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Check out:      annafrebel.com      @annafrebel

Anna Frebel



Overview
   Introdution to metal-poor stars

 Astronomy jargon and nomenclature plus all the basics

 Early chemical evolution

 Neutron-capture signatures observed in metal-poor stars

 R-process in dwarf galaxy Reticulum II

 Question for YOU: what do you want to know?
 Happy to talk about a variet of topics depending on interest

 Shameless ads: JINAbase, literature paper list, “Searching for 
the oldest stars”, video lectures

Anna Frebel @annafrebel



Are you a

(A) theorist - astronomy
(B) theorist - nuclear physics
(C)observer
(D)experimentalist - nuclear physics
(E)other

Class Discussion: 
Welcome!



On a scale from 1 to 10 (1 = not so much; 10 = expert) how 
much do you know about observations/details of metal-
poor stars?

(A)1-3
(B)4-6
(C)7-9
(D)10-12

Class Discussion: 
Metal-poor stars



Hydrogen
Helium
Heavier elements

Universe 
after Big 

Bang 
13.8 billion 

yrs ago

75%
25%

 0%

71.5%

27%

1.4%

Sun
born 4.6 
billion yrs 

ago

One of the most fundamental concept in astronomy
Stellar composition

Composition 
of star

Composition 
of star



When the universe is twice its current age, the fraction of 
atoms in the universe that are hydrogen

(A)will be close to zero
(B)will be close to one
(C)should remain approximately constant
(D)will continue decreasing

Class Discussion: 
Stellar evolution & nucleosynthesis



When the universe is twice its current age, the fraction of 
atoms in the universe that are hydrogen

D will continue decreasing

Class Discussion: 
Stellar evolution & nucleosynthesis



Astronomer’s 
periodic table

All other elements combined

Metals “Z” ~ 1.4%

“X” ~ 71,5% “Y” ~ 27%

Hydrogen
1

H
1.0079

Helium
2

He
4.0026

In the
Universe 

today



Metallicity
Definition of log ε(X) 

Stellar “abundances” are number density calculations with 
respect to H and the solar value

On a scale where H is 12.0:

This quantity is the output of all model atmospheres!

i.e. MOOG code (by Chris Sneden) + Kurucz models -- all 
publicly available!€ 

logε(X) = log10 NX /NH( ) +12 for element X



Definition: [Fe/H] 

where NFe and NH is the no. of iron and hydrogen atoms per unit of volume respectively.
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A /H[ ] − B /H[ ] = A /B[ ] for elements A and B



�hemical abundance determination

Example:
You measure:

log ε (Mg)star = 5.96;   log ε (Fe)star = 5.50
You look up:

log ε (Mg)sun = 7.60;   log ε (Fe)sun = 7.50

Calculate: [Mg/H] = logε(Mg)star - logε(Mg)sun = -1.64
=> metal-poor because subsolar! 
(recall: [Mg/H] = 0 is solar, by definition)

Calculate: [Mg/Fe] = [Mg/H] - [Fe/H] = -1.64 - (-2.0) = 0.36
(alpha-enhanced compared to Sun, with positive ratio)



Solar abundances
Photospheric (=‘stellar’ abundance)
• Anders, Grevesse & Sauval ‘89 

• Grevesse & Sauval ‘98

• Asplund, Grevesse &Sauval ‘05

• Grevesse, Asplund & Sauval ‘07

• Asplund, Grevesse, Sauval & Scott ‘09

• reference element: H

Meteoritic (=‘star dust’ grain analysis)
• Lodders 03

• Lodders, Palme & Gail 09

• reference element: Si

• Volatile elements depleted, incl. the most abundant elements: H, 
He, C, N, O, Ne cannot rely on meteorites to determine the 
primordial Solar System abundances for such elements

 For each application, the most similarly obtained 
solar abundances should be use to minimize 
systematic uncertainties!



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      ~100
[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
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Pop III stars [Fe/H] = – ∞



Update: Metal-poor star classifications
Frebel 2018, ARN&P, in prep



What is the [Fe/H] abundance of the human body?

(A)  super metal-rich 
(B)  metal-rich 
(C) metal-poor 
(D) very metal-poor

Class Discussion: 
Metallicity



What is the [Fe/H] abundance of the human body?

