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QCD vacuum structure

QCD vacuum state is non-trivial
Non-perturbative description
Lattice QCD

Key emergent features of QCD
Dynamical mass generation
Confinement transition

Structure of the QCD vacuum

Center vortices
Topological charge density




Centre group of SU(3)

Centre elements commute with every group
element,
271

z= exp(?m)l, m e {—1,0,1} ~7Z4

Each of the three centre phases corresponds to
a centre element of SU(3)




Centre vortices

In D dimensions, a (thin) centre
vortex has dimension D — 2.

In 4-dimensional space-time, thin
vortices are surface-like.

A Wilson loop W(C') along a curve
C = 0A is topologically linked if the
vortex pierces the enclosed area A
only once.




Confinement

The piercing vortex generates a non-trival
centre phase z,

W(C) = 2W(C)

If centre vortices percolate through a
volume with density p, this gives rise to an
area law for the Wilson loop

W(C) = e 204




Lattice QCD

Discretise space-time onto 4D hypercube
Gauge field U, (z) € SU(3) becomes unitary
323 x N, (periodic) lattice volume

Pure gauge (PG), a = 0.100 fm




|dentifying centre vortices

Transform to Maximal Centre Gauge

Z Re Tr[Uf}(x)Z;ﬁ(a:)] — Max

(x) maximises overlap with centre elements.

Project onto Z5 by choosing closest centre
element to the phase of

1
3

TrU(z) = r,(z) exp(ig,(z))




|dentifying centre vortices

The centre vortex field lives on the dual lattice,

O
:i:m+§(u+l/—)\—/<;)

The centre flux m, ,(z) through an elementary

plaquette is

T _
Prul@) = exp 5 irpuimen (@)

Centre-projected plaquette is pierced by a (P-)vortex if

P, (z) = Z,(2)Z,(z + p) Z}(x + v) Z(x)

o
— exp (j:?)m) 7




Centre vortices on the lattice

Untouched configurations
U(x)
Vortex-only configurations

ZM(LL‘) = exp [%mﬂ(x)]l

Vortex removed configurations

R,(z) = Z}(2)US(x)

Visualization of center vortex structure
J.C. Biddle, WK, D.B. Leinweber
Phys. Rev. D 102 (2020) 3, 03450



https://doi.org/10.1103/PhysRevD.102.034504
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Densities

Vortex density
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Centre vortices at zero temperature
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Evidence that centre vortices underpin dynamical chiral symmetry breaking in SU(3) gauge t
A. Trewartha, WK, D.B. Leinweber, Phys. Lett. B 747 (2015) 373-377

Centre vortex removal restores chiral symmetry

A. Trewartha, WK, D.B. Leinweber, J. Phys. G 44 (2017) 12, 125002

Gluon propagator on a center-vortex background

J.C. Biddle, WK, D.B. Leinweber, Phys. Rev. D 98 (2018) 9, 094504
Smoothing algorithms for projected center-vortex gauge fields

A. Virgili, WK, D.B. Leinweber, Phys.Rev.D 106 (2022) 1, 014505

Static quark potential from centre vortices in the presence of dynamical fermions
J.C. Biddle, WK, D.B. Leinweber, arXiv:2206.00844

Evidence that centre vortices drive dynamical mass generation in QCD
WK, D.B. Leinweber, A. Virgili, arXiv:2305:18690
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https://doi.org/10.1088/1361-6471/aa9443
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Centre vortices at zero temperature
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Centre vortex removal restores chiral symmetry
A. Trewartha, WK, D.B. Leinweber, J. Phys. G 44 (2017) 12, 125002
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Overlap quark propagator - zero temperature
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Evidence that centre vortices underpin dynamical chiral symmetry breaking in SU(3) gau
A. Trewartha, WK, D.B. Leinweber, Phys. Lett. B 747 (2015) 373-377
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Overlap quark propagator - zero temperature
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S(p) =
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Evidence that centre vortices underpin dynamical chiral symmetry breaking in SU(3) gau
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600 =g
r ---my = 50 MeV
500 ¥ Untouched ]
r t Vortex-Removed 1
400}+ ' .
% [ =
< [ =
ST UISEY ]
N ]
= [ L)
20 %, 1
[ LT3 ]
[x = ]
100 Tz g, oy 4
t % L 1
.. Rttt L1 T TT I IR
P N E N N B B
OO 1 2 3 4

p (GeV)



https://doi.org/10.1016/j.physletb.2015.06.025

Overlap quark propagator - zero temperature
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Evidence that centre vortices underpin dynamical chiral symmetry breaking in SU(3) gau
A. Trewartha, WK, D.B. Leinweber, Phys. Lett. B 747 (2015) 373-377
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Overlap quark propagator - zero temperature
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Evidence that centre vortices underpin dynamical chiral symmetry breaking in SU(3) gau
A. Trewartha, WK, D.B. Leinweber, Phys. Lett. B 747 (2015) 373-377
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Overlap quark propagator - zero temperature
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Evidence that centre vortices underpin dynamical chiral symmetry breaking in SU(3) gaug
A. Trewartha, WK, D.B. Leinweber, Phys. Lett. B 747 (2015) 373-377
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Overlap quark propagator - finite T
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Overlap quark propagator - finite T
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Overlap quark propagator - finite T
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Overlap quark propagator - finite T
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Overlap quark propagator - finite T
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Overlap quark propagator - finite T
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Overlap quark propagator - finite T
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Overlap quark propagator - finite T
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Overlap quark propagator - finite T
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Overlap quark propagator - finite T
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Overlap quark propagator - finite T
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Overlap quark propagator - finite T
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Center vortices and topological structure

Center vortex model originated from
t'Hooft (topological) operators.
Smoothing vortex-only field creates
topological structures.

