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‣ Convective-reactive nucleosynthesis: 
• How it works and why it requires new nuclear data

‣ Two examples: 
• C-O shell mergers in massive stars
• Intermediate neutron-capture process (i process)
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He-shell flash in low-mass stars
As an example to explain the workings of convective-reactive nucleosynthesis
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AGB review: Herwig 2005 ARAA

• Rapidly accreting white dwarfs 
(Denissenkov+ 17, ApJ Letters)

• Low-Z AGB stars (Cristallo+ 
16, Choplin+ 21, A&A)

Shell structure of stars
Shells may or may not be convectively unstable



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 
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He-shell flash in a RAWD or 
in a low-Z AGB star

Fast neutron source: i process

Damköhler number



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.

Multi-physics, multi-
method approach: 

‣ Nuclear physics data of 

unstable species
‣ Simulation approaches: 

combine detailed 3D hydro 
with detailed n-rich 
nucleosynthesis involving 
thousands of species?

i process path in chart of isotopes
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Neutrons 
released with 
intermediate 
neutron density 
→ i process 
element 
production.
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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, �)
<latexit sha1_base64="J0CZKq6e2lkRDsLY+e3KmRhLb/c=">AAACAHicdVDLSsNAFL3xWesr6sKFm8EiVJCSdKPLQjcuW7APaGqZTCft0JkkzEyEErLxV9y4UMStK7/BnX/hJzhpFXweGOZwzr3ce48fc6a047xaC4tLyyurhbXi+sbm1ra9s9tWUSIJbZGIR7LrY0U5C2lLM81pN5YUC5/Tjj+p537nikrFovBCT2PaF3gUsoARrI00sPcvPYH1WIrUrWb1cnzijbAQ+Hhgl5xK1cmBfhO3MvudUs1uvj0DQGNgv3jDiCSChppwrFTPdWLdT7HUjHCaFb1E0RiTCR7RnqEhFlT109kBGToyyhAFkTQv1Gimfu1IsVBqKnxTmW+rfnq5+JfXS3Rw1k9ZGCeahmQ+KEg40hHK00BDJinRfGoIJpKZXREZY4mJNpkVTQifl6L/SbtacZ2K2zRpODBHAQ7gEMrgwinU4Bwa0AICGdzAHdxb19at9WA9zksXrI+ePfgG6+kduy6X/w==</latexit><latexit sha1_base64="NgA6K63mCdZ6zoXibBiSXyRNeHY=">AAACAHicdVDLSsNAFJ3UV62vqAtBN4NFqCAh6UaXhW5cuGjBPqCJZTKdtENnkjAzEUrIxq2f4caFIm7d+gfu/As/wUmr4PPAMIdz7uXee/yYUals+9UozM0vLC4Vl0srq2vrG+bmVltGicCkhSMWia6PJGE0JC1FFSPdWBDEfUY6/rie+51LIiSNwnM1iYnH0TCkAcVIaalv7ly4HKmR4KlTzeqV+MgdIs7RYd8s21bVzgF/E8ea/na5Zjbfns92rxt988UdRDjhJFSYISl7jh0rL0VCUcxIVnITSWKEx2hIepqGiBPppdMDMniglQEMIqFfqOBU/dqRIi7lhPu6Mt9W/vRy8S+vl6jgxEtpGCeKhHg2KEgYVBHM04ADKghWbKIJwoLqXSEeIYGw0pmVdAifl8L/SbtqObblNHUaNpihCPbAPqgABxyDGjgFDdACGGTgBtyBe+PKuDUejMdZacH46NkG32A8vQMBC5jz</latexit><latexit sha1_base64="NgA6K63mCdZ6zoXibBiSXyRNeHY=">AAACAHicdVDLSsNAFJ3UV62vqAtBN4NFqCAh6UaXhW5cuGjBPqCJZTKdtENnkjAzEUrIxq2f4caFIm7d+gfu/As/wUmr4PPAMIdz7uXee/yYUals+9UozM0vLC4Vl0srq2vrG+bmVltGicCkhSMWia6PJGE0JC1FFSPdWBDEfUY6/rie+51LIiSNwnM1iYnH0TCkAcVIaalv7ly4HKmR4KlTzeqV+MgdIs7RYd8s21bVzgF/E8ea/na5Zjbfns92rxt988UdRDjhJFSYISl7jh0rL0VCUcxIVnITSWKEx2hIepqGiBPppdMDMniglQEMIqFfqOBU/dqRIi7lhPu6Mt9W/vRy8S+vl6jgxEtpGCeKhHg2KEgYVBHM04ADKghWbKIJwoLqXSEeIYGw0pmVdAifl8L/SbtqObblNHUaNpihCPbAPqgABxyDGjgFDdACGGTgBtyBe+PKuDUejMdZacH46NkG32A8vQMBC5jz</latexit><latexit sha1_base64="xdFvAiDMOFgOCWiv5djyOyTKuxI=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUEGGTDe6LHTjsoJthc5YMmmmDU0yQ5IRytCNv+LGhSJu/Qx3/o2ZtoLPAyGHc+7l3nuilDNtEHp3SkvLK6tr5fXKxubW9o67u9fRSaYIbZOEJ+o6wppyJmnbMMPpdaooFhGn3WjcLPzuLVWaJfLKTFIaCjyULGYEGyv13YObQGAzUiL369NmLT0NhlgIfNJ3q8irowLwN/G92Y+qYIFW330LBgnJBJWGcKx1z0epCXOsDCOcTitBpmmKyRgPac9SiQXVYT47YAqPrTKAcaLskwbO1K8dORZaT0RkK4tt9U+vEP/yepmJz8OcyTQzVJL5oDjj0CSwSAMOmKLE8IklmChmd4VkhBUmxmZWsSF8Xgr/J5265yPPv0TVBlrEUQaH4AjUgA/OQANcgBZoAwKm4B48gifnznlwnp2XeWnJWfTsg29wXj8Am2eVrg==</latexit>

