
Stellar Structure

Reading assignment
THURSDAY 10/29: Chapter 10.5 (first 4 pages) + 10.6

Homework Assignment #4 due by:
TUESDAY 11/10 before beginning of class

MIDTERM EXAM: THURSDAY Nov. 12
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NOTE: No star is exactly static. Nuclear reactions change the chemical composition {XZ}, 
leading to very slow changes. We can see this evolution as a sequence of static structures. 

4) major relation to be 
satisfied by a static stellar 
structure

4) expressed as a mass 
gradient instead of radial 
gradient

NOTE: This equality does not have to be maintained all the time. The star would contract and 
the virial theorem ensures that half of the gravitational potential energy goes into kinetic 
energy, and the other half is radiated away, until the star settles into a new configuration. Re-
configuration is a slow process. 
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1st law of thermodynamics:

amount of heat to be added 
per gram per second to the 
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rate at which the mass of 
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2nd law of thermodynamics: S is the entropy per unit of 
mass (i.e., specific entropy)

4B) important equation 
in the computation of 
stellar models during 
evolutionary change

Enuclear+Egravity; Egravity>0 if star contracting, 
<0 if expanding; note dependence on time

When the star is slowly contracting:



NOTE: Eq. 4B does not determine the luminosity of a star. The actual rate of flow of energy is 
determined by the mechanism of energy transport, which is determined by the temperature 
gradient dT/dr of the star.
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contact can occur.
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Tclassical = 1010 K!!! >>> 
107 K temperature of 
S u n i n c o r e , i . e . , 
c lass ica l phys ics is 
unable to explain nuclear 
fusion in the Sun!!!
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The total nuclear energy 
generation rate is the sum 
over all reactions happening 
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As the cloud of gas contracts, the temperature rises until it is high enough to cause 
thermonuclear reactions to occur at a rate adequate to supply the power radiated from the 
surface. When this balance is achieved, we have a static stellar configuration. 

Most energy-generating reactions involving light particles have reaction rates in the form:

T6 = T / 106 K : as T increases, 
the reaction rate increases rapidly

Because the exponent is large, the major reactions are those for which Z1Z2 is as small as 
possible. However, the major two-particle combinations (involving protons ps and 4He) have 
unstable ground states.
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The first thermonuclear reaction to proceed is 
This converts deuterium D into 3He during pre-main sequence contraction, hence the D is 
quickly exhausted, and its effect is to slow the contraction somewhat during the D-burning 
phase.

Similarly, Li, Be, B are destroyed effectively by reactions with protons at T~few million K.

Reactions converting H into He: p-p chains, CNO cycle 
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Proton-proton Reactions

NOTE: Because of the low Coulomb barrier in the p-p reaction, a star would consume 
its H quickly if it weren’t slowed down by the weakness of the beta+ decay.

NOTE: The 1.442 Mev is converted to local heat, of which <E>=0.262 MeV are carried 
away by the neutrinos. 
Therefore, the average heat input from each reaction is 1.442 - 0.262 = 1.18 MeV.
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PP I chain (~69% of times in the Sun)
Many reactions proceed at a negligible rate, either because the cross sections are too small 
or the product of the abundances are too small. 
For example, D+D —> 4He + photon has small cross section and D is negligible (destroyed 
into 3He)

slowest step because it involves 
the beta+ decay

2D burning reaction is so fast that 
the lifetime of D inside a star may 
be on the order of seconds!

A Band happen twice: 41H (from 2A) + 21H (from 2B) —> 4He + 21H
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PP III chain (~0.1% of times in the Sun)
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6Energy generation rate of the PP chains: with T6=T/106 K

For X=Y:
At T6<14, 4He is produced mostly by PPI
At T6~14, PPII takes over from PPI
At T6~23, PPIII takes over from PPII

NOTE: X=0.74, Y=0.28
and TSun,6=16



NOTE: The following is the major source of solar neutrinos of sufficiently 
high energy to be absorbed efficiently 

BUT those from 8B are more 
capable of producing detection 
in experiments on Earth
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T6~25 is the characteristic temperature 
of most CNO burning (upper main 
sequence stars) 



In most H-burning stars, the PP chains and the CNO bi-cycle operate simultaneously. 
Which of the two dominates the energy generation depends on the relative 
abundance of H and CN nuclei and on the temperature.
For Solar Z=0.02, the CNO cycle takes over the PP chains at T6~18.

T6



Low-mass stars, with smaller central T, are dominated by the PP chains during the H 
burning evolutions, whereas more massive stars, with higher central T, convert H into 
He with the CNO cycle.

When H is converted into He, the mean molecular weight of the gas increases, hence 
if T and the mass density remain the same, the pressure of the gas decreases, and 
the star would no longer be in hydrostatic equilibrium and contraction would begin. 
The contraction raises both the T and mass density, compensating the increase of the 
mean molecular weight.

