Two Aspects of the Quantum
Chromodynamics’ Transition at
Finite Temperature

Dissertation

zur Erlangung des Doktorgrades
der Naturwissenschaften (Dr. rer. nat.)

der naturwissenschaftlichen Fakultat fiir Physik
der Universitat Regensburg

Vorgelegt von

Bo Zhang
geboren am 28.09.1983 in YueYang (China)



Promotionsgesuch eingereicht am: 11.05.2011
Die Arbeit wurde angeleitet von: Dr. Falk Bruckmann

Priifungsausschuss: Vorsitzender: Prof. Dr. John Lupton
Erstgutachter: Prof. Dr. Tilo Wettig
Zweitgutachter: Prof. Dr. Andreas Schéfer

Weiterer Priifer: Prof. Dr. Klaus Richter

Datum des Promotionskolloquiums: 27.07.2011



Contents

1 Introduction
1.1 Quantum Chromodynamics and its phase diagram . . . ... ..
1.2 Order parameters of the QCD phase transition . . . ... .. ..
1.3 Lattice QCD . . . . . . . . .
1.4 Center symmetry and its breaking . . . . .. .. ... ... ...
1.5 Phase transition in finite temperature QCD . . . . . . . . .. ..

2 Topological objects
2.1 Basics of Topology . . . . . . . .. ... .
2.1.1 Homotopy groups. . . . . . . . ... . ...
2.1.2  Winding numbers . . . .. ... oo
2.2 Solitons: an example in 1 4+ 1 dimension . . . . . . ... .. ...
2.3 Vortex . . . . ..
2.4 Dirac monopoles . . . . . . . ...
2.5 't Hooft—Polyakov monopoles . . . . . ... ... .. ... ....
2.6 Instantons . . . . . . . . ...
2.7 SU(2)calorons . . .. ... ... ...
2.7.1 Auxiliary functions in caloron . . . . . . ... ... ..
2.7.2 Thetwist . . . .. ... oo
2.8 Relations between topological objects . . . . .. ... ... ...
2.8.1 Relation between instantons and monopoles . . . . . . . .
2.8.2 Monopole and vortices . . . . . . ...
2.9 Finding topological objects on the lattice . . . .. .. ... ...
2.9.1 Direct maximal center gauge . . . . .. ... ... ....
2.9.2 Indirect maximal center gauge . . .. ... ... ... ..
2.9.3 Laplacian center gauge . . . . . . . ... ...
2.10 Topological objects and the QCD phase transition . . ... ...
2.10.1 Center vortices and confinement . . . ... ... ... ..
2.10.2 Monopoles and confinement . . . . . . ... ... ... ..
2.10.3 Instantons, calorons and the QCD phase transition . . . .
2.11 The unknown relation — caloron and vortex . . . . ... .. ...

3 Vortex content of SU(2) calorons
3.1 Discretization of calorons . . . .. ... .. ... .. 0.
3.1.1 Caloron ensembles . . . .. ... ... ...........
3.2 SU(2) Laplacian center gauge . . . . . . . . . .. . ... ...
3.3 Vortices in individual calorons . . . . . . . ... ...
3.3.1 The lowest eigenvector and the LAG monopoles . . . . . .

