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• C-enhanced metal poor stars: Classification with constant 
neutron-density models (nuclear physics only!) → the need 
for the i process

• Rapidly accreting white dwarfs as a likely site for the i process 

• Nuclear physics impact studies

Outline
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C-enhanced metal-poor stars
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• CEMP-r/s stars have both Ba and Eu
• previously best model assumes superposition 

of “known” r- and s-process sources

Is there a more plausible explanation?

Classification of CEMP stars

• Classification-scheme based on Ba 
and Eu (which can be observed in 
many stars)

Bisterzo+ 12; observations Aoki+ 02 & Johnson & Bolte 04

Beers & Christlieb 05 (ARAA)
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Observed abundances in CEMP stars
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s process• The CEMP stars have 
(sometimes) very large 
enhancements of heavy 
elements, such as La, Ba, Eu

• C-enhanced metal poor 
(CEMP) stars carry the 
nucleosynthesis signature 
of the rise of the elements 
in the early universe

• CEMP-s, -r, -r/s stars: [Ba/
La] and [La/Eu] elemental 
ratios very different for 
known s process and r 
process nucleosynthesis

Observations JINAbase (Abohalima & Frebel, 2018, 
http://jinabase.pythonanywhere.com)

r process
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s process

r process
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• Neither s nor r can 
make 0.0 < [La/Eu] 
< 0.7. 

• With a 
superposition of 
just s and r it is 
impossible to make 
[Ba/La] > 0.1.

• But many CEMP 
stars have element 
ratios in exclusion 
zones?!?!?

Observations JINAbase (Abohalima & Frebel, 2018, 
http://jinabase.pythonanywhere.com)

exclusion [Ba/La] > 0.1

exclusion 
0.0 < [La/Eu] < 0.7

Observed abundances in CEMP stars
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Constant neutron density one-zone 
nucleosynthesis network calculations
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• Neutron density Nn is input, feed 
network endpoint 209Bi back to 56Fe seed

• This is the method used in the past for 
the classical s process

• Once equilibrium is reached we decay, 
and the result is a single elemental 
abundance distribution for the given 
value of Nn

• Equilibrium models are independent of 
neutron exposure → no information on 
ratio of elements in different peaks, e.g. no 
Ba/Sr

• Instead astrophysics-independent (pure 
nuclear physics) predictions (only!) for 
nearby elemental ratios, such as Ba/La 

• Potentially a power-full new method for 
nuclear physics-based classification
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• Characterize different 
neutron capture 
regimes with constant 
neutron density 
equilibrium models. 
Depend only on 
nuclear physics

• The intermediate or i 
process at neutron 
densities higher than 
for s and lower than 
for r allows us to 
explain many of the 
CEMP stars with n-
capture enhancements

i processr process

s process

The i-process covers many observations that can’t be 
explained by s and r process alone → intermediate process
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[Ba/Eu] &CEMP star classification & s-process origin
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CEMP-r/s

CEMP-s

• According to present 
classification CEMP-r/s 
stars are indeed 
incompatible with s 
process.

• But many CEMP-s stars 
are also incompatible 
with an s-process 
signature because they 
have [Ba/La] > 0.1.

• →[Ba/Eu] alone 
insufficient to determine 
s-process 
nucleosynthesis origin
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Neutron-capture: slow, rapid and intermediate!
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}r process 
s process

New process for n-capture:  
i process Nn ⇡ 1015cm�3
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Nn > 1020cm�3
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well known

Note: substantial new nuclear 
physics data needs!!!



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). 3D convection in massive stars: From 
the main sequence to core collapse. Zenodo. 
http://doi.org/10.5281/zenodo.1473747

vorticity

entrainment/
ingestion of 
H in the He-
shell 
convection 

⌧ 1
2
= 9.6m
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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

