
Nucleosynthesis 
Lecture 4: Hydrostatic burning in stars - I



Overview

• Lecture  1:  Introduction & overview                                                                       April  18
• Lecture  2:  Thermonuclear reactions                                                                      April 25
• Lecture  3:  Big-bang nucleosynthesis                                                                        May 2
• Lecture  4:  Thermonuclear reactions inside stars — I (H-burning)                            May 7
• Lecture  5:  Thermonuclear reactions inside stars — II (advanced burning)            May 17
• Lecture  6:  Neutron-capture and supernovae — I                                                   May 23
• Lecture  7:  Neutron-capture and supernovae — II                                                   June 6
• Lecture  8:  Thermonuclear supernovae                                                                 June 27
• Lecture  9:  Li, Be and B                                                                                             July 4
• Lecture 10: Galactic chemical evolution and relation to astrobiology                       July 11

   Paper presentations I                                                                                             June 21
   Paper presentations II                                                                                            June 28
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For non-resonant reactions when experimental data are available, <σv> can be evaluated 
empirically (S-factor, approximations etc)

Complications when:

To evaluate the rates of nuclear reactions, and the composition evolution, one needs to 
know the plasma conditions (T, ρ, Xi’s) and the nuclear cross sections as a function of 
energy

1. Non-resonant cross sections are too small to measure in the lab (e.g. most weak reactions 

2. Resonances exist in the range of effective stellar energies
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Composition change



Overview of previous lectures

After inferring the conditions and kinematics using 
homogeneous cosmology, we saw that BBN can 
account for the abundances of most H and He 
isotopes

The Universe created in the BB is incomplete.  
Further nucleosynthesis needed to create what we see 
today

Application in the primordial Universe

Need for further nucleosynthesis

Nucleosynthesis in stars
Just like in BBN, we need to infer the plasma 
conditions, this time using stelar evolution theory



Overview of stellar properties

The Sun is the most well studied star

R� ' 695, 000 km
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M� ' 2⇥ 1030 kg
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X,Y, Z ' 0.78, 0.24, 0.02
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How long would it take for a surface element to reach the centre of the Sun?
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The Sun and the stars remain stable for much longer than that, which means that the 
internal pressure balances exactly the pull of gravity —> Hydrostatic Equilibrium



Stellar structure*

*we will only study spherically symmetric stars (in 1D)

r, m(r)
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<latexit sha1_base64="u6Vzfn9jx4m9B0DGlXL2DTca1O4=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LJaCp5KIqMeCIB4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDVh8MPN6bYWZemEph0PO+nNLa+sbmVnnb3dnd2z+oHB61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74STm7nfeeTaiEQ94DTlQUxHSkSCUbRS53aQj2ZubVCpenVvAfKX+AWpQoHmoPLZHyYsi7lCJqkxPd9LMcipRsEkn7n9zPCUsgkd8Z6lisbcBPni3BmpWWVIokTbUkgW6s+JnMbGTOPQdsYUx2bVm4v/eb0Mo+sgFyrNkCu2XBRlkmBC5r+TodCcoZxaQpkW9lbCxlRThjYh14bgr778l7TP675X9+8vqo3LIo4ynMApnIEPV9CAO2hCCxhM4Ale4NVJnWfnzXlftpacYuYYfsH5+AZnX47n</latexit><latexit sha1_base64="u6Vzfn9jx4m9B0DGlXL2DTca1O4=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LJaCp5KIqMeCIB4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDVh8MPN6bYWZemEph0PO+nNLa+sbmVnnb3dnd2z+oHB61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74STm7nfeeTaiEQ94DTlQUxHSkSCUbRS53aQj2ZubVCpenVvAfKX+AWpQoHmoPLZHyYsi7lCJqkxPd9LMcipRsEkn7n9zPCUsgkd8Z6lisbcBPni3BmpWWVIokTbUkgW6s+JnMbGTOPQdsYUx2bVm4v/eb0Mo+sgFyrNkCu2XBRlkmBC5r+TodCcoZxaQpkW9lbCxlRThjYh14bgr778l7TP675X9+8vqo3LIo4ynMApnIEPV9CAO2hCCxhM4Ale4NVJnWfnzXlftpacYuYYfsH5+AZnX47n</latexit><latexit sha1_base64="u6Vzfn9jx4m9B0DGlXL2DTca1O4=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LJaCp5KIqMeCIB4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDVh8MPN6bYWZemEph0PO+nNLa+sbmVnnb3dnd2z+oHB61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74STm7nfeeTaiEQ94DTlQUxHSkSCUbRS53aQj2ZubVCpenVvAfKX+AWpQoHmoPLZHyYsi7lCJqkxPd9LMcipRsEkn7n9zPCUsgkd8Z6lisbcBPni3BmpWWVIokTbUkgW6s+JnMbGTOPQdsYUx2bVm4v/eb0Mo+sgFyrNkCu2XBRlkmBC5r+TodCcoZxaQpkW9lbCxlRThjYh14bgr778l7TP675X9+8vqo3LIo4ynMApnIEPV9CAO2hCCxhM4Ale4NVJnWfnzXlftpacYuYYfsH5+AZnX47n</latexit><latexit sha1_base64="u6Vzfn9jx4m9B0DGlXL2DTca1O4=">AAAB7nicbVBNS8NAEJ3Urxq/qh69LJaCp5KIqMeCIB4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDVh8MPN6bYWZemEph0PO+nNLa+sbmVnnb3dnd2z+oHB61TZJpxlsskYnuhtRwKRRvoUDJu6nmNA4l74STm7nfeeTaiEQ94DTlQUxHSkSCUbRS53aQj2ZubVCpenVvAfKX+AWpQoHmoPLZHyYsi7lCJqkxPd9LMcipRsEkn7n9zPCUsgkd8Z6lisbcBPni3BmpWWVIokTbUkgW6s+JnMbGTOPQdsYUx2bVm4v/eb0Mo+sgFyrNkCu2XBRlkmBC5r+TodCcoZxaQpkW9lbCxlRThjYh14bgr778l7TP675X9+8vqo3LIo4ynMApnIEPV9CAO2hCCxhM4Ale4NVJnWfnzXlftpacYuYYfsH5+AZnX47n</latexit>

Fp
<latexit sha1_base64="z3WF//H7JLClCDW6vUWgWrwOvFc=">AAAB7nicbVBNSwMxEJ2tX3X9qnr0EiwFT2VXRD0WBPFYwX5Au5Rsmm1Ds0lIskJZ+iO8eFDEq7/Hm//GtN2DVh8MPN6bYWZerDgzNgi+vNLa+sbmVnnb39nd2z+oHB61jcw0oS0iudTdGBvKmaAtyyynXaUpTmNOO/HkZu53Hqk2TIoHO1U0SvFIsIQRbJ3UuR3kaubXBpVqUA8WQH9JWJAqFGgOKp/9oSRZSoUlHBvTCwNloxxrywinM7+fGaowmeAR7TkqcEpNlC/OnaGaU4YokdqVsGih/pzIcWrMNI1dZ4rt2Kx6c/E/r5fZ5DrKmVCZpYIsFyUZR1ai+e9oyDQllk8dwUQzdysiY6wxsS4h34UQrr78l7TP62FQD+8vqo3LIo4ynMApnEEIV9CAO2hCCwhM4Ale4NVT3rP35r0vW0teMXMMv+B9fAN1Ho7w</latexit><latexit sha1_base64="z3WF//H7JLClCDW6vUWgWrwOvFc=">AAAB7nicbVBNSwMxEJ2tX3X9qnr0EiwFT2VXRD0WBPFYwX5Au5Rsmm1Ds0lIskJZ+iO8eFDEq7/Hm//GtN2DVh8MPN6bYWZerDgzNgi+vNLa+sbmVnnb39nd2z+oHB61jcw0oS0iudTdGBvKmaAtyyynXaUpTmNOO/HkZu53Hqk2TIoHO1U0SvFIsIQRbJ3UuR3kaubXBpVqUA8WQH9JWJAqFGgOKp/9oSRZSoUlHBvTCwNloxxrywinM7+fGaowmeAR7TkqcEpNlC/OnaGaU4YokdqVsGih/pzIcWrMNI1dZ4rt2Kx6c/E/r5fZ5DrKmVCZpYIsFyUZR1ai+e9oyDQllk8dwUQzdysiY6wxsS4h34UQrr78l7TP62FQD+8vqo3LIo4ynMApnEEIV9CAO2hCCwhM4Ale4NVT3rP35r0vW0teMXMMv+B9fAN1Ho7w</latexit><latexit sha1_base64="z3WF//H7JLClCDW6vUWgWrwOvFc=">AAAB7nicbVBNSwMxEJ2tX3X9qnr0EiwFT2VXRD0WBPFYwX5Au5Rsmm1Ds0lIskJZ+iO8eFDEq7/Hm//GtN2DVh8MPN6bYWZerDgzNgi+vNLa+sbmVnnb39nd2z+oHB61jcw0oS0iudTdGBvKmaAtyyynXaUpTmNOO/HkZu53Hqk2TIoHO1U0SvFIsIQRbJ3UuR3kaubXBpVqUA8WQH9JWJAqFGgOKp/9oSRZSoUlHBvTCwNloxxrywinM7+fGaowmeAR7TkqcEpNlC/OnaGaU4YokdqVsGih/pzIcWrMNI1dZ4rt2Kx6c/E/r5fZ5DrKmVCZpYIsFyUZR1ai+e9oyDQllk8dwUQzdysiY6wxsS4h34UQrr78l7TP62FQD+8vqo3LIo4ynMApnEEIV9CAO2hCCwhM4Ale4NVT3rP35r0vW0teMXMMv+B9fAN1Ho7w</latexit><latexit sha1_base64="z3WF//H7JLClCDW6vUWgWrwOvFc=">AAAB7nicbVBNSwMxEJ2tX3X9qnr0EiwFT2VXRD0WBPFYwX5Au5Rsmm1Ds0lIskJZ+iO8eFDEq7/Hm//GtN2DVh8MPN6bYWZerDgzNgi+vNLa+sbmVnnb39nd2z+oHB61jcw0oS0iudTdGBvKmaAtyyynXaUpTmNOO/HkZu53Hqk2TIoHO1U0SvFIsIQRbJ3UuR3kaubXBpVqUA8WQH9JWJAqFGgOKp/9oSRZSoUlHBvTCwNloxxrywinM7+fGaowmeAR7TkqcEpNlC/OnaGaU4YokdqVsGih/pzIcWrMNI1dZ4rt2Kx6c/E/r5fZ5DrKmVCZpYIsFyUZR1ai+e9oyDQllk8dwUQzdysiY6wxsS4h34UQrr78l7TP62FQD+8vqo3LIo4ynMApnEEIV9CAO2hCCwhM4Ale4NVT3rP35r0vW0teMXMMv+B9fAN1Ho7w</latexit>

Fpressure = �Fgravity
<latexit sha1_base64="G132TZYPumxSgIbGHfGreqG+quk=">AAACD3icbVDLSgMxFM34rONr1KWbYKm4scyIqBuhIIjLCvYB7TBk0kwbmmSGJFMYhv6BG3/FjQtF3Lp159+YtrPQ1gOBwzn3cHNPmDCqtOt+W0vLK6tr66UNe3Nre2fX2dtvqjiVmDRwzGLZDpEijArS0FQz0k4kQTxkpBUObyZ+a0SkorF40FlCfI76gkYUI22kwDm+DfKu5NCElEolGcNreAoLsS/RiOpsbFcCp+xW3SngIvEKUgYF6oHz1e3FOOVEaMyQUh3PTbSfI6kpZmRsd1NFEoSHqE86hgrEifLz6T1jWDFKD0axNE9oOFV/J3LElcp4aCY50gM1703E/7xOqqMrP6ciSTUReLYoShnUMZyUA3tUEqxZZgjCkpq/QjxAEmFtKrRNCd78yYukeVb13Kp3f16uXRR1lMAhOAInwAOXoAbuQB00AAaP4Bm8gjfryXqx3q2P2eiSVWQOwB9Ynz9SspuD</latexit><latexit sha1_base64="G132TZYPumxSgIbGHfGreqG+quk=">AAACD3icbVDLSgMxFM34rONr1KWbYKm4scyIqBuhIIjLCvYB7TBk0kwbmmSGJFMYhv6BG3/FjQtF3Lp159+YtrPQ1gOBwzn3cHNPmDCqtOt+W0vLK6tr66UNe3Nre2fX2dtvqjiVmDRwzGLZDpEijArS0FQz0k4kQTxkpBUObyZ+a0SkorF40FlCfI76gkYUI22kwDm+DfKu5NCElEolGcNreAoLsS/RiOpsbFcCp+xW3SngIvEKUgYF6oHz1e3FOOVEaMyQUh3PTbSfI6kpZmRsd1NFEoSHqE86hgrEifLz6T1jWDFKD0axNE9oOFV/J3LElcp4aCY50gM1703E/7xOqqMrP6ciSTUReLYoShnUMZyUA3tUEqxZZgjCkpq/QjxAEmFtKrRNCd78yYukeVb13Kp3f16uXRR1lMAhOAInwAOXoAbuQB00AAaP4Bm8gjfryXqx3q2P2eiSVWQOwB9Ynz9SspuD</latexit><latexit sha1_base64="G132TZYPumxSgIbGHfGreqG+quk=">AAACD3icbVDLSgMxFM34rONr1KWbYKm4scyIqBuhIIjLCvYB7TBk0kwbmmSGJFMYhv6BG3/FjQtF3Lp159+YtrPQ1gOBwzn3cHNPmDCqtOt+W0vLK6tr66UNe3Nre2fX2dtvqjiVmDRwzGLZDpEijArS0FQz0k4kQTxkpBUObyZ+a0SkorF40FlCfI76gkYUI22kwDm+DfKu5NCElEolGcNreAoLsS/RiOpsbFcCp+xW3SngIvEKUgYF6oHz1e3FOOVEaMyQUh3PTbSfI6kpZmRsd1NFEoSHqE86hgrEifLz6T1jWDFKD0axNE9oOFV/J3LElcp4aCY50gM1703E/7xOqqMrP6ciSTUReLYoShnUMZyUA3tUEqxZZgjCkpq/QjxAEmFtKrRNCd78yYukeVb13Kp3f16uXRR1lMAhOAInwAOXoAbuQB00AAaP4Bm8gjfryXqx3q2P2eiSVWQOwB9Ynz9SspuD</latexit><latexit sha1_base64="G132TZYPumxSgIbGHfGreqG+quk=">AAACD3icbVDLSgMxFM34rONr1KWbYKm4scyIqBuhIIjLCvYB7TBk0kwbmmSGJFMYhv6BG3/FjQtF3Lp159+YtrPQ1gOBwzn3cHNPmDCqtOt+W0vLK6tr66UNe3Nre2fX2dtvqjiVmDRwzGLZDpEijArS0FQz0k4kQTxkpBUObyZ+a0SkorF40FlCfI76gkYUI22kwDm+DfKu5NCElEolGcNreAoLsS/RiOpsbFcCp+xW3SngIvEKUgYF6oHz1e3FOOVEaMyQUh3PTbSfI6kpZmRsd1NFEoSHqE86hgrEifLz6T1jWDFKD0axNE9oOFV/J3LElcp4aCY50gM1703E/7xOqqMrP6ciSTUReLYoShnUMZyUA3tUEqxZZgjCkpq/QjxAEmFtKrRNCd78yYukeVb13Kp3f16uXRR1lMAhOAInwAOXoAbuQB00AAaP4Bm8gjfryXqx3q2P2eiSVWQOwB9Ynz9SspuD</latexit>

dPdA = �GM(r)m/r2
<latexit sha1_base64="tDF2y375uPgK25+ClCdM9G3sTcw="></latexit><latexit sha1_base64="tDF2y375uPgK25+ClCdM9G3sTcw="></latexit><latexit sha1_base64="tDF2y375uPgK25+ClCdM9G3sTcw="></latexit><latexit sha1_base64="tDF2y375uPgK25+ClCdM9G3sTcw="></latexit>

dP

dr
= �GM(r)⇢(r)/r2

<latexit sha1_base64="AkRHFudmj+g/Dq0ok4oK/prCEQY="></latexit><latexit sha1_base64="AkRHFudmj+g/Dq0ok4oK/prCEQY="></latexit><latexit sha1_base64="AkRHFudmj+g/Dq0ok4oK/prCEQY="></latexit><latexit sha1_base64="AkRHFudmj+g/Dq0ok4oK/prCEQY="></latexit>

dPdA = �GM(r)⇢(r)dAdr/r2
<latexit sha1_base64="EZiQG9UofBDNy2gTKSW51t/jdkU="></latexit><latexit sha1_base64="EZiQG9UofBDNy2gTKSW51t/jdkU="></latexit><latexit sha1_base64="EZiQG9UofBDNy2gTKSW51t/jdkU="></latexit><latexit sha1_base64="EZiQG9UofBDNy2gTKSW51t/jdkU="></latexit>

Usually, we use the mass, m instead of the 
radius r as a free parameter. The mass 
contained inside a spherical shell between
               is                          , therefore:r, r + dr

