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The Sun

Composite image of the Sun made by 
combining observations in three 
wavelengths (171, 195 and 284 angstroms) 
of ultraviolet (UV) light to reveal solar 
features unique to each wavelength, 
which are colour-coded red, yellow and 
blue

SOHO (Solar and Heliospheric Observatory) spacecraft image 
of the Sun in May 1998



Structure of the Sun



The Pleiades

“Open star cluster” containing 
young, hot, massive (B-type) stars 



Hertzsprung-Russell diagram of nearby Stars

Brightness & Colour are the most 
easily observed qualities of a star


H-R diagram also called Colour-
Magnitude diagram


Parallax gives distance to a star —> 
Luminosity 


Stars radiate like blackbodies, Colour 
—> effective Temperature 


HR diagram —> Plot of     vs  

22000 stars from the Hipparcos Catalogue and 

1000 stars from the Gliese Catalogue
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Stars on the Main Sequence

A star is a nearly spherical ball of gas, composed of H, He and other 
elements (called “metals”), that exists in a near steady-state for a “long 
time”, while emitting light (between IR and UV) from its surface


The steady-state is due to hydrostatic equilibrium, which is a balance 
between gravity and pressure (of gas + radiation)


Density and temperature (hence pressure) increase towards the centre 
of the star 


Nuclear reactions in the core convert H to He which releases energy in 
the form of radiation (and neutrinos which escape)


The radiation diffuses outward while heating the gas 


The star exists in a near steady-state until the H in the core is 
exhausted



Plan of Lectures

III.  Energy Transport

IIIa.  Radiative Energy Transport;  Opacity

II.  Nuclear Energy Generation

IV.  Main Sequence

I.  Hydrostatic Equilibrium

IIIb.  Convective Energy Transport*



Some physical quantities
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Z r

0
⇢(r0)4⇡r02dr0
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M?
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R
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M(R) = M?

=   Mass of the star

=   Radius of the star

=   Mass density at radius   inside the star
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=   Luminosity of the star (Energy/time)

 Some basic observables: 
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T (r) =   Temperature at <latexit sha1_base64="4FKUux1hLpegiSdC4bW5th60nSQ=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKtfVW9OKxBfsBbSib7aZdu9mE3Y1QQn+BFw+KePUnefPfuG0jVNEHA4/3ZpiZ58ecKe04n1ZubX1jcyu/XdjZ3ds/KB4etVWUSEJbJOKR7PpYUc4EbWmmOe3GkuLQ57TjT27mfueBSsUicaenMfVCPBIsYARrIzXloFhybWcB5NhXF7VypWpIpnxbJcjQGBQ/+sOIJCEVmnCsVM91Yu2lWGpGOJ0V+omiMSYTPKI9QwUOqfLSxaEzdGaUIQoiaUpotFBXJ1IcKjUNfdMZYj1Wv725+JfXS3RQ81Im4kRTQZaLgoQjHaH512jIJCWaTw3BRDJzKyJjLDHRJpvCagj/k3bZdi/tSrNSql9nceThBE7hHFyoQh1uoQEtIEDhEZ7hxbq3nqxX623ZmrOymWP4Aev9CxRPjSM=</latexit>r

<latexit sha1_base64="Z3LrBEovUydt9OI//8g3kxgyRDI=">AAACG3icbZDLSsNAFIYn9VbrLerSzWARKkJJatVKEYpuXEawF2hKmUwm7dDJhZmJUELfw42v4saFIq4EF76N07SFWv1h4Oc753Dm/E7EqJCG8a1llpZXVtey67mNza3tHX13ryHCmGNSxyELectBgjAakLqkkpFWxAnyHUaazuBmXG8+EC5oGNzLYUQ6PuoF1KMYSYW6eskq8GNoV6/sKrS6SWJzH/aQGI0m+GQOc+SmuKvnjeLl6VmlUoJm0UgFjZmZkTyYyurqn7Yb4tgngcQMCdE2jUh2EsQlxYyMcnYsSITwAPVIW9kA+UR0kvS2ETxSxIVeyNULJEzp/ESCfCGGvqM6fST7YrE2hv/V2rH0Kp2EBlEsSYAni7yYQRnCcVDQpZxgyYbKIMyp+ivEfcQRlirOnArBXDz5r2mUiuZ5sXxXzteup3FkwQE4BAVgggtQA7fAAnWAwSN4Bq/gTXvSXrR37WPSmtGmM/vgl7SvHyNUnw8=</latexit>

P (r) = Pgas(r) + Prad(r) =   Pressure at <latexit sha1_base64="4FKUux1hLpegiSdC4bW5th60nSQ=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKtfVW9OKxBfsBbSib7aZdu9mE3Y1QQn+BFw+KePUnefPfuG0jVNEHA4/3ZpiZ58ecKe04n1ZubX1jcyu/XdjZ3ds/KB4etVWUSEJbJOKR7PpYUc4EbWmmOe3GkuLQ57TjT27mfueBSsUicaenMfVCPBIsYARrIzXloFhybWcB5NhXF7VypWpIpnxbJcjQGBQ/+sOIJCEVmnCsVM91Yu2lWGpGOJ0V+omiMSYTPKI9QwUOqfLSxaEzdGaUIQoiaUpotFBXJ1IcKjUNfdMZYj1Wv725+JfXS3RQ81Im4kRTQZaLgoQjHaH512jIJCWaTw3BRDJzKyJjLDHRJpvCagj/k3bZdi/tSrNSql9nceThBE7hHFyoQh1uoQEtIEDhEZ7hxbq3nqxX623ZmrOymWP4Aev9CxRPjSM=</latexit>r

 Some physical quantities: 

<latexit sha1_base64="XTy4J3PwUvveHwjFeWl/EcjshB4=">AAAB7nicdVBNS8NAEN3Ur1q/qh69LBbBU0ik2PZW9OLBQwX7AW0om+2mXbrZhN2JUEJ/hBcPinj193jz37hpI1TRBwOP92aYmefHgmtwnE+rsLa+sblV3C7t7O7tH5QPjzo6ShRlbRqJSPV8opngkrWBg2C9WDES+oJ1/el15ncfmNI8kvcwi5kXkrHkAacEjNS9HQ40EDUsV1zbWQA7dqPaqNcykivfVgXlaA3LH4NRRJOQSaCCaN13nRi8lCjgVLB5aZBoFhM6JWPWN1SSkGkvXZw7x2dGGeEgUqYk4IW6OpGSUOtZ6JvOkMBE//Yy8S+vn0BQ91Iu4wSYpMtFQSIwRDj7HY+4YhTEzBBCFTe3YjohilAwCZVWQ/ifdC5s99Ku3lUrzas8jiI6QafoHLmohproBrVQG1E0RY/oGb1YsfVkvVpvy9aClc8cox+w3r8AfGCPsA==</latexit>
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<latexit sha1_base64="sV4/usEbtkTU75varlXz+Ajui68=">AAACE3icdVDLSgNBEJz1GeMr6tHLYBBEJOzGJcZb0IsXIYJ5QDaG2ckkGTK7s870CmHJP3jxV7x4UMSrF2/+jZOHEEULGoqqbrq7/EhwDbb9ac3NLywuLadW0qtr6xubma3tqpaxoqxCpZCq7hPNBA9ZBTgIVo8UI4EvWM3vn4/82h1TmsvwGgYRawakG/IOpwSM1MocXrY82ZaAPc0Ddovz2ANDNHbsm+TYHnpHiacC3O8OcSuTdXL2GNjOnRZdt5A3ZKp8W1k0RbmV+fDaksYBC4EKonXDsSNoJkQBp4IN016sWURon3RZw9CQmL3NZPzTEO8bpY07UpkKAY/V2YmEBFoPAt90BgR6+rc3Ev/yGjF0is2Eh1EMLKSTRZ1YYJB4FBBuc8UoiIEhhCpubsW0RxShYGJMz4bwP6nmc04h51652dLZNI4U2kV76AA56ASV0AUqowqi6B49omf0Yj1YT9ar9TZpnbOmMzvoB6z3L6wknMo=</latexit>

M� ' 2⇥ 1030 kg

<latexit sha1_base64="0d4Jnwh4Dd/V7JRlSjjYLBvKqt8="></latexit>

L� ' 3.8⇥ 1026 W

<latexit sha1_base64="N28NaNefLMbv+W+IbSVr053aFPI=">AAACCnicdZDLSgMxGIUzXmu9VV26iRbBRSlpKW3dFd24rGIv0BlKJk3b0GQyJhmhDF278VXcuFDErU/gzrcxbUeoogcCh+/8P0mOH3KmDUKfztLyyuraemojvbm1vbOb2dtvahkpQhtEcqnaPtaUs4A2DDOctkNFsfA5bfmji2neuqNKMxncmHFIPYEHAeszgo1F3czRddeVPWmgq5mgt7CCUA4h5OZiVwk4EhPYzWQLeTQTRPmzaqlULlqTkO8oCxLVu5kPtydJJGhgCMdadwooNF6MlWGE00najTQNMRnhAe1YG2BBtRfPvjKBJ5b0YF8qewIDZ3RxI8ZC67Hw7aTAZqh/Z1P4V9aJTL/qxSwII0MDMr+oH3FoJJz2AntMUWL42BpMFLNvhWSIFSbGtpdeLOF/0yzmC+V86aqUrZ0ndaTAITgGp6AAKqAGLkEdNAAB9+ARPIMX58F5cl6dt/nokpPsHIAfct6/AFDbmMQ=</latexit>

R� ' 700, 000 km



I. Hydrostatic Equilibrium

Balance between gravity and pressure (of gas + radiation)

<latexit sha1_base64="3vRscuGCDQV7MbsjYfKyOQoX3vQ=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqJsyU6tWilB0oRuhgr1AZyyZNNOGZi4kGaEMs3Hjq7hxoYhb38Gdb2N6A63+EPj5zjmcnN8JGRXSML601Nz8wuJSejmzsrq2vqFvbtVFEHFMajhgAW86SBBGfVKTVDLSDDlBnsNIw+lfDOuNe8IFDfxbOQiJ7aGuT12KkVSore92c/wAWuUzqwwtlyMcX14rksT8rpC09ayRPz08KpUK0MwbI0FjaqYkCyaqtvVPqxPgyCO+xAwJ0TKNUNox4pJiRpKMFQkSItxHXdJS1kceEXY8uiKB+4p0oBtw9XwJR/TnRIw8IQaeozo9JHtitjaE/9VakXRLdkz9MJLEx+NFbsSgDOAwEtihnGDJBsogzKn6K8Q9pLKQKriMCsGcPfmvqRfy5nG+eFPMVs4ncaTBDtgDOWCCE1ABV6AKagCDB/AEXsCr9qg9a2/a+7g1pU1mtsEvaR/fANSXBg==</latexit>

g(r) =
GM(r)

r2

<latexit sha1_base64="HBZ/AVWVbK51EHixHgS7dZGt+vk=">AAACFXicdVDLSgMxFM3UV62vUZdugkWooGWmVFspQtGNywr2AZ2hZNJMG5p5kGSEMsxPuPFX3LhQxK3gzr8xbadQRQ+EHM65l3vvcUJGhTSMLy2ztLyyupZdz21sbm3v6Lt7LRFEHJMmDljAOw4ShFGfNCWVjHRCTpDnMNJ2RtcTv31PuKCBfyfHIbE9NPCpSzGSSurpJ5bLEY5ji3uwnzSSOeMJtGqXVg2eDgr82OLDQH09PW8WjSmgUbw4q5bKFUVSZW7lQYpGT/+0+gGOPOJLzJAQXdMIpR0jLilmJMlZkSAhwiM0IF1FfeQRYcfTqxJ4pJQ+dAOuni/hVF3siJEnxNhzVKWH5FD89ibiX143km7VjqkfRpL4eDbIjRiUAZxEBPuUEyzZWBGEOVW7QjxEKiapgswthvA/aZWK5nmxfFvO16/SOLLgAByCAjBBBdTBDWiAJsDgATyBF/CqPWrP2pv2PivNaGnPPvgB7eMbBECeEg==</latexit>

dP

dr
= �g(r)⇢(r)

<latexit sha1_base64="Ck1lXvTcivD0lMFN/e/uznisS+E="></latexit>

dP

dr
= �GM(r)

r2
⇢(r)

where  

( 1 )  

There is also, in general, a force arising from the pressure gradient. To
find this we consider a small volume element located between radii r and r
+ Δr, of cross-sectional area ΔA and volume Δr ΔA, as illustrated in Fig.
1.1. A net force arises if the pressure on the outer surface of the volume is
not equal to the pressure on the inner surface. Indeed, the inward force on
the volume element due to the pressure gradient is

Fig. 1.1 A spherical system of mass M and radius R. The forces acting on
a small element with volume Δr ΔA at distance r from the centre due to
gravity and pressure are indicated. The gravitational attraction of the mass
m(r) within r produces an inward force which is equal to g(r) ρ(r) Δr ΔA =
g(r) ΔM. If there is a non-zero pressure gradient at r, the difference in
pressure on the inner and outer surfaces leads to an additional force which
can oppose gravity

Bearing in mind that the mass of the volume element is ΔM = ρ(r) Δr ΔA,
we deduce that the inward acceleration of any element of mass at distance
r from the centre due to gravity and pressure is

(1.3)

Note that to oppose gravity the pressure must increase towards the centre.
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<latexit sha1_base64="DGDu6r6BWuJ0LGRJSIkDcGpF4XE=">AAACGXicdZDLSgMxGIUz9VbrrerSTbAIdTNMa2mVIhTduBEq2As0tWQymTY0cyHJCGWY13Djq7hxoYhLXfk2pjeoogcCH+f8P0mOHXImlWV9Gaml5ZXVtfR6ZmNza3snu7vXlEEkCG2QgAeibWNJOfNpQzHFaTsUFHs2py17eD nOW/dUSBb4t2oU0q6H+z5zGcFKW72shVyBSRwj4UEnuU7mJBKIqueoCksoZFDcFSESgyAvjnvZXMG0JoKWeVaunJTLGmbOPMqBmeq97AdyAhJ51FeEYyk7BStU3RgLxQinSQZFkoaYDHGfdjT62KOyG09+lsAj7TjQDYQ+voITd3Ejxp6UI8/Wkx5WA/k7G5t/ZZ1IuafdmPlhpKhPphe5EYcqgOOaoMMEJYqPNGAimH4rJAOsq1K6zMxiCf9Ds2gWymbpppSrXczqSIMDcAjyoAAqoAauQB00AAEP4Am8gFfj0Xg23oz36WjKmO3sgx8yPr8B3FOfjQ==</latexit>

dM

dr
= 4⇡r2⇢(r) ( 2 )  

where  



Equation (1) and (2) can be used to estimate the central pressure:

Since             , we estimate

We also set                  and                          

<latexit sha1_base64="Hg8/xAGC/RtwTlEA0iMi8ZAld+I="></latexit>

dP

dr
⇡ �Pc

R

<latexit sha1_base64="gWc78lf+SPbxn0xBIaSmhhr35UI=">AAAB73icdVBNS8NAEJ3Ur1q/qh69LBahXkJai9aDUPTisYr9gDaUzXbTLt1s4u5GKKF/wosHRbz6d7z5b9y2Earog4HHezPMzPMizpR2nE8rs7S8srqWXc9tbG5t7+R395oqjCWhDRLyULY9rChngjY005y2I0lx4HHa8kZXU7/1QKViobjT44i6AR4I5jOCtZHa9eLtMbpATi9fKNnODMixzyvl8knVkFT5tgqQot7Lf3T7IYkDKjThWKlOyYm0m2CpGeF0kuvGikaYjPCAdgwVOKDKTWb3TtCRUfrID6UpodFMXZxIcKDUOPBMZ4D1UP32puJfXifWftVNmIhiTQWZL/JjjnSIps+jPpOUaD42BBPJzK2IDLHERJuIcosh/E+aZbt0alduKoXaZRpHFg7gEIpQgjOowTXUoQEEODzCM7xY99aT9Wq9zVszVjqzDz9gvX8B3LyOkA==</latexit>

P (R) = 0

<latexit sha1_base64="rRMyX7N1r4GPwEQ5QHAMeuttPNo=">AAAB9XicdZBLSwMxFIUz9VXrq+rSTbAIdTPM1KJ1IRTduClUsA9ox5JJM21o5kFyRylD/4cbF4q49b+489+YtiNU0QOBw3fuJZfjRoIrsKxPI7O0vLK6ll3PbWxube/kd/eaKowlZQ0ailC2XaKY4AFrAAfB2pFkxHcFa7mjq2neumdS8TC4hXHEHJ8MAu5xSkCju1pRHuMLXOt1FRDZyxds05oJW+Z5uVQ6qWiTku+ogFLVe/mPbj+ksc8CoIIo1bGtCJyESOBUsEmuGysWEToiA9bRNiA+U04yu3qCjzTpYy+U+gWAZ3RxIyG+UmPf1ZM+gaH6nU3hX1knBq/iJDyIYmABnX/kxQJDiKcV4D6XjIIYa0Oo5PpWTIdEEgq6qNxiCf+bZsm0T83yTblQvUzryKIDdIiKyEZnqIquUR01EEUSPaJn9GI8GE/Gq/E2H80Y6c4++iHj/QvdoZF7</latexit>

M(r) = M?

<latexit sha1_base64="MLtYc349g51BBTZqxdYRVJW0umA="></latexit>

⇢(r) = M?/

✓
4⇡

3
R3

◆

Then
<latexit sha1_base64="KBjzt2fsTtBZHtjHHZTrvo2gSio="></latexit>

Pc ⇡ 3

4⇡

GM2
?

R4

Problem: Estimate      for the Sun. This is not a good estimate! 
But the important point are the scaling relations:  

<latexit sha1_base64="Klnzu4pdXQoYfmi9evZKCNUIVzw=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0hq0HorevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btsIVfTBwOO9GWbmBQlnSjvOp1VYWV1b3yhulra2d3b3yvsHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0H4+uZ336gUrFY3OtJQv0IDwULGcHaSHeNPumXK67tzIEc+9KrVs9qhuTKt1WBHI1++aM3iEkaUaEJx0p1XSfRfoalZoTTaamXKppgMsZD2jVU4IgqP5ufOkUnRhmgMJamhEZzdXkiw5FSkygwnRHWI/Xbm4l/ed1UhzU/YyJJNRVksShMOdIxmv2NBkxSovnEEEwkM7ciMsISE23SKS2H8D9pVW333PZuvUr9Ko+jCEdwDKfgwgXU4QYa0AQCQ3iEZ3ixuPVkvVpvi9aClc8cwg9Y719HgI3Q</latexit>

Pc

<latexit sha1_base64="nkfCZo6mAbzQrehYGbLpslJArlU=">AAACDnicdZBLSwMxFIUzPmt9jbp0EyyCqzKtRSvdFN24EarYB3TqkEkzNTQzGZI7Qhn6C9z4V9y4UMSta3f+G9OHUEUPBA7n3EuSz48F1+A4n9bc/MLi0nJmJbu6tr6xaW9tN7RMFGV1KoVULZ9oJnjE6sBBsFasGAl9wZp+/2zUN++Y0lxG1zCIWSckvYgHnBIwkWfv1zyK3YobKxmDdCvYDRSh6YXnaiDqpjhMr25KQ8/OFfLOWNjJn5SKxcOyMdPku8qhqWqe/eF2JU1CFgEVROt2wYmhkxIFnAo2zLqJZjGhfdJjbWMjEjLdScffGeJ9k3RxIJU5EeBxOruRklDrQeibyZDArf7djcK/unYCQbmT8ihOgEV0clGQCAwSj9jgLleMghgYQ6ji5q2Y3hLDAwzB7CyE/02jmC8c5UuXpVz1dIojg3bRHjpABXSMqugc1VAdUXSPHtEzerEerCfr1XqbjM5Z050d9EPW+xehAJvh</latexit>

Pc / M2
?