⌧ 1
2
= 9.6m

<latexit sha1_base64="e9mB9tzB5SlmXsXRn4Tbfh4VPlc=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwFZIiPhZC0Y3LCvYBTQiT6aQdOpOEmYlQQtZu/BU3LhRx6xe482+ctFlo64ELh3Pu5d57goRRqWz726gsLa+srlXXaxubW9s75u5eR8apwKSNYxaLXoAkYTQibUUVI71EEMQDRrrB+Kbwuw9ESBpH92qSEI+jYURDipHSkm8eugqlvhsKhDMnzxo5vIKX1pnLkRoJnvG85pt127KngIvEKUkdlGj55pc7iHHKSaQwQ1L2HTtRXoaEopiRvOamkiQIj9GQ9DWNECfSy6av5PBYKwMYxkJXpOBU/T2RIS7lhAe6szhRznuF+J/XT1V44WU0SlJFIjxbFKYMqhgWucABFQQrNtEEYUH1rRCPkI5F6fSKEJz5lxdJp2E5tuXcndab12UcVXAAjsAJcMA5aIJb0AJtgMEjeAav4M14Ml6Md+Nj1loxypl98AfG5w/YcZmz</latexit><latexit sha1_base64="e9mB9tzB5SlmXsXRn4Tbfh4VPlc=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwFZIiPhZC0Y3LCvYBTQiT6aQdOpOEmYlQQtZu/BU3LhRx6xe482+ctFlo64ELh3Pu5d57goRRqWz726gsLa+srlXXaxubW9s75u5eR8apwKSNYxaLXoAkYTQibUUVI71EEMQDRrrB+Kbwuw9ESBpH92qSEI+jYURDipHSkm8eugqlvhsKhDMnzxo5vIKX1pnLkRoJnvG85pt127KngIvEKUkdlGj55pc7iHHKSaQwQ1L2HTtRXoaEopiRvOamkiQIj9GQ9DWNECfSy6av5PBYKwMYxkJXpOBU/T2RIS7lhAe6szhRznuF+J/XT1V44WU0SlJFIjxbFKYMqhgWucABFQQrNtEEYUH1rRCPkI5F6fSKEJz5lxdJp2E5tuXcndab12UcVXAAjsAJcMA5aIJb0AJtgMEjeAav4M14Ml6Md+Nj1loxypl98AfG5w/YcZmz</latexit><latexit sha1_base64="e9mB9tzB5SlmXsXRn4Tbfh4VPlc=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwFZIiPhZC0Y3LCvYBTQiT6aQdOpOEmYlQQtZu/BU3LhRx6xe482+ctFlo64ELh3Pu5d57goRRqWz726gsLa+srlXXaxubW9s75u5eR8apwKSNYxaLXoAkYTQibUUVI71EEMQDRrrB+Kbwuw9ESBpH92qSEI+jYURDipHSkm8eugqlvhsKhDMnzxo5vIKX1pnLkRoJnvG85pt127KngIvEKUkdlGj55pc7iHHKSaQwQ1L2HTtRXoaEopiRvOamkiQIj9GQ9DWNECfSy6av5PBYKwMYxkJXpOBU/T2RIS7lhAe6szhRznuF+J/XT1V44WU0SlJFIjxbFKYMqhgWucABFQQrNtEEYUH1rRCPkI5F6fSKEJz5lxdJp2E5tuXcndab12UcVXAAjsAJcMA5aIJb0AJtgMEjeAav4M14Ml6Md+Nj1loxypl98AfG5w/YcZmz</latexit><latexit sha1_base64="e9mB9tzB5SlmXsXRn4Tbfh4VPlc=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwFZIiPhZC0Y3LCvYBTQiT6aQdOpOEmYlQQtZu/BU3LhRx6xe482+ctFlo64ELh3Pu5d57goRRqWz726gsLa+srlXXaxubW9s75u5eR8apwKSNYxaLXoAkYTQibUUVI71EEMQDRrrB+Kbwuw9ESBpH92qSEI+jYURDipHSkm8eugqlvhsKhDMnzxo5vIKX1pnLkRoJnvG85pt127KngIvEKUkdlGj55pc7iHHKSaQwQ1L2HTtRXoaEopiRvOamkiQIj9GQ9DWNECfSy6av5PBYKwMYxkJXpOBU/T2RIS7lhAe6szhRznuF+J/XT1V44WU0SlJFIjxbFKYMqhgWucABFQQrNtEEYUH1rRCPkI5F6fSKEJz5lxdJp2E5tuXcndab12UcVXAAjsAJcMA5aIJb0AJtgMEjeAav4M14Ml6Md+Nj1loxypl98AfG5w/YcZmz</latexit>

⌧conv ⇠ 15m
<latexit sha1_base64="iCKSMZvv69c3Jwu/rLrB/o3RJPo=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRclUQUXRbduKxgH9CEMJlO2qHzCDOTQgn5Ajf+ihsXirh17c6/MWkjaOuBC4dz7uXee8KYUW0c58taWV1b39isbFW3d3b39u2Dw46WicKkjSWTqhciTRgVpG2oYaQXK4J4yEg3HN8UfndClKZS3JtpTHyOhoJGFCOTS4Fd9wxKAo8jM1I8xVJMMuhpyqF78SPyrBrYNafhzACXiVuSGijRCuxPbyBxwokwmCGt+64TGz9FylDMSFb1Ek1ihMdoSPo5FYgT7aezdzJYz5UBjKTKSxg4U39PpIhrPeVh3lmcqBe9QvzP6ycmuvJTKuLEEIHni6KEQSNhkQ0cUEWwYdOcIKxofivEI6QQNnmCRQju4svLpHPWcJ2Ge3dea16XcVTAMTgBp8AFl6AJbkELtAEGD+AJvIBX69F6tt6s93nrilXOHIE/sD6+AXQ+nFQ=</latexit><latexit sha1_base64="iCKSMZvv69c3Jwu/rLrB/o3RJPo=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRclUQUXRbduKxgH9CEMJlO2qHzCDOTQgn5Ajf+ihsXirh17c6/MWkjaOuBC4dz7uXee8KYUW0c58taWV1b39isbFW3d3b39u2Dw46WicKkjSWTqhciTRgVpG2oYaQXK4J4yEg3HN8UfndClKZS3JtpTHyOhoJGFCOTS4Fd9wxKAo8jM1I8xVJMMuhpyqF78SPyrBrYNafhzACXiVuSGijRCuxPbyBxwokwmCGt+64TGz9FylDMSFb1Ek1ihMdoSPo5FYgT7aezdzJYz5UBjKTKSxg4U39PpIhrPeVh3lmcqBe9QvzP6ycmuvJTKuLEEIHni6KEQSNhkQ0cUEWwYdOcIKxofivEI6QQNnmCRQju4svLpHPWcJ2Ge3dea16XcVTAMTgBp8AFl6AJbkELtAEGD+AJvIBX69F6tt6s93nrilXOHIE/sD6+AXQ+nFQ=</latexit><latexit sha1_base64="iCKSMZvv69c3Jwu/rLrB/o3RJPo=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRclUQUXRbduKxgH9CEMJlO2qHzCDOTQgn5Ajf+ihsXirh17c6/MWkjaOuBC4dz7uXee8KYUW0c58taWV1b39isbFW3d3b39u2Dw46WicKkjSWTqhciTRgVpG2oYaQXK4J4yEg3HN8UfndClKZS3JtpTHyOhoJGFCOTS4Fd9wxKAo8jM1I8xVJMMuhpyqF78SPyrBrYNafhzACXiVuSGijRCuxPbyBxwokwmCGt+64TGz9FylDMSFb1Ek1ihMdoSPo5FYgT7aezdzJYz5UBjKTKSxg4U39PpIhrPeVh3lmcqBe9QvzP6ycmuvJTKuLEEIHni6KEQSNhkQ0cUEWwYdOcIKxofivEI6QQNnmCRQju4svLpHPWcJ2Ge3dea16XcVTAMTgBp8AFl6AJbkELtAEGD+AJvIBX69F6tt6s93nrilXOHIE/sD6+AXQ+nFQ=</latexit><latexit sha1_base64="iCKSMZvv69c3Jwu/rLrB/o3RJPo=">AAACDnicbVDLSsNAFJ34rPUVdelmsBRclUQUXRbduKxgH9CEMJlO2qHzCDOTQgn5Ajf+ihsXirh17c6/MWkjaOuBC4dz7uXee8KYUW0c58taWV1b39isbFW3d3b39u2Dw46WicKkjSWTqhciTRgVpG2oYaQXK4J4yEg3HN8UfndClKZS3JtpTHyOhoJGFCOTS4Fd9wxKAo8jM1I8xVJMMuhpyqF78SPyrBrYNafhzACXiVuSGijRCuxPbyBxwokwmCGt+64TGz9FylDMSFb1Ek1ihMdoSPo5FYgT7aezdzJYz5UBjKTKSxg4U39PpIhrPeVh3lmcqBe9QvzP6ycmuvJTKuLEEIHni6KEQSNhkQ0cUEWwYdOcIKxofivEI6QQNnmCRQju4svLpHPWcJ2Ge3dea16XcVTAMTgBp8AFl6AJbkELtAEGD+AJvIBX69F6tt6s93nrilXOHIE/sD6+AXQ+nFQ=</latexit>