ii

B~ o

o Ot



CONTENTS iii

3.3.2 Dyon charge induced vortex . . . . . .. .. .. ... ... 42

3.3.3 Twist-induced vortex . . . . . . .. ... ... ... 46

3.3.4 Intersection and topological charge . . . . . ... .. ... 50

3.3.5  Results from maximal center gauges . . .. ... ... .. 51

3.4 Vortices in caloron ensembles . . . . . ... ... 53

3.5 Summary ... 57

4 Vortices in SU(3) calorons 59

41 SU(N)calorons. . . . . ... ..., 59

4.2 SU(3) Laplacian center gauge and its ambiguity . . .. ... .. 61

4.3 Twists and vortices in SU(3) calorons . . . ... .. ... .... 63

5 Dual condensate and dual quark density 71

5.1 Dual condensate and dressed Polyakov loop . . . . ... .. ... 71

5.1.1 Definitions and mechanisms . . . . . . .. ... ... ... 71

5.1.2 Applications beyond the lattice and in other gauge systems 74

5.2  More fermionic observables . . . .. .. ... ... ... .. ... 75

5.2.1 General fermionic observables . . . . . . .. ... ... 75

5.2.2 Susceptibilities . . . . ... oo 76

5.3 Dual quark density . . . . ... ... Lo oo 79

5.3.1 The Stefan-Boltzmann limit of dual quark density . ... 79

5.3.2 Convergence problems of dual quark density . . . . . . .. 81

5.4 Technical details of staggered fermions . . . . . . ... ... ... 82

5.4.1 The staggered fermion action . . . . ... ... ... ... 82

5.4.2 Properties of the staggered fermion Dirac operator . . . . 83

5.4.3 Staggered fermion operators . . . . . . ... ... .. ... 85

5.4.4 General fermionic observables . . . . . .. ... ... ... 89

5.5 Numerical results . . . . . . .. . .. .. ... ... 91

5.5.1 General quark condensate . . . . . ... ... ... ... 91

5.5.2 Dual condensate . . . ... ... ... ... ... 92

5.5.3 Dualquark density . . . . ... ... oL 95

6 Summary 99

Bibliography 101

7 Appendix 107

7.1 Magnetic charge and winding number . . . . .. ... ... ... 107
7.2 Comparison of numerical integration methods for the Fourier

transformation . . . . ... ... oo oL 108

Acknowledgments 113



Chapter 1

Introduction

1.1 Quantum Chromodynamics and its phase di-
agram

It is accepted that the strong interaction is described by Quantum Chromody-
namics (QCD), the Lagrangian of which is

1 _
L(z) = —@TrF“”FW —Y(P + m)y + (possible gauge fixing terms). (1.1)

QCD has many interesting perturbative features, like asymptotic freedom
[1], which means that the coupling constant of QCD decreases with the growth
of energy scale, so that QCD fields, gluons and quarks are decoupled from each
other. Likewise, QCD at high energy scale becomes a free gas of these degrees
of freedom.

In this thesis, we will focus on some non-perturbative features of QCD in the
phase transition/crossover like confinement, which makes we observe hadrons
instead of gluons and quarks in the QCD Lagrangian, and chiral symmetry
breaking, which contributes the majority of light hadron masses. Let me intro-
duce them below.

The fermion part of the QCD Lagrangian z/?(v“Du +m)v¥ has two terms, the
chiral transformation

Y — ey (1.2)

keeps the T/_JZ")/“D#’L/J term invariant but changes the mass term tm. So the
QCD Lagrangian is chirally symmetric in the massless limit (chiral limit).

We know the quark masses do not vanish, the light and strange quark masses
are my, = 1.7 ~ 3.3MeV, mq = 4.1 ~ 5.8MeV and m, = 10172IMeV, so the
quark mass terms break chiral symmetry explicitly. Given that the masses of
the u quark and the d quark are very small and the s quark mass is not large,
chiral symmetry is an approximate symmetry of QCD.

But even in the chiral limit m, = 0, where the Lagrangian is chirally sym-
metric, the quark condensate (1)), which is not a chiral symmetry conserving
operator has a non-vanishing vacuum expectation at low temperature, this is
the spontaneous breaking of chiral symmetry.
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Figure 1.1: Conjectured QCD Phase diagram, from [2].

Confinement means that, at low temperature, one can not find a free quark
or other free color charged particles in nature but only color neutral states they
form, the hadrons.

Quark confinement is due to that the long range potential of a heavy gq pair
is (approximately) proportional to the distance between them

Viy(R) ~ oR. (1.3)

If we want to free a quark from this gq pair, which means moving one of the
quarks to infinity (R — o0), we will find we have to face the dilemma that,
with the increasing of R, the energy of gq rises almost linearly with R, we
want to increase R infinitely to free a quark, but after a threshold R, where
Egzq(R:) > 2Ez(Ryp) (Ry is that of the ground state), the gg pair decays into
two gq pairs. So if the potential of a g pair is proportional to R (although we
only need V(R)|r—oo > 2E5,(Ryp)), we can not get a free quark anyway.

