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Goals, Activities, Accomplishments and  
Future Plans



CaNPAN
Canadian Nuclear Physics for Astrophysics Network

• What’s in a name


• Nuclear Astrophysics: What is the origin 
of the elements?


‣ What is the origin of anomalous 
abundance patterns observed in 
stars? 


‣ How did material with anomalous 
isotopic abundance ratios in pre-solar 
grains form that reflect the nuclear 
production in individual stellar 
production sites?


‣ What are the processes that 
contributed in which way to assemble 
the solar system abundance 
composition?
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Zinner 98

Palme+ 03



CaNPAN

• To answer these questions we need a 
multidisciplinary team


‣ Observations and measurements of the 
elements, pre-solar grains: telescopes, 
spectrographs, model atmospheres, nano-
SIMS etc


‣ Stellar models, astrophysics simulations of 
stars and stellar mixing

Canadian Nuclear Physics for Astrophysics Network

K Lind, MPI

Nguyen



Stars: multi-physics systems
… that’s what makes them so interesting!



CaNPAN

• To answer these questions we need a 
multidisciplinary team


‣ Observations and measurements of the 
elements, pre-solar grains: telescopes, 
spectrographs, model atmospheres, nano-
SIMS etc


‣ Stellar models, astrophysics simulations of 
stars and stellar mixing


‣ Nuclear physics input: reaction rates, 
masses, beta decays etc 

Canadian Nuclear Physics for Astrophysics Network

K Lind, MPI

Nguyen



CaNPAN

Goal of CaNPAN


‣ Research at the interface of astrophysics modeling and nuclear physics 
experiments: identify the key reactions that need to be measured to 
advance our understanding of the origin of the elements


‣ Training of astrophysics and nuclear physics students: provide 
experiences so that future 


- researchers who focus on studying the astrophysics of stars have an 
understanding of how the critical nuclear physics input is obtained 
(HF, experiments, uncertainties and their origin)


- Researchers working primarily in nuclear physics understand the 
processes how astrophysics create models of the origin of the stars 
that reflect our understanding, how nuclear physics enters those 
models and how the impact and importance of nuclear physics input 
is determined


- https://canpan.ca/training-program.html

Canadian Nuclear Physics for Astrophysics Network

https://canpan.ca/training-program.html


CaNPAN Current work

Nuclear physics impact 
studies: 

Denissenkov et al. 2021. The 
impact of (n,γ) reaction rate 
uncertainties of unstable 
isotopes on the i-process 
nucleosynthesis of the 
elements from Ba to W. 
MNRAS. 503:3913.


Denissenkov et al. 2018. The 
impact of (n, γ) reaction rate 
uncertainties of unstable 
isotopes near N = 50 on the 
i-process nucleosynthesis in 
He-shell flash white dwarfs. 
J. of Phys. G. 45:055203.


McKay J. E. et al. 2020. The 
impact of (n,γ) reaction rate 
uncertainties on the 
predicted abundances of I-
process elements with 32 ≤ 
Z ≤ 48 in the metal-poor star 
HD94028. MNRAS. 
491:5179.


https://www.canpan.ca 

• Current project: Nuclear Physics 
of the Dynamic Origin of the 
Elements


• Multi-disciplinary training at the 
intersection of nuclear physics 
theory and experiment on one 
side and astrophysics and 
astronomical observables on the 
other


• Since 2021 25 mostly graduate 
students from Canada, the USA, 
Croatia, India, France and Chile 
have participated in the program


• Future plans at TRIUMF: 
storage ring with neutron source 
to measure (n.g) in inverse 
kinematics directly, potentially 
own to half-lives of minutes

https://www.canpan.ca


CaNPAN
CaNPAN in the network of networks

https://www.irenaweb.org/

https://www.nugridstars.org/

https://www.uvic.ca/arc



CaNPAN

How do we do it? CaNPAN projects


‣ CaNPAN is a network where we collaborate to develop projects and 
propose for funding: https://canpan.ca/projects.html


‣ Current project: Nuclear Physics of the Dynamic Origin of the Elements


‣ Future/applied/planned projects


- NASA Cosmic Origins/ NSERC Alliance with Nan Liu: Understanding 
the Origin and Evolution of the Solar System: Coordinated 
microanalyses of presolar oxides (see Maeve’s talk for prep research 
project)


- NSERC sub-atomic physics renewal (fall 2024)


- Others? CaNPAN can endorse and/or host any proposal that would 
benefit from being embedded into the network and make use of its 
connections

Canadian Nuclear Physics for Astrophysics Network

https://canpan.ca/projects.html




ARC - Science
GHOST instrumentation — 
origin of the elements — 
early galactic assembly
• ARC collaboration Venn/Navarro/McConnachie


• GHOST Gemini High-resolution Optical 
SpecTrograph, very high efficiency and wide 
spectral coverage (3700–11 000 Å), especially high 
efficiency in the blue spectral region (3700−4800 Å) 
enables the detection of elemental tracers of early 
supernovae (e.g. Al, Mn, Sr, and Eu).