12
C(p, �)13N(�+

⌫)13C(↵, n)16O
<latexit sha1_base64="QDJQpe9/12mFwxZ4hNB2ydRvZQI=">AAACIXicbVDLSgMxFM34tr5GXboZLELFUmaqqLgSunGlFewDOm25k6ZtaJIZkoxQhvkVN/6KGxeKuBN/xvSx0NYDgXPPuZebe4KIUaVd98taWFxaXlldW89sbG5t79i7e1UVxhKTCg5ZKOsBKMKoIBVNNSP1SBLgASO1YFAa+bVHIhUNxYMeRqTJoSdol2LQRmrbl63EK6alXJT3e8A5HJv6NL3N+QHR0DrxRTxRSjkfWNSHvB jV5+ld2866BXcMZ554U5JFU5Tb9qffCXHMidCYgVINz410MwGpKWYkzfixIhHgAfRIw1ABnKhmMr4wdY6M0nG6oTRPaGes/p5IgCs15IHp5KD7atYbif95jVh3L5sJFVGsicCTRd2YOTp0RnE5HSoJ1mxoCGBJzV8d3AcJWJtQMyYEb/bkeVItFjy34N2fZa+vpnGsoQN0iHLIQxfoGt2gMqogjJ7QC3pD79az9Wp9WJ+T1gVrOrOP/sD6/gEEuKGK</latexit><latexit sha1_base64="QDJQpe9/12mFwxZ4hNB2ydRvZQI=">AAACIXicbVDLSgMxFM34tr5GXboZLELFUmaqqLgSunGlFewDOm25k6ZtaJIZkoxQhvkVN/6KGxeKuBN/xvSx0NYDgXPPuZebe4KIUaVd98taWFxaXlldW89sbG5t79i7e1UVxhKTCg5ZKOsBKMKoIBVNNSP1SBLgASO1YFAa+bVHIhUNxYMeRqTJoSdol2LQRmrbl63EK6alXJT3e8A5HJv6NL3N+QHR0DrxRTxRSjkfWNSHvB jV5+ld2866BXcMZ554U5JFU5Tb9qffCXHMidCYgVINz410MwGpKWYkzfixIhHgAfRIw1ABnKhmMr4wdY6M0nG6oTRPaGes/p5IgCs15IHp5KD7atYbif95jVh3L5sJFVGsicCTRd2YOTp0RnE5HSoJ1mxoCGBJzV8d3AcJWJtQMyYEb/bkeVItFjy34N2fZa+vpnGsoQN0iHLIQxfoGt2gMqogjJ7QC3pD79az9Wp9WJ+T1gVrOrOP/sD6/gEEuKGK</latexit><latexit sha1_base64="QDJQpe9/12mFwxZ4hNB2ydRvZQI=">AAACIXicbVDLSgMxFM34tr5GXboZLELFUmaqqLgSunGlFewDOm25k6ZtaJIZkoxQhvkVN/6KGxeKuBN/xvSx0NYDgXPPuZebe4KIUaVd98taWFxaXlldW89sbG5t79i7e1UVxhKTCg5ZKOsBKMKoIBVNNSP1SBLgASO1YFAa+bVHIhUNxYMeRqTJoSdol2LQRmrbl63EK6alXJT3e8A5HJv6NL3N+QHR0DrxRTxRSjkfWNSHvB jV5+ld2866BXcMZ554U5JFU5Tb9qffCXHMidCYgVINz410MwGpKWYkzfixIhHgAfRIw1ABnKhmMr4wdY6M0nG6oTRPaGes/p5IgCs15IHp5KD7atYbif95jVh3L5sJFVGsicCTRd2YOTp0RnE5HSoJ1mxoCGBJzV8d3AcJWJtQMyYEb/bkeVItFjy34N2fZa+vpnGsoQN0iHLIQxfoGt2gMqogjJ7QC3pD79az9Wp9WJ+T1gVrOrOP/sD6/gEEuKGK</latexit><latexit sha1_base64="QDJQpe9/12mFwxZ4hNB2ydRvZQI=">AAACIXicbVDLSgMxFM34tr5GXboZLELFUmaqqLgSunGlFewDOm25k6ZtaJIZkoxQhvkVN/6KGxeKuBN/xvSx0NYDgXPPuZebe4KIUaVd98taWFxaXlldW89sbG5t79i7e1UVxhKTCg5ZKOsBKMKoIBVNNSP1SBLgASO1YFAa+bVHIhUNxYMeRqTJoSdol2LQRmrbl63EK6alXJT3e8A5HJv6NL3N+QHR0DrxRTxRSjkfWNSHvB jV5+ld2866BXcMZ554U5JFU5Tb9qffCXHMidCYgVINz410MwGpKWYkzfixIhHgAfRIw1ABnKhmMr4wdY6M0nG6oTRPaGes/p5IgCs15IHp5KD7atYbif95jVh3L5sJFVGsicCTRd2YOTp0RnE5HSoJ1mxoCGBJzV8d3AcJWJtQMyYEb/bkeVItFjy34N2fZa+vpnGsoQN0iHLIQxfoGt2gMqogjJ7QC3pD79az9Wp9WJ+T1gVrOrOP/sD6/gEEuKGK</latexit>