13C(↵, n)
<latexit sha1_base64="msPofdAhls1U8U+w/mvXwLU7urM=">AAACAHicdVC7SgNBFL0bXzG+Vi0sbAaDEEHCbiy0DKSxTMA8IBvD7GSSDJmdXWZmhbBs46/YWChia+U32PkXfoKziYLPA8MczrmXe+/xI86UdpxXK7ewuLS8kl8trK1vbG7Z2zstFcaS0CYJeSg7PlaUM0GbmmlOO5GkOPA5bfuTWua3r6hULBQXehrRXoBHgg0ZwdpIfXvv0guwHssgcU/SWsnDPBrjY3HUt4tOueJkQL+JW579TrFqN96eAaDet1+8QUjigApNOFaq6zqR7iVYakY4TQterGiEyQSPaNdQgQOqesnsgBQdGmWAhqE0T2g0U792JDhQahr4pjLbVv30MvEvrxvr4VkvYSKKNRVkPmgYc6RDlKWBBkxSovnUEEwkM7siMsYSE20yK5gQPi9F/5NWpew6Zbdh0nBgjjzswwGUwIVTqMI51KEJBFK4gTu4t66tW+vBepyX5qyPnl34BuvpHb8lmAE=</latexit><latexit sha1_base64="v37mwQiuLaK0hV8uhMumlW9tdr0=">AAACAHicdVDLSsNAFJ3UV62vqAtBN4NFqCAhqQtdFrpx4aIF+4Amlsl00g5OJmFmIpSQjVs/w40LRdy69Q/c+Rd+gpNWweeBYQ7n3Mu99/gxo1LZ9qtRmJmdm18oLpaWlldW18z1jbaMEoFJC0csEl0fScIoJy1FFSPdWBAU+ox0/It67ncuiZA04mdqHBMvRENOA4qR0lLf3Dp3Q6RGIkydw6xecRGLR+iA7/fNsm1V7RzwN3GsyW+Xa2bz7fl0+7rRN1/cQYSTkHCFGZKy59ix8lIkFMWMZCU3kSRG+AINSU9TjkIivXRyQAb3tDKAQST04wpO1K8dKQqlHIe+rsy3lT+9XPzL6yUqOPZSyuNEEY6ng4KEQRXBPA04oIJgxcaaICyo3hXiERIIK51ZSYfweSn8n7SrlmNbTlOnYYMpimAH7IIKcMARqIET0AAtgEEGbsAduDeujFvjwXiclhaMj55N8A3G0zsFApj1</latexit><latexit sha1_base64="v37mwQiuLaK0hV8uhMumlW9tdr0=">AAACAHicdVDLSsNAFJ3UV62vqAtBN4NFqCAhqQtdFrpx4aIF+4Amlsl00g5OJmFmIpSQjVs/w40LRdy69Q/c+Rd+gpNWweeBYQ7n3Mu99/gxo1LZ9qtRmJmdm18oLpaWlldW18z1jbaMEoFJC0csEl0fScIoJy1FFSPdWBAU+ox0/It67ncuiZA04mdqHBMvRENOA4qR0lLf3Dp3Q6RGIkydw6xecRGLR+iA7/fNsm1V7RzwN3GsyW+Xa2bz7fl0+7rRN1/cQYSTkHCFGZKy59ix8lIkFMWMZCU3kSRG+AINSU9TjkIivXRyQAb3tDKAQST04wpO1K8dKQqlHIe+rsy3lT+9XPzL6yUqOPZSyuNEEY6ng4KEQRXBPA04oIJgxcaaICyo3hXiERIIK51ZSYfweSn8n7SrlmNbTlOnYYMpimAH7IIKcMARqIET0AAtgEEGbsAduDeujFvjwXiclhaMj55N8A3G0zsFApj1</latexit><latexit sha1_base64="czjEQYfiM5piDSFJrv8WTNZhDoE=">AAACAHicdVDLSgMxFM3UV62vURcu3ASLUEGGTF3ostCNywr2AZ2xZNJMG5rJDElGKMNs/BU3LhRx62e482/MtBV8Hgg5nHMv994TJJwpjdC7VVpaXlldK69XNja3tnfs3b2OilNJaJvEPJa9ACvKmaBtzTSnvURSHAWcdoNJs/C7t1QqFotrPU2oH+GRYCEjWBtpYB/ceBHWYxll7lnerHmYJ2N8Kk4GdhU5dVQA/iauM/tRFSzQGthv3jAmaUSFJhwr1XdRov0MS80Ip3nFSxVNMJngEe0bKnBElZ/NDsjhsVGGMIyleULDmfq1I8ORUtMoMJXFtuqnV4h/ef1Uhxd+xkSSairIfFCYcqhjWKQBh0xSovnUEEwkM7tCMsYSE20yq5gQPi+F/5NO3XGR416hagMt4iiDQ3AEasAF56ABLkELtAEBObgHj+DJurMerGfrZV5ashY9++AbrNcPn16VsA==</latexit>

