
Nucleosynthesis 
Lecture 5: Hydrostatic burning in stars - II
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Overview of previous lectures
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The CNO cycles
The pp chains can operate in pure H/He gasses to synthesise 4He from H. However, stars like our Sun also 
have a healthy admixture of heavier elements. Therefore, it becomes necessary to consider other reactions 
as possible sources of energy, even at “low” central temperatures typical on the main sequence.  
 
Since lifetimes rise rapidly with increasing coulomb barrier, the best candidates must have charges such 
that the product Z1Z2 is as small as possible  

A series of such reactions, involving C and N nuclei was discovered by Bethe & von Weizsäcker (1938) 
 
This series has the property that the CN nuclei serve only as catalysts for the conversion of H to He
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For solar composition, the CN cycle produces more energy than the pp-chains for T6 > ~20, 

http://cococubed.asu.edu/


The CNO reaction flow and branching

12C
<latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit>

13C
<latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit>

13N
<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>
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<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>
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<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

5.0MeV
<latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

7.5MeV
<latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit>
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<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>



The CNO reaction flow and branching
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<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>

14N
<latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit>

15N
<latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit>
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<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>
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<latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

5.0MeV
<latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

7.5MeV
<latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit>

20
<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>

Second cycle initiated 
when oxygen is present 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<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>

14N
<latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit>

15N
<latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit>

15
O

<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>

17
O

<latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit>

16
O

<latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit>

17F
<latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

5.0MeV
<latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

7.5MeV
<latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.8MeV
<latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit>

0.6MeV
<latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit>

20
<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

10
<latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>

Second cycle initiated 
when oxygen is present 



The CNO reaction flow and branching

12C
<latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit>

13C
<latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit>

13N
<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>

14N
<latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit>

15N
<latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit>

15
O

<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>

17
O

<latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit>

16
O

<latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit>

17F
<latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

5.0MeV
<latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

7.5MeV
<latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.8MeV
<latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit>

0.6MeV
<latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit>

20
<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

10
<latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>

This is the first resonant reaction  
that we encounter! The resonance becomes 

important at relatively high T 

Second cycle initiated 
when oxygen is present 



The CNO reaction flow and branching

12C
<latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit>

13C
<latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit>

13N
<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>

14N
<latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit>

15N
<latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit>

15
O

<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>

17
O

<latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit>

16
O

<latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit>

17F
<latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

5.0MeV
<latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

7.5MeV
<latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

12.1MeV
<latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit>

2.8MeV
<latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit>

0.6MeV
<latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit>

20
<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

10
<latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>

This is the first resonant reaction  
that we encounter! The resonance becomes 

important at relatively high T 

Second cycle initiated 
when oxygen is present 



The CNO reaction flow and branching

12C
<latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit>

13C
<latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit>

13N
<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>

14N
<latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit>

15N
<latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit>

15
O

<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>

17
O

<latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit>

16
O

<latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit>

17F
<latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

5.0MeV
<latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

7.5MeV
<latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

12.1MeV
<latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit>

2.8MeV
<latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit>

0.6MeV
<latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit>

20
<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

10
<latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>

This is the first resonant reaction  
that we encounter! The resonance becomes 

important at relatively high T 

~4 gamma decays for every ~10000 alpha decays 

Second cycle initiated 
when oxygen is present 



The CNO reaction flow and branching

12C
<latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit>

13C
<latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit>

13N
<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>

14N
<latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit>

15N
<latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit>

15
O

<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>

17
O

<latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit>

16
O

<latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit>

17F
<latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

5.0MeV
<latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

7.5MeV
<latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

12.1MeV
<latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit>

2.8MeV
<latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit>

0.6MeV
<latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit>

20
<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

10
<latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>

This is the first resonant reaction  
that we encounter! The resonance becomes 

important at relatively high T 

~4 gamma decays for every ~10000 alpha decays 

Second cycle initiated 
when oxygen is present 

Likely the most initially 
abundant seed nucleus, 
followed by 16O



The CNO bi-cycles
Just like in pp reactions, the key to understanding the CNO reactions lies in appreciating the lifetimes of nuclei 
against protons. Recall that for non-resonant reactions, the lifetime of a nucleus against proton capture is:
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<latexit sha1_base64="2W0YqIANNjrdrpf+/ipgd6cYE08="></latexit><latexit sha1_base64="2W0YqIANNjrdrpf+/ipgd6cYE08="></latexit><latexit sha1_base64="2W0YqIANNjrdrpf+/ipgd6cYE08="></latexit><latexit sha1_base64="2W0YqIANNjrdrpf+/ipgd6cYE08="></latexit>
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<latexit sha1_base64="FoKEXdc9ysPRShMHIHINpiG/Hcc="></latexit><latexit sha1_base64="FoKEXdc9ysPRShMHIHINpiG/Hcc="></latexit><latexit sha1_base64="FoKEXdc9ysPRShMHIHINpiG/Hcc="></latexit><latexit sha1_base64="FoKEXdc9ysPRShMHIHINpiG/Hcc="></latexit>

WARNING: Most of these are outdated. For more recent values see Adelberger et al. 2011



CNO cycles approaching equilibrium

To follow the abundance evolution, one needs to consider the differential equations for all reactants.  
Fortunately, some simplifications can be made due to the vastly different lifetimes.  
 
It would help if the two cycles were independent. This would be the case if X(16O)=0 and  15N(p,α)12C only  
Turns out we can treat them independently anyways!  
Why?  
In cycle I, the 14N(p,γ)15Ο reaction determines the cycle speed. A 15N nucleus is produced every τ14 years. One 
in every ~2500 of these nuclei go to the second cycle. Similarly a 14N is produced by cycle II every τ16 yr.  
Both these times are much longer than the τ14