R4

<latexit sha1_base64="+DDB7Xf0hY05hOwjiEEV51z0Exo="></latexit>

⇢ / M?

R3



Dynamical (or free-fall) timescale

Consider a constant density star of mass      and radius     in 
hydrostatic equilibrium

Imagine that the pressure suddenly vanishes! Since the inward 
force of gravity is unbalanced, the star will collapse. The time 
taken to collapse to a point is called the dynamical time. 

This is also the time scale for readjustment when a star in 
hydrostatic equilibrium is slightly perturbed

The problem can be solved exactly. But we only need an estimate:

<latexit sha1_base64="eRnXkAnBuoSP2303Z+96Qdyytls=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPw0yMGm9BL16ECGaBZAg9nZ6kSc9id40QQn7CiwdFvPo73vwbOxto9EHB470qqur5iRQaHefLWlpeWV1bz2xkN7e2d3Zze/s1HaeK8SqLZawaPtVciohXUaDkjURxGvqS1/3+9divP3KlRRzd4yDhXki7kQgEo2ikxm27pZEq0s7lHfvy9KxUKhDXdiYgzpzMlTzMUGnnPludmKUhj5BJqnXTdRL0hlShYJKPsq1U84SyPu3ypqERDbn2hpN7R+TYKB0SxMpUhGSi/pwY0lDrQeibzpBiTy96Y/E/r5liUPKGIkpS5BGbLgpSSTAm4+dJRyjOUA4MoUwJcythPaooQxNR1oTgLr78l9QKtntuF++K+fLVLI4MHMIRnIALF1CGG6hAFRhIeIIXeLUerGfrzXqfti5Zs5kD+AXr4xvUX4/Z</latexit>

M?
<latexit sha1_base64="vSyT1XJzR6ZmDcSldfPlxWUVDRk=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4GmZiovEW9OIxLlkgGUJPpydp0tMzdPcIYcgnePGgiFe/yJt/Y2cDjT4oeLxXRVU9P+ZMacf5sjIrq2vrG9nN3Nb2zu5efv+goaJEElonEY9ky8eKciZoXTPNaSuWFIc+p01/eD3xm49UKhaJBz2KqRfivmABI1gb6f4OoW6+4NiXZ+VKpYhc25kCOQuyUAowR62b/+z0IpKEVGjCsVJt14m1l2KpGeF0nOskisaYDHGftg0VOKTKS6enjtGJUXooiKQpodFU/TmR4lCpUeibzhDrgVr2JuJ/XjvRQcVLmYgTTQWZLQoSjnSEJn+jHpOUaD4yBBPJzK2IDLDERJt0ciYEd/nlv6RRtN1zu3RbKlSv5nFk4QiO4RRcuIAq3EAN6kCgD0/wAq8Wt56tN+t91pqx5jOH8AvWxzeQjo1X</latexit>

R

<latexit sha1_base64="phyDNy0jUbmh5Z/BZTEgVdxsdJU=">AAACB3icdZDLSgMxGIUz9VbrbdSlIMEi1E2ZltJailB0oRuhFmsLnbFk0kwbmskMSUYoQ3dufBU3LhRx6yu4821ML0IVPRA4nPP/JPnckFGpLOvTSCwsLi2vJFdTa+sbm1vm9s6NDCKBSQMHLBAtF0nCKCcNRRUjrVAQ5LuMNN3B2bhv3hEhacCv1TAkjo96nHoUI6Wjjrnfy9SP7MqJXYG2JxCOzy87tlRIjOL6bX7UMdO5rDURtLLlcqFULmozS76rNJip1jE/7G6AI59whRmSsp2zQuXESCiKGRml7EiSEOEB6pG2thz5RDrx5B8jeKiTLvQCoQ9XcJLOb8TIl3Lou3rSR6ovf3fj8K+uHSnv2IkpDyNFOJ5e5EUMqgCOocAuFQQrNtQGYUH1WyHuI41DaXSpeQj/m5t8NlfMFq4K6erpDEcS7IEDkAE5UAJVcAFqoAEwuAeP4Bm8GA/Gk/FqvE1HE8ZsZxf8kPH+BXBBmHU=</latexit>

g(R) =
GM?

R2
The surface gravity is

Problem:  Estimate for the Sun

<latexit sha1_base64="P3SP7/InEvHoTICtJq8s06QGFms="></latexit>

tdyn ⇡
✓

R

g(R)

◆1/2

⇡ 1

2

✓
1

G⇢

◆1/2

( 3 )  

<latexit sha1_base64="/lK/5Aw4qpQMiWtB2UrF8OvrXqM=">AAACEnicdZDLSsNAFIYn9VbrLerSzWARdBMSqbalm6IblxXsBZpSJpNJO3QyCTMTsYQ8gxtfxY0LRdy6cufbOL0IVfTAwM//ncM583sxo1LZ9qeRW1peWV3Lrxc2Nre2d8zdvZaMEoFJE0csEh0PScIoJ01FFSOdWBAUeoy0vdHlhLdviZA04jdqHJNeiAacBhQjpa2+eaL6aeqKEPpjnmXQrbkojkV059agbZ25tSkb6m1Z3yw6lj0tjaqlaqU8EXPnGxXBvBp988P1I5yEhCvMkJRdx45VL0VCUcxIVnATSWKER2hAulpyFBLZS6dfyuCRdnwYREI/ruDUXZxIUSjlOPR0Z4jUUP5mE/Mv1k1UUOmllMeJIhzPFgUJgyqCk3ygTwXBio21QFhQfSvEQyQQVjrFwmII/4vWqeWcW6XrUrF+MY8jDw7AITgGDiiDOrgCDdAEGNyDR/AMXowH48l4Nd5mrTljPrMPfpTx/gWr3J18</latexit>

tdyn ⇡ 0.5 hour



The Gravitational Potential Energy      is defined as the negative of 
the work done to remove the mass of the star to infinity, peeling it 
shell by shell from the outside in. Then

<latexit sha1_base64="SmH/tnJJ55b+Vz92NlkEqaxJxZY=">AAAB6HicdVBNS8NAEJ34WetX1aOXYBE8haQWrbeiF48t2A9oQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbRuhij4YeLw3w8y8IOFMadf9tFZW19Y3NnNb+e2d3b39wsFhU8WppNigMY9lOyAKORPY0ExzbCcSSRRwbAWjm5nfekCpWCzu9DhBPyIDwUJGiTZSvdUrFD3HncN2natyqXReMSRTvq0iZKj1Ch/dfkzTCIWmnCjV8dxE+xMiNaMcp/luqjAhdEQG2DFUkAiVP5kfOrVPjdK3w1iaEtqeq8sTExIpNY4C0xkRPVS/vZn4l9dJdVjxJ0wkqUZBF4vClNs6tmdf230mkWo+NoRQycytNh0SSag22eSXQ/ifNEuOd+GU6+Vi9TqLIwfHcAJn4MElVOEWatAACgiP8Awv1r31ZL1ab4vWFSubOYIfsN6/AOEtjQE=</latexit>

W

<latexit sha1_base64="kXXmvL8HzfBtiAqkE/gyY8X19ZE="></latexit>

W = �4⇡G

Z R

0
rM(r)⇢(r) dr

Using (1) to replace the product           , and manipulating the 
integral, we can derive

<latexit sha1_base64="lfHQ5MhzB8mE+l2bt4rv8PAAmJQ=">AAAB8nicdVDLSgMxFL1TX7W+qi7dDBahboaZWrTuim7cCBXsA6ZDyaSZNjSTDElGKKWf4caFIm79Gnf+jWk7QhU9cLmHc+4lNydMGFXadT+t3Mrq2vpGfrOwtb2zu1fcP2gpkUpMmlgwITshUoRRTpqaakY6iSQoDhlph6Prmd9+IFJRwe/1OCFBjAacRhQjbST/tixPu3IoTOsVS57jzmG7zmW1UjmrGZIp31YJMjR6xY9uX+A0JlxjhpTyPTfRwQRJTTEj00I3VSRBeIQGxDeUo5ioYDI/eWqfGKVvR0Ka4tqeq8sbExQrNY5DMxkjPVS/vZn4l+enOqoFE8qTVBOOFw9FKbO1sGf/t/tUEqzZ2BCEJTW32niIJMLapFRYDuF/0qo43rlTvauW6ldZHHk4gmMogwcXUIcbaEATMAh4hGd4sbT1ZL1ab4vRnJXtHMIPWO9fIgaQhg==</latexit>

M(r)⇢(r)

<latexit sha1_base64="DQscl/KblM6BS4Hnt8BqxCElvKo="></latexit>

W = �3

Z R

0
P (r)4⇡r2dr = �3PV

where     is the volume-averaged pressure and    is the volume 
of the star 

<latexit sha1_base64="O+DSNKzrKXVwG1ePIANDVLOwPjM=">AAAB83icdVDLSsNAFL3xWeur6tLNYBFchaQWrbuiG5cV7AOaUCbTSTt0MgkzE6GE/oYbF4q49Wfc+TdO2ghV9MCFwzn3cC8nSDhT2nE+rZXVtfWNzdJWeXtnd2+/cnDYUXEqCW2TmMeyF2BFORO0rZnmtJdIiqOA024wucn97gOVisXiXk8T6kd4JFjICNZG8rzYmHk2a80GlaprO3Mgx76q12rnDUMK5duqQoHWoPLhDWOSRlRowrFSfddJtJ9hqRnhdFb2UkUTTCZ4RPuGChxR5Wfzn2fo1ChDFMbSjNBori4nMhwpNY0CsxlhPVa/vVz8y+unOmz4GRNJqqkgi0NhypGOUV4AGjJJieZTQzCRzPyKyBhLTLSpqbxcwv+kU7PdC7t+V682r4s6SnAMJ3AGLlxCE26hBW0gkMAjPMOLlVpP1qv1tlhdsYrMEfyA9f4Fr6qSIA==</latexit>

P
<latexit sha1_base64="J7huMf66TdC+6YhGOCzmIhqeHBA=">AAAB6HicdVDLSgNBEOz1GeMr6tHLYBA8LbsxaLwFvXhMwDwgWcLspDcZM/tgZlYIIV/gxYMiXv0kb/6Nk2SFKFrQUFR1093lJ4Ir7Tif1srq2vrGZm4rv72zu7dfODhsqjiVDBssFrFs+1Sh4BE2NNcC24lEGvoCW/7oZua3HlAqHkd3epygF9JBxAPOqDZSvdkrFF3bmYM49lW5VDqvGJIp31YRMtR6hY9uP2ZpiJFmgirVcZ1EexMqNWcCp/luqjChbEQH2DE0oiEqbzI/dEpOjdInQSxNRZrM1eWJCQ2VGoe+6QypHqrf3kz8y+ukOqh4Ex4lqcaILRYFqSA6JrOvSZ9LZFqMDaFMcnMrYUMqKdMmm/xyCP+TZsl2L+xyvVysXmdx5OAYTuAMXLiEKtxCDRrAAOERnuHFureerFfrbdG6YmUzR/AD1vsX36mNAA==</latexit>

V

(5)  

(4)  

Problem:  For a constant density sphere, show that 
<latexit sha1_base64="aNFVQc5CuEwX45kqRQ/qY6uzrkY=">AAACDXicdZDLSgMxGIUzXmu9jbp0E6yCG4dprbZdCEUXuhGq2At06pBJM21o5kKSEcowL+DGV3HjQhG37t35NmbaClX0QODjnP8nyXFCRoU0zU9tZnZufmExs5RdXlldW9c3NhsiiDgmdRywgLccJAijPqlLKhlphZwgz2Gk6QzO0rx5R7iggX8jhyHpeKjnU5diJJVl67tNeAIPLJcjHB8m8VEyxvNL2xIS8dtCEl8ntp7LG+ZI0DQqxUq5lMLE+Y5yYKKarX9Y3QBHHvElZkiIdt4MZSdGXFLMSJK1IkFChAeoR9oKfeQR0YlHv0ngnnK60A24Or6EI3d6I0aeEEPPUZMekn3xO0vNv7J2JN1yJ6Z+GEni4/FFbsSgDGBaDexSTrBkQwUIc6reCnEfqTqkKjA7XcL/0CgY+WOjeFXMVU8ndWTANtgB+yAPSqAKLkAN1AEG9+ARPIMX7UF70l61t/HojDbZ2QI/pL1/Abc3m2Y=</latexit>
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The Pressure                                                 
because radiation pressure is usually small. So we use              

<latexit sha1_base64="lj3kXJkSRN4TLPyAQ0W3gao3MIg=">AAACAnicdZBNS8MwHMZTX+d8q3oSL8EhzEtp59DJLkMvHie4F1hLSbN0C0vamqTCKMOLX8WLB0W8+im8+W3MXoQp+kDg4ff8/yR5goRRqWz701hYXFpeWc2t5dc3Nre2zZ3dpoxTgUkDxywW7QBJwmhEGooqRtqJIIgHjLSCweU4b90RIWkc3ahhQjyOehENKUZKI9/cd6uupJzculVY9zNXcNhDclQUx75ZcCx7Imhb5+VS6aSizYx8RwUwU903P9xujFNOIoUZkrLj2InyMiQUxYyM8m4qSYLwAPVIR9sIcSK9bPKFETzSpAvDWOgTKTih8xsZ4lIOeaAnOVJ9+Tsbw7+yTqrCipfRKEkVifD0ojBlUMVw3AfsUkGwYkNtEBZUvxXiPhIIK91afr6E/02zZDmnVvm6XKhdzOrIgQNwCIrAAWegBq5AHTQABvfgETyDF+PBeDJejbfp6IIx29kDP2S8fwEKmJaU</latexit>

' Pgas(r)
<latexit sha1_base64="Z3LrBEovUydt9OI//8g3kxgyRDI=">AAACG3icbZDLSsNAFIYn9VbrLerSzWARKkJJatVKEYpuXEawF2hKmUwm7dDJhZmJUELfw42v4saFIq4EF76N07SFWv1h4Oc753Dm/E7EqJCG8a1llpZXVtey67mNza3tHX13ryHCmGNSxyELectBgjAakLqkkpFWxAnyHUaazuBmXG8+EC5oGNzLYUQ6PuoF1KMYSYW6eskq8GNoV6/sKrS6SWJzH/aQGI0m+GQOc+SmuKvnjeLl6VmlUoJm0UgFjZmZkTyYyurqn7Yb4tgngcQMCdE2jUh2EsQlxYyMcnYsSITwAPVIW9kA+UR0kvS2ETxSxIVeyNULJEzp/ESCfCGGvqM6fST7YrE2hv/V2rH0Kp2EBlEsSYAni7yYQRnCcVDQpZxgyYbKIMyp+ivEfcQRlirOnArBXDz5r2mUiuZ5sXxXzteup3FkwQE4BAVgggtQA7fAAnWAwSN4Bq/gTXvSXrR37WPSmtGmM/vgl7SvHyNUnw8=</latexit>

P (r) = Pgas(r) + Prad(r)

<latexit sha1_base64="ZnSGqYZzVWSJ7QySXriI7Re9KXE=">AAAB9XicdZBLSwMxFIXv1Fetr6pLN8EiuBpmatFKEUrduKzQF7S1ZNJMG5rJDElGKUP/hxsXirj1v7jz35g+hCp6IHD4zr3kcryIM6Ud59NKrayurW+kNzNb2zu7e9n9g4YKY0lonYQ8lC0PK8qZoHXNNKetSFIceJw2vdH1NG/eU6lYKGp6HNFugAeC+YxgbdBdFXVKV50SEqNeBdV62ZxrOzMhx74s5PNnRWMW5DvKwULVXvaj0w9JHFChCcdKtV0n0t0ES80Ip5NMJ1Y0wmSEB7RtrMABVd1kdvUEnRjSR34ozRMazejyRoIDpcaBZyYDrIfqdzaFf2XtWPvFbsJEFGsqyPwjP+ZIh2haAeozSYnmY2MwkczcisgQS0y0KSqzXML/ppG33XO7cFvIlSuLOtJwBMdwCi5cQBluoAp1ICDhEZ7hxXqwnqxX620+mrIWO4fwQ9b7F0PkkRU=</latexit>

P = nkBT

For a monoatomic gas, the kinetic energy per volume is        , 
so the Kinetic Energy (or Thermal Energy) of the star is

<latexit sha1_base64="rTqitMAInsBB3dmqcjKB/E8V3ic=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbBU0zaovVW9OKxgmkLbSib7aZdutmE3Y1QQn+DFw+KePUHefPfuG0jqOiDgcd7M8zMCxLOlHacD6uwsrq2vlHcLG1t7+zulfcP2ipOJaEeiXksuwFWlDNBPc00p91EUhwFnHaCyfXc79xTqVgs7vQ0oX6ER4KFjGBtJK/WOquiQbni2s4CyLEv69VqrWFIrnxZFcjRGpTf+8OYpBEVmnCsVM91Eu1nWGpGOJ2V+qmiCSYTPKI9QwWOqPKzxbEzdGKUIQpjaUpotFC/T2Q4UmoaBaYzwnqsfntz8S+vl+qw4WdMJKmmgiwXhSlHOkbzz9GQSUo0nxqCiWTmVkTGWGKiTT6l7yH8T9pV2z2367f1SvMqj6MIR3AMp+DCBTThBlrgAQEGD/AEz5awHq0X63XZWrDymUP4AevtE31njdY=</latexit>

3P/2

<latexit sha1_base64="7MerUNIl2MFt1MPBqpxyPcIYw9c=">AAACC3icdVBLSwMxGMzWV62vVY9eQovgQZbdtmilCEUvgpcK9gHdpWTTbBuafZBkhbLs3Yt/xYsHRbz6B7z5b8y2FaroQGCY+eZLMm7EqJCm+anllpZXVtfy64WNza3tHX13ry3CmGPSwiELeddFgjAakJakkpFuxAnyXUY67vgy8zt3hAsaBrdyEhHHR8OAehQjqaS+XryGdv3crkPb4wgnlTQpp/axHapMtjJppu2+XrIMcwpoGmfVcrlSU2SufFslMEezr3/YgxDHPgkkZkiInmVG0kkQlxQzkhbsWJAI4TEakp6iAfKJcJLpX1J4qJQB9EKuTiDhVF1MJMgXYuK7atJHciR+e5n4l9eLpVdzEhpEsSQBnl3kxQzKEGbFwAHlBEs2UQRhTtVbIR4hVYpU9RUWS/iftMuGdWJUb6qlxsW8jjw4AEVwBCxwChrgCjRBC2BwDx7BM3jRHrQn7VV7m43mtHlmH/yA9v4FxF6aTg==</latexit>

K =
3

2
PV (6)  

From (5) and (6) we obtain

(7)  

Equation (7’) is called the Virial Theorem    

Since the Total Energy                , we have <latexit sha1_base64="66mqAin7Xg+xBTVB0fz2D1Yvy6I=">AAAB9HicdZBdSwJBFIbP2pfZl9VlN0MSBMGya1KGBFIEQTcGmYK7yOw46uDsRzOzgiz+jm66KKLbfkx3/ZtG3cCiXhh4ed5zmMPrRZxJZVmfRmZhcWl5JbuaW1vf2NzKb+/cyzAWhNZJyEPR9LCknAW0rpjitBkJin2P04Y3uJzkjSEVkoXBnRpF1PVxL2BdRrDSyL1CTuXcqaAbdIQa7XzBNq2pkGWelYrF47I2KfmOCpCq1s5/OJ2QxD4NFOFYypZtRcpNsFCMcDrOObGkESYD3KMtbQPsU+km06PH6ECTDuqGQr9AoSmd30iwL+XI9/Skj1Vf/s4m8K+sFatu2U1YEMWKBmT2UTfmSIVo0gDqMEGJ4iNtMBFM34pIHwtMlO4pN1/C/+a+aNonZum2VKhepHVkYQ/24RBsOIUqXEMN6kDgAR7hGV6MofFkvBpvs9GMke7swg8Z71+zCpAf</latexit>

