Chapter 1
Nucleosynthesis of Elements in Stars

“The elements from carbon to nickel have been synthesized in stars.”

F. Hoyle (1954)

Lecture 27 closed with hydrogen burning in the Sun and with solar neutrinos as core
diagnostics. That process explains only the first step of elemental history: 4p — *He. The
Periodic Table contains roughly ninety stable elements and about three hundred stable nuclides.
Their origins define nucleosynthesis: Big Bang production of the lightest species, followed by
stellar fusion building nuclei up to the iron group, and neutron capture beyond the iron peak
[6, 1, 14, 37, 32].

The logic of the chapter is causal rather than encyclopaedic. First one must understand why
the early Universe stops at lithium; then why cosmic abundances show a gap at Li-Be-B and a
peak at iron; then how helium burning bridges that gap via the Hoyle resonance; and finally

how massive stars climb the binding-energy curve until fusion ceases and neutrons take over.

1.1 Two stages of nucleosynthesis

Hydrogen and helium still dominate the baryonic mass of the Universe, approximately 75% and
25% by mass, almost unchanged from the values set a few minutes after the Big Bang. Heavier
species make up only about 1% of that budget, yet they include the carbon, oxygen, silicon and
iron needed for planets and chemistry [14, 6]. Two physically distinct epochs produce them.

Big Bang nucleosynthesis (BBN) operates in an expanding, cooling radiation-dominated
plasma. Temperatures fall from MeV to ~ 0.1 MeV in minutes. Reactions that require three-body
collisions, long confinement, or slow penetration of a high Coulomb barrier simply do not have
time. The stable products are almost only 'H and “He, with traces of d, >He and 7Li (A < 7).
Nothing beyond lithium is made in significant quantity [14, 6].

Stellar nucleosynthesis begins once gravity confines primordial gas in galaxies and stars.
Hydrostatic and explosive burning then manufacture carbon through the iron group; neutron
captures later reach the heavier species [37, 6]. Solar spectroscopy of dozens of photospheric
elements samples galactic material already enriched by earlier stellar generations [14]. The Sun
itself is a late generation star: its metals (everything heavier than helium, in astronomical usage)

were forged elsewhere.
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1.2 Cosmic abundances as a nuclear map
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Figure 1.1: Solar-system elemental abundances (logarithmic scale). Hydrogen and helium dominate;
Li-Be-B are strongly suppressed; even-Z peaks and an iron-group hump structure the rest of the chart.
Image: Wikimedia Commons (“SolarSystemAbundances.png”), CC BY-SA 3.0 [14, 6].

Figure 1.1 is not merely a table of abundances; it is a nuclear fingerprint of the channels
that operate in Nature [14, 6, 37].

Hydrogen and helium dominate. Even after ~ 1010

years of stellar processing, baryonic
matter remains mostly primordial. Stars convert H to He and He to heavier nuclei, but most of
the cosmic baryon inventory never passes through a stellar core. That is why the BBN prediction
Yie = 0.25 still matches the observed helium mass fraction to high accuracy.

Lithium, beryllium and boron are rare. Between helium (A = 4) and carbon (A = 12)
there is no stable A =5 or A = 8 nucleus that can serve as a steady stepping stone for charged-
particle fusion. Cosmic LiBeB therefore cannot be primary ashes of hydrostatic helium burning;
they arise mainly from cosmic-ray spallation of CNO nuclei and from limited Big Bang “Li. The
deep trough at Z = 3-5 on Fig. 1.1 is the abundance signature of that mass gap.

Even—odd staggering. Even-Z and even-N nuclei are systematically more abundant than
their odd neighbours. Pairing in the SEMF and the tendency of nucleons to cluster into a-like
subunits favour even—even species; reaction networks that proceed by « capture inherit that
preference.

Iron-group peak. The binding energy per nucleon B/A is maximal near A ~ 56-62.
Charged-particle fusion therefore releases energy while climbing toward that peak and ceases to
power a star beyond it (Sec. 1.7). The abundance hump at iron is the endpoint of exothermic
fusion, visible already in the empirical B/A curve of Lecture 25.