Fig. 1.1 shows a commonly conjectured phase diagram of QCD in the pu-T
plane, where y is the chemical potential and T is the temperature. Let us have
a brief look at it. Moving rightwards along the y axis from the origin (u =T =
0), we travel from QCD vacuum where quarks form hadrons to nuclei, quark
matter, and finally enter a (conjectured) color-flavor locking phase of color-
superconductivity at very high chemical potential. If we move along the T axis
from the origin, as ;1 = 0 on this axis, there is no favor on quarks or anti-quarks.
At low temperature, we have a confined phase of the QCD vacuum, it undergoes
a crossover to a deconfined phase at approximately T = 150 ~ 200MeV, where
it turns into a plasma of quarks, anti-quarks and gluons there (QGP), which is
similar to the early universe. Currently, heavy ion colliders including RHIC and
LHC are exploring the phase diagram.
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1.2 Order parameters of the QCD phase transi-
tion

The QCD phase transition needs observables to manifest it, these observables
are order parameters of the QCD phase transition. Polyakov loops and Wilson
loops for quark confinement and chiral condensate for chiral symmetry breaking
are the most important observables, which will be discussed now.

The Polyakov loops are path ordered exponentials of the gauge field in com-
pact Euclidean time,

s
L(%) = P exp (z‘/o Ao (Z, t)dt), (1.4)

where the § = 1/T is the time extension of space-time at finite temperature
T. The Polyakov loop gives information of the free energy of a static, infinitely
heavy quark, its relation to the free energy of such a quark is

(Tr L) oc e PF. (1.5)

In the deconfined phase, as the free energy of such a quark is finite, the Polyakov
loop is also finite, while in the confined phase the free energy is infinite and the
Polyakov loop vanishes,

0 confined phase

finite deconfined phase (1.6)

(TIr L) = {
A detailed proof of the connection between the Polyakov loop and the quark
free energy can be found in [3] or [4].

The Wilson loops are rectangular loops extending in space and time direc-
tion,
w(C)="P exp(]{ 1A, (z) - dz*), (1.7)
c
where C' is the loop. It gives information about the binding energy of an in-
finitely heavy quark pair gg in the long time limit (mgy, T — o0 ):

(Tt W (R, T)) ox e~ Vaa (BT (1.8)

where R and T are the lengths of spatial and temporal sides of the loop respec-
tively. If the potential of the gg pair at a large distance R is approximately
proportional to the distance,

Vi(R) ~ oR (1.9)

we have Vz4(R)T =~ 0 A, where A = RT is the area of the rectangle. So an area
law in the Wilson loop gives confinement while a perimeter law gives deconfine-
ment

e~ °4  confined phase

e~ P deconfined phase (1.10)

) o {
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A detailed proof of the connections between the Wilson loop and the potential
Vzq(R) of a heavy quark pair can be found in [4] or [5].

The chiral condensate is the quark condensate in the chiral limit

Xy = lim Hm (). (1.11)

We know that in the chiral limit, the QCD Lagrangian is chirally symmetric,

but the quark condensate (1) is not, so a non-vanishing chiral condensate
means a spontaneous chiral symmetry breaking.

- { finite chiral symmetry breaking phase (1.12)

() = 0 chiral symmetric phase

1.3 Lattice QCD

Asymptotic freedom says the QCD coupling constant decreases with the growth
of temperature, so that the perturbation theory works well at high tempera-
tures. On the other hand, lower temperatures increase the coupling constant,
the perturbation theory does not work at low temperature.

There are several methods to deal with low temperature QCD, like QCD
sum rules, Dyson-Schwinger equations and lattice QCD simulations, the one we
are going to give a brief introduction in this section. In contrast to the other
methods, lattice QCD allows calculations from the first principle.

In lattice QCD, fermions reside on the sites only, gluons are replaced by the
links between adjacent sites, differential operators by difference operators and
the covariant derivative by a difference operator with links.

v(z,) = Y(n,) n, €{l.N,}

z,ta,
A, = Uyzx)=P exp(—i/ AH(y)) - dyu

n

1

(Un(@)i (@ + ) = Ul(x — @) (x — 1)) (1.13)

The QCD action in eqn. (1.1) becomes

s= - % Q;T#Tr(l—UW(a:))

T,V

- > %@(z)m%(xw(m + i) — Yz + 2)y,.U) (2))(2))

— D d@)mi(e) (1.14)

where the first term replaces the pure gauge field term in the continuous action,
the second one replaces the covariant derivative term and the last one is the
discretized version of the mass term. There are many lattice actions, eqn. (1.14)
is the Wilson action for the links and the naive one for the quarks, we will come
back to this in section 5.4.
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Monte Carlo simulations need real partition functions, but as we know, the
generating function in Minkowski space time is not purely real:

Zy = /DADz/?Dw et d'eL(@) (1.15)

One can continue the time to the imaginary direction ¢ — —i7 where 7 is the
Euclidean time, so we have —id*zp = d*zps, if we define Ly = —Lyy, the
generating functional becomes

Zg = /DADJ)Dw e~ d'erle(@), (1.16)

Comparing it with the partition function of the statistical mechanical systems
7 = Tyle~ J ©=H/T), (1.17)

it is very clear that the QCD on Minkowski space-time becomes a statistical
mechanics system on Euclidean space-time with Hg = —Ly and T = 1/
where (3 is the extension of the lattice in time direction. Lattice QCD simulates
this statistical mechanical system.

