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Astrofísica Nuclear

• Objetivo: entender os processos nucleares que ocorrem no Universo. 

• Esses processos nucleares contribuem para a origem dos elementos 
químicos e a geração de energia em estrelas.
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Estrelas são responsáveis por destruir 
Hidrogênio e produzir metais!
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Tipos de Processos Nucleares

• Transferência (interação forte) 

• Captura (int. eletromagnética) 

• Fraca (interação fraca)

15N(p,↵)12C

3He(↵, �)7Be

p(p, e+⌫)d

� ' 0.5 b at Ep = 2.0 MeV

� ' 10�6 b at Ep = 2.0 MeV

� ' 10�20 b at Ep = 2.0 MeV

b = 100 fm2 = 10�24 cm2
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O que são estrelas?

• Esferas luminosas auto-
gravitantes: 

• Plasmas astrofísicos 

• Reatores nucleares auto-
regulados:
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Reações 
Termonucleares

• Em ambientes estelares, 
núcleos são térmicos: 
distribuição de Maxwell-
Boltzmann 

• Barreira Coulombiana : 
tunelamento quântico 

• Probabilidade de reação tem 
um pico em uma energia! 
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Important aspects: 

(i) Gamow peak shifts to higher energy  
    for increasing charges Zp and Zt 

(ii) at same time, area under Gamow  
     peak decreases drastically 

Conclusion: for a mixture of different nuclei in a plasma, those reactions with 
                    the smallest Coulomb barrier produce most of the energy and are  
                    consumed most rapidly (→ stellar burning stages) 



Alguns estágios da Queima Nuclear
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Hydrostatic Hydrogen Burning:      Sun (T=15.6 MK), stellar core (T=8-55 MK),  
                                                                   shell of AGB stars (T=45-100 MK) 

•  4H→4He releases 26.7 MeV 
•  reactions are non-resonant at low energies 
•  p+p has not been measured (see earlier) 
•  d+p, 3He+3He, 3He+α have been measured  
  recently by LUNA collaboration 
•  90% of Sun’s energy produced by pp1 chain 

Queima de Hidrogênio: ciclo p-p
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cadeia pp1 cadeia pp2 cadeia pp3

5.1 Hydrostatic Hydrogen Burning 379

dently from the details of this transformation, the process releases an energy
(Section 1.5.3) of

Q = 4(M.E.)H − (M.E.)4He = 4 · (7288.97 keV) − (2424.92 keV)

= 26.731 MeV (5.1)

The obvious question arises as to precisely how this fusion process takes place.
Early estimates showed that the probability for the simultaneous interaction
of four protons in the stellar plasma is far too small to account for the observed
luminosity of stars. Instead, sequences of interactions involving two particles
in the entrance channel are much more likely to occur. The two principle ways
by which hydrogen is converted to helium in hydrostatic hydrogen burning
are called the proton–proton chains and the CNO cycles. These processes were
first suggested more than 60 years ago (Atkinson 1936, Bethe and Critchfield
1938, von Weizsäcker 1938, Bethe 1939) and are described in this section. It
is useful for the following discussion to keep in mind that, depending on the
stellar mass and metallicity, typical temperatures in core hydrogen burning
are in the range of T ≈ 8–55 MK, while the hydrogen burning shells in AGB
stars achieve temperatures of T ≈ 45–100 MK. The central temperature of the
Sun, for example, is T = 15.6 MK (Bahcall 1989). On the other hand, far higher
temperatures are attained in explosive hydrogen burning, which will be dis-
cussed in later sections. As will be seen, the details of the nuclear processes
depend sensitively on the temperature.

