
Lecture notes 6: Strong and weak interactions

Energy source of the Sun

The energy source of the Sun lies in the fusion of four protons to one helium
nucleus, as proposed by Hans Bethe in the late 1930’s. Since the binding energy
per nucleon is greater in helium than in a proton by a factor 0.007 such that the
mass of the four individual protons is reduced to 3.97mp in the helium nucleus.
The mass left over is converted to energy by the famous formula E = mc2.

Assuming that the Sun retains its present luminosity and that it originally
is composed of H, the Sun would use 70 × 109 yr to burn all its H to He. In
reality the Sun is only able to utilize 13% (the core is exhausted of H after
10% is burned, but shell burning extends this percentage to 13%) of the total
H supply giving a lifetime of roughly 9× 109 yr. The present age of the Earth
(and Sun) is 4.5× 109 yr, i.e. the Sun is half way through its life cycle.

We will return to an analysis of nuclear burning in the Solar and stellar
cores later, but will first give an overview of the “modern” view of forces and
processes at nuclear dimensions.

Matter and the four forces

All ordinary matter is composed of either leptons or quarks. Both of these
particles types are fermions, i.e. they have half-integer spins.

There are four types of “charge” between particles, and forces work by the
exchange of bosons, i.e. integer spin particles.

1. strong (color) — gluons

2. electric — photons

3. weak — intermediate vector bosons (Z-particle, W-particle)

4. mass — gravitons

The general rule is that odd spin bosons give repulsion between like particles
and even spin bosons give attraction between like particles. For example, the
photon is a spin one boson so we expect that electrons will repulse each other.

Leptons feel the weak and electromagnetic forces (if electrically charged).
There are six kinds of leptons which come in pairs:

1. electron and νe (the electron-neutrino)

2. µ (muon) and νµ (the µ-neutrino)

3. τ -lepton and ντ (the τ -neutrino)

Quarks feel the weak, electromagnetic, and strong forces. There are six ‘flavors’
of quarks, which also are arranged in pairs:

1. up and down (u and d)
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2. strange and charmed (s and c)

3. top and bottom (t and b)

The leptons and quarks (or baryons) are to be paired into three ‘generations’
of which we are (at present) only interested in the first (electrons and ν, up
and down quarks). Lepton is a word derived from Greek meaning light, baryon
is a word derived from Greek meaning heavy. Baryons are comprised of three
quarks such that the proton is (uud) while the neutron is (udd). The theory
of quarks and how they go into building heavier particles is due Murray Gell-
Mann and George Zweig in 1963. (“Three quarks for Mr Lark”, James Joyce
Finnegans Wake.) Quarks are strongly charged with color, ‘red’, ‘green’, or

Table 1: Properties of some quarks and baryons.

Particle Spin Electric charge Baryon number

up quark 1
2 + 2

3 + 1
3

down quark 1
2 − 1

3 + 1
3

proton 1
1p

1
2 +1 +1

neutron 1
0n

1
2 0 +1

‘blue’, and feel the strong force through the exchange of gluons which also are
charged with color and the physics of these exchanges are termed “quantum
chromodynamics”. Protons and neutrons combine three quarks with different
colors such that both protons and neutrons are color free, or white. This is
also true of the mesons discussed below which are composed of a quark and an
anti-quark such that they also are color free. Quarks never appear alone and
the strong force is generally only felt inside nucleons.

Electrons and neutrinos

Electrons (on the other hand) do not seem to have any internal structure and are
therefore truly elementary particles with charge −1 and baryon number 0. We
may therefore write electrons symbolically as 0

−1e while neutrinos are written 0
0ν.

There is every indications that neutrinos oscillate between the various states;
electron, µ, and τ and we will therefore suppress the subscript indicating this
from the neutrino symbol. The conserved number associated with electrons and
neutrinos is the lepton number. Electrons and neutrinos are colorless: most
phenomena in nature are colorless since color is “hid away” inside nucleons.
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Particles and antiparticles

Every elementary particle has an antiparticle which can annihilate with its ma-
terial counterpart. The antiparticle is the “opposite” of the particle in every
way. For example the anti-proton, symbol −1

−1p̄ is built of two anti up quarks
and an anti down quark ūūd̄ so that it has baryon number −1, charge −1, but
the same mass as the proton. The anti-electron is called the positron, symbol
0
1ē and was predicted to exist by Paul Dirac as a result of his combining of the
theories of quantum mechanics and special relativity.