Secondary abundance peaks near A ~ 80, 130 and 195 are not explained by charged-particle
fusion; they are the fingerprints of neutron capture at closed neutron shells (previewed in
Sec. 1.9).
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1.3 Big Bang nucleosynthesis

1.3.1 Weak freeze-out and the n/p ratio

At temperatures kT > 1 MeV, neutrons and protons remain in weak equilibrium through

n+ve<rpte, n+et o p+ .. (1.1)
Detailed balance then fixes
N, Am c? 9
— = — A ~~ 1.293 MeV. 1.2
o exp( T ), me e (1.2)

As the Universe expands, the weak rates eventually fall below the Hubble rate (weak freeze-out,
kT ~ 0.8MeV). The ratio freezes near n,/n, ~ 1/6. Free-neutron § decay continues until

nucleosynthesis begins, leaving a neutron mass fraction X,, = n,/(n, + n,) of order 0.12-0.13.

1.3.2 Helium mass fraction

Almost every surviving neutron ends in *He. If two neutrons (with two protons) form one a
particle, the helium mass is 2n,, while the total baryon number density is n, + n,, so
2X,

Yie = ~ 0.25 1.3
He 1 +Xn ( )

for X, ~ 1/7-1/8 after the network is integrated [14, 6]. The complementary hydrogen fraction is
Xy ~ 1—Yye = 0.75. Equation (1.3) is the cleanest example in the course of an observationally
tested nuclear cosmology formula: the number of free neutrons at freeze-out sets the cosmic

helium abundance.

1.3.3 Deuterium bottleneck and the A <7 freeze

The deuteron binding is only By = 2.224 MeV. While the radiation bath still contains a high-
energy Maxwellian tail, photodisintegration d +y — p +n destroys deuterium as fast as it forms
(the deuterium bottleneck). Only when kgT falls to ~ 0.1 MeV can deuterium survive long

enough for the strong network
d(p,v)*He, 3He(d,p)*He, 3He(*He,2p)*He, ... (1.4)

to lock remaining neutrons into *He, with tiny leftovers of d, 3He and "Li [14, 6]. Expansion then
freezes the network. Because no stable A = 5,8 nucleus exists, BBN cannot climb to carbon:

that step requires the sustained density of a stellar helium core.

1.4 From hydrogen burning to a helium core

Main-sequence stars convert hydrogen to helium by the pp chains and/or the CNO cycles of
Lecture 27. In the Sun the pp path carries most of the luminosity; CNO contributes only a few
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percent at T, ~ 1.5 x 107 K. More massive (hotter) stars burn predominantly by CNO because
the larger Coulomb barriers are offset by a higher Gamow peak [1, 36, 6].

As central hydrogen is exhausted, a helium ash core grows. Without nuclear energy generation
that core contracts and heats under gravity (virial theorem), while the envelope may expand
into a red-giant configuration [14]. Helium ignition occurs only if the core temperature and
density reach the triple-a regime (~ 108K, p ~ 10° gem™3). A solar-mass star never proceeds
through the full carbon—silicon sequence discussed below; those stages require more massive

cores capable of successive gravitational heating after each fuel is exhausted [14, 6].

1.5 The triple-a process and helium burning

Figure 1.2 summarises the nuclear logic of helium burning: an equilibrium of unbound ®Be,

resonant capture into the Hoyle state of 12C, and a rare radiative branch that locks carbon.

o Hoyle state
8 0" . 7654.2 keV
Beta
I 93 keV v
__________ §a__________
v
2+ 4438.9 keV
E(®Be + a) — E(3a) = 93 keV
E(Hoyle) — E(®Be + a) = 285 keV v
N v
0 o0 0 keV

Resonant path: 3a = 8Be +a - 2C*(Hoyle) » 12C + 2y

Figure 1.2: Level scheme for the triple-a process (redrawn; energies as in Wikimedia Hoyle state
and possible decay way, CC BY-SA 4.0). Unbound ®Be sits ~ 92keV above 2a; the Hoyle 0 of 2C
(7.654 MeV) lies ~ 285 keV above the ®Be + « threshold and radiates via 2+ (4.439 MeV) to the ground
state [38].