12C
<latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit>

13C
<latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit>

13N
<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>

14N
<latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit>

15N
<latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit>

15
O

<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>

17
O

<latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit>

16
O

<latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit>

17F
<latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

2.8MeV
<latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit>

0.6MeV
<latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit>

20
<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

10
<latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>

⌧p(15) ⌧ ⌧p(13) ⌧ ⌧p(12) ⌧ ⌧p(14) : 35 yr : 1600 yr : 6600 yr : 9⇥ 105 yr
<latexit sha1_base64="3/Clu6bRq5gcB5amXNEFlaYmZN8=">AAADTHicbVJNbxMxEPVuoZTwlcKRi0UUKVGjyJukAXqqxIVLSpFIWilOIq/jbKx6P2R7QdHKP5ALB278Ci4cQAgJ724CaZuRLL15897M2LKfCK40Qt8cd+/O3f17B/crDx4+evykevh0pOJUUjaksYjlpU8UEzxiQ821YJeJZCT0Bbvwr97k9YuPTCoeRx/0KmGTkAQRX3BKtKVmh45fz7AM4TTr9AwcBFOsNJEGYsmDpUUy/g Q3gq45I/AIJvZ02h3cGrCRqdS3q42khYlIlqRpCWTOmGn9c+dpo6y2cEDCsBD1zCAwWMxjrf63QgZa61Gp2rWK1zfv7BZlt2szSmPB77xDPi93Fq1NBWuSzpKGd9zEQmySbp7ATdZpwu201zwpm3WPcWslT7w+QgXob8BrrHnIFPTQtJCYWbWG2qgIeBt4a1AD6zifVb/ieUzTkEWaCqLU2EOJnmREak4Fs1uniiWEXpGAjS2MiB03yYrPYGDdMnO4iKU9kYYFu+3ISKjUKvStMiR6qW7WcnJXbZzqxatJxqMk1Syi5aBFKqCOYf6z4JxLRrVYWUCo5HZXSJdEEqrt/6vYR/BuXvk2GHXaHmp773u10/76OQ7Ac/ACNIAHXoJT8BacgyGgzmfnu/PT+eV+cX+4v90/pdR11p5n4Frs7f8Fod0Faw==</latexit><latexit sha1_base64="3/Clu6bRq5gcB5amXNEFlaYmZN8=">AAADTHicbVJNbxMxEPVuoZTwlcKRi0UUKVGjyJukAXqqxIVLSpFIWilOIq/jbKx6P2R7QdHKP5ALB278Ci4cQAgJ724CaZuRLL15897M2LKfCK40Qt8cd+/O3f17B/crDx4+evykevh0pOJUUjaksYjlpU8UEzxiQ821YJeJZCT0Bbvwr97k9YuPTCoeRx/0KmGTkAQRX3BKtKVmh45fz7AM4TTr9AwcBFOsNJEGYsmDpUUy/g Q3gq45I/AIJvZ02h3cGrCRqdS3q42khYlIlqRpCWTOmGn9c+dpo6y2cEDCsBD1zCAwWMxjrf63QgZa61Gp2rWK1zfv7BZlt2szSmPB77xDPi93Fq1NBWuSzpKGd9zEQmySbp7ATdZpwu201zwpm3WPcWslT7w+QgXob8BrrHnIFPTQtJCYWbWG2qgIeBt4a1AD6zifVb/ieUzTkEWaCqLU2EOJnmREak4Fs1uniiWEXpGAjS2MiB03yYrPYGDdMnO4iKU9kYYFu+3ISKjUKvStMiR6qW7WcnJXbZzqxatJxqMk1Syi5aBFKqCOYf6z4JxLRrVYWUCo5HZXSJdEEqrt/6vYR/BuXvk2GHXaHmp773u10/76OQ7Ac/ACNIAHXoJT8BacgyGgzmfnu/PT+eV+cX+4v90/pdR11p5n4Frs7f8Fod0Faw==</latexit><latexit sha1_base64="3/Clu6bRq5gcB5amXNEFlaYmZN8=">AAADTHicbVJNbxMxEPVuoZTwlcKRi0UUKVGjyJukAXqqxIVLSpFIWilOIq/jbKx6P2R7QdHKP5ALB278Ci4cQAgJ724CaZuRLL15897M2LKfCK40Qt8cd+/O3f17B/crDx4+evykevh0pOJUUjaksYjlpU8UEzxiQ821YJeJZCT0Bbvwr97k9YuPTCoeRx/0KmGTkAQRX3BKtKVmh45fz7AM4TTr9AwcBFOsNJEGYsmDpUUy/g Q3gq45I/AIJvZ02h3cGrCRqdS3q42khYlIlqRpCWTOmGn9c+dpo6y2cEDCsBD1zCAwWMxjrf63QgZa61Gp2rWK1zfv7BZlt2szSmPB77xDPi93Fq1NBWuSzpKGd9zEQmySbp7ATdZpwu201zwpm3WPcWslT7w+QgXob8BrrHnIFPTQtJCYWbWG2qgIeBt4a1AD6zifVb/ieUzTkEWaCqLU2EOJnmREak4Fs1uniiWEXpGAjS2MiB03yYrPYGDdMnO4iKU9kYYFu+3ISKjUKvStMiR6qW7WcnJXbZzqxatJxqMk1Syi5aBFKqCOYf6z4JxLRrVYWUCo5HZXSJdEEqrt/6vYR/BuXvk2GHXaHmp773u10/76OQ7Ac/ACNIAHXoJT8BacgyGgzmfnu/PT+eV+cX+4v90/pdR11p5n4Frs7f8Fod0Faw==</latexit><latexit sha1_base64="3/Clu6bRq5gcB5amXNEFlaYmZN8=">AAADTHicbVJNbxMxEPVuoZTwlcKRi0UUKVGjyJukAXqqxIVLSpFIWilOIq/jbKx6P2R7QdHKP5ALB278Ci4cQAgJ724CaZuRLL15897M2LKfCK40Qt8cd+/O3f17B/crDx4+evykevh0pOJUUjaksYjlpU8UEzxiQ821YJeJZCT0Bbvwr97k9YuPTCoeRx/0KmGTkAQRX3BKtKVmh45fz7AM4TTr9AwcBFOsNJEGYsmDpUUy/g Q3gq45I/AIJvZ02h3cGrCRqdS3q42khYlIlqRpCWTOmGn9c+dpo6y2cEDCsBD1zCAwWMxjrf63QgZa61Gp2rWK1zfv7BZlt2szSmPB77xDPi93Fq1NBWuSzpKGd9zEQmySbp7ATdZpwu201zwpm3WPcWslT7w+QgXob8BrrHnIFPTQtJCYWbWG2qgIeBt4a1AD6zifVb/ieUzTkEWaCqLU2EOJnmREak4Fs1uniiWEXpGAjS2MiB03yYrPYGDdMnO4iKU9kYYFu+3ISKjUKvStMiR6qW7WcnJXbZzqxatJxqMk1Syi5aBFKqCOYf6z4JxLRrVYWUCo5HZXSJdEEqrt/6vYR/BuXvk2GHXaHmp773u10/76OQ7Ac/ACNIAHXoJT8BacgyGgzmfnu/PT+eV+cX+4v90/pdR11p5n4Frs7f8Fod0Faw==</latexit>



CNO cycles approaching equilibrium
Consequences  
Cycle I reaches equilibrium much faster than Cycle II, and thus it can be treated independently.  
When analysing Cycle II we can assume that 14N and 15N have reached their equilibrium abundances.  
 
The ODEs for Cycle I are as follows. The  β+ decays are taken to be instantaneous since the products 
reach their equilibrium abundances  very fast, in times of order τβ (sec).



CNO cycles approaching equilibrium
Consequences  
Cycle I reaches equilibrium much faster than Cycle II, and thus it can be treated independently.  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✓ 15N
14N

◆

e

=
⌧15
⌧14

= 4⇥ 10�5

<latexit sha1_base64="KuB71oqNh+7IxFvxCoxHewU2syc="></latexit><latexit sha1_base64="KuB71oqNh+7IxFvxCoxHewU2syc="></latexit><latexit sha1_base64="KuB71oqNh+7IxFvxCoxHewU2syc="></latexit><latexit sha1_base64="KuB71oqNh+7IxFvxCoxHewU2syc="></latexit>

In times of order τ15 (years)
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Consequences  
Cycle I reaches equilibrium much faster than Cycle II, and thus it can be treated independently.  
When analysing Cycle II we can assume that 14N and 15N have reached their equilibrium abundances.  
 
The ODEs for Cycle I are as follows. The  β+ decays are taken to be instantaneous since the products 
reach their equilibrium abundances  very fast, in times of order τβ (sec).

✓ 15N
14N

◆

e

=
⌧15
⌧14

= 4⇥ 10�5

<latexit sha1_base64="KuB71oqNh+7IxFvxCoxHewU2syc="></latexit><latexit sha1_base64="KuB71oqNh+7IxFvxCoxHewU2syc="></latexit><latexit sha1_base64="KuB71oqNh+7IxFvxCoxHewU2syc="></latexit><latexit sha1_base64="KuB71oqNh+7IxFvxCoxHewU2syc="></latexit>

On earth:
✓ 15N

14N

◆

earth

' 4⇥ 10�3

<latexit sha1_base64="ysybaVWBHNnpkUfjbnJFcKshLmc="></latexit><latexit sha1_base64="ysybaVWBHNnpkUfjbnJFcKshLmc="></latexit><latexit sha1_base64="ysybaVWBHNnpkUfjbnJFcKshLmc="></latexit><latexit sha1_base64="ysybaVWBHNnpkUfjbnJFcKshLmc="></latexit>

What could be the reason for the discrepancy?

