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The mass function of the nonperturbative quark propagat&U(3) gauge theory shows only
a weak dependence on the vortex content of the gauge corifangaOf particular note is the
survival of dynamical mass generation on vortex-free caméitions having a vanishing string ten-
sion. This admits the possibility that mass generation@atad with dynamical chiral symmetry
breaking persists without confinement. In this presematize examine the low-lying ground
state hadron spectrum of thie p, N andA and discover that while dynamical mass generation
persists in the vortex-free theory, it is not connected toastgical chiral symmetry breaking. In
this way, centre vortices iBU(3) gauge theory are intimately linked to both confinement and dy
namical chiral symmetry breaking. We conclude that centirtices are the essential underlying
feature of the QCD vacuum.

XXIX International Symposium on Lattice Field Theory
July 10 -16 2011
Squaw Valley, Lake Tahoe, California

*Speaker.

(© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Centre vortices underpin both confinement and dynamicahtsymmetry breaking  Derek Leinweber

Numerical simulations of QCD on a space-time lattice retieatithe essential, fundamentally-
important, nonperturbative features of the QCD vacuumsdiale:

1. The dynamical generation of mass through chiral symnietrgking §SB), and

2. The confinement of quarks.

However, there exists no derivation of quark confinememtistafrom first principles, nor is there
a totally convincing explanation of the effect.

The questions that dominate the field centre around gainingnderstanding on how these
fundamentally important features of QCD come about. Thestpre is: What is the essence of
QCD vacuum structure?That is, what is it about the field fluctuations of the QCD vanuihat
causes quarks to be confined? What aspects of the QCD vaceurasponsible for dynamical
mass generation? Do the underlying mechanisms share a aoongm?

The prevailing view is that quark confinement and dynamjc@B is the work of some spe-
cial class of gauge field configurations which dominate théQ@&cuum on large distance scales.
Candidates have included instantons, abelian monopotekcantre vortices. In recent years,
algorithms have been invented which can locate these typmsjexcts in thermalized lattices, gen-
erated by the lattice Monte Carlo technique. This is an ingmrdevelopment enablirgp initio
investigations of the underlying mechanism of quark comfieet and dynamical chiral symmetry
breaking.

Centre vortices are exposed by gauge-fixing. A gauge tremstion is applied which brings
each lattice link as close as possible to a centre elemehieajauge group. This is the setMdf
SU(N) group element$Z,}, with

Zm:exp<izﬁnm> I, (m=0,1,2,...N—-1). @

Vortices are identified as the defects in the centre-prejeglauge field. Again, the idea of cen-
tre dominance is that the centre degree of freedom encobtge dbng-distance nonperturbative
physics.

In SU(2) gauge theory, a clear link between centre vortices, confaméiand mass generation
via dynamical chiral symmetry breaking is manifest [1]. €ervortices are the single underlying
mechanism giving rise to both chiral symmetry breaking anark) confinement irsU(2) gauge
theory.

Whether this is the case f&U(3) Yang-Mills theory relevant to QCD is not as clear. As out-
lined in Refs. [2—4] the relation between centre vorticed dynamical chiral symmetry breaking
is much more complicated BU(3) gauge theory. Ref. [4] explores the role of centre vortides
tified by gauge fixing Monte Carlo generated configurationsiéximal centre gauge [5], clearly
illustrating how dynamical mass generation survives theowel of these vortices. This admits the
possibility that the underlying mechanisms generatinginement and dynamical chiral symmetry
breaking are decoupled.

We proceed to investigate the low-lying hadron mass spectruthis unique centre-vortex
free environment lacking confinement and retaining dynalmicass generation. Our aim is to
search for evidence of dynamical chiral symmetry breaking thus provide further insight into
the role of centre vortices in QCD.
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Here we focus on vortices identified by gauge fixing the odgMonte-Carlo generated con-
figurations directly to Maximal Centre Gauge [6 — 8] withoualygreconditioning [9], as done in
Ref. [4] illustrating the survival of dynamical mass genienaon such vortex-free configurations.