(C) metal-poor 

Class Discussion: 
Metallicity

11 / 46

Fe and Ca Abundances in a Human Being

[Fe/H] =[Fe/H] =

[Ca/Fe] =[Ca/Fe] =

human beinghuman being

[Fe/H]=logn Fe 
n H  −logn Fe 

n H  ⊙

––1.661.66

+5.88+5.88

12 + log(O/H) =12 + log(O/H) =

[O/H] =[O/H] =

[Mg/Fe] =[Mg/Fe] =

[Mg/H] =[Mg/H] =

[C/H] =[C/H] =

[N/H] =[N/H] =

[Ca/H] =[Ca/H] =

[P/H] =[P/H] =

[K/H] =[K/H] =

[S/H] =[S/H] =

[Na/H] =[Na/H] =

[Cl/H] =[Cl/H] =

[I/H] =[I/H] =

+11.61+11.61

+2.68+2.68

+2.40+2.40

+0.74+0.74

+2.62+2.62

+2.28+2.28

+4.22+4.22

+4.06+4.06

+3.84+3.84

+1.69+1.69

+2.49+2.49

+3.13+3.13

+2.99 +2.99 



Cosmic cycle of matter



Sun





If the center of the Sun be heated slightly, the nuclear 
reactions would faster and hence release more heat, so the 
Sun’s core would

(A)  collapse
(B)  expand and hence cool back to its original temperature
(C) expand and hence heat up even more
(D) explode

Class Discussion: 
Stellar interiors



If the center of the Sun be heated slightly, the nuclear 
reactions would faster and hence release more heat, so the 
Sun’s core would

 
(A)expand and hence cool back to its original temperature

=> will reach hydrostatic equilibrium again, which depends on mass not T.

Class Discussion: 
Stellar interiors



Stellar Lifetimes
• Total fuel to burn is the stellar mass

• Low-mass stars have rather long 
lives

•  e.g. Sun: 10 billion yrs

• High-mass stars burn through their 
fuel faster and live shorter

•  e.g. millions of years



Fusion in the core of a main sequence star changes the 
chemical composition in the core. What happens to the 
chemical composition of the rest of the star?

(A)We have no way to find out
(B)The chemical composition outside the core doesn’t change much
(C)The same changes occur outside the core as within the core
(D)Hydrogen becomes more abundant outside the core

Class Discussion: 
Stellar evolution & nucleosynthesis



Fusion in the core of a main sequence star changes the 
chemical composition in the core. What happens to the 
chemical composition outside the core?

(B)The chemical composition outside the core doesn’t change much

To the outer layers, the core is like in a galaxy far far away... 

Class Discussion: 
Stellar evolution & nucleosynthesis



A long time ago...

today

Cosmic time (not to scale)

Big Bang

Larson & Bromm 2001

2nd and later generations 
of stars (<1 M)

First stars
(100 M)

first galaxies
today’s galaxies

Red:  
first star minihalos 

Yellow: 
first galaxies



€ 

logε(Fe)sun = log(NFe /NH )sun +12 = 7.50
⇒ log(NFe /NH )sun = 7.50 −12 = −4.50

(from Table)

How metal-poor can it get?

€ 

NH =
Mtot

mH

=
106Msun

mH

€ 

NFe =
Mtot

mFe

=
0.1Msun

56mH

€ 

NFe

NH

=
0.1Msun

56mH

×
mH

106Msun

=
10−7

56

€ 

⇒ [Fe /H] = log(10
−7

56
) − (−4.50) = −4.2

Classical example:
Early universe: primordial gas, first star makes metals (i.e., Fe)
How metal-poor is a second-generation star?

Available gas mass: 106 Msun      =>     
Canonical SN Fe yield: 0.1 Msun  =>

~1/10,000 of the solar Fe 
abundance! 



Chemical evolution
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Chemical evolution & 
cosmic recycling

Stars are made from ~75% H and ~25% He, but:

⇒ Early stars contain little of all elements 
⇒ Younger stars contain larger amounts

Old(er) stars contain
the least amounts

 of elements heavier 
than H and He!



Ze
nt

ru
m

 fu
er

 A
st

ro
no

m
ie

 u
nd

 A
st

ro
ph

ys
ik

, T
U

 B
er

lin

Examples 
Sun: contains 1.4 % heavy elements (by mass)
Oldest stars: 10-4 to 10-7 % heavy elements

Stars are made from ~75% H and ~25% He, but:

⇒ Early stars contain little of all elements 
⇒ Younger stars contain larger amounts

Chemical evolution & 
cosmic recycling
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Old(er) stars contain
the least amounts

 of elements heavier 
than H and He!

