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Stellar 
archaeology: !

!
new science 

with old stars!

Telescopes 

Spectroscopic Data 

Cosmological 
Simulations 
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The first heavy elements 
seed stars and galaxies 

The first stars  
~13.5 billion years ago 

Old dwarf galaxy 
~12 billions years ago 

The survivors 
12-13 billion year old stars 

 

The Early Universe!
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The first heavy elements 
seed stars and galaxies 

Old dwarf galaxy 
~12 billions years ago 

The survivors 
12-13 billion year old stars 

 

The Early Universe!

Stellar archaeology:  
Finding fossils of the  

earliest times 
The most iron-poor stars  

with [Fe/H]<–5.0 



 A
n

n
a

 F
r

e
b

e
l

!
m

e
t

a
l

-p
o

o
r

 s
t

a
r

s
!

The first heavy elements 
seed stars and galaxies 

Old dwarf galaxy 
~12 billions years ago 

The Early Universe!

Stellar archaeology:  
Finding fossils of the  

earliest times 
The most iron-poor stars  

with [Fe/H]<–5.0 

Nuclear  
astrophysics: How old  
are the oldest stars? 

Detecting radioactive elements  
for stellar age 

measurements 
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The first heavy elements 
seed stars and galaxies 

Stellar archaeology:  
Finding fossils of the  

earliest times 
The most iron-poor stars  

with [Fe/H]<–5.0 

Nuclear  
astrophysics: How old  
are the oldest stars? 

Detecting radioactive elements  
for stellar age 

measurements 

Near-field  
cosmology: Formation  

of the galactic halo 
Chemical history of dwarf  

galaxies & hierarchical  
galaxy growth 

The Early Universe!
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Astronomer�s !
periodic table!

Metals Z 
 

[ Fe used to trace metallicity Z ] 

Interesting ≡  1 / metallicity 
AF�s view of the Universe: 
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Finding the needle !
in the Haystack!

Old stars from the early Universe are extremely rare!  
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What can we learn !
from old halo stars?!

Low-mass stars (M < 1 M!) 
⇒  Lifetimes > 10 billion years => still around! 
     ________________________  
       
Using metal-poor stars to reconstruct: 
 Origin and evolution of chemical elements  
 Relevant nucleosynthesis processes + sites 
 Chemical + dynamical history of the Galaxy  
 Lower limit to the age of the Universe 

... and to provide constraints  
 Nature of the first stars & initial mass function 
 Early star & early galaxy formation processes 
 Nucleosynthesis & chemical yields of first/early SNe 
 Hierarchical assembly of galaxies & halo formation 

Temperature 

Lu
m

in
os

ity
 

Hertzsprung-Russell-Diagram 

APOD 

Metal-poor stars are a great tool for near-field cosmology  
because they are the local equivalent of the high-redshift Universe! 
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How much iron is in there?!

HE1327-2326 
(most Fe-poor star) 

Earth, Moon & Mercury to show size of Fe core 

10x less 

100 x more 

100 x less Star is a million 
times bigger 
than earth 
(300,000 more 
massive) 
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classification scheme!

Range                  Term                             Acronym      # 
[Fe/H] ≥ +0.5     Super metal-rich                  SMR      some 
[Fe/H]  =  0.0     Solar                                      —          a lot! 
[Fe/H] ≤ –1.0     Metal-poor                        MP      very many 
[Fe/H] ≤ –2.0     Very metal-poor           VMP      many 
[Fe/H] ≤ –3.0     Extremely metal-poor          EMP      ~150 
[Fe/H] ≤ –4.0     Ultra metal-poor           UMP         1  
[Fe/H] ≤ –5.0     Hyper metal-poor           HMP         2 
[Fe/H] ≤ –6.0     Mega metal-poor           MMP         -- 

as suggested by Beers & Christlieb 2005 Extreme Pop II stars! 
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In 2004!
(@ NAOJ)!

Norbert Christlieb 

Ando-san 
Aoki-san 
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Mini-Eisenlinien!
Japanese 8m Subaru telescope  

@ Mauna Kea, Hawaii 

 
May 30, 2004: 

First Subaru/HDS observation of HE 1327-2326 
by Aoki Wako (NAOJ) 
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Searching for the 
oldest stars 
 
Release date:  
August 2012 (in German) 
 
To appear in English: 
2013 
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What is so special About !
the most Fe-poor stars? !

ad
ap

te
d 

fr
om

 A
ok

i, 
Fr

eb
el

 e
t a

l. 
20

06
, A

pJ
 

Review article on metal-poor stars plus all lit. data: Frebel 2010, Astr. Nachr.   

