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How do we trace the formation of elements?

• The elements can be traced in a number of astrophysical events:

• Low-mass stars
• Meteoritic grains

• Massive stars
• Transient events (GBRs, kilonovae)

• …..
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How do we trace the origin of the elements?

• Direct tracers à Kilonovae (Sr) • Indirect tracers à old stars (Sr)
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What can we observe?
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Information from Stars

Spectra: 
Temperature

Pressure 
‘Metallicity’
Chemistry
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Spectral analysis
&

Data reduction

Na ~ 590nm

Mg ~ 517nm 

Image: https://apod.nasa.gov/apod/ap180926.html

C. J. Hansen
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Spectral analysis

Image: http://www.bdnyc.org/2012/03/spectral-line-measurements-visualized/

Equivalent Width (EW or W)
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Abundances (A)
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Impact and assumptions

• Atomic physics

• 1D, LTE vs 3D, NLTE

Assumptions  – Excitations à Boltzmann Eq., 

Ionisation à Saha Eq., and 

I = B (Planck Function)
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Old stars vs the Sun

Beers & Christlieb 2005, ARA&A
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Spectral analysis
Blue vs visual spectra

Images: C. J. Hansen
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Analysing UV-Linies

Silver (Ag, Nr. 47)

Hansen et al. 2012

Wikipedia
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The Milky Way and its stars

• Tracing nuclear processes
is easiest in old metal-
poor stars à chemically
speaking simpler

• Major components: Halo, 
disks, bulge

• Old stars in halo & bulge

• Observational pros/cons
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Old Stars
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Hill et al. 2001

R-Process

Hansen et al. 2018

Th & Eu à Age
Fl

ux

Old stars provide the first insight 
into how heavy elements were 

created. These are ‘frozen’ in the 
stellar surfaces and today allow 
for studies of nucleosynthetic 
events that occurred 13 billion 

years ago.



Spectral analysis

Tools of the 
astronomer/   
spectroscopist:

• Spectra 
(observations)

• Stellar models: 
Temperature, 
pressure, etc.

• Atomic data
• Programs Image: C. J. Hansen
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Chemical Evolution of the Milky Way

• The Sun ([Fe/H]=0)

• Traces of SN Ia ([Fe/H] > ~ -1)

• AGB stars ([Fe/H] > ~ -2.5?)

• NSM (NS-NS merger)

• Core-collapse supernovae

The Sun as 
reference:
[X/Fe]=0

Looking back
SN II+
NSM+
AGB+
SN Ia

SN II+
NSM+
AGB

SN II
+

NSM?

Single 
SN II?

Big Bang

Hansen et 
al. 2012

Chemical
concentration

[Ba/Fe] = log(Ba)* - log(Ba)¤ - (log(Fe)* - log(Fe)¤)
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Galactic chemical evolution

Camilla J. Hansen, IAP, Goethe Univ. Frankfurt



Nuclear reactions
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Timmes/Schatz 2016

Unknown 
Reactions!



Heavy element abundances
• Different stars show different patterns

• Some elements differ more than others

Large 
residuals for
Z=30-50 à
Solar-s=r

not 
sufficient!

Sneden et al. 2008
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No site – just observations

H represented by r-rich stars

L represented by r-poor stars

Abun(Z) = (CHAH(Z) + CLAL(Z) )*10[Fe/H]

Hansen+14



Indirect tracers of n-capture processes
• S-process
• Slow (tcap ~ tβ) & close to stability
• Low n-density (~108 cm-3)
• AGB or massive fast rotating stars
• Trace element: Ba

• R-process
• Rapid (tcap< tβ) & far from stability
• High n-density (>1023 cm-3)
• Rare SN or NS mergers
• Trace element: Eu

M. Heil, 2005, 
https://doi.org/10.1063/1.1945255 

http://public.virgo-gw.eu/the-gravitational-wave-universe/
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I-process
Intermediate
nn ~ 1014cm-3

AGB or RAWD
Trace 

element?



S-process in metal-poor stars

CEMP/CH
Ba (binaries)
Other (incl AGB)

Alexander Dimoff
(PhD student)
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S-process in metal-poor stars
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Dimoff et al. 2024 in prep
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CERES
• CERES: Chemical Evolution of R-process Enhanced Stars 

(PI Hansen)

• Observations made with UVES/VLT in Chile – high-

resolution spectrograph, high signal-to-noise (50-200)

• Sample size: 52 stars

• Homogeneous analysis

• Line list (atomic data), stellar models, 

synthetic spectrum code
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Combining light and heavy elements

Raphaela Fernandes de Melo
PhD Student

Fernandes de Melo et al. 
2024 in prep
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Rare earth elements as nuclear tracers

Linda Lombardo
Postdoc
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Lombardo et al. 2024 
in prep.
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R-process in old, metal-poor stars

Poorly studied heavy elements!

Arthur 
Alencastro

Puls
Postdoc

Kobayashi et al. 2020

Alencastro Puls et al. 2024 in prep.
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Heavy elements in dwarf galaxies

• Extreme Eu enhancement in Fornax

Reichert et al . 2021

Camilla J. Hansen, IAP, Goethe Univ. Frankfurt

Little known!



Tracing nuclear processes 
in metal-poor stars

Key elements
• C, O, Na, K, Ti

+ Co or Mn & 
Mg or Ca

• Need 
odd/even! 

Hansen et al. 2020
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Summary

• With stellar abundances of ~70 
elements we can explore:

• Stellar evolution and self-enrichment
• Binarity and fundamental parameters (M)
• Early chemical enrichment and nuclear 

processes
• High-resolution spectra allow for accurate 

elemental abundances, which we can use to 
place constraints on e.g. nuclear formation 
processes
• We need >8 abundances and odd+even

elements for a good trace

Goals and limitations:
• Elemental abundances – not 

isotopic (only ~7 elements)
• 3D, NLTE
• ELT, CUBES,…
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