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INTRODUCTION



We are made from the ashes of stars

Image credits: Wikipedia; Mark Gee (Byron Bay, NSW)
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Abundance terminology

• Mass fraction: 
• I will also use the notation:

• “Metal” content usually defined according to [Fe/H], where 
a metal-poor star has [Fe/H] < 0 

• [Fe/H] is also a proxy for time

[a/b] = log10(a/b)star – log10(a/b)sun

Mass of H + He + ‘metals’ = 1



Periodic Table



Periodic Table



Big bang made H, He, and some Li but not much else

The Sun – A local “yardstick” 

Eu
Ag Au

A=Z+N

s-process

r-process

SNIa

SNII/HN

Mass Number

M
a
s
s
 F

ra
c
ti
o
n

Credit: Chiaki Kobayashi, University of Hertfordshire

Which stars made the elements?
Exploding 
white dwarfs

Exploding white 
dwarfs Exploding 

white dwarfs



What about other stars? 

Keller et al. (2014, Nature)



STELLAR EVOLUTION AND 
ELEMENT FORMATION



The stars that make elements

• In terms of single stars, the most important are 
– Massive stars (m > 12Msun) that explode
– Evolved low and intermediate-mass stars (1 to 8Msun)

Merging neutron stars
Also supernovae? 

Credit: H. Jacobson



Into the interstellar medium

We need a way of moving the material from the stellar core, 
where thermonuclear reactions occur, to the surface. 

From there, we then need a way of moving the processed 
material into space:

1. Low and intermediate-mass stars: mixing, mass loss
2. Massive stars: mixing, mass loss, explosions
3. Binary stars: explosions, mass loss



An overview of stellar evolution

Main sequence:
where our Sun is now

Red Giant Branch:
core contracts
outer layers expand

Second-giant phase:
after core He-burning
star becomes a red giant
for the second time

The x-axis: logarithm of the surface temperature of the star
The y-axis: logarithm of the brightness (or amount of energy a star 
radiates per unit time)

Core He burning:
He to Carbon

Mira-type variables

Log (Surface Temperature)



Red Giant Stars



Red Giant Stars

< 8 solar masses

8-150 solar masses



The end of our Sun

Credit: Pedro García-Lario

Much of the elements C, N, F are made in Sun-like red giants



And after? A white dwarf

It may also make a planetary nebula



The fate of massive stars (m > 12)

The fate of these stars is 
to explode as a supernova

Why? 

• Massive stars will go 
through phases of C, Ne, O, 
Si fusion processes

• Resulting in an iron core
• This collapses 
• Resulting in a spectacular 

supernova explosion!

Review paper:
• Nomoto et al. (2013)



Supernova as element factories

Most of the elements from O through to Ca are made in 
exploding massive stars

Veil Nebula Image Credit: NASA/ESA/Hubble Heritage Team



Type Ia supernovae

Produce ~2/3 of the Fe in Universe! 

• Thermonuclear destruction of a white dwarf in a binary
• Caused by merging pairs of white dwarfs? 

Two white dwarfs can collide to cause a type Ia supernova. Credit: NASA/GSFC/D.Berry



Type Ia supernovae

This is the Pinwheel Galaxy before (left) and after (right) 
the supernova called SN2011fe happened. It's the brightest and closest 
stellar explosion seen in 25 years. 

Credit: BJ Fulton (Las Cumbres Observatory Global Telescope)/Palomar

Roughly 2/3 of the Fe-peak elements are made in Type Ia



See also Chiappini et al. (1997), Romano et al. (2010)

Chemical evolution up to Zn

timeFrom Kobayashi et al. (2011)



HEAVY ELEMENTS



Big bang made H, He, and some Li but not much else

Origin of the heavy elements
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Elements heavier than iron?

Red giants (C, N, F)



Heavy elements

• Number of protons is large 
à the electrostatic repulsion 
inhibits fusion reactions

• Most heavy nuclei are 
formed by neutron addition 
onto Fe-peak elements 

• Two processes:
– r-process (rapid neutron 

capture)
– s-process (slow neutron 

capture)

Review papers:
• Busso et al. (1999)
• Thielemann et al. (2017)



Making heavy elements

Rapid process path
Nn > 1020 n/cm3

The radioactive Tc is observed in stars!

Neutron number
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Slow process path
Nn < 1011 n/cm3



Neutron-captures nucleosynthesis
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Each contribute roughly 50% 
of heavy elements in nature

Massive stars Red giants (C, N, F)
Exploding 
white dwarfs



SITES OF HEAVY ELEMENT 
NUCLEOSYNTHESIS



Sites of heavy element nucleosynthesis

Neutron star mergers Magneto-hydrodynamically driven 
supernovae à unusual supernovae

Winteler et al. (2012)
Credit: NASA Goddard Space 
Flight Center

Massive stars, m > 12 Msun Red giant stars, m < 8 Msun

The r-process
~50%

The s-process
~50%

Credit: ALMA/Kershbaum



The rapid process

The origin of the rapid neutron capture 
process was for many years a complete 
mystery
…until 2017

Credit: LIGO



Neutron star mergers: GW170817

Credit: LIGO/VirgoCredit: NASA/ESA

Expelled ~0.05Msun of r-process 
elements (Drout et al. 2017, Kasliwal
et al. 2017)



Only one site for the r-process?