5.1.1
pp Chains

The following three sequences of nuclear processes are referred to as proton–
proton (or pp) chains:

pp1 chain pp2 chain pp3 chain

p(p,e+ν)d p(p,e+ν)d p(p,e+ν)d
d(p,γ)3He d(p,γ)3He d(p,γ)3He
3He(3He,2p)α 3He(α,γ)7Be 3He(α,γ)7Be

7Be(e−,ν)7Li 7Be(p,γ)8B
7Li(p,α)α 8B(β+ν)8Be

8Be(α)α
T1/2: 8B (770 ms)

The different pp chains are also displayed in Fig. 5.2. Each of these chains
starts from hydrogen and converts four protons to one 4He nucleus (or α-
particle). The first two reactions are the same for each chain. Other nuclear
reactions involving the light nuclei 1H, 2H, 3He, and so on, are less likely to
occur in stars (Parker, Bahcall and Fowler 1964).
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276 Particle physics in stars and galaxies

Fig. 10.2 Curves showing at left the
Maxwell distribution of relative energy of
colliding nuclei, and at right the barrier
penetrability, for the p–p reaction. The fusion
rate is proportional to the product of these
distributions and is shown by the solid curve.
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requires L ∼ R and N ∼ R2/d2 steps, with an elapsed time t1 ∼ R2/cd .
Had the radiation been free to escape directly, the time to the surface
would only have been t2 = R/c, so that the process of radiative diffusion
has slowed down the rate at which energy escapes the Sun by a factor
t1/t2 = R/d . This is the factor by which the core luminosity, of order R2T 4

c ,
is reduced to the surface luminosity, of order R2T 4

s . Thus d/R ∼ (Ts/Tc)
4

and t1 = (R/d) (R/c) ∼ 1014 s or about a million years.

10.3 Hydrogen burning: the p–p cycle
in the Sun

The production of energy in the Sun is via the fusion of hydrogen to helium,
according to the net process

4p → 4He + 2e+ + 2ve + 26.73 MeV (10.5)

This process takes place in several stages. The first is the weak reaction (10.1)
forming a deuteron:

p + p → d + e+ + ve (10.6)

Hydrostatic Hydrogen Burning:      Sun (T=15.6 MK), stellar core (T=8-55 MK),  
                                                                   shell of AGB stars (T=45-100 MK) 

•  4H→4He releases 26.7 MeV 
•  reactions are non-resonant at low energies 
•  p+p has not been measured (see earlier) 
•  d+p, 3He+3He, 3He+α have been measured  
  recently by LUNA collaboration 
•  90% of Sun’s energy produced by pp1 chain 

5.1 Hydrostatic Hydrogen Burning 395

Fig. 5.7 (a) Fraction of 4He nuclei produced
by the pp1, pp2, and pp3 chains. The pp1,
pp2, and pp3 chains are the main produc-
ers of 4He at temperatures of T < 18 MK,
T = 18–25 MK, and T > 25 MK, respec-
tively. (b) Ratio of the energy generation
rate by all three pp chains to that by the pp1
chain alone versus temperature. The ratio
amounts to unity for T < 10 MK where the

pp1 chain dominates. The maximum at T ≈
23 MK is caused by the dominant operation
of the pp2 chain. About 90% of the Sun’s
energy is produced by the pp1 chain. All
curves shown in parts (a) and (b) are inde-
pendent of density and are calculated for
a composition of XH = Xα = 0.5 and a fully
ionized gas.

d(4He)/dt (by a factor of 2) and in εe
pp (by a factor of 2 minus neutrino losses)

compared to the operation of the pp1 chain alone. This can clearly be seen
at temperatures above T = 40 MK, where the pp3 chain dominates, yielding
a ratio of εe

pp/εe
pp1 = 2( fpp3/ fpp1) = 2(0.74/0.98) = 1.51. The maximum at

T ≈ 23 MK is caused by the dominant operation of the pp2 chain, for which
the neutrino losses are much less compared to those of the pp3 chain. In the
center of the Sun, the temperature amounts to T = 15.6 MK. Averaged over
the entire hydrogen burning region, it turns out that about 90% of the Sun’s
energy is produced in the pp1 chain.