First the linksU,(x) are gauge transformed to be brought close to the centre eisroé
SU(3),

. m :
Z= exp(Zrn §) I, withm =-1,0,1. 2
On the lattice this is implemented by searching for the gdragesformatiorQ which maximizes

Y Uz ) |2 2 max. (3)
LR

One can then project the gluon field to a centre-vortex onlyfigaration where each link is a
number, one of the roots of unity, times the identity matrix.

Uy (X) — Zu(X) whereZ,,(x) = exp <2m' m“T(X)> I )

wherem,(x) = —1,0,1. Vortices are removed by removing the centre phase. Thisne by
making the transformation

Up(X) = U () = Z;,(x)Up(X). ()

An examination of the mass function of the nonperturbativark propagator isU(3) gauge
theory reveals only small differences in dynamical masegion between the original and vortex-
removed configurations. Figure 1 shows a direct comparisthreajuark propagator mass function
on the original and vortex-free configurations as reponmedef. [4]. Data has been cylinder cut to
facilitate a detailed comparison.

This shape indicates the retention of dynamical mass gémeraespite the absence of con-
finement. Dynamical mass generation has only a weak depeadsnthe vortex content of the
theory. This leads to the key question under investigatisrthe persistence of dynamical mass
generation a manifestation of dynamical chiral symmetgaking in the absence of confinement?

We note that at large momenta, the mass function of the petpagf the vortex-removed con-
figurations experiences a vertical shift upwards of appnaxely 60 MeV. This may be attributed to
a roughening of the configurations at short distances assacivith the removal of centre vortices
via Eq. 5.

A statistical ensemble of 20BU(3) gauge-field configurations is generated using the Luscher-
Weisz [10] mean-field improved action on a2040 lattice with a lattice spacing of 0.125 fm. We
use the FLIC fermion action [11] providing nonperturbati¥éa) improvement [12] with improved
chiral properties allowing efficient access to the lightifumass regime [13].

Initially we consider four different values for the Wilsomping parameter, selected to
provide a wide view of the mass dependence of the spectrur.a$sociated quark mass can be
estimated by linearly extrapolating the squared pion n@gefo as a function /K, to identify the
critical hopping parametet,, where the pion mass vanishes. Then
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Figure1: Mass function (in GeV) of the Landau gauge quark propagavon Ref. [4]. Open circles denote
the propagator obtained from the original gauge field condiions whereas the (red) filled squares denote
the mass function following the removal of center vortices.

An examination of the pion masses of the vortex removed cordtgpns as a function of the
inverse hopping parameter in Fig. 2 reveals that it is péssitbperform simulations at hopping
parameters smaller than tlg obtained from the original configurations. This is in accwiith
Fig. 1 from Ref. [4], where the mass function for the vortemosed configurations is shifted
higher by about 60 MeV indicating smaller bare quark massesequired to obtain the same
renormalised quark mass. We consider two lower quark mdsséise vortex-free configurations
which are unphysical for the normal configurations.

This necessarily leads to a differeny for the vortex-free configurations when using Wilson-
style fermions. Taking the lightest three masses and assumgj [ 1/k in the vortex-free theory
provides the linear extrapolation and vortex-freg illustrated in Fig. 2. Note that the heavier
guark masses in the vortex-free theory show a clear dewifition linear behaviour.

Of course an alternative scenario is also possible. Onedcangiue that dynamical chiral
symmetry breaking is spoiled in the vortex-free theory withno longer proportional to /k or
my. When a quark of mass zero is placed in the vortex-removetigtmations, the pion still has
mass. A comparison of theandp meson masses will reveal the correct scenario.

