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Lecture 3



Applications

➡ Spectroscopy of cool stars and stellar 
abundances 


➡ Origin of chemical elements 


➡ Chemical evolution of stellar populations 


➡ and a bit of the Milky Way
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Late-type stars 
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Late-type stars 

the star’s detailed chemical 
composition→ trace the 
properties of the gas 
from which it formed 

(mind effects of diffusion 
on stellar evolution)
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Mg - pure “clock” 
Fe  - mixed “clock”

Chemical enrichment in a simple stellar population

Rybizki et al. (2017)
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SN	Ia
AGB

SN	II

Chemical enrichment in a simple stellar population

Rybizki et al. (2017)



Cosmic	nucleosynthesis
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The Sun formed from a gas cloud, which was polluted 
by thousands of events: SNe II, AGB, SN Ia, NSM (!)

NSE

Neutron	captures:	s-	and	r-process

Big	Bang

He,	C,	O,	Si-burning
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old, low-metallicity late-type stars:

  formed from the primordial gas polluted 
by one event


300 mln years after BB



13

Big Bang

gas cloud

1st generation of stars

SN

Time

Type II

old, low-metallicity late-type stars:

  formed from the primordial gas polluted 
by one event


primordial mass function, Pop III evolution,

earliest star formation, constrains on the BBN  

300 mln years after BB



14Freeman & Bland-Hawthorn (2002)

UMP stars - best candidates for probing the physical state of 
the very early Galaxy
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UMP stars - best candidates for probing the physical state of 
the very early Galaxy

Freeman & Bland-Hawthorn (2002)
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Extremely metal-poor stars
spectra of late-type stars  
sorted by metallicity:

 - primordial (PopIII) at the top

not detected so far

 - Sun (PopI) at the bottom

Beers & Christlieb (2005)
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Extremely metal-poor stars
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Where do we find them?

Two oldest components of the  
Milky Way

- the halo

- the bulge


Cosmological simulations:

oldest stars in the central 
spheroidal components of 
galaxies


White & Springel (2000)



What can be learned?

➡ Tests of Big Bang cosmology


➡ Individual nucleosynthesis events by 1-st generation 
(Population III) of stars 


➡ Low-mass and high-mass star formation in the early 
Galaxy, constraints on the halo and bulge evolution  
‘building blocks’ - ultra-faint dwarf Spheroidals 


➡ First mass function - IMF in the early Universe


➡ Physics of low-mass star evolution: mixing, multiple 
systems, mass loss
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What can be learned?

➡ Individual nucleosynthesis events by 1-st 
generation of stars:  
 — what was there before stars blew up? 
 — what did the 1st stars produce?
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Big Bang Nucleosynthesis
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Gamov, Alpher and Hermann (1948)

early Univere 

~ 3 minutes past BB 
 T cooling from 1032 K —> 109 K 
 p + n —> D (2H) 
(p,n) + 2H → (3He, 3H)

(3He, 3H) + (n,p) → 4He 

Result of BBN

75% of H 

25% 4He 

0.01% of 3He and D  
10-10 7Li



Stellar Nucleosynthesis
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Burbidge, Burbidge, Fowler, and Hoyle (1950)  
Nobel prize 1983 

pp	chain

CNO	cycle
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Massive star (15 MSun) before collapse

Massive stars - factories of all elements
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Massive star (15 MSun) before collapse

Massive stars - factories of all elements

nucleosynthesis in hydrostatic and in explosive burning

C-, Ne-, O-, Si- burning (up to Fe),  
and Nuclear Statistical Equilibrium (Fe-group: Cr, Mn, Fe, Co)
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Massive star (15 MSun) before collapse

Massive stars - factories of all elements

nucleosynthesis in hydrostatic and in explosive burning

C-, Ne-, O-, Si- burning (up to Fe),  
and Nuclear Statistical Equilibrium (Fe-group: Cr, Mn, Fe, Co)

Fraction of elements produced 
in each burning stage depends 

on explosion physics:  
progenitor mass, energy and 

internal mixing
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➡ expect to find a star, which shows a typical 
composition of a single (super)massive SN II
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[Fe/H] = -7.5 [Fe/H] = -5

Spectroscopy in the near-UV essential 
strongest metallic (Ca II, Fe I) lines

Keller	et	al.	(2014) Caffau	et	al.	(2011)
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Keller	et	al.	(2014)

Nucleosynthesis in Pop III stars
Keller’s star

 200 MSun  PINS supernova
 60 MSun  low-energy (10^51 erg) supernova
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Howes	et	al.	(2015)

UMP stars in the Galactic bulge

Nucleosynthesis in Pop III stars

most likely polluter: Hypernova - very energetic CC SN
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Very metal-poor stars come in many varieties, reflecting 
the channel through which they formed
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C-enhanced stars [C/Fe] > 1

(fuzzy limit)


CEMP-no:

bonafide II generation  
stars enriched by faint SNe

with strong fallback


 
CEMP-r: NSM?


CEMP-s: s-capture elements enhanced

are likely binaries (80% of EMPs)


CEMP-r/s: i-process - lowZ SuperAGB  
    (Dardelet et al. 2016) 

Nucleosynthesis in Pop III stars
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➡ expect to find a star, which shows a typical 
composition of a single (super)massive SN II


➡ when was the first Neutron Star Merger (NSM)?
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r-process is universal: scaled solar pattern down to lowest [Fe/H]

Siqueira Mello et al. (2013)
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r-process in the Galaxy


➡ Neutrino-driven wind in SNe


➡ Asymmetric explosions with jets  

➡ Neutron star mergers?
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r-process in the Galaxy


➡ Neutrino-driven wind in SNe - no


➡ Asymmetric explosions with jets - 
maybe


➡ Neutron star mergers? YES 
17.10.2017:  
LIGO, INTEGRAL, GROND  
NSM —> Short GRB —> kilonova 
optical/infrared afterglow  
powered by r-process  
radioactive elements