1.4 Center symmetry and its breaking
The center transformation acts on all the time-like links in one time slice
Uo(f,t = to) — ZUo(f,t = to), (1.18)

where z is a center element of the gauge group. SU(N) groups have N — 1
center elements,

Zy=e¢% 1y ke{0,..,N—1}. (1.19)

Center transformations preserve all the plaquettes, so the (quenched) action
is center invariant, and it obvious that the Wilson loops are also center invariant.
But the Polyakov loop as a gauge invariant observable is not invariant in center
transformations. A Polyakov loop on the lattice is

Tr L(z) = Tr (Uo (&, 1)Up(Z, 2)..Uo(Z, Ny — 1)), (1.20)

so the center transformation gives an additional z to the Polyakov loops, P(z) —
zP(x). A similar transformation will be used in the dual observables of Chap-
ter 5.

We see that although center transformation changes the Polyakov loop [6],
but it preserves the action and all the Wilson loops, it is a symmetry of the
(quenched) action.

In the disordered phase of QCD, the expectation of the Polyakov loop van-
ishes, so the center symmetry is preserved in the confined phase (these con-
siderations hold in the quenched systems, the fermion determinants will break
center symmetry), and the center symmetry is broken in the deconfined phase,
as given in eqn. (1.6).
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Figure 1.2: The QCD crossover at finite temperature as seen by the renormalized
Polyakov loop (left) and light quark condensate (right), from [9].

1.5 Phase transition in finite temperature QCD

As direct calculations are very hard for QCD when the coupling constant is
large, Monte Carlo simulations of lattice QCD mentioned in section 1.3 is the
method of choice for studies of QCD in the confined phase and near the phase
transition.

Recent fully dynamical QCD simulations of the Wuppertal-Budapest collab-
oration [7, 8, 9] and the hotQCD collaboration [10] on QCD phase transition
using staggered fermions show that the transition is a crossover (u = 0). The lat-
est crossover temperatures ! of the Wuppertal-Budapest collaboration are (see
also Fig. 1.2): 155(3)(3)MeV from renormalized light quark condensate (1)) g,
170(4)(3)MeV from renormalized Polyakov loop (L)g, 147(2)(3)MeV from chi-
ral quark susceptibility x,,/T*, 157(3)(3)MeV from A, (see eqn. (3.3) of [8])
and 165(5)(3)MeV from strange quark number susceptibility x3/72.

We still have many questions on the QCD phase transition, like: What
are the basic degrees of freedom in the confined phase and the mechanism by
which they give confinement and chiral symmetry breaking? How to relate these
degrees of freedom in confined phase with the QCD Lagrangian? How to relate
chiral symmetry breaking and confinement from both the observables and the
low temperature degrees of freedom in QCD?

Topological objects are candidates for the degrees of freedom in the confined
phase. The most important topological objects include instantons, monopoles
and vortices. In Chapter 2, we will introduce these topological objects and dis-
cuss their relations with confinement and chiral symmetry breaking — instantons
have close relations to chiral symmetry breaking, while monopoles and vortices
are closer related to confinement.

But what are the relations between different topological objects? The rela-
tion between monopoles and center vortices and the relation between instantons
and monopoles given in section 2.8 are well established. In this thesis, we will
explore the relation between instantons (of finite temperature, called calorons)
and center vortices in SU(2) and SU(3) gauge theory in Chapter 3 and Chap-
ter 4, respectively.

1Simulations with other lattice fermion actions are on the way to cross check these results
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The question “How to relate chiral symmetry breaking and confinement?”
can be asked in another aspect, the order parameters. The dual condensate
introduced in [11, 12] is a novel observable that relates the order parameter of
chiral symmetry breaking (chiral condensate) and confinement (Polyakov loop).
In this thesis, we will investigate the dual condensate on dynamical staggered
fermions and explore a new dual operator: the dual quark density.

