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Abstract
In the first few microseconds after the Big Bang the Universe was extremely hot and was dominated by
the strange state of matter, the Quark-Gluon Plasma (QGP). It then cooled into the particles we see
today, similar to the phase transition from steam to liquid water [1]. This research studies how quarks
interact at these high temperatures in order to understand the early Universe [2].

Quarks, Gluons, and the Strong Force
The atom is made up of protons, neutrons, and electrons. Protons and neutrons are made up of quarks and gluons, which change
phase with temperature, existing in the confined phase or the quark-gluon plasma phase. This work studies the behaviour of
quarks and gluons at different temperatures to understand these phases.

Confined Phase

Quark-Gluon Plasma Phase

This is how quarks and gluons behave
today. Two important features of this
phase are:

When matter is heated to trillions of degrees
Celsius, the quarks and gluons melt into this
phase. In this phase:

• Quarks are bound together by gluons

• Quarks and gluons form a ‘soup’ where they
mix together but are not tightly bound

– This is the strong force
• Quarks cannot be pulled apart

• Quarks can be pulled apart

Pulling Quarks Apart
It would take an infinite amount of energy to break the strong force in the confined phase. We measure the energy required to pull
apart a pair of quarks at different temperatures to give us an understanding of the phases of quarks and gluons.

Method

Results

We use state of the art supercomputers that can do as many
operations in 10 seconds as there have been seconds since the
Big Bang!
Using the Lattice QCD technique we can calculate the potential energy, V, from the famous Schrödinger equation
−h̄2 ∂ 2
Ψ(r) + V (r)Ψ(r) = EΨ(r).
(1)
2
2m ∂t
Roughly: kinetic energy + potential energy= total energy.
The potential energy is the energy required to pull apart two
quarks and for confined quarks this keeps getting larger
as r increases.

The gravitational force has no confined phase, meaning two
objects bound by gravity can be pulled apart. From the figure
below we can see that at higher temperature V (r) for quarks
looks more like gravity than at lower temperatures. This
suggests that as temperature increases the quarks are going
from the confined phase towards the QGP phase.
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