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The Oldest Stars 
in our Galaxy

or

A little tale of
HE 1327-2326 & HE 1523-0901

Anna Frebel
W. J. McDonald Fellow
McDonald Observatory

The University of Texas at Austin
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Why bother?

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

We can learn about the formation of the elements and 
nucleosynthesis processes, and how the Universe 
became enriched with heavy elements

Metal-poor stars are ideal tracers of the chemical 
evolution of the Galaxy

They allow us to investigate how the first objects formed 
after the Big Bang (“closest relatives”)
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Cosmic timeline

today

Time

Big Bang
First stars

Second generation

Observations

Theory



JI
N

A
 F

ro
nt

ie
rs

A
nn

a 
Fr

eb
el

T
he

 o
ld

es
t S

ta
rs

HE 1327-2326

Basic and stellar parameters:

• Magnitude: B = 14.016 mag 
• Colour: (B−V)0 = 0.40 mag
• Reddening: E(B−V) = 0.06 – 0.096

• BVRIK photometry: Teff = 6180 ± 80K (on Alonso et al. 1996 scale)
• Proper motion is μ = 0.0733 arcsec/yr

=> MV > 3.2     
=> surface gravity: log g = 3.7 (subgiant)

• Metallicity: [Fe/H] = −5.4

• Discovery spectrum: from the Subaru telescope (7 h)
• New near-UV spectrum from ESO/VLT (21 h) 

DSS
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SG

© B.J. Mochejska (APOD)
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CaK line

High-resolution 
Subaru/HDS spectra
(taken by W. Aoki)

Double lined 
spectroscopic binary

Interstellar Ca
–5.6

Frebel et al. (2005), Nature
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[Fe/H]1D = -5.7 => [Fe/H]3D = -5.9
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Possible Scenarios for the 
Origin of the Abundance Pattern

1.   By faint Pop III SN (mixing and fallback)
2. By Pop III stellar wind yields                      => Pre-enrichment => Pop II star
3.   By several Pop III SNe

4.   Binary system with mass transfer      =>  Pop III star (unlikely...)
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Meynet/Maeder/Hirschi et al.

Solid circles: [Fe/H]=Solid circles: [Fe/H]=−−6.6 with rotation            6.6 with rotation            stars:  HE 1327stars:  HE 1327−−23262326
Solid triangles: [Fe/H]=Solid triangles: [Fe/H]=−−6.6 without rotation    empty triangles: G776.6 without rotation    empty triangles: G77--6161
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Tominaga/Iwamoto/
Umeda/Nomoto et al.

Tominaga et al. 2007
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Heger & Woosley

• new SN 
yields with 
Z=0

• individual 
and 
integrated 
yields

• fits of metal-
poor data

A: Single star, 
M=21.5, E=0.6B, 
mix=0.0631, 
χ=4.686

B:Single star, C+N, 
M=18.5, E=1.2B, 
mix=0.0398, 
χ=3.418

C: Gauss IMF, 
M=25, E=0.6B, 
mix=0.0631, 
χ=4.589

D:Gauss IMF, 
M= 15, 
E=0.9B, 
mix=0.00631, 
χ=2.742

Heger & Woosley, in prep.
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The observer’s task:

...provide the best possible abundances so 
they can be accurately modeled!

(and we are trying really hard..!)
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Abundance Analysis

Observers use 1D LTE plane-parallel (in most 
cases) model atmospheres to convert the 
measured equivalent widths of the absorption 
lines observed in the stellar spectrum into actual 
abundances.

Obviously, there are some limitations to 1D and 
to LTE...! However, 3D models are hardly 
available.
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Carbon (G-band at 4313A) 

Frebel et al. 05 estimated 1D [C/Fe]LTE = 4.3

New result is 3D [C/Fe]LTE = 3.7

3D corrections:
Collet et al. 06 presented 3D model atmosphere of HE 1327-2326
• For CNO:  3D correction as fct. of excitation potential of the molecular lines
• We have now turned these corrections into new 3D abundances as derived 

from CH, OH and NH

Frebel et al. 2007, ApJ submitted
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Nitrogen (NH 3360 A)

Subaru data with fit from original ‘1D’ linelist
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Nitrogen

VLT data with fit based on original ‘1D’ linelist
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Nitrogen

Frebel et al. 05 estimated 1D [N/Fe]LTE = 4.6 

New result is 3D [N/Fe]LTE = 4.1

Frebel et al. 2007, ApJ submitted
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3D abundances

Frebel et al. 2007, ApJ submitted
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What is so Special About 
HE 1327−2326?

HE 1327−2326 has a very different chemical signature compared with the 
more metal-rich stars! So does HE 0107−5240 (Christlieb et al. 2002, 2004)

This is crucial observational information for the study of the early Universe
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(New) Upper Limit on Li Abundance

S/N=600 !S/N=600 !WMAP: 2.6
Spite plateau: 2.3

S/N=600

Frebel et al. 2007, ApJ submitted
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The Lithium Riddle

Really low Li abundance!!Really low Li abundance!!

...other evolved stars display Li!

Primordial Li value:

• WMAP: log ε(Li)=2.6 (Spergel
et al. 06)

• Ryan et al. value at 
[Fe/H]=−3.5: log ε(Li)=2.0

• Our current upper limit: 
log ε(Li)<0.6

Possible reasons for Li depletion:
• HE1327-2326 could be a fast 

rotator
• Accretion of Li-depleted 

material from binary companion
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Radial Velocity Variations??

