
Lecture 6: "Stellar nucleosynthesis and 
origin of elements"



Outline

•Origin of elements: observational clues 

•  Stellar nucleosynthesis 

•  Stellar evolution



Molecular 
cloud

Molecular clouds 
form stellar clusters

Stars synthesize 
heavy elements 

Life cycle of matter in space

New clouds with 
heavier composition

•Gravity vs pressure support (T, B-fields, turbulence, etc.) 

•Stars:  gravity vs fusion (E = ∆mc2) 

•Nucleosynthesis:  new generation of stars with higher metalicity 

•Release:  stellar winds and (super)nova explosion 

Massive stars quickly 
evolve and explode



• H, D, He:  Big Bang  

• Li (except 7Li), Be, B:  spallation of CNO elements by cosmic rays  

• Nuclear fusion till 56Fe and capture processes for heavier elements

Periodic table: astrophysical sources
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• General decrease in abundance with atomic number: 

- Negative anomaly at Li, Be, B (not stable ) 

- Sawtooth pattern (even > odd; Oddo-Harkins rule [1914]) 

- Positive anomaly at Fe and Ni

Solar abundances of elementsNucleosynthesis 

• Solar abundance pattern: 
• Regularities reflect nuclear properties 
• Several different processes  
• Mixture of material from many, many stars  

 



Nuclear shell model

•  Nuclear shell model:  Pauli exclusion principle to describe energy 

levels (∆Eul > MeV) 

•n, l, spin-orbit interaction 

•  Shells for p and n are independent 

•  A greater stability when p or n–shells are filled (“magic nuclei”) 

•  Doubly magic nuclei are particularly stable (Z=2, 8, 20, 28, 50, 82):    

4He, 16O, 40Ca,  iron,…
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The Curve of Nucleon Binding Energy
• If you keep adding protons to a nucleus? 

– Coulomb repulsion continues to 
increase 
• new proton feels repulsion from all 

other protons 
– Strong force attraction reaches limit 

• new proton can’t feel attraction from 
protons on far side of a big nucleus 

• Gain energy only up to point where 
Coulomb repulsion outweighs strong force 
attraction. 

• Most “stable” nucleus is 56Fe 
(26 protons, 30 neutrons, 56 total) 

• Release energy by fusion of  light nuclei to 
make heaver ones– up to 56Fe 

• Release energy by fission of heavy nuclei 
to make lighter ones – down to 56Fe

From our text:  Horizons, by Seeds



Nucleosynthesis via nuclear reactions

A +   B ⇒   C +   DA1
Z1

A2
Z2

A3
Z3

A4
Z4

Conservation laws:
A1 + A2 = A3 + A4 

Z1 +  Z2 = Z3 +  Z4

(mass numbers)

(atomic numbers)

Q > 0: exothermic process 

Q < 0: endothermic process

Energy of a reaction:

Q = [(mA + mB) – (mC + mD)]c2

initial final



Origin of elements’ theory

• All elements are from Big Bang, static nuclear 

abundances (Alpher, Bethe, Gamow 1948)

Time 

The Big Bang 
Georges Lemaitre George Gamov 

Singularity 
T=0 

Einstein: 
"Vos  calculs  sont  corrects,  mais  votre  physique  est  abominable“ 

 ("Your math is correct, but your physics is abominable.")  

Lemaitre 1927:  “Un  Univers homogène de 
masse constante et de rayon croissant 
rendant compte de la vitesse radiale des 
nébuleuses extragalactiques“ 
 ("A homogeneous Universe of constant 
mass and growing radius accounting for the 
radial velocity of extragalactic nebula”) 

(1904 –1968)

George Gamow

• B2FH paper in 1957 (Margaret Burbidge,Geoffrey 

Burbidge, William Fowler and Fred Hoyle):

~l "'r $7
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Calzfornia Instztute of Technology, Pasadena, California

"It is the stars, The stars above us, govern our conditions";
(Eing Lear, Act IV, Scene 3)

"The fault, dear Brutus, is not in our stars, But in ourselves, "
(Julius Caesar, Act I, Scene 2)
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Hydrogen Burning

• Eddington, 1920’s: H ⇒ He in stars  

• Coulomb repulsion ⇒ barrier ⇒ Sun is too cold 

• Proton tunneling via barrier 

• No reactions for H & He gas: 

1H + 1H ⇒ 2He (unstable) ⇒ 1H + 1H 

1H + 4He ⇒ 5Li (unstable) ⇒ 1H + 4He 

4He + 4He ⇒ 8Be (unstable) ⇒ 4He + 4He

1882 – 1944

Arthur Eddington



Hydrogen Burning

• Hans Bethe and Charles L. Critchfield (1938):  