The very different chemical signatures of the hyper iron-poor stars  
is crucial for understanding the formation of the elements! 
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quick summary:!

The Milky Way halo contains stars with 
exceptionally low metallicities 

 
HOW OLD ARE THE MOST  

METAL-POOR STARS? 
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The age of !
the oldest stars!

... there are old stars  
with this r-process signatures! 

�B2FH�!





 A
n

n
a

 F
r

e
b

e
l

!
m

e
t

a
l

-p
o

o
r

 s
t

a
r

s
!

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

  Responsible for the production of the heaviest elements 
  Most likely production site: SNe II => pre-enrichment 
  Chemical “fingerprint” of previous nucleosynthesis event 
    (only “visible” in the oldest stars bec. of low metallicity and one progenitor) 

  ~5% of metal-poor stars with  
     [Fe/H] < -2.5 (Barklem et al. 05) 
   =>  Only 15-20 stars! 
 

 
  Nucleo-chronometry: 
    Stellar ages from radioactive  
    Thorium and Uranium 
 
 
[Th and U can also be measured in the Sun, but the chemical evolution has 
progressed too far -- required are old, metal-poor stars from times when only very few 
SNe had exploded in the universe] 

 SN     star    -- decay --           today 
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rapid nucleosynthesis 
evidence: HE 1523-0901!

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

observed spectrum 
synthetic spectrum �best fit� 

 
 
 
 
 

So, how many 
elements can  
you “see” in  

HE 1523-0901? 

Magnitude: B = 12.1 mag  
Metallicity: [Fe/H] = −3.0 
“Extremely metal-poor star” 

Frebel et al. 2007, ApJ 660, L117 
Frebel et al. 2011, in prep.  
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rapid nucleosynthesis 
evidence: HE 1523-0901!

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

observed spectrum 
synthetic spectrum �best fit� 
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Our Cosmic Lab!

In these stars we will be able to detect the most chemical 
elements, second only to the Sun!!  

 
We can then study the very beginning of chemical evolution 

that ultimately ends with the Sun (=integrated yields) 
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The Age of HE 1523-0901!

                  " Element ratio Age [billion 
yrs] 

Th/Eu 11.5 
Th/Os 10.7 
Th/Ir 15.0 
U/Eu 13.2 
U/Os 12.9 
U/Ir 14.1 
U/Th 13.0 
average age ~13 billion 

years 
WMAP age of the  
Universe: 13.7 Gyr 
(Spergel et al. 07) 

Δt =  46.8 * (log (Th/r)0 - log (Th/r)obs )"
"
Δt =  14.8 * (log (U/r)0    - log (U/r)obs)"
"
Δt =  21.8 * (log (U/Th)0 - log (U/Th)obs)"

Ages can be obtained from comparison of 
observed abundance ratio of a radioactive element 
(such as Thorium, Uranium) to a stable r-process 
element  (such as Europium, Osmium, Iridium) and 
a theoretically derived initial production ratio. 
Done for Th/Eu for 20-30 stars (Sneden+96, Cayrel
+ 01, Johnson+Bolte 02, Christlieb+04) 

Fr
eb

el
 e

t a
l. 

(2
00

7)
 

232Th          238U      

208Pb        206Pb        

TH =  
14Gyr TH =  

4.5Gyr 
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The Age of HE 1523-0901!

                  " Element ratio Age [billion 
yrs] 

Th/Eu 11.5 
Th/Os 10.7 
Th/Ir 15.0 
U/Eu 13.2 
U/Os 12.9 
U/Ir 14.1 
U/Th 13.0 
average age ~13 billion 

years 
WMAP age of the  
Universe: 13.7 Gyr 
(Spergel et al. 07) 

Δt =  46.8 * (log (Th/r)0 - log (Th/r)obs )"
"
Δt =  14.8 * (log (U/r)0    - log (U/r)obs)"
"
Δt =  21.8 * (log (U/Th)0 - log (U/Th)obs)"

Ages can be obtained from comparison of 
observed abundance ratio of a radioactive element 
(such as Thorium, Uranium) to a stable r-process 
element  (such as Europium, Osmium, Iridium) and 
a theoretically derived initial production ratio. 
Done for Th/Eu for 20-30 stars (Sneden+96, Cayrel
+ 01, Johnson+Bolte 02, Christlieb+04) 

Fr
eb

el
 e

t a
l. 