Neutrons 
released with 
intermediate 
neutron density 
→ i process 
element 
production.



JINA-CEE  
NSF	Physics	Frontiers	Center

Falk Herwig, NPA IX, Schloß Waldhausen, 16 Sep 2019

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
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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
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Radial velocity

Abundance H-rich material

3D1D hydro-
nucleosynthesis simulations 
of iRAWD

Left panels: 7683-grid 
simulation of H-ingestion in 
RAWD

Right (top to bottom):
•  1D diffusion coefficient 

determined from spherical 
averaged abundance profile 
from 3D simulations

• abundance profiles of H, 
13C and unstable i-process 
isotopes from multi-zone 
1D post-processing of 
evolving hydro 
stratification

•  abundance distribution 
compared to CEMP-i star 
observation

• [time stretched in post-process to 
compensate for shorter hydro 
simulation] 



Stephens+ in prep

Advective conveyor belt 1D post-processing 
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•Rapidly 
Accreting White 
Dwarf model G 
from D19.

•These i-process 
simulations are 
essentially 
parameter free.

•These new 
models can for 
the first time 
explain these 
CEMP-r/s — or 
in fact CEMP-i 
— star 
abundances 
within a realistic 
astrophysical 
site. 

?

i process in low-Z RAWD - origin of CEMP-i stars

Denissenkov+ 19 (MNRAS); observations 
Aoki+ 02 & Johnson & Bolte 04
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Rate of H entrainment into He-shell 
convection zone from 3D hydro sims

Rate of H entrainment as a function of driving 
luminosity.

Higher WD mass → higher LHe → higher 
entrainment rate → higher Nn → higher [Ba/La]
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Determination of 1D convective diffusion coefficient from 
3D hydro sims (cf. Jones+ 17 for 3D hydro simulations in 
O-shell convection in a massive star) and fitting of 
convective boundary mixing parameter f. Andrassy+ 19, in prep

Extrapolate RAWD hydro f to nominal heating of 
stellar evolution model using f-scaling relation → 
ftop = 0.08 → apply in stellar evolution
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Sr
Zr

Ba
Pb
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Nuclear-physics impact studies for i process

�21

MNRAS submitted, arXiv:1909.07011

Step 1: observed abundance pattern 
and a nuclear network simulation 

(could be 1D multi-zone)

https://arxiv.org/abs/1909.07011
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Step 2: Determine nuclear physics uncertainties
Step 3: Perform Monte-Carlo simulations

�22

• Determine variation factors from all 
relevant unstable (n,γ) cross section 

• 20 combinations of HF model 
assumptions listed below

• 10,000 Monte-Carlo runs with randomly 
drawn factors for each of the included 
(n,γ) cross sections

Case weak i process
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Step 4: Analyse results (weak i process)  

�23

Network flux in abundance chart
Benchmark case and MC results

• In some cases, like here for As, the MC 
simulation yields a bimodal distribution 
corresponding to a specific branch point, in 
this case 75Ga



JINA-CEE
NSF Physics Frontiers Center Falk Herwig, NPA IX, Schloß Waldhausen, 16 Sep 2019

Key importance of 75Ga for As prediction

�24

Correlation As abundance 
with 75Ga cross section

Benchmark case and MC results

In some cases, like here for As, the MC 
simulation yields a bimodal distribution 
corresponding to a specific branch point, in this 
case 75Ga

f(75Ga) < 1f(75Ga) > 1

In order for i process to explain the observed 
[As/Ge] in HD94028 the 75Ga(n,γ) cross 
section must be in lower part of range. 

Need to be in 
this peak to be 
able to explain 
observed data
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Second-peak nuclear physics impact study

�25

Contour lines: 
probability 
density nuclear 
physics 
uncertainties 
according to 
Monte-Carlo 
nuclear physics 
impact study. 

10,000 
simulations 
involving Hauser-
Feshbach 
uncertainty 
estimates for 164 
unstable species, 
for just one 
neutron density. 

Denissenkov P, Perdikakis G, Herwig F, et al. 2018. Journal of Physics G Nuclear Physics. 45(5):055203
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First-peak elements metal-poor stars

�26

First peak 
element 

ratios show a 
spread that is 
similar for all 
CEMP types 

of stars. 
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First-peak & constant neutron density models

�27

All neutron 
densities 

contribute, 
with big 

changes in 
elemental 

ratios when 
Nn only 

changes 
little. 

The spread 
agrees but 
there is a 

systematic 
offset.
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Nuclear physics impact

�28

Nuclear physics 
uncertainties from 

10,000 MC simulations 
for just one Nn case. 

Could this be the 
answer for the offset?
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Odd-Z elements P, Cl, K, Sc in convective-reactive O- 
and C-shell mergers, site explored Ritter+18. Planned.

H  burning in the first stars. Started.

Nuclear physics impact studies for i process and 
convective-reactive regimes

Pop III i process (→Edinburgh 
student Sam Lloyd).  
In progress.