• Beta-plus decay of p to n in 2He via weak interaction                     

• Two-stage process:  

1. 1H + 1H ⇒ 2He + γ  

2. 2He ⇒ 2D + e+ + νe + 0.42 MeV (extremely slow) 

• Half-life of p in the Sun's core before reaction:  ~109 years

Hans Bethe

(1906 – 2005)

(1910 – 1994)

Charles Critchfield
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matter is approximately the same as that of the
showers - observed at sea level. The general
features of this conclusion are in agreement with
the results of an earlier investigation' on shower
production under thick layers of various ma-
terials. We observed transition effects which
indicated that the showers were electronic in
character. We suggested that such showers might
have their origin in the generation of shower
producing radiation (possibly secondary elec-

trons and photons) by the penetrating com-
ponent. It also follows from these transition
curves that some of such secondary particles
must have considerable energy.
We wish to thank Mr. J. Q. Gilkey of Marion,

North Carolina for his kindness in making Lin-
ville Caverns available for these measurements
and to acknowledge the interest of Professor L.
W. Nordheim and his helpful suggestions in
our work.
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The Formation of Deuterons by Proton Combination
'H. A. BETHE, Cornell University, Ithaca, N. Y.

AND

C. L. CRITcHFIEI.D, George S'ashington University, Washington, D. C.
(Received June 23, 1938)

The probability of the astrophysically important reaction H+H =D+e+ is calculated. For
the probability of positron emission, Fermi s theory is used. The penetration of the protons
through their mutual potential barrier, and the transition probability to the deuteron state,
can be calculated exactly, using the known interaction between two protons. The energy
evolution due to the reaction is about 2 ergs per gram per second under the conditions prevailing
at the center of the sun (density 80, hydrogen content 35 percent by weight, temperature 2 10'
degrees). This is almost but not quite sufficient to explain the observed average energy evolu-
tion of the sun (2 ergs/g sec.) because only a small part of the sun has high temperature and
density. The reaction rate depends on the temperature approximately as T"for temperatures
around 2 ~ 10~ degrees.

$1. INTRQDUcTIoN

T seems now generally accepted that the
- - energy production in most stars is due to
nuclear reactions involving light elements. Of all
the elements, hydrogen is favored by its large
abundance, by its large internal energy which
makes a considerable energy evolution possible,
and by its small charge and mass which enable it
to penetrate easily through nuclear potential
barriers. Again, of all reactions involving hydro-
gen, the most. primitive is the combination of two
protons to form a deuteron, with positron
emission:

H+H =D+e+.
In fact, this reaction must stand in the beginning
of any building up of chemical elements; it has
already been discussed in this connection by v.

Weizsacker. ' However, there seems to be a
general belief that reaction (1) is too rare to
account for any appreciable fraction of the
energy production in stars and that it can serve
only to start the evolution of clem'ents in a star
which will then be carried on by other, more
probable, processes. It is the purpose of this
paper to show that this belief is unfounded but
that reaction (1) gives an energy evolution of the
correct order of magnitude for the sun.
On the other hand, we do not want to imply

that reaction (1) is the only important source of
energy. An analysis of all possible nuclear
reactions with light elements' shows that the
capture of protons by carbon and nitrogen will
also play an important role. It is more important
'v. Weizsacker, Physik. Zeits. 38, 176 (1937).' Bethe, to appear shortly in the Physical Review.

http://en.wikipedia.org/wiki/Hans_Bethe
http://en.wikipedia.org/wiki/Charles_Critchfield


Proton-proton (PP) chain

• Converts 4 1H to 4He:  

1. 1H + 1H ⇒ 2D + e+ + νe        (0.42 MeV) 

2. 1H + 2D ⇒ 3He + γ              (5.49 MeV) 

• 4 pathways to 4He 

• Proton-Proton cycle I ( requires T > 4 x 106 K): 

3.  3He + 3He ⇒ 4He + 2 1Η      (12.86 MeV)

-Total energy production:  

-QPP-I = 26.22 MeV



PP-I chain



Proton-proton (PP) chain

• PP-II cycle ( T ~ 14 – 23 x 106 K) 

• Continues after PP-I cycle: 

- 3He + 4He ⇒ 7Be + γ 

- 7Be + e- ⇒ 7Li + νe 

- 7Li + 1H ⇒ 2 4He 

• Sun's core:    Efficiency of PP-I ~ 86 %,    PP-II ~ 14 % 

-Energy production: 

-Qpp-II = Qpp-I + 0.813 MeV



PP-II chain



Direct detections of solar neutrinos

• R. Davis, Jr. and J. Bahcall (>1969) 