(2
00

7)
 

232Th          238U      

208Pb        206Pb        

TH =  
14Gyr TH =  

4.5Gyr 

For the first time more than one chronometer was be employed 
 for a stellar      age measurement!  

⇒  (WMAP model-) Independent lower limit for age of the Universe 
 
⇒  Other similarly metal-poor stars are probably similarly old 
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quick summary:!

The Milky Way halo contains stars with 
exceptionally low metallicities 

 
These stars are ~13 billion years old 

 
WHERE DO THEY REALLY  

COME FROM? 



 A
n

n
a

 F
r

e
b

e
l

!
m

e
t

a
l

-p
o

o
r

 s
t

a
r

s
!

The ΛCDM universe 
CDM simulations of galaxy assembly show that very few larger halos plus 
many smaller halos merged to form the Galactic halo (�hierarchical growth�). 
 
Many small halos survive this process and are predicted to be around today. 

~900kpc 

~134 Mpc 

Springel et al. (2007) 
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The ΛCDM universe 
CDM simulations of galaxy assembly show that very few larger halos plus 
many smaller halos merged to form the Galactic halo (�hierarchical growth�). 
 
Many small halos survive this process and are predicted to be around today. 

~900kpc 

~134 Mpc 

BUT, what about the stellar  
content of these dark halos?? 

Springel et al. (2007) 
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Using dwarf galaxies to study 
the nature of small halos!

In the �dark matter� world: λCDM hierarchical structure formation model 

In the �luminous� world: Comprehensive understanding of galaxy formation 

Spectroscopic observations  
of stars and streams    
(=luminous matter) 
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The Milky Way�s satellites!

Dwarf galaxies are useful tools to study star formation and chemical 
evolution, early galaxy formation and the build-up of the Milky Way  

dSph = gas poor dwarf galaxies         dIrr = gas rich dwarf galaxies 
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Some interesting numbers...!

•  Total number of stars below [Fe/H] = -3.8 in Milky Way: 11  (2) 
•  Total number of stars below [Fe/H] = -3.8 in dwarfs:        4   (2) 

•  Total number of stars below [Fe/H] = -3.5 in Milky Way: 22  (2) 
•  Total number of stars below [Fe/H] = -3.5 in dwarfs:        8   (4) 

 Years to search for EMP stars: 
 Halo    ~20 years 
 Dwarfs  ~3 years  

 >30% of the most metal-poor stars known are in dwarfs!! 

 Segue 1 has 15% of all known stars below [Fe/H] = -3.5!   
 (it only has 7 stars bright enough for high-resolution spectr.) 
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CSI: Chemical !
Signatures, Investigated!

Examine the chemical abundances of individual dwarf 
galaxy stars: 
1) early chemical evolution in small systems 
2) chemical signatures that can relate dwarf galaxies to MW 
 
If surviving dwarfs are analogs of early MW building 
blocks then we should find chemical evidence of it! 

Stellar metallicities [Fe/H] & abundances [X/Fe] of 
metal-poor stars in dwarf galaxies                   

should agree with those found in MW halo stars 

And previous studies failed to find extremely metal-poor stars in the classical 
dwarfs; but their higher metallicity stars show different abundances... 
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Inner Halo 
[Fe/H]ave. ~ -1.6 

More massive, 
Magellanic  

Cloud-sized objects 
contribute mass 

[Fe/H]~-1  

 
 
Ultra-faint dwarfs 
L ~ 104L 
[Fe/H]min~–3.8 in Segue 1 

Fe
w

 m
et

al
-p

oo
r s

ta
rs

 

assembly of the !
metal-poor tail of the halo!

  Additional   
metal-poor stars 

�classical�  
dSphs 

 
L ~ 106L 
[Fe/H]min~–3.8 Sculptor 
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Inner Halo 
[Fe/H]ave. ~ -1.6 

More massive, 
Magellanic  

Cloud-sized objects 
contribute mass 

[Fe/H]~-1  

 
 
Ultra-faint dwarfs 
L ~ 104L 
[Fe/H]min~–3.8 in Segue 1 

Fe
w

 m
et

al
-p

oo
r s

ta
rs

 

assembly of the !
metal-poor tail of the halo!