We conclude the discussion of the pp chains with a few final remarks. The
evolution of the 3He abundance is much more complicated than that of deu-
terium. We already discussed that any initial deuterium nuclei are quickly
converted inside stars to 3He, thus increasing the 3He abundance. Compared
to the deuterium destroying d(p,γ)3He reaction, the 3He consuming reactions
3He(3He,2p)4He and 3He(α,γ)7Be involve higher Coulomb barriers and, there-
fore, have smaller cross sections. In the cooler outer layers of most stars, and
specifically throughout most of the volume of cooler low-mass stars, 3He will
thus survive. However, in the hotter stellar regions, 3He is converted to 4He
via the pp chains. The situation becomes more complex because the outer
cooler layers of a star may be mixed to the hotter interior regions, a process
that will contribute to the destruction of 3He. Clearly, there is a delicate bal-
ance between stellar 3He production and destruction. Whether or not this 3He
will survive and, after ejection, enrich the interstellar medium is controversial
(see the review by Tosi 2000).

Tsun Tsun



Queima de Hidrogênio: ciclo CNO
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•  12C and 16O nuclei act as catalysts 
•  branchings: (p,α) stronger than (p,γ) 
•  14N(p,γ)15O slowest reaction in CNO1 
•  solar: 13C/12C=0.01;  
  CNO1: 13C/12C=0.25 (equilibrium) 
•  14N(p,γ)15O measured by LUNA/LENA 
•  T>20 MK: CNO1 faster than pp1 

•  CNO cycles in AGB stars: main source  
   of 13C and 14N in Universe 

Hydrostatic Hydrogen Burning:      Sun (T=15.6 MK), stellar core (T=8-55 MK),  
                                                                   shell of AGB stars (T=45-100 MK) 

Tsun
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CNO cycles. The reactions of the CNO cycles are listed below (together with
the β-decay half-lives) and are shown in Fig. 5.8.

CNO1 CNO2 CNO3 CNO4

12C(p,γ)13N 14N(p,γ)15O 15N(p,γ)16O 16O(p,γ)17F
13N(β+ν)13C 15O(β+ν)15N 16O(p,γ)17F 17F(β+ν)17O
13C(p,γ)14N 15N(p,γ)16O 17F(β+ν)17O 17O(p,γ)18F
14N(p,γ)15O 16O(p,γ)17F 17O(p,γ)18F 18F(β+ν)18O
15O(β+ν)15N 17F(β+ν)17O 18F(β+ν)18O 18O(p,γ)19F
15N(p,α)12C 17O(p,α)14N 18O(p,α)15N 19F(p,α)16O

T1/2: 13N (9.965 min); 15O (122.24 s); 17F (64.49 s); 18F (109.77 min)

These cycles have interesting properties. The end result of each process is the
same as for the pp chains, that is, 4H → 4He + 2e+ + 2ν. In each cycle, C,
N, O, or F nuclei act only as catalysts, in the sense that the total abundance
of the heavy nuclei is not altered while only hydrogen is consumed. There-
fore, a substantial amount of nuclear energy can be generated even if the total
abundance of the heavy nuclei is relatively low. Of course, the operation of
a particular cycle will change the abundance of the individual heavy nuclei.
Consider as an example the CNO1 cycle. If there are initially only 12C nuclei
present in the stellar gas, then some of these will be converted to other CNO
nuclei and the individual abundances will evolve depending on the magni-
tude of the reaction rates involved. The energy generation rate depends on
the abundance of the catalysts and the time it takes to complete the cycle.