E = K +W

<latexit sha1_base64="jBYoynCB0zHKmbWZaNuqgLosouc=">AAAB/XicdZBLS8NAFIUnPmt9xcfOzWAR3BiTWLRShKIIgpsK9gFNKJPppB06eTAzEWoo/hU3LhRx6/9w579x2kaoogcGDt+5l7kcL2ZUSNP81GZm5+YXFnNL+eWV1bV1fWOzLqKEY1LDEYt400OCMBqSmqSSkWbMCQo8Rhpe/2KUN+4IFzQKb+UgJm6AuiH1KUZSoba+fQmd8plThgfXmWkc2m29YBnmWNA0Tou2fVRSJiPfUQFkqrb1D6cT4SQgocQMCdGyzFi6KeKSYkaGeScRJEa4j7qkpWyIAiLcdHz9EO4p0oF+xNULJRzT6Y0UBUIMAk9NBkj2xO9sBP/KWon0S25KwziRJMSTj/yEQRnBURWwQznBkg2UQZhTdSvEPcQRlqqw/HQJ/5u6bVjHRvGmWKicZ3XkwA7YBfvAAiegAq5AFdQABvfgETyDF+1Be9JetbfJ6IyW7WyBH9LevwAGVpJk</latexit>

E = �K = W/2 (7’)  

<latexit sha1_base64="Z2dpfY6rqp4SMfTPotHArWcNJJg=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwY0hqbZUiFN0IbirYByShTKaTduhkEmYmQgn9DDcuFHHr17jzb5y2EarogQuHc+7l3nv8mFGpLOvTyC0tr6yu5dcLG5tb2zvF3b22jBKBSQtHLBJdH0nCKCctRRUj3VgQFPqMdPzR9dTvPBAhacTv1TgmXogGnAYUI6UlpwPd+qVbhyfl216xZJvWDNAyL2r26VlVk0z5tkogQ7NX/HD7EU5CwhVmSErHtmLlpUgoihmZFNxEkhjhERoQR1OOQiK9dHbyBB5ppQ+DSOjiCs7UxYkUhVKOQ193hkgN5W9vKv7lOYkKzr2U8jhRhOP5oiBhUEVw+j/sU0GwYmNNEBZU3wrxEAmElU6psBjC/6RdNu2qWbmrlBpXWRx5cAAOwTGwQQ00wA1oghbAIAKP4Bm8GMp4Ml6Nt3lrzshm9sEPGO9f7gCPvQ==</latexit>

W = �2K



Kelvin-Helmholtz (or thermal) timescale

As a star radiates it loses energy, while remaining in quasi-
hydrostatic (or virial) equilibrium 

If it did not have internal energy sources (like nuclear fusion),  
it can shine at the rate     for a maximum time of order 

<latexit sha1_base64="Yt/Ie7G6xgW/E7aTxNP4D/GrRdc="></latexit>

E = W/2 = � 3

10

GM2
?

R

Assuming a constant density star, the virial theorem gives

which implies 

Problem:  Estimate for the Sun that  
<latexit sha1_base64="n40kiODpdWun0XRWjLgesKizE7o=">AAACCnicdZDLSsNAGIUn9VbrLerSzWgRXIVEim3ppuim4KaCvUATw2Q6aYdOLsxMxBC6duOruHGhiFufwJ1vY9JGqKIHBg7f+X9m5jgho0Lq+qdSWFpeWV0rrpc2Nre2d9Tdva4IIo5JBwcs4H0HCcKoTzqSSkb6ISfIcxjpOZOLLO/dEi5o4F/LOCSWh0Y+dSlGMkW2eijt5LI1hWbDRGHIgzuzAQ39pmo2EpN7MOZTWy0bmj4T1LV6pV6rZiYn31EZ5Grb6oc5DHDkEV9ihoQYGHoorQRxSTEj05IZCRIiPEEjMkitjzwirGT2lSk8TskQugFPjy/hjC5uJMgTIvacdNJDcix+Zxn8KxtE0q1ZCfXDSBIfzy9yIwZlALNe4JBygiWLU4Mwp+lbIR4jjrBM2ystlvC/6Z5qxplWuaqUm+d5HUVwAI7ACTBAFTRBC7RBB2BwDx7BM3hRHpQn5VV5m48WlHxnH/yQ8v4FwGaZsQ==</latexit>

tKH ⇡ 107 yr

(8)  

(8’)  

<latexit sha1_base64="XTy4J3PwUvveHwjFeWl/EcjshB4=">AAAB7nicdVBNS8NAEN3Ur1q/qh69LBbBU0ik2PZW9OLBQwX7AW0om+2mXbrZhN2JUEJ/hBcPinj193jz37hpI1TRBwOP92aYmefHgmtwnE+rsLa+sblV3C7t7O7tH5QPjzo6ShRlbRqJSPV8opngkrWBg2C9WDES+oJ1/el15ncfmNI8kvcwi5kXkrHkAacEjNS9HQ40EDUsV1zbWQA7dqPaqNcykivfVgXlaA3LH4NRRJOQSaCCaN13nRi8lCjgVLB5aZBoFhM6JWPWN1SSkGkvXZw7x2dGGeEgUqYk4IW6OpGSUOtZ6JvOkMBE//Yy8S+vn0BQ91Iu4wSYpMtFQSIwRDj7HY+4YhTEzBBCFTe3YjohilAwCZVWQ/ifdC5s99Ku3lUrzas8jiI6QafoHLmohproBrVQG1E0RY/oGb1YsfVkvVpvy9aClc8cox+w3r8AfGCPsA==</latexit>

L?

<latexit sha1_base64="2GyVGvk739yZve9f94dbYnyjwhY=">AAACBXicdZBLSwMxFIUzPmt9jbrURbAIrspUim0XQlGEgi4q2Ae0ZcikmTY08yC5I5TpbNz4V9y4UMSt/8Gd/8b0IVTRA4HDOfeS5HNCwRVY1qexsLi0vLKaWkuvb2xubZs7u3UVRJKyGg1EIJsOUUxwn9WAg2DNUDLiOYI1nMHFuG/cMal44N/CMGQdj/R87nJKQEe2eQB2fFVJ8Bluu5LQeHQ5SuJru62AyMQ2M7msNRG2sqV8qVgYm1nyXWXQTFXb/Gh3Axp5zAcqiFKtnBVCJyYSOBUsSbcjxUJCB6THWtr6xGOqE09+keAjnXSxG0h9fMCTdH4jJp5SQ8/Rkx6BvvrdjcO/ulYEbrETcz+MgPl0epEbCQwBHiPBXS4ZBTHUhlDJ9Vsx7RNNAzS49DyE/039JJs7zeZv8pny+QxHCu2jQ3SMcqiAyqiCqqiGKLpHj+gZvRgPxpPxarxNRxeM2c4e+iHj/QuiJpiz</latexit>

tKH =
|E|
L?

<latexit sha1_base64="C072ovW6O66Gpo6otDNSV3a/+M0="></latexit>

tKH ⇡ 3
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Expressing     as a function of <latexit sha1_base64="xzFqIvfXymKoOzYwfWnotufLiFc=">AAAB6HicdVDLSsNAFL2pr1pfVZduBovgKiRaUt0V3bhswT6gDTKZTtqxk0mYmQgl9AvcuFDErZ/kzr9x2kaoogcGDuecy71zgoQzpR3n0yqsrK6tbxQ3S1vbO7t75f2DtopTSWiLxDyW3QArypmgLc00p91EUhwFnHaC8fXM7zxQqVgsbvUkoX6Eh4KFjGBtpGbjrlxxbWcO5NiXXu3c8wzJlW+rAjlM/qM/iEkaUaEJx0r1XCfRfoalZoTTaamfKppgMsZD2jNU4IgqP5sfOkUnRhmgMJbmCY3m6vJEhiOlJlFgkhHWI/Xbm4l/eb1Uhxd+xkSSairIYlGYcqRjNPs1GjBJieYTQzCRzNyKyAhLTLTpprRcwv+kfWa7nl1tViv1q7yOIhzBMZyCCzWoww00oAUEKDzCM7xY99aT9Wq9LaIFK585hB+w3r8A452NAw==</latexit>

P
<latexit sha1_base64="RQGr9QNsmt+plci5SfPVW0e89ww=">AAAB8HicdVBNS8NAEN3Ur1q/qh69LBbBQwmJllRvRS8eK7S20oSy2W7apbvZsLsRSuiv8OJBEa/+HG/+G7dthCr6YODx3gwz88KEUaUd59MqrKyurW8UN0tb2zu7e+X9gzslUolJGwsmZDdEijAak7ammpFuIgniISOdcHw98zsPRCoq4paeJCTgaBjTiGKkjXTvy5Hwq1XY6pcrru3MAR370qufe54hufJtVUCOZr/84Q8ETjmJNWZIqZ7rJDrIkNQUMzIt+akiCcJjNCQ9Q2PEiQqy+cFTeGKUAYyENBVrOFeXJzLElZrw0HRypEfqtzcT//J6qY4ugozGSapJjBeLopRBLeDsezigkmDNJoYgLKm5FeIRkghrk1FpOYT/yd2Z7Xp27bZWaVzlcRTBETgGp8AFddAAN6AJ2gADDh7BM3ixpPVkvVpvi9aClc8cgh+w3r8A3bmP0A==</latexit>

⇢ , T

Define Mass Fractions of different nuclei

<latexit sha1_base64="cT7F3Vf4tMShMeqZ2phJW/IV3tY=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0i0pHorevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btsIVfTBwOO9GWbmBQlnSjvOp1VYWV1b3yhulra2d3b3yvsHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0H4+uZ336gUrFY3OtJQv0IDwULGcHaSHdR3+mXK67tzIEc+9KrnXueIbnybVUgR6Nf/ugNYpJGVGjCsVJd10m0n2GpGeF0WuqliiaYjPGQdg0VOKLKz+anTtGJUQYojKUpodFcXZ7IcKTUJApMZ4T1SP32ZuJfXjfV4YWfMZGkmgqyWBSmHOkYzf5GAyYp0XxiCCaSmVsRGWGJiTbplJZD+J+0zmzXs6u31Ur9Ko+jCEdwDKfgQg3qcAMNaAKBITzCM7xY3HqyXq23RWvBymcO4Qes9y8zbo3D</latexit>m0
<latexit sha1_base64="rHEE0lmxXYe8ySalLghvmCyRN6A=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFRItqe6KblxWsA9oQ5lMJ+3YeYSZiVBC/8GNC0Xc+j/u/BunbYQqeuDC4Zx7ufeeKGFUG8/7dAorq2vrG8XN0tb2zu5eef+gpWWqMGliyaTqREgTRgVpGmoY6SSKIB4x0o7G1zO//UCUplLcmUlCQo6GgsYUI2OlVo+nfQr75YrvenNAz70MaudBYEmufFsVkKPRL3/0BhKnnAiDGdK663uJCTOkDMWMTEu9VJME4TEakq6lAnGiw2x+7RSeWGUAY6lsCQPn6vJEhrjWEx7ZTo7MSP/2ZuJfXjc18UWYUZGkhgi8WBSnDBoJZ6/DAVUEGzaxBGFF7a0Qj5BC2NiASssh/E9aZ64fuNXbaqV+lcdRBEfgGJwCH9RAHdyABmgCDO7BI3gGL450npxX523RWnDymUPwA877F2q/jws=</latexit>µi

=  atomic mass unit 
=  Molecular weight of nuclei of type   = H, He, etc<latexit sha1_base64="SqyR068hA9Cr1Tuyp3eFiNt9Tmk=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbBU0i0pHorevFYxX5AG8pmu2mXbjZhdyOU0H/gxYMiXv1H3vw3btsIVfTBwOO9GWbmBQlnSjvOp1VYWV1b3yhulra2d3b3yvsHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0H4+uZ336gUrFY3OtJQv0IDwULGcHaSHcM9csV13bmQI596dXOPc+QXPm2KpCj0S9/9AYxSSMqNOFYqa7rJNrPsNSMcDot9VJFE0zGeEi7hgocUeVn80un6MQoAxTG0pTQaK4uT2Q4UmoSBaYzwnqkfnsz8S+vm+rwws+YSFJNBVksClOOdIxmb6MBk5RoPjEEE8nMrYiMsMREm3BKyyH8T1pntuvZ1dtqpX6Vx1GEIziGU3ChBnW4gQY0gUAIj/AML9bYerJerbdFa8HKZw7hB6z3L19djUY=</latexit>

i
<latexit sha1_base64="4HkBdVG40ckJ4a8gh4WXo37MZ8g=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBbBU0i0pHorevFYwX5gG8pmu2mXbjZhdyOU0r/gxYMiXv1D3vw3btoIVfTBwOO9GWbmBQlnSjvOp1VYWV1b3yhulra2d3b3yvsHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0H4+vMbz9QqVgs7vQkoX6Eh4KFjGCdSfd9hvrlims7cyDHvvRq555nSK58WxXI0eiXP3qDmKQRFZpwrFTXdRLtT7HUjHA6K/VSRRNMxnhIu4YKHFHlT+e3ztCJUQYojKUpodFcXZ6Y4kipSRSYzgjrkfrtZeJfXjfV4YU/ZSJJNRVksShMOdIxyh5HAyYp0XxiCCaSmVsRGWGJiTbxlJZD+J+0zmzXs6u31Ur9Ko+jCEdwDKfgQg3qcAMNaAKBETzCM7xYkfVkvVpvi9aClc8cwg9Y71/Dao4T</latexit>

Zi =  Atomic number of …

<latexit sha1_base64="DoJWelxdOdOXmH493UKiX+S2LfI=">AAACJnicdVBLSwMxGMzWV62vqkcvwSJ4KlstW6UUil48VrAP6JYlm2bb0CS7JFmhLP01XvwrXjxURLz5U0zbFVrRgZBhZj6+ZPyIUaVt+9PKrK1vbG5lt3M7u3v7B/nDo5YKY4lJE4cslB0fKcKoIE1NNSOdSBLEfUba/uh25rcfiVQ0FA96HJEeRwNBA4qRNpKXr3U8Ct1qza1CN5AIJ64chh6dzO/JiiM86vLYxLlnp76XL5SK9hzQLl47lUvHMSRVfqwCSNHw8lO3H+KYE6ExQ0p1S3akewmSmmJGJjk3ViRCeIQGpGuoQJyoXjL/5gSeGaUPg1CaIzScq8sTCeJKjblvkhzpofrtzcS/vG6sg6teQkUUayLwYlEQM6hDOOsM9qkkWLOxIQhLat4K8RCZTrRpNrdcwv+kdVEsOcXyfblQv0nryIITcArOQQlUQB3cgQZoAgyewAuYgjfr2Xq13q2PRTRjpTPHYAXW1zf9BqWR</latexit>

Xi =
⇢i
⇢

=
niµim0

⇢

<latexit sha1_base64="6/og3wwORYM3FJZzhCjup+fJqyA="></latexit>

P = nkBT =
⇣
ne +

X

i

ni

⌘
kBT

For fully ionised gas
<latexit sha1_base64="ZlB005vXfNAtL82mXvbgxrSLfeo=">AAACAHicdZBNS8MwHMZTX+d8q3rw4CU4BE+l1dEpQxh68TjBveBaSpqlW1ialiQVxtjFr+LFgyJe/Rje/DZmW4Up+kDg4ff8/yR5wpRRqWz701hYXFpeWS2sFdc3Nre2zZ3dpkwygUkDJywR7RBJwignDUUVI+1UEBSHjLTCwdUkb90TIWnCb9UwJX6MepxGFCOlUWDu84BAr3rhVaEnszig8C6gPKCBWXIseypoW+du5dR1tcnJd1QCueqB+eF1E5zFhCvMkJQdx06VP0JCUczIuOhlkqQID1CPdLTlKCbSH00/MIZHmnRhlAh9uIJTOr8xQrGUwzjUkzFSffk7m8C/sk6mojN/RHmaKcLx7KIoY1AlcNIG7FJBsGJDbRAWVL8V4j4SCCvdWXG+hP9N88RyXKt8Uy7VLvM6CuAAHIJj4IAKqIFrUAcNgMEYPIJn8GI8GE/Gq/E2G10w8p098EPG+xc3f5WO</latexit>

ne =
X

i

Zini

<latexit sha1_base64="ILqxnvxkgPDwg0Rv4jKGY2Tgzw0=">AAACC3icdZDLSgMxGIUz9VbrbdSlm9AiuCpTLVOlCKVuXFboReiUIZNm2tAkMyQZoQzdu/FV3LhQxK0v4M63Mb0IVfRA4HDO/5PkC2JGlXacTyuzsrq2vpHdzG1t7+zu2fsHbRUlEpMWjlgkbwOkCKOCtDTVjNzGkiAeMNIJRlfTvnNHpKKRaOpxTHocDQQNKUbaRL6db0CveulVoRdKhFNPDiM48uuwOUk9nkDuOxPfLpSKzkzQKV64lTPXNWaRfFcFsFDDtz+8foQTToTGDCnVLTmx7qVIaooZmeS8RJEY4REakK6xAnGieunsLxN4bJI+DCNpjtBwli5vpIgrNeaBmeRID9Xvbhr+1XUTHZ73UiriRBOB5xeFCYM6glMwsE8lwZqNjUFYUvNWiIfIQNEGX24Zwv+mfVosucXyTblQqy9wZMERyIMTUAIVUAPXoAFaAIN78AiewYv1YD1Zr9bbfDRjLXYOwQ9Z71/ROZmw</latexit>

P =
⇢kBT

µm0

<latexit sha1_base64="+QBTGXIQfspUurz7WGEmXoEIxyU="></latexit>

1

µ
=

X

i

Xi (1 + Zi)

µi

Then 

with 

(9)  

;    =  mean molecular weight <latexit sha1_base64="j92J5UgZgG1orkUKBMm54dsPwxw=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0i0pHorevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btsIVfTBwOO9GWbmBQlnSjvOp1VYWV1b3yhulra2d3b3yvsHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0H4+uZ336gUrFY3OtJQv0IDwULGcHaSHe9KO2XK67tzIEc+9KrnXueIbnybVUgR6Nf/ugNYpJGVGjCsVJd10m0n2GpGeF0WuqliiaYjPGQdg0VOKLKz+anTtGJUQYojKUpodFcXZ7IcKTUJApMZ4T1SP32ZuJfXjfV4YWfMZGkmgqyWBSmHOkYzf5GAyYp0XxiCCaSmVsRGWGJiTbplJZD+J+0zmzXs6u31Ur9Ko+jCEdwDKfgQg3qcAMNaAKBITzCM7xY3HqyXq23RWvBymcO4Qes9y+XYo4F</latexit>µ