1.5.1 Why two-body «a fusion fails

There is no exothermic two-body reaction among a particles alone. The mass of 8Be exceeds
twice the a mass by
Q| = [m(®Be) — 2m(*He)]c* ~ 92keV, (1.5)

so ®Be decays back to 2a with 7 ~ 107165 [14, 1]. Production is therefore reversible,
‘He + *He = ®Be. (1.6)

4
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Unlike the irreversible conversion of hydrogen to helium, helium burning must work with a tiny
equilibrium population of an unbound intermediate.
1.5.2 Thermal equilibrium abundance of ®Be

Applying chemical equilibrium (detailed balance) to (1.6) with reduced mass m of the a—«

system yields the Saha-like ratio

n(®Be) 2mh? 32
4 92keV/kpT
n(*He) n(*He) (mkgl > ¢ (17)

(up to statistical-spin factors of order unity) [14]. At typical helium-core conditions p ~ 10° gcm =3

and kT ~ 15keV,
n(®Be)
n(*He)

~1077. (1.8)

The exponential alone is e 92/1% &~ 2 x 1073; the remaining suppression is the density /thermal-
wavelength prefactor. A non-resonant capture of a third o on that population would produce

negligible cosmic carbon.

1.5.3 The Hoyle resonance and radiative branching

The capture
®Be + ‘He — 2C* — 2C 4+~ (1.9)

is rescued by the 07 Hoyle state of 2C: 7654 keV above the ground state and only 287 keV
above the 8Be + « threshold. For kgT ~ 15keV the Gamow energy is Eq ~ 200keV, so the
resonance sits in the astrophysically sampled window [38, 14, 6]. Typical widths are 'y, ~ 8.3 eV
(return to ®Be + «) and 'y ~ 3 x 1073 eV (electromagnetic decay toward bound 2C), so only

about one formation in 103-10* locks carbon permanently [14]. The net irreversible process is
39 He — 12C,  Q =T7.27TMeV. (1.10)

That resonance was predicted from the cosmic carbon abundance before it was measured in the
laboratory [38, 6].

1.5.4 Helium-burning ashes: carbon and oxygen

Once '2C is available, successive o captures compete with triple-a:

12C 4 4He — 160 4 4, (1.11)
160 4 1He — *Ne + 7. (1.12)

A helium-exhausted core is therefore typically a C/O mixture, with the C/O ratio sensitive to
the still imperfectly known 2C(a,7)'¢O rate [14, 6, 1, 36]. That ratio later controls white-dwarf

structure and Type Ia supernova yields.
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1.6 Advanced burning in massive stars

When helium is exhausted, the C/O core contracts again. Only sufficiently massive stars reach
carbon ignition and the subsequent stages (Fig. 1.3).
1.6.1 Carbon burning as a compound-nucleus branch

At T ~ (5-9) x 108K, two '2C nuclei form an excited 2*Mg* compound system that decays by

7, p or « emission [14]:

1201120 1 0Ne 1 ‘He  (Q = 4.62 MeV), (1.13)
—BNa+p (Q=2.24MeV), (1.14)
— XMg +v  (Q =13.93MeV). (1.15)

The « and proton branches dominate over pure radiative capture. The liberated light particles
are promptly absorbed by remaining carbon, feeding '*N and 'O and enriching the odd-A

inventory.

1.6.2 Neon, oxygen and silicon burning

After carbon exhaustion the photon bath grows hard enough that photodisintegration begins
to free a particles from neon and heavier ash. Neon burning is largely a rearrangement (7, «)
followed by a capture; oxygen burning again proceeds through compound channels analogous
to carbon burning [14]. At still higher temperature (T ~ 3 x 10 K) silicon burning becomes
an a-particle quasi-equilibrium: photodisintegration maintains a population of a’s that are
captured in a ladder

28gj &, 329 &, 36y, 2, 50N, (1.16)

after which Ni decays toward °°Fe [14, 37, 6]. Concurrent neutrino losses from pair and plasma
processes shorten these advanced stages dramatically relative to hydrogen and helium burning
[14].