In times of order τ15 (years)



CNO cycles approaching equilibrium
One possible reason could be a hidden resonance in the bottleneck reaction  
14N(p,γ)15O(,e+ v)15N, producing more 15N

This would also affect the age determination of GCs via the MS turn-off

No evidence for resonances at low energies.  
Some at high energy could influence explosive burning

Marta et a. 2008, Adelberger et al. 2011, Imbriani et al. 2018



CNO cycles approaching equilibrium
Similar analysis can be performed for the remaining three ODEs (see CLAYTON for a detailed discussion). 
Once CNO-I reaches equilibrium, the same analysis can follow for CNO-II, adopting the CNO-I equilibrium 
abundances

10 12 14 16 18 20 22

10-7

10-5

10-3

10-1

M
as

s 
Fr

ac
tio

n

Time (s)

Cold CNO cycles, hydrostatic burn, T=15x106 K  ρ=150 g cm-3

H

H

H

α

α

α

C12

C12

C13

C13

N14

N14

N15

N15

O16

O16

O17

O17

O18

F19

10-4

10-2

100

102

ε
nuc  (erg g

-1 s
-1)

ε

ε

Figure from http://cococubed.asu.edu

CNO-I: C12 is the last to reach equilibrium. N14 is strongly produced  
CNO-II: O16 is the last to reach equilibrium. N14 and O16 produced 

http://cococubed.asu.edu/


CNO cycles approaching equilibrium
Similar analysis can be performed for the remaining three ODEs (see CLAYTON for a detailed discussion). 
Once CNO-I reaches equilibrium, the same analysis can follow for CNO-II, adopting the CNO-I equilibrium 
abundances



12C
<latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit>

13C
<latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit>

13N
<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>

14N
<latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit>

15N
<latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit>

15
O

<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>

17
O

<latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit>

16
O

<latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit>

17F
<latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

5.0MeV
<latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

7.5MeV
<latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

12.1MeV
<latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit>

2.8MeV
<latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit>

0.6MeV
<latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit>

20
<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

10
<latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>

More CNO branches. HCNO and breakout
Is there a limit to how fast the CNO cycles can run? At high temperatures, some reactions become faster 
than beta decays



12C
<latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit>

13C
<latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit>

13N
<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>

14N
<latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit>

15N
<latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit>

15
O

<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>

17
O

<latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit>

16
O

<latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit>

17F
<latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit>

18
O

<latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit><latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit><latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit><latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit>

18F
<latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit><latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit><latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit><latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

5.0MeV
<latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

7.5MeV
<latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

5.6MeV
<latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit><latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit><latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit><latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit>

1.7MeV
<latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit><latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit><latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit><latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit>

4.0MeV
<latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit><latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit><latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit><latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit>

12.1MeV
<latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit>

2.8MeV
<latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit>

0.6MeV
<latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit>

20
<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

10
<latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit>

1100
<latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit><latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit><latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit><latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>

More CNO branches. HCNO and breakout
Is there a limit to how fast the CNO cycles can run? At high temperatures, some reactions become faster 
than beta decays



12C
<latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit>

13C
<latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit>

13N
<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>

14N
<latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit>

15N
<latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit>

15
O

<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>

17
O

<latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit>

16
O

<latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit>

17F
<latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit>

18
O

<latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit><latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit><latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit><latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit>

19F
<latexit sha1_base64="EZPlWNTm7Fzq2TUyE0phPna6MFg="></latexit><latexit sha1_base64="EZPlWNTm7Fzq2TUyE0phPna6MFg="></latexit><latexit sha1_base64="EZPlWNTm7Fzq2TUyE0phPna6MFg="></latexit><latexit sha1_base64="EZPlWNTm7Fzq2TUyE0phPna6MFg="></latexit>

18F
<latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit><latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit><latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit><latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

5.0MeV
<latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

7.5MeV
<latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

5.6MeV
<latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit><latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit><latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit><latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit>

1.7MeV
<latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit><latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit><latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit><latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit>

8.0MeV
<latexit sha1_base64="epmi+FIpFjYGG8HCwYkI3KbAPnM="></latexit><latexit sha1_base64="epmi+FIpFjYGG8HCwYkI3KbAPnM="></latexit><latexit sha1_base64="epmi+FIpFjYGG8HCwYkI3KbAPnM="></latexit><latexit sha1_base64="epmi+FIpFjYGG8HCwYkI3KbAPnM="></latexit>

8.1MeV
<latexit sha1_base64="jIJumqVTDcplJ4DEUYVB3yXsH24="></latexit><latexit sha1_base64="jIJumqVTDcplJ4DEUYVB3yXsH24="></latexit><latexit sha1_base64="jIJumqVTDcplJ4DEUYVB3yXsH24="></latexit><latexit sha1_base64="jIJumqVTDcplJ4DEUYVB3yXsH24="></latexit>

4.0MeV
<latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit><latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit><latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit><latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit>

12.1MeV
<latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit>

2.8MeV
<latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit>

0.6MeV
<latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit>

20
<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

10
<latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit>

1100
<latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit><latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit><latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit><latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>

More CNO branches. HCNO and breakout
Is there a limit to how fast the CNO cycles can run? At high temperatures, some reactions become faster 
than beta decays



12C
<latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit><latexit sha1_base64="yHK17e5U2RVXJEj8bmRBvtOy1aw="></latexit>

13C
<latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit><latexit sha1_base64="ExnN/FaQvP7ouL7lDJVposkZZrQ="></latexit>

13N
<latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit><latexit sha1_base64="lWfI4F7sYHMMsmG7lm3SFPLiC9U="></latexit>

14N
<latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit><latexit sha1_base64="d2yRxP6Hwk5RpYbzv086FW5ARYQ="></latexit>

15N
<latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit><latexit sha1_base64="mx/U5FDvzRdv+N20bNCZ6tnSqq0="></latexit>

15
O

<latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit><latexit sha1_base64="LAUb/hQwG0NlpGYURT5KB5XQ8aY="></latexit>

17
O

<latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit><latexit sha1_base64="FKGxPs+Cz7Yv55kPmwg2oqqX5z8="></latexit>

16
O

<latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit><latexit sha1_base64="lA2Pe/Rt8ePkVK+3k3paL9djKSo="></latexit>

17F
<latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit><latexit sha1_base64="OexU8dM+u+tuGEX0XMIOrdpeDvk="></latexit>

18
O

<latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit><latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit><latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit><latexit sha1_base64="9khiaV+g2q0ee6hKD1iLaQRtzQA="></latexit>

19F
<latexit sha1_base64="EZPlWNTm7Fzq2TUyE0phPna6MFg="></latexit><latexit sha1_base64="EZPlWNTm7Fzq2TUyE0phPna6MFg="></latexit><latexit sha1_base64="EZPlWNTm7Fzq2TUyE0phPna6MFg="></latexit><latexit sha1_base64="EZPlWNTm7Fzq2TUyE0phPna6MFg="></latexit>

18F
<latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit><latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit><latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit><latexit sha1_base64="QnqjwNsGJ/ZqLFgbptW+Rw5lbKk="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

2.0MeV
<latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit><latexit sha1_base64="VJlBNhlCmUyzjUOXvzCbBJqkVTQ="></latexit>

5.0MeV
<latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit><latexit sha1_base64="6ml/zKfh1eK7MJqn6YV01MRdAec="></latexit>

7.4MeV
<latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit><latexit sha1_base64="ZmufsGSYVsqd5wYTkgYpptE3AXI="></latexit>

2.7MeV
<latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit><latexit sha1_base64="jYi1jDQn9llV/+MA0NLr+XubYiE="></latexit>

7.5MeV
<latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit><latexit sha1_base64="0g3xvUXv1gY2FjIO/F/faeoPCbQ="></latexit>

1.2MeV
<latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit><latexit sha1_base64="Yyt+cL7tDHyPVmSGJgw427b9CdA="></latexit>

5.6MeV
<latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit><latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit><latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit><latexit sha1_base64="FBjSpEkSQus7OwRqgt8nCyrCQR8="></latexit>

1.7MeV
<latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit><latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit><latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit><latexit sha1_base64="VcI/Gml5JjYP5zhgh8ATM0uJYKE="></latexit>

8.0MeV
<latexit sha1_base64="epmi+FIpFjYGG8HCwYkI3KbAPnM="></latexit><latexit sha1_base64="epmi+FIpFjYGG8HCwYkI3KbAPnM="></latexit><latexit sha1_base64="epmi+FIpFjYGG8HCwYkI3KbAPnM="></latexit><latexit sha1_base64="epmi+FIpFjYGG8HCwYkI3KbAPnM="></latexit>