The various CNO cycles exist because for the proton-induced reactions on
the nuclei 15N, 17O, 18O, and 19F both the (p,γ) and (p,α) channels are ener-
getically allowed, in contrast to the proton-induced reactions on the nuclei
12C, 13C, 14N, and 16O that can only proceed via the (p,γ) reaction. The (p,α)
reaction will convert a heavier nucleus back to a lighter one, thereby giving
rise to a cycle of nuclear processes. At each of the branch point nuclei 15N,
17O, 18O, and 19F, the (p,α) reaction will compete with the (p,γ) reaction. The
branching ratio, or the ratio of probabilities for the occurrence of the (p,α)
and (p,γ) reaction, is then given by the ratio of the corresponding reaction
rates, Bpα/pγ = NA⟨σv⟩(p,α)/NA⟨σv⟩(p,γ). The branching ratios versus tem-
perature are displayed in Fig. 5.9. The solid lines show the upper and lower
limits of Bpα/pγ, caused by presently unknown contributions to the reaction
rates (for example, unobserved resonances). Despite the rate uncertainties, it
is obvious that for the target nuclei 15N, 17O, 18O, and 19F the (p,α) reaction
is faster than the (p,γ) reaction over the entire temperature range (except per-
haps for 17O and 18O at very low temperatures of T < 20 MK). An impression
on the relative likelihood of the various CNO reactions can be obtained from
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15O(β+ν)15N 17F(β+ν)17O 18F(β+ν)18O 18O(p,γ)19F
15N(p,α)12C 17O(p,α)14N 18O(p,α)15N 19F(p,α)16O

T1/2: 13N (9.965 min); 15O (122.24 s); 17F (64.49 s); 18F (109.77 min)

These cycles have interesting properties. The end result of each process is the
same as for the pp chains, that is, 4H → 4He + 2e+ + 2ν. In each cycle, C,
N, O, or F nuclei act only as catalysts, in the sense that the total abundance
of the heavy nuclei is not altered while only hydrogen is consumed. There-
fore, a substantial amount of nuclear energy can be generated even if the total
abundance of the heavy nuclei is relatively low. Of course, the operation of
a particular cycle will change the abundance of the individual heavy nuclei.
Consider as an example the CNO1 cycle. If there are initially only 12C nuclei
present in the stellar gas, then some of these will be converted to other CNO
nuclei and the individual abundances will evolve depending on the magni-
tude of the reaction rates involved. The energy generation rate depends on
the abundance of the catalysts and the time it takes to complete the cycle.

The various CNO cycles exist because for the proton-induced reactions on
the nuclei 15N, 17O, 18O, and 19F both the (p,γ) and (p,α) channels are ener-
getically allowed, in contrast to the proton-induced reactions on the nuclei
12C, 13C, 14N, and 16O that can only proceed via the (p,γ) reaction. The (p,α)
reaction will convert a heavier nucleus back to a lighter one, thereby giving
rise to a cycle of nuclear processes. At each of the branch point nuclei 15N,
17O, 18O, and 19F, the (p,α) reaction will compete with the (p,γ) reaction. The
branching ratio, or the ratio of probabilities for the occurrence of the (p,α)
and (p,γ) reaction, is then given by the ratio of the corresponding reaction
rates, Bpα/pγ = NA⟨σv⟩(p,α)/NA⟨σv⟩(p,γ). The branching ratios versus tem-
perature are displayed in Fig. 5.9. The solid lines show the upper and lower
limits of Bpα/pγ, caused by presently unknown contributions to the reaction
rates (for example, unobserved resonances). Despite the rate uncertainties, it
is obvious that for the target nuclei 15N, 17O, 18O, and 19F the (p,α) reaction
is faster than the (p,γ) reaction over the entire temperature range (except per-
haps for 17O and 18O at very low temperatures of T < 20 MK). An impression
on the relative likelihood of the various CNO reactions can be obtained from
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Helium Burning:       Massive stars (T=100-400 MK) 

•  3α reaction cannot be measured directly (±15%) 
•  12C(α,γ)16O slow (rate ±35%), determines 12C/16O ratio 
•  16O(α,γ)20Ne very slow 
•  ashes: 12C, 16O 
•  main source of 12C, 16O, 18O, 22Ne in Universe 

            neutron source for s-process  

€ 

14N(α,γ)18F(β +ν)18O(α,γ)22Ne(α,n)25Mg

Betelgeuse (α Orionis) 

438 5 Nuclear Burning Stages and Processes

Fig. 5.29 Representation of helium-burning reactions in the chart
of the nuclides. Stable nuclides are shown as shaded squares. The
key relates an arrow to a specific interaction. The 3α reaction and the
(α,γ) reactions on 12C and 16O are displayed as thick arrows. Other
helium-burning reactions are shown as thinner arrows. The reaction
14N(α,γ)18F is represented by an arc for reasons of clarity.