12C(p, �)13N(�+⌫)13C
<latexit sha1_base64="/LMjs/oDewOKfvLNVQ/JABGFGrg="></latexit><latexit sha1_base64="/LMjs/oDewOKfvLNVQ/JABGFGrg="></latexit><latexit sha1_base64="/LMjs/oDewOKfvLNVQ/JABGFGrg="></latexit><latexit sha1_base64="/LMjs/oDewOKfvLNVQ/JABGFGrg="></latexit>
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13
C(↵, n)16O

<latexit sha1_base64="GdEstKKF8vibwgDvUs2aozbFLbE="></latexit><latexit sha1_base64="NIV17/YpAa3j+rpPociwjpURzVM="></latexit><latexit sha1_base64="NIV17/YpAa3j+rpPociwjpURzVM="></latexit><latexit sha1_base64="RRNgWc5fTiZ95zaRQQFGEddYTWw="></latexit>
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Odd-Z elements P, Cl, K, Sc in convective-reactive O- 
and C-shell mergers. Ritter+ 18, MNRAS.

H  burning in the first stars. Wiescher+ 21, Eur. Phys. J. A.

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

Pop III i process.  
In progress.

Weak i process proposed by 
Roederer+ 16. Produces 
anomalous [As/Ge]. McKay+ 20, 
MNRAS.

First-peak i-process impact study. 
Denissenkov+ 18, J. Phys. G  
Côté+ 18, Apj (impact on solar system 
via GCE and pop synth).

Second-peak i-process 
impact. Denissenkov+ 21, 

MNRAS.