8.1MeV
<latexit sha1_base64="jIJumqVTDcplJ4DEUYVB3yXsH24="></latexit><latexit sha1_base64="jIJumqVTDcplJ4DEUYVB3yXsH24="></latexit><latexit sha1_base64="jIJumqVTDcplJ4DEUYVB3yXsH24="></latexit><latexit sha1_base64="jIJumqVTDcplJ4DEUYVB3yXsH24="></latexit>

4.0MeV
<latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit><latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit><latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit><latexit sha1_base64="+4xpFsovmXrJT4n/w3jdco6DHyQ="></latexit>

12.1MeV
<latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit><latexit sha1_base64="92h7ecIwJLZBvCpf/P86Iyfs8YI="></latexit>

2.8MeV
<latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit><latexit sha1_base64="pesSE2sLOCeoxLgQlavbwKCeqcs="></latexit>

0.6MeV
<latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit><latexit sha1_base64="ZiyTjmkMglF4Oa0aFyg0RYwsB+8="></latexit>

20
<latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit><latexit sha1_base64="fPM4vlAuELIiExzvaW8qt6x7+nA="></latexit>

10
<latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit>

1100
<latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit><latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit><latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit><latexit sha1_base64="VYroanKJ5rJj9YK7QAM0jEQGm4U="></latexit>

100
<latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit><latexit sha1_base64="qj34Kd3lop2FLwBDwspuXbPEbHY="></latexit>

14
O

<latexit sha1_base64="4aLQIK/q0jAOlyXM7Kf34AWvXEw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoCcpePFmBfsBTSyb7aZdursJuxuhhPwNLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuxppxJ2jbMcNpLFMUi5LQbTm5mfveJKs1i+WCmCQ0EHkkWMYKNlfzMVwI9Zl4jv8sH1Zpbd+dAq8QrSA0KtAbVL38Yk1RQaQjHWvc9NzFBhpVhhNO84qeaJphM8Ij2LZVYUB1k85tzdGaVIYpiZUsaNFd/T2RYaD0Voe0U2Iz1sjcT//P6qYmugozJJDVUksWiKOXIxGgWABoyRYnhU0swUczeisgYK0yMjaliQ/CWX14lnYu659a9+0ateV3EUYYTOIVz8OASmnALLWgDgQSe4RXenNR5cd6dj0VrySlmjuEPnM8fezqRSw==</latexit><latexit sha1_base64="4aLQIK/q0jAOlyXM7Kf34AWvXEw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoCcpePFmBfsBTSyb7aZdursJuxuhhPwNLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuxppxJ2jbMcNpLFMUi5LQbTm5mfveJKs1i+WCmCQ0EHkkWMYKNlfzMVwI9Zl4jv8sH1Zpbd+dAq8QrSA0KtAbVL38Yk1RQaQjHWvc9NzFBhpVhhNO84qeaJphM8Ij2LZVYUB1k85tzdGaVIYpiZUsaNFd/T2RYaD0Voe0U2Iz1sjcT//P6qYmugozJJDVUksWiKOXIxGgWABoyRYnhU0swUczeisgYK0yMjaliQ/CWX14lnYu659a9+0ateV3EUYYTOIVz8OASmnALLWgDgQSe4RXenNR5cd6dj0VrySlmjuEPnM8fezqRSw==</latexit><latexit sha1_base64="4aLQIK/q0jAOlyXM7Kf34AWvXEw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoCcpePFmBfsBTSyb7aZdursJuxuhhPwNLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuxppxJ2jbMcNpLFMUi5LQbTm5mfveJKs1i+WCmCQ0EHkkWMYKNlfzMVwI9Zl4jv8sH1Zpbd+dAq8QrSA0KtAbVL38Yk1RQaQjHWvc9NzFBhpVhhNO84qeaJphM8Ij2LZVYUB1k85tzdGaVIYpiZUsaNFd/T2RYaD0Voe0U2Iz1sjcT//P6qYmugozJJDVUksWiKOXIxGgWABoyRYnhU0swUczeisgYK0yMjaliQ/CWX14lnYu659a9+0ateV3EUYYTOIVz8OASmnALLWgDgQSe4RXenNR5cd6dj0VrySlmjuEPnM8fezqRSw==</latexit><latexit sha1_base64="4aLQIK/q0jAOlyXM7Kf34AWvXEw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoCcpePFmBfsBTSyb7aZdursJuxuhhPwNLx4U8eqf8ea/cdvmoK0PBh7vzTAzL0w408Z1v53S2vrG5lZ5u7Kzu7d/UD086ug4VYS2Scxj1QuxppxJ2jbMcNpLFMUi5LQbTm5mfveJKs1i+WCmCQ0EHkkWMYKNlfzMVwI9Zl4jv8sH1Zpbd+dAq8QrSA0KtAbVL38Yk1RQaQjHWvc9NzFBhpVhhNO84qeaJphM8Ij2LZVYUB1k85tzdGaVIYpiZUsaNFd/T2RYaD0Voe0U2Iz1sjcT//P6qYmugozJJDVUksWiKOXIxGgWABoyRYnhU0swUczeisgYK0yMjaliQ/CWX14lnYu659a9+0ateV3EUYYTOIVz8OASmnALLWgDgQSe4RXenNR5cd6dj0VrySlmjuEPnM8fezqRSw==</latexit>

(p, �)
<latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit><latexit sha1_base64="QH2l2FaqXHsVHLASO2RhpeBE154="></latexit>

(e+⌫)
<latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit><latexit sha1_base64="RjS/fgmRhOFLGlduo57c23KeQ9s="></latexit>

10
<latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit><latexit sha1_base64="ayKtl0ZzdOC+uEnieyFNcxVdw3o="></latexit>

More CNO branches. HCNO and breakout

(p,↵)
<latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit><latexit sha1_base64="knQSKpIxA9yIRRDavVB7rzE2pco="></latexit>

Is there a limit to how fast the CNO cycles can run? At high temperatures, some reactions become faster 
than beta decays

19Ne
<latexit sha1_base64="fn0JFGzDKJtQn+uDgVpRu8c+2vE=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb1IwYsnqWA/oF1LNs22oUl2TbKFsuzv8OJBEa/+GG/+G9N2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bwehm6rfGVGkWyQcziakv8ECykBFsrOSnXSXQY+pdZXc065UrbtWdAS0TLycVyFHvlb+6/YgkgkpDONa647mx8VOsDCOcZqVuommMyQgPaMdSiQXVfjo7OkMnVumjMFK2pEEz9fdEioXWExHYToHNUC96U/E/r5OY8NJPmYwTQyWZLwoTjkyEpgmgPlOUGD6xBBPF7K2IDLHCxNicSjYEb/HlZdI8q3pu1bs/r9Su8ziKcATHcAoeXEANbqEODSDwBM/wCm/O2Hlx3p2PeWvByWcO4Q+czx9DvpG+</latexit><latexit sha1_base64="fn0JFGzDKJtQn+uDgVpRu8c+2vE=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb1IwYsnqWA/oF1LNs22oUl2TbKFsuzv8OJBEa/+GG/+G9N2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bwehm6rfGVGkWyQcziakv8ECykBFsrOSnXSXQY+pdZXc065UrbtWdAS0TLycVyFHvlb+6/YgkgkpDONa647mx8VOsDCOcZqVuommMyQgPaMdSiQXVfjo7OkMnVumjMFK2pEEz9fdEioXWExHYToHNUC96U/E/r5OY8NJPmYwTQyWZLwoTjkyEpgmgPlOUGD6xBBPF7K2IDLHCxNicSjYEb/HlZdI8q3pu1bs/r9Su8ziKcATHcAoeXEANbqEODSDwBM/wCm/O2Hlx3p2PeWvByWcO4Q+czx9DvpG+</latexit><latexit sha1_base64="fn0JFGzDKJtQn+uDgVpRu8c+2vE=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb1IwYsnqWA/oF1LNs22oUl2TbKFsuzv8OJBEa/+GG/+G9N2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bwehm6rfGVGkWyQcziakv8ECykBFsrOSnXSXQY+pdZXc065UrbtWdAS0TLycVyFHvlb+6/YgkgkpDONa647mx8VOsDCOcZqVuommMyQgPaMdSiQXVfjo7OkMnVumjMFK2pEEz9fdEioXWExHYToHNUC96U/E/r5OY8NJPmYwTQyWZLwoTjkyEpgmgPlOUGD6xBBPF7K2IDLHCxNicSjYEb/HlZdI8q3pu1bs/r9Su8ziKcATHcAoeXEANbqEODSDwBM/wCm/O2Hlx3p2PeWvByWcO4Q+czx9DvpG+</latexit><latexit sha1_base64="fn0JFGzDKJtQn+uDgVpRu8c+2vE=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVQb1IwYsnqWA/oF1LNs22oUl2TbKFsuzv8OJBEa/+GG/+G9N2D9r6YODx3gwz84KYM21c99sprKyurW8UN0tb2zu7e+X9g6aOEkVog0Q8Uu0Aa8qZpA3DDKftWFEsAk5bwehm6rfGVGkWyQcziakv8ECykBFsrOSnXSXQY+pdZXc065UrbtWdAS0TLycVyFHvlb+6/YgkgkpDONa647mx8VOsDCOcZqVuommMyQgPaMdSiQXVfjo7OkMnVumjMFK2pEEz9fdEioXWExHYToHNUC96U/E/r5OY8NJPmYwTQyWZLwoTjkyEpgmgPlOUGD6xBBPF7K2IDLHCxNicSjYEb/HlZdI8q3pu1bs/r9Su8ziKcATHcAoeXEANbqEODSDwBM/wCm/O2Hlx3p2PeWvByWcO4Q+czx9DvpG+</latexit>