<latexit sha1_base64="B9xCeyqXHO8kYnrFqIT31ufpOaY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBUEoioh4LXjxWsLbQhrLZbNqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSqFQdf9dkorq2vrG+XNytb2zu5edf/g0SSZZrzFEpnoTkANl0LxFgqUvJNqTuNA8nYwup367SeujUjUA45T7sd0oEQkGEUrtfU50Weh7ldrbt2dgSwTryA1KNDsV796YcKymCtkkhrT9dwU/ZxqFEzySaWXGZ5SNqID3rVU0ZgbP5+dOyEnVglJlGhbCslM/T2R09iYcRzYzpji0Cx6U/E/r5thdOPnQqUZcsXmi6JMEkzI9HcSCs0ZyrEllGlhbyVsSDVlaBOq2BC8xZeXyeNF3XPr3v1lrXFVxFGGIziGU/DgGhpwB01oAYMRPMMrvDmp8+K8Ox/z1pJTzBzCHzifP2LLjuU=</latexit><latexit sha1_base64="B9xCeyqXHO8kYnrFqIT31ufpOaY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBUEoioh4LXjxWsLbQhrLZbNqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSqFQdf9dkorq2vrG+XNytb2zu5edf/g0SSZZrzFEpnoTkANl0LxFgqUvJNqTuNA8nYwup367SeujUjUA45T7sd0oEQkGEUrtfU50Weh7ldrbt2dgSwTryA1KNDsV796YcKymCtkkhrT9dwU/ZxqFEzySaWXGZ5SNqID3rVU0ZgbP5+dOyEnVglJlGhbCslM/T2R09iYcRzYzpji0Cx6U/E/r5thdOPnQqUZcsXmi6JMEkzI9HcSCs0ZyrEllGlhbyVsSDVlaBOq2BC8xZeXyeNF3XPr3v1lrXFVxFGGIziGU/DgGhpwB01oAYMRPMMrvDmp8+K8Ox/z1pJTzBzCHzifP2LLjuU=</latexit><latexit sha1_base64="B9xCeyqXHO8kYnrFqIT31ufpOaY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBUEoioh4LXjxWsLbQhrLZbNqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSqFQdf9dkorq2vrG+XNytb2zu5edf/g0SSZZrzFEpnoTkANl0LxFgqUvJNqTuNA8nYwup367SeujUjUA45T7sd0oEQkGEUrtfU50Weh7ldrbt2dgSwTryA1KNDsV796YcKymCtkkhrT9dwU/ZxqFEzySaWXGZ5SNqID3rVU0ZgbP5+dOyEnVglJlGhbCslM/T2R09iYcRzYzpji0Cx6U/E/r5thdOPnQqUZcsXmi6JMEkzI9HcSCs0ZyrEllGlhbyVsSDVlaBOq2BC8xZeXyeNF3XPr3v1lrXFVxFGGIziGU/DgGhpwB01oAYMRPMMrvDmp8+K8Ox/z1pJTzBzCHzifP2LLjuU=</latexit><latexit sha1_base64="B9xCeyqXHO8kYnrFqIT31ufpOaY=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBUEoioh4LXjxWsLbQhrLZbNqlm03YnQgl9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSqFQdf9dkorq2vrG+XNytb2zu5edf/g0SSZZrzFEpnoTkANl0LxFgqUvJNqTuNA8nYwup367SeujUjUA45T7sd0oEQkGEUrtfU50Weh7ldrbt2dgSwTryA1KNDsV796YcKymCtkkhrT9dwU/ZxqFEzySaWXGZ5SNqID3rVU0ZgbP5+dOyEnVglJlGhbCslM/T2R09iYcRzYzpji0Cx6U/E/r5thdOPnQqUZcsXmi6JMEkzI9HcSCs0ZyrEllGlhbyVsSDVlaBOq2BC8xZeXyeNF3XPr3v1lrXFVxFGGIziGU/DgGhpwB01oAYMRPMMrvDmp8+K8Ox/z1pJTzBzCHzifP2LLjuU=</latexit>

dM = 4⇡⇢r2dr
<latexit sha1_base64="wAnGm831CMhZc4d0IWlTCgTVnJY=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiSlqBuh4MaNUME+oIllMpm0QyeTMDMRain+ihsXirj1P9z5N07bLLT1wIXDOfdy7z1BypnSjvNtLS2vrK6tFzaKm1vbO7v23n5TJZkktEESnsh2gBXlTNCGZprTdiopjgNOW8HgauK3HqhULBF3ephSP8Y9wSJGsDZS1z4Mb9AlqnopQ57sJ0jeV0LZtUtO2ZkCLRI3JyXIUe/aX16YkCymQhOOleq4Tqr9EZaaEU7HRS9TNMVkgHu0Y6jAMVX+aHr9GJ0YJURRIk0Jjabq74kRjpUaxoHpjLHuq3lvIv7ndTIdXfgjJtJMU0Fmi6KMI52gSRQoZJISzYeGYCKZuRWRPpaYaBNY0YTgzr+8SJqVsuuU3dtqqXaWx1GAIziGU3DhHGpwDXVoAIFHeIZXeLOerBfr3fqYtS5Z+cwB/IH1+QMzF5O7</latexit><latexit sha1_base64="wAnGm831CMhZc4d0IWlTCgTVnJY=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiSlqBuh4MaNUME+oIllMpm0QyeTMDMRain+ihsXirj1P9z5N07bLLT1wIXDOfdy7z1BypnSjvNtLS2vrK6tFzaKm1vbO7v23n5TJZkktEESnsh2gBXlTNCGZprTdiopjgNOW8HgauK3HqhULBF3ephSP8Y9wSJGsDZS1z4Mb9AlqnopQ57sJ0jeV0LZtUtO2ZkCLRI3JyXIUe/aX16YkCymQhOOleq4Tqr9EZaaEU7HRS9TNMVkgHu0Y6jAMVX+aHr9GJ0YJURRIk0Jjabq74kRjpUaxoHpjLHuq3lvIv7ndTIdXfgjJtJMU0Fmi6KMI52gSRQoZJISzYeGYCKZuRWRPpaYaBNY0YTgzr+8SJqVsuuU3dtqqXaWx1GAIziGU3DhHGpwDXVoAIFHeIZXeLOerBfr3fqYtS5Z+cwB/IH1+QMzF5O7</latexit><latexit sha1_base64="wAnGm831CMhZc4d0IWlTCgTVnJY=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiSlqBuh4MaNUME+oIllMpm0QyeTMDMRain+ihsXirj1P9z5N07bLLT1wIXDOfdy7z1BypnSjvNtLS2vrK6tFzaKm1vbO7v23n5TJZkktEESnsh2gBXlTNCGZprTdiopjgNOW8HgauK3HqhULBF3ephSP8Y9wSJGsDZS1z4Mb9AlqnopQ57sJ0jeV0LZtUtO2ZkCLRI3JyXIUe/aX16YkCymQhOOleq4Tqr9EZaaEU7HRS9TNMVkgHu0Y6jAMVX+aHr9GJ0YJURRIk0Jjabq74kRjpUaxoHpjLHuq3lvIv7ndTIdXfgjJtJMU0Fmi6KMI52gSRQoZJISzYeGYCKZuRWRPpaYaBNY0YTgzr+8SJqVsuuU3dtqqXaWx1GAIziGU3DhHGpwDXVoAIFHeIZXeLOerBfr3fqYtS5Z+cwB/IH1+QMzF5O7</latexit><latexit sha1_base64="wAnGm831CMhZc4d0IWlTCgTVnJY=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiSlqBuh4MaNUME+oIllMpm0QyeTMDMRain+ihsXirj1P9z5N07bLLT1wIXDOfdy7z1BypnSjvNtLS2vrK6tFzaKm1vbO7v23n5TJZkktEESnsh2gBXlTNCGZprTdiopjgNOW8HgauK3HqhULBF3ephSP8Y9wSJGsDZS1z4Mb9AlqnopQ57sJ0jeV0LZtUtO2ZkCLRI3JyXIUe/aX16YkCymQhOOleq4Tqr9EZaaEU7HRS9TNMVkgHu0Y6jAMVX+aHr9GJ0YJURRIk0Jjabq74kRjpUaxoHpjLHuq3lvIv7ndTIdXfgjJtJMU0Fmi6KMI52gSRQoZJISzYeGYCKZuRWRPpaYaBNY0YTgzr+8SJqVsuuU3dtqqXaWx1GAIziGU3DhHGpwDXVoAIFHeIZXeLOerBfr3fqYtS5Z+cwB/IH1+QMzF5O7</latexit>

dP

dM
= �GM

4⇡r4
<latexit sha1_base64="OLYvAkujwfPLW9hqoUsHfnMQxHY=">AAACDnicbVDLSsNAFL3xWesr6tLNYCm4sSRS1I1QcKGbQgX7gKaWyWTSDp08mJkIJeQL3Pgrblwo4ta1O//GaZuFth64cDjnXu69x405k8qyvo2l5ZXVtfXCRnFza3tn19zbb8koEYQ2ScQj0XGxpJyFtKmY4rQTC4oDl9O2O7qa+O0HKiSLwjs1jmkvwIOQ+YxgpaW+WXZ8gUnqNbLUq2foEp2gmXJdz9KqEzMk7qtZ3yxZFWsKtEjsnJQgR6NvfjleRJKAhopwLGXXtmLVS7FQjHCaFZ1E0hiTER7QrqYhDqjspdN3MlTWiof8SOgKFZqqvydSHEg5DlzdGWA1lPPeRPzP6ybKv+ilLIwTRUMyW+QnHKkITbJBHhOUKD7WBBPB9K2IDLFOQ+kEizoEe/7lRdI6rdhWxb6tlmpneRwFOIQjOAYbzqEGN9CAJhB4hGd4hTfjyXgx3o2PWeuSkc8cwB8Ynz+yg5sx</latexit><latexit sha1_base64="OLYvAkujwfPLW9hqoUsHfnMQxHY=">AAACDnicbVDLSsNAFL3xWesr6tLNYCm4sSRS1I1QcKGbQgX7gKaWyWTSDp08mJkIJeQL3Pgrblwo4ta1O//GaZuFth64cDjnXu69x405k8qyvo2l5ZXVtfXCRnFza3tn19zbb8koEYQ2ScQj0XGxpJyFtKmY4rQTC4oDl9O2O7qa+O0HKiSLwjs1jmkvwIOQ+YxgpaW+WXZ8gUnqNbLUq2foEp2gmXJdz9KqEzMk7qtZ3yxZFWsKtEjsnJQgR6NvfjleRJKAhopwLGXXtmLVS7FQjHCaFZ1E0hiTER7QrqYhDqjspdN3MlTWiof8SOgKFZqqvydSHEg5DlzdGWA1lPPeRPzP6ybKv+ilLIwTRUMyW+QnHKkITbJBHhOUKD7WBBPB9K2IDLFOQ+kEizoEe/7lRdI6rdhWxb6tlmpneRwFOIQjOAYbzqEGN9CAJhB4hGd4hTfjyXgx3o2PWeuSkc8cwB8Ynz+yg5sx</latexit><latexit sha1_base64="OLYvAkujwfPLW9hqoUsHfnMQxHY=">AAACDnicbVDLSsNAFL3xWesr6tLNYCm4sSRS1I1QcKGbQgX7gKaWyWTSDp08mJkIJeQL3Pgrblwo4ta1O//GaZuFth64cDjnXu69x405k8qyvo2l5ZXVtfXCRnFza3tn19zbb8koEYQ2ScQj0XGxpJyFtKmY4rQTC4oDl9O2O7qa+O0HKiSLwjs1jmkvwIOQ+YxgpaW+WXZ8gUnqNbLUq2foEp2gmXJdz9KqEzMk7qtZ3yxZFWsKtEjsnJQgR6NvfjleRJKAhopwLGXXtmLVS7FQjHCaFZ1E0hiTER7QrqYhDqjspdN3MlTWiof8SOgKFZqqvydSHEg5DlzdGWA1lPPeRPzP6ybKv+ilLIwTRUMyW+QnHKkITbJBHhOUKD7WBBPB9K2IDLFOQ+kEizoEe/7lRdI6rdhWxb6tlmpneRwFOIQjOAYbzqEGN9CAJhB4hGd4hTfjyXgx3o2PWeuSkc8cwB8Ynz+yg5sx</latexit><latexit sha1_base64="OLYvAkujwfPLW9hqoUsHfnMQxHY=">AAACDnicbVDLSsNAFL3xWesr6tLNYCm4sSRS1I1QcKGbQgX7gKaWyWTSDp08mJkIJeQL3Pgrblwo4ta1O//GaZuFth64cDjnXu69x405k8qyvo2l5ZXVtfXCRnFza3tn19zbb8koEYQ2ScQj0XGxpJyFtKmY4rQTC4oDl9O2O7qa+O0HKiSLwjs1jmkvwIOQ+YxgpaW+WXZ8gUnqNbLUq2foEp2gmXJdz9KqEzMk7qtZ3yxZFWsKtEjsnJQgR6NvfjleRJKAhopwLGXXtmLVS7FQjHCaFZ1E0hiTER7QrqYhDqjspdN3MlTWiof8SOgKFZqqvydSHEg5DlzdGWA1lPPeRPzP6ybKv+ilLIwTRUMyW+QnHKkITbJBHhOUKD7WBBPB9K2IDLFOQ+kEizoEe/7lRdI6rdhWxb6tlmpneRwFOIQjOAYbzqEGN9CAJhB4hGd4hTfjyXgx3o2PWeuSkc8cwB8Ynz+yg5sx</latexit>

More info needed to solve for the structure



Stellar structure and evolution equations

Equation of motion 

Equation of state

@P

@M
= �GM(r)

4⇡r4
� 1

4⇡r2
@2r

@t2
<latexit sha1_base64="YhGv0DVHkktw+YsMo9YVFQTZfEE="></latexit><latexit sha1_base64="YhGv0DVHkktw+YsMo9YVFQTZfEE="></latexit><latexit sha1_base64="YhGv0DVHkktw+YsMo9YVFQTZfEE="></latexit><latexit sha1_base64="YhGv0DVHkktw+YsMo9YVFQTZfEE="></latexit>

P = P (⇢, T,Xi)
<latexit sha1_base64="JrXwMdTg7pRKcz1yvMNNMmmFvvA=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQoZRERN0IBTcuI/QFbQiT6aQdOpkJMxOlxH6KGxeKuPVL3Pk3TtsstPXAhcM593LvPWHCqNKO820V1tY3NreK26Wd3b39A7t82FYilZi0sGBCdkOkCKOctDTVjHQTSVAcMtIJx7czv/NApKKCN/UkIX6MhpxGFCNtpMAue/AGetW+HIlas9YN6FlgV5y6MwdcJW5OKiCHF9hf/YHAaUy4xgwp1XOdRPsZkppiRqalfqpIgvAYDUnPUI5iovxsfvoUnhplACMhTXEN5+rviQzFSk3i0HTGSI/UsjcT//N6qY6u/YzyJNWE48WiKGVQCzjLAQ6oJFiziSEIS2puhXiEJMLapFUyIbjLL6+S9nndderu/UWlcZnHUQTH4ARUgQuuQAPcAQ+0AAaP4Bm8gjfryXqx3q2PRWvBymeOwB9Ynz97LpIo</latexit><latexit sha1_base64="JrXwMdTg7pRKcz1yvMNNMmmFvvA=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQoZRERN0IBTcuI/QFbQiT6aQdOpkJMxOlxH6KGxeKuPVL3Pk3TtsstPXAhcM593LvPWHCqNKO820V1tY3NreK26Wd3b39A7t82FYilZi0sGBCdkOkCKOctDTVjHQTSVAcMtIJx7czv/NApKKCN/UkIX6MhpxGFCNtpMAue/AGetW+HIlas9YN6FlgV5y6MwdcJW5OKiCHF9hf/YHAaUy4xgwp1XOdRPsZkppiRqalfqpIgvAYDUnPUI5iovxsfvoUnhplACMhTXEN5+rviQzFSk3i0HTGSI/UsjcT//N6qY6u/YzyJNWE48WiKGVQCzjLAQ6oJFiziSEIS2puhXiEJMLapFUyIbjLL6+S9nndderu/UWlcZnHUQTH4ARUgQuuQAPcAQ+0AAaP4Bm8gjfryXqx3q2PRWvBymeOwB9Ynz97LpIo</latexit><latexit sha1_base64="JrXwMdTg7pRKcz1yvMNNMmmFvvA=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQoZRERN0IBTcuI/QFbQiT6aQdOpkJMxOlxH6KGxeKuPVL3Pk3TtsstPXAhcM593LvPWHCqNKO820V1tY3NreK26Wd3b39A7t82FYilZi0sGBCdkOkCKOctDTVjHQTSVAcMtIJx7czv/NApKKCN/UkIX6MhpxGFCNtpMAue/AGetW+HIlas9YN6FlgV5y6MwdcJW5OKiCHF9hf/YHAaUy4xgwp1XOdRPsZkppiRqalfqpIgvAYDUnPUI5iovxsfvoUnhplACMhTXEN5+rviQzFSk3i0HTGSI/UsjcT//N6qY6u/YzyJNWE48WiKGVQCzjLAQ6oJFiziSEIS2puhXiEJMLapFUyIbjLL6+S9nndderu/UWlcZnHUQTH4ARUgQuuQAPcAQ+0AAaP4Bm8gjfryXqx3q2PRWvBymeOwB9Ynz97LpIo</latexit><latexit sha1_base64="JrXwMdTg7pRKcz1yvMNNMmmFvvA=">AAAB+nicbVDLSsNAFJ3UV62vVJduBotQoZRERN0IBTcuI/QFbQiT6aQdOpkJMxOlxH6KGxeKuPVL3Pk3TtsstPXAhcM593LvPWHCqNKO820V1tY3NreK26Wd3b39A7t82FYilZi0sGBCdkOkCKOctDTVjHQTSVAcMtIJx7czv/NApKKCN/UkIX6MhpxGFCNtpMAue/AGetW+HIlas9YN6FlgV5y6MwdcJW5OKiCHF9hf/YHAaUy4xgwp1XOdRPsZkppiRqalfqpIgvAYDUnPUI5iovxsfvoUnhplACMhTXEN5+rviQzFSk3i0HTGSI/UsjcT//N6qY6u/YzyJNWE48WiKGVQCzjLAQ6oJFiziSEIS2puhXiEJMLapFUyIbjLL6+S9nndderu/UWlcZnHUQTH4ARUgQuuQAPcAQ+0AAaP4Bm8gjfryXqx3q2PRWvBymeOwB9Ynz97LpIo</latexit>