88Kr(n, �)
<latexit sha1_base64="iNs4weTGQvB4smwTKbDjOCcB+pE=">AAAB+nicdVDLSgMxFM34rPU16tJNsAgKMmTGx8yy4EZwU8Gq0I4lk6Y1NMkMSUYpYz/FjQtF3Pol7vwb04egogcuHM65l3vvSTLOtEHow5manpmdmy8tlBeXlldW3bX1C53mitA6SXmqrhKsKWeS1g0znF5limKRcHqZ9I6H/uUtVZql8tz0MxoL3JWswwg2Vmq5a9dFFA1O1Y7ca3axEHi35VaQh6L9AAUQeQdheBiGlgRhFAQ+9D00QgVMUGu57812SnJBpSEca93wUWbiAivDCKeDcjPXNMOkh7u0YanEguq4GJ0+gNtWacNOqmxJA0fq94kCC637IrGdApsb/dsbin95jdx0orhgMssNlWS8qJNzaFI4zAG2maLE8L4lmChmb4XkBitMjE2rbEP4+hT+Ty4Cz0eef3ZQqR5N4iiBTbAFdoAPQlAFJ6AG6oCAO/AAnsCzc+88Oi/O67h1ypnMbIAfcN4+AVjzk2A=</latexit><latexit sha1_base64="iNs4weTGQvB4smwTKbDjOCcB+pE=">AAAB+nicdVDLSgMxFM34rPU16tJNsAgKMmTGx8yy4EZwU8Gq0I4lk6Y1NMkMSUYpYz/FjQtF3Pol7vwb04egogcuHM65l3vvSTLOtEHow5manpmdmy8tlBeXlldW3bX1C53mitA6SXmqrhKsKWeS1g0znF5limKRcHqZ9I6H/uUtVZql8tz0MxoL3JWswwg2Vmq5a9dFFA1O1Y7ca3axEHi35VaQh6L9AAUQeQdheBiGlgRhFAQ+9D00QgVMUGu57812SnJBpSEca93wUWbiAivDCKeDcjPXNMOkh7u0YanEguq4GJ0+gNtWacNOqmxJA0fq94kCC637IrGdApsb/dsbin95jdx0orhgMssNlWS8qJNzaFI4zAG2maLE8L4lmChmb4XkBitMjE2rbEP4+hT+Ty4Cz0eef3ZQqR5N4iiBTbAFdoAPQlAFJ6AG6oCAO/AAnsCzc+88Oi/O67h1ypnMbIAfcN4+AVjzk2A=</latexit><latexit sha1_base64="iNs4weTGQvB4smwTKbDjOCcB+pE=">AAAB+nicdVDLSgMxFM34rPU16tJNsAgKMmTGx8yy4EZwU8Gq0I4lk6Y1NMkMSUYpYz/FjQtF3Pol7vwb04egogcuHM65l3vvSTLOtEHow5manpmdmy8tlBeXlldW3bX1C53mitA6SXmqrhKsKWeS1g0znF5limKRcHqZ9I6H/uUtVZql8tz0MxoL3JWswwg2Vmq5a9dFFA1O1Y7ca3axEHi35VaQh6L9AAUQeQdheBiGlgRhFAQ+9D00QgVMUGu57812SnJBpSEca93wUWbiAivDCKeDcjPXNMOkh7u0YanEguq4GJ0+gNtWacNOqmxJA0fq94kCC637IrGdApsb/dsbin95jdx0orhgMssNlWS8qJNzaFI4zAG2maLE8L4lmChmb4XkBitMjE2rbEP4+hT+Ty4Cz0eef3ZQqR5N4iiBTbAFdoAPQlAFJ6AG6oCAO/AAnsCzc+88Oi/O67h1ypnMbIAfcN4+AVjzk2A=</latexit><latexit sha1_base64="iNs4weTGQvB4smwTKbDjOCcB+pE=">AAAB+nicdVDLSgMxFM34rPU16tJNsAgKMmTGx8yy4EZwU8Gq0I4lk6Y1NMkMSUYpYz/FjQtF3Pol7vwb04egogcuHM65l3vvSTLOtEHow5manpmdmy8tlBeXlldW3bX1C53mitA6SXmqrhKsKWeS1g0znF5limKRcHqZ9I6H/uUtVZql8tz0MxoL3JWswwg2Vmq5a9dFFA1O1Y7ca3axEHi35VaQh6L9AAUQeQdheBiGlgRhFAQ+9D00QgVMUGu57812SnJBpSEca93wUWbiAivDCKeDcjPXNMOkh7u0YanEguq4GJ0+gNtWacNOqmxJA0fq94kCC637IrGdApsb/dsbin95jdx0orhgMssNlWS8qJNzaFI4zAG2maLE8L4lmChmb4XkBitMjE2rbEP4+hT+Ty4Cz0eef3ZQqR5N4iiBTbAFdoAPQlAFJ6AG6oCAO/AAnsCzc+88Oi/O67h1ypnMbIAfcN4+AVjzk2A=</latexit>