Figure 1.3 is the geometric consequence: each exhausted fuel leaves an ash layer that ignites
only after further gravitational heating, producing the classic onion of a pre-supernova massive

star.

1.7 Why fusion stops at the iron peak

1.7.1 Binding-energy argument

The binding energy per nucleon B/A rises from light nuclei to a broad maximum near A ~ 56-62

and then falls slowly [6, 1]. For a fusion reaction X +Y — Z,

Q= B(Z) - B(X) - B(Y) = AZ(§>Z - Ax(g)x - Ay(%)y. (1.17)

If both reactants sit below the iron peak and the product remains near that peak, @ > 0. If both
sit above it, @ < 0: hydrostatic fusion cannot power the star [6, 1, 14]. That is why Fig. 1.1

6
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______/ Hydrogen, Helium
Helium, Nitrogen

Helium, Carbon, Neon-22
Oxygen, Carbon

Oxygen, Neon, Magnesium

Silicon, Sulfur

Nickel, Iron (inert core)

Figure 1.3: Original open-licence cutaway of a massive star near core collapse (onion-skin structure):
nested burning shells of H/He, He/C, C/O, O/Ne/Mg, Si/S, surrounding an inert Ni/Fe core. Image:
Wikimedia Commons (“Massive star cutaway pre-collapse”), CCO [14, 6].

shows an iron-group abundance peak and why the onion of Fig. 1.3 ends in an inert Ni/Fe core.

1.7.2 Core collapse

Once silicon burning can no longer support the core against gravity, the iron core approaches
the Chandrasekhar mass. Photodisintegration (v, a and ,n) and electron captures then cool
and deleptonise the core, accelerating collapse. For a sufficiently massive progenitor the bounce
and neutrino-driven explosion eject the outer onion and disseminate the synthesised nuclei into

the interstellar medium, enriching the next generation of stars — including the Sun [14, 6, 1].

1.8 Side reactions: odd-A nuclei and free neutrons

« capture and even—even preference underproduce odd-A and odd-Z species unless side channels
operate. Carbon-burning proton and « branches, followed by secondary captures, help populate
those nuclides [14]. More important for the rest of the Periodic Table, some channels liberate

free neutrons,
Bo+9He - %0 +n, PC+12C—-2Mg+n (Q=-2.6MeV), (1.18)

the second being endothermic but accessible at high temperature [14, 32]. Neutrons feel no
Coulomb barrier: once a seed nucleus exists, successive (n,7) reactions can increase A even

when charged-particle fusion is forbidden by the iron peak.

1.9 Beyond iron: neutron capture (preview)

For A 2 60, charged-particle fusion is endothermic. Neutron capture followed by S~ decay
changes both A and Z. Two limiting regimes are distinguished [37, 14, 6]:
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o the slow (s) process, with capture timescales longer than § lifetimes, so the path hugs the

valley of 3 stability;

o the rapid (r) process, with captures much faster than § decays, driving nuclei far to the

neutron-rich side before they decay back after the neutron flux ends.

Abundance peaks near closed neutron shells (N = 50,82,126) are the signatures of both
paths, shifted relative to each other because the r process 5-decays into the valley from more
neutron-rich progenitors. A minority of proton-rich rare isotopes require a separate p process
(photodisintegration or neutrino processing of seed nuclei). The nuclear lesson of this chapter
is that charged-particle stellar fusion builds the Periodic Table only through the iron group;

neutrons carry nucleosynthesis the rest of the way [37, 6].
o BBN: freeze-out n/p = Yo ~ 2X,,/(1 4+ X,,) =~ 0.25; A < 7 only.

o Abundances map nuclear structure: LiBeB gap, even—odd staggering, iron peak, s/r

shell peaks.
o Triple-a: ®Be Saha equilibrium + Hoyle resonance (287keV above threshold) = carbon.
o Massive-star onion ends at inert Fe/Ni; @ from B/A explains why.

o Free neutrons enable s/r capture beyond iron.