• Instrument scientist: Dr. Alan McConnachie at NRC


• GHOST commissioning science results – II: a very 
metal-poor star witnessing the early galactic 
assembly (Sestito+ 2024)


• P180956 formed in a system similar to a UFD 
galaxy as part of a building block of the proto-
Galaxy


• Orange purple lines model predictions of first star 
nucleosynthesis based on 1D stellar evolution and 
Hyper-super-nova explosion approximations, not 
taking into account …


• … nuclear physics uncertainties and 3D 
hydrodynamics effects of the progenitor and the 
supernova explosion - the dynamic origin of the 
elements.



CaNPAN Dynamic Nucleosynthesis
Observations — Simulations — 
Experiments

• C-enhanced Metal-Poor Stars: CEMP-r/s 
stars: anomalous metal-poor stars, 
superposition of “known” r- and s-process 
fingerprint  (Bisterzo+ 12)??


Observed main-sequence O-star HD46150.

Bowman+ 19, 
Nature Astronomy



JINA-CEE
NSF Physics Frontiers Center

Neutron-capture: slow, intermediate, n and rapid 
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Nn > 1020cm�3
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well known

 n process
Nn ⇡ 1015cm�3
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3D stellar hydro view 
H-ingestion into low-Z AGB  

He-shell flash convection zone

red = hydrogen-rich

The convective He-burning 
shell contains ~40% 12C

Andrassy, R., Herwig, F., & Woodward, P. (2018). 
Zenodo. http://doi.org/10.5281/zenodo.1473747

vorticityEntrainment/ingestion of 
H in the He-shell 
convection 

⌧ 1
2
= 9.6m
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⌧conv ⇠ 15m
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He-shell flash in a RAWD or 
in a low-Z AGB star

Fast neutron source: i process

Damköhler number
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Where does it happen? 
One promising option for CEMP-i stars: Rapidly Accreting White Dwarfs

Denissenkov+ 17, ApJ Letters

• Artist impression of accreting white 
dwarf,  like novae!

• But unlike nova here accretion rates 
are high and allow stable H burning!

• However, these accreting WDs then 
experience He-shell flashes! 
(Cassisi+ 98)

• In these convective He-shell flashes: 
H-entrainment, convective reactive i 
process! 

Radial velocity 
component

Concentration 
of entrained 
material

3D 
hydrodynamic 
simulations of 
H ingestion 
into He-shell 
flash 
convection on 
rapidly 
accreting 
white dwarfs



3D stellar hydro view 
H-ingestion into low-Z AGB  

He-shell flash convection zone

red = hydrogen-rich

The convective He-burning 
shell contains ~40% 12C

Andrassy, R., Herwig, F., & Woodward, P. (2018, 
October). Zenodo. http://doi.org/10.5281/zenodo.1473747

vorticityEntrainment/ingestion of 
H in the He-shell 
convection 

⌧ 1
2
= 9.6m
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He-shell flash in a RAWD or 
in a low-Z AGB star

Fast neutron source: i process

Damköhler number

How to do detailed 
nucleosynthesis with 
1000+ isotopes on 

top of 3D 
simulation?



Summary of modelling approaches
➡ 3D1D hydro-nucleosynthesis: 

‣ 3D hydro simulation determines horizontal and radial species fluxes
‣ NuGrid post-process with1.5D Advective Two-Stream (ATS) method

➡ 1D spherically symmetric stellar evolution with large network: 
‣ MESA stellar evolution
‣ Network done inline or NuGrid multi-zone mppnp post-processing
‣ Energetic feedback from C12(p,g) reaction on convective time scale may violate 1D stellar 

evolution / MLT assumption, if not this gives realistic results
‣ Requires knowledge of what the astrophysical site is, not always known, see discussion later 

at the conference

➡ One-zone simulations: NuGrid ppn simulations of trajectories (“realistic” initial 
conditions and T, rho time evolution)
‣ Will be depleted of seeds and overproduce network end point Pb
‣ Need to do tricks, e.g. turn off N13(p,g)

➡ One-zone simulations: NuGrid ppn simulations at constant Nn
‣ Solve for equilibrium solution for given Nn (see initial part), no information on neutron 

exposure! But direct comparison of nuclear physics with observations for local elemental or 
isotopic ratios

‣ Solve time-dependent with constant Nn to study local approach to equilibrium, important for 
example at the magic neutron numbers.