89Rb(n, �)
<latexit sha1_base64="HG3+OCySIkTqTaMN1XNHYkb6+/E=">AAAB+nicdVDLSgMxFM34rPXV6tJNsAgKMmTG6tRdwY3LKrYW2loyadqGJpkhyShl7Ke4caGIW7/EnX9j+hBU9MCFwzn3cu89YcyZNgh9OHPzC4tLy5mV7Ora+sZmLr9V01GiCK2SiEeqHmJNOZO0apjhtB4rikXI6XU4OBv717dUaRbJKzOMaUvgnmRdRrCxUjuXv0lLp6PLcF8eNntYCHzQzhWQi0pHPvIhcotBcBwElvhByfc96LloggKYodLOvTc7EUkElYZwrHXDQ7FppVgZRjgdZZuJpjEmA9yjDUslFlS30snpI7hnlQ7sRsqWNHCifp9IsdB6KELbKbDp69/eWPzLaySmW2qlTMaJoZJMF3UTDk0ExznADlOUGD60BBPF7K2Q9LHCxNi0sjaEr0/h/6Tmux5yvYtioXwyiyMDdsAu2AceCEAZnIMKqAIC7sADeALPzr3z6Lw4r9PWOWc2sw1+wHn7BEyNk1g=</latexit><latexit sha1_base64="HG3+OCySIkTqTaMN1XNHYkb6+/E=">AAAB+nicdVDLSgMxFM34rPXV6tJNsAgKMmTG6tRdwY3LKrYW2loyadqGJpkhyShl7Ke4caGIW7/EnX9j+hBU9MCFwzn3cu89YcyZNgh9OHPzC4tLy5mV7Ora+sZmLr9V01GiCK2SiEeqHmJNOZO0apjhtB4rikXI6XU4OBv717dUaRbJKzOMaUvgnmRdRrCxUjuXv0lLp6PLcF8eNntYCHzQzhWQi0pHPvIhcotBcBwElvhByfc96LloggKYodLOvTc7EUkElYZwrHXDQ7FppVgZRjgdZZuJpjEmA9yjDUslFlS30snpI7hnlQ7sRsqWNHCifp9IsdB6KELbKbDp69/eWPzLaySmW2qlTMaJoZJMF3UTDk0ExznADlOUGD60BBPF7K2Q9LHCxNi0sjaEr0/h/6Tmux5yvYtioXwyiyMDdsAu2AceCEAZnIMKqAIC7sADeALPzr3z6Lw4r9PWOWc2sw1+wHn7BEyNk1g=</latexit><latexit sha1_base64="HG3+OCySIkTqTaMN1XNHYkb6+/E=">AAAB+nicdVDLSgMxFM34rPXV6tJNsAgKMmTG6tRdwY3LKrYW2loyadqGJpkhyShl7Ke4caGIW7/EnX9j+hBU9MCFwzn3cu89YcyZNgh9OHPzC4tLy5mV7Ora+sZmLr9V01GiCK2SiEeqHmJNOZO0apjhtB4rikXI6XU4OBv717dUaRbJKzOMaUvgnmRdRrCxUjuXv0lLp6PLcF8eNntYCHzQzhWQi0pHPvIhcotBcBwElvhByfc96LloggKYodLOvTc7EUkElYZwrHXDQ7FppVgZRjgdZZuJpjEmA9yjDUslFlS30snpI7hnlQ7sRsqWNHCifp9IsdB6KELbKbDp69/eWPzLaySmW2qlTMaJoZJMF3UTDk0ExznADlOUGD60BBPF7K2Q9LHCxNi0sjaEr0/h/6Tmux5yvYtioXwyiyMDdsAu2AceCEAZnIMKqAIC7sADeALPzr3z6Lw4r9PWOWc2sw1+wHn7BEyNk1g=</latexit><latexit sha1_base64="HG3+OCySIkTqTaMN1XNHYkb6+/E=">AAAB+nicdVDLSgMxFM34rPXV6tJNsAgKMmTG6tRdwY3LKrYW2loyadqGJpkhyShl7Ke4caGIW7/EnX9j+hBU9MCFwzn3cu89YcyZNgh9OHPzC4tLy5mV7Ora+sZmLr9V01GiCK2SiEeqHmJNOZO0apjhtB4rikXI6XU4OBv717dUaRbJKzOMaUvgnmRdRrCxUjuXv0lLp6PLcF8eNntYCHzQzhWQi0pHPvIhcotBcBwElvhByfc96LloggKYodLOvTc7EUkElYZwrHXDQ7FppVgZRjgdZZuJpjEmA9yjDUslFlS30snpI7hnlQ7sRsqWNHCifp9IsdB6KELbKbDp69/eWPzLaySmW2qlTMaJoZJMF3UTDk0ExznADlOUGD60BBPF7K2Q9LHCxNi0sjaEr0/h/6Tmux5yvYtioXwyiyMDdsAu2AceCEAZnIMKqAIC7sADeALPzr3z6Lw4r9PWOWc2sw1+wHn7BEyNk1g=</latexit>