Weak i process proposed by 
Roederer+ 16. Produces 
anomalous [As/Ge]. Submitted. 
arXiv:1909.07011

Nucleosynthesis in post-
He+CO white dwarf mergers. 
Explored Menon+ 13. Planned.

First-peak i-process impact study. 
Published.  
Denissenkov+ 18 J. Phys. G  

Second-peak i-
process impact. 
→ writing up.
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<latexit sha1_base64="mSLhonlWrBw9nVkSy3wqiAWVyRA=">AAAB+nicdVBNSwMxEM36WetX1aOXYBEUZMmuH9uj4EGPFawKbS2zaVpDk+ySZJWy9qd48aCIV3+JN/+Naa2gog8GHu/NMDMvTgU3lpB3b2JyanpmtjBXnF9YXFourayemyTTlNVoIhJ9GYNhgitWs9wKdplqBjIW7CLuHQ39ixumDU/Ume2nrCmhq3iHU7BOapVWrvJof3AMW2qn0QUpYbtVKhOfVHZDEmLi70XRfhQ5EkaVMAxw4JMRymiMaqv01mgnNJNMWSrAmHpAUtvMQVtOBRsUG5lhKdAedFndUQWSmWY+On2AN53Sxp1Eu1IWj9TvEzlIY/oydp0S7LX57Q3Fv7x6ZjuVZs5Vmlmm6OeiTiawTfAwB9zmmlEr+o4A1dzdiuk1aKDWpVV0IXx9iv8n56EfED843SsfHozjKKB1tIG2UIAidIhOUBXVEEW36B49oifvznvwnr2Xz9YJbzyzhn7Ae/0AMgSTRw==</latexit><latexit sha1_base64="mSLhonlWrBw9nVkSy3wqiAWVyRA=">AAAB+nicdVBNSwMxEM36WetX1aOXYBEUZMmuH9uj4EGPFawKbS2zaVpDk+ySZJWy9qd48aCIV3+JN/+Naa2gog8GHu/NMDMvTgU3lpB3b2JyanpmtjBXnF9YXFourayemyTTlNVoIhJ9GYNhgitWs9wKdplqBjIW7CLuHQ39ixumDU/Ume2nrCmhq3iHU7BOapVWrvJof3AMW2qn0QUpYbtVKhOfVHZDEmLi70XRfhQ5EkaVMAxw4JMRymiMaqv01mgnNJNMWSrAmHpAUtvMQVtOBRsUG5lhKdAedFndUQWSmWY+On2AN53Sxp1Eu1IWj9TvEzlIY/oydp0S7LX57Q3Fv7x6ZjuVZs5Vmlmm6OeiTiawTfAwB9zmmlEr+o4A1dzdiuk1aKDWpVV0IXx9iv8n56EfED843SsfHozjKKB1tIG2UIAidIhOUBXVEEW36B49oifvznvwnr2Xz9YJbzyzhn7Ae/0AMgSTRw==</latexit><latexit sha1_base64="mSLhonlWrBw9nVkSy3wqiAWVyRA=">AAAB+nicdVBNSwMxEM36WetX1aOXYBEUZMmuH9uj4EGPFawKbS2zaVpDk+ySZJWy9qd48aCIV3+JN/+Naa2gog8GHu/NMDMvTgU3lpB3b2JyanpmtjBXnF9YXFourayemyTTlNVoIhJ9GYNhgitWs9wKdplqBjIW7CLuHQ39ixumDU/Ume2nrCmhq3iHU7BOapVWrvJof3AMW2qn0QUpYbtVKhOfVHZDEmLi70XRfhQ5EkaVMAxw4JMRymiMaqv01mgnNJNMWSrAmHpAUtvMQVtOBRsUG5lhKdAedFndUQWSmWY+On2AN53Sxp1Eu1IWj9TvEzlIY/oydp0S7LX57Q3Fv7x6ZjuVZs5Vmlmm6OeiTiawTfAwB9zmmlEr+o4A1dzdiuk1aKDWpVV0IXx9iv8n56EfED843SsfHozjKKB1tIG2UIAidIhOUBXVEEW36B49oifvznvwnr2Xz9YJbzyzhn7Ae/0AMgSTRw==</latexit><latexit sha1_base64="mSLhonlWrBw9nVkSy3wqiAWVyRA=">AAAB+nicdVBNSwMxEM36WetX1aOXYBEUZMmuH9uj4EGPFawKbS2zaVpDk+ySZJWy9qd48aCIV3+JN/+Naa2gog8GHu/NMDMvTgU3lpB3b2JyanpmtjBXnF9YXFourayemyTTlNVoIhJ9GYNhgitWs9wKdplqBjIW7CLuHQ39ixumDU/Ume2nrCmhq3iHU7BOapVWrvJof3AMW2qn0QUpYbtVKhOfVHZDEmLi70XRfhQ5EkaVMAxw4JMRymiMaqv01mgnNJNMWSrAmHpAUtvMQVtOBRsUG5lhKdAedFndUQWSmWY+On2AN53Sxp1Eu1IWj9TvEzlIY/oydp0S7LX57Q3Fv7x6ZjuVZs5Vmlmm6OeiTiawTfAwB9zmmlEr+o4A1dzdiuk1aKDWpVV0IXx9iv8n56EfED843SsfHozjKKB1tIG2UIAidIhOUBXVEEW36B49oifvznvwnr2Xz9YJbzyzhn7Ae/0AMgSTRw==</latexit>