18Ne
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More CNO branches. HCNO and breakout
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More CNO branches. HCNO and breakout
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More possibilities open up at high temperatures. Two important reaction chains for hydrogen burning are 
the NeNa and MgAl cycles

High temperature hydrogen burning



High temperature hydrogen burning
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High temperature hydrogen burning
High temperatures possible in special astrophysical environments! 
Cold CNO: T9<0.08, Hot CNO and NeNa: T9~0.08-0.3, breakout: T9>0.3

Hot-bottom burning on the AGB

Figure from ILIADIS



Nova eruptions
Nova explosions on accreting white dwarfs (T9 = 0.4)

Figure from Antoniadis et al., 2017

A WD accretes hydrogen-rich material from a companion star at slow rate (ca: 10-9 Msun/yr). 
Runaway ignition occurs once the matter piles up and becomes dense (partly degenerate) and hot with T>107 K 
Nuclear burning can continue for up to a few weeks. After that the temperature drops.   
All H-burning cycles can operate but for a limited time.  
An earth-mass of material or so is ejected into the ISM: 15O, 17O, 22Na, 26Al  
For H- accretion, models suggest that more material is ejected than accreted —> WD mass is shrinking!



Nova eruptions

Detection of radioactive 7Be in a nova explosion!  
 
Novae may be important production sites for Lithium 

Type I X-ray bursts



Type I X-ray bursts

A similar situation can arise when the accretion is a neutron star

Typical bursts last for 10-100s 
Recurrence: hours-days 
Superbursts: duration  ~hour, recurrence every few years 
 
Burning can be H/He or C depending on accretion rate  
 
Much higher temperatures than classical Novae

~Zero matter ejected due to high NS gravity. ISM not enriched 



Beyond H-burning: Helium at T8>1

3↵ ! 12C+ �
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The reaction proceeds in two steps: 

First 2 alpha particles fuse to 8Be.  
 
 
This product is unstable, but only by  92 keV.  
The ground state lifetime is ~10-16 s, which is longer than the timescale 
of a non-resonant scatter
  
This means that both forward and backward reactions take place 
and a small equilibrium amount of 8Be is build up  

2↵ $ 8Be
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An important problem with the formation of elements heavier than He: No stable nuclei at A=5 and A=8!

How can one explain the existence of Carbon? 

 Once 8Be is in equilibrium it can capture another α particle to form 12C.  
This reaction is also dominated by a resonance at stellar energies, first predicted by Hoyle

8Be(↵)12C?(�)12C
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Beyond H-burning: Helium at T8>1

Next: 

The reaction rate for a long time was highly uncertain, due to many resonances at low energies.  
The situation has somewhat improved in the past few years 

12
C(↵, �)16O

<latexit sha1_base64="6sZfLVxGf9Wyu5yyIdu+oM7zxT0=">AAACCnicbVDLSgNBEJyNrxhfqx69jAYhgoTdINFjIBdvRjAPyMbQO5kkQ2Z2l5lZISx79uKvePGgiFe/wJt/4+Rx0MSChqKqm+4uP+JMacf5tjIrq2vrG9nN3Nb2zu6evX/QUGEsCa2TkIey5YOinAW0rpnmtBVJCsLntOmPqhO/+UClYmFwp8cR7QgYBKzPCGgjde3jxJMC3yduKa0WPODREM69AQgBZ0Yspzdp1847RWcKvEzcOcmjOWpd+8vrhSQWNNCEg1Jt14l0JwGpGeE0zXmxohGQEQxo29AABFWdZPpKik+N0sP9UJoKNJ6qvycSEEqNhW86BeihWvQm4n9eO9b9q07CgijWNCCzRf2YYx3iSS64xyQlmo8NASKZuRWTIUgg2qSXMyG4iy8vk0ap6DpF9/YiXynP48iiI3SCCshFl6iCrlEN1RFBj+gZvaI368l6sd6tj1lrxprPHKI/sD5/AJVRmYI=</latexit><latexit sha1_base64="6sZfLVxGf9Wyu5yyIdu+oM7zxT0=">AAACCnicbVDLSgNBEJyNrxhfqx69jAYhgoTdINFjIBdvRjAPyMbQO5kkQ2Z2l5lZISx79uKvePGgiFe/wJt/4+Rx0MSChqKqm+4uP+JMacf5tjIrq2vrG9nN3Nb2zu6evX/QUGEsCa2TkIey5YOinAW0rpnmtBVJCsLntOmPqhO/+UClYmFwp8cR7QgYBKzPCGgjde3jxJMC3yduKa0WPODREM69AQgBZ0Yspzdp1847RWcKvEzcOcmjOWpd+8vrhSQWNNCEg1Jt14l0JwGpGeE0zXmxohGQEQxo29AABFWdZPpKik+N0sP9UJoKNJ6qvycSEEqNhW86BeihWvQm4n9eO9b9q07CgijWNCCzRf2YYx3iSS64xyQlmo8NASKZuRWTIUgg2qSXMyG4iy8vk0ap6DpF9/YiXynP48iiI3SCCshFl6iCrlEN1RFBj+gZvaI368l6sd6tj1lrxprPHKI/sD5/AJVRmYI=</latexit><latexit sha1_base64="6sZfLVxGf9Wyu5yyIdu+oM7zxT0=">AAACCnicbVDLSgNBEJyNrxhfqx69jAYhgoTdINFjIBdvRjAPyMbQO5kkQ2Z2l5lZISx79uKvePGgiFe/wJt/4+Rx0MSChqKqm+4uP+JMacf5tjIrq2vrG9nN3Nb2zu6evX/QUGEsCa2TkIey5YOinAW0rpnmtBVJCsLntOmPqhO/+UClYmFwp8cR7QgYBKzPCGgjde3jxJMC3yduKa0WPODREM69AQgBZ0Yspzdp1847RWcKvEzcOcmjOWpd+8vrhSQWNNCEg1Jt14l0JwGpGeE0zXmxohGQEQxo29AABFWdZPpKik+N0sP9UJoKNJ6qvycSEEqNhW86BeihWvQm4n9eO9b9q07CgijWNCCzRf2YYx3iSS64xyQlmo8NASKZuRWTIUgg2qSXMyG4iy8vk0ap6DpF9/YiXynP48iiI3SCCshFl6iCrlEN1RFBj+gZvaI368l6sd6tj1lrxprPHKI/sD5/AJVRmYI=</latexit><latexit sha1_base64="6sZfLVxGf9Wyu5yyIdu+oM7zxT0=">AAACCnicbVDLSgNBEJyNrxhfqx69jAYhgoTdINFjIBdvRjAPyMbQO5kkQ2Z2l5lZISx79uKvePGgiFe/wJt/4+Rx0MSChqKqm+4uP+JMacf5tjIrq2vrG9nN3Nb2zu6evX/QUGEsCa2TkIey5YOinAW0rpnmtBVJCsLntOmPqhO/+UClYmFwp8cR7QgYBKzPCGgjde3jxJMC3yduKa0WPODREM69AQgBZ0Yspzdp1847RWcKvEzcOcmjOWpd+8vrhSQWNNCEg1Jt14l0JwGpGeE0zXmxohGQEQxo29AABFWdZPpKik+N0sP9UJoKNJ6qvycSEEqNhW86BeihWvQm4n9eO9b9q07CgijWNCCzRf2YYx3iSS64xyQlmo8NASKZuRWTIUgg2qSXMyG4iy8vk0ap6DpF9/YiXynP48iiI3SCCshFl6iCrlEN1RFBj+gZvaI368l6sd6tj1lrxprPHKI/sD5/AJVRmYI=</latexit>