L

1.10 Further physics

Detailed balance origin of (1.7). Equating the a«a formation rate through a continuum
T-matrix with the inverse decay ®Be — 2a and integrating over thermal Maxwellians cancels the
unknown matrix element and leaves a Saha-like ratio controlled only by @ = —92keV, reduced

mass, and density [14]. The same logic underlies Saha ionisation in stellar atmospheres.

Partial widths of the Hoyle state. Typical values are I', ~ 8¢V into the a 4 8Be channel
and I'y ~ 3 x 1073 €V into electromagnetic decay toward bound '2C. The radiative branching
Iy/I' ~ 4 x 10~* makes carbon production rare per formation of 2C*, but still cosmically

decisive once integrated over helium-burning lifetimes [14, 38].

Primary versus secondary nuclei. Species produced from primordial H/He alone (e.g.
C,0 in massive stars) are primary; those requiring seed metals from earlier generations (many
s-process nuclei, CNO catalysts in Population I stars) are secondary. Abundance trends with
metallicity distinguish the two [37, 14].

Connection to solar neutrinos. Hydrogen-burning rates that set solar neutrino fluxes
(Lecture 27) are the first link of the same chain that later builds CNO catalysts and seeds for

capture nucleosynthesis [36, 1].
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1.11 Problems with solutions

Problem 28.1 — Helium mass fraction from X,. Derive Yy, =~ 2X,,/(1 + X,,). Evaluate
it for X,, = 1/8 and for X,, = 0.12.

Solution 28.1. If every two neutrons (with two protons) form one *He, the helium mass is
4ny, /2 = 2ny, while the total baryon mass is n,, +n,. With X,, = n,/(n, 4+ n,) one obtains (1.3).
For X,, =1/8,Y =2/9 ~ 0.222; for X,, = 0.12, Y ~ 0.214 before small network corrections
raise the standard BBN result near 0.25 [14].

Problem 28.2 — ®Be equilibrium. Starting from detailed balance for *He +*He = 8Be with
Q = —92keV, explain the exponential factor in (1.7) and estimate why n(®*Be)/n(*He) ~ 10~
at kpT = 15keV.

Solution 28.2. The Boltzmann factor e 19l/k5T guppresses the unbound state; e 92/15 ~
e 01 ~ 2x 1073 already. The remaining ~ 107% comes from the density and thermal wavelength
prefactor in (1.7) at p ~ 10° gem ™3 [14].

Problem 28.3 — Why the Hoyle state matters. The Hoyle 07 lies 283 keV above the
8Be + a threshold. Why does that placement matter for helium burning at kg7 ~ 15keV?

Solution 28.3. The Gamow peak for o + ®Be sits near Eq ~ 200keV at that temperature, so
a resonance 283 keV above threshold lies in the astrophysically sampled window and enhances

the rate by many orders of magnitude relative to a non-resonant extrapolation [38, 14, 6].

Problem 28.4 — Fusion  from B/A. Using (1.17), argue schematically why 28Si + 28Si —

%Ni can release energy while *6Fe + *Fe — 2(Cd cannot power a star.

Solution 28.4. Near A ~ 28, B/A is still rising toward the iron peak, so the fused product
has larger B/A and @ > 0. Near A ~ 56, B/A is maximal or already declining, so fusing two

iron-group nuclei decreases the average binding and @ < 0 [6, 1].

Problem 28.5 — Reading the onion figure. Using Fig. 1.3, list the shells from outside in

and state which stage of burning produced each ash layer.

Solution 28.5. Outer H/He (H burning ash and envelope); He/C/Ne (helium burning); C/O
(carbon burning products); O/Ne/Mg (neon burning); Si/S (oxygen/silicon burning); central
Ni/Fe (inert core). Each inner shell requires a higher ignition temperature than the one outside
it [14].

Problem 28.6 — Why no carbon in BBN? Explain why Big Bang nucleosynthesis stops

short of carbon even though helium is abundant.
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Solution 28.6. No stable A = 5,8 bridge exists; the ®Be equilibrium needed for triple-a

requires stellar densities sustained far longer than the minutes available in BBN [14, 6].
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