66Ni(n, �)
<latexit sha1_base64="7nxNOJTJ95/V4Jzhiaf1xlq4Hx8=">AAAB+nicdVBNSwMxEM36WevXqkcvwSIoyJJda7dHwYsnqWBVaNeSTbM1NMkuSVYpa3+KFw+KePWXePPfmNYKKvpg4PHeDDPz4owzbRB6d6amZ2bn5ksL5cWl5ZVVd239XKe5IrRJUp6qyxhrypmkTcMMp5eZoljEnF7E/aORf3FDlWapPDODjEYC9yRLGMHGSh137aqo1YYnbEfutXtYCLzbcSvIQ/X9AAUQedUwPAhDS4KwHgQ+9D00RgVM0Oi4b+1uSnJBpSEca93yUWaiAivDCKfDcjvXNMOkj3u0ZanEguqoGJ8+hNtW6cIkVbakgWP1+0SBhdYDEdtOgc21/u2NxL+8Vm6SelQwmeWGSvK5KMk5NCkc5QC7TFFi+MASTBSzt0JyjRUmxqZVtiF8fQr/J+eB5yPPP61WDmuTOEpgE2yBHeCDEByCY9AATUDALbgHj+DJuXMenGfn5bN1ypnMbIAfcF4/AElck1Y=</latexit><latexit sha1_base64="7nxNOJTJ95/V4Jzhiaf1xlq4Hx8=">AAAB+nicdVBNSwMxEM36WevXqkcvwSIoyJJda7dHwYsnqWBVaNeSTbM1NMkuSVYpa3+KFw+KePWXePPfmNYKKvpg4PHeDDPz4owzbRB6d6amZ2bn5ksL5cWl5ZVVd239XKe5IrRJUp6qyxhrypmkTcMMp5eZoljEnF7E/aORf3FDlWapPDODjEYC9yRLGMHGSh137aqo1YYnbEfutXtYCLzbcSvIQ/X9AAUQedUwPAhDS4KwHgQ+9D00RgVM0Oi4b+1uSnJBpSEca93yUWaiAivDCKfDcjvXNMOkj3u0ZanEguqoGJ8+hNtW6cIkVbakgWP1+0SBhdYDEdtOgc21/u2NxL+8Vm6SelQwmeWGSvK5KMk5NCkc5QC7TFFi+MASTBSzt0JyjRUmxqZVtiF8fQr/J+eB5yPPP61WDmuTOEpgE2yBHeCDEByCY9AATUDALbgHj+DJuXMenGfn5bN1ypnMbIAfcF4/AElck1Y=</latexit><latexit sha1_base64="7nxNOJTJ95/V4Jzhiaf1xlq4Hx8=">AAAB+nicdVBNSwMxEM36WevXqkcvwSIoyJJda7dHwYsnqWBVaNeSTbM1NMkuSVYpa3+KFw+KePWXePPfmNYKKvpg4PHeDDPz4owzbRB6d6amZ2bn5ksL5cWl5ZVVd239XKe5IrRJUp6qyxhrypmkTcMMp5eZoljEnF7E/aORf3FDlWapPDODjEYC9yRLGMHGSh137aqo1YYnbEfutXtYCLzbcSvIQ/X9AAUQedUwPAhDS4KwHgQ+9D00RgVM0Oi4b+1uSnJBpSEca93yUWaiAivDCKfDcjvXNMOkj3u0ZanEguqoGJ8+hNtW6cIkVbakgWP1+0SBhdYDEdtOgc21/u2NxL+8Vm6SelQwmeWGSvK5KMk5NCkc5QC7TFFi+MASTBSzt0JyjRUmxqZVtiF8fQr/J+eB5yPPP61WDmuTOEpgE2yBHeCDEByCY9AATUDALbgHj+DJuXMenGfn5bN1ypnMbIAfcF4/AElck1Y=</latexit><latexit sha1_base64="7nxNOJTJ95/V4Jzhiaf1xlq4Hx8=">AAAB+nicdVBNSwMxEM36WevXqkcvwSIoyJJda7dHwYsnqWBVaNeSTbM1NMkuSVYpa3+KFw+KePWXePPfmNYKKvpg4PHeDDPz4owzbRB6d6amZ2bn5ksL5cWl5ZVVd239XKe5IrRJUp6qyxhrypmkTcMMp5eZoljEnF7E/aORf3FDlWapPDODjEYC9yRLGMHGSh137aqo1YYnbEfutXtYCLzbcSvIQ/X9AAUQedUwPAhDS4KwHgQ+9D00RgVM0Oi4b+1uSnJBpSEca93yUWaiAivDCKfDcjvXNMOkj3u0ZanEguqoGJ8+hNtW6cIkVbakgWP1+0SBhdYDEdtOgc21/u2NxL+8Vm6SelQwmeWGSvK5KMk5NCkc5QC7TFFi+MASTBSzt0JyjRUmxqZVtiF8fQr/J+eB5yPPP61WDmuTOEpgE2yBHeCDEByCY9AATUDALbgHj+DJuXMenGfn5bN1ypnMbIAfcF4/AElck1Y=</latexit>

