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Chemical Elements and Isotopes
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A (mass number) 
A = number of protons + number of neutrons
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Cameron (1982) see Burbidge et al. (1957)

Burbidge et al. (1957), 
Arnould et al. (2007),  
Thielemann et al. (2017),  
Horowitz et al. (2018), 
Cowan et al. (2019), 
many others .. 



Where does the r-process occur in the Universe? 

Which astrophysical site has produced most of  
the r-process elements we see today in galaxies?       

Neutron star mergers? 
Black hole neutron star mergers? 

Rare class of core-collapse supernovae? 

svs.gsfc.nasa.gov

Compact binary mergers Rare CC supernovae

Mosta et al. (2018)





The Basics of Chemical Evolution
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Guiglion et al. (2018)
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Image built from 
Tauris et al. (2017)
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Delay-Time Distribution (DTD) Function of Neutron Star Mergers
This is the « problem » for the [Eu/Fe] trend

D
TD

~10 Gyr

e.g., 
Dominik et al. (2012) 
Belczynski et al. (2017) 
Fong et al. (2017, + references therein) 
Chruslinska et al. (2018) 
Hotokezaka et al. (2018)

Delay time~10-100 Myr



Delay-Time Distribution Functions in Chemical Evolution Codes
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Delay-Time Distribution Functions in Chemical Evolution Codes
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The Galactic merger rate at a 
given time is the sum of the 

contribution of all stellar 
populations.



Côté, Eichler, Arcones, et al. (2019)

How Can we Fit the Decreasing Chemical Evolution Trend?

With neutron star mergers

With
CC SNe

OMEGA code (Côté et al. 2017)
F. Matteucci’s code (Matteucci et al. 2014)

Chemical evolution
simulations for

r-process elements
Argast et al. (2004) 

Matteucci et al. (2014) 
Cescutti et al. (2015) 
Ishimaru et al. (2015) 

Shen et al. (2015) 
van de Voort et al. (2015) 

Wehmeyer et al. (2015, 2019) 
Komiya & Shigeyama (2016)         

Côté et al. (2017, 2019) 
Hotokezaka et al. (2018) 

Naiman et al. (2018) 
Haynes & Kobayashi (2019) 

Simonetti et al. (2019) 



How Can we Fit the Decreasing Chemical Evolution Trend?

This is what we get 
with neutron star mergers

This is what we need

This is what we get 
with neutron star mergers

This is what 
we need

Neutron star mergers 
+ 

Extra source?
=

Côté, Eichler, Arcones, et al. (2019)

Côté, Eichler, Arcones, et al. (2019)

OMEGA code (Côté et al. 2017)
F. Matteucci’s code (Matteucci et al. 2014)

With neutron star mergers
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Côté, Eichler, Arcones, et al. (2019)

Two r-process sites in
the early Universe?

Argast et al. (2004) 
Cescutti et al. (2015) 

Wehmeyer et al. (2015, 2019) 
Haynes & Kobayashi (2018) 

Safarzadeh et al. (2018) 
Siegel et al. (2018) 

Skuladottir et al. (2019) 



Chemical evolution
simulations for

r-process elements
Argast et al. (2004) 

Matteucci et al. (2014) 
Cescutti et al. (2015) 

Hirai et al. (2015) 
Ishimaru et al. (2015) 

Shen et al. (2015) 
van de Voort et al. (2015) 

Wehmeyer et al. (2015, 2019) 
Komiya & Shigeyama (2016) 

Côté et al. (2017, 2019) 
Hotokezaka et al. (2018) 

Naiman et al. (2018) 
Safarzadeh et al. (2018) 

Haynes & Kobayashi (2019) 
Simonetti et al. (2019) 

...Côté, Fryer, Belzcynski, et al. (2018)

(2018)



Côté, Fryer, Belzcynski, et al. (2018)

See also analytical estimates of 
Abbott et al. (2017),    

Cowperthwaite et al. (2017), 
Chornock et al. (2017), 
Gompertz et al. (2017), 

Kasen et al. (2017), 
Rosswog et al. (1999, 2017), 

Tanaka et al. (2017), 
Wang et al. (2017), 

Hotokesaka et al. (2018)

(2018)



Côté, Fryer, Belzcynski, et al. (2018)

Uncertainties associated with nuclear physics 
see also Mumpower et al. (2016) 

Vassh et al. (2019)

Chemical 
evolution  
uncertainties

Chemical 
evolution  
and
nuclear physics 
uncertainties

(2018)



Error bars when using 
different mass models

(2018)

Calculations by Nicole Vassh



The Impact of the Equation of State on the Physical Conditions

Bovard et al. (2017)



Propagation of Uncertainties from Nuclear to Astronomical Scale

Côté, Ritter, O’Shea, et al. (2016)



Connecting Nuclear Astrophysics to Cosmological Scales

NuPyCEE 
https://github.com/NuGrid/NuPyCEE 

SYGMA (Ritter, Côté, Herwig, et al. 2017, submitted) 
  Stellar Yields for Galactic Modeling Applications 

OMEGA (Côté, O’Shea, Ritter, et al. 2017) 
  One-zone Model for the Evolution of Galaxies 

STELLAB for high-Z (Côté & Ritter 2016) 
JINABase for low-Z (Abohalima & Frebel, 2018)

JINABase  
Côté, Ritter, Herwig, et al. (2017)

See also  
ChemPy: Rykizki(2017) 
flexCE: Andrews (2017) 
CELib: Saitoh (2017)

JINAPyCEE 
https://github.com/becot85/JINAPyCEE 

OMEGA+ (Côté, Silvia, O’Shea, et al. 2018) 
  Two-zone model based on OMEGA 

GAMMA (Côté, Silvia, O’Shea, et al. 2018) 
  Galaxy Assembly with Merger-trees for  
  Modeling Abundances, based on OMEGA+

Open-source codes

https://github.com/NuGrid/NuPyCEE
https://github.com/becot85/JINAPyCEE
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