@r

@M
=

1

4⇡r2⇢
<latexit sha1_base64="VftF2pEOKuxwjXgcOwG0W94jTPw=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ARXJWZUqoboeDGjVDBXqBTSybNtKGZTEgyQhnmTdz4Km5cKCLu+jZm2gG19UDg4//P4eT8vmBUaceZWYW19Y3NreJ2aWd3b//APjxqqyiWmLRwxCLZ9ZEijHLS0lQz0hWSoNBnpONPrjO/80ikohG/11NB+iEacRpQjLSRBnbdCyTCiSeQ1BQxKNMfvk3hFVz4bprUPEGhfKh6chylA7vsVJx5wVVwcyiDvJoD+8sbRjgOCdeYIaV6riN0P8k2YUbSkhcrIhCeoBHpGeQoJKqfzO9L4ZlRhjCIpHlcw7n6eyJBoVLT0DedIdJjtexl4n9eL9bBZT+hXMSacLxYFMQM6ghmYcEhlQRrNjWAsKTmrxCPkQlEm0hLJgR3+eRVaFcrrlNx72rlRj2PowhOwCk4By64AA1wA5qgBTB4Ai/gDbxbz9ar9WF9LloLVj5zDP6UNfsGLS2i+g==</latexit><latexit sha1_base64="VftF2pEOKuxwjXgcOwG0W94jTPw=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ARXJWZUqoboeDGjVDBXqBTSybNtKGZTEgyQhnmTdz4Km5cKCLu+jZm2gG19UDg4//P4eT8vmBUaceZWYW19Y3NreJ2aWd3b//APjxqqyiWmLRwxCLZ9ZEijHLS0lQz0hWSoNBnpONPrjO/80ikohG/11NB+iEacRpQjLSRBnbdCyTCiSeQ1BQxKNMfvk3hFVz4bprUPEGhfKh6chylA7vsVJx5wVVwcyiDvJoD+8sbRjgOCdeYIaV6riN0P8k2YUbSkhcrIhCeoBHpGeQoJKqfzO9L4ZlRhjCIpHlcw7n6eyJBoVLT0DedIdJjtexl4n9eL9bBZT+hXMSacLxYFMQM6ghmYcEhlQRrNjWAsKTmrxCPkQlEm0hLJgR3+eRVaFcrrlNx72rlRj2PowhOwCk4By64AA1wA5qgBTB4Ai/gDbxbz9ar9WF9LloLVj5zDP6UNfsGLS2i+g==</latexit><latexit sha1_base64="VftF2pEOKuxwjXgcOwG0W94jTPw=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ARXJWZUqoboeDGjVDBXqBTSybNtKGZTEgyQhnmTdz4Km5cKCLu+jZm2gG19UDg4//P4eT8vmBUaceZWYW19Y3NreJ2aWd3b//APjxqqyiWmLRwxCLZ9ZEijHLS0lQz0hWSoNBnpONPrjO/80ikohG/11NB+iEacRpQjLSRBnbdCyTCiSeQ1BQxKNMfvk3hFVz4bprUPEGhfKh6chylA7vsVJx5wVVwcyiDvJoD+8sbRjgOCdeYIaV6riN0P8k2YUbSkhcrIhCeoBHpGeQoJKqfzO9L4ZlRhjCIpHlcw7n6eyJBoVLT0DedIdJjtexl4n9eL9bBZT+hXMSacLxYFMQM6ghmYcEhlQRrNjWAsKTmrxCPkQlEm0hLJgR3+eRVaFcrrlNx72rlRj2PowhOwCk4By64AA1wA5qgBTB4Ai/gDbxbz9ar9WF9LloLVj5zDP6UNfsGLS2i+g==</latexit><latexit sha1_base64="VftF2pEOKuxwjXgcOwG0W94jTPw=">AAACH3icbZDLSgMxFIYz9VbrbdSlm2ARXJWZUqoboeDGjVDBXqBTSybNtKGZTEgyQhnmTdz4Km5cKCLu+jZm2gG19UDg4//P4eT8vmBUaceZWYW19Y3NreJ2aWd3b//APjxqqyiWmLRwxCLZ9ZEijHLS0lQz0hWSoNBnpONPrjO/80ikohG/11NB+iEacRpQjLSRBnbdCyTCiSeQ1BQxKNMfvk3hFVz4bprUPEGhfKh6chylA7vsVJx5wVVwcyiDvJoD+8sbRjgOCdeYIaV6riN0P8k2YUbSkhcrIhCeoBHpGeQoJKqfzO9L4ZlRhjCIpHlcw7n6eyJBoVLT0DedIdJjtexl4n9eL9bBZT+hXMSacLxYFMQM6ghmYcEhlQRrNjWAsKTmrxCPkQlEm0hLJgR3+eRVaFcrrlNx72rlRj2PowhOwCk4By64AA1wA5qgBTB4Ai/gDbxbz9ar9WF9LloLVj5zDP6UNfsGLS2i+g==</latexit>

Conservation of mass

@l

@M
= ✏nuc � ✏nuc,⌫ � ✏⌫ � T

@s

@dt
<latexit sha1_base64="T2Is0nq3CNmNkeUgLDTqGNnC5Vs="></latexit><latexit sha1_base64="T2Is0nq3CNmNkeUgLDTqGNnC5Vs="></latexit><latexit sha1_base64="T2Is0nq3CNmNkeUgLDTqGNnC5Vs="></latexit><latexit sha1_base64="T2Is0nq3CNmNkeUgLDTqGNnC5Vs="></latexit>

Conservation of energy

@T

@M
= �GM

4⇡r4
T

P
r

<latexit sha1_base64="WvJTe1MvfB88U+dtx2Aizeqm8ow=">AAACLnicbVDLSgMxFM34rPVVdekmWAQ3lhkp6kYoiOimUKEv6NRyJ820oZnMkGSEMswXufFXdCGoiFs/w/QBauuBwOGcc7m5x4s4U9q2X62FxaXlldXMWnZ9Y3NrO7ezW1dhLAmtkZCHsumBopwJWtNMc9qMJIXA47ThDS5HfuOeSsVCUdXDiLYD6AnmMwLaSJ3cletLIIkbgdQMOK6mP7yc4gt8PAlcl9Ok6EYMy7tiOpFMtJK6AjwOnVzeLthj4HniTEkeTVHp5J7dbkjigApNOCjVcuxIt5PRYsJpmnVjRSMgA+jRlqECAqrayfjcFB8apYv9UJonNB6rvycSCJQaBp5JBqD7atYbif95rVj75+2EiSjWVJDJIj/mWId41B3uMkmJ5kNDgEhm/opJH0wX2jScNSU4syfPk/pJwbELzm0xXzqd1pFB++gAHSEHnaESukEVVEMEPaAn9IberUfrxfqwPifRBWs6s4f+wPr6BlMxqUU=</latexit><latexit sha1_base64="WvJTe1MvfB88U+dtx2Aizeqm8ow=">AAACLnicbVDLSgMxFM34rPVVdekmWAQ3lhkp6kYoiOimUKEv6NRyJ820oZnMkGSEMswXufFXdCGoiFs/w/QBauuBwOGcc7m5x4s4U9q2X62FxaXlldXMWnZ9Y3NrO7ezW1dhLAmtkZCHsumBopwJWtNMc9qMJIXA47ThDS5HfuOeSsVCUdXDiLYD6AnmMwLaSJ3cletLIIkbgdQMOK6mP7yc4gt8PAlcl9Ok6EYMy7tiOpFMtJK6AjwOnVzeLthj4HniTEkeTVHp5J7dbkjigApNOCjVcuxIt5PRYsJpmnVjRSMgA+jRlqECAqrayfjcFB8apYv9UJonNB6rvycSCJQaBp5JBqD7atYbif95rVj75+2EiSjWVJDJIj/mWId41B3uMkmJ5kNDgEhm/opJH0wX2jScNSU4syfPk/pJwbELzm0xXzqd1pFB++gAHSEHnaESukEVVEMEPaAn9IberUfrxfqwPifRBWs6s4f+wPr6BlMxqUU=</latexit><latexit sha1_base64="WvJTe1MvfB88U+dtx2Aizeqm8ow=">AAACLnicbVDLSgMxFM34rPVVdekmWAQ3lhkp6kYoiOimUKEv6NRyJ820oZnMkGSEMswXufFXdCGoiFs/w/QBauuBwOGcc7m5x4s4U9q2X62FxaXlldXMWnZ9Y3NrO7ezW1dhLAmtkZCHsumBopwJWtNMc9qMJIXA47ThDS5HfuOeSsVCUdXDiLYD6AnmMwLaSJ3cletLIIkbgdQMOK6mP7yc4gt8PAlcl9Ok6EYMy7tiOpFMtJK6AjwOnVzeLthj4HniTEkeTVHp5J7dbkjigApNOCjVcuxIt5PRYsJpmnVjRSMgA+jRlqECAqrayfjcFB8apYv9UJonNB6rvycSCJQaBp5JBqD7atYbif95rVj75+2EiSjWVJDJIj/mWId41B3uMkmJ5kNDgEhm/opJH0wX2jScNSU4syfPk/pJwbELzm0xXzqd1pFB++gAHSEHnaESukEVVEMEPaAn9IberUfrxfqwPifRBWs6s4f+wPr6BlMxqUU=</latexit><latexit sha1_base64="WvJTe1MvfB88U+dtx2Aizeqm8ow=">AAACLnicbVDLSgMxFM34rPVVdekmWAQ3lhkp6kYoiOimUKEv6NRyJ820oZnMkGSEMswXufFXdCGoiFs/w/QBauuBwOGcc7m5x4s4U9q2X62FxaXlldXMWnZ9Y3NrO7ezW1dhLAmtkZCHsumBopwJWtNMc9qMJIXA47ThDS5HfuOeSsVCUdXDiLYD6AnmMwLaSJ3cletLIIkbgdQMOK6mP7yc4gt8PAlcl9Ok6EYMy7tiOpFMtJK6AjwOnVzeLthj4HniTEkeTVHp5J7dbkjigApNOCjVcuxIt5PRYsJpmnVjRSMgA+jRlqECAqrayfjcFB8apYv9UJonNB6rvycSCJQaBp5JBqD7atYbif95rVj75+2EiSjWVJDJIj/mWId41B3uMkmJ5kNDgEhm/opJH0wX2jScNSU4syfPk/pJwbELzm0xXzqd1pFB++gAHSEHnaESukEVVEMEPaAn9IberUfrxfqwPifRBWs6s4f+wPr6BlMxqUU=</latexit>

r = rrad =
3

16⇡ac

lP

MT 4
,rrad  rad

<latexit sha1_base64="t+AQk9LGKtJqf41odIjvqZ4x2eg="></latexit><latexit sha1_base64="t+AQk9LGKtJqf41odIjvqZ4x2eg="></latexit><latexit sha1_base64="t+AQk9LGKtJqf41odIjvqZ4x2eg="></latexit><latexit sha1_base64="t+AQk9LGKtJqf41odIjvqZ4x2eg="></latexit>

r = rad +�r,rrad > rad
<latexit sha1_base64="OJ0f5m386wvHDP2tGNcsZ+J4xYU=">AAACM3icbVDLSgMxFM3UV62vUZdugkUQlDIjom6Ugi7EVQX7gE4pd9K0Dc1khiQjlKH/5MYfcSGIC0Xc+g+mnVnY1gOBwznncnOPH3GmtOO8WbmFxaXllfxqYW19Y3PL3t6pqTCWhFZJyEPZ8EFRzgStaqY5bUSSQuBzWvcH12O//kilYqF40MOItgLoCdZlBLSR2vadJ8DngC9xStqJJwMMnRE+wt4N5RpS/XjKlyZwNTvRtotOyZkAzxM3I0WUodK2X7xOSOKACk04KNV0nUi3EpCaEU5HBS9WNAIygB5tGiogoKqVTG4e4QOjdHA3lOYJjSfq34kEAqWGgW+SAei+mvXG4n9eM9bdi1bCRBRrKki6qBtzrEM8LhB3mKRE86EhQCQzf8WkDxKINjUXTAnu7MnzpHZScp2Se39aLJ9ldeTRHtpHh8hF56iMblEFVRFBT+gVfaBP69l6t76s7zSas7KZXTQF6+cXDhOp9A==</latexit><latexit sha1_base64="OJ0f5m386wvHDP2tGNcsZ+J4xYU=">AAACM3icbVDLSgMxFM3UV62vUZdugkUQlDIjom6Ugi7EVQX7gE4pd9K0Dc1khiQjlKH/5MYfcSGIC0Xc+g+mnVnY1gOBwznncnOPH3GmtOO8WbmFxaXllfxqYW19Y3PL3t6pqTCWhFZJyEPZ8EFRzgStaqY5bUSSQuBzWvcH12O//kilYqF40MOItgLoCdZlBLSR2vadJ8DngC9xStqJJwMMnRE+wt4N5RpS/XjKlyZwNTvRtotOyZkAzxM3I0WUodK2X7xOSOKACk04KNV0nUi3EpCaEU5HBS9WNAIygB5tGiogoKqVTG4e4QOjdHA3lOYJjSfq34kEAqWGgW+SAei+mvXG4n9eM9bdi1bCRBRrKki6qBtzrEM8LhB3mKRE86EhQCQzf8WkDxKINjUXTAnu7MnzpHZScp2Se39aLJ9ldeTRHtpHh8hF56iMblEFVRFBT+gVfaBP69l6t76s7zSas7KZXTQF6+cXDhOp9A==</latexit><latexit sha1_base64="OJ0f5m386wvHDP2tGNcsZ+J4xYU=">AAACM3icbVDLSgMxFM3UV62vUZdugkUQlDIjom6Ugi7EVQX7gE4pd9K0Dc1khiQjlKH/5MYfcSGIC0Xc+g+mnVnY1gOBwznncnOPH3GmtOO8WbmFxaXllfxqYW19Y3PL3t6pqTCWhFZJyEPZ8EFRzgStaqY5bUSSQuBzWvcH12O//kilYqF40MOItgLoCdZlBLSR2vadJ8DngC9xStqJJwMMnRE+wt4N5RpS/XjKlyZwNTvRtotOyZkAzxM3I0WUodK2X7xOSOKACk04KNV0nUi3EpCaEU5HBS9WNAIygB5tGiogoKqVTG4e4QOjdHA3lOYJjSfq34kEAqWGgW+SAei+mvXG4n9eM9bdi1bCRBRrKki6qBtzrEM8LhB3mKRE86EhQCQzf8WkDxKINjUXTAnu7MnzpHZScp2Se39aLJ9ldeTRHtpHh8hF56iMblEFVRFBT+gVfaBP69l6t76s7zSas7KZXTQF6+cXDhOp9A==</latexit><latexit sha1_base64="OJ0f5m386wvHDP2tGNcsZ+J4xYU=">AAACM3icbVDLSgMxFM3UV62vUZdugkUQlDIjom6Ugi7EVQX7gE4pd9K0Dc1khiQjlKH/5MYfcSGIC0Xc+g+mnVnY1gOBwznncnOPH3GmtOO8WbmFxaXllfxqYW19Y3PL3t6pqTCWhFZJyEPZ8EFRzgStaqY5bUSSQuBzWvcH12O//kilYqF40MOItgLoCdZlBLSR2vadJ8DngC9xStqJJwMMnRE+wt4N5RpS/XjKlyZwNTvRtotOyZkAzxM3I0WUodK2X7xOSOKACk04KNV0nUi3EpCaEU5HBS9WNAIygB5tGiogoKqVTG4e4QOjdHA3lOYJjSfq34kEAqWGgW+SAei+mvXG4n9eM9bdi1bCRBRrKki6qBtzrEM8LhB3mKRE86EhQCQzf8WkDxKINjUXTAnu7MnzpHZScp2Se39aLJ9ldeTRHtpHh8hF56iMblEFVRFBT+gVfaBP69l6t76s7zSas7KZXTQF6+cXDhOp9A==</latexit>

Energy transport

 = (⇢, T,Xi)
<latexit sha1_base64="vKXwkW1kdaSPgP2GkEZHoT9ItU8=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiVChlRkTdCAU3Liv0Bp1hyKSZNjQzCUlGKEMXbnwVNy4UcetDuPNtTNtZaOsPgY//nMPJ+UPBqNKO820V1tY3NreK26Wd3b39A/vwqKN4KjFpY8647IVIEUYT0tZUM9ITkqA4ZKQbjm9n9e4DkYrypKUngvgxGiY0ohhpYwV22RsjIRC8gQuoenLEa61aL6BngV1x6s5ccBXcHCogVzOwv7wBx2lMEo0ZUqrvOkL7GZKaYkamJS9VRCA8RkPSN5igmCg/mx8xhafGGcCIS/MSDefu74kMxUpN4tB0xkiP1HJtZv5X66c6uvYzmohUkwQvFkUpg5rDWSJwQCXBmk0MICyp+SvEIyQR1ia3kgnBXT55FTrnddepu/cXlcZlHkcRlMEJqAIXXIEGuANN0AYYPIJn8ArerCfrxXq3PhatBSufOQZ/ZH3+AKA2lr4=</latexit><latexit sha1_base64="vKXwkW1kdaSPgP2GkEZHoT9ItU8=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiVChlRkTdCAU3Liv0Bp1hyKSZNjQzCUlGKEMXbnwVNy4UcetDuPNtTNtZaOsPgY//nMPJ+UPBqNKO820V1tY3NreK26Wd3b39A/vwqKN4KjFpY8647IVIEUYT0tZUM9ITkqA4ZKQbjm9n9e4DkYrypKUngvgxGiY0ohhpYwV22RsjIRC8gQuoenLEa61aL6BngV1x6s5ccBXcHCogVzOwv7wBx2lMEo0ZUqrvOkL7GZKaYkamJS9VRCA8RkPSN5igmCg/mx8xhafGGcCIS/MSDefu74kMxUpN4tB0xkiP1HJtZv5X66c6uvYzmohUkwQvFkUpg5rDWSJwQCXBmk0MICyp+SvEIyQR1ia3kgnBXT55FTrnddepu/cXlcZlHkcRlMEJqAIXXIEGuANN0AYYPIJn8ArerCfrxXq3PhatBSufOQZ/ZH3+AKA2lr4=</latexit><latexit sha1_base64="vKXwkW1kdaSPgP2GkEZHoT9ItU8=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiVChlRkTdCAU3Liv0Bp1hyKSZNjQzCUlGKEMXbnwVNy4UcetDuPNtTNtZaOsPgY//nMPJ+UPBqNKO820V1tY3NreK26Wd3b39A/vwqKN4KjFpY8647IVIEUYT0tZUM9ITkqA4ZKQbjm9n9e4DkYrypKUngvgxGiY0ohhpYwV22RsjIRC8gQuoenLEa61aL6BngV1x6s5ccBXcHCogVzOwv7wBx2lMEo0ZUqrvOkL7GZKaYkamJS9VRCA8RkPSN5igmCg/mx8xhafGGcCIS/MSDefu74kMxUpN4tB0xkiP1HJtZv5X66c6uvYzmohUkwQvFkUpg5rDWSJwQCXBmk0MICyp+SvEIyQR1ia3kgnBXT55FTrnddepu/cXlcZlHkcRlMEJqAIXXIEGuANN0AYYPIJn8ArerCfrxXq3PhatBSufOQZ/ZH3+AKA2lr4=</latexit><latexit sha1_base64="vKXwkW1kdaSPgP2GkEZHoT9ItU8=">AAACBHicbZDLSgMxFIYz9VbrbdRlN8EiVChlRkTdCAU3Liv0Bp1hyKSZNjQzCUlGKEMXbnwVNy4UcetDuPNtTNtZaOsPgY//nMPJ+UPBqNKO820V1tY3NreK26Wd3b39A/vwqKN4KjFpY8647IVIEUYT0tZUM9ITkqA4ZKQbjm9n9e4DkYrypKUngvgxGiY0ohhpYwV22RsjIRC8gQuoenLEa61aL6BngV1x6s5ccBXcHCogVzOwv7wBx2lMEo0ZUqrvOkL7GZKaYkamJS9VRCA8RkPSN5igmCg/mx8xhafGGcCIS/MSDefu74kMxUpN4tB0xkiP1HJtZv5X66c6uvYzmohUkwQvFkUpg5rDWSJwQCXBmk0MICyp+SvEIyQR1ia3kgnBXT55FTrnddepu/cXlcZlHkcRlMEJqAIXXIEGuANN0AYYPIJn8ArerCfrxXq3PhatBSufOQZ/ZH3+AKA2lr4=</latexit>
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<latexit sha1_base64="hP8pkVsArnAjDb0Fc8h8YAE5vBA="></latexit><latexit sha1_base64="hP8pkVsArnAjDb0Fc8h8YAE5vBA="></latexit><latexit sha1_base64="hP8pkVsArnAjDb0Fc8h8YAE5vBA="></latexit><latexit sha1_base64="hP8pkVsArnAjDb0Fc8h8YAE5vBA="></latexit>