137Cs(n, �)
<latexit sha1_base64="BYxgifMGjWYQpaWJzrzaTVYoA5s=">AAAB+3icdVDLSgMxFM3Ud32NdekmWIQKMmSm1elScONSwT6grSWTpm1okhmSjFiG/oobF4q49Ufc+TemD0FFD1w4nHMv994TJZxpg9CHk1taXlldW9/Ib25t7+y6e4W6jlNFaI3EPFbNCGvKmaQ1wwynzURRLCJOG9HoYuo37qjSLJY3ZpzQjsADyfqMYGOlrlu4zfxyOLnQJXnSHmAh8HHXLSIPVcsBCiDyKmF4GoaWBGE1CHzoe2iGIljgquu+t3sxSQWVhnCsdctHielkWBlGOJ3k26mmCSYjPKAtSyUWVHey2e0TeGSVHuzHypY0cKZ+n8iw0HosItspsBnq395U/MtrpaZf7WRMJqmhkswX9VMOTQynQcAeU5QYPrYEE8XsrZAMscLE2LjyNoSvT+H/pB54PvL860rx/GwRxzo4AIegBHwQgnNwCa5ADRBwDx7AE3h2Js6j8+K8zltzzmJmH/yA8/YJt72Tjg==</latexit><latexit sha1_base64="BYxgifMGjWYQpaWJzrzaTVYoA5s=">AAAB+3icdVDLSgMxFM3Ud32NdekmWIQKMmSm1elScONSwT6grSWTpm1okhmSjFiG/oobF4q49Ufc+TemD0FFD1w4nHMv994TJZxpg9CHk1taXlldW9/Ib25t7+y6e4W6jlNFaI3EPFbNCGvKmaQ1wwynzURRLCJOG9HoYuo37qjSLJY3ZpzQjsADyfqMYGOlrlu4zfxyOLnQJXnSHmAh8HHXLSIPVcsBCiDyKmF4GoaWBGE1CHzoe2iGIljgquu+t3sxSQWVhnCsdctHielkWBlGOJ3k26mmCSYjPKAtSyUWVHey2e0TeGSVHuzHypY0cKZ+n8iw0HosItspsBnq395U/MtrpaZf7WRMJqmhkswX9VMOTQynQcAeU5QYPrYEE8XsrZAMscLE2LjyNoSvT+H/pB54PvL860rx/GwRxzo4AIegBHwQgnNwCa5ADRBwDx7AE3h2Js6j8+K8zltzzmJmH/yA8/YJt72Tjg==</latexit><latexit sha1_base64="BYxgifMGjWYQpaWJzrzaTVYoA5s=">AAAB+3icdVDLSgMxFM3Ud32NdekmWIQKMmSm1elScONSwT6grSWTpm1okhmSjFiG/oobF4q49Ufc+TemD0FFD1w4nHMv994TJZxpg9CHk1taXlldW9/Ib25t7+y6e4W6jlNFaI3EPFbNCGvKmaQ1wwynzURRLCJOG9HoYuo37qjSLJY3ZpzQjsADyfqMYGOlrlu4zfxyOLnQJXnSHmAh8HHXLSIPVcsBCiDyKmF4GoaWBGE1CHzoe2iGIljgquu+t3sxSQWVhnCsdctHielkWBlGOJ3k26mmCSYjPKAtSyUWVHey2e0TeGSVHuzHypY0cKZ+n8iw0HosItspsBnq395U/MtrpaZf7WRMJqmhkswX9VMOTQynQcAeU5QYPrYEE8XsrZAMscLE2LjyNoSvT+H/pB54PvL860rx/GwRxzo4AIegBHwQgnNwCa5ADRBwDx7AE3h2Js6j8+K8zltzzmJmH/yA8/YJt72Tjg==</latexit><latexit sha1_base64="BYxgifMGjWYQpaWJzrzaTVYoA5s=">AAAB+3icdVDLSgMxFM3Ud32NdekmWIQKMmSm1elScONSwT6grSWTpm1okhmSjFiG/oobF4q49Ufc+TemD0FFD1w4nHMv994TJZxpg9CHk1taXlldW9/Ib25t7+y6e4W6jlNFaI3EPFbNCGvKmaQ1wwynzURRLCJOG9HoYuo37qjSLJY3ZpzQjsADyfqMYGOlrlu4zfxyOLnQJXnSHmAh8HHXLSIPVcsBCiDyKmF4GoaWBGE1CHzoe2iGIljgquu+t3sxSQWVhnCsdctHielkWBlGOJ3k26mmCSYjPKAtSyUWVHey2e0TeGSVHuzHypY0cKZ+n8iw0HosItspsBnq395U/MtrpaZf7WRMJqmhkswX9VMOTQynQcAeU5QYPrYEE8XsrZAMscLE2LjyNoSvT+H/pB54PvL860rx/GwRxzo4AIegBHwQgnNwCa5ADRBwDx7AE3h2Js6j8+K8zltzzmJmH/yA8/YJt72Tjg==</latexit>

