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Quark confinement is perhaps the most important emergent property of the theory of quantum
chromodynamics. Herein we review some key aspects of centre vortices in SU(3) lattice gauge
theory. Starting from the original Monte Carlo gauge fields, a vortex identification procedure yields
vortex-removed and vortex-only backgrounds. The comparison between the original ‘untouched’
Monte Carlo gauge fields and these so called vortex-modified ensembles has provided a variety of
results that support the notion that centre vortices are fundamental to confinement in pure gauge
theory. For the first time we perform direct numerical tests of the response of centre vortices to
the presence of dynamical quarks in SU(3).
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Figure 1: Representation of a Polyakov loop (left), and the same loop under a global centre transformation
𝑍 = 𝑧𝐼 (right). The Polyakov loop is closed via the periodic boundary conditions and hence gauge invariant.
Under a global centre transformation the Polyakov loop acquires a phase equal to the centre phase 𝑧.

1. Introduction

What defines emergent phenomena? Put simply, an emergent behaviour or emergent property
can appear when a number of simple entities (agents) operate in an environment, forming more
complex behaviours as a collective. Quark confinement and dynamical chiral symmetry breaking
appear to be emergent properties of QCD, generally accepted to originate from topological structures
present in the nontrivial vacuum. An analytic proof deriving the underlying mechanisms responsible
for these phenomena from the QCD Lagrangian has yet to be achieved. Nonetheless, significant
progress has been made towards identifying the origin of quark confinement through lattice field
theory, which is well-suited to the kind of non-pertubative simulations required to study quantum
chromodynamics.

The precise form of the topological objects that result in confinement remains a topic of
discussion. Here we focus on centre vortices. There is now a significant body of evidence from
lattice simulations that centre vortices are the prime candidate for the mechanism underpinning
quark confinement. The centre vortex model of confinement [1–18] was proposed many years ago
now, and is well-known.

The significance of centre vortices and their relation to confinement in 𝑆𝑈 (𝑁) gauge theory
is most easily understood on the lattice in the context of the Polyakov loop (see Fig. 1), which is
the trace of the product of 𝑁𝑡 temporal links across the lattice (and hence gauge invariant by the
periodic boundary),

𝐿 (®𝑥) = Tr
∏
𝑡

𝑈0(𝑡, ®𝑥). (1)

The Polyakov loop can be thought of as the world-line of a massive static quark, i.e. ⟨𝐿 (®𝑥)⟩ =

exp(−𝐹𝑞𝑁𝑡 ) where 𝐹𝑞 is the quark free energy.

• In a confining phase, the free energy 𝐹𝑞 → ∞, and ⟨𝐿 (®𝑥)⟩ = 0.

• In a deconfining phase, the free energy 𝐹𝑞 is finite, and ⟨𝐿 (®𝑥)⟩ is non-zero.
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Figure 2: Representation of a plaquette (left), and the same plaquette under a global centre transformation
𝑍 = 𝑧𝐼 (right). The plaquette is invariant under the global centre transformation as the centre elements 𝑍

and 𝑍∗ commute with the gauge links, and 𝑍∗𝑍 = 𝐼 .

Hence, the Polyakov loop is ⟨𝐿 (®𝑥)⟩ is an order parameter for confinement. Now, consider a global
centre transformation on some timeslice,

𝑈0(𝑡0, ®𝑥) → 𝑍 𝑈0(𝑡0, ®𝑥), ∀®𝑥. (2)

In a pure 𝑆𝑈 (𝑁) gauge theory, the Yang-Mills action is proportional to the sum over the lattice of
the real part of the trace of the unique plaquettes (here we choose to set 𝑁 = 3 for clarity),

𝑆𝑌𝑀 = 𝛽
∑︁

𝑥,𝜇<𝜈

(
1 − 1

3
Re Tr

[
𝑈𝜇 (𝑥)𝑈𝜈 (𝑥 + �̂�)𝑈†

𝜇 (𝑥 + �̂�)𝑈†
𝜈 (𝑥)

] )
. (3)