  Additional   
metal-poor stars 

�classical�  
dSphs 

 
L ~ 106L 
[Fe/H]min~–3.8 Sculptor 

Perhaps all of the most metal-poor 
�halo� stars have been deposited 

by dwarf galaxies!?! 
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~10 Minihalos 
~106 M$
(z~30-20) 

Atomic cooling halo  
~108 M$
(z~15-10)$

1 Pop III star each 
with order 100 M$

merging 

Pop II stars form  
from material enriched  
just by the PopIII stars 

Pop III stars 
explode as SN 

gas blow out 
by SNe 

no gas 
left for star 
formation 

�First galaxy� 

some gas is left 
or some is  
recollected 

NEED to put this to the test! 
⇒ will constrain feedback  
effects in the first galaxy  
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today 

formation 
of the first 

galaxy from  
~10 mini 

halos 

first galaxy 
enriched by 
Pop III stars; 
 one burst  

of SF 

second-gen. 
metal-poor 

stars,  
w/ some MF 

Time 

higher-mass 
stars: AGB stars 
some: SN II  

lower-mass  
stars: SN Ia 

low-mass stars survive until today => we observe those! 

SN Ia enrichment 

AGB enrichment 

enrichment channels !
in a  first galaxy !

No additional star formation due to lack of gas! 

These enrichment events 
will not be sampled by 

later generations of stars 
in a such a first galaxy! 
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quick summary:!
The Milky Way halo contains stars with 

exceptionally low metallicities 
 

These stars are ~13 billion years old 
 

They could come from small dwarf galaxies 
 

CAN WE TRACE THE COSMOLOGICAL  
PATH OF THE MOST METAL-POOR STARS? 
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The 
CaterPillar 

Project!
(Cosmology, galaxy Assembly & Time Evolution 

-- a Research Pillar) "
New DM-only simulation of up to 100 of well 

resolved halos  
(w/ Gadget, new ICs & WMAP7 cosmology) 

Status: 
  Please see Phillip Zukin�s  
  poster (P58) 

Motivation:  
-Cosmic origin of the most metal-
poor stars 
-The Milky Way may be an outlier 
(i.e. Magellanic Clouds) 
-Identifying the building blocks of the 
MW halo & especially those in ultra-
faint dwarfs   
-And of course much much more!  
(We will make simulations available) 

Anna Frebel (PI, MIT),  
Ed Bertschinger (MIT),  
Lars Hernquist (CfA),  
Mark Vogelsberger (CfA),  
Phillip Zukin (MIT,CfA, Berkeley) 
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The CaterPillar Project!

z = 0 
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z=0 z~0 A
qu

ar
iu

s 
   

   
   

  C
at

er
Pi

lla
r 

z=0.95 z~130 

full box 

z~0 
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summary:!

The Milky Way halo contains stars with 
exceptionally low metallicities 

 
These stars are ~13 billion years old 

 
They could come from small dwarf galaxies 

 
With large cosmological simulations 

(+knowledge on SF, SNe, feedback, etc) we can 
better understand the MW halo formation and 

the origin of the most metal-poor stars 
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The oldest stars are just like 
diamonds: 
 
- They are rare 
- They are difficult to come by 
- They contain a lot of carbon 
- They last (almost) forever  
- They are good for many     
       occasions/applications 
- They make you happy!!

Little Diamonds in the sky...!

�Old stars are a girl�s best friend!� 

Let�s continue this treasure hunt ! 
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The Origin !
of the Elements!

When, where, and how did they form? 

First 
stars 

Dwarf  
galaxies 

High red- 
shift gas 
clouds 

Chemical 
enrichment 

First 
galaxies 

Metal-poor  
halo 
stars 

SN  
nucleo- 

synthesis 

Summer 2014 

Contact: 
Anna Frebel & Rob Simcoe, MIT 

Cambridge,  
MA, USA 
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Skymapper & Magellan: !
Match made in heaven!

SkyMapper is taking data now! 
Will provide more metal-poor halo stars 

as well as more dwarf galaxies! 

1.3m Skymapper telescope 
Siding Spring Observatory, Australia 

6.5m Magellan telescopes 
Las Campanas Observatory, Chile 
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textbook: Planets, stars & 
stellar systems!

 
Volume 5: STELLAR POPULATIONS 
Editor: Gerry Gilmore; to appear in 2012, by Springer  

 
Metal-poor stars and the chemical enrichment of the universe  
(by Anna Frebel & John Norris, arXiv:1102.1748 => free :) 

 Abundance compilation of metal-poor stars in the literature: 
 ~1000 stars with chemical abundances (halo and dwarf galaxies) 
 See  https://www.space.mit.edu/~afrebel/abundances/abund.html    
 (as part of Frebel 2010, review on metal-poor stars in halo & dwarfs) 

 
There is also Suda-san�s SAGA database (Suda+07) 