Q = Q(i, j, k)�Q(i, j, k)⌫
<latexit sha1_base64="svm8cJQX2J1ldTIXJoyBPiW8VDk=">AAACBXicbZDLSgMxFIbPeK31NupSF8EiVKhlRkTdCAU3LluwF2iHkkkzbWwmMyQZoQzduPFV3LhQxK3v4M63Mb0I2vpD4OM/53Byfj/mTGnH+bIWFpeWV1Yza9n1jc2tbXtnt6aiRBJaJRGPZMPHinImaFUzzWkjlhSHPqd1v389qtfvqVQsErd6EFMvxF3BAkawNlbbPqigK1TJs8JdoX+MTn6onbZEMmzbOafojIXmwZ1CDqYqt+3PViciSUiFJhwr1XSdWHsplpoRTofZVqJojEkfd2nToMAhVV46vmKIjozTQUEkzRMajd3fEykOlRqEvukMse6p2drI/K/WTHRw6aVMxImmgkwWBQlHOkKjSFCHSUo0HxjARDLzV0R6WGKiTXBZE4I7e/I81E6LrlN0K2e50vk0jgzswyHkwYULKMENlKEKBB7gCV7g1Xq0nq03633SumBNZ/bgj6yPbz+uldg=</latexit><latexit sha1_base64="svm8cJQX2J1ldTIXJoyBPiW8VDk=">AAACBXicbZDLSgMxFIbPeK31NupSF8EiVKhlRkTdCAU3LluwF2iHkkkzbWwmMyQZoQzduPFV3LhQxK3v4M63Mb0I2vpD4OM/53Byfj/mTGnH+bIWFpeWV1Yza9n1jc2tbXtnt6aiRBJaJRGPZMPHinImaFUzzWkjlhSHPqd1v389qtfvqVQsErd6EFMvxF3BAkawNlbbPqigK1TJs8JdoX+MTn6onbZEMmzbOafojIXmwZ1CDqYqt+3PViciSUiFJhwr1XSdWHsplpoRTofZVqJojEkfd2nToMAhVV46vmKIjozTQUEkzRMajd3fEykOlRqEvukMse6p2drI/K/WTHRw6aVMxImmgkwWBQlHOkKjSFCHSUo0HxjARDLzV0R6WGKiTXBZE4I7e/I81E6LrlN0K2e50vk0jgzswyHkwYULKMENlKEKBB7gCV7g1Xq0nq03633SumBNZ/bgj6yPbz+uldg=</latexit><latexit sha1_base64="svm8cJQX2J1ldTIXJoyBPiW8VDk=">AAACBXicbZDLSgMxFIbPeK31NupSF8EiVKhlRkTdCAU3LluwF2iHkkkzbWwmMyQZoQzduPFV3LhQxK3v4M63Mb0I2vpD4OM/53Byfj/mTGnH+bIWFpeWV1Yza9n1jc2tbXtnt6aiRBJaJRGPZMPHinImaFUzzWkjlhSHPqd1v389qtfvqVQsErd6EFMvxF3BAkawNlbbPqigK1TJs8JdoX+MTn6onbZEMmzbOafojIXmwZ1CDqYqt+3PViciSUiFJhwr1XSdWHsplpoRTofZVqJojEkfd2nToMAhVV46vmKIjozTQUEkzRMajd3fEykOlRqEvukMse6p2drI/K/WTHRw6aVMxImmgkwWBQlHOkKjSFCHSUo0HxjARDLzV0R6WGKiTXBZE4I7e/I81E6LrlN0K2e50vk0jgzswyHkwYULKMENlKEKBB7gCV7g1Xq0nq03633SumBNZ/bgj6yPbz+uldg=</latexit><latexit sha1_base64="svm8cJQX2J1ldTIXJoyBPiW8VDk=">AAACBXicbZDLSgMxFIbPeK31NupSF8EiVKhlRkTdCAU3LluwF2iHkkkzbWwmMyQZoQzduPFV3LhQxK3v4M63Mb0I2vpD4OM/53Byfj/mTGnH+bIWFpeWV1Yza9n1jc2tbXtnt6aiRBJaJRGPZMPHinImaFUzzWkjlhSHPqd1v389qtfvqVQsErd6EFMvxF3BAkawNlbbPqigK1TJs8JdoX+MTn6onbZEMmzbOafojIXmwZ1CDqYqt+3PViciSUiFJhwr1XSdWHsplpoRTofZVqJojEkfd2nToMAhVV46vmKIjozTQUEkzRMajd3fEykOlRqEvukMse6p2drI/K/WTHRw6aVMxImmgkwWBQlHOkKjSFCHSUo0HxjARDLzV0R6WGKiTXBZE4I7e/I81E6LrlN0K2e50vk0jgzswyHkwYULKMENlKEKBB7gCV7g1Xq0nq03633SumBNZ/bgj6yPbz+uldg=</latexit>

Composition evolution

Q-values



Overview of stellar evolution

Temperatures and luminosities of stars vary greatly 
Nevertheless, they are occupy specific regions of the 
H-R diagram.  

Explaining the H-R properties and the relative 
populations of stars at each region has been one of the 
great successes of stellar evolution theory 

Stellar luminosity and lifetime depend strongly on mass

Red dwarfs

Subgiants 

Blue giants Supergiants

Red Clump

Brown Dwarfs

Neutron Stars

Sub-dwarfs

AGB

Table from ILIADIS



Overview of stellar evolution

Pre-main sequence evolution

• Initially the gas is in free fall

• As temperature and pressure 
increase, hydrostatic equilibrium 
is achieved

• Deuterium burning temporarily 
halts contraction and allows for 
further mass accretion at the 
surface

• Luminosity is carried by 
convection, thus the material 
becomes fairly well mixed

Figure from CLAYTON



Overview of stellar evolution

• Should be very abundant in the Galaxy. Because they are faint, they may contribute 
to baryonic dark matter

• Central temperature too low for hydrogen burning. Only deuterium burning occurs, 
contributing a small amount of energy

• Lithium burning does not occur

• Sufficiently high mass for hydrogen burning

Brown dwarfs 0.013M�  M  0.08M�
<latexit sha1_base64="BLkzjqHsB/8Ss7bKEIrcecJO8Dc=">AAACIXicbVDNS8MwHE39nPOr6tFLcAgeZLQquuPAi5fBBPcBaylpmm5haVKTVBhl/4oX/xUvHhTZTfxnzLYedPNByOO99yP5vTBlVGnH+bJWVtfWNzZLW+Xtnd29ffvgsK1EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDm+nfueJSEUFf9CjlPgJ6nMaU4y0kQK75lQd99I7zz2ZwMY4yD0RCT2GHiOPsDG/TKS2lAjsitFngMvELUgFFGgG9sSLBM4SwjVmSKme66Taz5HUFDMyLnuZIinCQ9QnPUM5Sojy89mGY3hqlAjGQprDNZypvydylCg1SkKTTJAeqEVvKv7n9TId1/yc8jTThOP5Q3HGoBZwWheMqCRYs5EhCEtq/grxAEmEtSm1bEpwF1deJu2LqutU3furSv26qKMEjsEJOAMuuAF1cAeaoAUweAav4B18WC/Wm/VpTebRFauYOQJ/YH3/ADLiobI=</latexit><latexit sha1_base64="BLkzjqHsB/8Ss7bKEIrcecJO8Dc=">AAACIXicbVDNS8MwHE39nPOr6tFLcAgeZLQquuPAi5fBBPcBaylpmm5haVKTVBhl/4oX/xUvHhTZTfxnzLYedPNByOO99yP5vTBlVGnH+bJWVtfWNzZLW+Xtnd29ffvgsK1EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDm+nfueJSEUFf9CjlPgJ6nMaU4y0kQK75lQd99I7zz2ZwMY4yD0RCT2GHiOPsDG/TKS2lAjsitFngMvELUgFFGgG9sSLBM4SwjVmSKme66Taz5HUFDMyLnuZIinCQ9QnPUM5Sojy89mGY3hqlAjGQprDNZypvydylCg1SkKTTJAeqEVvKv7n9TId1/yc8jTThOP5Q3HGoBZwWheMqCRYs5EhCEtq/grxAEmEtSm1bEpwF1deJu2LqutU3furSv26qKMEjsEJOAMuuAF1cAeaoAUweAav4B18WC/Wm/VpTebRFauYOQJ/YH3/ADLiobI=</latexit><latexit sha1_base64="BLkzjqHsB/8Ss7bKEIrcecJO8Dc=">AAACIXicbVDNS8MwHE39nPOr6tFLcAgeZLQquuPAi5fBBPcBaylpmm5haVKTVBhl/4oX/xUvHhTZTfxnzLYedPNByOO99yP5vTBlVGnH+bJWVtfWNzZLW+Xtnd29ffvgsK1EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDm+nfueJSEUFf9CjlPgJ6nMaU4y0kQK75lQd99I7zz2ZwMY4yD0RCT2GHiOPsDG/TKS2lAjsitFngMvELUgFFGgG9sSLBM4SwjVmSKme66Taz5HUFDMyLnuZIinCQ9QnPUM5Sojy89mGY3hqlAjGQprDNZypvydylCg1SkKTTJAeqEVvKv7n9TId1/yc8jTThOP5Q3HGoBZwWheMqCRYs5EhCEtq/grxAEmEtSm1bEpwF1deJu2LqutU3furSv26qKMEjsEJOAMuuAF1cAeaoAUweAav4B18WC/Wm/VpTebRFauYOQJ/YH3/ADLiobI=</latexit><latexit sha1_base64="BLkzjqHsB/8Ss7bKEIrcecJO8Dc=">AAACIXicbVDNS8MwHE39nPOr6tFLcAgeZLQquuPAi5fBBPcBaylpmm5haVKTVBhl/4oX/xUvHhTZTfxnzLYedPNByOO99yP5vTBlVGnH+bJWVtfWNzZLW+Xtnd29ffvgsK1EJjFpYcGE7IZIEUY5aWmqGemmkqAkZKQTDm+nfueJSEUFf9CjlPgJ6nMaU4y0kQK75lQd99I7zz2ZwMY4yD0RCT2GHiOPsDG/TKS2lAjsitFngMvELUgFFGgG9sSLBM4SwjVmSKme66Taz5HUFDMyLnuZIinCQ9QnPUM5Sojy89mGY3hqlAjGQprDNZypvydylCg1SkKTTJAeqEVvKv7n9TId1/yc8jTThOP5Q3HGoBZwWheMqCRYs5EhCEtq/grxAEmEtSm1bEpwF1deJu2LqutU3furSv26qKMEjsEJOAMuuAF1cAeaoAUweAav4B18WC/Wm/VpTebRFauYOQJ/YH3/ADLiobI=</latexit>

• The core is degenerate

Red dwarfs 0.08M�  M  0.4M�
<latexit sha1_base64="JBB+EyxxDxuHEIJKPuObA40EPSw=">AAACH3icbVBNS8MwGE7n15xfVY9egkPwIKOVMXccePEymOA+YC0lTdMtLG1qkgqj9J948a948aCIeNu/Mdt60M0XQh6eD5L38RNGpbKsmVHa2Nza3invVvb2Dw6PzOOTnuSpwKSLOeNi4CNJGI1JV1HFyCARBEU+I31/cjvX+09ESMrjBzVNiBuhUUxDipHSlGc2rJrVdK4yR0SwnXuZwwOucugw8gjby8uq1dcMnlnVwcXAdWAXoAqK6XjmtxNwnEYkVpghKYe2lSg3Q0JRzEhecVJJEoQnaESGGsYoItLNFvvl8EIzAQy50CdWcMH+TmQoknIa+doZITWWq9qc/E8bpipsuhmNk1SRGC8fClMGFYfzsmBABcGKTTVAWFD9V4jHSCCsdKUVXYK9uvI66F3XbKtm39errUZRRxmcgXNwCWxwA1rgDnRAF2DwDF7BO/gwXow349P4WlpLRpE5BX/GmP0APZKhPg==</latexit><latexit sha1_base64="JBB+EyxxDxuHEIJKPuObA40EPSw=">AAACH3icbVBNS8MwGE7n15xfVY9egkPwIKOVMXccePEymOA+YC0lTdMtLG1qkgqj9J948a948aCIeNu/Mdt60M0XQh6eD5L38RNGpbKsmVHa2Nza3invVvb2Dw6PzOOTnuSpwKSLOeNi4CNJGI1JV1HFyCARBEU+I31/cjvX+09ESMrjBzVNiBuhUUxDipHSlGc2rJrVdK4yR0SwnXuZwwOucugw8gjby8uq1dcMnlnVwcXAdWAXoAqK6XjmtxNwnEYkVpghKYe2lSg3Q0JRzEhecVJJEoQnaESGGsYoItLNFvvl8EIzAQy50CdWcMH+TmQoknIa+doZITWWq9qc/E8bpipsuhmNk1SRGC8fClMGFYfzsmBABcGKTTVAWFD9V4jHSCCsdKUVXYK9uvI66F3XbKtm39errUZRRxmcgXNwCWxwA1rgDnRAF2DwDF7BO/gwXow349P4WlpLRpE5BX/GmP0APZKhPg==</latexit><latexit sha1_base64="JBB+EyxxDxuHEIJKPuObA40EPSw=">AAACH3icbVBNS8MwGE7n15xfVY9egkPwIKOVMXccePEymOA+YC0lTdMtLG1qkgqj9J948a948aCIeNu/Mdt60M0XQh6eD5L38RNGpbKsmVHa2Nza3invVvb2Dw6PzOOTnuSpwKSLOeNi4CNJGI1JV1HFyCARBEU+I31/cjvX+09ESMrjBzVNiBuhUUxDipHSlGc2rJrVdK4yR0SwnXuZwwOucugw8gjby8uq1dcMnlnVwcXAdWAXoAqK6XjmtxNwnEYkVpghKYe2lSg3Q0JRzEhecVJJEoQnaESGGsYoItLNFvvl8EIzAQy50CdWcMH+TmQoknIa+doZITWWq9qc/E8bpipsuhmNk1SRGC8fClMGFYfzsmBABcGKTTVAWFD9V4jHSCCsdKUVXYK9uvI66F3XbKtm39errUZRRxmcgXNwCWxwA1rgDnRAF2DwDF7BO/gwXow349P4WlpLRpE5BX/GmP0APZKhPg==</latexit><latexit sha1_base64="JBB+EyxxDxuHEIJKPuObA40EPSw=">AAACH3icbVBNS8MwGE7n15xfVY9egkPwIKOVMXccePEymOA+YC0lTdMtLG1qkgqj9J948a948aCIeNu/Mdt60M0XQh6eD5L38RNGpbKsmVHa2Nza3invVvb2Dw6PzOOTnuSpwKSLOeNi4CNJGI1JV1HFyCARBEU+I31/cjvX+09ESMrjBzVNiBuhUUxDipHSlGc2rJrVdK4yR0SwnXuZwwOucugw8gjby8uq1dcMnlnVwcXAdWAXoAqK6XjmtxNwnEYkVpghKYe2lSg3Q0JRzEhecVJJEoQnaESGGsYoItLNFvvl8EIzAQy50CdWcMH+TmQoknIa+doZITWWq9qc/E8bpipsuhmNk1SRGC8fClMGFYfzsmBABcGKTTVAWFD9V4jHSCCsdKUVXYK9uvI66F3XbKtm39errUZRRxmcgXNwCWxwA1rgDnRAF2DwDF7BO/gwXow349P4WlpLRpE5BX/GmP0APZKhPg==</latexit>

• Their main-sequence lifetime can be several thousand times the age of the Universe 
(practically immortal)

• Not enough mass for helium fusion; eventually, they will become helium white dwarfs