This thesis is organized as follows: Chapter 2 introduces the basics of topol-
ogy (homotopy groups) and different topological objects. Chapter 3 contains
the findings about the center vortex contents of SU(2) calorons and caloron
ensembles published in [13, 14, 15]. Chapter 4 gives results about center vor-
tices in SU(3) calorons (which are not finally settled because of an ambiguity).
Chapter 5 investigates dual condensate and dual quark density theoretically and
numerically. In the end, we summarize the results and give a brief outlook.
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Chapter 2

Topological objects

Topological objects are classical solutions of Quantum Field Theory (QFT).
One might be surprised why classical solutions of QFT are important. We
know that QFT is very successful, it interprets quantum excitations of fields
as point particles (and the basic degrees of freedom), it gives anomalous mag-
netic momentum of e and p, CP violation, asymptotic freedom and many other
important phenomena that can not be explained in classical field theory.

Then why do we need classical solutions of QFT? Let us consider QCD,
which has a non-Abelian gauge group and the coupling constant is large at low
temperature. Strong coupling changes the basic degrees of freedom, making
quarks and gluons at low temperatures not point particles. On the other hand,
topological objects are of non-perturbative origin and best candidates for non-
perturbative effects.

The fundamental concept of topology is to identify mappings from one man-
ifold to another as "homotopic” if they can be deformed one to another contin-
uously. Mappings from k dimensional spheres into a manifold M are the most
important cases and form the homotopy groups 7, (M), which give information
about k£ + 1 dimensional holes in M and are the basis of topological objects.

2.1 Basics of Topology

2.1.1 Homotopy groups

The simplest homotopy group is the first homotopy group 71, which is also
called the fundamental homotopy group.

Let us begin with the definition of pathes. A path is a continuous mapping
f from I =[0,1] to M, where the image of f is a curve in M. A loop is a path
whose start point and end point are the same. Then this loop which starts and
ends at xq is called a loop with base point xg.

f:00,1] = M
f(0) = f(1) = . (2.1)

If a loop f can continuously deform into another loop g, which means there
exist an interpolating

F: [0,1] x[0,1] - M (2.2)

9
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f2
i

Figure 2.1: Two loops with base point g on I? with a hole, where the two
loops can be snapped to the point zg and surround the hole, respectively, thus
belonging to different equivalence classes.

satisfying
F(0,A\) = f(\), F(1,)\) = g(\) and F(a,0) = F(a,1) = (2.3)

then they are homotopic. Loops are collected into homotopy equivalence classes.
We can choose one of the loops, say f, in the homotopy equivalence class to
represent it.

We can define the product h = f o g by circulating through f and g after
each other, this is also a loop with base point z¢, and it is easy to confirm that
the product of loops can be generalized to corresponding homotopy equivalence
classes.

With this definition of product, the set of all the homotopy classes on the
manifold M with the base point xy forms a group. We can confirm that it
satisfies all the conditions a group needs. The identity elements is the constant
loop at xg. The inverse loop of f is given by running through f in the opposite
direction (so that the product of a loop and its inverse loop is homotopic to
the identity). Associativity of three loops holds. These properties can easily
be extended to equivalence classes and the first homotopy group of the image
manifold M is denoted by 71 (M, o). It is actually independent of the base
point xq if M is path connected.

One of the most important first homotopy groups is that of the circle S,
it is isomorphic to the group of integers, 7 (S*) = Z, the equivalence classes
of 71(S1) are shown in Fig. 2.2. The plane with one point removed from it,
M = R?\{0} has the same first homotopy group Z.

As we mentioned earlier, the kth homotopy group of a manifold M reflects
the topological barriers for continuous mappings from S* to M. Higher homo-
topy groups are defined in close analogies, by virtue of mappings from I* to
M,

fo 1" = M, f(01%) = . (2.4)

The homotopy classes of k dimensional loops on base point xy with a suitable

definition of the equivalence class product form again a group, (M), which
again is independent of the base point if the manifold M is path connected.
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OO00Q

Figure 2.2: Representatives of homotopy classes in 71 (S*, x¢), from left to right,
they wind —1, 0, 1 and —2 times.

An important difference between the fundamental homotopy group (M)
and higher homotopy groups mi (M) (k > 1) is that fundamental homotopy
group can be non-Abelian while higher homotopy groups are always Abelian.
The homotopy group related to many topological objects in this chapter are
Abelian, like m(S?) for 't Hooft—Polyakov monopoles in section 2.5 and 73(S?)
for instantons in section 2.6.