Other reactions 

16
O(↵, �)20Ne

<latexit sha1_base64="biRSvsgHpPI8HDzd+oI9VCVI8gw=">AAACC3icbVDLSgNBEJz1GeNr1aOXIUGIIGE3SPQY8OJJI5gHZJPQO5kkQ2Z2l5lZISx79+KvePGgiFd/wJt/4+Rx0MSChqKqm+4uP+JMacf5tlZW19Y3NjNb2e2d3b19++CwrsJYElojIQ9l0wdFOQtoTTPNaTOSFITPacMfXU38xgOVioXBvR5HtC1gELA+I6CN1LVziScF7iRuOb0teMCjIZx5AxACTjtJyUlvaNq1807RmQIvE3dO8miOatf+8nohiQUNNOGgVMt1It1OQGpGOE2zXqxoBGQEA9oyNABBVTuZ/pLiE6P0cD+UpgKNp+rviQSEUmPhm04BeqgWvYn4n9eKdf+ynbAgijUNyGxRP+ZYh3gSDO4xSYnmY0OASGZuxWQIEog28WVNCO7iy8ukXiq6TtG9O89XyvM4MugY5VABuegCVdA1qqIaIugRPaNX9GY9WS/Wu/Uxa12x5jNH6A+szx9vw5n7</latexit><latexit sha1_base64="biRSvsgHpPI8HDzd+oI9VCVI8gw=">AAACC3icbVDLSgNBEJz1GeNr1aOXIUGIIGE3SPQY8OJJI5gHZJPQO5kkQ2Z2l5lZISx79+KvePGgiFd/wJt/4+Rx0MSChqKqm+4uP+JMacf5tlZW19Y3NjNb2e2d3b19++CwrsJYElojIQ9l0wdFOQtoTTPNaTOSFITPacMfXU38xgOVioXBvR5HtC1gELA+I6CN1LVziScF7iRuOb0teMCjIZx5AxACTjtJyUlvaNq1807RmQIvE3dO8miOatf+8nohiQUNNOGgVMt1It1OQGpGOE2zXqxoBGQEA9oyNABBVTuZ/pLiE6P0cD+UpgKNp+rviQSEUmPhm04BeqgWvYn4n9eKdf+ynbAgijUNyGxRP+ZYh3gSDO4xSYnmY0OASGZuxWQIEog28WVNCO7iy8ukXiq6TtG9O89XyvM4MugY5VABuegCVdA1qqIaIugRPaNX9GY9WS/Wu/Uxa12x5jNH6A+szx9vw5n7</latexit><latexit sha1_base64="biRSvsgHpPI8HDzd+oI9VCVI8gw=">AAACC3icbVDLSgNBEJz1GeNr1aOXIUGIIGE3SPQY8OJJI5gHZJPQO5kkQ2Z2l5lZISx79+KvePGgiFd/wJt/4+Rx0MSChqKqm+4uP+JMacf5tlZW19Y3NjNb2e2d3b19++CwrsJYElojIQ9l0wdFOQtoTTPNaTOSFITPacMfXU38xgOVioXBvR5HtC1gELA+I6CN1LVziScF7iRuOb0teMCjIZx5AxACTjtJyUlvaNq1807RmQIvE3dO8miOatf+8nohiQUNNOGgVMt1It1OQGpGOE2zXqxoBGQEA9oyNABBVTuZ/pLiE6P0cD+UpgKNp+rviQSEUmPhm04BeqgWvYn4n9eKdf+ynbAgijUNyGxRP+ZYh3gSDO4xSYnmY0OASGZuxWQIEog28WVNCO7iy8ukXiq6TtG9O89XyvM4MugY5VABuegCVdA1qqIaIugRPaNX9GY9WS/Wu/Uxa12x5jNH6A+szx9vw5n7</latexit><latexit sha1_base64="biRSvsgHpPI8HDzd+oI9VCVI8gw=">AAACC3icbVDLSgNBEJz1GeNr1aOXIUGIIGE3SPQY8OJJI5gHZJPQO5kkQ2Z2l5lZISx79+KvePGgiFd/wJt/4+Rx0MSChqKqm+4uP+JMacf5tlZW19Y3NjNb2e2d3b19++CwrsJYElojIQ9l0wdFOQtoTTPNaTOSFITPacMfXU38xgOVioXBvR5HtC1gELA+I6CN1LVziScF7iRuOb0teMCjIZx5AxACTjtJyUlvaNq1807RmQIvE3dO8miOatf+8nohiQUNNOGgVMt1It1OQGpGOE2zXqxoBGQEA9oyNABBVTuZ/pLiE6P0cD+UpgKNp+rviQSEUmPhm04BeqgWvYn4n9eKdf+ynbAgijUNyGxRP+ZYh3gSDO4xSYnmY0OASGZuxWQIEog28WVNCO7iy8ukXiq6TtG9O89XyvM4MugY5VABuegCVdA1qqIaIugRPaNX9GY9WS/Wu/Uxa12x5jNH6A+szx9vw5n7</latexit>