• Homestake Gold mine (South Dakota), 1.5 

km depth 

• Shielding from cosmic rays 

• A cistern with 600 tons of 

perchloroethylene C2Cl4 

• νe + 37Cl ⇒ 37Ar + e-  (barrier of ~0.8 MeV) 

• 37Ar is radioactive and can be counted 

• Cadence:  once per few weeks 



Direct detections of solar neutrinos

• ~1/3 of predicted flux detected 

• Neutrinos have non-zero mass ⇒ neutrino flavor “oscillation” on 

their way to Earth (predicted by B. Pontecorvo in 1957)

Expected flux

Observed flux



Direct detections of solar neutrinos

• ν + water ⇒ relativistic e- ⇒	Cherenkov radiation cone 

• Super-Kamiokande (>1982): 1km depth, Mozumi mine, 

Japan  

• 50 000 tons of ultra-pure H2O  

• ~ 12 000 photo-detectors: real time obs. 

• Timing and charge: flavor and direction of  ν 

• Also energy distribution of  ν



Direct image of the Sun’s core
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CNO Cycle

• Bethe–Weizsäcker cycle (1938-39) 

• Operates in stars with M > 1.3 MSun 

• T > 15 x 106 K, dominates at 17 x 106 K 

• Catalytic cycle via C, N, O isotopes:  

 41H → 4He + 2e+ + 2νe + QCNO

-Total energy production: 

-QCNO = 26.73 MeV

(1912 – 2007)

Carl Friedrich 
von Weizsäcker

Hans Bethe

(1906 – 2005)



CNO Cycle-I

1. 12C + 1H ⇒ 13N + γ + 1.95 MeV 

2. 13N ⇒ 13C + e+ + νe + 1.20 MeV (half-life 10 min) 

3. 13C + 1H ⇒ 14N + γ + 7.54 MeV 

4. 14N + 1H ⇒ 15O + γ + 7.35 MeV (limiting step) 

5. 15O ⇒ 15N + e+ + νe + 1.73 MeV (half-life 2 min) 

6. 15N + 1H ⇒ 12C + 4He + 4.96 MeV



CNO Cycle

limiting (slowest) step



cycle CNO

cycle pp

Temperature of the star (106 K)

1 10 100 1000

Sun

Sun: CNO-I cycle vs PP-chains

• PP-chain:   >98% 4He (1038 events/s using 4 x 1038 protons/s)  

• CNO cycles:   1.7% 4He 



Density and temperature in the Sun 



Sun’s internal structure: P vs G

T, P decreasing

Fl
ow

  o
f e

ne
rg

y Radiation 

(up to 70% Rsun)

Convection

Nuclear fusion 

(inner 25% Rsun) T=15x106 K

• Energy: ~ 3.86 1026 W (1011 megatons of TNT / s) 

• Energy density: ~0.0002 W/cm3



Inner convective, 
outer radiative zone

Inner radiative, 
outer convective 

zone

CNO cycle dominant PP chain dominant

Structure of various stars



Sun after ~9.3 Gyr: red giant

• He-core volume shrinks ⇒	Fusion rate increases 

• T increases ⇒	H-shell puffs up ⇒	red giant (~1 Gyr) 

• End fusion products:  He, C, O



Triple-alpha process (He burning)

• 12C is abundant ⇒	12C forms from 3 x 4He (F. Hoyle)  

• Higher-mass stars than Sun 

• T ~ 100 x 106 K:  

1. 4He + 4He ⇒ 8Be          (−0.0918 MeV),  extremely unstable 

2. 8Be + 4He ⇒ 12C + 2γ   (+7.367 MeV) 

3. 12C + 4He ⇒ 16O + γ     (+7.162 MeV)

-Energy production for 12C: 

-Q3He = 7.275 MeV

Fred Hoyle

(1915 – 2001)



Helium burning (triple-alpha process)



He-burning via helium flash

•  e- degeneracy pressure in the He core (no T-dependence) ⇒ Triple-alpha 

processes begin without core expansion ⇒	Runaway reaction (He flash) 

⇒	~ 60 – 80% He is burned within minutes (energy ~ 1011 LSun)	 

•  Released energy ⇒	degeneracy lift and core expansion 



Alpha processes (minor): 20Ne – 56Ni

• Require higher T and densities as for triple-alpha process
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Life of a Sun-like star: ~12 Gyr 