135I(n, �)
<latexit sha1_base64="MPWcoz1DID8VDZm3gHHcRLiNs7g=">AAAB+nicdVDLSgMxFM3UV62vUZdugkWoIENmfEyXBTe6U7BaaMeSSdM2NMkMSUYpYz/FjQtF3Pol7vwb01pBRQ9cOJxzL/feE6ecaYPQu1OYmZ2bXygulpaWV1bX3PWNS51kitA6SXiiGjHWlDNJ64YZThupoljEnF7Fg+Oxf3VDlWaJvDDDlEYC9yTrMoKNldru+nXu7x+OTityr9XDQuDdtltGHqruByiAyDsIw8MwtCQIq0HgQ99DE5TBFGdt963VSUgmqDSEY62bPkpNlGNlGOF0VGplmqaYDHCPNi2VWFAd5ZPTR3DHKh3YTZQtaeBE/T6RY6H1UMS2U2DT17+9sfiX18xMtxrlTKaZoZJ8LupmHJoEjnOAHaYoMXxoCSaK2Vsh6WOFibFplWwIX5/C/8ll4PnI888PyrWjaRxFsAW2QQX4IAQ1cALOQB0QcAvuwSN4cu6cB+fZeflsLTjTmU3wA87rB+PBkxU=</latexit><latexit sha1_base64="MPWcoz1DID8VDZm3gHHcRLiNs7g=">AAAB+nicdVDLSgMxFM3UV62vUZdugkWoIENmfEyXBTe6U7BaaMeSSdM2NMkMSUYpYz/FjQtF3Pol7vwb01pBRQ9cOJxzL/feE6ecaYPQu1OYmZ2bXygulpaWV1bX3PWNS51kitA6SXiiGjHWlDNJ64YZThupoljEnF7Fg+Oxf3VDlWaJvDDDlEYC9yTrMoKNldru+nXu7x+OTityr9XDQuDdtltGHqruByiAyDsIw8MwtCQIq0HgQ99DE5TBFGdt963VSUgmqDSEY62bPkpNlGNlGOF0VGplmqaYDHCPNi2VWFAd5ZPTR3DHKh3YTZQtaeBE/T6RY6H1UMS2U2DT17+9sfiX18xMtxrlTKaZoZJ8LupmHJoEjnOAHaYoMXxoCSaK2Vsh6WOFibFplWwIX5/C/8ll4PnI888PyrWjaRxFsAW2QQX4IAQ1cALOQB0QcAvuwSN4cu6cB+fZeflsLTjTmU3wA87rB+PBkxU=</latexit><latexit sha1_base64="MPWcoz1DID8VDZm3gHHcRLiNs7g=">AAAB+nicdVDLSgMxFM3UV62vUZdugkWoIENmfEyXBTe6U7BaaMeSSdM2NMkMSUYpYz/FjQtF3Pol7vwb01pBRQ9cOJxzL/feE6ecaYPQu1OYmZ2bXygulpaWV1bX3PWNS51kitA6SXiiGjHWlDNJ64YZThupoljEnF7Fg+Oxf3VDlWaJvDDDlEYC9yTrMoKNldru+nXu7x+OTityr9XDQuDdtltGHqruByiAyDsIw8MwtCQIq0HgQ99DE5TBFGdt963VSUgmqDSEY62bPkpNlGNlGOF0VGplmqaYDHCPNi2VWFAd5ZPTR3DHKh3YTZQtaeBE/T6RY6H1UMS2U2DT17+9sfiX18xMtxrlTKaZoZJ8LupmHJoEjnOAHaYoMXxoCSaK2Vsh6WOFibFplWwIX5/C/8ll4PnI888PyrWjaRxFsAW2QQX4IAQ1cALOQB0QcAvuwSN4cu6cB+fZeflsLTjTmU3wA87rB+PBkxU=</latexit><latexit sha1_base64="MPWcoz1DID8VDZm3gHHcRLiNs7g=">AAAB+nicdVDLSgMxFM3UV62vUZdugkWoIENmfEyXBTe6U7BaaMeSSdM2NMkMSUYpYz/FjQtF3Pol7vwb01pBRQ9cOJxzL/feE6ecaYPQu1OYmZ2bXygulpaWV1bX3PWNS51kitA6SXiiGjHWlDNJ64YZThupoljEnF7Fg+Oxf3VDlWaJvDDDlEYC9yTrMoKNldru+nXu7x+OTityr9XDQuDdtltGHqruByiAyDsIw8MwtCQIq0HgQ99DE5TBFGdt963VSUgmqDSEY62bPkpNlGNlGOF0VGplmqaYDHCPNi2VWFAd5ZPTR3DHKh3YTZQtaeBE/T6RY6H1UMS2U2DT17+9sfiX18xMtxrlTKaZoZJ8LupmHJoEjnOAHaYoMXxoCSaK2Vsh6WOFibFplWwIX5/C/8ll4PnI888PyrWjaRxFsAW2QQX4IAQ1cALOQB0QcAvuwSN4cu6cB+fZeflsLTjTmU3wA87rB+PBkxU=</latexit>

https://arxiv.org/abs/1909.07011
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• CEMP stars show the abundance signature of a wide range 
of neutron densities, including s and r, but also from 
intermediate neutron capture conditions

• i process is a unique neutron-capture process induced by 
convective H mixing into He-shell convection

• There are many potential i-process sites in massive and low-
mass stars. Rapidly accreting white dwarfs naturally produce 
the right conditions, for example, for CEMP-r/s (CEMP-i) stars

• It is absolutely key to improve nuclear physics data for the i 
process, detailed impact studies are now available

Summary
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• Cowan JJ, Rose WK. 1977. ApJ. 212:149 first introduced the term i process and the concept for AGB star H-ingestion He-
shell flashes

• Malaney RA. 1986. MNRAS. 223(4):683–707, Herwig F et al. 2011. ApJ. 727(2):89 investigate i-process nucleosynthesis 
in post-AGB stars

• Campbell SW, Lugaro M, Karakas AI. 2010. A&A. 522:L6, Cruz MA, Serenelli A, Weiss A. 2013. A&A. 559:A4 present 
models of i process in H-ingestion into He-core flash

• Bertolli MG, Herwig F, Pignatari M, Kawano T. 2013. Phys Rev C submitted, arXiv:1310.4578, Dardelet L, Ritter C, Prado 
P, Heringer E, Higgs C, et al. 2014. I process and CEMP-s+r stars, Hampel M, Stancliffe RJ, Lugaro M, Meyer BS. 2016. 
ApJ. 831(2):171 first make the connection of i-process with CEMP-r/s stars → CEMP-i

• Côté B, Denissenkov P, Herwig F et al. 2018. ApJ. 854(2):105 GCE simulations to demonstrate iRAWD contribution to 
solar system

• Clarkson O, Herwig F, Pignatari M. 2018. MNRAS. 474(1):L37–L41; Clarkson+ 19 propose Pop III i process for CEMP-no 
stars; Banerjee P, etal 2018. ApJ. 865(2):120 considers metal-poor stars in more general

• Large body of literature on H-ingestion flashes (HIF orPIE) in AGB stars (Iben, Schönberner, Fujimoto, Sudo, Iwamoto, 
Campbell, Schlattel ….

• i-process impact study: Denissenkov P, Perdikakis G, Herwig F, et al. 2018. (First peak elements) Journal of Physics G 
Nuclear Physics. 45(5):055203; McKay J, et al. 2019. (Weak i-process). MNRAS, submitted, astro-ph; Denissenkov et al. 
in prep. (Second-peak elements); Lloyd S, et al. in prep (Pop III light i process) 

Bibliography i process theory
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