75Ga(n, �)
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Nuclear uncertainties low-Z AGB Goriely+ 21, arXiv.
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8

Simulation 
approaches

• 1-zone network calculation 
➡ Very limited as they do not capture the simultaneous addition and depletion of species 

due to mixing
➡ Only useful to determine local ratios (Denissenkov+ 21, MNRAS)

• 1D multi-zone simulations
➡ Can generally capture the simultaneous mixing and burning
➡ Possibly significant simplification of mixing process may impact predictions

• Post-processing of 3D simulations
➡ Most realistic
➡ Can’t use tracer particles as they do not mix (only appropriate for Da >> 1 as in 

explosions)
➡ ATS method (Stephens+ 20, MNRAS)
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Advective Two-Stream post-processing of 3D Hydro 
Simulations for Convective-reactive Nucleosynthesis

9
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Stephens+ 20, MNRAS

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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Observations, predictions and open questions

10

‣ What observations can the i process explain?
‣ C-enhanced metal-poor stars
‣ Open cluster stars 
‣ Pre-solar grains

‣ Where does the i process take place?
• Rapidly accreting white dwarfs
• low-Z AGB stars? He-core flash? super-AGB stars?
• He-shell burning in low-Z massive stars
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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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Sr
Zr

Ba
Pb Just like in s and r 

process the I process 
comes with different 
neutron exposures 
depending on the site. 

Elemental ratios of 1st 
and 2nd peak elements 
tell about neutron 
exposure not neutron 
density and are 
therefore not in itself a 
good I process 
diagnostic.
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CEMP-i stars

The origin of the CEMP-r/s stars has been a conundrum since their 
discovery (Jonsell+ 06, Masseron+10, Lugaro+ 12, and others)

Bisterzo+ 12: Combination of r process and 
s process

Victoria JINA/NuGrid group (Dardelet+ 14, 
PoS, NIC XIII): intermediate neutron density 
(confirmed by Hampel+ 16, 19)
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CEMP-i stars

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

• 1D multi-zone and 3D ADS can 
reproduce entire abundance 
distribution from C to Pb

• Note here local ratio Ba/La does 
not fit
➡ This is because the neutron 

density is in this particular 
model of an ~0.6Msun RAWD 
not high enough

➡ Local elemental ratios probe 
neutron density!

➡ In order to demonstrate that 
next slide show 1-zone constant 
neutron-density results

CS31062-050; observation: Aoki+ 02, Johnson & Bolte 04 
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[Ba/Eu] &CEMP star classification
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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

Herwig+ 19, https://doi.org/10.5281/zenodo.3429602
Observation compilation: JINA-base, Abohalima & Frebel



JINA-CEE
NSF Physics Frontiers Center

What is the site of i process for CEMP-i stars?

Low-Z AGB stars (Karinkuzhi+ 20, Choplin+ 21)
➡ AGB envelopes do not get enriched enough, 

requires unrealistic mixing ratio
➡ Simulations (1D and 3D) predict split of convection 

zone from feedback, need to make assumptions 
➡ Neutron exposure not high enough to reach 

observed 1st to 2nd peak ratios

RAWD (Denissenkov+ 19, 21)
➡ RAWD ejecta strongly enriched, realistic 

mixing ratio (dilution factor)
➡ Simulations predict long convective-reactive 

episode, reach high neutron exposures
➡ Observed 1st to 2nd peak ratios naturally 

reproduced, no ad-hoc assumptions needed
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Nuclear physics impact studies show: 
There are branch points inside the i-process path!

