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The behaviour of centre vortices in the presence of dynamical fermions is studied for the first
time in the context of the static quark potential and the Landau-gauge gluon propagator. These
results indicate that in the presence of dynamical fermions, centre vortices are able to better
encapsulate the long-range behaviour of QCD, compared to previous studies on pure Yang-Mills
lattices. This work provides strong evidence that centre vortices are responsible for the long-range
linear potential and the enhanced infrared gluon propagator, which are indicative of confinement
in QCD.
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Centre Vortices in the Presence of Dynamical Fermions

1. Introduction

There is now an extensive body of lattice QCD results showing that centre vortices [1, 2] play
an important role in the confinement of quarks. Previous work has demonstrated that removal of
centre vortices results in the loss of dynamical mass generation and restoration of chiral symme-
try [3, 4], removal of the string tension [5, 6] and suppression of the infrared Landau-gauge gluon
propagator [6–8]. It has also been shown that vortices alone can reproduce a linear static quark
potential [5, 9, 10] and the infrared enhancement of the Landau-gauge gluon propagator. These
results speak to the deep ties between centre vortices and confinement. However, the value of
the vortex-only string tension obtained from pure Yang-Mills lattice studies has been consistently
shown to be about∼ 62% of the full string tension. Additionally, upon removal of centre vortices the
gluon propagator shows persistent infrared enhancement [8], indicating that there are still residual
non-perturbative effects present.

In this work, we perform the first calculation exploring the impact of dynamical fermions on
centre vortices as they govern the static quark potential and the Landau-gauge gluon propagator. By
isolating the centre-vortex contributions to these quantities, we investigate how dynamical fermions
impact the centre vortex model ground-state field structure. This calculation reveals significant new
insight into the role of centre vortices in our understanding of QCD vacuum structure.

2. Method

The centre vortex picture describes the QCD vacuum via the group centre of (* (3), given by
the cube roots of unity. Within this picture, centre vortices appear in four dimensions as closed
sheets percolating the vacuum. As the sheets pierce a three dimensional slice of the lattice, they
create a vortex line. Visualisations of centre vortices on the lattice are presented in Ref. [11].
The key property is that as a vortex line pierces a planar Wilson loop, it contributes a non-trivial
centre phase to the loop, namely one of I = exp

(
±2c8

3

)
. From this property, it is possible to

identify centre vortices on the lattice [5, 10]. This identification procedure leads us to define three
‘vortex-modified’ ensembles:

1. Original, untouched (UT) fields,*` (G),

2. Vortex-only (VO) fields, /` (G) ∈ exp
(

2c8
3 <(G)

)
, <(G) ∈ {−1, 0, +1},

3. Vortex-removed (VR) fields, /` (G)†*` (G) = '` (G),

This procedure is performed on three gauge field ensembles, each containing 200 configura-
tions. Two of these are (2 + 1) flavour dynamical ensembles from the PACS-CS collaboration [12].
The remaining ensemble is pure-gauge with a lattice spacing tuned to be similar to that of the
PACS-CS ensembles. The pure-gauge ensemble provides a point of reference with which we can
evaluate the impact of dynamical fermions on centre-vortex phenomenology.
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3. Static Quark Potential

The static quark potential is obtained by considering the expectation value of Wilson loops,
〈, (A, C)〉, with spatial separation A and temporal extent C [13],

〈, (A, C)〉 =
∑
U

_U(A) exp (−+ U(A) C) . (1)

The relevant static quark potential is given by the lowest U = 0 state, which we extract via a varia-
tional analysis.

We expect the static quark potential for the original configurations to follow a Cornell potential,
such that

+ (A) = +0 −
U

A
+ f A (2)

The Cornell potential naturally decomposes into a Coulomb term and a linear term, with the former
dominating at short distances and the latter at large distances. As we expect that centre vortices
will encapsulate the non-perturbative long-range physics, the vortex-only results should give rise
to a linear potential [14–16], whereas the vortex-removed results should capture the short-range
behaviour. Initially we calculate the static quark potential on the pure-gauge ensemble, making use
of our three vortex-modified ensembles. To analyse the linearity of the potential at large distances
we also plot a sliding linear fit to the potential with extent − 3

20 ≤ A ≤
3
20. These results are shown

in Fig. 1.