Beautiful death of a Sun-like star

The descendants: planetary nebulae

The Cat’s Eye  nebula The Ring nebula

New species are produced in the transition phase 

Cat’s Eye nebula

The descendants: planetary nebulae

The Cat’s Eye  nebula The Ring nebula

New species are produced in the transition phase 

Ring nebula

• 97% of all stars will end as a white dwarf 

• Electron-degenerate C and O gas 

• Chandrasekhar (1930): maximum mass 1.44 Msun



Carbon burning
• Stars more massive than 8–9 Msun 

• T > 500 x 106 K, density > 3 x 106 g/cm3:

Alternatively:

(improbable)



Massive stars: “onion skin layers”

•  Fusion stops at 56Fe ⇒	Core is supported by degeneracy pressure

•  Heavier elements are forged by capture processes

ρ (g cm-3)  T (108 K) 
102         0.2 
104            1  
105            6  
106          20 
107          30



Nucleosynthesis in a 15 MSun star



Life of (rock) stars: shine bright, die young

•  Mass of "fuel" / Rate of consumption 

•  Lifetime ~ M / L ~ M-2.5



Life of a massive star:  ~1-100 Myr 



Massive, >8-10MSun stars

• Inert Fe-core collapses when Mcore > 1.44MSun:                           

56Fe + γ  ⇒  14 4He + ν (<1 s) 

• Implosion of outer core:   V up to ~25% speed of light 

• Inner core heating above 1011 K:  4He + 2e- ⇒ 4n + ν (~10 s) 

• Collapse is halted by neutron degeneracy pressure 

• Supernova explosion ⇒ creation of heavy elements 

• Collapse with Mcore < 4MSun:  neutron star 

• Collapse with Mcore > 4MSun:  black hole



   s-process:  slow neutron capture

n

β

• Neutron capture 

• β-minus decay of n to p 

• Slow neutron capture compared to β-decay 

• ~ 50% of stable isotopes after 56Fe



r-process:  rapid neutron capture

n

n

n β

….

n

• Requires	high neutron flux: core-collapse supernovae 

• Rapid neutron capture compared to β-decay 

• ~50% of neutron-rich nuclei after 56Fe



Neutron capture processes

r-process

s-process



 p-process:  proton capture 

p 56Fe 57Co

• B2FH paper (wrong conditions), still poorly understood 

• Free protons captured by heavy nuclei 

• Proton-rich isotopes (from Se to Hg) 

• Coulomb repulsion

+ γ 



Neutron stars

• Proposed by W. Baade and F. Zwicky (1934): neutron degenerate core 

• Mass ~ 2 Msun  

• Radius ~ 12 km 

• Density ~ 5 x 1014 g/cm3 

• Magnetic fields ~ 2 x 1011 Gauss 

• Structure:  superconducting fluid + iron crust (~1 m) 

• Fast rotation and ~108 Tesla magnetic fields ⇒ synchrotron “beams”



Observational evidence: pulsars and binaries 

• Discovered by J. Bell Burnell & A. Hewish in 1967 

• Extremely regular radio signals (ms–s) 

• LGM-1 (now PSR 1919+21) 

• Synchrotron beam passing LOS 

• Binaries: dynamic masses (direct or via acc. disk) 

J. Bell Burnell

(1943, 79 years)



Observational evidence: pulsars 



Beautiful death of massive stars
Vela SN, ~4000 BC Crab nebula, 1054

Tycho Brahe SN, 1572 Kepler SN, 1604 



…Can also be recorded via neutrinos!

SN 1987A (Large Magellanic Cloud), Kamiokande II



Black holes (BHs)
• Neutron star equation of state suggests that neutron degeneracy 

cannot provide sufficient support for Mcore > 4 Msun 

• Then nothing can halt collapse and neutron core collapses to a point 

mass 

• Models imply that stars with M* > 20 Msun likely produce BHs 

• Amount of mass loss is uncertain and so models are not definitive 

• Singularity – cannot be described with laws of physics 

• Event Horizon (Vescape = speed of light c):  RS = 2GM/c2 

(Schwarzschild radius)  

• If one could compress Sun to a BH, it would have RS =  3 km 



Black hole in the Galactic center

• S2 nearby star orbiting Sgr A* BH:  min 

separation is 120 au, period ~ 16 years 

• Accurate astrometry and distance  

• Precession of orbit matches Gen. 

Relativity (Schwarzschild precession) 

• Supermassive BH of ~ 4 x 106 MSun  

• Nobel prize For A. Ghez and R. Genzel in 

2020



First image of event horizon around M87* BH

• Event Horizon Telescope: Radio-interferometry with very long 

baselines 

• Supermassive BH in massive elliptical galaxy M87 (16.4 Mpc) 

• M ~ 6.5 x 109 Msun 

• RS ~ 120 au
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