Photons (and Bosons)

A photon can carry any amount of energy, from virtually zero to infinitely large. Unlike matters of
mass, there is no upper or lower limit to a photon's energy; it depends entirely on its electromagnetic
frequency. Click here for Wikipedia article.

The Governing Equations

A photon's energy is directly proportional to its frequency and inversely proportional to its
wavelength. It is calculated using two primary formulas:

e E = hf (Energy equals *Planck's constant times frequency)

o E= % (Energy equals *Planck's constant times the speed of light, divided by wavelength)

*Planck’s constant was introduced in 1900 by German physicist Max Planck as a proportionality factor, relating the
energy of a quantum of radiation, to its frequency. Click here for further background.

Energy Spectrum Examples
The energy of a photon dictates where it falls on the electromagnetic spectrum:

e Radio waves: Lowest energy (approx. 107 electron-volts or eV).
e Visible light: Moderate energy (approx. 1.8 to 3.1 eV).
e X-rays: High energy (approx. 100 to 100,000 eV).

e Gamma rays: Highest energy (can exceed billions of eV).
Cosmic Record Breakers

e Highest detected: Scientists have observed cosmic gamma-ray photons carrying over 1 PeV
(peta-electron-volt), which is 10'* V.

e Comparison: A single cosmic photon can carry more kinetic energy than a flying baseball,
compressed into a subatomic particle.

Bosons

Bosons are particles that obey **Bose-Einstein statistics and carry forces or mediate interactions.
They are divided into two main categories: gauge bosons (force carriers) and scalar bosons (mass
generators).

Gauge Bosons (Force Carriers)

e Gluons: Eight massless particles that mediate the strong nuclear force, binding quarks
together inside protons and neutrons.
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https://en.wikipedia.org/wiki/Planck_constant
https://www.swcs.com.au/Planck.pdf

e W and Z Bosons: Three heavy, massive particles W', W-, and Z° that mediate the weak
nuclear force, responsible for radioactive decay.

e Gravitons: Hypothetical, massless particles predicted to mediate gravity in quantum
mechanics, though they have not yet been experimentally detected.

Scalar Bosons (Mass Generation)

e Higgs Boson: A massive, elementary scalar boson discovered in 2012 that excites the Higgs
field, giving mass to other fundamental particles.

Composite Bosons

Bosons do not have to be elementary particles. Any composite particle with an even number of
protons, neutrons, and electrons (resulting in an integer spin) behaves as a boson.

e Mesons: Pions and kaons, which are made of one quark and one antiquark.

e Stable Isotopes: Helium-4 atoms, which enable macroscopic quantum phenomena like
superfluidity.

In physics, a boson is considered "clearly defined" in two distinct stages: when it is
theorized/predicted mathematically, and when it is experimentally discovered in a laboratory.

The timeline below tracks the precise years for both the prediction and the empirical confirmation of
these primary bosons, starting with the photon.

Chronological Timeline of Boson Definition

Boson Year Year Key Milestone / Context
Predicted | Discovered /
Confirmed
Photon 1900- 1923 Max Planck (1900) and Albert Einstein (1905)
1905 theorized light quanta. Arthur Compton

experimentally proved its particle-like momentum
in 1923, and Gilbert Lewis coined the term
"photon" in 1926.

Mesons 1935 1947 Hideki Yukawa mathematically predicted the pion
(Composite) (a composite meson) to explain how protons and
neutrons stick together. It was physically
discovered in cosmic rays in 1947.

Graviton 1930s Undiscovered Predicted mathematically by physicists like Paul
Dirac to quantize gravity. Because gravity is
incredibly weak at the quantum scale, a single
graviton remains beyond current experimental
detection.

Higgs Boson | 1964 2012 Peter Higgs, Francois Englert, and Robert Brout
predicted a mass-giving field. It required the




Boson Year Year Key Milestone / Context
Predicted | Discovered /
Confirmed

construction of the Large Hadron Collider (LHC)
at CERN to finally observe it on July 4, 2012.

W and Z 1967- 1983 Sheldon Glashow, Abdus Salam, and Steven
Bosons 1968 Weinberg predicted them to unify
electromagnetism and the weak force. They were
discovered in 1983 at CERN's Super Proton
Synchrotron.

Gluons 1973 1979 Their existence as the carriers of the strong force
was formalized alongside Quantum
Chromodynamics (QCD) theory in 1973. They
were directly observed in 1979 via "three-jet
events" at the PETRA accelerator in Germany.

Summary of the Progression
The timeline reveals a distinct shift in 20th-century physics:

1. Early 1900s: Discovery outpaced theory. Photons were observed and forced the creation of
quantum mechanics.

2. Mid-to-Late 1900s: Theory outpaced discovery. Mathematical frameworks like the Standard
Model cleanly mapped out the Gluon, W/Z, and Higgs bosons decades before engineering
capable of building high-energy particle accelerators caught up to confirm them.

**Bose-Einstein boson

A boson is a subatomic particle that obeys Bose-Einstein statistics and has an integer spin (0, 1, 2, ...). Unlike fermions,
multiple bosons can occupy the exact same quantum state simultaneously, a property that enables the formation of a
Bose-Einstein Condensate (BEC) at ultra-low temperatures.

Key Characteristics of Bosons
o Integer Spin: Bosons possess spins of 0, 1, 2, ... (measured in units of #).

e No Exclusion Principle: They do not obey the Pauli Exclusion Principle. Infinite bosons can share one
quantum state.

e Symmetric Wavefunction: Swapping two identical bosons does not change the sign of the system's
wavefunction.

e Force Carriers: Gauge bosons mediate the fundamental forces of the universe (e.g., photons for
electromagnetism, gluons for the strong force).

Bose-Einstein Statistics vs. Other Particles

The behaviour of identical particles depends heavily on their quantum category:
Particle Category Quantum Statistics Spin Type Pauli Exclusion? Examples

Bosons Bose-Einstein Integer (0, 1, 2) No Photons, Gluons, Higgs, Helium-4


https://home.cern/science/accelerators/large-hadron-collider
https://home.cern/science/physics/standard-model
https://home.cern/science/physics/standard-model

Fermions Fermi-Dirac Half-integer (1/2, 3/2) Yes Electrons, Protons, Neutrons, Quarks

The Bose-Einstein Condensate (BEC)

When a gas of bosonic atoms is cooled to temperatures approaching absolute zero (near 0 Kelvin or -273.15°C), their
thermal velocity drops significantly. According to the de Broglie relation, their quantum wavefunctions expand and begin
to overlap.

Because bosons are allowed to share quantum states, they collectively fall into the lowest possible energy state (the
ground state). When this happens, individual atomic identities blur, causing the thousands of atoms to behave as a single,
macroscopic "super-atom."
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Real-World Examples of Bosons
1. Elementary Bosons:
o Photons: Light particles that carry the electromagnetic force.
o Gluons: Particles that bind quarks together via the strong force.
o W and Z Bosons: Responsible for the weak nuclear force and radioactive decay.
o Higgs Boson: The scalar particle (0 spin) that gives mass to other particles.

2. Composite Bosons: Complex particles can act as bosons if their total spin adds up to an integer. For instance, a
Helium-4 atom contains 2 protons, 2 neutrons, and 2 electrons. Because it contains an even number of fermions
(6), its total spin is an integer, allowing it to form a superfluid at low temperatures.
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