Overview of stellar evolution

low-mass stars 0.4M�  M  2M�
<latexit sha1_base64="OEnYwScSBaUmPy1o/D+NBOFi49U=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0VwISGpRV0W3LgpVLAPaEKYTCbt0EkmzkyEEvohbvwVNy4UceNC8G+ctllo64HLPZxzLzP3BCmjUtn2t1FaWV1b3yhvVra2d3b3zP2DjuSZwKSNOeOiFyBJGE1IW1HFSC8VBMUBI91gdD31uw9ESMqTOzVOiRejQUIjipHSkm+e21bdPctdEcPmxM9dHnI1gS4j97A5b7Ul2zertmXPAJeJU5AqKNDyzU835DiLSaIwQ1L2HTtVXo6EopiRScXNJEkRHqEB6WuaoJhIL58dN4EnWglhxIWuRMGZ+nsjR7GU4zjQkzFSQ7noTcX/vH6moisvp0maKZLg+UNRxqDicJoUDKkgWLGxJggLqv8K8RAJhJXOs6JDcBZPXiadmuXYlnNbrzYuijjK4Agcg1PggEvQADegBdoAg0fwDF7Bm/FkvBjvxsd8tGQUO4fgD4yvH8TtoIw=</latexit><latexit sha1_base64="OEnYwScSBaUmPy1o/D+NBOFi49U=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0VwISGpRV0W3LgpVLAPaEKYTCbt0EkmzkyEEvohbvwVNy4UceNC8G+ctllo64HLPZxzLzP3BCmjUtn2t1FaWV1b3yhvVra2d3b3zP2DjuSZwKSNOeOiFyBJGE1IW1HFSC8VBMUBI91gdD31uw9ESMqTOzVOiRejQUIjipHSkm+e21bdPctdEcPmxM9dHnI1gS4j97A5b7Ul2zertmXPAJeJU5AqKNDyzU835DiLSaIwQ1L2HTtVXo6EopiRScXNJEkRHqEB6WuaoJhIL58dN4EnWglhxIWuRMGZ+nsjR7GU4zjQkzFSQ7noTcX/vH6moisvp0maKZLg+UNRxqDicJoUDKkgWLGxJggLqv8K8RAJhJXOs6JDcBZPXiadmuXYlnNbrzYuijjK4Agcg1PggEvQADegBdoAg0fwDF7Bm/FkvBjvxsd8tGQUO4fgD4yvH8TtoIw=</latexit><latexit sha1_base64="OEnYwScSBaUmPy1o/D+NBOFi49U=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0VwISGpRV0W3LgpVLAPaEKYTCbt0EkmzkyEEvohbvwVNy4UceNC8G+ctllo64HLPZxzLzP3BCmjUtn2t1FaWV1b3yhvVra2d3b3zP2DjuSZwKSNOeOiFyBJGE1IW1HFSC8VBMUBI91gdD31uw9ESMqTOzVOiRejQUIjipHSkm+e21bdPctdEcPmxM9dHnI1gS4j97A5b7Ul2zertmXPAJeJU5AqKNDyzU835DiLSaIwQ1L2HTtVXo6EopiRScXNJEkRHqEB6WuaoJhIL58dN4EnWglhxIWuRMGZ+nsjR7GU4zjQkzFSQ7noTcX/vH6moisvp0maKZLg+UNRxqDicJoUDKkgWLGxJggLqv8K8RAJhJXOs6JDcBZPXiadmuXYlnNbrzYuijjK4Agcg1PggEvQADegBdoAg0fwDF7Bm/FkvBjvxsd8tGQUO4fgD4yvH8TtoIw=</latexit><latexit sha1_base64="OEnYwScSBaUmPy1o/D+NBOFi49U=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0VwISGpRV0W3LgpVLAPaEKYTCbt0EkmzkyEEvohbvwVNy4UceNC8G+ctllo64HLPZxzLzP3BCmjUtn2t1FaWV1b3yhvVra2d3b3zP2DjuSZwKSNOeOiFyBJGE1IW1HFSC8VBMUBI91gdD31uw9ESMqTOzVOiRejQUIjipHSkm+e21bdPctdEcPmxM9dHnI1gS4j97A5b7Ul2zertmXPAJeJU5AqKNDyzU835DiLSaIwQ1L2HTtVXo6EopiRScXNJEkRHqEB6WuaoJhIL58dN4EnWglhxIWuRMGZ+nsjR7GU4zjQkzFSQ7noTcX/vH6moisvp0maKZLg+UNRxqDicJoUDKkgWLGxJggLqv8K8RAJhJXOs6JDcBZPXiadmuXYlnNbrzYuijjK4Agcg1PggEvQADegBdoAg0fwDF7Bm/FkvBjvxsd8tGQUO4fgD4yvH8TtoIw=</latexit>

• Below ~1.5 solar masses, core energy transport  
via radiation, above that, via convection

Figures from ILIADIS

• After core H burning, the star is located at the bluest/hottest  
point on the MS

• H-burning continues in a shell, while the core  
contracts and the star leaves the MS

• Heating and shell burning eventually creates  
a fully convective envelope  (SGB —> RGB)

• The core becomes degenerate, and when  
the temperature rises,  a runaway is initiated (HeF) 

• Eventually core He is exhausted and the core  
contracts again.  An unstable double shell structure  
 develops on the E-AGB

• Shell interaction leads to thermonuclear He runaway 
(TP-AGB)

• Finally the envelope is expelled  
and the star settles as a WD



Overview of stellar evolution

Intermediate-mass 2M�  M  11M�
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• The helium core does not become degenerate on the RGB and therefore helium burning is 
stable. The subsequent evolution is very similar to lower-mass stars 
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• These stars experience an additional dredge-up episode on the E-AGB. Hot-bottom burning 
creates convection and brings processed material to the surface
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• After core helium burning the core contracts. Heating due to contraction competes with 
neutrino losses (cooling). As a result, the maximum temperature is attained off-centre, and 
carbon ignites in a series of flashes under mildly degenerate conditions. The star becomes a 
super-AGB star and eventually settles as an ONeMg WD



Overview of stellar evolution

High-mass stars

Figures from ILIADIS

Qualitatively very different evolution. Fusion continues to convert elements to heavier ones until 
a Fe core develops, surrounded by an onion-like structure.  
The star collapses and creates a SN explosion



Stellar Structure

What can we learn about a star without solving the detailed set of diff. equations? 
 
The Virial Theorem

Integrating from the core to the surface of the star:

For the left hand side of the equation, integration by parts yields:
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<latexit sha1_base64="ClVUBM/lfDo05GU95sXEOEBumfw="></latexit><latexit sha1_base64="ClVUBM/lfDo05GU95sXEOEBumfw="></latexit><latexit sha1_base64="ClVUBM/lfDo05GU95sXEOEBumfw="></latexit><latexit sha1_base64="ClVUBM/lfDo05GU95sXEOEBumfw="></latexit>

This tells us that when the gravitational energy increases during contraction, the star must 
increase its internal pressure to maintain hydrostatic equilibrium
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is also related to the internal energy per unit mass,

Thus, for an ideal gas, contraction also leads to higher temperature

P/⇢
<latexit sha1_base64="O0/1YWJi/DPCBhtfr/2iT1ypBJM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8xV0R9Rjw4jGCeUCyhNlJbzJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsPbqd98Qm24kg92lGKY0L7kMWfUOqlRO+/ogeqWyn7Fn4EskyAnZchR65a+Oj3FsgSlZYIa0w781IZjqi1nAifFTmYwpWxI+9h2VNIETTieXTshp07pkVhpV9KSmfp7YkwTY0ZJ5DoTagdm0ZuK/3ntzMY34ZjLNLMo2XxRnAliFZm+TnpcI7Ni5AhlmrtbCRtQTZl1ARVdCMHiy8ukcVEJ/Epwf1muXuVxFOAYTuAMAriGKtxBDerA4BGe4RXePOW9eO/ex7x1xctnjuAPvM8fKL2Ozg==</latexit><latexit sha1_base64="O0/1YWJi/DPCBhtfr/2iT1ypBJM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8xV0R9Rjw4jGCeUCyhNlJbzJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsPbqd98Qm24kg92lGKY0L7kMWfUOqlRO+/ogeqWyn7Fn4EskyAnZchR65a+Oj3FsgSlZYIa0w781IZjqi1nAifFTmYwpWxI+9h2VNIETTieXTshp07pkVhpV9KSmfp7YkwTY0ZJ5DoTagdm0ZuK/3ntzMY34ZjLNLMo2XxRnAliFZm+TnpcI7Ni5AhlmrtbCRtQTZl1ARVdCMHiy8ukcVEJ/Epwf1muXuVxFOAYTuAMAriGKtxBDerA4BGe4RXePOW9eO/ex7x1xctnjuAPvM8fKL2Ozg==</latexit><latexit sha1_base64="O0/1YWJi/DPCBhtfr/2iT1ypBJM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8xV0R9Rjw4jGCeUCyhNlJbzJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsPbqd98Qm24kg92lGKY0L7kMWfUOqlRO+/ogeqWyn7Fn4EskyAnZchR65a+Oj3FsgSlZYIa0w781IZjqi1nAifFTmYwpWxI+9h2VNIETTieXTshp07pkVhpV9KSmfp7YkwTY0ZJ5DoTagdm0ZuK/3ntzMY34ZjLNLMo2XxRnAliFZm+TnpcI7Ni5AhlmrtbCRtQTZl1ARVdCMHiy8ukcVEJ/Epwf1muXuVxFOAYTuAMAriGKtxBDerA4BGe4RXePOW9eO/ex7x1xctnjuAPvM8fKL2Ozg==</latexit><latexit sha1_base64="O0/1YWJi/DPCBhtfr/2iT1ypBJM=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8xV0R9Rjw4jGCeUCyhNlJbzJmdmaZmRVCyD948aCIV//Hm3/jJNmDJhY0FFXddHdFqeDG+v63t7K6tr6xWdgqbu/s7u2XDg4bRmWaYZ0poXQrogYFl1i33ApspRppEglsRsPbqd98Qm24kg92lGKY0L7kMWfUOqlRO+/ogeqWyn7Fn4EskyAnZchR65a+Oj3FsgSlZYIa0w781IZjqi1nAifFTmYwpWxI+9h2VNIETTieXTshp07pkVhpV9KSmfp7YkwTY0ZJ5DoTagdm0ZuK/3ntzMY34ZjLNLMo2XxRnAliFZm+TnpcI7Ni5AhlmrtbCRtQTZl1ARVdCMHiy8ukcVEJ/Epwf1muXuVxFOAYTuAMAriGKtxBDerA4BGe4RXePOW9eO/ex7x1xctnjuAPvM8fKL2Ozg==</latexit>

P/⇢ = u⇣/3
<latexit sha1_base64="x5v43zjaKdawesRmx/HgHzqGB+s=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCpzZRUS9CwYvHCvYDmlA220m7dLMJuxuxhv4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3Cyura+kZxs7S1vbO7Z++XWypOJYUmjXksOwFRwJmApmaaQyeRQKKAQzsY3Uz99gNIxWJxr8cJ+BEZCBYySrSRena5UfPkMMbXOPWeQJPaGe7ZFafqzICXiZuTCsrR6NlfXj+maQRCU06U6rpOov2MSM0oh0nJSxUkhI7IALqGChKB8rPZ7RN8bJQ+DmNpSmg8U39PZCRSahwFpjMieqgWvan4n9dNdXjlZ0wkqQZB54vClGMd42kQuM8kUM3HhhAqmbkV0yGRhGoTV8mE4C6+vExap1XXqbp355X6RR5HER2iI3SCXHSJ6ugWNVATUfSIntErerMm1ov1bn3MWwtWPnOA/sD6/AHeC5L7</latexit><latexit sha1_base64="x5v43zjaKdawesRmx/HgHzqGB+s=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCpzZRUS9CwYvHCvYDmlA220m7dLMJuxuxhv4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3Cyura+kZxs7S1vbO7Z++XWypOJYUmjXksOwFRwJmApmaaQyeRQKKAQzsY3Uz99gNIxWJxr8cJ+BEZCBYySrSRena5UfPkMMbXOPWeQJPaGe7ZFafqzICXiZuTCsrR6NlfXj+maQRCU06U6rpOov2MSM0oh0nJSxUkhI7IALqGChKB8rPZ7RN8bJQ+DmNpSmg8U39PZCRSahwFpjMieqgWvan4n9dNdXjlZ0wkqQZB54vClGMd42kQuM8kUM3HhhAqmbkV0yGRhGoTV8mE4C6+vExap1XXqbp355X6RR5HER2iI3SCXHSJ6ugWNVATUfSIntErerMm1ov1bn3MWwtWPnOA/sD6/AHeC5L7</latexit><latexit sha1_base64="x5v43zjaKdawesRmx/HgHzqGB+s=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCpzZRUS9CwYvHCvYDmlA220m7dLMJuxuxhv4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3Cyura+kZxs7S1vbO7Z++XWypOJYUmjXksOwFRwJmApmaaQyeRQKKAQzsY3Uz99gNIxWJxr8cJ+BEZCBYySrSRena5UfPkMMbXOPWeQJPaGe7ZFafqzICXiZuTCsrR6NlfXj+maQRCU06U6rpOov2MSM0oh0nJSxUkhI7IALqGChKB8rPZ7RN8bJQ+DmNpSmg8U39PZCRSahwFpjMieqgWvan4n9dNdXjlZ0wkqQZB54vClGMd42kQuM8kUM3HhhAqmbkV0yGRhGoTV8mE4C6+vExap1XXqbp355X6RR5HER2iI3SCXHSJ6ugWNVATUfSIntErerMm1ov1bn3MWwtWPnOA/sD6/AHeC5L7</latexit><latexit sha1_base64="x5v43zjaKdawesRmx/HgHzqGB+s=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCpzZRUS9CwYvHCvYDmlA220m7dLMJuxuxhv4VLx4U8eof8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3Cyura+kZxs7S1vbO7Z++XWypOJYUmjXksOwFRwJmApmaaQyeRQKKAQzsY3Uz99gNIxWJxr8cJ+BEZCBYySrSRena5UfPkMMbXOPWeQJPaGe7ZFafqzICXiZuTCsrR6NlfXj+maQRCU06U6rpOov2MSM0oh0nJSxUkhI7IALqGChKB8rPZ7RN8bJQ+DmNpSmg8U39PZCRSahwFpjMieqgWvan4n9dNdXjlZ0wkqQZB54vClGMd42kQuM8kUM3HhhAqmbkV0yGRhGoTV8mE4C6+vExap1XXqbp355X6RR5HER2iI3SCXHSJ6ugWNVATUfSIntErerMm1ov1bn3MWwtWPnOA/sD6/AHeC5L7</latexit>

�Egrav = ⇣Eint, ⇣ = 1, 2
<latexit sha1_base64="7KudzZNSaqj3CmwbLLazYkJD2Lg=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILmqZKaJuCgURXFawF2hLyaSZNjSTGZIzhTrMS7jxVdy4UMSt4M63MW1noa0/BH6+cw4n53dDwTXY9reVWVldW9/Ibua2tnd29/L7Bw0dRIqyOg1EoFou0UxwyerAQbBWqBjxXcGa7uh6Wm+OmdI8kPcwCVnXJwPJPU4JGNTLF89uenFH+XigyDjBFdx5YEBwCrmEpDhHFadY7uULdsmeCS8bJzUFlKrWy391+gGNfCaBCqJ127FD6MZEAaeCJblOpFlI6IgMWNtYSXymu/HsqgSfGNLHXqDMk4Bn9PdETHytJ75rOn0CQ71Ym8L/au0IvKtuzGUYAZN0vsiLBIYATyPCfa4YBTExhlDFzV8xHRJFKJggcyYEZ/HkZdMolxy75NydF6oXaRxZdISO0Sly0CWqoltUQ3VE0SN6Rq/ozXqyXqx362PemrHSmUP0R9bnD8dcnUI=</latexit><latexit sha1_base64="7KudzZNSaqj3CmwbLLazYkJD2Lg=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILmqZKaJuCgURXFawF2hLyaSZNjSTGZIzhTrMS7jxVdy4UMSt4M63MW1noa0/BH6+cw4n53dDwTXY9reVWVldW9/Ibua2tnd29/L7Bw0dRIqyOg1EoFou0UxwyerAQbBWqBjxXcGa7uh6Wm+OmdI8kPcwCVnXJwPJPU4JGNTLF89uenFH+XigyDjBFdx5YEBwCrmEpDhHFadY7uULdsmeCS8bJzUFlKrWy391+gGNfCaBCqJ127FD6MZEAaeCJblOpFlI6IgMWNtYSXymu/HsqgSfGNLHXqDMk4Bn9PdETHytJ75rOn0CQ71Ym8L/au0IvKtuzGUYAZN0vsiLBIYATyPCfa4YBTExhlDFzV8xHRJFKJggcyYEZ/HkZdMolxy75NydF6oXaRxZdISO0Sly0CWqoltUQ3VE0SN6Rq/ozXqyXqx362PemrHSmUP0R9bnD8dcnUI=</latexit><latexit sha1_base64="7KudzZNSaqj3CmwbLLazYkJD2Lg=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILmqZKaJuCgURXFawF2hLyaSZNjSTGZIzhTrMS7jxVdy4UMSt4M63MW1noa0/BH6+cw4n53dDwTXY9reVWVldW9/Ibua2tnd29/L7Bw0dRIqyOg1EoFou0UxwyerAQbBWqBjxXcGa7uh6Wm+OmdI8kPcwCVnXJwPJPU4JGNTLF89uenFH+XigyDjBFdx5YEBwCrmEpDhHFadY7uULdsmeCS8bJzUFlKrWy391+gGNfCaBCqJ127FD6MZEAaeCJblOpFlI6IgMWNtYSXymu/HsqgSfGNLHXqDMk4Bn9PdETHytJ75rOn0CQ71Ym8L/au0IvKtuzGUYAZN0vsiLBIYATyPCfa4YBTExhlDFzV8xHRJFKJggcyYEZ/HkZdMolxy75NydF6oXaRxZdISO0Sly0CWqoltUQ3VE0SN6Rq/ozXqyXqx362PemrHSmUP0R9bnD8dcnUI=</latexit><latexit sha1_base64="7KudzZNSaqj3CmwbLLazYkJD2Lg=">AAACFXicbZDLSgMxFIYz9VbrrerSTbAILmqZKaJuCgURXFawF2hLyaSZNjSTGZIzhTrMS7jxVdy4UMSt4M63MW1noa0/BH6+cw4n53dDwTXY9reVWVldW9/Ibua2tnd29/L7Bw0dRIqyOg1EoFou0UxwyerAQbBWqBjxXcGa7uh6Wm+OmdI8kPcwCVnXJwPJPU4JGNTLF89uenFH+XigyDjBFdx5YEBwCrmEpDhHFadY7uULdsmeCS8bJzUFlKrWy391+gGNfCaBCqJ127FD6MZEAaeCJblOpFlI6IgMWNtYSXymu/HsqgSfGNLHXqDMk4Bn9PdETHytJ75rOn0CQ71Ym8L/au0IvKtuzGUYAZN0vsiLBIYATyPCfa4YBTExhlDFzV8xHRJFKJggcyYEZ/HkZdMolxy75NydF6oXaRxZdISO0Sly0CWqoltUQ3VE0SN6Rq/ozXqyXqx362PemrHSmUP0R9bnD8dcnUI=</latexit>

How does the pressure behave qualitatively? 
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<latexit sha1_base64="5PNFLaLI9dfMgi9Tm3Rjx5xf3G0="></latexit><latexit sha1_base64="5PNFLaLI9dfMgi9Tm3Rjx5xf3G0="></latexit><latexit sha1_base64="5PNFLaLI9dfMgi9Tm3Rjx5xf3G0="></latexit><latexit sha1_base64="5PNFLaLI9dfMgi9Tm3Rjx5xf3G0="></latexit>
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<latexit sha1_base64="WyTgnCebkH32o6+Oval5CkTxJcM="></latexit><latexit sha1_base64="WyTgnCebkH32o6+Oval5CkTxJcM="></latexit><latexit sha1_base64="WyTgnCebkH32o6+Oval5CkTxJcM="></latexit><latexit sha1_base64="WyTgnCebkH32o6+Oval5CkTxJcM="></latexit>

Eint /
Z M

0
PdV ⇠ hP iV ⇠ hP ihri3

<latexit sha1_base64="SYIR6A1vlVLhXw6rpbQbdxGdTrA="></latexit><latexit sha1_base64="SYIR6A1vlVLhXw6rpbQbdxGdTrA="></latexit><latexit sha1_base64="SYIR6A1vlVLhXw6rpbQbdxGdTrA="></latexit><latexit sha1_base64="SYIR6A1vlVLhXw6rpbQbdxGdTrA="></latexit>

Therefore, from the Virial theorem it follows that, independently of the temperature and EoS:



Stellar Structure
Can we infer the temperature evolution of the core?  
For that we also need some info  about the EoS

Radiation : P =
1

3
aT 4

<latexit sha1_base64="fxtzCuOS50abM1J3QHxqdaT6DlA=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRaVASh4MZllb6giWUymbRDZ5IwMxFKiD/gxl9x40IRt67d+TdO0y609cCFwzn3cu89XsyoVJb1bRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10OSMBqSlqKKkW4sCOIeIx1vdDXxO/dESBqFTTWOicvRIKQBxUhpqW9WUkdweIt8mgsXDxlswEvoBALh1M7Skww172p9s2xVrRxwkdgzUgYzNPrml+NHOOEkVJghKXu2FSs3RUJRzEhWchJJYoRHaEB6moaIE+mm+TsZrGjFh0EkdIUK5urviRRxKcfc050cqaGc9ybif14vUcG5m9IwThQJ8XRRkDCoIjjJBvpUEKzYWBOEBdW3QjxEOgmlEyzpEOz5lxdJ+7hqW1X7plaun87iKIIDcAiOgA3OQB1cgwZoAQwewTN4BW/Gk/FivBsf09aCMZvZB39gfP4AvLKbNw==</latexit><latexit sha1_base64="fxtzCuOS50abM1J3QHxqdaT6DlA=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRaVASh4MZllb6giWUymbRDZ5IwMxFKiD/gxl9x40IRt67d+TdO0y609cCFwzn3cu89XsyoVJb1bRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10OSMBqSlqKKkW4sCOIeIx1vdDXxO/dESBqFTTWOicvRIKQBxUhpqW9WUkdweIt8mgsXDxlswEvoBALh1M7Skww172p9s2xVrRxwkdgzUgYzNPrml+NHOOEkVJghKXu2FSs3RUJRzEhWchJJYoRHaEB6moaIE+mm+TsZrGjFh0EkdIUK5urviRRxKcfc050cqaGc9ybif14vUcG5m9IwThQJ8XRRkDCoIjjJBvpUEKzYWBOEBdW3QjxEOgmlEyzpEOz5lxdJ+7hqW1X7plaun87iKIIDcAiOgA3OQB1cgwZoAQwewTN4BW/Gk/FivBsf09aCMZvZB39gfP4AvLKbNw==</latexit><latexit sha1_base64="fxtzCuOS50abM1J3QHxqdaT6DlA=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRaVASh4MZllb6giWUymbRDZ5IwMxFKiD/gxl9x40IRt67d+TdO0y609cCFwzn3cu89XsyoVJb1bRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10OSMBqSlqKKkW4sCOIeIx1vdDXxO/dESBqFTTWOicvRIKQBxUhpqW9WUkdweIt8mgsXDxlswEvoBALh1M7Skww172p9s2xVrRxwkdgzUgYzNPrml+NHOOEkVJghKXu2FSs3RUJRzEhWchJJYoRHaEB6moaIE+mm+TsZrGjFh0EkdIUK5urviRRxKcfc050cqaGc9ybif14vUcG5m9IwThQJ8XRRkDCoIjjJBvpUEKzYWBOEBdW3QjxEOgmlEyzpEOz5lxdJ+7hqW1X7plaun87iKIIDcAiOgA3OQB1cgwZoAQwewTN4BW/Gk/FivBsf09aCMZvZB39gfP4AvLKbNw==</latexit><latexit sha1_base64="fxtzCuOS50abM1J3QHxqdaT6DlA=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRaVASh4MZllb6giWUymbRDZ5IwMxFKiD/gxl9x40IRt67d+TdO0y609cCFwzn3cu89XsyoVJb1bRSWlldW14rrpY3Nre0dc3evLaNEYNLCEYtE10OSMBqSlqKKkW4sCOIeIx1vdDXxO/dESBqFTTWOicvRIKQBxUhpqW9WUkdweIt8mgsXDxlswEvoBALh1M7Skww172p9s2xVrRxwkdgzUgYzNPrml+NHOOEkVJghKXu2FSs3RUJRzEhWchJJYoRHaEB6moaIE+mm+TsZrGjFh0EkdIUK5urviRRxKcfc050cqaGc9ybif14vUcG5m9IwThQJ8XRRkDCoIjjJBvpUEKzYWBOEBdW3QjxEOgmlEyzpEOz5lxdJ+7hqW1X7plaun87iKIIDcAiOgA3OQB1cgwZoAQwewTN4BW/Gk/FivBsf09aCMZvZB39gfP4AvLKbNw==</latexit> Id
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<latexit sha1_base64="PsocC+L9jfrxGC4dybW6RRf6oas=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIpKoJQcKHuqvQFTSiT6aQdOpOEmYlQQvohbvwVNy4UceFG/BsnbRbaemDgzDn3cu89XsSoVJb1bRSWlldW14rrpY3Nre0dc3evJcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdJX57QciJA2DhhpHxOVoEFCfYqS01DOriSM4vO0TxCbXSF5MUliHl9DxBcKJw5EaajZK7tNU/+LUEcMQNnpm2apYU8BFYuekDHLUe+an0w9xzEmgMENSdm0rUm6ChKKYkbTkxJJECI/QgHQ1DRAn0k2m16XwSCt96IdCv0DBqfq7I0FcyjH3dGW2r5z3MvE/rxsr/9xNaBDFigR4NsiPGVQhzKKCfSoIVmysCcKC6l0hHiIdjNKBlnQI9vzJi6R1UrGtin1XLddO8ziK4AAcgmNggzNQAzegDpoAg0fwDF7Bm/FkvBjvxsestGDkPfvgD4yvH7nooko=</latexit><latexit sha1_base64="PsocC+L9jfrxGC4dybW6RRf6oas=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIpKoJQcKHuqvQFTSiT6aQdOpOEmYlQQvohbvwVNy4UceFG/BsnbRbaemDgzDn3cu89XsSoVJb1bRSWlldW14rrpY3Nre0dc3evJcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdJX57QciJA2DhhpHxOVoEFCfYqS01DOriSM4vO0TxCbXSF5MUliHl9DxBcKJw5EaajZK7tNU/+LUEcMQNnpm2apYU8BFYuekDHLUe+an0w9xzEmgMENSdm0rUm6ChKKYkbTkxJJECI/QgHQ1DRAn0k2m16XwSCt96IdCv0DBqfq7I0FcyjH3dGW2r5z3MvE/rxsr/9xNaBDFigR4NsiPGVQhzKKCfSoIVmysCcKC6l0hHiIdjNKBlnQI9vzJi6R1UrGtin1XLddO8ziK4AAcgmNggzNQAzegDpoAg0fwDF7Bm/FkvBjvxsestGDkPfvgD4yvH7nooko=</latexit><latexit sha1_base64="PsocC+L9jfrxGC4dybW6RRf6oas=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIpKoJQcKHuqvQFTSiT6aQdOpOEmYlQQvohbvwVNy4UceFG/BsnbRbaemDgzDn3cu89XsSoVJb1bRSWlldW14rrpY3Nre0dc3evJcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdJX57QciJA2DhhpHxOVoEFCfYqS01DOriSM4vO0TxCbXSF5MUliHl9DxBcKJw5EaajZK7tNU/+LUEcMQNnpm2apYU8BFYuekDHLUe+an0w9xzEmgMENSdm0rUm6ChKKYkbTkxJJECI/QgHQ1DRAn0k2m16XwSCt96IdCv0DBqfq7I0FcyjH3dGW2r5z3MvE/rxsr/9xNaBDFigR4NsiPGVQhzKKCfSoIVmysCcKC6l0hHiIdjNKBlnQI9vzJi6R1UrGtin1XLddO8ziK4AAcgmNggzNQAzegDpoAg0fwDF7Bm/FkvBjvxsestGDkPfvgD4yvH7nooko=</latexit><latexit sha1_base64="PsocC+L9jfrxGC4dybW6RRf6oas=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIpKoJQcKHuqvQFTSiT6aQdOpOEmYlQQvohbvwVNy4UceFG/BsnbRbaemDgzDn3cu89XsSoVJb1bRSWlldW14rrpY3Nre0dc3evJcNYYNLEIQtFx0OSMBqQpqKKkU4kCOIeI21vdJX57QciJA2DhhpHxOVoEFCfYqS01DOriSM4vO0TxCbXSF5MUliHl9DxBcKJw5EaajZK7tNU/+LUEcMQNnpm2apYU8BFYuekDHLUe+an0w9xzEmgMENSdm0rUm6ChKKYkbTkxJJECI/QgHQ1DRAn0k2m16XwSCt96IdCv0DBqfq7I0FcyjH3dGW2r5z3MvE/rxsr/9xNaBDFigR4NsiPGVQhzKKCfSoIVmysCcKC6l0hHiIdjNKBlnQI9vzJi6R1UrGtin1XLddO8ziK4AAcgmNggzNQAzegDpoAg0fwDF7Bm/FkvBjvxsestGDkPfvgD4yvH7nooko=</latexit>
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Stars with masses above a certain threshold Mch, can heat-up indefinitely

Stars below this limit will heat and then cool and become degenerate.  
Hence, they reach a maximum temperature, which depends on the mass.

Since fusion of elements requires a certain min. temperature, a minimum mass also required



Stellar Structure

The Chandrasekhar mass

At high densities, pressure is provided only by the electron gas and does not depend on the temperature 

non� relativistic degeneracy : P = K1⇢
5/3

<latexit sha1_base64="QoD6DJUQkYCqm6xOhRbmVw4znEg="></latexit><latexit sha1_base64="QoD6DJUQkYCqm6xOhRbmVw4znEg="></latexit><latexit sha1_base64="QoD6DJUQkYCqm6xOhRbmVw4znEg="></latexit><latexit sha1_base64="QoD6DJUQkYCqm6xOhRbmVw4znEg="></latexit>

relativistic degeneracy : P = K1⇢
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<latexit sha1_base64="bekAkwlvZKr3bO/BPS35uQo6a8w=">AAACGnicbVDLSgMxFM3UV62vUZdugkVwVWe0qAhCwY3gpoJ9QKeWTHrbhmYyQ5IplKH9DTf+ihsXirgTN/6NaTsLrV4InHvOvZzc40ecKe04X1ZmYXFpeSW7mltb39jcsrd3qiqMJYUKDXko6z5RwJmAimaaQz2SQAKfQ83vX0302gCkYqG408MImgHpCtZhlGhDtWw38WSAJXDTD4wdo+M2dEGAJHR4MR7hMr7ENy3Xk73wPikenYxadt4pONPCf4GbgjxKq9yyP7x2SOMAhKacKNVwnUg3EyKNGYdRzosVRIT2SRcaBgoSgGom09NG+MAwbdwJpXlC4yn7cyMhgVLDwDeTAdE9Na9NyP+0Rqw7582EiSjWIOjMqBNzrEM8yQm3mQSq+dAAQiUzf8W0R0wq2qSZMyG48yf/BdXjgusU3NtivnSaxpFFe2gfHSIXnaESukZlVEEUPaAn9IJerUfr2Xqz3mejGSvd2UW/yvr8BsJWoJU=</latexit><latexit sha1_base64="bekAkwlvZKr3bO/BPS35uQo6a8w=">AAACGnicbVDLSgMxFM3UV62vUZdugkVwVWe0qAhCwY3gpoJ9QKeWTHrbhmYyQ5IplKH9DTf+ihsXirgTN/6NaTsLrV4InHvOvZzc40ecKe04X1ZmYXFpeSW7mltb39jcsrd3qiqMJYUKDXko6z5RwJmAimaaQz2SQAKfQ83vX0302gCkYqG408MImgHpCtZhlGhDtWw38WSAJXDTD4wdo+M2dEGAJHR4MR7hMr7ENy3Xk73wPikenYxadt4pONPCf4GbgjxKq9yyP7x2SOMAhKacKNVwnUg3EyKNGYdRzosVRIT2SRcaBgoSgGom09NG+MAwbdwJpXlC4yn7cyMhgVLDwDeTAdE9Na9NyP+0Rqw7582EiSjWIOjMqBNzrEM8yQm3mQSq+dAAQiUzf8W0R0wq2qSZMyG48yf/BdXjgusU3NtivnSaxpFFe2gfHSIXnaESukZlVEEUPaAn9IJerUfr2Xqz3mejGSvd2UW/yvr8BsJWoJU=</latexit><latexit sha1_base64="bekAkwlvZKr3bO/BPS35uQo6a8w=">AAACGnicbVDLSgMxFM3UV62vUZdugkVwVWe0qAhCwY3gpoJ9QKeWTHrbhmYyQ5IplKH9DTf+ihsXirgTN/6NaTsLrV4InHvOvZzc40ecKe04X1ZmYXFpeSW7mltb39jcsrd3qiqMJYUKDXko6z5RwJmAimaaQz2SQAKfQ83vX0302gCkYqG408MImgHpCtZhlGhDtWw38WSAJXDTD4wdo+M2dEGAJHR4MR7hMr7ENy3Xk73wPikenYxadt4pONPCf4GbgjxKq9yyP7x2SOMAhKacKNVwnUg3EyKNGYdRzosVRIT2SRcaBgoSgGom09NG+MAwbdwJpXlC4yn7cyMhgVLDwDeTAdE9Na9NyP+0Rqw7582EiSjWIOjMqBNzrEM8yQm3mQSq+dAAQiUzf8W0R0wq2qSZMyG48yf/BdXjgusU3NtivnSaxpFFe2gfHSIXnaESukZlVEEUPaAn9IJerUfr2Xqz3mejGSvd2UW/yvr8BsJWoJU=</latexit><latexit sha1_base64="bekAkwlvZKr3bO/BPS35uQo6a8w=">AAACGnicbVDLSgMxFM3UV62vUZdugkVwVWe0qAhCwY3gpoJ9QKeWTHrbhmYyQ5IplKH9DTf+ihsXirgTN/6NaTsLrV4InHvOvZzc40ecKe04X1ZmYXFpeSW7mltb39jcsrd3qiqMJYUKDXko6z5RwJmAimaaQz2SQAKfQ83vX0302gCkYqG408MImgHpCtZhlGhDtWw38WSAJXDTD4wdo+M2dEGAJHR4MR7hMr7ENy3Xk73wPikenYxadt4pONPCf4GbgjxKq9yyP7x2SOMAhKacKNVwnUg3EyKNGYdRzosVRIT2SRcaBgoSgGom09NG+MAwbdwJpXlC4yn7cyMhgVLDwDeTAdE9Na9NyP+0Rqw7582EiSjWIOjMqBNzrEM8yQm3mQSq+dAAQiUzf8W0R0wq2qSZMyG48yf/BdXjgusU3NtivnSaxpFFe2gfHSIXnaESukZlVEEUPaAn9IJerUfr2Xqz3mejGSvd2UW/yvr8BsJWoJU=</latexit>
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<latexit sha1_base64="2vtz99iLyCA/Ns3iX/wNCDjKeYc="></latexit><latexit sha1_base64="2vtz99iLyCA/Ns3iX/wNCDjKeYc="></latexit><latexit sha1_base64="2vtz99iLyCA/Ns3iX/wNCDjKeYc="></latexit><latexit sha1_base64="2vtz99iLyCA/Ns3iX/wNCDjKeYc="></latexit>
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<latexit sha1_base64="sxCXAMQZlXK0OXIxB1ihs99+x8s="></latexit><latexit sha1_base64="sxCXAMQZlXK0OXIxB1ihs99+x8s="></latexit><latexit sha1_base64="sxCXAMQZlXK0OXIxB1ihs99+x8s="></latexit><latexit sha1_base64="sxCXAMQZlXK0OXIxB1ihs99+x8s="></latexit>
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<latexit sha1_base64="aSWCqquoafpQpK5tAYv7SCPdrcQ="></latexit><latexit sha1_base64="aSWCqquoafpQpK5tAYv7SCPdrcQ="></latexit><latexit sha1_base64="aSWCqquoafpQpK5tAYv7SCPdrcQ="></latexit><latexit sha1_base64="aSWCqquoafpQpK5tAYv7SCPdrcQ="></latexit>
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<latexit sha1_base64="4Mnx4Mk8sY2yV59WvaGRDsbAom8="></latexit><latexit sha1_base64="4Mnx4Mk8sY2yV59WvaGRDsbAom8="></latexit><latexit sha1_base64="4Mnx4Mk8sY2yV59WvaGRDsbAom8="></latexit><latexit sha1_base64="4Mnx4Mk8sY2yV59WvaGRDsbAom8="></latexit>



Hydrogen fusion



hydrogen fusion

4
1
H !4

He + 2e+ + 2⌫e Q = 26.73MeV
<latexit sha1_base64="wBXbS7R3EOvgmLrbdCtXln8iBkc="></latexit><latexit sha1_base64="wBXbS7R3EOvgmLrbdCtXln8iBkc="></latexit><latexit sha1_base64="wBXbS7R3EOvgmLrbdCtXln8iBkc="></latexit><latexit sha1_base64="wBXbS7R3EOvgmLrbdCtXln8iBkc="></latexit>

What reactions are involved? How can one verify that it is so?