Chemical evolution
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Chemical evolution & 
cosmic recycling

Stars are made from ~75% H and ~25% He, but:

⇒ Early stars contain little of all elements 
⇒ Younger stars contain larger amounts

[Fe/H] = log(NFe/NH)* − log(NFe/NH)

Abundances are derived from 
integrated absorption line strengths

Sun

2nd gen star

Chemical evolution
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Cosmic recycling

Metals Z

Periodic Table
Astronomers’

Old stars are 
metal-poor compared to the 

Sun’s composition!

Old(er) stars contain
the least amounts

 of elements heavier 
than H and He!

H: X He: Y

With time, more and more of 
all elements were made!

Chemical evolution



The chemical composition of the Sun 3 billion years ago 
was different from what it is now in that it had

(A)  more hydrogen
(B)  more helium
(C) actually stayed the same
(D) molecular hydrogen

Class Discussion: 
Stellar evolution & nucleosynthesis



The chemical composition of the Sun 3 billion years ago 
was different from what it is now in that it had

(A)  more hydrogen

H has been converted to He since then. The Sun is still just converting H to 
He.

Class Discussion: 
Stellar evolution & nucleosynthesis



Chemical evolution

Enrichment phase

Chemical evolution phase



Where are metal-poor stars found
in the Milky Way

Dwarf 
galaxies

Halo

Bulge
Disk

Metal-poor
halo stars

✷
✷ ✷

✷ ✷
✷

✷✷

✷✷

  The disk and open 
and globular 
clusters do not 
contain stars with 
[Fe/H]<−2.3 

=> Origin of halo and bulge 
stars is actually unknown

=> Trace chemical signature of 
their birth gas cloud 
wherever they formed

Metal-poor stars are found 
in the halo, the bulge and 
dwarf galaxies



Halo Metallicity distribution function (MDF)

Previous ‘as observed’, 
raw MDF is not a 
realistic presentation!
 
(but shows that we have been 
doing a good job in finding these 
stars..)

Schoerck et al. 2008

The most metal-poor stars are 
extremely rare but extremely important!

Non-zero tail!!!



Clues to the r-process site
• Stellar Archaeology: using metal-poor stars to 

probe the chemical content of the early universe

Metals

Star forming 
gas cloud

Low-mass 
stars found in our  

Galaxy today!

Observe chemical 
abundances of 

these -> chemical 
content of old gas 

clouds!

Early 
Stars

12-13 billion years

Stellar archaeology
Using metal-poor stars to probe the early universe

(e.g. early dwarf 
galaxy)

Low-mass stars with M < 1 M: Lifetimes > 10 billion years => they are still around!

Galactic metal-poor stars are a great tool for near-field cosmology 
because they are the local equivalent of the high-redshift Universe!

Through chemical abundance studies

6.5m Magellan 
telescope

First 
stars



The (detailed) astronomer’s 
periodic table

Weak r-proc., light n-cap. primary proc.

Odd-Z elements  
α-elements
Iron group elements              

r-process     

Isotope distribution of solar nebula
(~8 billion yrs of chemical evolution)

α-rich freezeout, νp-proc., weak s-proc.
s-process

r-process                    
 Long-lived 
radioactive 
(also r-process)

Big Bang nucleosynthesis
Spallation
Evolved giant stars



Solar 
abundances

log ε(X)sun

Asplund et al. 2009

= combined product of 8 billion yrs 
of chemical evolution! 
The Sun reflects a mix of many 
different element production events



Can galaxies have different metallicities?



Ultra-faint dwarf galaxy 
properties (UFDs)

Low luminosity (300 - 3,000 Lsun) 

Dark matter-dominated (M/L > 100) 

Metal-poor (mean [Fe/H] ~ −2)

Stars are old (mean age 13.3 +/− 1 Gyr) 

Few bursts of star formation

Ultra-faint dwarfs Classical dSphs

Ideal targets for Dwarf Galaxy Archaeology 
Use entire galaxy as fossil record of the early universe! 