2.1.2 Winding numbers

The winding number is the topological index number for mappings from S™ to
S™ as the homotopy groups are isomorphic to the group of integers. We can
define it in the language of differential geometry: Let M and N be compact,
connected, orientable n dimensional manifolds. We have a differentiable map-
ping between these two manifolds f : M — N, and we have a n form w on N,
which is the normalized volume form satisfying

/Nw =1. (2.5)

We pull w back to M, the integral of f*w on M is the Brouwer index of map f.

deg(f) = y ffw e Z. (2.6)

If two maps f and g are homotopic, their winding numbers are the same

deg(g) = deg(f), (2.7)

We have several examples for winding numbers. The set of unit module
complex numbers is isomorphic to S!, the winding numbers of the simplest
examples are:

fa(z) = ("™  deg(f2) = —n (2.8)

as shown in Fig. 2.2.

The set of SU(2) group elements, 7 = 91 + iz;0* (with o! the Pauli ma-
trices), is isomorphic to S2, so the winding number of two mappings g; and g»
belonging to m3(S53) are:

n

gi(r)=r deg(g1) = n
g2(r) = (r")*  deg(g) = —n. (2.9)
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2.2 Solitons: an example in 1+ 1 dimension

In this section, we will give a simple example of a soliton solution in low dimen-
sions, in which the non-linear interaction disables the superposition principle.
This is an interesting feature of topological objects, and an important difference
from solutions of linear interaction systems.

The example is a 1 + 1 dimensional system of a scalar field with the La-
grangian

1 1
L= 5@@8“ - b—4(1 — cos(bg)). (2.10)
The Euler-Lagrange equation of this system is the sine-Gordon equation
2¢ ¢ 1
ﬁ - @ + bfg s1n(b¢) =0. (2.11)

It possesses solitons (or solitary wave) solutions:

¢(z,t) = f(z —vt) = f(1) (2.12)
where

2 4
fnx(T) = o + - arctanexp(i%T) ne y=

ot (2.13)

1

One can find that the soliton solution f, 4 connects ¢(7 — —o0) = 2wn/b
and ¢(7 — +00) = 27(n £ 1) /b, which are minima of the potential 1 — cos(b¢).
It is almost a constant except in the region near 7 = 0 where energy density
concentrates there. If there are p f like solitons and ¢ f_ like solitons in the
system, the difference of ¢ between 7 = —oco and 7 = o0 is 27(p — ¢q)/b.

2.3 Vortex

Vortices are 2 dimensional static topological objects carrying quantized electro-
magnetic flux. A solenoid has magnetic flux through it as shown in Fig. 2.3. A
vortex is somehow similar, but with quantized magnetic flux like that trapped
in the hole on a superconductor in the Meissner effect.

Consider a U(1) gauge theory of a “Higgs” field ¢ [17]

1
L= 1F2 + D0 - V(9) (214)
where V(¢) = —02(¢*¢) + M(¢*¢)%. Obviously, a static solution with finite
action should reach the minima of V(¢) at infinity, which is the “vacuum ex-
pectation value” of ¢:

lp(r)| == 7 (inpolarcoordinates). (2.15)

VA

Let us choose a topological nontrivial ¢(co), which is a mapping in 71 (S!) with
winding number n:
P(r — o0) = em?, (2.16)
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Figure 2.3: The left panel shows a solenoid, the right panel shows a cross section
of the solenoid, the magnetic flux in the solenoid and the gauge field are similar
to a vortex.

and solve the equations of motion

D'D,p = o*p—2\p(¢"¢)?

ie(¢p0, " — ¢*0,0) + 22 A |0)? = 0" F. (2.17)
The first equation at infinity becomes D, ¢ = 0, it gives
Ag(r = 00) = _—_
er
A (r—o00) = 0, (2.18)

which looks just like the cross section of the solenoid we show in Fig. 2.3.
By Stokes theorem, the magnetic flux through an area S is ® = |, gB-dS=
$55 A - dl, so the magnetic flux of the vortex,

) :f Aodl= -2 (2.19)
a8 e

is a quantized flux.

2.4 Dirac monopoles

The idea of magnetic monopole was given by Dirac in 1931 [18]. By inserting
a magnetic charge term, one can make the Maxwell equations symmetric with
respect to their magnetic and electric parts.