Use notation
<latexit sha1_base64="rKLnhN6peXyTtwtAv8wi5VUIxQc="></latexit>

XH = X , XHe = Y ,
X

i=metals

Xi = Z

By definition 
<latexit sha1_base64="auxg667WFmb50cGJshLXM0GmOdA=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEwVJmtEyVIhTduKxgH9oZSibNtKGZB0lGKENx46+4caGIW7/CnX9j2o5QRQ+EHM65l3vvcSNGhTSMTy0zN7+wuJRdzq2srq1v6JtbDRHGHJM6DlnIWy4ShNGA1CWVjLQiTpDvMtJ0Bxdjv3lHuKBhcC2HEXF81AuoRzGSSuroOy1oFw7tArxJ/1toV87sCjQ7et4sGhNAo3hqlY8tS5FU+bbyIEWto3/Y3RDHPgkkZkiItmlE0kkQlxQzMsrZsSARwgPUI21FA+QT4SSTE0ZwXyld6IVcvUDCiTrbkSBfiKHvqkofyb747Y3Fv7x2LL0TJ6FBFEsS4OkgL2ZQhnCcB+xSTrBkQ0UQ5lTtCnEfcYSlSi03G8L/pHFUNK1i6aqUr56ncWTBLtgDB8AEZVAFl6AG6gCDe/AInsGL9qA9aa/a27Q0o6U92+AHtPcvhbSTsQ==</latexit>

X + Y + Z = 1

Have 
<latexit sha1_base64="8QZbncZV1xuM7IhKQqi03w13nSI="></latexit>

ZH = 1 , µH = 1 ; ZHe = 2 , µHe = 4 ;
1 + Zi

µi

' Zi

µi

' 1

2
for metals

Then 
<latexit sha1_base64="cZrbmlGBTGN+8zAIHgbOBpULkEQ="></latexit>

1

µ
' 2X +

3

4
Y +

1

2
Z

For Solar composition gas:

(10)  

<latexit sha1_base64="UiZSC87EeWdIuBlLjiAYZ3EcxHs="></latexit>

X ' 0.7 , Y ' 0.28 , Z ' 0.02

So 
<latexit sha1_base64="zlsoCjAPMRAoicBD3xxhb6X/MFw=">AAACAnicdVDLSgMxFM3UV62vUVfiJlgEV8O0lqnSTdGNywr2AZ1SMpm0DU0mY5IRSilu/BU3LhRx61e4829M2xGq6IELJ+fcy809Qcyo0q77aWWWlldW17LruY3Nre0de3evoUQiMaljwYRsBUgRRiNS11Qz0oolQTxgpBkML6d+845IRUV0o0cx6XDUj2iPYqSN1LUPfJ50fREKDf2Krygnt34Fuo5X7Nr5guPOYN7nXvnU8wxJlW8rD1LUuvaHHwqccBJpzJBS7YIb684YSU0xI5OcnygSIzxEfdI2NEKcqM54dsIEHhslhD0hTUUaztTFiTHiSo14YDo50gP125uKf3ntRPfOOmMaxYkmEZ4v6iUMagGnecCQSoI1GxmCsKTmrxAPkERYm9RyiyH8TxpFp+A5petSvnqRxpEFh+AInIACKIMquAI1UAcY3INH8AxerAfryXq13uatGSud2Qc/YL1/AXnmljI=</latexit>

µ� ' 0.62
(10’)  



II. Nuclear Energy Generation

Nuclear reactions (fusion or fission) proceed in the direction of 
increasing the binding energy per nucleon


In main-sequence stars, 4 protons fuse to form a       nucleus.      
This happens through the p-p chain (in stars like the Sun), or the 
CNO-cycle (in higher mass stars)


Mass of 4 protons = 


Mass of a      nucleus = 


Mass deficit               


Energy released                              


About 0.7% of the rest energy of 4 protons has been released

<latexit sha1_base64="RCq+KhtZmOYsSsnruHnsrWmXfos=">AAAB73icdVDLSsNAFJ3UV62vqks3o0VwFRItTbIruumygn1AG8tkOmmHTiZxZiKU0J9w40IRt/6OO//GSVtBRQ9cOJxzL/feEySMSmVZH0ZhZXVtfaO4Wdra3tndK+8ftGWcCkxaOGax6AZIEkY5aSmqGOkmgqAoYKQTTK5yv3NPhKQxv1HThPgRGnEaUoyUlrrZ7LbaP26QQblimZ7rOK4DNfFq1oWbE9fzLAfapjVHBSzRHJTf+8MYpxHhCjMkZc+2EuVnSCiKGZmV+qkkCcITNCI9TTmKiPSz+b0zeKqVIQxjoYsrOFe/T2QoknIaBbozQmosf3u5+JfXS1Xo+hnlSaoIx4tFYcqgimH+PBxSQbBiU00QFlTfCvEYCYSVjqikQ/j6FP5P2uemXTOr19VK/XIZRxEcgRNwBmzggDpogCZoAQwYeABP4Nm4Mx6NF+N10VowljOH4AeMt08LspAC</latexit>

4
He

<latexit sha1_base64="RCq+KhtZmOYsSsnruHnsrWmXfos=">AAAB73icdVDLSsNAFJ3UV62vqks3o0VwFRItTbIruumygn1AG8tkOmmHTiZxZiKU0J9w40IRt/6OO//GSVtBRQ9cOJxzL/feEySMSmVZH0ZhZXVtfaO4Wdra3tndK+8ftGWcCkxaOGax6AZIEkY5aSmqGOkmgqAoYKQTTK5yv3NPhKQxv1HThPgRGnEaUoyUlrrZ7LbaP26QQblimZ7rOK4DNfFq1oWbE9fzLAfapjVHBSzRHJTf+8MYpxHhCjMkZc+2EuVnSCiKGZmV+qkkCcITNCI9TTmKiPSz+b0zeKqVIQxjoYsrOFe/T2QoknIaBbozQmosf3u5+JfXS1Xo+hnlSaoIx4tFYcqgimH+PBxSQbBiU00QFlTfCvEYCYSVjqikQ/j6FP5P2uemXTOr19VK/XIZRxEcgRNwBmzggDpogCZoAQwYeABP4Nm4Mx6NF+N10VowljOH4AeMt08LspAC</latexit>

4
He

<latexit sha1_base64="DxIQ3pZeaO6s4jpcoVPD/i5Bvb8=">AAAB/nicdZBPS8MwGMbT+W/Of1Xx5KU4BE+lHXUqXoZePE5wm7CWkWbpFpY0JUnFUQZ+FS8eFPHq5/DmtzHdKkzRBwIPv+d9ycsTJpRI5TifRmlhcWl5pbxaWVvf2Nwyt3fakqcC4RbilIvbEEpMSYxbiiiKbxOBIQsp7oSjyzzv3GEhCY9v1DjBAYODmEQEQaVRz9zzbMep1f1zn4X8PoM2s1N70jOrrua5LMc+qx97tZo2BfmOqqBQs2d++H2OUoZjhSiUsus6iQoyKBRBFE8qfipxAtEIDnBX2xgyLINsev7EOtSkb0Vc6Bcra0rnNzLIpByzUE8yqIbyd5bDv7JuqqLTICNxkioco9lHUUotxa28C6tPBEaKjrWBSBB9q4WGUECkdGOV+RL+N+2a7dZt79qrNi6KOspgHxyAI+CCE9AAV6AJWgCBDDyCZ/BiPBhPxqvxNhstGcXOLvgh4/0L8veUOw==</latexit>

4.0026 a.m.u.

<latexit sha1_base64="uqnT61OnZWEPDPkD29kcF578ZjU="></latexit>

�m = (4.0316� 4.0026) a.m.u. = 0.029 a.m.u.

<latexit sha1_base64="TngAzaVH1AOhYazuYiDiev08oMs=">AAACHnicdVDLSgMxFM34rPU16tJNsAiuhpk6bS0iFN24rGAf0Cklk6ZtaDIzJBmxDP0SN/6KGxeKCK70b8y0FWrRA4HDOedyb44fMSqVbX8ZS8srq2vrmY3s5tb2zq65t1+XYSwwqeGQhaLpI0kYDUhNUcVIMxIEcZ+Rhj+8Sv3GHRGShsGtGkWkzVE/oD2KkdJSxyy4nqKcSOhYtl0qe+ce98P7BFnciq0xvICuZZ86xQW9Y+bSfApoW+Viwc3nNZkpP1YOzFDtmB9eN8QxJ4HCDEnZcuxItRMkFMWMjLNeLEmE8BD1SUvTAOmT2snke2N4rJUu7IVCv0DBiTo/kSAu5Yj7OsmRGshFLxX/8lqx6p21ExpEsSIBni7qxQyqEKZdwS4VBCs20gRhQfWtEA+QQFjpRrPzJfxP6nnLKVrujZurXM7qyIBDcAROgANKoAKuQRXUAAYP4Am8gFfj0Xg23oz3aXTJmM0cgF8wPr8BF7GfaQ==</latexit>

4⇥ 1.0079 a.m.u. = 4.0316 a.m.u.

<latexit sha1_base64="t06+xwSinP+1QWaKc4NPJ8UzEcU="></latexit>

�E = �mc2 ' 27 MeV



The pp chain and CNO cycle
1.5 Nuclear Energy Generation 31

There are two chief routes by which hydrogen can fuse into helium. One is
the proton–proton chain,21 of which the simplest version is22

I : 1H + 1H → 2H + e+ + νe + 1.18 MeV
II : 1H + 2H → 3He + γ + 5.49 MeV
III : 3He + 3He → 4He + 1H + 1H + 12.85 MeV. (1.5.2)

The other route is the CNO cycle,23 which in its simplest variant is

i : 1H + 12C → 13N + γ + 1.95 MeV
ii : 13N → 13C + e+ + νe + 1.50 MeV
iii : 1H + 13C → 14N + γ + 7.54 MeV
iv : 1H + 14N → 15O + γ + 7.35 MeV
v : 15O → 15N + e+ + νe + 1.73 MeV
vi : 1H + 15N → 12C + 4He + 4.96 MeV, (1.5.3)

where carbon, nitrogen, and oxygen nuclei are understood to be present in the
interstellar matter from which stars like the Sun are formed, left over from
nuclear processes in an earlier generation of stars. They are catalysts, neither
created nor destroyed in a complete cycle. In both cases there are side branches
and extensions to which we will return below, but these simple versions will
provide us with sufficient examples to illustrate how ϵ(ρ, T ) is estimated.

The detailed calculation of the rates of these various nuclear reactions is
beyond the scope of this book. However, we can usefully identify various sup-
pression factors in the rates that tell us a good deal about which reactions are
dominant, and about their temperature dependence.

Electromagnetic Coupling

The rate of any reaction in which a single photon is emitted (such as 1H+2H →
3He + γ in the proton–proton cycle or 1H + 12C → 13N + γ in the CNO cycle)
is suppressed by a factor of order e2/h̄c ≃ 1/137.

Weak Coupling

The rate of any reaction in which a proton turns into a neutron with the emission
of a positron and neutrino (such as the first step 1H + 1H → 2H + e+ + νe in

21 H. A. Bethe and C. H. Critchfield, Phys. Rev. 54, 248 (1938).
22 The energies listed here for the proton–proton chain and below for the CNO cycle are the energies for

each reaction actually deposited in the stellar material. Thus, where a positron is emitted, these energies
include not only the rest energy mec

2 of the emitted positron but also the rest energy of the electron
with which that positron inevitably annihilates. On the other hand, the mean energy of the accompanying
neutrino is subtracted from the energy released, since virtually all neutrinos leave the star.

23 C. F. von Weizsäcker, Phys. Z. 38, 176 (1938); H. A. Bethe, Phys. Rev. 55, 434 (1939).

Each step involves either an Electromagnetic or Weak Interaction



The nuclear reactions involved in either the p-p chain or the CNO cycle 
involve a series of 2-body encounters between positively charged nuclei


Since like charges repel, quantum tunnelling helps to penetrate the 
“Coulomb barrier”. Also, the process is more likely at higher temperatures



The probability of encounters between nuclei is higher at higher 
densities


Higher temperatures and densities imply that the nuclear reactions 
are confined to the core of a star


Energy released when          of H fuses over the lifetime of 
the Sun is           


The Solar luminosity is 


If the Sun continued radiating with this luminosity, the main-
sequence lifetime (also called nuclear timescale) is                    

<latexit sha1_base64="0ETEC5/hmt6JX3/qYtSx4yduG30="></latexit>

Etot ⇡ 7⇥ 10�4 ⇥M�c
2 ⇡ 1044 J

<latexit sha1_base64="tBhEQlvcyMO5n1T6i1vifoF6bQs=">AAAB9XicdVDLSsNAFJ34rPVVdelmsAguJCSmtXZXdONGqGAf0MQymUzaoZNMmJkoJfQ/3LhQxK3/4s6/cdJWUNEDFw7n3Mu99/gJo1JZ1oexsLi0vLJaWCuub2xubZd2dtuSpwKTFuaMi66PJGE0Ji1FFSPdRBAU+Yx0/NFF7nfuiJCUxzdqnBAvQoOYhhQjpaVby7Td46t+5vKAq0m/VLbMerVSd+pQk3rVqtk5cao1x4G2aU1RBnM0+6V3N+A4jUisMENS9mwrUV6GhKKYkUnRTSVJEB6hAelpGqOISC+bXj2Bh1oJYMiFrljBqfp9IkORlOPI150RUkP528vFv7xeqsIzL6NxkioS49miMGVQcZhHAAMqCFZsrAnCgupbIR4igbDSQRV1CF+fwv9J+8S0T83KdaXcOJ/HUQD74AAcARvUQANcgiZoAQwEeABP4Nm4Nx6NF+N11rpgzGf2wA8Yb58FtJJA</latexit>

0.1M�

<latexit sha1_base64="EPF7sxttLnNP35UySODYGZ9cKAo="></latexit>

L� ' 3.83⇥ 1026 W

<latexit sha1_base64="pZEeGjaZkPPs9njRPj1nE5q1nD8="></latexit>

tnuc ⇡ Etot

L�
' 2.6⇥ 1017 s ⇡ 1010 yr (11)  



Then the luminosity added to       by a spherical shell of radius   
and thickness     is                      . Therefore         

Let        =  rate of release of nuclear energy per unit mass           

Let        =  luminosity through the spherical surface of radius          

<latexit sha1_base64="RbRGZ2ZVVWoxyQ6DyKsamh+MGFI=">AAAB63icbZDLSsNAFIZP6q3WW9Wlm8Ei1E1JpNZ2V3TjwkUFe4E2lMl00g6dScLMRCihr+DGhSJufSF3vo2TNgut/jDw8Z9zmHN+L+JMadv+snJr6xubW/ntws7u3v5B8fCoo8JYEtomIQ9lz8OKchbQtmaa014kKRYep11vepPWu49UKhYGD3oWUVfgccB8RrBOrbuyPB8WS3al0bhs2A5KwanXUrAXQk4GJcjUGhY/B6OQxIIGmnCsVN+xI+0mWGpGOJ0XBrGiESZTPKZ9gwEWVLnJYtc5OjPOCPmhNC/QaOH+nEiwUGomPNMpsJ6o1Vpq/lfrx9qvuwkLoljTgCw/8mOOdIjSw9GISUo0nxnARDKzKyITLDHRJp6CCcFZPfkvdC4qTq1Sva+WmtdZHHk4gVMogwNX0IRbaEEbCEzgCV7g1RLWs/VmvS9bc1Y2cwy/ZH18A6DOjf0=</latexit>

L(r)

<latexit sha1_base64="NMtSqOp6BwjeROJTDVnE/WPrQWs=">AAAB9XicbZDLTgIxFIbP4A3xhrp000hMcENmDCLsiG5cYiKXBEbSKR1o6HQmbQdDCO/hxoXGuPVd3Pk2dmAWiv5Jky//OSfn9PcizpS27S8rs7a+sbmV3c7t7O7tH+QPj1oqjCWhTRLyUHY8rChngjY105x2Iklx4HHa9sY3Sb09oVKxUNzraUTdAA8F8xnB2lgPvQmWNFKMh6Ioz/v5gl2q1S5rtoMScKqVBOyFkJNCAVI1+vnP3iAkcUCFJhwr1XXsSLszLDUjnM5zvVjRCJMxHtKuQYEDqtzZ4uo5OjPOAPmhNE9otHB/TsxwoNQ08ExngPVIrdYS879aN9Z+1Z0xEcWaCrJc5Mcc6RAlEaABk5RoPjWAiWTmVkRGWGKiTVA5E4Kz+uW/0LooOZVS+a5cqF+ncWThBE6hCA5cQR1uoQFNICDhCV7g1Xq0nq03633ZmrHSmWP4JevjG8RJkrQ=</latexit>

"(r)

<latexit sha1_base64="dhiNK4KzFW9kBUI1cyh10FtCIxQ=">AAAB6HicbZDLSgNBEEVr4ivGV9Slm8YguAozojHZBd24TMA8IBlCT6cmadPzoLtHCCFf4MaFIm79JHf+jT3JLDR6oeFwq4quul4suNK2/WXl1tY3Nrfy24Wd3b39g+LhUVtFiWTYYpGIZNejCgUPsaW5FtiNJdLAE9jxJrdpvfOIUvEovNfTGN2AjkLuc0a1sZpyUCzZ5VrtqmY7JAWnWknBXog4GZQgU2NQ/OwPI5YEGGomqFI9x461O6NScyZwXugnCmPKJnSEPYMhDVC5s8Wic3JmnCHxI2leqMnC/Tkxo4FS08AznQHVY7VaS83/ar1E+1V3xsM40Riy5Ud+IoiOSHo1GXKJTIupAcokN7sSNqaSMm2yKZgQnNWT/0L7ouxUypfNy1L9JosjDydwCufgwDXU4Q4a0AIGCE/wAq/Wg/VsvVnvy9aclc0cwy9ZH99Cc41C</latexit>r
<latexit sha1_base64="QjPHamX4R8O8TF2xCNP8CF8E0KE=">AAAB73icbZDLSsNAFIZP6q3WW9Wlm8EiuCqJ1Nruim5cVrAXaEOZTCbt0MkkzkyEEvoSblwo4tbXcefbOGmz0OoPAx//OYc55/dizpS27S+rsLa+sblV3C7t7O7tH5QPj7oqSiShHRLxSPY9rChngnY005z2Y0lx6HHa86Y3Wb33SKVikbjXs5i6IR4LFjCCtbH66VCGyJ/LUbliV5vNy6btoAycRj0DeyHk5FCBXO1R+XPoRyQJqdCEY6UGjh1rN8VSM8LpvDRMFI0xmeIxHRgUOKTKTRf7ztGZcXwURNI8odHC/TmR4lCpWeiZzhDriVqtZeZ/tUGig4abMhEnmgqy/ChIONIRyo5HPpOUaD4zgIlkZldEJlhiok1EJROCs3ryX+heVJ16tXZXq7Su8ziKcAKncA4OXEELbqENHSDA4Qle4NV6sJ6tN+t92Vqw8plj+CXr4xttmJA/</latexit>

dr

<latexit sha1_base64="RbRGZ2ZVVWoxyQ6DyKsamh+MGFI=">AAAB63icbZDLSsNAFIZP6q3WW9Wlm8Ei1E1JpNZ2V3TjwkUFe4E2lMl00g6dScLMRCihr+DGhSJufSF3vo2TNgut/jDw8Z9zmHN+L+JMadv+snJr6xubW/ntws7u3v5B8fCoo8JYEtomIQ9lz8OKchbQtmaa014kKRYep11vepPWu49UKhYGD3oWUVfgccB8RrBOrbuyPB8WS3al0bhs2A5KwanXUrAXQk4GJcjUGhY/B6OQxIIGmnCsVN+xI+0mWGpGOJ0XBrGiESZTPKZ9gwEWVLnJYtc5OjPOCPmhNC/QaOH+nEiwUGomPNMpsJ6o1Vpq/lfrx9qvuwkLoljTgCw/8mOOdIjSw9GISUo0nxnARDKzKyITLDHRJp6CCcFZPfkvdC4qTq1Sva+WmtdZHHk4gVMogwNX0IRbaEEbCEzgCV7g1RLWs/VmvS9bc1Y2cwy/ZH18A6DOjf0=</latexit>