Bonus: get environmental information because we know where stars were born



Stars are the drivers of the 
chemical evolution of the universe

• Long-lived low-mass stars: nothing; but their WD (after too 
much mass-transfer in binary system) provide Fe, and little O, 
C, Mg

• Longish-lived intermediate stars: their AGB winds are main 
providers of C,O, neutron-capture elements in a galaxy

• Short-lived massive stars: supernova are gigantic fountains 
that blow new elements into the surrounding gas



α-elements

α-elements multiple of He: (C,O), 
Ne, Mg, Si, S, Ar, Ca, Ti (not pure)

Synthesis during stellar evolution 
and α-capture in supernova 
explosion of massive stars (>8 M)

[Mg/Fe]

[Si/Fe]

[Ca/Fe]

Pagel & Tautvaišiene (1995)

Abundance trends

Fe-rich ejecta 
from the SN of 
low-mass stars 
(SN type Ia)

Fe and α-elements produced 
in the explosions of massive 

stars (SN type II)



Elements of 
life

• Hydrogen
• Carbon
• Nitrogen
• Oxygen
• Sulfur
• Phosphorus

• Compared with results 
from chemical evolution 
modeling





Abundance patterns
• Stellar chemical abundances are compared with supernova 

elemental yields => reconstruct the first stars in the universe
• Learn about chemical evolution! 
•



Big Bang

Primordial 
gas cloud

First star
exploding

First chemical 
enrichment

2nd generation stars
forming from 
enriched material

How and when did 
these early stars form?
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Why important? 
Metal-poor stars provide the only available diagnosis for zero-

metallicity Pop III nucleosynthesis and early chemical enrichment

[X
/F

e]

e.g. HE 1327-2326



Heavy element nucleosynthesis

All elements heavier than Li, Be, B are made during stellar 
evolution, supernova explosions and their remnants



Most important reactions in stellar 
nucleosynthesis:

    * Hydrogen burning:
          - The proton-proton chain
          - The CNO cycle
    * Helium burning:
          - The triple-alpha process
          - The alpha process
    * Burning of heavier elements:
          - Carbon burning process
          - Neon burning process
          - Oxygen burning process
          - Silicon burning process
    * Production of elements heavier than iron:
          - Neutron capture:
                - The R-process
                - The S-process
          - Proton capture:
                - The Rp-process
          - Photo-disintegration:
                - The P-process

Timmes+ ~95
Woosely&Weaver 1995
Heger & Woosley 2008

All textbooks, wikipedia
....

Many details not
known, but models
out there



Update: Metal-poor star classifications
Frebel 2018, ARN&P, in prep



s-process
metal-poor star formed as part of binary system; receives 

mass transfer of C-rich, s-rich material from companion that 
undergoes AGB phase

Bisterzo et al. 2012, data from Lucatello et al. 2003



s-process: solar and at low-met 
Number of seed nuclei determine s-process signature; 

more Pb at low [Fe/H]



“r/s” star => i-process star

Jonsell et al. 2006

Stars enriched by neither a clean s-proc nor r-proc signature
Characteristic: looks like s-proc but enhanced Eu 



intermediate (i)-process

Hampel et al. 2016

Low-metallicity AGB stars
with low CNO content 

=> intershell convection zone 
(during thermal pulse) penetrates 
up into H burning shell 
=> draws protons down to hotter 
region
=> protons react w/ 12C in 
intershell to form 13C 
=> neutron source 13C (α, n)16 O
(= proton ingestion episodes)

=> high neutron densities, up to    
     n = 1015 cm−3



The first true r+s star!

Gull, Frebel et al. 2018, in prep

An s-process star with [Fe/H] = -2.3 
that formed from r-process enhanced gas!

solar Pb used 
is wrong... so 
it’s ok! :)



The first true r+s star!

Gull, Frebel et al. 2018, in prep

An s-process star with [Fe/H] = -2.3 
that formed from r-process enhanced gas!



r-process signature in the spectrum



r-process

Very good 
agreement 
with scaled 
solar r-
process 
pattern 
for Z>56

scaled solar 
r-process pattern

decayed Th,U

According to 
metal-poor star 
abundances,
the r-process 
is universal!

Frebel et al. (2007)

HE 1523-0901 (red giant, [Fe/H] = -3)

Does the r-process occur in SNe or 
neutro star mergers?



Sn

Pb
Ir, Os, Pt

Te, Xe

rapid neutron-capture-
nucleosynthesis
(neutron star merger scenario)

rapid n-capture 
within ß-decay

rapid neutron-capture (blue)decay phase near closed shells (2nd peak)continued neutron-capturedecay phase near closed shell (3rd peak)continued neutron-captureneutron flux stops;  n-rich isotopes decay 
to stability

new heavy atom created



The (detailed) astronomer’s 
periodic table

Isotope distribution of Sun

Big Bang nucleosynthesis
Spallation
Evolved giant stars

α-rich freezeout, νp-proc., weak s-proc.