As demonstrated in Fig. 2, the global centre transformation above is a symmetry of the Yang-Mills
gauge action 𝑆𝑌𝑀 as long as 𝑍 commutes with 𝑈𝜇 (𝑥), i.e. 𝑍 is in the centre group of 𝑆𝑈 (3),

𝑍 = exp(𝑚 2𝜋𝑖/3) ≡ 𝑧I, 𝑚 ∈ {−1, 0, 1}. (4)

Under this centre transformation, as shown in Fig. 1 the Polyakov loop acquires a phase,

𝐿 (®𝑥) → 𝑧𝐿 (®𝑥). (5)

It is straightforward from the above to see that in the confining phase where the expectation value
of the Polyakov loop vanishes, that expectation value is invariant under a centre transformation.
Conversely, in the deconfining phase where the expectation value of the Polyakov loop is finite,
then that value is not preserved by a centre transformation. These two situations are illustrated in
Fig. 3, which shows a heatmap of the distribution of the Polyakov loop values in the two different
phases. In the left plot showing the confining phase, the centre symmetry of the Polyakov loop is
clear. In the right plot in the deconfining phase, there is a preferred centre phase and hence no
centre symmetry. It has been stated elsewhere that “confinement is the phase of unbroken global
center symmetry” [12], and this statement can certainly be considered reasonable in the context of
a pure 𝑆𝑈 (𝑁) gauge theory.
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Figure 3: Distribution of Polyakov loop 𝐿 (®𝑥) values on a pure gauge lattice configuration, in the confining
phase below the critical temperature 𝑇𝐶 (left); and in the deconfining phase above 𝑇𝐶 (right).

2. Centre vortex identification

Through the study of so-called vortex-modified ensembles in 𝑆𝑈 (3) lattice gauge theory, there
is now an extensive body of evidence supporting the idea that centre vortices are responsible for
quark confinement and dynamical chiral symmetry breaking. On the lattice we seek to decompose
the gauge links 𝑈𝜇 (𝑥) in the following form

𝑈𝜇 (𝑥) = 𝑍𝜇 (𝑥) · 𝑅𝜇 (𝑥), (6)

such that the vortex content is captured in the field of centre-projected elements 𝑍𝜇 (𝑥). The
remaining short-range fluctuations are described by the vortex-removed field 𝑅𝜇 (𝑥). By fixing to
Maximal Centre Gauge [3, 19–21] and then projecting the gauge-fixed links to the nearest centre
element, we may identify the vortex matter by searching for plaquettes with a nontrivial centre flux
around the boundary. These are the “thin” centre vortices (or P-vortices), that are embedded within
the physical “thick” centre vortices of the original, Monte Carlo generated, configurations. The
centre-projection procedure creates three distinct ensembles of SU(3) gauge fields:

1. The original ‘untouched’ configurations, 𝑈𝜇 (𝑥),

2. The projected vortex-only configurations, 𝑍𝜇 (𝑥),

3. The vortex-removed configurations, 𝑅𝜇 (𝑥) = 𝑍
†
𝜇 (𝑥)𝑈𝜇 (𝑥).

Performing lattice calculations of key quantities on the three different ensembles and comparing
the differences that emerge from the absence or presence of centre vortices has proven to be a rich
source of information regarding the properties of the 𝑆𝑈 (3) Yang-Mills theory, which we also refer
to as the pure gauge theory when it needs to be distinguished from the theory containing dynamical
fermions.
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3. Centre vortices and dynamical fermions

Lattice simulations on vortex-modified ensembles in pure gauge theory have established a
significant body of evidence supporting the argument that centre vortices are the fundamental
mechanism underpinning the confinement of quarks and dynamical chiral symmetry breaking.
These studies have examined a number of different areas:

• Static quark potential investigations [20–22] have revealed that vortex removal removes the
linear potential. In 𝑆𝑈 (3) the vortex-only field recreates ∼ 2/3 of the untouched string
tension.