• Delay-time-distribution: probability distribution function of coalescence 
times for binary neutron star mergers

• Theory and observations of gamma-ray bursts suggest t-1

From Côte et al. (2019, credit: Marius Eichler). See also Hotokezaka et al. (2018)



THE S-PROCESS



Red giants as heavy element factories

Synthesize elements from Sr to 
Pb

Credit: IAC/Tenerife



4He, 12C, 19F, s-process elements: Sr, Ba, Pb… At the 
stellar 

surface: 
C>O, s-
process 
enhance

ments

Schematic AGB evolution

Interpulse phase (t ~ 104 years)

Review paper:
Karakas & Lattanzio (2014)



p+12C à 13C(a,n)16O

The s-process

Neutrons are released in 13C pockets – these form by 
mixing a bit of hydrogen into the intershell

Intershell:
• Mostly 4He (~75%) 

and 12C (~25%)
• Top layers are 

ashes of H-burning



Theoretical predictions

• The s-process depends on the initial composition of the star
• 2Msun models of different composition (Karakas et al. 2016, 2018)

Pb = 82

Ba = 56

Sr = 38



Theoretical yields for a population
Example: [Fe/H] = 0 (solar) from Karakas & Lugaro (2016)

Yield = 
amount of an 
element 
ejected over 
the star’s 
lifetime

Black dots = 
weighted by 
an initial 
mass function



Evidence for heavy-element production

• Y-axis is abundance ratio of X/Fe, relative to the Sun, in log units
• Compared to a post-AGB star located in the Large Magellanic Cloud

Credit: Kenneth De Smedt (KU Leuven)

1.3Msun prediction 

10 x more than the solar X/Fe ratio

100 x more than the solar X/Fe ratio

La (Z = 57), Ce (Z = 58)

Zr (Z = 40)

Z = number of protons

Pb (Z = 82)

Metallicity: [Fe/H] = -1



Neutrons form here –
we don’t know how 
these pockets form! 

Modelling heavy elements

We have made considerable progress in spite of severe modelling 
uncertainties – mostly because of good nuclear physics input  

See Tripella et al. (2016), Buntain et al. (2017), Piersanti et al. (2013) 

p+12C à 13C(a,n)16O



PUZZLES



Post-AGB stars: beyond the giant branches

1.25Msun, Z = 0.02 model
White 
dwarfs

Central stars of 
planetary nebula

Post-AGB stars

Log10 (Surface Temperature)

Final mass 0.57Msun

AGB phase



Puzzles: low Pb in post-AGB stars

• Observations show that all post-AGB stars show much lower lead (Pb) 
compared to predictions

• This is not predicted by s-process theory – what is going on??

LMC post-AGB star, [Fe/H] = -1

Credit: Kenneth De Smedt

1.3Msun AGB model 



The intermediate-neutron capture process

• The Pb in post-AGB stars are not easily explained with 
standard s-process models

• Could they be better fit by an “intermediate” process?

àBurst of neutron production above what we find in s-
process models

àThe intermediate or “i-process” (Cowan & Rose 1977)



The i-process in post-AGB stars

• Neutron density of ~1011 n/cm3 can produce a pattern that 
matches

• Plot by Melanie Hampel (PhD student, Monash Uni)



Proton ingestion

The ingestion of protons into a He-shell burning region can result in a 
strong burst of neutron production

Mix protons 
quickly into a 
turbulent He-

burning region 



Carbon enhanced metal-poor stars with 
i-process?
• Best-fitting model for the star LP625-44 with [Fe/H] = -2.5 
• This star is not self-enriched à what made the heavy 

elements? 



Where does the i-process occur in nature?

• Low and intermediate-mass stars of low-metallicity? 
(Lugaro et al. 2015, Jones et al. 2016)

• Metal-free massive stars? (Banerjee et al. 2018)
• Rapidly accreting white dwarfs? (e.g., Hillebrandt et al. 

1986, Côté et al. 2018, Denissenkov et al. 2017) 

How will the i-process affect the (early) chemical evolution 
of the Galaxy?

Côté et al. 2018 suggests important for the first s-process 
peak (Sr, Y, Zr)



The origin of elements in the Universe

Kobayashi, Karakas & Lugaro (2019, in prep)



The origin of elements in the Universe

See also Prantzos et al. (2018)

Kobayashi, Karakas & Lugaro (2019, in prep)



SUMMARY



Big bang made H, He, and some Li but not much else

Origin of the Elements
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Contribution of the i-process?
Neutron star mergers Unusual supernovae? 

Massive stars Asymptotic giant branch stars

The r-process
~50%?

The s-process
~50%

The i-process
??

Accreting white dwarfs?AGB stars? Massive stars?



Periodic table of the Elements

Credit: Wikipedia



Which brings us back to the beginning

Stars replenish the Galaxy with new material 
Out of which new stars, planets and people 
are made! 