Odd-Z elements  
α-elements
Iron group elements

r-process                    
 



r-process pattern

neutron-capture r-process elemental pattern

2nd 
peak

3rd peak
1st 

peak
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Universal r-process pattern observed 
in metal-poor stars

r-process 
abundance 
patterns are the 
same in the Sun 
and old metal-
poor stars

r-process stars 
are all extremely 
metal-poor:    
[Fe/H]~−3.0
(= 1/1000th of solar 
Fe value)

Universal r-process pattern
• r-process 

abundance 
pattern the 
same in the 
Sun and metal-
poor stars 

• r-process stars 
all extremely 
metal poor 
([Fe/H] ~ -3)

Sneden et al. 2008
Definition: [Fe/H] = log10(NFe/NH)star − log10(NFe/NH)Sun  



Nucleo-chronometry of the oldest stars
 Need r-process metal-poor stars
 They display the chemical “fingerprint” of previous nucleosynthesis event
    (only “visible” in the oldest stars because of low metallicity)

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

⇒Only 15-20 stars known so 
         far with [Eu/Fe] > 1.0

Nucleo-chronometry: obtain 
stellar ages from decaying Th, U and 
stable r-process elements (e.g. Eu, Os)

[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



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: 13.8 Gyr

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)
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232Th          238U     

208Pb        206Pb       

TH = 
14Gyr

TH = 
4.5Gyr



A new uranium star
Placco et al. 2017

12.4+-0.9 billion years from U/X



The Story of  Reticulum II

Nuclear 
Astrophysics 

Cosmic origin of 
the chemical  

elements

Stellar 
Archaeology 

Clues to the 
astrophysical 

site of r-process 
nucleosynthesis

Dwarf Galaxy 
Archaeology 

Ancient, clean 
chemical 

enrichment 
signatures 



 The Big Question

★ What is the (dominant) astrophysical site of the       
r-process?

★ What is the rate and yield of the event?

★ Is the dominant site changing over cosmic time?

➡ Core-collapse supernovae
➡ Neutron star mergers
➡ Others (e.g., jet-driven supernovae)



Theoretical element yield:

~10-6 Msun of total r-process material

=> ~10-7.5 Msun of Eu (per event)

Supernovae are common; produce light elements w/ Z<30 in their cores 
Responsible for these light elements when observed in metal-poor stars 

Core-collapse supernova 
(death of a massive star with M > 8 M�)
W

oo
sl

ey
 &

 J
an

ka
 2

00
5

Pros
✓Metal-poor stars only have one/few progenitors 
✓Provides the fast enrichment needed; small & steady r-process yields
Con Theoretical difficulties for r-process nucleosynthesis to produce  
elements heavier than Ba (e.g. Arcones et al.)



Rare One binary per ~1000- 2000 supernovae                
 Long(er) enrichment timescale => Inspiral time >100 Myr

Additional (indirect) evidence for local r-process nucleosynthesis 
1) Short gamma-ray bursts: Afterglow from decay of radioactive r-process elements detected (Tanvir et al. 13)
2) Radioactive deep sea measurements suggest local neutron star mergers (Wallner et al. 15, Hotokezaka et al.15)

Cons
Pros Easily produces elements heavier than Ba

ν

Yield: ~10-3 -10-2 Msun of r-process material (across all n-cap elements)

=> ~10-4.5 Msun of Eu (per event)

Delay time too 
long to occur 

before metal-poor 
stars form??

Neutron star binary merger 
(two compact supernova remnants)



Reticulum II

All stars Reticulum II Stars

Dark Energy Survey

Meet Reticulum II

All stars Reticulum II stars

(Dark Energy Survey, 2015)



Magellan observations

Color-magnitude-diagram of Ret II 
(red = confirmed members)

Clay 6.5m Magellan telescope 
(on left) at Las Campanas Observatory, Chile

Simon et al. 2015: radial velocity members confirm Ret II to be a galaxy 
Brightest members (V=17-19) observable with high-resolution spectroscopy
=> Ji et al. (2015) spent 2-3 hours on each of 9 brightest targets (~23h)

CMD of Ret



Light element abundances
(C, Na, Mg, Al, Si, Ca, Sc, Ti, Cr, Mn, Co, Ni)