• A connection to instanton degrees of freedom has been established via smoothing [22, 23].
Vortex removal is shown to destabilise instantons under cooling, whereas the vortex-only
field creates instantons under cooling. This leads to the notion that centre vortices contain
the ’seeds’ of instantons.

• The overlap quark propagator possesses good chiral properties, allowing for studies of the
quark mass function on vortex-modified ensembles [24]. These show that vortex removal
causes loss of dynamical mass generation, and the vortex-only field (with some smoothing)
reproduces dynamical mass generation.

• Examining the hadron spectrum on vortex-modified ensembles [24–26] shows that vortex
removal restores chiral symmetry at light masses, signalled by the emergent degeneracy
of hadronic channels related by a chiral transformation. Furthermore, it is shown that the
vortex-only field can reproduce the structure of the ground state hadron spectrum.

• Recent studies of the gluon propagator [27] have shown that vortex removal causes a loss
of infrared strength. The vortex-only field recreates ∼ 2/3 of the infrared strength of the
untouched gluon propagator.

It is remarkable that the key emergent features of QCD remain after reducing the eight real parameters
of an 𝑆𝑈 (3) matrix to the 3 discrete values that characterise a vortex in 𝑍 (3). Indeed, ’t Hooft
stated [1] that “it would be tempting to abolish the 𝑆𝑈 (3) color theory for hadrons altogether,
replacing it by a 𝑍 (3) theory on a Euclidean lattice and taking the continuum limit close to the
critical point.” Given the evidence that has been accumulated by lattice studies in pure gauge
theory, this statement seems remarkably prescient.

However, the response of vortices to the presence of dynamical fermions is fertile ground
for exploration. There have been a number of investigations within the context of gauge-Higgs
theory [28–33]. Here and in other reports within these conference proceedings we present the
first numerical tests of centre vortices in an 𝑆𝑈 (3) gauge theory with dynamical fermions. Our
results are generated using the PACS-CS (2 + 1)-flavour full-QCD ensembles [34] made available
through the ILDG [35]. These ensembles use a 323 × 64 lattice volume, with a renormalisation-
group improved Iwasaki gauge action and non-perturbatively improved clover fermion action. For
comparison, we have created a matched 323 × 64 pure-gauge ensemble using the same improved
Iwasaki gauge action at a similar lattice spacing.
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Figure 4: Distribution of the phase of the trace of the links on a single pure gauge field configuration, before
(top) and after (bottom) MCG projection.

Figure 4 shows the distribution of the phase of the trace of the links on a single pure gauge
configuration, Tr𝑈 = 𝑟 exp(𝑚 2𝜋𝑖/3), before and after Maximal Centre Gauge (MCG) projection.
As would be expected within the pure gauge theory which possesses a global centre symmetry, we
see that there is an equal distribution peaked around the three centre phases 𝑚 = −1, 0, +1. Note
the logarithmic scale on the vertical axis, which indicates that after MCG projection the phase
distribution is sharply peaked around the three centre phases.

Figure 5 shows the distribution of the phase of the trace of the links on a single dynamical
fermion configuration at the lightest pion mass of 𝑚𝜋 = 156 MeV, before and after Maximal Centre
Gauge (MCG) projection. It is indeed remarkable that again, even in the presence of matter fields
there is an equal distribution peaked around the three centre phases 𝑚 = −1, 0, +1. This is perhaps
somewhat surprising, given that the global centre symmetry that was defined above for the pure
gauge theory is no longer a symmetry when the quark fields are introduced [1].

The notion that quark confinement (or not) is the result of competing order and disorder effects
was introduced early on [1], and since then there has been significant efforts to refine what precisely
is meant by the term “confinement” both with and without the presence of matter fields (see for
example [10, 31–33]). In a refinement of the statement quoted earlier at the end of the first section,
what we can perhaps infer from these results is that confinement is an emergent feature of QCD
that is realised when the vacuum phase embodies global centre symmetry. Nonetheless, a better
understanding will only come from further investigation to be undertaken in future studies.
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Figure 5: Distribution of the phase of the trace of the links on a single dynamical gauge field configuration,
before (top) and after (bottom) MCG projection.
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