H-burning in stars is found to occur as the central source of energy for main-
sequence stars, and as a shell source in later stages of stellar evolution.
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He Burning, a.k.a., 3-alpha reaction
The present ratio 4He/H~0.1 (in number) is the result of H-burning in early cosmological stages 
followed by ~13 Gyr of star formation, death, and remixing. 
There are no stable nuclei with A=5 and A=8, forbidding the fusion of two 4He into an A=8 
nucleus.
Since:
12C <—> ps+ns=12 <—> 34He
16O <—> ps+ns=16 <—> 44He
these nuclei may be the results of more-than-two-body 4He (a.k.a., alpha particle) collisions.
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8Be is unstable, breaking up into two 4He, but 
the 8Be lifetime is 3x10-16 s, i.e., much longer 
than the scattering time of two 4He. Hence, a 
small concentration of 8Be nuclei builds up in 
the helium gas until the rate of break up of 
8Be is equal to its rate of formation. At 
T=108K, density=105 g/cm3, there is one 8Be 
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Very dramatic temperature dependence: even small increase in 
T will produce a large increase in the amount of energy generated 
per second. In a stellar center supported by e- degeneracy, the 
onset of the He burning is accompanied by an explosive reaction, 
the Helium Flash.

The present ratio 4He/H~0.1 (in number) is the result of H-burning in early cosmological stages 
followed by ~13 Gyr of star formation, death, and remixing. 
There are no stable nuclei with A=5 and A=8, forbidding the fusion of two 4He into an A=8 
nucleus.
Since:
12C <—> ps+ns=12 <—> 34He
16O <—> ps+ns=16 <—> 44He
these nuclei may be the results of more-than-two-body 4He (a.k.a., alpha particle) collisions.



Nucleosynthesis during the He burning

Continued successive alpha-particle captures can occur in principle, but the increasing 
Coulomb barrier severely limits the number of alpha-particle captures at temperatures low 
enough for some 4He still to remain.

12C and 16O are produced in significant amounts by stars of moderate mass. The final product 
is almost entirely 16O for M>10 MSun stars. 20Ne is produced appreciably only at high 
temperatures, i.e., for massive stars M>>20 MSun (during 4He burning in a star with M=15 MSun, 
the final weight of 20Ne at the center is only 1%).

He burning happens in giant stars and in horizontal branch stars (in the HR diagram). 

The product of nucleosynthesis during He burning is quite uncertain, and causes a 
corresponding uncertainties in the subsequent evolution of the star. If 12C is a substantial 
remnant, the next nuclear burning phase will be from interactions of 12C with itself. If little 12C is 
produced, that burning phase will be omitted, and the star wil progress directly from He to 16O 
burning. 



Advanced burning stages

When the burning ceases to provide sufficient power to the star, gravitational contraction 
begins again. From the virial theorem, T of the He-exhausted region rises during contraction, 
until T and density are high enough for the next nuclear burning stage, or electron degeneracy 
halting contraction. 
Stars with M>0.7 MSun can contract until T is large enough for carbon to interact with itself, 
while less massive stars settle into degenerate white-dwarf configurations. 
After He burning, the most abundant nuclei in the gas are expected to be 12C and 16O. 
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elements by n-capture chains. 
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The direct products of C fusion are 23Na, 20Ne, ps. Most of the protons fuse with 12C:
Free ps are converted in free ns, while 4He 
and 12C are converted into 16O. The ns will 
be captured —> nucleosynthesis of heavy 
elements by n-capture chains. 

By the end of C burning, the initial 12C nuclei have been converted into 16O, 20Ne, 23Na, 
24Mg, 28Si (through also alpha-capture by 12C, 16O, 20Ne, 24Mg)



NOTE: Reactions between 12C and 16O are not important, since the larger Coulomb barrier 
makes the rate too slow to be important at the C-burning temperatures, while 12C is 
completely exhausted when T gets large enough.
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NOTE: Reactions between 12C and 16O are not important, since the larger Coulomb barrier 
makes the rate too slow to be important at the C-burning temperatures, while 12C is 
completely exhausted when T gets large enough.

T~109K

NOTE: Photo-disintegration of 20Ne happens at the same temperature. The major final 
nucleus synthesized appears to be 28Si. Neutrino losses will be high during the O-burning 
phases, so much that most of the generated energy is radiated as neutrino luminosity. 
Because of this, O-burning happens at T>109K to replace the heavy neutrino losses. 
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At the temperatures during C and O burning, disintegration of nuclei by the thermal photon 
bath becomes important. This is similar to ionization of atoms with T~104K, but with the 
difference of nuclear force as the binding energy. 



Photo-disintregation

At the temperatures during C and O burning, disintegration of nuclei by the thermal photon 
bath becomes important. This is similar to ionization of atoms with T~104K, but with the 
difference of nuclear force as the binding energy. 