We observe that qualitatively the centre vortices account for the long-distance physics, as can
be seen in the linearity of the vortex-only data. Furthermore, removal of vortices accounts for a
complete removal of long-range potential, as visualised by the sliding fits dropping to 0. However,
the value of the string tension between the original and vortex-only data differs. As has been
observed previously, the vortex-only result sits at around 62% of the original string tension.

We now introduce dynamical fermions with a pion mass of <c = 701MeV and perform the
same analysis. The results of this are shown in Fig. 2. Here we observe a slight suppression of
the original string tension, as expected due to screening effects brought about by the introduction
of dynamical fermions. Most importantly, the vortex-only string tension is now in excellent agree-
ment with the original ensemble, as can be clearly seen on the sliding fit plot. The fact that this
improvement is observed even at an unphysically large pion mass is interesting, as it speaks to the
dramatic effect of dynamical fermions on the vortex structure even when the observed screening
effects are minimal. The effect of vortex removal is to remove confinement, with the sliding average
in excellent agreement with 0 at large distances. Similar results are observed for the lightest pion
mass available in the PACS-CS ensembles at <c = 156MeV.

Overall, the introduction of dynamical fermions both improves the reproduction of the string
tension from vortex-only ensembles and improves the removal of long-range potential from vortex-
removed ensembles. These results are surprising, and demand further investigation into the interplay
between centre vortices and dynamical fermions.
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Figure 1: The static quark potential as calculated on the vortex-modified pure-gauge ensembles. The lower
plot shows the slope of a sliding linear window, as described in the text.
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Figure 2: The static quark potential as calculated on the vortex-modified <c = 701MeV ensembles.
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Figure 3: Pure-gauge vortex-modified gluon propagators.

4. Gluon Propagator

We now turn our attention to the Landau-gauge gluon propagator in momentum space, defined
on the lattice as

� (@2) = 2
3 (=2

2 − 1)+
〈
Tr �` (@) �` (−@)

〉
, (3)

where + is the lattice volume and =2 = 3 is the number of colours. The nonperturbative gluon
propagator can be written as

� (@2) = / (@2)
@2 , (4)

where / (@2) is the renormalisation function. In the limit as @ → ∞, we expect � (@2) → 1
@2 , and

as such we plot / (@2). / (@2) is renormalised by setting / (`2) = 1 at ` = 5.5GeV.

Beginning with the pure-gauge ensemble, the vortex-modified propagators are as shown in
Fig. 3. The original propagator is epitomised by infrared enhancement and a trend towards unity
at large momentum. Here we see that vortex removal suppresses the infrared enhancement, but re-
tains the high momentum behaviour. Conversely, the vortex-only propagator contains only infrared
strength, with a complete removal of high momentum behaviour. We also consider reconstructing
the original propagator as a linear combination of the vortex-only and vortex-removed propagators.
Here we see that we can achieve a full reproduction of the original propagator via this method, indi-
cating that vortices effectively partition the propagator short and long-range information. However,
there is still substantial residual infrared strength in the vortex-removed propagator.
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Figure 4: <c = 701MeV vortex-modified gluon propagators.

Turning to the dynamical ensemble with <c = 701MeV, the vortex-modified propagators now
appear as in Fig. 4. We see a noticeable screening of the propagator, coupled with improvement
in the ability of vortex-removal to remove infrared enhancement. The ability to reconstruct the
original propagator from its vortex components is diminished, and at present the origins of this
discrepancy are under investigation. However, the increased suppression of infrared strength after
vortex removal is an important point, as it indicates a substantial enhancement in the isolation of
infrared strength into the vortex-only propagator.

5. Conclusion

We have presented the first study of the impact of dynamical fermions on centre vortices in
the context of the static quark potential and the gluon propagator. In regards to the static quark
potential, we find that centre vortices can quantitatively capture the string tension, and that vortex
removal eliminates the long distance potential. This is in stark contrast to the pure-gauge situation,
where vortices only qualitatively reproduce the long-range potential.

When considering the gluon propagator, the results are encouraging. The increased ability
of vortex removal to suppress infrared enhancement is an important result that demands further
investigation. The discrepancy in reconstructing the original propagator from its vortex-modified
components is also being studied further.
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These early results are exciting and perhaps unexpected. The results presented here show a
significant change in the ability of centre vortices to capture the underlying physics of confinement.
Further calculation is needed to clarify this picture, but so far these results point to a host of exciting
relationships between centre vortices and dynamical fermions on the lattice.
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