These structures resemble instantons
with enough smoothing.

Structures directly from topological
charge density?

Connection between center vortices and instantons through gauge-field smoothing
A. Trewartha, WK, D.B. Leinweber, Phys. Rev. D 92 (2015) 7, 074507


https://doi.org/10.1016/j.physletb.2015.06.025
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Topological object identification

Start with extrema of ¢(z).

Grow objects in turn one step,
monotonically in ¢(z).

Grow objects in turn one hypercube at
a time.

Repeat growth until lattice is filled.
Filter any objects with radius < 2.

Repeat growth until lattice is filled.




Polyakov Loop and confinement

Polyakov loop is given by

L(#) = Tr [ [ Up(t, ) = p(@)e @
t

World-line of static quark with free energy F, ¢

(L(T)) = exp(—F, N;)

Confining phase F, — oo, (L(Z)) — 0.
Deconfining phase F is finite, (L(Z)) # 0.

(L(Z)) is an order parameter for confinement. ¢




Distribution of L(Z)

Below T, Above T,

Imaginary

Imaginary




Instanton-dyon model

Polyakov loop is related to the
holonomy parameter v via

(P) — %m P) = §c08(27ﬂ/) + %

This predicts the charges of the
N, =3 dyons in SU(3) as

Qr=Qy=v, Qz=1-2v.

D. DeMartini, E. Shuryak, Phys. Rev. D 104 (2021) 5, 054010




Instanton-dyon model

. 120
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1 2 1
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< 60
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Instanton-dyon model

Polyakov loop is related to the = B Loproved F
holonomy parameter v via ] B Tmproved Tg;Q
1 2 1

(P) = §<Tr P) = 3 cos(2mv) + 3 £ 10]
This predicts the charges of the §1o.
N, =3 dyons in SU(3) as

5
Q1:Q2:V7 Q3:1_27/

N, T/T, %(Tr P) v o oz To4 06 08 10 12 14
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D. DeMartini, E. Shuryak, Phys. Rev. D 104 (2021) 5, 054010



Instanton-dyon model

: 18
Polyakov loop is related jco the . B lnproved £,
holonomy parameter v via L B Tmproved TopQ
1 2 1
(P) = §<Tr P) = 3 cos(2mv) + 3 ; z
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Instanton-dyon model

: 14
Polyakov loop is related to the B Luproved £,

holonomy parameter v via 121 B Improved TopQ

1
3

This predicts the charges of the
N, =3 dyons in SU(3) as

(P) (Tr P) = gcos(2m/) + %

No. objects

Qi =Qy=v, Q3=1-2v.

14

1.2

N, T/Tc %(TTP> v 0.0 04 06 08 L0
6 1.218 0.5263 0.203(4) Object Charge

D. DeMartini, E. Shuryak, Phys. Rev. D 104 (2021) 5, 054010



Instanton-dyon model

Polyakov loop is related to the ! E—a—
holonomy parameter v via 121 B Improved TgpQ
1 2 1 107
(P) = §<Tr P) = gcos(2m/) + 3 5 o]
This predicts the charges of the ; 6
N, =3 dyons in SU(3) as L
Q1:Q2:V, Q3:1_2]/. 2
N, T/T. 5(TrP) v 00 P2 04 06 08 10 12 14
5 1.461 0.6450 0173(5) Object Charge

D. DeMartini, E. Shuryak, Phys. Rev. D 104 (2021) 5, 054010



Instanton-dyon model

: 16
Polyakov loop is related jco the N B lnproved £,
holonomy parameter v via B Tmproved TopQ
12
1 2 1
(P) = §<Tr P) = 3 cos(2mv) + 3 : 10]
Z 8
This predicts the charges of the S
N,. =3 dyons in SU(3) as .
4
Qi=Qy=v, Q3=1-2v. 5]
N, T/T. 3(TrP) v %0 To2 04 06 08 10 12 14
4 1.827 0.8367 0.1138(2) Object Charge

D. DeMartini, E. Shuryak, Phys. Rev. D 104 (2021) 5, 054010



Summary

It would be tempting to abolish the SU(3) color theory for hadrons altogeth
ing it by a Z(3) theory on a Euclidean lattice and taking the continuum limi
the critical point. This is presumably not justifiable.

“On the phase transition towards permanent quark confinement”
G. 't Hooft, 1978
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“On the phase transition towards permanent quark confinement”
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the critical point. This is presumably not justifiable.

“On the phase transition towards permanent quark confinement”
G. 't Hooft, 1978

Centre vortices appear to contain all information necessary to reproduce confinement a
DxSB in SU(3) gauge theory with dynamical fermions (at zero temperature).

Percolating centre vortex cluster melts at high temperature, resulting in a change in geom

Topological structure distribution at finite temperature appears to be consistent with a
instanton-dyon model.



Thank you!
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