Quantum Mechanical concept of force

The quantum mechanical concept of force involves not action at a distance but
push or pull on an objects by adjacent objects, or more specifically by the
exchange of virtual bosons.

Virtual bosons are, almost by definition, unobservable in that they live on
time scales shorter than that required by the Heisenberg uncertainty principle
for time and energy i.e.

∆t∆E > h

which means that the product of the lifetime of a phenomena (∆t) times its
uncertainty in energy ∆E cannot be observed to better than Plancks constant
h. This sets an upper lifetime for a virtual particle of energy E (or mass mc2)
of

∆t ≈ h/E.

The energy for this particle is borrowed from the vacuum which has a quite
active role in quantum mechanics.

A particle that lives for a time ∆t can at most travel a distance c∆t which
is shorter than the DeBroglie wavelength of the particle; i.e. < λ = hc/E. The
less energy a particle has the further it can travel.

Mass-less particles may have arbitrarily little energy and therefore can exist
virtually for any given time but with declining energy. For example virtual pho-
tons carry electric interactions which are infinite in extent but the interactions
fall as (1/r2) in strength which is explained by the decreasing energy of virtual
photons at increasing distances.

A massive particle (virtual boson) with rest mass m0 on the other hand has a
minimum energy E = m0c

2 that sets the range of the forces that boson carries.
The distance a virtual boson may travel is called the Compton wavelength
h/m0c, derived from the expressions above: c∆t = (h/E)c = h/m0c, where
E = m0c

2 and m0 is the rest mass of the particle.

The strong force

Forces between nucleons in an atomic nucleus are mediated by mesons as de-
scribed by Yukawa in 1935 well before the advent of quarks or quantum chro-
modynamics. The word meson is derived from the greek word for intermediate.

3



Mesons are colorless bosons comprised of two quarks such as for example the
π-mesons made of u or d and ū or d̄.

0
0π - neutral (uū) or (dd̄), 0

1π - (ud̄), 0
−1π - (ūd).

The spins of the quarks are anti-parallel so π-mesons have 0 spin, which
implies attractive forces between like particles — and neutrons and protons are
like in the sense that the quality ‘up’ or ‘down’ is a weak quality — mesons are
not mass-less which implies that the forces between nucleons is of short range.
The π-meson has a rest mass m0 = 0.15 mp, this gives a Compton wavelength
of roughly 8× 10−15 m which roughly sets the size of the nucleus.

The strong force is repulsive at smaller distances, this may be caused by the
exchange of mesons with odd-integer spin, either quarks with aligned spins or a
union of two π-mesons; a so called ρ-meson.

The weak force

The weak nuclear force is mediated by the intermediate vector bosons, the
W± and the Z0. These particles have a large rest mass m0 ≈ 100 mp and there-
fore a range of ≈ 10−17 m. The weak force is very important in nucleosynthesis
and stellar interiors since it is only the weak force that can convert protons to
neutrons and vice versa.

Weak interactions between quarks transform up to down quarks; one then
needs electrons or positrons to conserve charge and therefore also neutrinos to
conserve the lepton number. Free neutrons decay in roughly 1000 s by the weak
interaction

1
0n→1

1 p +0
−1 e +0

0 ν̄

The time-scale of 103 s for this process is a factor 10−23 of typical strong time-
scales in nuclei.

Neutrons in neutron rich nuclei will generally decay to protons emitting
electrons and antineutrinos in the process; likewise protons in proton rich nuclei
will generally decay to neutrons emitting positrons and neutrinos or by the
capture of inner shell electrons and the emission of neutrinos. These processes
are all termed β-decay and will in general have time-scales on the order 103 s
to 1018 s.
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