0.562-1.33U/Eu

starsderived initial

prod. ratio

derived from

HE1523-0901

observed ratioRatio
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Lead at 4058Å
C

o
u

n
ts

238238U  =>U  =>  206206Pb Pb             log log $$((PbPb) = ) = ––1.231 (from obs.)1.231 (from obs.)
232232Th => Th => 208208Pb  Pb            log log $$((PbPb) = ) = ––1.2371.237 (from  (from obsobs.).)
235235UU   =>  => 207207Pb  Pb        log     log $$((PbPb) = ) = ––1.125 (theoretical)1.125 (theoretical)

=======================================

total Pb from decay:        log $(Pb) = –0.72

current current obsobs. . Pb Pb upper limit: logupper limit: log  $$((PbPb)) <  < ––0.20.2

" S/N of 500+ needed to attempt detection!

Synthetic spectrum 

that includes NO lead

t=13.2 Gyr

%(238U)=4.47

%(232Th)=14.05  

log $(Th)=–1.20  

log $(U)=–2.06

Frebel et al. (2008) in prep.
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Summary

• HE 1523!0901 is an ideal candidate for difficult neutron-capture line
measurements, e.g., has the yet best U detection

• For the first time, all three available chronometer pairs (Th/r, U/r, U/Th) are
measured in one star (7 ratios so far)

• The derived age is 13.2 Gyr; but large systematic uncertainties!

• In HE1523-0901: attempt to measure good Hf (existing data) and Pt (HST
data) for Th/Hf, U/Hf and Th/Pt, U/Pt

• Reverse-engineering: use stars to obtain initial production ratio to get ages of
other stars, but: we need more stars to play this game!

                                                      Thank you!

Question/comments/requests for figures? email me: anna@astro.as.utexas.edu