L(r)

<latexit sha1_base64="4Rb1XKIA/tV+E5462X3gZyVXTJU="></latexit>

dL = ⇢" 4⇡r2dr

<latexit sha1_base64="OfNWcJZoGbmutzpWs13p5Z5/YNE="></latexit>

dL

dr
= 4⇡r2⇢(r)"(r) (12)  

   is a function of       and chemical composition.  It is       
and is a very sensitive function of    .  We write        

<latexit sha1_base64="LKtP5Rmx8wCZL1esEmQKymu8wKc=">AAAB8nicbZDLSgMxFIYz9VbrrerSTbAIrsqM1Nruim5cVrAXmJaSSdM2NJMMyZlCGfoYblwo4tancefbmGlnodUfAh//OYec8weR4AZc98vJbWxube/kdwt7+weHR8Xjk7ZRsaasRZVQuhsQwwSXrAUcBOtGmpEwEKwTTO/SemfGtOFKPsI8Yv2QjCUfcUrAWn5vRjSLDBdKDoolt1yvX9ddD6fg1aopuEthL4MSytQcFD97Q0XjkEmgghjje24E/YRo4FSwRaEXGxYROiVj5luUJGSmnyxXXuAL6wzxSGn7JOCl+3MiIaEx8zCwnSGBiVmvpeZ/NT+GUa2fcBnFwCRdfTSKBQaF0/vxkGtGQcwtEKq53RXTCdGEgk2pYEPw1k/+C+2rslctVx4qpcZtFkcenaFzdIk8dIMa6B41UQtRpNATekGvDjjPzpvzvmrNOdnMKfol5+MbHyGR0w==</latexit>"
<latexit sha1_base64="y1vzhNoQbYGwWeh+08rVODOav84=">AAAB7nicbZDLSgMxFIbPeK31VnXpJlgEF1JmpNZ2V3TjskJv0A4lk6ZtaCYZkoxQhj6EGxeKuPV53Pk2ZtpZaPWHwMd/ziHn/EHEmTau++WsrW9sbm3ndvK7e/sHh4Wj47aWsSK0RSSXqhtgTTkTtGWY4bQbKYrDgNNOML1L651HqjSTomlmEfVDPBZsxAg21ur01UReouagUHRLtdp1zfVQCl61koK7EPIyKEKmxqDw2R9KEodUGMKx1j3PjYyfYGUY4XSe78eaRphM8Zj2LAocUu0ni3Xn6Nw6QzSSyj5h0ML9OZHgUOtZGNjOEJuJXq2l5n+1XmxGVT9hIooNFWT50SjmyEiU3o6GTFFi+MwCJorZXRGZYIWJsQnlbQje6sl/oX1V8iql8kO5WL/N4sjBKZzBBXhwA3W4hwa0gMAUnuAFXp3IeXbenPdl65qTzZzALzkf3+upj1E=</latexit>

⇢, T
<latexit sha1_base64="0GtbzH268s7YH4rGBnjHCvRxc1Q=">AAAB9HicbZDLSgMxFIYz9VbrrerSTbAILqTMSK3trujGZQV7gc5QMmmmDc0kMckUSulzuHGhiFsfxp1vY6adhVZ/CHz85xzOyR9KRrVx3S8nt7a+sbmV3y7s7O7tHxQPj9paJAqTFhZMqG6INGGUk5ahhpGuVATFISOdcHyb1jsTojQV/MFMJQliNOQ0ohgZawW+VEIa4V/4aiT6xZJbrtev6q4HU/Bq1RTchaCXQQlkavaLn/5A4CQm3GCGtO55rjTBDClDMSPzgp9oIhEeoyHpWeQoJjqYLY6ewzPrDGAklH3cwIX7c2KGYq2ncWg7Y2RGerWWmv/VeomJasGMcpkYwvFyUZQwaARME4ADqgg2bGoBYUXtrRCPkELY2JwKNgRv9ct/oX1Z9qrlyn2l1LjJ4siDE3AKzoEHrkED3IEmaAEMHsETeAGvzsR5dt6c92VrzslmjsEvOR/fSTeSdQ==</latexit>/ ⇢

<latexit sha1_base64="vHkOJYO1Dvblq7KgK6SlTwkgZug=">AAAB6HicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJ1Nruim5cttAbtKFMppN27GQSZiZCCX0CNy4UcesjufNtnLRZaPWHgY//nMOc83sRZ0rb9peV29jc2t7J7xb29g8Oj4rHJ10VxpLQDgl5KPseVpQzQTuaaU77kaQ48DjtebO7tN57pFKxULT1PKJugCeC+YxgbaxWe1Qs2eV6/bpuOygFp1ZNwV4KORmUIFNzVPwcjkMSB1RowrFSA8eOtJtgqRnhdFEYxopGmMzwhA4MChxQ5SbLRRfowjhj5IfSPKHR0v05keBAqXngmc4A66lar6Xmf7VBrP2amzARxZoKsvrIjznSIUqvRmMmKdF8bgATycyuiEyxxESbbAomBGf95L/QvSo71XKlVSk1brM48nAG53AJDtxAA+6hCR0gQOEJXuDVerCerTfrfdWas7KZU/gl6+MbFPuNJA==</latexit>

T

<latexit sha1_base64="kKiXrTb+pOHWPnLuXVt/Y/hH5gA="></latexit>

" = constant⇥ ⇢T ⌫

where 
<latexit sha1_base64="cEhTV4rf79X1oS0sNLvBIlA5Uiw=">AAAB+XicdZBLSwMxFIUz9VXra9Slm2ARXA0zoq3STdGNywr2AZ2hZNJMG5pJhiRTLEP/iRsXirj1n7jz35i2I1TRA4HDd+4llxMmjCrtup9WYWV1bX2juFna2t7Z3bP3D1pKpBKTJhZMyE6IFGGUk6ammpFOIgmKQ0ba4ehmlrfHRCoq+L2eJCSI0YDTiGKkDerZts9T6Nd8lCRSPPg12LPLnuPOBV3nqlq9qFSMycl3VAa5Gj37w+8LnMaEa8yQUl3PTXSQIakpZmRa8lNFEoRHaEC6xnIUExVk88un8MSQPoyENI9rOKfLGxmKlZrEoZmMkR6q39kM/pV1Ux1dBhnlSaoJx4uPopRBLeCsBtinkmDNJsYgLKm5FeIhkghrU1ZpuYT/TevM8SrO+d15uX6d11EER+AYnAIPVEEd3IIGaAIMxuARPIMXK7OerFfrbTFasPKdQ/BD1vsXx8iTIA==</latexit>⌫ ⇡

<latexit sha1_base64="tzsLvqttlc0xKWPw1FB050Ik6ok=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0ikpnorevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btsIVfTBwOO9GWbmBQlnSjvOp1VYWV1b3yhulra2d3b3yvsHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0H4+uZ336gUrFY3OtJQv0IDwULGcHaSHe9DPXLFdd25kCOfVmrnXueIbnybVUgR6Nf/ugNYpJGVGjCsVJd10m0n2GpGeF0WuqliiaYjPGQdg0VOKLKz+anTtGJUQYojKUpodFcXZ7IcKTUJApMZ4T1SP32ZuJfXjfV4YWfMZGkmgqyWBSmHOkYzf5GAyYp0XxiCCaSmVsRGWGJiTbplJZD+J+0zmzXs6u31Ur9Ko+jCEdwDKfgQg3qcAMNaAKBITzCM7xY3HqyXq23RWvBymcO4Qes9y8wLI3B</latexit>

{ (p-p chain)  

(CNO cycle)  

(13a)  

(13b)  

<latexit sha1_base64="dhiNK4KzFW9kBUI1cyh10FtCIxQ=">AAAB6HicbZDLSgNBEEVr4ivGV9Slm8YguAozojHZBd24TMA8IBlCT6cmadPzoLtHCCFf4MaFIm79JHf+jT3JLDR6oeFwq4quul4suNK2/WXl1tY3Nrfy24Wd3b39g+LhUVtFiWTYYpGIZNejCgUPsaW5FtiNJdLAE9jxJrdpvfOIUvEovNfTGN2AjkLuc0a1sZpyUCzZ5VrtqmY7JAWnWknBXog4GZQgU2NQ/OwPI5YEGGomqFI9x461O6NScyZwXugnCmPKJnSEPYMhDVC5s8Wic3JmnCHxI2leqMnC/Tkxo4FS08AznQHVY7VaS83/ar1E+1V3xsM40Riy5Ud+IoiOSHo1GXKJTIupAcokN7sSNqaSMm2yKZgQnNWT/0L7ouxUypfNy1L9JosjDydwCufgwDXU4Q4a0AIGCE/wAq/Wg/VsvVnvy9aclc0cwy9ZH99Cc41C</latexit>r

<latexit sha1_base64="XtkarjjwnmYF2iKf4uqyuQrK3mg=">AAAB6HicdVDLSsNAFJ3UV62vqks3g0VwFRLtQ3dFNy5bsA9oQ5lMb9rRySTMTIQS+gVuXCji1k9y5984bSNU0QMXDufcy733+DFnSjvOp5VbWV1b38hvFra2d3b3ivsHbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoePfX8/8zgNIxSJxqycxeCEZCRYwSrSRmpVBseTazhzYsS9r7nmlakimfFsllKExKH70hxFNQhCacqJUz3Vi7aVEakY5TAv9REFM6D0ZQc9QQUJQXjo/dIpPjDLEQSRNCY3n6vJESkKlJqFvOkOix+q3NxP/8nqJDi68lIk40SDoYlGQcKwjPPsaD5kEqvnEEEIlM7diOiaSUG2yKSyH8D9pn9lu1S43y6X6VRZHHh2hY3SKXFRDdXSDGqiFKAL0iJ7Ri3VnPVmv1tuiNWdlM4foB6z3L7ICjOI=</latexit>

5
<latexit sha1_base64="saZnUIHJ2yGahPzYB8my24cyRB8=">AAAB6XicdVDLSsNAFL2pr1pfVZduBovgKiTah+6KblxWsQ9oQ5lMJ+3QySTMTIQS+gduXCji1j9y5984bSNU0QMXDufcy733+DFnSjvOp5VbWV1b38hvFra2d3b3ivsHLRUlktAmiXgkOz5WlDNBm5ppTjuxpDj0OW374+uZ336gUrFI3OtJTL0QDwULGMHaSHdupV8subYzB3Lsy5p7XqkakinfVgkyNPrFj94gIklIhSYcK9V1nVh7KZaaEU6nhV6iaIzJGA9p11CBQ6q8dH7pFJ0YZYCCSJoSGs3V5YkUh0pNQt90hliP1G9vJv7ldRMdXHgpE3GiqSCLRUHCkY7Q7G00YJISzSeGYCKZuRWREZaYaBNOYTmE/0nrzHardvm2XKpfZXHk4QiO4RRcqEEdbqABTSAQwCM8w4s1tp6sV+tt0ZqzsplD+AHr/Qshao0d</latexit>
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III. Energy Transport

The total Energy flux density at   is<latexit sha1_base64="XNBQLiDmkYErC/zN/MayQHmn8GA=">AAAB6HicdVBNS8NAEJ34WetX1aOXxSJ4ComWVG9FLx5bsB/QhrLZbtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zZCFX0w8Hhvhpl5QcKZ0o7zaa2srq1vbBa2its7u3v7pYPDlopTSWiTxDyWnQArypmgTc00p51EUhwFnLaD8c3Mbz9QqVgs7vQkoX6Eh4KFjGBtpIbsl8qu7cyBHPvKq154niG58m2VIUe9X/roDWKSRlRowrFSXddJtJ9hqRnhdFrspYommIzxkHYNFTiiys/mh07RqVEGKIylKaHRXF2eyHCk1CQKTGeE9Uj99mbiX1431eGlnzGRpJoKslgUphzpGM2+RgMmKdF8YggmkplbERlhiYk22RSXQ/iftM5t17MrjUq5dp3HUYBjOIEzcKEKNbiFOjSBAIVHeIYX6956sl6tt0XripXPHMEPWO9fFzSNJQ==</latexit>r

(14)  

        has units  Energy/area/time

The Energy generated in the stellar core by nuclear reactions is  
released in the form of high-frequency (X-ray) photons. These   
travel outward, while interacting and exchanging energy with the 
stellar material. 

Energy can be transported by radiation (photons) and convection 
(bulk motion of gas)

<latexit sha1_base64="ZdSQ/U6/KJiDiUGfA/ENrA9svHg=">AAAB63icdVDLSsNAFJ3UV62vqks3g0Wom5BoSXVXFMRlBfuANpTJdNIOnZmEmYlQQn/BjQtF3PpD7vwbJ22EKnrgwuGce7n3niBmVGnH+bQKK6tr6xvFzdLW9s7uXnn/oK2iRGLSwhGLZDdAijAqSEtTzUg3lgTxgJFOMLnO/M4DkYpG4l5PY+JzNBI0pBjpTLqpytNBueLazhzQsS+9+rnnGZIr31YF5GgOyh/9YYQTToTGDCnVc51Y+ymSmmJGZqV+okiM8ASNSM9QgThRfjq/dQZPjDKEYSRNCQ3n6vJEirhSUx6YTo70WP32MvEvr5fo8MJPqYgTTQReLAoTBnUEs8fhkEqCNZsagrCk5laIx0girE08peUQ/iftM9v17NpdrdK4yuMogiNwDKrABXXQALegCVoAgzF4BM/gxeLWk/VqvS1aC1Y+cwh+wHr/Amxljdo=</latexit>

F (r)

<latexit sha1_base64="xr9wQTM//ESHJJzwIlGpVUGEITM="></latexit>

F (r) =
L(r)

4⇡r2

Outside the core                                                            
Then, (12) implies that                               outside the core

<latexit sha1_base64="siBvmY/y0ErP5EnuNuqrUp/UKSY=">AAACBHicbVDJSgNBEO1xjXEb9ZhLYxAihDAT4pJb0IvHCGaBTAg9nUrSpKdn7O4JhJCDF3/FiwdFvPoR3vwbOxto9EHB470qqur5EWdKO86XtbK6tr6xmdhKbu/s7u3bB4dVFcaSQoWGPJR1nyjgTEBFM82hHkkggc+h5vevJ35tAFKxUNzpYQTNgHQF6zBKtJFadsobEAmRYjwUGXmKvaynWAD3XhY7LTvt5IpnxXy+gN2cMwV2FmShpNEc5Zb96bVDGgcgNOVEqYbrRLo5IlIzymGc9GIFEaF90oWGoYIEoJqj6RNjfGKUNu6E0pTQeKr+nBiRQKlh4JvOgOieWvYm4n9eI9ady+aIiSjWIOhsUSfmWId4kghuMwlU86EhhEpmbsW0RySh2uSWNCG4yy//JdV8zj3PFW4L6dLVPI4ESqFjlEEuukAldIPKqIIoekBP6AW9Wo/Ws/Vmvc9aV6z5zBH6BevjG1PClz8=</latexit>

"(r) ' 0
<latexit sha1_base64="mcqhaKyeMOSSdviDwWyJ8YrIGCU="></latexit>

L(r) ' L? = constant



IIIa. Radiative Energy Transport

The photons travel toward the surface, while interacting with the 
gas through absorption, re-emission and scattering processes

If we average over many random walks, the terms involving scalar
products cancel because the direction of each step is random. Hence the

mean square distance travelled is simply or Nl2.

To escape from the sun, a photon must diffuse a distance which is
comparable with the solar radius. On average this requires about /l2
steps. Because the time for each step is l/c, where c is the speed of light,
the random-walk escape time is approximately

(1.34)

In contrast, the time to escape directly from the sun is /c, which is a
factor of l/ shorter than the random-walk escape time. Thus, radiative
diffusion via a random walk slows down the rate at which energy escapes
from the sun by a factor of l/ . It follows that the actual luminosity of the
sun given by Eq. (1.32) is a factor of l/ smaller than the luminosity given
by Eq. (1.33), the luminosity that would arise if radiation were free to
escape unhindered. This implies that the effective surface temperature and
the typical internal temperature of the sun are approximately related by

(1.35)

Using TE ≈ 6000 K and TI ≈ 6 000 000 K, we find that the effective mean
free path for radiative diffusion in the sun is about 1mm, i.e. the sun is

40

We can think of a photon as executing 
a random walk*.  This is a diffusive 
process, with mean free path 

where 

————————————————————————————————————————————————————————
*while also decreasing in frequency as it travels from hotter to cooler regions 

=   effective number density of gas 
particles interacting with the photon

<latexit sha1_base64="kWyb1XSvrBpa1zGCkrqxDSE1s0E=">AAAB7XicdVDLSsNAFJ3UV62vqks3g0VwFRItqe6KblxWsA9oQ5lMJ+3YeYSZiVBC/8GNC0Xc+j/u/BunbYQqeuDC4Zx7ufeeKGFUG8/7dAorq2vrG8XN0tb2zu5eef+gpWWqMGliyaTqREgTRgVpGmoY6SSKIB4x0o7G1zO//UCUplLcmUlCQo6GgsYUI2OlVk/TIUf9csV3vTmg514GtfMgsCRXvq0KyNHolz96A4lTToTBDGnd9b3EhBlShmJGpqVeqkmC8BgNSddSgTjRYTa/dgpPrDKAsVS2hIFzdXkiQ1zrCY9sJ0dmpH97M/Evr5ua+CLMqEhSQwReLIpTBo2Es9fhgCqCDZtYgrCi9laIR0ghbGxApeUQ/ietM9cP3OpttVK/yuMogiNwDE6BD2qgDm5AAzQBBvfgETyDF0c6T86r87ZoLTj5zCH4Aef9C9Zjj1I=</latexit>� =  photon cross-section

<latexit sha1_base64="3y/cUTT2CK15O5AbciTC0afmvoQ=">AAACA3icdZBNS8MwHMZTX+d8q3rTS3AInkqro9ODMPTicYJ7gbWUNEu3sDQtSSqMMvDiV/HiQRGvfglvfhuzrcIUfSDw8Dz/P0l+YcqoVLb9aSwsLi2vrJbWyusbm1vb5s5uSyaZwKSJE5aITogkYZSTpqKKkU4qCIpDRtrh8GrSt++IkDTht2qUEj9GfU4jipHSUWDue4QxeAG9SCCcO+OcB7YnaT9G48CsOJY9FbStc7d26rraFMl3VQGFGoH54fUSnMWEK8yQlF3HTpWfI6EoZmRc9jJJUoSHqE+62nIUE+nn0z+M4ZFOejBKhD5cwWk6v5GjWMpRHOrJGKmB/N1Nwr+6bqaiMz+nPM0U4Xh2UZQxqBI4AQJ7VBCs2EgbhAXVb4V4gDQNpbGV5yH8b1onluNa1ZtqpX5Z4CiBA3AIjoEDaqAOrkEDNAEG9+ARPIMX48F4Ml6Nt9noglHs7IEfMt6/AH8Il3c=</latexit>