Monte Carlo over 
multi-zone or 
single-zone for 
impact studies



Time-dependent versus equilibrium solutions



The stellar evolution multi-zone modelling 
approach

➡ 1D stellar evolution simulation, see first part, using for 
example MESA

➡ Either post-processing or inline large network calculation

➡ NuGrid: mesa_h5 GitHub repo to write out “se” hdf5 output 
format, use post-processing code to calculate all nuclear 
reactions and do mixing as well

➡ Mixing is due to whatever mixing-length theory thinks it is, 
problem: under convective-reactive conditions some MLT 
assumptions are violated -> need to check and explore in 3D 
(see talks later this week)



The principle of convective-reactive nucleosynthesis

Neutron production for i process

Cooler

Hotter
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Key concept: 

• simultaneous convective advection 

and nuclear reaction rates

• multi-physics: the two operators have 

the same time scale

• the two physics processes are 

coupling

Credit: F Timmes
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Nature of convective-reactive nucleosynthesis: 
the Damköhler number

21

Herwig+ 2011 ApJ, Dimotakis 2005 ARFM

Mixing time scale

Herwig+ 11, appendix

For Da ~ 1 we HAVE to consider 
the simultaneous action of 

nuclear reactions and mixing.

For Da>>1 trajectories are fine.

For Da<<1 instantaneous mixing 
is fine

Operator split OK

Operator split OK

Operator split NOT OK
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Convective-reactive	i-process	nucleosynthesis

Rapid	production	of	neutrons	
requires	convective	mixing	
connection	of	two	different	T	regimes	
for																				and																					to	
operate	on	same	time	scale			

mixing

12C(p, �)
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Network flux of convective-reactive i-process nucleosynthesis

Rapid production of neutrons requires convective mixing 
connection two different T regimes for                and               
to operate on same time scale   
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Flux plots of convective-reactive nucleosynthesis
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3D stellar hydro view 
H-ingestion into low-Z AGB  

He-shell flash convection zone

red = hydrogen-rich

Nuclear and hydrodynamic 
timescales are the same order 
→ convective-reactive 
nucleosynthesis.

Need multi-physics, 
multi-method 
approach. How to 
combine detailed 3D 
hydro with detailed n-
rich nucleosynthesis 
involving thousands of 
species?

i process path in chart of isotopes
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Convective-reactive 
nucleosynthesis happens by 
nature on the convective time 
scale, which is 
• minutes for O-shell
• 1/2 hour for He-shell

From this it follows: Species 
with half lives in this range can 
mix and participate in unique 
conv-reac nucleosynthesis 
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Advective-two-stream post-processing of 
3D simulations

27 Stephens+ 21, MNRAS
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Advective-two-stream post-processing of 
3D simulations

28 Stephens+ 21, MNRAS

Comparing 
diffusive and 
ATS post-
processing of 
3D hydro 
simulations 

Lower 
ingestion 

rate

Higher 
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rate



JINA-CEE
NSF Physics Frontiers Center 29

1D multi-zone diffusive mixing of 1D stellar 
evolution models vs 3D1D ATS

3D1D hydro-nucleosynthesis 
ATS post-processing 
(Stephens+ 20)

CS31062-050; observation: Aoki+ 02, Johnson & Bolte 04 
Denissenkov, P. A., Herwig, F., Perdikakis, G. & Schatz, H. The impact 
of (n,γ) reaction rate uncertainties of unstable isotopes on the i 
-process nucleosynthesis of the elements from Ba to W. MNRAS 503, 
3913–3925 (2021).



The special role of Ba/La
• C-enhanced Metal-Poor Stars: CEMP-r/

s stars: anomalous metal-poor stars, 
superposition of “known” r- and s-
process fingerprint  (Bisterzo+ 12)??


• Systematic problem in [Ba/La] too large 
than predicted

Constant neutron density network calculations and observed 
abundance ratios CEMP stars (JINAbase, Frebel+ 2017)



CaNPAN/NuGrid impact study

Predicted abundance distribution with MC nuclear 
physics impact propagation compared to observed 
for CS 31062-050. Denissenkov+ 21

• Impact of nuclear physics uncertainties


• Monte-Carlo simulations over Hauser-Feshbach 
nuclear physics model-dependent reaction rate 
variations of unstable species

HF theoretical nuclear reaction rate variation factors
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i 

Nuclear physics uncertainties prevent us from solving the 
puzzle of the origin of the CEMP stars

i r 

s 

• CEMP stars in the La/Eu vs Ba/La plane


• Nuclear physics uncertainties is key 
obstacle to interpret observational data in 
terms of dynamic origin of the elements 
simulations. 

PDF of one Nn dot (3e13cm-3) from plot above



Reducing uncertainties of elemental abundance ratios predicted 
for i-process nucleosynthesis

For neutron density Spyrou+ 24, Rhys Rev Letters



CaNPAN Future Projects?!?
Convective reactive events in 


- C-O and other shell mergers in massive stars


- Extreme H burning in supermassive stars


- Nucleosynthesis in massive Pop III stars


- Novel approaches to r-process in NS mergers?


- LANL ER + NSERC Alliance on … 