The first photo-disintegration of importance is 13N, formed through 12C+p —> 13N. For 
T>7.5x108K, 13N photo-disintegration is faster than its beta+ decay into 13C (13N —> 13C + e+ 
+ nue) ==> 13C concentration is sharply reduced, as is its effectiveness as a source of free ns 
(from 13C + 4He —> 16O + n).



Photo-disintregation

At the temperatures during C and O burning, disintegration of nuclei by the thermal photon 
bath becomes important. This is similar to ionization of atoms with T~104K, but with the 
difference of nuclear force as the binding energy. 

The first photo-disintegration of importance is 13N, formed through 12C+p —> 13N. For 
T>7.5x108K, 13N photo-disintegration is faster than its beta+ decay into 13C (13N —> 13C + e+ 
+ nue) ==> 13C concentration is sharply reduced, as is its effectiveness as a source of free ns 
(from 13C + 4He —> 16O + n).

During O burning, at T>109K: 



Photo-disintregation

At the temperatures during C and O burning, disintegration of nuclei by the thermal photon 
bath becomes important. This is similar to ionization of atoms with T~104K, but with the 
difference of nuclear force as the binding energy. 

The first photo-disintegration of importance is 13N, formed through 12C+p —> 13N. For 
T>7.5x108K, 13N photo-disintegration is faster than its beta+ decay into 13C (13N —> 13C + e+ 
+ nue) ==> 13C concentration is sharply reduced, as is its effectiveness as a source of free ns 
(from 13C + 4He —> 16O + n).

During O burning, at T>109K: 

At T>1.3x109K, the rate of 20Ne photo-disintegration becomes greater than the rate of 20Ne 
production (16O+4He —> 20Ne + photons) ==> 20Ne is effectively disintegrated. The liberate 
4He is likely capture by the remaining 20Ne: 20Ne + 20Ne —> 16O + 24Mg.
[what 20Ne is observed in nature was produced by C burning in a shell surrounding an even 
more advanced core]
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The first photo-disintegration of importance is 13N, formed through 12C+p —> 13N. For 
T>7.5x108K, 13N photo-disintegration is faster than its beta+ decay into 13C (13N —> 13C + e+ 
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During O burning, at T>109K: 

At T>1.3x109K, the rate of 20Ne photo-disintegration becomes greater than the rate of 20Ne 
production (16O+4He —> 20Ne + photons) ==> 20Ne is effectively disintegrated. The liberate 
4He is likely capture by the remaining 20Ne: 20Ne + 20Ne —> 16O + 24Mg.
[what 20Ne is observed in nature was produced by C burning in a shell surrounding an even 
more advanced core]

At the conclusion of O burning, the gas continues to heat up. Subsequent nuclear reactions 
are primarily of a re-arrangement type, i.e.: a particle is photo-ejected from one nucleus and 
capture by another ==> converting nuclear particles to their most stable forms. 
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There is a maximum in Eb/A at 
56Fe —> the re-arrangement 
attempts to convert O-burning 
remnants into nuclei in the 
vicinity of 56Fe. The timescale 
of this is controlled primarily by 
the photo-disintegration of 28Si.

The most abundant nuclear 
species in the universe are 1H, 
4He, 16O, 12C, 20Ne, 14N, 24Mg, 
28Si, and 56Fe, the result of the 
dominant nuclear reaction 
processes occurring in  stars.



From stellar spectra, the atmospheres of most stars are made of H (X=0.70) and 
metals Z<0.03. The first nuclear reactions (when the stars are on the main sequence) 
convert H—>He (pp chains, CNO cycle). Since most stars have similar compositions, 
the structures of stars vary smoothly with mass. 

As M increases, PC and TC increase.

For stars or low mass, the pp chain will dominate since less energy is required to 
initiate these reactions than the reactions of the CNO cycle. For high-mass stars, the 
CNO cycle will likely dominate because of its very strong temperature dependence. 
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convert H—>He (pp chains, CNO cycle). Since most stars have similar compositions, 
the structures of stars vary smoothly with mass. 

As M increases, PC and TC increase.

For stars or low mass, the pp chain will dominate since less energy is required to 
initiate these reactions than the reactions of the CNO cycle. For high-mass stars, the 
CNO cycle will likely dominate because of its very strong temperature dependence. 

For M<0.072 MSun (solar composition; 0.09 MSun for Z=0) —> brown dwarfs. 

Stars with M>90 MSun become subject to thermal oscillations in the center that may 
produce significant variations in the nuclear energy generation rates over timescales as 
short as 8 hours! 



Stellar Structure

Reading assignment
TUESDAY 11/3: 10.6+13.1

Homework Assignment #4 due by:
TUESDAY 11/10 before beginning of class

MIDTERM EXAM: THURSDAY Nov. 12