` =
1

n0�

<latexit sha1_base64="AO7wrg5lQCw9Djrt2Vu4nCwHpQQ=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0i0pHorevFY0X5AG8pmu2mXbjZhdyOU0J/gxYMiXv1F3vw3btsIVfTBwOO9GWbmBQlnSjvOp1VYWV1b3yhulra2d3b3yvsHLRWnktAmiXksOwFWlDNBm5ppTjuJpDgKOG0H4+uZ336gUrFY3OtJQv0IDwULGcHaSHei7/TLFdd25kCOfenVzj3PkFz5tiqQo9Evf/QGMUkjKjThWKmu6yTaz7DUjHA6LfVSRRNMxnhIu4YKHFHlZ/NTp+jEKAMUxtKU0GiuLk9kOFJqEgWmM8J6pH57M/Evr5vq8MLPmEhSTQVZLApTjnSMZn+jAZOUaD4xBBPJzK2IjLDERJt0Sssh/E9aZ7br2dXbaqV+lcdRhCM4hlNwoQZ1uIEGNIHAEB7hGV4sbj1Zr9bborVg5TOH8APW+xc09I3E</latexit>n0



We write                  where     =  Opacity of the stellar material 
(cross-section/mass) that has to be calculated.  Then

<latexit sha1_base64="wuZFstmfoMZGfWD1g5mYeYtln5Y=">AAACAnicdZBLSwMxFIUz9VXrq+pK3ASL4GqY0dIqIhTduKxgH9AZhjtp2oZmMkOSEUopbvwrblwo4tZf4c5/Y/oQquiBwOE795LkhAlnSjvOp5VZWFxaXsmu5tbWNza38ts7dRWnktAaiXksmyEoypmgNc00p81EUohCThth/2qcN+6oVCwWt3qQUD+CrmAdRkAbFOT3ROB4inUjwN75hYc92Yu9PiQJBPmCazsTYcc+K5VPSiVjZuQ7KqCZqkH+w2vHJI2o0ISDUi3XSbQ/BKkZ4XSU81JFEyB96NKWsQIiqvzh5AsjfGhIG3diaY7QeELnN4YQKTWIQjMZge6p39kY/pW1Ut059YdMJKmmgkwv6qQc6xiP+8BtJinRfGAMEMnMWzHpgQSiTWu5+RL+N/Vj2y3ZxZtioXI5qyOL9tEBOkIuKqMKukZVVEME3aNH9IxerAfryXq13qajGWu2s4t+yHr/AkN1lrw=</latexit>n0� = ⇢

Work out 

In a diffusive process 

<latexit sha1_base64="OurPtGCbDSQdsZcTOpOVAFQuTWM=">AAACAHicdZBNS8MwHMbT+TbnW9WDBy/BIUyQ2uro9CAMvXic4F5gLSPNsi0sTUuSCqPs4lfx4kERr34Mb34bs63CFH0g8PB7/n+SPEHMqFS2/WnkFhaXllfyq4W19Y3NLXN7pyGjRGBSxxGLRCtAkjDKSV1RxUgrFgSFASPNYHg9yZv3REga8Ts1iokfoj6nPYqR0qhj7nmEMXgJnZOSJwaRd+wNURyjo45ZdCx7KmhbF27lzHW1ych3VASZah3zw+tGOAkJV5ghKduOHSs/RUJRzMi44CWSxAgPUZ+0teUoJNJPpx8Yw0NNurAXCX24glM6v5GiUMpRGOjJEKmB/J1N4F9ZO1G9cz+lPE4U4Xh2US9hUEVw0gbsUkGwYiNtEBZUvxXiARIIK91ZYb6E/03j1HJcq3xbLlavsjryYB8cgBJwQAVUwQ2ogTrAYAwewTN4MR6MJ+PVeJuN5oxsZxf8kPH+BYhFlR0=</latexit>

` = 1/(⇢ )

where 
<latexit sha1_base64="MID3oinvfYXNKuXkmvqwlb06/i4=">AAACAHicdZBNS8MwHMbT+TbnW9WDBy/BIcxL6XR0yhCGInicsLnBWkeapVtY+kKSCqP04lfx4kERr34Mb34bs63CFH0g8PB7/n+SPG7EqJCm+anlFhaXllfyq4W19Y3NLX1751aEMcekhUMW8o6LBGE0IC1JJSOdiBPku4y03dHlJG/fEy5oGDTlOCKOjwYB9ShGUqGevpfYGDF4lZb4EbRr53YNouZdBfb0Ytkwp4KmcWZVTyxLmYx8R0WQqdHTP+x+iGOfBBIzJES3bEbSSRCXFDOSFuxYkAjhERqQrrIB8olwkukHUnioSB96IVcnkHBK5zcS5Asx9l016SM5FL+zCfwr68bSO3USGkSxJAGeXeTFDMoQTtqAfcoJlmysDMKcqrdCPEQcYak6K8yX8L+5PTbKllG5qRTrF1kdebAPDkAJlEEV1ME1aIAWwCAFj+AZvGgP2pP2qr3NRnNatrMLfkh7/wKacZR+</latexit>

E(r) = aT 4 =   Energy density of radiation 
(Energy/volume) 

<latexit sha1_base64="+DJL0tNG0by1LLK7QgP4eTYVFFs="></latexit>

D(r) =
`c

3
=

c

3⇢
=   Diffusion coefficient 

<latexit sha1_base64="uxPhGJsG7N9bKfHEjEgG5p/LLIE="></latexit>

F (r) = �D
dE
dr

<latexit sha1_base64="LtHuBSsP0n+jQd7tr/YVyMhe5Fc=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8LbtaW70VvXisYD+gXcpsmm1js5uQZIVS+h+8eFDEq//Hm//GtF2hij4YeLw3w8y8UHKmjed9OkvLK6tr67mN/ObW9s5uYW+/oUWqCK0TwYVqhaApZwmtG2Y4bUlFIQ45bYbD66nffKBKM5HcmZGkQQz9hEWMgLFSozMEKaFbKPquNwP23MuKf3ZetiRTvq0iylDrFj46PUHSmCaGcNC67XvSBGNQhhFOJ/lOqqkEMoQ+bVuaQEx1MJ5dO8HHVunhSChbicEzdXFiDLHWozi0nTGYgf7tTcW/vHZqootgzBKZGpqQ+aIo5dgIPH0d95iixPCRJUAUs7diMgAFxNiA8osh/E8ap65fdku3pWL1Kosjhw7RETpBPqqgKrpBNVRHBN2jR/SMXhzhPDmvztu8dcnJZg7QDzjvX8eBj0g=</latexit>

<latexit sha1_base64="g5AaVKaf+s5GmWGh5GbqJk9/lVk="></latexit>

dE
dr

=
daT 4

dr
= 4aT 3 dT

dr



Then the Energy flux density is given by Fourier’s law of heat conduction: 

where the conductivity is due to photon diffusion:

Using equation (14) to relate the flux to luminosity, we obtain the equation 
governing the temperature gradient:

All the key information is contained in the Opacity function 

(15)  
<latexit sha1_base64="N3/EE0EpnYTmBVfnfw9n2hZOwBg="></latexit>

dT

dr
= � 3⇢

4acT 3

L(r)

4⇡r2

<latexit sha1_base64="PNYiZHiWJLfyOI8ff/ay06Up9mk="></latexit>

F (r) = �kcond
dT

dr

<latexit sha1_base64="O5mcQRDjXP6mOom1Gfc7cpfrAi0=">AAAB8HicdVDLSgMxFM3UV62vqks3wSLUzTBTira7ohuXFexD2qFk0kwbmmRCkhHK0K9w40IRt36OO//GtB2hih64cDjnXu69J5SMauN5n05ubX1jcyu/XdjZ3ds/KB4etXWcKExaOGax6oZIE0YFaRlqGOlKRRAPGemEk+u533kgStNY3JmpJAFHI0EjipGx0n1/gqREZXU+KJZ811sAem69Vq9XfEsy5dsqgQzNQfGjP4xxwokwmCGte74nTZAiZShmZFboJ5pIhCdoRHqWCsSJDtLFwTN4ZpUhjGJlSxi4UFcnUsS1nvLQdnJkxvq3Nxf/8nqJiWpBSoVMDBF4uShKGDQxnH8Ph1QRbNjUEoQVtbdCPEYKYWMzKqyG8D9pV1z/wq3eVkuNqyyOPDgBp6AMfHAJGuAGNEELYMDBI3gGL45ynpxX523ZmnOymWPwA877F3AtkDA=</latexit>

(r)

<latexit sha1_base64="jKvKoGiH4ITLJmWFKZDPUQotFn4="></latexit>

kcond =
4acT 3

3⇢



Opacity     is a function of       and chemical composition. 
It can be approximated over some ranges as a power-law:    

Thomson scattering:  elastic scattering of a photon by an electron

<latexit sha1_base64="y1vzhNoQbYGwWeh+08rVODOav84=">AAAB7nicbZDLSgMxFIbPeK31VnXpJlgEF1JmpNZ2V3TjskJv0A4lk6ZtaCYZkoxQhj6EGxeKuPV53Pk2ZtpZaPWHwMd/ziHn/EHEmTau++WsrW9sbm3ndvK7e/sHh4Wj47aWsSK0RSSXqhtgTTkTtGWY4bQbKYrDgNNOML1L651HqjSTomlmEfVDPBZsxAg21ur01UReouagUHRLtdp1zfVQCl61koK7EPIyKEKmxqDw2R9KEodUGMKx1j3PjYyfYGUY4XSe78eaRphM8Zj2LAocUu0ni3Xn6Nw6QzSSyj5h0ML9OZHgUOtZGNjOEJuJXq2l5n+1XmxGVT9hIooNFWT50SjmyEiU3o6GTFFi+MwCJorZXRGZYIWJsQnlbQje6sl/oX1V8iql8kO5WL/N4sjBKZzBBXhwA3W4hwa0gMAUnuAFXp3IeXbenPdl65qTzZzALzkf3+upj1E=</latexit>

⇢, T

<latexit sha1_base64="aZyMNq/pNE/B0pnOUdOfhZJ795w=">AAACBnicdZBLS8NAFIUnPmt9RV2KMFgEF6WkUmy7EIpuXFawD2hCuZlO2qGTR2cmQgldufGvuHGhiFt/gzv/jUkaoYoeGDh8515m5tgBZ1IZxqe2tLyyurae28hvbm3v7Op7+23ph4LQFvG5L7o2SMqZR1uKKU67gaDg2px27PFVknfuqJDM927VNKCWC0OPOYyAilFfPzKBByPAF9gwi0VzMglhgE2bqhT19UK5ZKTCRqleqdeqicnId1RAmZp9/cMc+CR0qacIByl7ZSNQVgRCMcLpLG+GkgZAxjCkvdh64FJpRek3ZvgkJgPs+CI+nsIpXdyIwJVy6trxpAtqJH9nCfwr64XKqVkR84JQUY/ML3JCjpWPk07wgAlKFJ/GBohg8VsxGYEAouLm8osl/G/aZ6XyealyUyk0LrM6cugQHaNTVEZV1EDXqIlaiKB79Iie0Yv2oD1pr9rbfHRJy3YO0A9p718YGZb8</latexit>

↵ = 0 , � = 0

Free-Free absorption:  absorption of a photon by an electron in 
the presence of a positively charged ion or nucleus

<latexit sha1_base64="rVDCcFAZ8wIwwX8rK7ck/Gpj0Js=">AAACCXicdZBLSwMxFIUzPmt9VV26CRbBRa0zpdh2IRTduKxgH9AZyp00bUMzjyYZoZRu3fhX3LhQxK3/wJ3/xkw7QhU9EDh8516SHDfkTCrT/DSWlldW19ZTG+nNre2d3czefkMGkSC0TgIeiJYLknLm07piitNWKCh4LqdNd3gV5807KiQL/Fs1DqnjQd9nPUZAadTJYBt4OAB8gS07l7NHowi62HapitFp6azQyWStvDkTNvOVYqVcik1CvqMsSlTrZD7sbkAij/qKcJCybZmhciYgFCOcTtN2JGkIZAh92tbWB49KZzL7yRQfa9LFvUDo4ys8o4sbE/CkHHuunvRADeTvLIZ/Ze1I9crOhPlhpKhP5hf1Io5VgONacJcJShQfawNEMP1WTAYggChdXnqxhP9No5C3zvPFm2K2epnUkUKH6AidIAuVUBVdoxqqI4Lu0SN6Ri/Gg/FkvBpv89ElI9k5QD9kvH8BhuGXsA==</latexit>

↵ = 1 , � = �7/2

Other processes like Bound-Free and Bound-Bound absorption 
involve interactions between photons and bound electrons 

(Kramers opacity)

(16a)  

(16c)  

<latexit sha1_base64="LtHuBSsP0n+jQd7tr/YVyMhe5Fc=">AAAB7XicdVBNSwMxEM36WetX1aOXYBE8LbtaW70VvXisYD+gXcpsmm1js5uQZIVS+h+8eFDEq//Hm//GtF2hij4YeLw3w8y8UHKmjed9OkvLK6tr67mN/ObW9s5uYW+/oUWqCK0TwYVqhaApZwmtG2Y4bUlFIQ45bYbD66nffKBKM5HcmZGkQQz9hEWMgLFSozMEKaFbKPquNwP23MuKf3ZetiRTvq0iylDrFj46PUHSmCaGcNC67XvSBGNQhhFOJ/lOqqkEMoQ+bVuaQEx1MJ5dO8HHVunhSChbicEzdXFiDLHWozi0nTGYgf7tTcW/vHZqootgzBKZGpqQ+aIo5dgIPH0d95iixPCRJUAUs7diMgAFxNiA8osh/E8ap65fdku3pWL1Kosjhw7RETpBPqqgKrpBNVRHBN2jR/SMXhzhPDmvztu8dcnJZg7QDzjvX8eBj0g=</latexit>

<latexit sha1_base64="fTgL6ZyAaq6Wh5KjyDDN3GYpYbg="></latexit>

 = constant ⇥ ⇢↵T �

(16b)  



1.3 The equations of stellar structure

2. In low-density environments and at very high temperature, scattering by free
electrons dominates. In electron scattering, the absorption per free electron
is independent of temperature or density, so this opacity source has an almost
constant absorption per electron, and therefore per unit mass of ionized
material. It is responsible for the flat tail at high temperature in Figure 1.3,
which sets a lower limit on the opacity at high temperature and low density.
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Figure 1.3 Opacity for
solar composition material, as
a function of temperature (on
the horizontal axis) and
density, in a log–log plane.
Each curve is labeled by the
value of the density ρ in
kg m−3. In the regime
T ≥ 30 000 K, i.e.
T ≥ 104.5 K, the curves (in
the log–log plane) are roughly
linear with slope −3.5, and
more or less uniformly
spaced for equal increments
of log density, confirming that
log10 κ = const + log10 ρ−
3.5 log10 T , or equivalently
κ ∝ ρT−3.5. Electron
scattering has an almost
constant cross-section per
unit mass, and is the
dominant opacity at high
temperatures and low
densities, where it sets a
lower bound on the opacity
values.

● If the absorbing particles in Figure 1.2 exhibit a Kramers opacity, and their
temperature is doubled, what happens to the opacity and their absorption
cross-sections? If the particles are electrons, so that the opacity is due
entirely to electron scattering, what happens to the opacity if the
temperature is doubled?

❍ The opacity of particles exhibiting a Kramers opacity decreases if the
temperature is increased. The overall opacity would decrease by a factor
23.5 ≈ 11, to ≈ 10−4 m2 kg−1. Since there are still 11 particles, we infer
that their individual absorption cross-sections must also decrease by a
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Opacity of Solar composition material

Kramers Opacity: good approximation 
for a range of


Thomson scattering dominates at high 

<latexit sha1_base64="y1vzhNoQbYGwWeh+08rVODOav84=">AAAB7nicbZDLSgMxFIbPeK31VnXpJlgEF1JmpNZ2V3TjskJv0A4lk6ZtaCYZkoxQhj6EGxeKuPV53Pk2ZtpZaPWHwMd/ziHn/EHEmTau++WsrW9sbm3ndvK7e/sHh4Wj47aWsSK0RSSXqhtgTTkTtGWY4bQbKYrDgNNOML1L651HqjSTomlmEfVDPBZsxAg21ur01UReouagUHRLtdp1zfVQCl61koK7EPIyKEKmxqDw2R9KEodUGMKx1j3PjYyfYGUY4XSe78eaRphM8Zj2LAocUu0ni3Xn6Nw6QzSSyj5h0ML9OZHgUOtZGNjOEJuJXq2l5n+1XmxGVT9hIooNFWT50SjmyEiU3o6GTFFi+MwCJorZXRGZYIWJsQnlbQje6sl/oX1V8iql8kO5WL/N4sjBKZzBBXhwA3W4hwa0gMAUnuAFXp3IeXbenPdl65qTzZzALzkf3+upj1E=</latexit>

⇢, T

<latexit sha1_base64="qPWUONbWMMpn4NUCtAKS7XKpm+8=">AAAB6HicdVBNS8NAEN3Ur1q/qh69LBbBU0il2PZW9OKxhX5BG8pmO2nXbjZhdyOU0F/gxYMiXv1J3vw3btoIVfTBwOO9GWbmeRFnSjvOp5Xb2Nza3snvFvb2Dw6PiscnXRXGkkKHhjyUfY8o4ExARzPNoR9JIIHHoefNblO/9wBSsVC09TwCNyATwXxGiTZSqz0qlsq2swR27HqlXqumJFO+rRLK0BwVP4bjkMYBCE05UWpQdiLtJkRqRjksCsNYQUTojExgYKggASg3WR66wBdGGWM/lKaExkt1fSIhgVLzwDOdAdFT9dtLxb+8Qaz9mpswEcUaBF0t8mOOdYjTr/GYSaCazw0hVDJzK6ZTIgnVJpvCegj/k+6VXb62K61KqXGTxZFHZ+gcXaIyqqIGukNN1EEUAXpEz+jFureerFfrbdWas7KZU/QD1vsX6baNBw==</latexit>

T

For                 above processes don’t 
contribute much to the Opacity because 
there are not enough free electrons

<latexit sha1_base64="oW+BwXZST95dDErh3BWP0DfFPwo=">AAAB8XicdVDLSgMxFM3UV62vqks3wSK4GjJabAsuim4ENxX6wnYomTTThmYyQ5IRytC/cONCEbf+jTv/xkw7QhU9cOFwzr3ce48XcaY0Qp9WbmV1bX0jv1nY2t7Z3SvuH7RVGEtCWyTkoex6WFHOBG1ppjntRpLiwOO0402uU7/zQKVioWjqaUTdAI8E8xnB2kj3TXgJzxFC8HZQLDk2mgMiu1auVSspyZRvqwQyNAbFj/4wJHFAhSYcK9VzUKTdBEvNCKezQj9WNMJkgke0Z6jAAVVuMr94Bk+MMoR+KE0JDefq8kSCA6WmgWc6A6zH6reXin95vVj7VTdhIoo1FWSxyI851CFM34dDJinRfGoIJpKZWyEZY4mJNiEVlkP4n7TPbOfCLt+VS/WrLI48OALH4BQ4oALq4AY0QAsQIMAjeAYvlrKerFfrbdGas7KZQ/AD1vsXxQ2PCw==</latexit>

T < 3000K



IIIb. Convective Energy Transport

From (15) we see that, for radiation to transport energy,  the larger  
the luminosity       , the larger must           be 

<latexit sha1_base64="zq2xTSgowB3hnqRR5mrtydwWInY=">AAAB63icdVBNS8NAEJ3Ur1q/qh69LBahXkIqxba3ohcPHirYD2hD2Ww37dLdTdjdCCX0L3jxoIhX/5A3/41JG6GKPhh4vDfDzDwv5Ewbx/m0cmvrG5tb+e3Czu7e/kHx8Kijg0gR2iYBD1TPw5pyJmnbMMNpL1QUC4/Trje9Tv3uA1WaBfLezELqCjyWzGcEm1S6LavzYbFUsZ0FkGM3qo16LSWZ8m2VIENrWPwYjAISCSoN4VjrfsUJjRtjZRjhdF4YRJqGmEzxmPYTKrGg2o0Xt87RWaKMkB+opKRBC3V1IsZC65nwkk6BzUT/9lLxL68fGb/uxkyGkaGSLBf5EUcmQOnjaMQUJYbPEoKJYsmtiEywwsQk8RRWQ/ifdC7syqVdvauWmldZHHk4gVMoQwVq0IQbaEEbCEzgEZ7hxRLWk/VqvS1bc1Y2cww/YL1/AXWYjeA=</latexit>

L(r)
<latexit sha1_base64="rGpOZ4W7x6Ur4dL4L1tHxitM8BA=">AAACB3icdZBLS8NAFIUn9VXrK+pSkMEiuKqpFNvuim5cVugLmlAmk0k7dPJg5kYoaXdu/CtuXCji1r/gzn9j0kaoogcGPs65l5k5dii4AsP41HIrq2vrG/nNwtb2zu6evn/QUUEkKWvTQASyZxPFBPdZGzgI1gslI54tWNceX6d5945JxQO/BZOQWR4Z+tzllEBiDfRjUzAXprEpPezMWucZSFPy4QimA71YLhlzYaNUr9Rr1RQy5zsqokzNgf5hOgGNPOYDFUSpftkIwYqJBE4FmxXMSLGQ0DEZsn6CPvGYsuL5P2b4NHEc7AYyOT7gubu8ERNPqYlnJ5MegZH6naXmX1k/ArdmxdwPI2A+XVzkRgJDgNNSsMMloyAmCRAqefJWTEdEEgpJdYXlEv6HzkWpfFmq3FaKjausjjw6QifoDJVRFTXQDWqiNqLoHj2iZ/SiPWhP2qv2thjNadnOIfoh7f0LuieZ4g==</latexit>

|dT/dr|

The Schwarzschild Instability Criterion states that the hydrostatic 
equilibrium is unstable to (radial) convective motions when 

<latexit sha1_base64="PW6AF/AceoYs08HDccGWtIXxEWI="></latexit>����
dT

dr

���� >
g(r)

cp

For a given    , there could be regions in a star — like the outer 30% of 
the Sun — where           as calculated from (15) is larger than          . 