Denissenkov+ 21, MNRAS

1D multi-zone 
MC simulations
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Open problem in GCE: odd-Z elements
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Benoit Côté - the JINA/NuGrid pipeline

Ritter+ 17, see also Rauscher, Kobayashi and others

GCE OMEGA: models with NuGrid/JINA yields, 
Nomoto+ 13 and Kobayashi+ 06 yields.
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3D Hydro simulations of C-ingestion into convective O-shell

20 Andrassy+ 19,  MNRAS
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3D Hydro simulations of C-O shell merger conditions

21 Andrassy+ 19,  MNRAS
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3D1D ATS post-processing
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3D hydro feeds advection fluxes into 1.5D advective two-stream post-processing with complete network

O-shell without C-shell material ingestion

up flow
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3D1D ATS post-processing

23

3D hydro feeds advection fluxes into 1.5D advective two-stream post-processing with complete network

O-shell with C-shell material ingestion

up flow
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O-C shell mergers 

24

p process benefits from 
C ingestion in O-C shell 
merger by adding fresh 
seed material

heavier odd-Z elements benefit 
more from faster mixing, (p,g)-(g,p)



Convective-reactive nucleosynthesis
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Family of nucleosynthetic sites in which nucleosynthesis is coupled with mixing.
• Hot-bottom burning in massive AGB stars: N, Li
• H-ingestion in He-shell flashes RAWDs, Sakurai’s object, low-Z AGB: Li, i process
• O-C shell mergers in massive stars: P, Cl, K, Sc 
• H-He shell mergers in Pop III massive stars: Na, Al, Ca
• slow mixing and burning in post-He+CO WD merger pre-RCB: F, s-process

In common:  production of odd-Z elements
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Involves many 
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• Convective-reactive nucleosynthesis takes place when dynamic convective mixing 
processes interact with nuclear reactions on the same time scale and both processes 
are equally important in the particular situation 
➡ Simulations need to take into account mixing (best in 3D) and nucleosynthesis 

simultaneously
➡  Nuclear reaction data away from stability is needed → radioactive beam facilities

• Key examples
➡ i process: neutron-capture with neutron densities intermediate between s and r 

process, can uniquely explain a variety of observations, such as the CEMP-r/s stars
➡ Mergers of convective O and C shell in massive stars: intermediate-mass odd-Z 

elements and p process
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Family of nucleosynthetic sites in which nucleosynthesis is coupled with mixing, 
makes predominantly odd-Z elements.
• Hot-bottom burning in massive AGB stars: N, Li

‣ Ritter C, Herwig F,  et al. 2018. MNRAS. 480(1):538–71
• H-ingestion in He-shell flashes RAWDs, Sakurai’s object, low-Z AGB: Li, i process

‣ i-process Nucleosynthesis and Mass Retention Efficiency in He-shell Flash Evolution of Rapidly 
Accreting White Dwarfs. Denissenkov PA, Herwig F, et al. 2017. ApJ Lett. 834(2):L10

‣ i-Process yields from multi-cycle evolution of rapidly-accreting white dwarfs for a range of 
metallicities. Denissenkov P, Herwig F, etal 2019 (MNRAS).

‣ i-process Contribution of Rapidly Accreting White Dwarfs to the Solar Composition of First-
peak Neutron-capture Elements. Côté B, Denissenkov P, Herwig F, et al. 2018. ApJ. 854(2):105

• O-C shell mergers in massive stars: P, Cl, K, Sc 
‣ Convective-reactive nucleosynthesis of K, Sc, Cl and p-process isotopes in O-C shell mergers. 

Ritter C,  Andrássy R, Côté B, Herwig F et al. 2018. MNRAS. 474(1):L1–L6.
• H-He shell mergers in Pop III massive stars: Na, Al, Ca

‣ Pop III i-process nucleosynthesis and the elemental abundances of SMSS J0313-6708 and the 
most iron-poor stars. Clarkson O, Herwig F, Pignatari M. 2018/2019. MNRAS.

• Slow mixing and burning in post-He+CO WD merger pre-RCB: F, s-process
‣ Abundances in RCB stars. Post-double degenerate merger models - constraints on merger and 

post-merger simulations and physics processes. Menon A, Herwig F, et al. 2013. ApJ. 772(1):59