<v> = 63.7 km/s<v> = 63.7 km/s

MayMay--Jun 2004                  MarJun 2004                  Mar--Jul 2005                                  Apr 06 Jul 2005                                  Apr 06 

based on Frebel et al. 2006, 638, L117
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B2FH

... there are old stars with r-process 
enhancement being discovered!
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HE 1523-0901

Basic and stellar parameters:

• Magnitude: B = 12.1 mag 
• Colour: (B−V)0 = 0.70 mag
• Reddening: E(B−V) = 0.02

• BVRIJHK photometry: 
Teff = 4630 ± 70K (on Alonso et al. 1996 scale)

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

• Metallicity: [Fe/H] = −3.0
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RGB

© B.J. Mochejska (APOD)
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r-Process Enhanced Stars
(rapid neutron-capture process)

• Responsible for the production of heavy elements

• Possible production site: SN type II

• ~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

• Chemical “fingerprint” of previous nucleosynthesis event

• Nucleo-chronometry: w/ Th, U and stable r-process 
elements (e.g. Eu, Os, Ir)
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Heavy neutron-capture 
elements in stars
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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
– Th is “relatively easy” measurable in r-process stars 
– “famous” example: CS22892-052: 14-15Gyr; Sneden et al. 96,03

U/Th: Uranium so far only confidently measured in one star 
-- CS31082-001: U/Th: ~14Gyr (Cayrel et al. 01, Hill et al. 02);

– one known with tentative, one with detection (Hill et al. 2007, in prep.)

⇒ Ultimate goal: Use as many chronometers as possible            
(+ beat down any errors...)!       
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Abundances of 
HE 1523-0901

Frebel et al. (2007), in prep.
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Th II Line 4019Å
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U II at 3859Å

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



JI
N

A
 F

ro
nt

ie
rs

A
nn

a 
Fr

eb
el

T
he

 o
ld

es
t S

ta
rs

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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Precision at work

Cowan 2007, priv. comm

HE 1523HE 1523--09010901

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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The Age of HE 1523-0901

Ratio Age σobs/Teff/log g/vmicr/PR

3.3/3.4/0.6/0.6/5.6
3.3/2.8/5.6/0.0/5.6
3.3/2.0/2.9/1.5/5.6
1.9/0.6/0.4/0.2/1.6
1.9/0.6/1.2/0.3/1.6
1.9/0.3/0.3/0.8/1.6
2.9/0.4/0.9/0.4/2.2

U/Eu 13.2

Th/Eu 11.5
Th/Os 10.7
Th/Ir 15.0

U/Os 12.9
U/Ir 14.1
U/Th 13.0

average 13.2 GyrAge of HE 1523-0901:

WMAP: 13.7 Gyr
The first time more than one chronometer The first time more than one chronometer 
could be employed in a star to measure the age!could be employed in a star to measure the age!
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Lead at 4058Å

Wavelength

C
ou

nt
s

HE 1523-0901

log log εε ((PbPb) < ) < --0.20.2

Synthetic spectrum that includes NO lead

<+0.2
< 0.0
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Decaying into lead...

t=13.2 Gyr,  τ(238U)=4.47,  τ(232Th)=14.05,  log ε(Th)=–1.20,  log ε(U)=–2.06

238238U  => U  => 206206Pb       log Pb       log εε((PbPb) = ) = ––1.231 (from obs.)1.231 (from obs.)
232232Th => Th => 208208Pb       log Pb       log εε((PbPb) = ) = ––1.2371.237 (from (from obsobs.).)
235235U  => U  => 207207Pb       log Pb       log εε((PbPb) = ) = ––1.125 (theoretical)1.125 (theoretical)
======================================
total Pb from decay:        log ε(Pb) = –0.72

current observed current observed PbPb upper limit: log upper limit: log εε((PbPb)) < < ––0.20.2

⇒ S/N of 500+ needed to attempt detection!
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Lead production

Pb production channels:
known Pb abundance in HE 1523-0901 will help 
disentangle what the different production 
channels are:
– Pb production from decay of Th and U
– additional prod. channels that do not go via the 

actinide path 

Solar r-process Pb abundance:
Pb abundance in HE 1523-0901 is already lower 
than scaled solar r-process pattern: in line with 
claim that s-process can produce large amounts 
of lead (e.g. Goriely&Siess 2001, van Eck et al. 2003)
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What we all could/should do...!

Observational:
• More telescope time for Pb abundance in HE 1523-0901
• More stars with detected U + Pb are needed to further 

constrain nucleosynthesis processes of the heaviest 
elements & contribution of Pb to the r- and s-processes

• Any fainter stars will require 30m telescopes to achieve 
very high S/N ratio necessary for the U + Pb detections 

Theoretical:
• Best possible production ratios for Th/r and U/r are 

needed to refine cosmo-chronometry
• Detailed knowledge of nucleosynthesis processes that 

are responsible for the lighter and heavier n-c elements 
(w.r.t. scaled solar r-process pattern) 
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Conclusion

• The recently discovered star HE 1327−2326 holds the 
record for the most iron-poor star known          
([FeI/H]3D = −5.9). Several promising SN pre-
enrichment scenarios reproduce the abundance 
pattern.

• HE 1523−0901 is a newly discovered r-process 
enhanced star with a U detection. For the first time, all 
three available chronometer pairs (Th/r, U/r, U/Th) can 
be measured in the star, and the age was derived to be 
13.2 Gyr. The Pb is very low.

• Outlook @ UT: A new metal-poor stars observing 
program with the Hobby-Eberly-Telescope “The 
chemical compositions of our Galactic Halo” (w/ Chris 
Sneden, Carlos Allende Prieto and others) w/ targets 
from SDSS/SEGUE, HKII & bright HES samples
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