14N(2↵, 2�)22Ne
<latexit sha1_base64="T+2iplAijXMOBx9zamr2nP93FMw=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMQQcLuEtRjwIunEME8IJuE3skkGTKzu8zMCmHZH/Dir3jxoIhX7978GyePg0YLGoqqbrq7/IgzpW37y8qsrK6tb2Q3c1vbO7t7+f2DhgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/fD31m/dUKhYGd3oS0Y6AYcAGjIA2Ui9/knhS4G7ilNNq0fWARyM4d70hCAFn3cR10ypNe/mCXbJnwH+JsyAFtECtl//0+iGJBQ004aBU27Ej3UlAakY4TXNerGgEZAxD2jY0AEFVJ5l9k+JTo/TxIJSmAo1n6s+JBIRSE+GbTgF6pJa9qfif14714KqTsCCKNQ3IfNEg5liHeBoN7jNJieYTQ4BIZm7FZAQSiDYB5kwIzvLLf0nDLTl2ybktFyoXiziy6AgdoyJy0CWqoBtUQ3VE0AN6Qi/o1Xq0nq03633emrEWM4foF6yPb2IxmnI=</latexit><latexit sha1_base64="T+2iplAijXMOBx9zamr2nP93FMw=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMQQcLuEtRjwIunEME8IJuE3skkGTKzu8zMCmHZH/Dir3jxoIhX7978GyePg0YLGoqqbrq7/IgzpW37y8qsrK6tb2Q3c1vbO7t7+f2DhgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/fD31m/dUKhYGd3oS0Y6AYcAGjIA2Ui9/knhS4G7ilNNq0fWARyM4d70hCAFn3cR10ypNe/mCXbJnwH+JsyAFtECtl//0+iGJBQ004aBU27Ej3UlAakY4TXNerGgEZAxD2jY0AEFVJ5l9k+JTo/TxIJSmAo1n6s+JBIRSE+GbTgF6pJa9qfif14714KqTsCCKNQ3IfNEg5liHeBoN7jNJieYTQ4BIZm7FZAQSiDYB5kwIzvLLf0nDLTl2ybktFyoXiziy6AgdoyJy0CWqoBtUQ3VE0AN6Qi/o1Xq0nq03633emrEWM4foF6yPb2IxmnI=</latexit><latexit sha1_base64="T+2iplAijXMOBx9zamr2nP93FMw=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMQQcLuEtRjwIunEME8IJuE3skkGTKzu8zMCmHZH/Dir3jxoIhX7978GyePg0YLGoqqbrq7/IgzpW37y8qsrK6tb2Q3c1vbO7t7+f2DhgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/fD31m/dUKhYGd3oS0Y6AYcAGjIA2Ui9/knhS4G7ilNNq0fWARyM4d70hCAFn3cR10ypNe/mCXbJnwH+JsyAFtECtl//0+iGJBQ004aBU27Ej3UlAakY4TXNerGgEZAxD2jY0AEFVJ5l9k+JTo/TxIJSmAo1n6s+JBIRSE+GbTgF6pJa9qfif14714KqTsCCKNQ3IfNEg5liHeBoN7jNJieYTQ4BIZm7FZAQSiDYB5kwIzvLLf0nDLTl2ybktFyoXiziy6AgdoyJy0CWqoBtUQ3VE0AN6Qi/o1Xq0nq03633emrEWM4foF6yPb2IxmnI=</latexit><latexit sha1_base64="T+2iplAijXMOBx9zamr2nP93FMw=">AAACDXicbVDLSgNBEJyNrxhfUY9eBqMQQcLuEtRjwIunEME8IJuE3skkGTKzu8zMCmHZH/Dir3jxoIhX7978GyePg0YLGoqqbrq7/IgzpW37y8qsrK6tb2Q3c1vbO7t7+f2DhgpjSWidhDyULR8U5Sygdc00p61IUhA+p01/fD31m/dUKhYGd3oS0Y6AYcAGjIA2Ui9/knhS4G7ilNNq0fWARyM4d70hCAFn3cR10ypNe/mCXbJnwH+JsyAFtECtl//0+iGJBQ004aBU27Ej3UlAakY4TXNerGgEZAxD2jY0AEFVJ5l9k+JTo/TxIJSmAo1n6s+JBIRSE+GbTgF6pJa9qfif14714KqTsCCKNQ3IfNEg5liHeBoN7jNJieYTQ4BIZm7FZAQSiDYB5kwIzvLLf0nDLTl2ybktFyoXiziy6AgdoyJy0CWqoBtUQ3VE0AN6Qi/o1Xq0nq03633emrEWM4foF6yPb2IxmnI=</latexit>

22Ne(↵, n)25Mg
<latexit sha1_base64="S1ouXVa1acL2Y6C6F/GnyxHeb7E=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQQcpM8bUsuHGjVLAP6NSSSTNtaJIZkoxQhtm58VfcuFDErb/gzr8xbWehrQcuHM65l3vv8SNGlXacbyu3sLi0vJJfLaytb2xu2ds7DRXGEpM6DlkoWz5ShFFB6ppqRlqRJIj7jDT94eXYbz4QqWgo7vQoIh2O+oIGFCNtpK69n3iSw/ukUklvSMlDLBqgY3FkhNP0up927aJTdiaA88TNSBFkqHXtL68X4pgToTFDSrVdJ9KdBElNMSNpwYsViRAeoj5pGyoQJ6qTTP5I4aFRejAIpSmh4UT9PZEgrtSI+6aTIz1Qs95Y/M9rxzq46CRURLEmAk8XBTGDOoTjUGCPSoI1GxmCsKTmVogHSCKsTXQFE4I7+/I8aVTKrlN2b0+K1bMsjjzYAwegBFxwDqrgCtRAHWDwCJ7BK3iznqwX6936mLbmrGxmF/yB9fkDV+qYSQ==</latexit><latexit sha1_base64="S1ouXVa1acL2Y6C6F/GnyxHeb7E=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQQcpM8bUsuHGjVLAP6NSSSTNtaJIZkoxQhtm58VfcuFDErb/gzr8xbWehrQcuHM65l3vv8SNGlXacbyu3sLi0vJJfLaytb2xu2ds7DRXGEpM6DlkoWz5ShFFB6ppqRlqRJIj7jDT94eXYbz4QqWgo7vQoIh2O+oIGFCNtpK69n3iSw/ukUklvSMlDLBqgY3FkhNP0up927aJTdiaA88TNSBFkqHXtL68X4pgToTFDSrVdJ9KdBElNMSNpwYsViRAeoj5pGyoQJ6qTTP5I4aFRejAIpSmh4UT9PZEgrtSI+6aTIz1Qs95Y/M9rxzq46CRURLEmAk8XBTGDOoTjUGCPSoI1GxmCsKTmVogHSCKsTXQFE4I7+/I8aVTKrlN2b0+K1bMsjjzYAwegBFxwDqrgCtRAHWDwCJ7BK3iznqwX6936mLbmrGxmF/yB9fkDV+qYSQ==</latexit><latexit sha1_base64="S1ouXVa1acL2Y6C6F/GnyxHeb7E=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQQcpM8bUsuHGjVLAP6NSSSTNtaJIZkoxQhtm58VfcuFDErb/gzr8xbWehrQcuHM65l3vv8SNGlXacbyu3sLi0vJJfLaytb2xu2ds7DRXGEpM6DlkoWz5ShFFB6ppqRlqRJIj7jDT94eXYbz4QqWgo7vQoIh2O+oIGFCNtpK69n3iSw/ukUklvSMlDLBqgY3FkhNP0up927aJTdiaA88TNSBFkqHXtL68X4pgToTFDSrVdJ9KdBElNMSNpwYsViRAeoj5pGyoQJ6qTTP5I4aFRejAIpSmh4UT9PZEgrtSI+6aTIz1Qs95Y/M9rxzq46CRURLEmAk8XBTGDOoTjUGCPSoI1GxmCsKTmVogHSCKsTXQFE4I7+/I8aVTKrlN2b0+K1bMsjjzYAwegBFxwDqrgCtRAHWDwCJ7BK3iznqwX6936mLbmrGxmF/yB9fkDV+qYSQ==</latexit><latexit sha1_base64="S1ouXVa1acL2Y6C6F/GnyxHeb7E=">AAACB3icbVDLSgMxFM3UV62vUZeCBItQQcpM8bUsuHGjVLAP6NSSSTNtaJIZkoxQhtm58VfcuFDErb/gzr8xbWehrQcuHM65l3vv8SNGlXacbyu3sLi0vJJfLaytb2xu2ds7DRXGEpM6DlkoWz5ShFFB6ppqRlqRJIj7jDT94eXYbz4QqWgo7vQoIh2O+oIGFCNtpK69n3iSw/ukUklvSMlDLBqgY3FkhNP0up927aJTdiaA88TNSBFkqHXtL68X4pgToTFDSrVdJ9KdBElNMSNpwYsViRAeoj5pGyoQJ6qTTP5I4aFRejAIpSmh4UT9PZEgrtSI+6aTIz1Qs95Y/M9rxzq46CRURLEmAk8XBTGDOoTjUGCPSoI1GxmCsKTmVogHSCKsTXQFE4I7+/I8aVTKrlN2b0+K1bMsjjzYAwegBFxwDqrgCtRAHWDwCJ7BK3iznqwX6936mLbmrGxmF/yB9fkDV+qYSQ==</latexit>

less important

occurs at low T8

neutron source!



Beyond H-burning: Helium at T8>1



These “exit channels” have roughly the same probability. The light particles emitted are easily captured by 
other particles                                                               The final composition is a mixture of O, Ne, Mg ,Na 23Na(p,↵)20Ne, 20Ne(↵, �)24Mg . . .