In figure 3 the pion mass from the original and vortex-freefigamations are plotted as a
function of bare quark massy,, determined with reference to the criticalalue from the original
configurations. While it seems the vortex-free mass wilkapph zero as the quark mass decreases,
the relationship between the quark mass emdis evidently different between the original and
vortex-free configurations.

The Gell-Mann-Oakes-Renner relationshif, 0 my can be seen in the results from the orig-
inal configurations as the points have the shape of a typigare-root function. While the pion
masses obtained in the vortex-free configurations at thdighitest quark masses considered are
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Figure 2: Pion mass squared in terms of the inverse hopping paramketerThe lines illustrate fits to the
original configurations and the vortex-free configuratiaghe latter addressing only the lightest three quark
masses considered where there is some promisehaitk —*.

of a similar magnitude to that of the lightest pion mass fromariginal configurations, there is no
evidence of the curvature associated with(] my.

In the vortex-free configurations the data appears linetlr mj; [ my over a wide range of
my, indicating a significant difference between the two typesamfigurations and a loss of the
Goldstone nature of the pion in the vortex-free theory.

This loss of a pseudo-Goldstone boson in the vortex-freeryhigecomes very clear once one
compares the masses of threand p mesons in the vortex-free theory. Figure 4 plots masses for
the T and p mesons obtained from the original configurations (full spiepand the vortex-free
configurations (open symbols). This figures clearly illakts how thet and p mesons become
nearly degenerate on the vortex-free configurations. Thes/ortex-free pion is not associated
with dynamical chiral symmetry breaking. It is not a pselaldstone boson.

The degeneracy of tha and p meson is somewhat surprising. For example, in a simple
quark model thgp-meson mass sits much higher than that of the pion due to a faygerfine
interaction between the quark and anti-quark. The degepefdhe masses on the vortex removed
configurations implies that any hyperfine interactions relge been removed with the removal of
the centre vortices.

An analysis of the nucleon ani masses reveals similar degeneracies of the baryon masses
following centre vortex removal The apparent degeneradh@imasses from the vortex-free con-
figurations indicates perhaps that the hadron mass beingurezhis merely the sum of the dressed
constituent-quark-like masses of the quarks composinggddeon. Taking into account the number
of constituent quarks composing each hadron, one finds thaadrons have the same mass per
quark. The vortex-free theory is simply a theory of weaklgracting constituent quarks.

We have observed that the hadron masses of the vortex-teeeytare simply a reflection of
the number of quarks required to compose their quantum nigniblere is little evidence of quark
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Figure 3: Pion mass in GeV as a function of the bare quark mass. Full sigillustrate results from the
original configurations while the open symbols illustragsults from the vortex-free configurations.

interactions in the mass spectrum and this is in accord \Wwighgeneral features of the Euclidean
time evolution of the hadron effective masses in the vofiteg-theory where the spectrum suggests
a theory of free constituent quarks.

However a comparison of the input quark mass and the hadresenaeveals that dynamical
mass generation is at work, in accord with Ref. [4]. The maggegation is reminiscent of the
early constituent-quark model where current quarks araghibto be dressed by QCD-vacuum
interactions giving rise to a constituent quark mass.

Of greatest importance is the complete absence of any rémhaynamical chiral symme-
try breaking. We find a pion degenerate with gheneson and a mass dependencengfl] my
inconsistent with the properties of the pseudo-Goldstamb of chiral symmetry.

Thus, centre-vortex removal spoils both confinement angdikcsymmetry. Centre-vortices are
the most fundamental degrees of freedom in QCD, essent@rtinement and dynamical chiral
symmetry breaking. Just as in SU(2), there is an intimai&iogiship between centre vortices,
confinement and dynamical chiral symmetry breaking. Bothfinement and dynamical chiral
symmetry breaking are lost under centre vortex removalréfbee, centre vorticeare the essence
of the QCD vacuum.
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Figure 4: Masses for thet andp mesons obtained from the original configurations (full spehand the
vortex-free configurations (open symbols).
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