The “improved” Maxwell equations are

0B
V- E =d47p,, —VXEZE—FZI?ij

OE
V-B=4mwp,, VXB= N + 47j, (2.20)

where the p,, and the j,, are the density and the flux of magnetic charge re-
spectively. We can write eqn. (2.20) in the covariant tensor language as
P oFm
—_—=J,, —=J7 (2.21)
OxH " OxH i
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where J = (p,j) and F;w = q“,pc,Fp" is the dual field strength.
If magnetic charge exists, it is a magnetic monopole, and the magnetic field
around it should be

—

- T
= Vanl®

so that the magnetic flux from a sphere surrounding this magnetic charge is
non-zero.

The elementary magnetic charge is determined by the basic electric charge,
this is the Dirac quantization condition

(2.22)

= — 2.23

9= 5, (2.23)

In U(1) gauge theory, the gauge field A, can not be written in an expression

continuous everywhere on a closed surface S wrapping the magnetic monopole.
It is very clear from the fact that the magnetic flux through S is

@:/S(wA).dszo (2.24)

if A is differentiable everywhere. Because the integration of a curl of a dif-
ferentiable vector function j? (z) on a surface S with boundary C' = 95 equals
the integration of f(z) along the boundary C, this is the Stokes Theorem in 2
dimensions:

/SVXf-dszj{cf-dé. (2.25)

As the boundary C' = 95 of a closed surface wrapping the magnetic charge
vanishes, we get the (absurd) conclusion that the magnetic flux through S van-
ishes. We know that the magnetic flux through the surface S equals the magnetic
charge inside, so A does not have an everywhere differentiable expression on S.
If we try to write it this way, we will get a singular point on S. Usually, this
singularity can be gauged to a Dirac string with one end on the magnetic charge
and the other end at infinity as shown in the right panel of Fig. 2.4.

The mathematically correct way to describe magnetic monopoles are fibre-
bundles [19]. Use two charts Ry and Rs to cover S, we have differentiable A1
and A;2 on the two charts respectively, and a transformation V' on the overlap
of the two charts that connects A}, and A2 as shown in the left panel of Fig. 2.4.

We can choose that the first chart R; is the north hemisphere including the
equator, and Rs is the south hemisphere, also including the equator. The gauge
fields on Ry and Rs are [17]

1 a1 g1 —cos(f)
Ar=45 =0, A¢ o sin(f)
1+ cos(0)
A2=Az=0, 43=-1 2.2
" o =0, ¢y sin(6) (2.26)

The gauge transformation connects them on the equator F, being the overlap
of Ry and Rs:

V = e2iged A2 — gl —EV&VT 2.27
e 42 = 4l tvo, (2.27)
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Ry

R,
Figure 2.4: The left panel shows the Wu-Yang monopole [19], the right panel

is a U(1) magnetic monopole with a Dirac string, where O is the center of the
monopole.

Then we find the total magnetic flux through the sphere S? is

o = /BodS:/ B-dS+/ B-dS
S2 Ry Ro>

/ Al.dz+/ A2.d1:3/ va,vidl (2.28)
OR, OR; €JE

note that 0R; = E and 0Ry; = —E are in opposite directions. We can find that
m1(U(1)) 2 73(S?) = Z determines the quantization of the magnetic charge.

2.5 ’t Hooft—Polyakov monopoles

The Dirac monopoles gives a higher symmetry of the magnetism and the elec-
tricity, but it has so far not been found experimentally. In 1974, 't Hooft and
Polyakov [20, 21] discovered another kind of magnetic monopole which is a
classical solution of the equation of motion in non-Abelian gauge theories.

The model is a SU(2) gauge theory with a Higgs field ¢ in the adjoint
representation and a Mexican hat potential for it.

A
L= —%F;‘”Fﬁu + %(Dm)a(pw)a 50— v?)? (2.29)

where F,, and (D,¢)* are the field strength and the adjoint covariant derivative

of ¢ in SU(2):

F? = (DD, = 9,A% — 9, A% + ec®? A" AC

Hv

(Duo)* = 00" + ™Al ¢° ~ [D,, ¢]" (2.30)

Let us consider the static solutions of this system, with vanishing Ag, spon-
taneous symmetry breaking of ¢ and the equation of motion (EOM).
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N~

Figure 2.5: The 2d projected Higgs field ¢ of a 't Hooft—Polyakov monopole in
the hedgehog gauge.