<latexit sha1_base64="8uo1xd8o55joL6I52gst6URnZcg="></latexit><latexit sha1_base64="8uo1xd8o55joL6I52gst6URnZcg="></latexit><latexit sha1_base64="8uo1xd8o55joL6I52gst6URnZcg="></latexit><latexit sha1_base64="8uo1xd8o55joL6I52gst6URnZcg="></latexit>

Advanced burning

Carbon burning: Initially no light elements are present. The main reaction is:

12C+ 12C ! 24Mg?
<latexit sha1_base64="0d5YRO5qr4gQeWkTd1shTlNV6rs=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0UQhJKUgi5ECt24ESrYBzRpmUwn7dDJJMxMlBLyM278FTcuLCK48lecthFs64ELZ865l7n3eBGjUlnWl5FbW9/Y3MpvF3Z29/YPzMOjpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS8UW3qtx6JkDTkD2ocETdAA059ipHSUs+8ThwRwG5il9NaCi/gwtMRdDBUSIjw6dcoV1J4N+g6UstpzyxaJWsGuErsjBRBhnrPnDj9EMcB4QozJGXHtiLlJkgoihlJC04sSYTwCA1IR1OOAiLdZHZlCs+00od+KHRxBWfq34kEBVKOA093BkgN5bI3Ff/zOrHyr9yE8ihWhOP5R37MoArhNDLYp4JgxcaaICyo3hXiIRIIKx1sQYdgL5+8Sprlkm2V7PtKsXqTxZEHJ+AUnAMbXIIquAV10AAYPINX8A4mxovxZnwYn/PWnJHNHIMFGN8/3EmkRA==</latexit><latexit sha1_base64="0d5YRO5qr4gQeWkTd1shTlNV6rs=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0UQhJKUgi5ECt24ESrYBzRpmUwn7dDJJMxMlBLyM278FTcuLCK48lecthFs64ELZ865l7n3eBGjUlnWl5FbW9/Y3MpvF3Z29/YPzMOjpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS8UW3qtx6JkDTkD2ocETdAA059ipHSUs+8ThwRwG5il9NaCi/gwtMRdDBUSIjw6dcoV1J4N+g6UstpzyxaJWsGuErsjBRBhnrPnDj9EMcB4QozJGXHtiLlJkgoihlJC04sSYTwCA1IR1OOAiLdZHZlCs+00od+KHRxBWfq34kEBVKOA093BkgN5bI3Ff/zOrHyr9yE8ihWhOP5R37MoArhNDLYp4JgxcaaICyo3hXiIRIIKx1sQYdgL5+8Sprlkm2V7PtKsXqTxZEHJ+AUnAMbXIIquAV10AAYPINX8A4mxovxZnwYn/PWnJHNHIMFGN8/3EmkRA==</latexit><latexit sha1_base64="0d5YRO5qr4gQeWkTd1shTlNV6rs=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0UQhJKUgi5ECt24ESrYBzRpmUwn7dDJJMxMlBLyM278FTcuLCK48lecthFs64ELZ865l7n3eBGjUlnWl5FbW9/Y3MpvF3Z29/YPzMOjpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS8UW3qtx6JkDTkD2ocETdAA059ipHSUs+8ThwRwG5il9NaCi/gwtMRdDBUSIjw6dcoV1J4N+g6UstpzyxaJWsGuErsjBRBhnrPnDj9EMcB4QozJGXHtiLlJkgoihlJC04sSYTwCA1IR1OOAiLdZHZlCs+00od+KHRxBWfq34kEBVKOA093BkgN5bI3Ff/zOrHyr9yE8ihWhOP5R37MoArhNDLYp4JgxcaaICyo3hXiIRIIKx1sQYdgL5+8Sprlkm2V7PtKsXqTxZEHJ+AUnAMbXIIquAV10AAYPINX8A4mxovxZnwYn/PWnJHNHIMFGN8/3EmkRA==</latexit><latexit sha1_base64="0d5YRO5qr4gQeWkTd1shTlNV6rs=">AAACJXicbVDLSsNAFJ3UV62vqEs3g0UQhJKUgi5ECt24ESrYBzRpmUwn7dDJJMxMlBLyM278FTcuLCK48lecthFs64ELZ865l7n3eBGjUlnWl5FbW9/Y3MpvF3Z29/YPzMOjpgxjgUkDhywUbQ9JwignDUUVI+1IEBR4jLS8UW3qtx6JkDTkD2ocETdAA059ipHSUs+8ThwRwG5il9NaCi/gwtMRdDBUSIjw6dcoV1J4N+g6UstpzyxaJWsGuErsjBRBhnrPnDj9EMcB4QozJGXHtiLlJkgoihlJC04sSYTwCA1IR1OOAiLdZHZlCs+00od+KHRxBWfq34kEBVKOA093BkgN5bI3Ff/zOrHyr9yE8ihWhOP5R37MoArhNDLYp4JgxcaaICyo3hXiIRIIKx1sQYdgL5+8Sprlkm2V7PtKsXqTxZEHJ+AUnAMbXIIquAV10AAYPINX8A4mxovxZnwYn/PWnJHNHIMFGN8/3EmkRA==</latexit>

24Mg? ! 20Ne + ↵+ 4.6MeV
<latexit sha1_base64="Gp5OiVvVf34rvc+fku9SwfFCiFo="></latexit><latexit sha1_base64="Gp5OiVvVf34rvc+fku9SwfFCiFo="></latexit><latexit sha1_base64="Gp5OiVvVf34rvc+fku9SwfFCiFo="></latexit><latexit sha1_base64="Gp5OiVvVf34rvc+fku9SwfFCiFo="></latexit>

24Mg? ! 23Na + p + 2.2MeV
<latexit sha1_base64="FznhbL+J3W08gUYOwGbRzSP2kJU="></latexit><latexit sha1_base64="FznhbL+J3W08gUYOwGbRzSP2kJU="></latexit><latexit sha1_base64="FznhbL+J3W08gUYOwGbRzSP2kJU="></latexit><latexit sha1_base64="FznhbL+J3W08gUYOwGbRzSP2kJU="></latexit>

23Na is important as it can participate in urca cooling

Neon and Oxygen burning

Oxygen is a doubly magic nucleus and consequently more stable than Neon. Neon burning initiates at lower 
temperatures. Two main reactions, one of which is endothermic (photo-disintegration) 

20
Ne + � ! 16

O+ ↵, 20Ne + ↵ ! 24
Mg+ �

<latexit sha1_base64="dwpBpPSjRpoJy+j8B7RXTTDJC0M="></latexit><latexit sha1_base64="dwpBpPSjRpoJy+j8B7RXTTDJC0M="></latexit><latexit sha1_base64="dwpBpPSjRpoJy+j8B7RXTTDJC0M="></latexit><latexit sha1_base64="dwpBpPSjRpoJy+j8B7RXTTDJC0M="></latexit>

Oxygen burning proceeds via 2 main channels 16
O+

16
O ! 32

S
? ! 28

Si + ↵+ 9.6MeV
<latexit sha1_base64="t1g0BcZlOZ3g4mq4qgdiVgSYJFg="></latexit><latexit sha1_base64="t1g0BcZlOZ3g4mq4qgdiVgSYJFg="></latexit><latexit sha1_base64="t1g0BcZlOZ3g4mq4qgdiVgSYJFg="></latexit><latexit sha1_base64="t1g0BcZlOZ3g4mq4qgdiVgSYJFg="></latexit>

16
O+

16
O ! 32

S
? ! 31

P + p + 7.7MeV
<latexit sha1_base64="/nOa295k7pQ2VyRilne2FjF5xCM="></latexit><latexit sha1_base64="/nOa295k7pQ2VyRilne2FjF5xCM="></latexit><latexit sha1_base64="/nOa295k7pQ2VyRilne2FjF5xCM="></latexit><latexit sha1_base64="/nOa295k7pQ2VyRilne2FjF5xCM="></latexit>

The light particles are again immediately captured allowing for many side reactions
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Advanced burning
Silicon nuclei cannot fuse due to the extremely large Coulomb barier. Instead, Si is transformed via a series 
of photo-disintegrations and alpha captures. T9>9 leads to nuclear statistical equilibrium.  
Mostly Ni56 and a healthy mixture of iron-group elements. Ni decays to iron with a half-life of 6 days 

Figure from http://cococubed.asu.edu

http://cococubed.asu.edu/