Light elements
Ret II stars have similar abundances to UFD and halo stars

Core-collapse supernovae are primary metal source

Reticulum II stars have same abundances as typical metal-poor halo stars

Core-collapse supernovae are primary light element source

Ji
 e

t a
l 2

01
6,

 N
at

ur
e,

 5
31

, 6
10

gray dots:
metal-
poor 
halo 
stars





All Ret II stars match r-process pattern
All seven Ret II stars display 

the r-process pattern
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Ret II stars >100x higher neutron-capture 
element abundances than other UFDs

Ret II stars: 
> 100x higher n-capture element abundances than other 

UFDs

[Ba/H]=−1.6

[Eu/H]=−1



Population of 10 UFDs:
➡1 of 10 r-process events

➡Est. stellar mass of all UFDs:  
~2000 SNe expected 

➡Consistent w/ expected NSM 
rate of 1 per 1000-2000 SNe

Dwarf galaxy archaeology
( = using an entire dwarf galaxy to study the early universe)

Estimate gas mass of UFD:

Total gas in UFD galaxy
➡Max. dilution mass: ~107 Msun 

Gas swept up by a 1051erg 
energy injection into typical ISM
➡Min. dilution mass: ~105 Msun 

How Prolific?How Rare?               

Back-of-the-envelope calculation
Mix NSM yield mass of 10-4.5 Msun into 106 Msun of H gas (can NOW be estimated!)

=> [Eu/H] = −1.2 is abundance of next-generation star

=> Agrees with Ret II abundance results!

(LIGO will deliver answer in 2+ yrs)



Ret II abundance consistent with  
neutron star merger
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Ret II abundances consistent 
w/ neutron-star merger yield
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Ret II abundance consistent with  
neutron star merger
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Rare and prolific jet-driven supernova remains 
possibility 
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Jet-driven
supernova

...but ordinary supernovae remain ruled out! 

(e.g. W
inteler et al. 2012)



Big        First stars                                        
Bang      explode

✷
✷ ✷

✷✷

✷
✷ ✷

✷✷

Stars form from                                                   ...are found in 
enriched gas                                             the Milky Way today 

  Stars form from                                   ...are found in             
  enriched gas                             dwarf galaxies today 

~13 Gyr
of galaxy 
assembly

~13 Gyr
of galaxy 
assembly

Blown out gas     NSM               
reassembles      goes off    

delay of 100 Myr

Enrichment and star 
formation timeline



 Answers to                             
the Big Question

★ What is the (dominant) astrophysical site of the  
r-process?

★ What is the rate and yield of the event?

★ Is the dominant site changing over cosmic time?

➡ Core-collapse supernovae
➡ Neutron star mergers
➡ Others (e.g., jet-driven supernovae)

➡No, but a rare and prolific site     

➡Consistent w/ Ret II abundances
➡Remain possible

➡ ~1 event per 2000 SN; ~10-2.5 Msun of r-process

➡Probably not!



Selected literature 
• Metal-poor stars:
• Frebel & Norris 2015, ARA&A

• Neutron-capture elements:
• Sneden et al. 2008, ARA&A
• Jacobson & Frebel 2014, JPhysG

• R-process in dwarf galaxies:
• Ji et al. 2016a,b, Nature/ApJ
• Roederer et al. 2016, MNRAS

• NOT A COMPLETE LIST -- SEND ME MORE TO ADD HERE! 



The Cosmic Origin on the Chemical elements

https://www.youtube.com/channel/UC3cyRVDoePNf_rLQlwKpdeg

~270 pages
Princeton University Press

Searching 
Princeton 

Use in the classroom, with research/PhD students, 
for your own entertainment or as outreach material

11 episodes (5 to 8min) onPopular science book
all about stars, elements, 
discoveries & telescopes



What we learn from stellar 
abundances of old stars

Low-mass stars (M < 1 M)
⇒ lifetimes > 10 billion years 
⇒ unevolved stars are still around!
     ________________________ 
      
Using “fossil” metal-poor stars to reconstruct...
 Origin and evolution of chemical elements 
 Relevant nucleosynthesis processes and sites
 Chemical and 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
 Nucleosynthesis & chemical yields of first/early SNe
 Early star & early galaxy formation processes
 Hierarchical merging of galaxies (observed abundances are ‘end product’ that have to be 

reproduced by any comprehensive galaxy formation model)
 Formation of the galactic halo by detailed understanding of its stellar content

Temperature
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Hertzsprung-Russell-diagram

APOD

Galactic metal-poor stars are a great tool for near-field cosmology 
because they are the local equivalent of the high-redshift Universe!