<latexit sha1_base64="rGpOZ4W7x6Ur4dL4L1tHxitM8BA=">AAACB3icdZBLS8NAFIUn9VXrK+pSkMEiuKqpFNvuim5cVugLmlAmk0k7dPJg5kYoaXdu/CtuXCji1r/gzn9j0kaoogcGPs65l5k5dii4AsP41HIrq2vrG/nNwtb2zu6evn/QUUEkKWvTQASyZxPFBPdZGzgI1gslI54tWNceX6d5945JxQO/BZOQWR4Z+tzllEBiDfRjUzAXprEpPezMWucZSFPy4QimA71YLhlzYaNUr9Rr1RQy5zsqokzNgf5hOgGNPOYDFUSpftkIwYqJBE4FmxXMSLGQ0DEZsn6CPvGYsuL5P2b4NHEc7AYyOT7gubu8ERNPqYlnJ5MegZH6naXmX1k/ArdmxdwPI2A+XVzkRgJDgNNSsMMloyAmCRAqefJWTEdEEgpJdYXlEv6HzkWpfFmq3FaKjausjjw6QifoDJVRFTXQDWqiNqLoHj2iZ/SiPWhP2qv2thjNadnOIfoh7f0LuieZ4g==</latexit>

|dT/dr|

where                       =  gravitational acceleration 
<latexit sha1_base64="3vRscuGCDQV7MbsjYfKyOQoX3vQ=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFqJsyU6tWilB0oRuhgr1AZyyZNNOGZi4kGaEMs3Hjq7hxoYhb38Gdb2N6A63+EPj5zjmcnN8JGRXSML601Nz8wuJSejmzsrq2vqFvbtVFEHFMajhgAW86SBBGfVKTVDLSDDlBnsNIw+lfDOuNe8IFDfxbOQiJ7aGuT12KkVSore92c/wAWuUzqwwtlyMcX14rksT8rpC09ayRPz08KpUK0MwbI0FjaqYkCyaqtvVPqxPgyCO+xAwJ0TKNUNox4pJiRpKMFQkSItxHXdJS1kceEXY8uiKB+4p0oBtw9XwJR/TnRIw8IQaeozo9JHtitjaE/9VakXRLdkz9MJLEx+NFbsSgDOAwEtihnGDJBsogzKn6K8Q9pLKQKriMCsGcPfmvqRfy5nG+eFPMVs4ncaTBDtgDOWCCE1ABV6AKagCDB/AEXsCr9qg9a2/a+7g1pU1mtsEvaR/fANSXBg==</latexit>

g(r) =
GM(r)

r2

<latexit sha1_base64="iCoeyCCgtQQV8RLQ9WAsggdIdmI=">AAAB8HicdVBNS8NAEJ3Ur1q/qh69LBahXmoixba3ohePFayttKFstpt26W4SdjdCCf0VXjwo4tWf481/46aNUEUfDDzem2FmnhdxprRtf1q5ldW19Y38ZmFre2d3r7h/cKfCWBLaJiEPZdfDinIW0LZmmtNuJCkWHqcdb3KV+p0HKhULg1s9jagr8ChgPiNYG+l+VJanZ2QQoUGx5FTsOZBdaVQb9VpKMuXbKkGG1qD40R+GJBY00IRjpXqOHWk3wVIzwums0I8VjTCZ4BHtGRpgQZWbzA+eoROjDJEfSlOBRnN1eSLBQqmp8EynwHqsfnup+JfXi7VfdxMWRLGmAVks8mOOdIjS79GQSUo0nxqCiWTmVkTGWGKiTUaF5RD+J3fnFeeiUr2plpqXWRx5OIJjKIMDNWjCNbSgDQQEPMIzvFjSerJerbdFa87KZg7hB6z3L6gRj64=</latexit>

g(r)/cp

<latexit sha1_base64="XTy4J3PwUvveHwjFeWl/EcjshB4=">AAAB7nicdVBNS8NAEN3Ur1q/qh69LBbBU0ik2PZW9OLBQwX7AW0om+2mXbrZhN2JUEJ/hBcPinj193jz37hpI1TRBwOP92aYmefHgmtwnE+rsLa+sblV3C7t7O7tH5QPjzo6ShRlbRqJSPV8opngkrWBg2C9WDES+oJ1/el15ncfmNI8kvcwi5kXkrHkAacEjNS9HQ40EDUsV1zbWQA7dqPaqNcykivfVgXlaA3LH4NRRJOQSaCCaN13nRi8lCjgVLB5aZBoFhM6JWPWN1SSkGkvXZw7x2dGGeEgUqYk4IW6OpGSUOtZ6JvOkMBE//Yy8S+vn0BQ91Iu4wSYpMtFQSIwRDj7HY+4YhTEzBBCFTe3YjohilAwCZVWQ/ifdC5s99Ku3lUrzas8jiI6QafoHLmohproBrVQG1E0RY/oGb1YsfVkvVpvy9aClc8cox+w3r8AfGCPsA==</latexit>

L?

Then energy is transported efficiently by convection, and             

(17)  

<latexit sha1_base64="G2mGGxL5PKLv1dK04ZHC0Lu9g40=">AAACDHicdVDLSgMxFM34rPVVdekmWIS6cDqjtdVd0Y3LCn1BZyiZTNqGJjNjkhHK0A9w46+4caGIWz/AnX9j2o5QRQ9cOJxzLsk9XsSoVJb1aSwsLi2vrGbWsusbm1vbuZ3dpgxjgUkDhywUbQ9JwmhAGooqRtqRIIh7jLS84dXEb90RIWkY1NUoIi5H/YD2KEZKS91cPnEEh/64XkyJgI6knNzCY9gviKMi7kY6ZZvWFNAyLyr26VlZk1T5tvIgRa2b+3D8EMecBAozJGXHtiLlJkgoihkZZ51YkgjhIeqTjqYB4kS6yfSYMTzUig97odATKDhV5zcSxKUccU8nOVID+dubiH95nVj1zt2EBlGsSIBnD/ViBlUIJ81AnwqCFRtpgrCg+q8QD5BAWOn+svMl/E+aJ6ZdNks3pXz1Mq0jA/bBASgAG1RAFVyDGmgADO7BI3gGL8aD8WS8Gm+z6IKR7uyBHzDevwC+W5oo</latexit>

dT/dr ' �g(r)/cp



IV.  Main Sequence

Equations of Stellar Structure    

<latexit sha1_base 64="Ck1lXvTcivD0lMFN/e/uznisS+E="></latexit>

dP

dr
= �GM(r)

r2
⇢(r)

<latexit sha1_base64="DGDu6r6BWuJ0LGRJSIkDcGpF4XE="></latexit>

dM

dr
= 4⇡r2⇢(r)

<latexit sha1_base64="OfNWcJZoGbmutzpWs13p5Z5/YNE="></latexit>

dL

dr
= 4⇡r2⇢(r)"(r)

<latexit sha1_base 64="N3/EE0EpnYTmBVfnfw9n2hZOwBg="></latexit>

dT

dr
= � 3⇢

4acT 3

L(r)

4⇡r2

where                       

where                       
<latexit sha1_base64="kKiXrTb+pOHWPnLuXVt/Y/hH5gA="></latexit>

" = constant⇥ ⇢T ⌫

where                       

Boundary 
Conditions                       

<latexit sha1_base64="WCIad2FEV5OUClSIuyIZ9ADFRxs=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiDEyzAT43YQgl68CBHMAskQejo9SZOexe4eIQz5CS8eFPHq73jzb+xJRoiiDwoe71VRVc+NOJPKsj6N3MLi0vJKfrWwtr6xuVXc3mnKMBaENkjIQ9F2saScBbShmOK0HQmKfZfTlju6Sv3WAxWShcGdGkfU8fEgYB4jWGmpfVO2DtEFsnrFkm1aUyDLPD+qHldSkinfVgky1HvFj24/JLFPA0U4lrJjW5FyEiwUI5xOCt1Y0giTER7QjqYB9ql0kum9E3SglT7yQqErUGiqzk8k2Jdy7Lu608dqKH97qfiX14mVd+YkLIhiRQMyW+TFHKkQpc+jPhOUKD7WBBPB9K2IDLHAROmICvMh/E+aFdM+Mau31VLtMosjD3uwD2Ww4RRqcA11aAABDo/wDC/GvfFkvBpvs9ackc3swg8Y71+cwI5m</latexit>

M(0) = 0
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L(0) = 0
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T (R) = 0
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⇢(R) = 0
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 = constant ⇥ ⇢↵T �
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Scaling Relations (for fixed chemical composition)   

where                       
<latexit sha1_base64="X2j8Prkg3LHlzDjee5mghx5EAHs=">AAAB/XicdZBLS8NAFIUnPmt9xcfOzWARXIWk1hfdFN24rNAXNKFMppN26CQzzEyEGop/xY0LRdz6P9z5b0zaCFX0wMDhO/cyl+MLRpW27U9jYXFpeWW1sFZc39jc2jZ3dluKxxKTJuaMy46PFGE0Ik1NNSMdIQkKfUba/ug6y9t3RCrKo4YeC+KFaBDRgGKkU9Qz9+vQrbpCcqG5W4WuHHLY6Jklx7KngrZ1eVI5LWcmJ99RCeSq98wPt89xHJJIY4aU6jq20F6CpKaYkUnRjRURCI/QgHRTG6GQKC+ZXj+BRynpw4DL9EUaTun8RoJCpcahn06GSA/V7yyDf2XdWAcXXkIjEWsS4dlHQcyg5jCrAvapJFizcWoQljS9FeIhkgjrtLDifAn/m1bZcs6sym2lVLvK6yiAA3AIjoEDzkEN3IA6aAIM7sEjeAYvxoPxZLwab7PRBSPf2QM/ZLx/ASwslGs=</latexit>

P / ⇢T

where                       
<latexit sha1_base64="ImwBbJbo7es5nJGuHoNBuE+quKU=">AAACDHicdVDLSgMxFM3UV62vqks3wSK4KtNaX3RTdOOyQl/QGUsmTdvQTBKSTKEM/QA3/oobF4q49QPc+Tdm2gpW9MCFwznnktwTSEa1cd1PJ7W0vLK6ll7PbGxube9kd/caWkQKkzoWTKhWgDRhlJO6oYaRllQEhQEjzWB4nfjNEVGaCl4zY0n8EPU57VGMjJU62Zw3QopITZng0Ct7UglphFeGnhoIWLvzeJSxqULenQK6+cuT0mkxIXPl28qBOaqd7IfXFTgKCTeYIa3bBVcaP0bKUMzIJONFmkiEh6hP2pZyFBLtx9NjJvDIKl3YE8oON3Cq/tyIUaj1OAxsMkRmoH97ifiX145M78KPKZeRIRzPHupFDBoBk2ZglyqCDRtbgrCi9q8QD5BC2Nj+Fkr4nzSK+cJZvnRbylWu5nWkwQE4BMegAM5BBdyAKqgDDO7BI3gGL86D8+S8Om+zaMqZ7+yDBTjvXwgpmvc=</latexit>

" / ⇢T ⌫

where                       
<latexit sha1_base64="ZQfBFJAeEtrfZPnYH5AEh+Wk5b8=">AAACEHicdZBLSwMxFIUzvq2vqks3wSK6KlOtL7oR3bhUsFZo2nInzbShmUlI7gil9Ce48a+4caGIW5fu/DdOawUreiBw+M69JDmBUdKh7394E5NT0zOzc/OZhcWl5ZXs6tq104nlosy10vYmACeUjEUZJSpxY6yAKFCiEnTOBnnlVlgndXyFXSNqEbRiGUoOmKJGdpt1wBigrMSM1QY1K1Fm27rOQJk20Ks6CwRCppHNFfL+UNTPH+8V93cHZkS+oxwZ6aKRfWdNzZNIxMgVOFct+AZrPbAouRL9DEucMMA70BLV1MYQCVfrDT/Up1spadJQ2/TESIf050YPIue6UZBORoBt9zsbwL+yaoLhUa0nY5OgiPnXRWGiKGo6aIc2pRUcVTc1wK1M30p5GyxwTDscK+F/c72bLxzki5fF3MnpqI45skE2yQ4pkENyQs7JBSkTTu7IA3kiz9699+i9eK9foxPeaGedjMl7+wSzTZxi</latexit>

 / ⇢↵T �

Any quantity              where    
<latexit sha1_base64="c1NmqyvbhWodeFEHj1lokhod7fg=">AAAB/nicdZBLSwMxFIUz9VXra1RcuQkWwVWZ1vqim6IbN0IL9gGdWjJp2oZmJiG5I5Sh4F9x40IRt/4Od/4bZ9oKVvRA4PCde8nleEpwA47zaaUWFpeWV9KrmbX1jc0te3unbmSoKatRKaRuesQwwQNWAw6CNZVmxPcEa3jDqyRv3DNtuAxuYaRY2yf9gPc4JRCjjr1XxW7JVVoqkG4J39y5DEimY2fzOWci7OQujosnhcTMyHeURTNVOvaH25U09FkAVBBjWnlHQTsiGjgVbJxxQ8MUoUPSZ63YBsRnph1Nzh/jw5h0cU/q+AWAJ/TnRkR8Y0a+F0/6BAbmd5bAv7JWCL3zdsQDFQIL6PSjXigwSJx0gbtcMwpiFBtCNY9vxXRANKEQNzZXwv+mXsjlT3PFajFbvpzVkUb76AAdoTw6Q2V0jSqohiiK0CN6Ri/Wg/VkvVpv09GUNdvZRXOy3r8ApTWUqA==</latexit>

Q / M⌘ <latexit sha1_base64="/0t4mmFNJ5qhCNuSLf15CIAe7xU=">AAACAnicdZBNS8MwHMbT+TbnW9WTeAkOwcMo3ZxviDD04sHDJpsbrGWkWbqFJW1JUnGU4cWv4sWDIl79FN78NrZbBSf6QODh9/z/JHmcgFGpTPNTy8zMzs0vZBdzS8srq2v6+saN9EOBSQP7zBctB0nCqEcaiipGWoEgiDuMNJ3BRZI3b4mQ1PfqahgQm6OeR12KkYpRR9+qwTN4XYD1ArwqWKcWd/y7iCg8ynX0fNEwx4KmcbJfPiglJiXfUR6kqnb0D6vr45ATT2GGpGwXzUDZERKKYkZGOSuUJEB4gHqkHVsPcSLtaPyFEdyNSRe6voiPp+CY/tyIEJdyyJ14kiPVl7+zBP6VtUPlHtsR9YJQEQ9PLnJDBpUPkz5glwqCFRvGBmFB47dC3EcCYRW3NlXC/+amZBQPjXKtnK+cp3VkwTbYAXugCI5ABVyCKmgADO7BI3gGL9qD9qS9am+T0YyW7myCKWnvX9JLlTE=</latexit>

Q = R, T, L, etc

Should also choose          appropriately    
<latexit sha1_base64="gmflVJMDyaBxWcCxGAiXdDeV1Yk=">AAAB/XicdVDLSsNAFJ34rPUVHzs3g0VwISGt9bUrunFZwT6gCWUynbRDJ5MwcyPUUPwVNy4Ucet/uPNvTNoIVvTA5R7OuZd7OV4kuAbb/jTm5hcWl5YLK8XVtfWNTXNru6nDWFHWoKEIVdsjmgkuWQM4CNaOFCOBJ1jLG15lfuuOKc1DeQujiLkB6Uvuc0oglbrmrkNENCBH2PEYZE3GuNg1S2XLngDb1sVx9aSSkVz5tkooR71rfji9kMYBk0AF0bpTtiNwE6KAU8HGRSfWLCJ0SPqsk1JJAqbdZPL9GB+kSg/7oUpLAp6oPzcSEmg9Crx0MiAw0L+9TPzL68Tgn7sJl1EMTNLpIT8WGEKcRYF7XDEKYpQSQhVPf8V0QBShkAY2E8L/pFmxyqdW9aZaql3mcRTQHtpHh6iMzlANXaM6aiCK7tEjekYvxoPxZLwab9PROSPf2UEzMN6/AHFlk+8=</latexit>

↵,�, ⌫

<latexit sha1_base64="3r1JIZB+q+PL28Ngpst4fHqHHfA=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4Ckmpj9JN0Y0boRb7gKaWyXTSDp1kwsxEKCFLN/6KGxeKuPUT3Pk3Tl+g1QMXDufcy733eBGjUtn2l7GwuLS8sppZy65vbG5tmzu7dcljgUkNc8ZF00OSMBqSmqKKkWYkCAo8Rhre4HLkN+6JkJSHt2oYkXaAeiH1KUZKSx3zwPUFwsl1mlRT6JbcSPBIcbcEq3d5V/R5x8zZVvGkmM8XoGPZY0B7RmZKDkxR6ZifbpfjOCChwgxJ2XLsSLUTJBTFjKRZN5YkQniAeqSlaYgCItvJ+JEUHmmlC30udIUKjtWfEwkKpBwGnu4MkOrLeW8k/ue1YuWftxMaRrEiIZ4s8mMGFYejVGCXCoIVG2qCsKD6Voj7SCejdHZZHYIz//JfUs9bzqlVuCnkyhfTODJgHxyCY+CAM1AGV6ACagCDB/AEXsCr8Wg8G2/G+6R1wZjO7IFfMD6+AUzSmYY=</latexit>