The following reactions take place during helium burning:

4He(αα, γ)12C (Q = 7274.7 keV) (5.90)
12C(α, γ)16O (Q = 7161.9 keV) (5.91)
16O(α, γ)20Ne (Q = 4729.8 keV) (5.92)
20Ne(α, γ)24Mg (Q = 9316.6 keV) (5.93)

These processes are shown schematically in Fig. 5.29 and will be discussed in
more detail in the following. It is worth keeping in mind that, depending on
the stellar mass and metallicity, the ranges of temperature and density during
hydrostatic helium burning in massive stars amount to T = 0.1–0.4 GK and
ρ = 102–105 g/cm3, respectively. The last reaction listed above only plays a
role at the higher temperatures. Helium burning in massive stars is believed
to be the main origin of 16O and 18O in the Universe, while helium burning
in massive stars and AGB stars contributes similar amounts to the cosmic 12C
abundance.

438 5 Nuclear Burning Stages and Processes

Fig. 5.29 Representation of helium-burning reactions in the chart
of the nuclides. Stable nuclides are shown as shaded squares. The
key relates an arrow to a specific interaction. The 3α reaction and the
(α,γ) reactions on 12C and 16O are displayed as thick arrows. Other
helium-burning reactions are shown as thinner arrows. The reaction
14N(α,γ)18F is represented by an arc for reasons of clarity.

The following reactions take place during helium burning:

4He(αα, γ)12C (Q = 7274.7 keV) (5.90)
12C(α, γ)16O (Q = 7161.9 keV) (5.91)
16O(α, γ)20Ne (Q = 4729.8 keV) (5.92)
20Ne(α, γ)24Mg (Q = 9316.6 keV) (5.93)

These processes are shown schematically in Fig. 5.29 and will be discussed in
more detail in the following. It is worth keeping in mind that, depending on
the stellar mass and metallicity, the ranges of temperature and density during
hydrostatic helium burning in massive stars amount to T = 0.1–0.4 GK and
ρ = 102–105 g/cm3, respectively. The last reaction listed above only plays a
role at the higher temperatures. Helium burning in massive stars is believed
to be the main origin of 16O and 18O in the Universe, while helium burning
in massive stars and AGB stars contributes similar amounts to the cosmic 12C
abundance.
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Supernova do Tipo II: Colapso do caroço

• Depois da queima do Si não há mais 
combustível. 

• Núcleo tem massa crítica de             
acima da qual, elétrons não 
sustentam a gravidade. 

• captura eletrônica e 
fotodesintegração: remove energia 
interna, reduz a pressão 

• Caroço de milhares de km colapso 
para uma proto-estrela de neutros 
com km de raio apenas.
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25 M�

1.4 M�
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Supernovas do Tipo Ia: 
Explosão Termonuclear

• Energia cinética do material 
ejetado:  

• Brilho uniforme (vela padrão da 
cosmologia):  

• sem H e He no espectro ⟿ 
objeto explosivo: Anã Branca de 
C+O 

• Deflagração ou detonação de 
carbono de uma anã-branca que 
atinge sua massa limite (limite de 
Chandrasekhar,            ).

14

Unicamente degenerado

Duplamente degenerado

Mv ⇠ �19.3

Ekin ⇠ 1051 erg

1.4 M�



15 Questões-chave em Astrofísica Nuclear
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15 Key Questions in Nuclear Astrophysics 

From: J. Jose & C. Iliadis, “The Unfinished Quest for the Origin of the Elements”,  
           review article submitted to Reports on Progress in Physics (2011) 
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