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(Hansen et al.)

● We discussed energy sources to a shell of stellar material:

– The gravitational term represents local expansion or contraction
– For the nuclear term, we focused (so far) on non-resonant reactions
– Neutrinos are generally an energy sink (except for neutron stars)
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● The binding energies are related to the mass excesses
● Models for the binding energy exist: e.g. liquid drop model

(W
ikipedia/Fastfission)
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● We argued that the rate (# of 
reactions/time/volume) is

● In the CM frame, the relative velocity 
obeys a Maxwell-Boltzmann distribution:

● The cross section will have strong 
dependence due to tunneling and the de 
Broglie cross section, which we factored 
out, giving:

● This gives:
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(Clayton)

Notice how smooth S 
is—in our region of 
interest we can take it 
to be ~ constant
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● Note how well the Gaussian 
approximation fits the Gamow peak
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● We can assume that S is constant
● Integrate the Gaussian (extending lower 

limit to -∞)

● Energy generation rate:

● Finally, we estimated the temperature 
sensitivity in the form:
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● At a resonance, the cross section is 
strongly peaked
– Energy corresponds to an energy level 

in the compound nucleus resulting 
from X + a

– Dominates the cross section

– Integrate assuming the M-B term 
doesn't change much in this range

● Different T dependence results in the 
rate

(Clayton)
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● Q = 1.944 MeV (just difference the mass excesses)
● Two parts to the rate

– Low temperature (note the dominant terms):

– Resonance: if E0 + Δ/2 ~ Er (T9 ~ 0.6 for this reaction)

– Total rate is the sum for 0.25 < T9 < 7

12C(p,ɣ)13N
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● That reaction leaves us with 13N
● We could do 13N(p,γ)14O (Q = 4.628 

MeV) next
– But 13N is unstable and will beta decay
– We need to consider timescales

● Consumption via 13N(p,γ)14O changes 13N 
number density as:

– Destruction timescale is

– From your text, for T6 = 20, X ~ 1, and ρ 
~ 10, we have τ ~ 107 yr.
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● But what about beta decay?
–  Consider:

● half-life of 10 min
● We can ignore the 13N(p,γ)14O reaction 

in this case
● Evolution of 13N consists of creation and 

destruction (via beta decay) as:

– Here, 

– Note: there will be corresponding 
evolution equations for p, 12C and 13C.

– Even through 13N is unstable, an 
equilibrium amount will be present, 
given by: 
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● There are also electron captures
● Consider pp chain:

– Rate requires detailed modeling and 
understanding of the weak interaction

– Your text lists the following effective 
rate:

– Q value would be 0.862 MeV but 
neutrinos carried almost all of this out of 
the star

● Electron captures also important in 
core-collapse supernovae

● At high densities / temperatures, 
positron capture / emission also 
important

● Rates are usually tabulated, e.g., 
Langanke & Martinez-Pinedo (2001)
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● At high-temperatures, 
photodisintegration can break apart 
heavy nuclei
– Typical blackbody photon energy is ~ 

few MeV which is comparable to 
binding energy / nucleon

● Nuclear statistical equilibrium can result

● Reverse rates are usually computed via 
detailed balance using the forward rates
– For A + B → C, require:

● Conservation of nucleons
● Chemical equilibrium:

– Leads to a Saha-like equation
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● JINA ReacLib
(Cyburt et al. 2010)

● >4500 nuclei w/ > 75000 reactions
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● Carrying lots of nuclei is computationally expensive
● For helium-rich environments, alpha-chains provide the bulk of the energetics, but...

– (α,p)(p,γ) may be faster than (α,γ)
– Intermediate nuclei doesn't last long, so we can just carry the end result using the rates 

for the sequence (α,p)(p,γ)

(Frank Timmes)
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● Jacobian for a 19-isotope network (handles pp, CNO, and alpha)

(Frank Timmes)
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● Electron screening: cloud of electrons shield the nuclear charges—easier to overcome 
the Coulomb potential

● Two important scales:
– Wigner-Seitz radius (inter-ion spacing):

– Debye radius (measure of the distance over which electrostatic effects act):

● Weak screening: λD ≫ a, or equivalently: 
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● Strong screening is harder to deal with
● Ex: carbon burning in pre-SNe Ia WDs (see Woosley et al. 2004)
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● Neutrinos can be created by means other than weak reactions
– Except for NS, these are an energy loss

● Pair Annihilation:
– High temperatures (kT ~ mec2) generate 

● Photoneutrinos and Bremsstrahlung neutrinos
– Electron-photon scattering that gives neutrino/antineutrino pair instead of photon

● Plasma neutrinos
– Electromagnetic waves become “plasmons” that can decay into neutrino/antineutrino 

pairs
● Many references exist which give rates for these different mechanisms

– Itoh et al. 2016 is the standard implementation
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● Energy equation modified as:

● Ignition of a fuel requires ϵ > ϵν

Neutrino emission
(erg/g/s)
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