Some candidates for proton fusion

p+ n ! D + �
<latexit sha1_base64="2nmWJRC49vgs7JrLnHWUNhTKYXY=">AAACBHicbVA9SwNBEN2LXzF+nVqmWQyCEAh3ImoZ0MIygvmA5Ahzm81lye7esbunhJDCxr9iY6GIrT/Czn/jJrlCEx8MPN6bYWZemHCmjed9O7mV1bX1jfxmYWt7Z3fP3T9o6DhVhNZJzGPVCkFTziStG2Y4bSWKggg5bYbDq6nfvKdKs1jemVFCAwGRZH1GwFip6xaTssQdxaKBAaXiB3yNy7gTgRCAu27Jq3gz4GXiZ6SEMtS67lenF5NUUGkIB63bvpeYYAzKMMLppNBJNU2ADCGibUslCKqD8eyJCT62Sg/3Y2VLGjxTf0+MQWg9EqHtFGAGetGbiv957dT0L4Mxk0lqqCTzRf2UYxPjaSK4xxQlho8sAaKYvRWTASggxuZWsCH4iy8vk8Zpxfcq/u1ZqXqexZFHRXSETpCPLlAV3aAaqiOCHtEzekVvzpPz4rw7H/PWnJPNHKI/cD5/ALG6lsk=</latexit><latexit sha1_base64="2nmWJRC49vgs7JrLnHWUNhTKYXY=">AAACBHicbVA9SwNBEN2LXzF+nVqmWQyCEAh3ImoZ0MIygvmA5Ahzm81lye7esbunhJDCxr9iY6GIrT/Czn/jJrlCEx8MPN6bYWZemHCmjed9O7mV1bX1jfxmYWt7Z3fP3T9o6DhVhNZJzGPVCkFTziStG2Y4bSWKggg5bYbDq6nfvKdKs1jemVFCAwGRZH1GwFip6xaTssQdxaKBAaXiB3yNy7gTgRCAu27Jq3gz4GXiZ6SEMtS67lenF5NUUGkIB63bvpeYYAzKMMLppNBJNU2ADCGibUslCKqD8eyJCT62Sg/3Y2VLGjxTf0+MQWg9EqHtFGAGetGbiv957dT0L4Mxk0lqqCTzRf2UYxPjaSK4xxQlho8sAaKYvRWTASggxuZWsCH4iy8vk8Zpxfcq/u1ZqXqexZFHRXSETpCPLlAV3aAaqiOCHtEzekVvzpPz4rw7H/PWnJPNHKI/cD5/ALG6lsk=</latexit><latexit sha1_base64="2nmWJRC49vgs7JrLnHWUNhTKYXY=">AAACBHicbVA9SwNBEN2LXzF+nVqmWQyCEAh3ImoZ0MIygvmA5Ahzm81lye7esbunhJDCxr9iY6GIrT/Czn/jJrlCEx8MPN6bYWZemHCmjed9O7mV1bX1jfxmYWt7Z3fP3T9o6DhVhNZJzGPVCkFTziStG2Y4bSWKggg5bYbDq6nfvKdKs1jemVFCAwGRZH1GwFip6xaTssQdxaKBAaXiB3yNy7gTgRCAu27Jq3gz4GXiZ6SEMtS67lenF5NUUGkIB63bvpeYYAzKMMLppNBJNU2ADCGibUslCKqD8eyJCT62Sg/3Y2VLGjxTf0+MQWg9EqHtFGAGetGbiv957dT0L4Mxk0lqqCTzRf2UYxPjaSK4xxQlho8sAaKYvRWTASggxuZWsCH4iy8vk8Zpxfcq/u1ZqXqexZFHRXSETpCPLlAV3aAaqiOCHtEzekVvzpPz4rw7H/PWnJPNHKI/cD5/ALG6lsk=</latexit><latexit sha1_base64="2nmWJRC49vgs7JrLnHWUNhTKYXY=">AAACBHicbVA9SwNBEN2LXzF+nVqmWQyCEAh3ImoZ0MIygvmA5Ahzm81lye7esbunhJDCxr9iY6GIrT/Czn/jJrlCEx8MPN6bYWZemHCmjed9O7mV1bX1jfxmYWt7Z3fP3T9o6DhVhNZJzGPVCkFTziStG2Y4bSWKggg5bYbDq6nfvKdKs1jemVFCAwGRZH1GwFip6xaTssQdxaKBAaXiB3yNy7gTgRCAu27Jq3gz4GXiZ6SEMtS67lenF5NUUGkIB63bvpeYYAzKMMLppNBJNU2ADCGibUslCKqD8eyJCT62Sg/3Y2VLGjxTf0+MQWg9EqHtFGAGetGbiv957dT0L4Mxk0lqqCTzRf2UYxPjaSK4xxQlho8sAaKYvRWTASggxuZWsCH4iy8vk8Zpxfcq/u1ZqXqexZFHRXSETpCPLlAV3aAaqiOCHtEzekVvzpPz4rw7H/PWnJPNHKI/cD5/ALG6lsk=</latexit>

Likely unimportant, since there are no free neutrons around

Also does not contribute since 2He is extremely unstable and decays to 2pp+ p ! 2
He

<latexit sha1_base64="tpOXbZrBBMR9SPHBSG4tDzfQflc=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocwUUZcFN11WsA/ojCWTZtrQTBKSjFKG2bnxV9y4UMStv+DOvzF9LLT1wIXDOfdy7z2RZFQbz/t2lpZXVtfWCxvFza3tnV13b7+pRaowaWDBhGpHSBNGOWkYahhpS0VQEjHSiobXY791T5Smgt+akSRhgvqcxhQjY6WueyTPJAwU7Q8MUko8wOwuq+RZoBJYI3nedUte2ZsALhJ/RkpghnrX/Qp6AqcJ4QYzpHXH96QJM6QMxYzkxSDVRCI8RH3SsZSjhOgwm/yRwxOr9GAslC1u4ET9PZGhROtREtnOBJmBnvfG4n9eJzXxVZhRLlNDOJ4uilMGjYDjUGCPKoING1mCsKL2VogHSCFsbHRFG4I///IiaVbKvlf2b85L1YtZHAVwCI7BKfDBJaiCGqiDBsDgETyDV/DmPDkvzrvzMW1dcmYzB+APnM8f0NGZOw==</latexit><latexit sha1_base64="tpOXbZrBBMR9SPHBSG4tDzfQflc=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocwUUZcFN11WsA/ojCWTZtrQTBKSjFKG2bnxV9y4UMStv+DOvzF9LLT1wIXDOfdy7z2RZFQbz/t2lpZXVtfWCxvFza3tnV13b7+pRaowaWDBhGpHSBNGOWkYahhpS0VQEjHSiobXY791T5Smgt+akSRhgvqcxhQjY6WueyTPJAwU7Q8MUko8wOwuq+RZoBJYI3nedUte2ZsALhJ/RkpghnrX/Qp6AqcJ4QYzpHXH96QJM6QMxYzkxSDVRCI8RH3SsZSjhOgwm/yRwxOr9GAslC1u4ET9PZGhROtREtnOBJmBnvfG4n9eJzXxVZhRLlNDOJ4uilMGjYDjUGCPKoING1mCsKL2VogHSCFsbHRFG4I///IiaVbKvlf2b85L1YtZHAVwCI7BKfDBJaiCGqiDBsDgETyDV/DmPDkvzrvzMW1dcmYzB+APnM8f0NGZOw==</latexit><latexit sha1_base64="tpOXbZrBBMR9SPHBSG4tDzfQflc=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocwUUZcFN11WsA/ojCWTZtrQTBKSjFKG2bnxV9y4UMStv+DOvzF9LLT1wIXDOfdy7z2RZFQbz/t2lpZXVtfWCxvFza3tnV13b7+pRaowaWDBhGpHSBNGOWkYahhpS0VQEjHSiobXY791T5Smgt+akSRhgvqcxhQjY6WueyTPJAwU7Q8MUko8wOwuq+RZoBJYI3nedUte2ZsALhJ/RkpghnrX/Qp6AqcJ4QYzpHXH96QJM6QMxYzkxSDVRCI8RH3SsZSjhOgwm/yRwxOr9GAslC1u4ET9PZGhROtREtnOBJmBnvfG4n9eJzXxVZhRLlNDOJ4uilMGjYDjUGCPKoING1mCsKL2VogHSCFsbHRFG4I///IiaVbKvlf2b85L1YtZHAVwCI7BKfDBJaiCGqiDBsDgETyDV/DmPDkvzrvzMW1dcmYzB+APnM8f0NGZOw==</latexit><latexit sha1_base64="tpOXbZrBBMR9SPHBSG4tDzfQflc=">AAACB3icbVDLSgMxFM34rPU16lKQYBEEocwUUZcFN11WsA/ojCWTZtrQTBKSjFKG2bnxV9y4UMStv+DOvzF9LLT1wIXDOfdy7z2RZFQbz/t2lpZXVtfWCxvFza3tnV13b7+pRaowaWDBhGpHSBNGOWkYahhpS0VQEjHSiobXY791T5Smgt+akSRhgvqcxhQjY6WueyTPJAwU7Q8MUko8wOwuq+RZoBJYI3nedUte2ZsALhJ/RkpghnrX/Qp6AqcJ4QYzpHXH96QJM6QMxYzkxSDVRCI8RH3SsZSjhOgwm/yRwxOr9GAslC1u4ET9PZGhROtREtnOBJmBnvfG4n9eJzXxVZhRLlNDOJ4uilMGjYDjUGCPKoING1mCsKL2VogHSCFsbHRFG4I///IiaVbKvlf2b85L1YtZHAVwCI7BKfDBJaiCGqiDBsDgETyDV/DmPDkvzrvzMW1dcmYzB+APnM8f0NGZOw==</latexit>

Another clue is given by considering the lifetime of an element against destruction (lecture 2):

⌧pp =
1

nph�vi
<latexit sha1_base64="dQlCHSWULAooVLAdEKigT4VEoKw=">AAACG3icbVDLSgMxFM3UV62vqks3wSK4KjNF1I1QcOOygn1Apwx30kwbmsmEJFMoQ//Djb/ixoUirgQX/o3ptAttPXDhcM69yb0nlJxp47rfTmFtfWNzq7hd2tnd2z8oHx61dJIqQpsk4YnqhKApZ4I2DTOcdqSiEIectsPR7cxvj6nSLBEPZiJpL4aBYBEjYKwUlGu+gTTIpJziG+xHCkjmTTMRSOxzEANOsa/ZIAY8xr7KhWlQrrhVNwdeJd6CVNACjaD86fcTksZUGMJB667nStPLQBlG7HslP9VUAhnBgHYtFRBT3cvy26b4zCp9HCXKljA4V39PZBBrPYlD2xmDGeplbyb+53VTE133MiZkaqgg84+ilGOT4FlQuM8UJYZPLAGimN0VkyHYgIyNs2RD8JZPXiWtWtVzq979RaV+uYijiE7QKTpHHrpCdXSHGqiJCHpEz+gVvTlPzovz7nzMWwvOYuYY/YHz9QPr/qFK</latexit><latexit sha1_base64="dQlCHSWULAooVLAdEKigT4VEoKw=">AAACG3icbVDLSgMxFM3UV62vqks3wSK4KjNF1I1QcOOygn1Apwx30kwbmsmEJFMoQ//Djb/ixoUirgQX/o3ptAttPXDhcM69yb0nlJxp47rfTmFtfWNzq7hd2tnd2z8oHx61dJIqQpsk4YnqhKApZ4I2DTOcdqSiEIectsPR7cxvj6nSLBEPZiJpL4aBYBEjYKwUlGu+gTTIpJziG+xHCkjmTTMRSOxzEANOsa/ZIAY8xr7KhWlQrrhVNwdeJd6CVNACjaD86fcTksZUGMJB667nStPLQBlG7HslP9VUAhnBgHYtFRBT3cvy26b4zCp9HCXKljA4V39PZBBrPYlD2xmDGeplbyb+53VTE133MiZkaqgg84+ilGOT4FlQuM8UJYZPLAGimN0VkyHYgIyNs2RD8JZPXiWtWtVzq979RaV+uYijiE7QKTpHHrpCdXSHGqiJCHpEz+gVvTlPzovz7nzMWwvOYuYY/YHz9QPr/qFK</latexit><latexit sha1_base64="dQlCHSWULAooVLAdEKigT4VEoKw=">AAACG3icbVDLSgMxFM3UV62vqks3wSK4KjNF1I1QcOOygn1Apwx30kwbmsmEJFMoQ//Djb/ixoUirgQX/o3ptAttPXDhcM69yb0nlJxp47rfTmFtfWNzq7hd2tnd2z8oHx61dJIqQpsk4YnqhKApZ4I2DTOcdqSiEIectsPR7cxvj6nSLBEPZiJpL4aBYBEjYKwUlGu+gTTIpJziG+xHCkjmTTMRSOxzEANOsa/ZIAY8xr7KhWlQrrhVNwdeJd6CVNACjaD86fcTksZUGMJB667nStPLQBlG7HslP9VUAhnBgHYtFRBT3cvy26b4zCp9HCXKljA4V39PZBBrPYlD2xmDGeplbyb+53VTE133MiZkaqgg84+ilGOT4FlQuM8UJYZPLAGimN0VkyHYgIyNs2RD8JZPXiWtWtVzq979RaV+uYijiE7QKTpHHrpCdXSHGqiJCHpEz+gVvTlPzovz7nzMWwvOYuYY/YHz9QPr/qFK</latexit><latexit sha1_base64="dQlCHSWULAooVLAdEKigT4VEoKw=">AAACG3icbVDLSgMxFM3UV62vqks3wSK4KjNF1I1QcOOygn1Apwx30kwbmsmEJFMoQ//Djb/ixoUirgQX/o3ptAttPXDhcM69yb0nlJxp47rfTmFtfWNzq7hd2tnd2z8oHx61dJIqQpsk4YnqhKApZ4I2DTOcdqSiEIectsPR7cxvj6nSLBEPZiJpL4aBYBEjYKwUlGu+gTTIpJziG+xHCkjmTTMRSOxzEANOsa/ZIAY8xr7KhWlQrrhVNwdeJd6CVNACjaD86fcTksZUGMJB667nStPLQBlG7HslP9VUAhnBgHYtFRBT3cvy26b4zCp9HCXKljA4V39PZBBrPYlD2xmDGeplbyb+53VTE133MiZkaqgg84+ilGOT4FlQuM8UJYZPLAGimN0VkyHYgIyNs2RD8JZPXiWtWtVzq979RaV+uYijiE7QKTpHHrpCdXSHGqiJCHpEz+gVvTlPzovz7nzMWwvOYuYY/YHz9QPr/qFK</latexit>



The pp-chain

Fine structure constant

The solution proposed by H. Bethe is a weak interaction

p+ p ! D + e+ + ⌫
<latexit sha1_base64="X1Ge/itflOaXnKQe2EpI3p0udzM=">AAACCnicbVDLSgMxFM34rPU16tJNtAhCocyIoMuiLlxWsA/ojCWTZtrQTBKSjFKGrt34K25cKOLWL3Dn35i2s9DWA5d7OOdeknsiyag2nvftLCwuLa+sFtaK6xubW9vuzm5Di1RhUseCCdWKkCaMclI31DDSkoqgJGKkGQ0ux37znihNBb81Q0nCBPU4jSlGxkod90DCMpQwULTXN0gp8QCvrELusvLI9oCnHbfkVbwJ4Dzxc1ICOWod9yvoCpwmhBvMkNZt35MmzJAyFDMyKgapJhLhAeqRtqUcJUSH2eSUETyyShfGQtniBk7U3xsZSrQeJpGdTJDp61lvLP7ntVMTn4cZ5TI1hOPpQ3HKoBFwnAvsUkWwYUNLEFbU/hXiPlIIG5te0Ybgz548TxonFd+r+DenpepFHkcB7INDcAx8cAaq4BrUQB1g8AiewSt4c56cF+fd+ZiOLjj5zh74A+fzB8PCmGQ=</latexit><latexit sha1_base64="X1Ge/itflOaXnKQe2EpI3p0udzM=">AAACCnicbVDLSgMxFM34rPU16tJNtAhCocyIoMuiLlxWsA/ojCWTZtrQTBKSjFKGrt34K25cKOLWL3Dn35i2s9DWA5d7OOdeknsiyag2nvftLCwuLa+sFtaK6xubW9vuzm5Di1RhUseCCdWKkCaMclI31DDSkoqgJGKkGQ0ux37znihNBb81Q0nCBPU4jSlGxkod90DCMpQwULTXN0gp8QCvrELusvLI9oCnHbfkVbwJ4Dzxc1ICOWod9yvoCpwmhBvMkNZt35MmzJAyFDMyKgapJhLhAeqRtqUcJUSH2eSUETyyShfGQtniBk7U3xsZSrQeJpGdTJDp61lvLP7ntVMTn4cZ5TI1hOPpQ3HKoBFwnAvsUkWwYUNLEFbU/hXiPlIIG5te0Ybgz548TxonFd+r+DenpepFHkcB7INDcAx8cAaq4BrUQB1g8AiewSt4c56cF+fd+ZiOLjj5zh74A+fzB8PCmGQ=</latexit><latexit sha1_base64="X1Ge/itflOaXnKQe2EpI3p0udzM=">AAACCnicbVDLSgMxFM34rPU16tJNtAhCocyIoMuiLlxWsA/ojCWTZtrQTBKSjFKGrt34K25cKOLWL3Dn35i2s9DWA5d7OOdeknsiyag2nvftLCwuLa+sFtaK6xubW9vuzm5Di1RhUseCCdWKkCaMclI31DDSkoqgJGKkGQ0ux37znihNBb81Q0nCBPU4jSlGxkod90DCMpQwULTXN0gp8QCvrELusvLI9oCnHbfkVbwJ4Dzxc1ICOWod9yvoCpwmhBvMkNZt35MmzJAyFDMyKgapJhLhAeqRtqUcJUSH2eSUETyyShfGQtniBk7U3xsZSrQeJpGdTJDp61lvLP7ntVMTn4cZ5TI1hOPpQ3HKoBFwnAvsUkWwYUNLEFbU/hXiPlIIG5te0Ybgz548TxonFd+r+DenpepFHkcB7INDcAx8cAaq4BrUQB1g8AiewSt4c56cF+fd+ZiOLjj5zh74A+fzB8PCmGQ=</latexit><latexit sha1_base64="X1Ge/itflOaXnKQe2EpI3p0udzM=">AAACCnicbVDLSgMxFM34rPU16tJNtAhCocyIoMuiLlxWsA/ojCWTZtrQTBKSjFKGrt34K25cKOLWL3Dn35i2s9DWA5d7OOdeknsiyag2nvftLCwuLa+sFtaK6xubW9vuzm5Di1RhUseCCdWKkCaMclI31DDSkoqgJGKkGQ0ux37znihNBb81Q0nCBPU4jSlGxkod90DCMpQwULTXN0gp8QCvrELusvLI9oCnHbfkVbwJ4Dzxc1ICOWod9yvoCpwmhBvMkNZt35MmzJAyFDMyKgapJhLhAeqRtqUcJUSH2eSUETyyShfGQtniBk7U3xsZSrQeJpGdTJDp61lvLP7ntVMTn4cZ5TI1hOPpQ3HKoBFwnAvsUkWwYUNLEFbU/hXiPlIIG5te0Ybgz548TxonFd+r+DenpepFHkcB7INDcAx8cAaq4BrUQB1g8AiewSt4c56cF+fd+ZiOLjj5zh74A+fzB8PCmGQ=</latexit>