M

R
/ R2⇢

<latexit sha1_base64="Ge3W5uVc7FKpHXNbmNSvReaou9E="></latexit>

L

R
/ R2⇢ "

<latexit sha1_base64="YaZtPMkl58uI4FJB4wDdRLmqSng="></latexit>

P

R
/ M⇢

R2

<latexit sha1_base64="7SYvEbz3WtmsZUHhXK7J+bE5V4w="></latexit>

T

R
/ ⇢

T 3

L

R2

(ignoring radiation pressure)                     



where                       
<latexit sha1_base64="ZeOt3J9Etai6MyMCItupzzzXrlU="></latexit>

⌘R =
⌫ + ↵+ � � 1

3 + ⌫ + 3↵+ �

<latexit sha1_base64="KAXlZGpF6PVnBLIO5Oyhjc0lXLg=">AAACAXicdZBLSwMxFIUz9VXrq+pGcBMsgqsyU+uLbopu3Ai12Ad06pBJ0zY0MxmSO0IZ6sa/4saFIm79F+78N860FarogcDhO/eS5LiB4BpM89NIzc0vLC6llzMrq2vrG9nNrbqWoaKsRqWQqukSzQT3WQ04CNYMFCOeK1jDHVwkeeOOKc2lfwPDgLU90vN5l1MCMXKyO1Vsl+xAyQCkXcJXt5HNgDjVkZPNWXlzLGzmzw6LR4XETMl3lENTVZzsh92RNPSYD1QQrVuWGUA7Igo4FWyUsUPNAkIHpMdasfWJx3Q7Gv9ghPdj0sFdqeLjAx7T2Y2IeFoPPTee9Aj09e8sgX9lrRC6p+2I+0EIzKeTi7qhwCBxUgfucMUoiGFsCFU8fiumfaIIhbi0zGwJ/5t6IW8d54vXxVz5fFpHGu2iPXSALHSCyugSVVANUXSPHtEzejEejCfj1XibjKaM6c42+iHj/QujV5Zm</latexit>

R / M⌘R

<latexit sha1_base64="2TXamM9vC0swlBVzT+2ldPeYQAw=">AAACAXicdZBLSwMxFIUz9VXrq+pGcBMsgqsyU+uLbopuXFSoYB/QqUMmTdvQzGRI7ghlqBv/ihsXirj1X7jz3zjTVqiiBwKH79xLkuMGgmswzU8jNTe/sLiUXs6srK6tb2Q3t+pahoqyGpVCqqZLNBPcZzXgIFgzUIx4rmANd3CR5I07pjSX/g0MA9b2SM/nXU4JxMjJ7lSwXbIDJQOQdglf3UY2A+JURk42Z+XNsbCZPzssHhUSMyXfUQ5NVXWyH3ZH0tBjPlBBtG5ZZgDtiCjgVLBRxg41CwgdkB5rxdYnHtPtaPyDEd6PSQd3pYqPD3hMZzci4mk99Nx40iPQ17+zBP6VtULonrYj7gchMJ9OLuqGAoPESR24wxWjIIaxIVTx+K2Y9okiFOLSMrMl/G/qhbx1nC9eF3Pl82kdabSL9tABstAJKqNLVEU1RNE9ekTP6MV4MJ6MV+NtMpoypjvb6IeM9y+Ql5Za</latexit>

L / M⌘L where                       
<latexit sha1_base64="6UL7Rueo8hl4pso5Y/1K9BgFgWQ=">AAACD3icdZBNS8MwHMZTX+d8m3r0EhzKZFjabb4xhKEXDx6muBdYS0mzbAtL05Kkwhj7Bl78Kl48KOLVqze/jW03YYo+EPjxPP8/SR43YFQqw/jUZmbn5hcWU0vp5ZXVtfXMxmZd+qHApIZ95oumiyRhlJOaooqRZiAI8lxGGm7/Is4bd0RI6vNbNQiI7aEupx2KkYosJ7NnEYWcK2iVz6wyzBVgHlo83IcHMFfMx5TkN04ma+pGImjop8XSYSGGifMdZcFEVSfzYbV9HHqEK8yQlC3TCJQ9REJRzMgobYWSBAj3UZe0IuTII9IeJv8Zwd3IacOOL6LDFUzc6Y0h8qQceG406SHVk7+z2Pwra4Wqc2IPKQ9CRTgeX9QJGVQ+jMuBbSoIVmwQAcKCRm+FuIcEwiqqMD1dwv9QL+jmkV66LmUr55M6UmAb7IAcMMExqIBLUAU1gME9eATP4EV70J60V+1tPDqjTXa2wA9p718ytpkD</latexit>

⌘L = (2 + ⌫)� (3 + ⌫)⌘R

*Since stars radiate like blackbodies  

Important examples    

<latexit sha1_base64="kwOGSivMHAdE5BDjnrNuBXgIykQ="></latexit>

L = 4⇡R2 �T 4
e↵

<latexit sha1_base64="ue+E3YkVAVn84WsVINEJyN6CJHY="></latexit>

Te↵ / L1/4

R1/2
/ M⌘e where                       

<latexit sha1_base64="8qgyZjvZA63xv9V3KmXLGsSs5vo=">AAACGXicdZBLSwMxFIUz9VXrq+rSTbAIbizTWl8UoejGhYsq1hY6Q8mkd9rQzIMkI5Rh/oYb/4obF4q41JX/xnRaoYoeCBy+cy9JjhNyJpVpfhqZmdm5+YXsYm5peWV1Lb++cSuDSFBo0IAHouUQCZz50FBMcWiFAojncGg6g/NR3rwDIVng36hhCLZHej5zGSVKo07etECRDmCrempVseUKQuMUXSZxJcF70+g6ictJJ18oFc1U2Cye7FcOyiMzId9RAU1U7+TfrW5AIw98RTmRsl0yQ2XHRChGOSQ5K5IQEjogPWhr6xMPpB2nP0vwjiZd7AZCH1/hlE5vxMSTcug5etIjqi9/ZyP4V9aOlHtsx8wPIwU+HV/kRhyrAI9qwl0mgCo+1IZQwfRbMe0TXYXSZeamS/jf3JaLpcNi5apSqJ1N6siiLbSNdlEJHaEaukB11EAU3aNH9IxejAfjyXg13sajGWOys4l+yPj4AjcTn9w=</latexit>

⌘e =
⌘L
4

� ⌘R
2

Problem:  Work out               for the case of the CNO cycle       
and Kramers opacity                     (valid for                       )

<latexit sha1_base64="xX4r6J1HyJyOm4QahV6wrvRbx10=">AAACBHicdVDLSsNAFJ3UV62vqMtuBovgosakVqsLoejGZQX7gCaUyXTSDp1MwsxEKKELN/6KGxeKuPUj3Pk3Jm2EKnrgwplz7uXOPW7IqFSm+anlFhaXllfyq4W19Y3NLX17pyWDSGDSxAELRMdFkjDKSVNRxUgnFAT5LiNtd3SV+u07IiQN+K0ah8Tx0YBTj2KkEqmnF23EwiGCF9Cyy2Vou0Slj8PaUQX29JJlmFNA0zg/rp5UUpIp31YJZGj09A+7H+DIJ1xhhqTsWmaonBgJRTEjk4IdSRIiPEID0k0oRz6RTjw9YgL3E6UPvUAkxRWcqvMTMfKlHPtu0ukjNZS/vVT8y+tGyjtzYsrDSBGOZ4u8iEEVwDQR2KeCYMXGCUFY0OSvEA+RQFgluRXmQ/iftCqGdWpUb6ql+mUWRx4UwR44ABaogTq4Bg3QBBjcg0fwDF60B+1Je9XeZq05LZvZBT+gvX8B9RGVGA==</latexit>

↵ = 1 ,� = �7/2

<latexit sha1_base64="w1JSr7n6ThQTUCTWzSSCFvPzsaE="></latexit>

tnuc / M

L
/ M (1�⌘L)*Main Sequence lifetime =                      

<latexit sha1_base64="9PW3dfY8Ja6yn2hpo0ysyjok4dE=">AAAB9XicdZBLSwMxFIUz9VXrq+rSTbAIroYZ7UN3RTcuK9gHdMaSSTNtaCYZkoxahv4PNy4Ucet/cee/MW1HqKIHAofv3EsuJ4gZVdpxPq3c0vLK6lp+vbCxubW9U9zdaymRSEyaWDAhOwFShFFOmppqRjqxJCgKGGkHo8tp3r4jUlHBb/Q4Jn6EBpyGFCNt0K3HE+ihOJbiAbqVXrHk2s5M0LHPa+5ppWpMRr6jEsjU6BU/vL7ASUS4xgwp1XWdWPspkppiRiYFL1EkRniEBqRrLEcRUX46u3oCjwzpw1BI87iGM7q4kaJIqXEUmMkI6aH6nU3hX1k30eGZn1IeJ5pwPP8oTBjUAk4rgH0qCdZsbAzCkppbIR4iibA2RRUWS/jftE5st2qXr8ul+kVWRx4cgENwDFxQA3VwBRqgCTCQ4BE8gxfr3nqyXq23+WjOynb2wQ9Z71/AL5IK</latexit>

⌫ ⇡ 15
<latexit sha1_base64="vI2vUnCHKDgZzWQMnvLbPAhY2Z4=">AAACBXicbZC7SgNBFIZn4y3G26qlFoNBsAhhV0IuXdDGwiKKSYTsEmYnJ8mQ2Qszs0IIaWx8FRsLRWx9BzvfxskmQY3+MPDxn3M4c34v4kwqy/o0UkvLK6tr6fXMxubW9o65u9eQYSwo1GnIQ3HrEQmcBVBXTHG4jQQQ3+PQ9Abnk3rzDoRkYXCjhhG4PukFrMsoUdpqm4cOKNK+dnI5J5fg5TdC28xa+Uq5VKoUsZ23EmFrDnMni2aqtc0PpxPS2IdAUU6kbNlWpNwREYpRDuOME0uICB2QHrQ0BsQH6Y6SK8b4WDsd3A2FfoHCiftzYkR8KYe+pzt9ovpysTYx/6u1YtUtuyMWRLGCgE4XdWOOVYgnkeAOE0AVH2ogVDD9V0z7RBCqdHAZHYK9ePJfaJzm7WK+cFXIVs9mcaTRATpCJ8hGJVRFF6iG6oiie/SIntGL8WA8Ga/G27Q1Zcxm9tEvGe9fhLyXVQ==</latexit>⌘R , ⌘L , ⌘e

<latexit sha1_base64="Lm6BsKEcxq8rYRAzx0SRUgbF3cE=">AAACCnicdZBLSwMxFIUzPmt9jbp0Ey2Cq2H6wFpwUXTjRqhgH9CWkslk2tDMZEjuCKV07ca/4saFIm79Be78N6YvsKIHAh/n3EuS48WCa3DdL2tpeWV1bT21kd7c2t7Ztff2a1omirIqlUKqhkc0EzxiVeAgWCNWjISeYHWvfzXO6/dMaS6jOxjErB2SbsQDTgkYq2Mf5fBNpyV9CfhiTBqIMpRz53a6Y2eyjjsRdp1SsZTPFwzMnHmUQTNVOvZny5c0CVkEVBCtm1k3hvaQKOBUsFG6lWgWE9onXdY0GJGQ6fZw8pURPjGOjwOpzIkAT9yfG0MSaj0IPTMZEujp39nY/CtrJhCct4c8ihNgEZ1eFCQCg8TjXrDPFaMgBgYIVdy8FdMeUYSCaW+hhP+hlnOyZ07htpApX87qSKFDdIxOURYVURldowqqIooe0BN6Qa/Wo/VsvVnv09Ela7ZzgBZkfXwDaq2YNg==</latexit>

2M� < M? < 20M�



    

For a 90 M star, Ed 3 5 106 L , roughly three times the expected main-sequence
value.

The fairly close correspondence between the theoretical and Eddington luminosities
implies that the envelopes of massive main-sequence stars are loosely bound at best. In fact,
observations of the few stars with masses estimated to be near 100 M indicate that they
are suffering from large amounts of mass loss and exhibit variability in their luminosities.

      

From theoretical models that are computed in the mass range of hydrogen burning, it is
possible to obtain a numerical relationship between and that agrees well with the
observational mass–luminosity relation shown in Fig. 7.7. It is also possible to locate each
of the models on a theoretical H–R diagram (see Fig. 10.13). By comparison with Fig. 8.13, it
can be seen that stars undergoing hydrogen burning in their cores lie along the observational
main sequence!

The range in main-sequence luminosities is from near 5 10 4 L to approximately
1 106 L , a variation of over nine orders of magnitude, while the masses change by
only three orders of magnitude. Because of the enormous rate of energy output from upper
main-sequence stars, they consume their core hydrogen in a much shorter period of time
than do stars on the lower end of the main sequence. As a result,

Estimates of the range of main-sequence lifetimes are
left as an exercise.
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 The locations of stellar models on a theoretical H–R diagram. The models were
computed using the stellar structure equations and constitutive relations. (Data from Schaller, et al.,

, , 269, 1992, and Charbonnel, et al., , , 405,
1999.

Theoretical HR diagram (ZAMS) 

Problem:  Work out                                           
Compare with the above figure for the mass range  

<latexit sha1_base64="g5DPOtvgZ16DaLpm/ncCsU2gvPQ="></latexit>

L / T (⌘L/⌘e)
e↵

<latexit sha1_base64="Lm6BsKEcxq8rYRAzx0SRUgbF3cE=">AAACCnicdZBLSwMxFIUzPmt9jbp0Ey2Cq2H6wFpwUXTjRqhgH9CWkslk2tDMZEjuCKV07ca/4saFIm79Be78N6YvsKIHAh/n3EuS48WCa3DdL2tpeWV1bT21kd7c2t7Ztff2a1omirIqlUKqhkc0EzxiVeAgWCNWjISeYHWvfzXO6/dMaS6jOxjErB2SbsQDTgkYq2Mf5fBNpyV9CfhiTBqIMpRz53a6Y2eyjjsRdp1SsZTPFwzMnHmUQTNVOvZny5c0CVkEVBCtm1k3hvaQKOBUsFG6lWgWE9onXdY0GJGQ6fZw8pURPjGOjwOpzIkAT9yfG0MSaj0IPTMZEujp39nY/CtrJhCct4c8ihNgEZ1eFCQCg8TjXrDPFaMgBgYIVdy8FdMeUYSCaW+hhP+hlnOyZ07htpApX87qSKFDdIxOURYVURldowqqIooe0BN6Qa/Wo/VsvVnv09Ela7ZzgBZkfXwDaq2YNg==</latexit>

2M� < M? < 20M�

All physical properties of a star are decided by its Mass and 
Chemical composition when it is born    



Hertzsprung-Russell diagram of nearby Stars

Brightness & Colour are the most 
easily observed qualities of a star


H-R diagram also called Colour-
Magnitude diagram


Parallax gives distance to a star —> 
Luminosity 


Stars radiate like blackbodies, Colour 
—> effective Temperature 


HR diagram —> Plot of     vs  

22000 stars from the Hipparcos Catalogue and 

1000 stars from the Gliese Catalogue

<latexit sha1_base64="Zd1DQkBQ1bhsWFUH6UP2nkih0fY=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPw0wIJrkFvXjwEMEskAyhp9OTNOlZ6K4RQshHePGgiFe/x5t/YycZcUEfFDzeq6Kqnp9IodFx3q2V1bX1jc3cVn57Z3dvv3Bw2NJxqhhvsljGquNTzaWIeBMFSt5JFKehL3nbH1/O/fYdV1rE0S1OEu6FdBiJQDCKRmpf93saqeoXio5dq1Zq1RLJiPtFXNtZoAgZGv3CW28QszTkETJJte66ToLelCoUTPJZvpdqnlA2pkPeNTSiIdfedHHujJwaZUCCWJmKkCzU7xNTGmo9CX3TGVIc6d/eXPzL66YYVL2piJIUecSWi4JUEozJ/HcyEIozlBNDKFPC3ErYiCrK0CSUNyF8fkr+J62S7Z7b5ZtysX6RxZGDYziBM3ChAnW4ggY0gcEY7uERnqzEerCerZdl64qVzRzBD1ivH/1OkAk=</latexit>

L?

<latexit sha1_base64="Jm0VuWTfQUA5bKy/AJcv1oEqTko=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQlKKbXdFNy4r9AVpKJPppB06jzAzEUroZ7hxoYhbv8adf+O0jfhAD1w4nHMv994TJYxq43nvztr6xubWdmGnuLu3f3BYOjruapkqTDpYMqn6EdKEUUE6hhpG+okiiEeM9KLp9cLv3RGlqRRtM0tIyNFY0JhiZKwUtIfZQHFI4ng+LJU9t1GvNeoVmBP/i/iut0QZ5GgNS2+DkcQpJ8JghrQOfC8xYYaUoZiReXGQapIgPEVjElgqECc6zJYnz+G5VUYwlsqWMHCpfp/IENd6xiPbyZGZ6N/eQvzLC1IT18OMiiQ1RODVojhl0Ei4+B+OqCLYsJklCCtqb4V4ghTCxqZUtCF8fgr/J92K61+61dtquXmVx1EAp+AMXAAf1EAT3IAW6AAMJLgHj+DJMc6D8+y8rFrXnHzmBPyA8/oB1RORpw==</latexit>

Te↵

<latexit sha1_base64="Zd1DQkBQ1bhsWFUH6UP2nkih0fY=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPw0wIJrkFvXjwEMEskAyhp9OTNOlZ6K4RQshHePGgiFe/x5t/YycZcUEfFDzeq6Kqnp9IodFx3q2V1bX1jc3cVn57Z3dvv3Bw2NJxqhhvsljGquNTzaWIeBMFSt5JFKehL3nbH1/O/fYdV1rE0S1OEu6FdBiJQDCKRmpf93saqeoXio5dq1Zq1RLJiPtFXNtZoAgZGv3CW28QszTkETJJte66ToLelCoUTPJZvpdqnlA2pkPeNTSiIdfedHHujJwaZUCCWJmKkCzU7xNTGmo9CX3TGVIc6d/eXPzL66YYVL2piJIUecSWi4JUEozJ/HcyEIozlBNDKFPC3ErYiCrK0CSUNyF8fkr+J62S7Z7b5ZtysX6RxZGDYziBM3ChAnW4ggY0gcEY7uERnqzEerCerZdl64qVzRzBD1ivH/1OkAk=</latexit>

L?
<latexit sha1_base64="Jm0VuWTfQUA5bKy/AJcv1oEqTko=">AAAB8nicdVDLSsNAFJ34rPVVdelmsAiuQlKKbXdFNy4r9AVpKJPppB06jzAzEUroZ7hxoYhbv8adf+O0jfhAD1w4nHMv994TJYxq43nvztr6xubWdmGnuLu3f3BYOjruapkqTDpYMqn6EdKEUUE6hhpG+okiiEeM9KLp9cLv3RGlqRRtM0tIyNFY0JhiZKwUtIfZQHFI4ng+LJU9t1GvNeoVmBP/i/iut0QZ5GgNS2+DkcQpJ8JghrQOfC8xYYaUoZiReXGQapIgPEVjElgqECc6zJYnz+G5VUYwlsqWMHCpfp/IENd6xiPbyZGZ6N/eQvzLC1IT18OMiiQ1RODVojhl0Ei4+B+OqCLYsJklCCtqb4V4ghTCxqZUtCF8fgr/J92K61+61dtquXmVx1EAp+AMXAAf1EAT3IAW6AAMJLgHj+DJMc6D8+y8rFrXnHzmBPyA8/oB1RORpw==</latexit>

Te↵