Requires an endothermic weak interaction during a p-p scattering event, p ! n+ e+⌫
<latexit sha1_base64="jX+MXCQ/yIbz/c5DW/HsRs0e0tA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRhEJJRNRjwYvHCvYDmlg220m7dLMJuxulhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhaXlldK66XNja3tnfs3b2milNJoUFjHst2QBRwJqChmebQTiSQKODQCoZXE791D1KxWNzqUQJ+RPqChYwSbaSufZBgT7L+QBMp4wcscAXDXQV7Iu3aZafqTIEXiZuTMspR79pfXi+maQRCU06U6rhOov2MSM0oh3HJSxUkhA5JHzqGChKB8rPpC2N8bJQeDmNpSmg8VX9PZCRSahQFpjMieqDmvYn4n9dJdXjpZ0wkqQZBZ4vClGMd40keuMckUM1HhhAqmbkV0wGRhGqTWsmE4M6/vEiap1XXqbo3Z+XaeR5HER2iI3SCXHSBauga1VEDUfSIntErerOerBfr3fqYtRasfGYf/YH1+QNjtZYU</latexit><latexit sha1_base64="jX+MXCQ/yIbz/c5DW/HsRs0e0tA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRhEJJRNRjwYvHCvYDmlg220m7dLMJuxulhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhaXlldK66XNja3tnfs3b2milNJoUFjHst2QBRwJqChmebQTiSQKODQCoZXE791D1KxWNzqUQJ+RPqChYwSbaSufZBgT7L+QBMp4wcscAXDXQV7Iu3aZafqTIEXiZuTMspR79pfXi+maQRCU06U6rhOov2MSM0oh3HJSxUkhA5JHzqGChKB8rPpC2N8bJQeDmNpSmg8VX9PZCRSahQFpjMieqDmvYn4n9dJdXjpZ0wkqQZBZ4vClGMd40keuMckUM1HhhAqmbkV0wGRhGqTWsmE4M6/vEiap1XXqbo3Z+XaeR5HER2iI3SCXHSBauga1VEDUfSIntErerOerBfr3fqYtRasfGYf/YH1+QNjtZYU</latexit><latexit sha1_base64="jX+MXCQ/yIbz/c5DW/HsRs0e0tA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRhEJJRNRjwYvHCvYDmlg220m7dLMJuxulhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhaXlldK66XNja3tnfs3b2milNJoUFjHst2QBRwJqChmebQTiSQKODQCoZXE791D1KxWNzqUQJ+RPqChYwSbaSufZBgT7L+QBMp4wcscAXDXQV7Iu3aZafqTIEXiZuTMspR79pfXi+maQRCU06U6rhOov2MSM0oh3HJSxUkhA5JHzqGChKB8rPpC2N8bJQeDmNpSmg8VX9PZCRSahQFpjMieqDmvYn4n9dJdXjpZ0wkqQZBZ4vClGMd40keuMckUM1HhhAqmbkV0wGRhGqTWsmE4M6/vEiap1XXqbo3Z+XaeR5HER2iI3SCXHSBauga1VEDUfSIntErerOerBfr3fqYtRasfGYf/YH1+QNjtZYU</latexit><latexit sha1_base64="jX+MXCQ/yIbz/c5DW/HsRs0e0tA=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRhEJJRNRjwYvHCvYDmlg220m7dLMJuxulhOLFv+LFgyJe/RXe/Ddu2xy09cHA470ZZuYFCWdKO863VVhaXlldK66XNja3tnfs3b2milNJoUFjHst2QBRwJqChmebQTiSQKODQCoZXE791D1KxWNzqUQJ+RPqChYwSbaSufZBgT7L+QBMp4wcscAXDXQV7Iu3aZafqTIEXiZuTMspR79pfXi+maQRCU06U6rhOov2MSM0oh3HJSxUkhA5JHzqGChKB8rPpC2N8bJQeDmNpSmg8VX9PZCRSahQFpjMieqDmvYn4n9dJdXjpZ0wkqQZBZ4vClGMd40keuMckUM1HhhAqmbkV0wGRhGqTWsmE4M6/vEiap1XXqbo3Z+XaeR5HER2iI3SCXHSBauga1VEDUfSIntErerOerBfr3fqYtRasfGYf/YH1+QNjtZYU</latexit>

The cross section is extremely small and impossible to measure in the lab, nevertheless it can be 
inferred from theory

related to overlap integral between the initial pp and final D 
wave functions

Axial and Fermi vector 
weak coupling constants

phase-space 
factor

phase factor  
for super allowed  
0+0+ transitions

Heavy-meson related 
correction to nuc. force 

S(0) = 6⇡2mpc↵ ln 2
⇤2

�3
D

GA

GV

f2
pp

(ft)0+!0+
(1 + �)2 ' 4⇥ 10�25 MeV barns

<latexit sha1_base64="bhIkkIi4ZArGnHEH1Mn+Rvq6ymU="></latexit><latexit sha1_base64="bhIkkIi4ZArGnHEH1Mn+Rvq6ymU="></latexit><latexit sha1_base64="bhIkkIi4ZArGnHEH1Mn+Rvq6ymU="></latexit><latexit sha1_base64="bhIkkIi4ZArGnHEH1Mn+Rvq6ymU="></latexit>

Net effect: 0.420 MeV of kinetic energy + annihilation of e+ 

Q = 1.442MeV, Q̄⌫ = 0.265
<latexit sha1_base64="w51o0K+GPZLt9HisYIdc7oS7pso=">AAACFXicbVDLSsNAFJ34rPUVdelmsAguSkhKrW4KBTduhBbsA5pQJtNpO3QyCTMToYT0I9z4K25cKOJWcOffOG2z0NYDFw7n3Mu99/gRo1LZ9rextr6xubWd28nv7u0fHJpHxy0ZxgKTJg5ZKDo+koRRTpqKKkY6kSAo8Blp++Obmd9+IELSkN+rSUS8AA05HVCMlJZ6ZrEBq9CxyuWSW0xcEcA70kqL0yl0fSSSRtpLXB6nsGpbpcplzyzYlj0HXCVORgogQ71nfrn9EMcB4QozJGXXsSPlJUgoihlJ824sSYTwGA1JV1OOAiK9ZP5VCs+10oeDUOjiCs7V3xMJCqScBL7uDJAayWVvJv7ndWM1uPYSyqNYEY4XiwYxgyqEs4hgnwqCFZtogrCg+laIR0ggrHSQeR2Cs/zyKmmVLMe2nEa5UKtkceTAKTgDF8ABV6AGbkEdNAEGj+AZvII348l4Md6Nj0XrmpHNnIA/MD5/AMuKnBE=</latexit><latexit sha1_base64="w51o0K+GPZLt9HisYIdc7oS7pso=">AAACFXicbVDLSsNAFJ34rPUVdelmsAguSkhKrW4KBTduhBbsA5pQJtNpO3QyCTMToYT0I9z4K25cKOJWcOffOG2z0NYDFw7n3Mu99/gRo1LZ9rextr6xubWd28nv7u0fHJpHxy0ZxgKTJg5ZKDo+koRRTpqKKkY6kSAo8Blp++Obmd9+IELSkN+rSUS8AA05HVCMlJZ6ZrEBq9CxyuWSW0xcEcA70kqL0yl0fSSSRtpLXB6nsGpbpcplzyzYlj0HXCVORgogQ71nfrn9EMcB4QozJGXXsSPlJUgoihlJ824sSYTwGA1JV1OOAiK9ZP5VCs+10oeDUOjiCs7V3xMJCqScBL7uDJAayWVvJv7ndWM1uPYSyqNYEY4XiwYxgyqEs4hgnwqCFZtogrCg+laIR0ggrHSQeR2Cs/zyKmmVLMe2nEa5UKtkceTAKTgDF8ABV6AGbkEdNAEGj+AZvII348l4Md6Nj0XrmpHNnIA/MD5/AMuKnBE=</latexit><latexit sha1_base64="w51o0K+GPZLt9HisYIdc7oS7pso=">AAACFXicbVDLSsNAFJ34rPUVdelmsAguSkhKrW4KBTduhBbsA5pQJtNpO3QyCTMToYT0I9z4K25cKOJWcOffOG2z0NYDFw7n3Mu99/gRo1LZ9rextr6xubWd28nv7u0fHJpHxy0ZxgKTJg5ZKDo+koRRTpqKKkY6kSAo8Blp++Obmd9+IELSkN+rSUS8AA05HVCMlJZ6ZrEBq9CxyuWSW0xcEcA70kqL0yl0fSSSRtpLXB6nsGpbpcplzyzYlj0HXCVORgogQ71nfrn9EMcB4QozJGXXsSPlJUgoihlJ824sSYTwGA1JV1OOAiK9ZP5VCs+10oeDUOjiCs7V3xMJCqScBL7uDJAayWVvJv7ndWM1uPYSyqNYEY4XiwYxgyqEs4hgnwqCFZtogrCg+laIR0ggrHSQeR2Cs/zyKmmVLMe2nEa5UKtkceTAKTgDF8ABV6AGbkEdNAEGj+AZvII348l4Md6Nj0XrmpHNnIA/MD5/AMuKnBE=</latexit><latexit sha1_base64="w51o0K+GPZLt9HisYIdc7oS7pso=">AAACFXicbVDLSsNAFJ34rPUVdelmsAguSkhKrW4KBTduhBbsA5pQJtNpO3QyCTMToYT0I9z4K25cKOJWcOffOG2z0NYDFw7n3Mu99/gRo1LZ9rextr6xubWd28nv7u0fHJpHxy0ZxgKTJg5ZKDo+koRRTpqKKkY6kSAo8Blp++Obmd9+IELSkN+rSUS8AA05HVCMlJZ6ZrEBq9CxyuWSW0xcEcA70kqL0yl0fSSSRtpLXB6nsGpbpcplzyzYlj0HXCVORgogQ71nfrn9EMcB4QozJGXXsSPlJUgoihlJ824sSYTwGA1JV1OOAiK9ZP5VCs+10oeDUOjiCs7V3xMJCqScBL7uDJAayWVvJv7ndWM1uPYSyqNYEY4XiwYxgyqEs4hgnwqCFZtogrCg+laIR0ggrHSQeR2Cs/zyKmmVLMe2nEa5UKtkceTAKTgDF8ABV6AGbkEdNAEGj+AZvII348l4Md6Nj0XrmpHNnIA/MD5/AMuKnBE=</latexit>

Lifetime for the Sun:
⌧pp =

1

nph�vi
' 1

625 ⇥ 8�44
' 1010 yr

<latexit sha1_base64="irKKZdHLsq1CafAyMfpnD5xX8WY="></latexit><latexit sha1_base64="irKKZdHLsq1CafAyMfpnD5xX8WY="></latexit><latexit sha1_base64="irKKZdHLsq1CafAyMfpnD5xX8WY="></latexit><latexit sha1_base64="irKKZdHLsq1CafAyMfpnD5xX8WY="></latexit>



pp-I
The D produced can interact with a lot of things extremely fast. All possibilities need to be 
considered, but in reality, only a few reactions dominate

The evolution of element abundances, considering this chain only, are governed by the following 
equations

dH

dt
= �H

2h�vipp �HDh�vipD + (
3
He)

2h�vi33
<latexit sha1_base64="LK173fz5T392K7mht4eqPIc+Vtk="></latexit><latexit sha1_base64="LK173fz5T392K7mht4eqPIc+Vtk="></latexit><latexit sha1_base64="LK173fz5T392K7mht4eqPIc+Vtk="></latexit><latexit sha1_base64="LK173fz5T392K7mht4eqPIc+Vtk="></latexit>

dD

dt
= �0.5H2h�vipp �HDh�vipD

<latexit sha1_base64="VLALQqwvoMKds5CGOah3ZvoLJ5U="></latexit><latexit sha1_base64="VLALQqwvoMKds5CGOah3ZvoLJ5U="></latexit><latexit sha1_base64="VLALQqwvoMKds5CGOah3ZvoLJ5U="></latexit><latexit sha1_base64="VLALQqwvoMKds5CGOah3ZvoLJ5U="></latexit>

d3He

dt
= HDh�vipD � (

3
He)

2h�vi33
<latexit sha1_base64="EcPizdQEFKvQ6D82qUOiFdK0YHk="></latexit><latexit sha1_base64="EcPizdQEFKvQ6D82qUOiFdK0YHk="></latexit><latexit sha1_base64="EcPizdQEFKvQ6D82qUOiFdK0YHk="></latexit><latexit sha1_base64="EcPizdQEFKvQ6D82qUOiFdK0YHk="></latexit>

d4He

dt
= 0.5(3He)

2h�vi33
<latexit sha1_base64="pGePbdfjiRFTkvAULYFlFW9EeJU="></latexit><latexit sha1_base64="pGePbdfjiRFTkvAULYFlFW9EeJU="></latexit><latexit sha1_base64="pGePbdfjiRFTkvAULYFlFW9EeJU="></latexit><latexit sha1_base64="pGePbdfjiRFTkvAULYFlFW9EeJU="></latexit>



pp-I: evolution of abundances and equilibria

D is both created and destroyed, with its abundance being determined by two competing terms: 

in the core, which means that equilibrium is reached within seconds 

dD

dt
= �0.5H2h�vipp �HDh�vipD

<latexit sha1_base64="VLALQqwvoMKds5CGOah3ZvoLJ5U="></latexit><latexit sha1_base64="VLALQqwvoMKds5CGOah3ZvoLJ5U="></latexit><latexit sha1_base64="VLALQqwvoMKds5CGOah3ZvoLJ5U="></latexit><latexit sha1_base64="VLALQqwvoMKds5CGOah3ZvoLJ5U="></latexit>

In equilibrium: ✓
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<latexit sha1_base64="8PMl46kN0MaIsBqwtg0kauErzY8="></latexit><latexit sha1_base64="8PMl46kN0MaIsBqwtg0kauErzY8="></latexit><latexit sha1_base64="8PMl46kN0MaIsBqwtg0kauErzY8="></latexit><latexit sha1_base64="8PMl46kN0MaIsBqwtg0kauErzY8="></latexit>

⌧D ⇠ 1.6 s
<latexit sha1_base64="oCm+qvG7N1CxRom/3gDj8QfopA8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkIiUl0WdOGygn1AE8JkOmmHzkzCzEQIof6KGxeKuPVD3Pk3TtsstPXAhcM593LvPVHKqNKu+21V1tY3Nreq27Wd3b39A/vwqKuSTGLSwQlLZD9CijAqSEdTzUg/lQTxiJFeNLmZ+b1HIhVNxIPOUxJwNBI0phhpI4V23dcoC2+hryiHntP0zxUM7YbruHPAVeKVpAFKtEP7yx8mOONEaMyQUgPPTXVQIKkpZmRa8zNFUoQnaEQGhgrEiQqK+fFTeGqUIYwTaUpoOFd/TxSIK5XzyHRypMdq2ZuJ/3mDTMfXQUFFmmki8GJRnDGoEzhLAg6pJFiz3BCEJTW3QjxGEmFt8qqZELzll1dJ98LxXMe7v2y0mmUcVXAMTsAZ8MAVaIE70AYdgEEOnsEreLOerBfr3fpYtFascqYO/sD6/AFdv5M7</latexit><latexit sha1_base64="oCm+qvG7N1CxRom/3gDj8QfopA8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkIiUl0WdOGygn1AE8JkOmmHzkzCzEQIof6KGxeKuPVD3Pk3TtsstPXAhcM593LvPVHKqNKu+21V1tY3Nreq27Wd3b39A/vwqKuSTGLSwQlLZD9CijAqSEdTzUg/lQTxiJFeNLmZ+b1HIhVNxIPOUxJwNBI0phhpI4V23dcoC2+hryiHntP0zxUM7YbruHPAVeKVpAFKtEP7yx8mOONEaMyQUgPPTXVQIKkpZmRa8zNFUoQnaEQGhgrEiQqK+fFTeGqUIYwTaUpoOFd/TxSIK5XzyHRypMdq2ZuJ/3mDTMfXQUFFmmki8GJRnDGoEzhLAg6pJFiz3BCEJTW3QjxGEmFt8qqZELzll1dJ98LxXMe7v2y0mmUcVXAMTsAZ8MAVaIE70AYdgEEOnsEreLOerBfr3fpYtFascqYO/sD6/AFdv5M7</latexit><latexit sha1_base64="oCm+qvG7N1CxRom/3gDj8QfopA8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkIiUl0WdOGygn1AE8JkOmmHzkzCzEQIof6KGxeKuPVD3Pk3TtsstPXAhcM593LvPVHKqNKu+21V1tY3Nreq27Wd3b39A/vwqKuSTGLSwQlLZD9CijAqSEdTzUg/lQTxiJFeNLmZ+b1HIhVNxIPOUxJwNBI0phhpI4V23dcoC2+hryiHntP0zxUM7YbruHPAVeKVpAFKtEP7yx8mOONEaMyQUgPPTXVQIKkpZmRa8zNFUoQnaEQGhgrEiQqK+fFTeGqUIYwTaUpoOFd/TxSIK5XzyHRypMdq2ZuJ/3mDTMfXQUFFmmki8GJRnDGoEzhLAg6pJFiz3BCEJTW3QjxGEmFt8qqZELzll1dJ98LxXMe7v2y0mmUcVXAMTsAZ8MAVaIE70AYdgEEOnsEreLOerBfr3fpYtFascqYO/sD6/AFdv5M7</latexit><latexit sha1_base64="oCm+qvG7N1CxRom/3gDj8QfopA8=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgQkIiUl0WdOGygn1AE8JkOmmHzkzCzEQIof6KGxeKuPVD3Pk3TtsstPXAhcM593LvPVHKqNKu+21V1tY3Nreq27Wd3b39A/vwqKuSTGLSwQlLZD9CijAqSEdTzUg/lQTxiJFeNLmZ+b1HIhVNxIPOUxJwNBI0phhpI4V23dcoC2+hryiHntP0zxUM7YbruHPAVeKVpAFKtEP7yx8mOONEaMyQUgPPTXVQIKkpZmRa8zNFUoQnaEQGhgrEiQqK+fFTeGqUIYwTaUpoOFd/TxSIK5XzyHRypMdq2ZuJ/3mDTMfXQUFFmmki8GJRnDGoEzhLAg6pJFiz3BCEJTW3QjxGEmFt8qqZELzll1dJ98LxXMe7v2y0mmUcVXAMTsAZ8MAVaIE70AYdgEEOnsEreLOerBfr3fpYtFascqYO/sD6/AFdv5M7</latexit>
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If both D and 3He in equilibrium, then                             and

pp-I: evolution of abundances and equilibria

dH/dt = �2rpp
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Conclusion: the rate of the entire chain is set by the pp reaction

✏ppI = Qe↵
rpp
2⇢

= 26.21MeV
rpp
2⇢
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competing 
at high T

ppII and ppIII

τ~0.3yr
τ~1s

τ~10-22s

require He, which is only used as a catalyst



ppII and ppIII

fppI
fppII + fppIII
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Branching ratio is determined by the two weakest reactions in the respective chains

ppI dominates at low He abundance and low temperature. ppII dominates when hydrogen gets 
depleted. ppIII dominates at high temperatures.  
The energy released in each chain is the same, however the neutrino losses are different



solar neutrinos

Super-Kamiokande 



solar neutrinos



coming up

CNO, NeNa, MgAl cycles, He burning, advanced burning