A finite action solution needs the asymptotic ¢ in a minimum of the po-
tential, which will give the “vacuum expectation value” |¢| = v at infinity. it
spans a S? in color space. The gauge symmetry remaining after the symmetry
breaking is a U(1) subgroup of SU(2) locally, which can depend on the loca-
tion Z. But if the direction of ¢ in color space at infinity 7i4(fly) (e = Z/|x],
Ty = 5/\¢|) is a trivial mapping from S? to S?, the remaining U(1) symmetry
can be gauged to a fixed direction, which is completely the same to a U(1) gauge
theory. So we choose a nontrivial ¢(x) that 7i,4(7,) = 7, meaning a hedgehog
¢® = vz®/|x| as shown in Fig. 2.5.

The EOM of ¢ is then

(DuD9)" =~ (66— 126", (231)

the left hand side vanishes at infinity, so the equation can be reduced D*¢ = 0,
and we can get the solution at infinity

b

“ x
Ay = —ewb—e‘xP (|z] = o0)
xa
P* = ’Um (|x] = o0) (2.32)

We can also consider the solution of the 't Hooft—Polyakov monopole by
minimizing the energy [22, 23]

E = /de((D#¢)Q+B2+V(¢)) = /d3x((D¢:FB)2+V(¢) +£2B - D¢)

v

2|/d3xB~D¢>| :2}/d3va-¢| :u|/82 dS'(B - ng)i| (2.33)

in whose deduction, D;B; = eijkDiDjDk =0 and B¢(A'¢), = €apcBLAY ¢ =
(A'B;)%, are used. The last expression is the magnetic flux of the magnetic
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field after spontaneous symmetry breaking (projected to the remaining gauge
symmetry direction) through S2 , giving

E > |@mag] (2.34)

The minimum of the energy E is proportional to v and the magnetic charge of
the monopole 47 /e.
The condition for E to reach the minimum is

D¢ = +B, (2.35)

the analytical solution of this equation is given in [22, 23] in the limit of vanishing
potential.

a_ . GA-E(rD)] o zeH(z])
Ai —eazj 6|T|2 ) ¢ - €‘I|2 (236)
where
ev|x|
K = H = h —1. 2.
(#) = Goieop H(#D = evlal coth(evfz) (2.37)

An interesting feature of this static 't Hooft—Polyakov monopole solution is that
if we replace the ¢ in D¢ = +B by Ay, it becomes the duality condition of gauge
fields in section 2.6 }

F;u/ = :I:F;,w~ (238)

This kind of monopoles with Ag instead of ¢ are called ’"dyons’ because they have
both magnetic and electric charges. They are constituents of calorons which will
be introduced in section 2.7.

It can be shown that the magnetic charge is proportional to the winding
number of the mapping () from the S? at |x| — oo in coordinate space
to the S? in color space, see Appendix 7.1. So the topological feature of the ’t
Hooft-Polyakov monopoles is this S? winding number.

2.6 Instantons

Instantons are prominent topological objects in gauge theories, they naturally
exist in Euclidean space time as minima of the action.

The boundary of Euclidean space time R* is S3, so it is possible to find
topological objects of S windings in Euclidean space time. The Lagrangian of
the gauge field in Euclidean space time is

1 1
L= 5Tr(F,wFW) = 5(E2 + B?). (2.39)
We can find that the lower bound of the action is
1 ~ 82
52| [ a5 TR Bl = Tr1Q (2.40)

where @ is the topological charge

g2

1672

Q= / d*aTrF,, F,. (2.41)



18 CHAPTER 2. TOPOLOGICAL OBJECTS

A, ~ 159,571
9

Figure 2.6: The feature of instantons on the S* boundary, from [17].

The topological charge is determined by the boundary behavior, this can be
seen by writing the topological charge density TrF),, F),, as the total divergence
of the Chern-Simons current:

1 : 1
K, = o Tr(54,0,Ax - %AVAUAA)7 OuK" = JTeF, PP, (242)

Then we rewrite the definition of topological charge in eqn. (2.41) in terms of
K,
2

2
Q= 1gﬂ2 / Az 40, K" = 4972 e &3, (2.43)

On the other hand, if we want the action of the solution to be finite, we need
T2 F im0 — 0 (2.44)

so the gauge field approaches a pure gauge field at infinity
A, = 219,T" = —L(8, )T (2.45)
g g
as shown in Fig. 2.6.
Then what is the topological charge of a gauge field like this? The K* in
eqn. (2.42) of the pure gauge field in eqn. (2.45) is

K, = éeWMTr(T’layT)(T’la,,T)(T’laAT). (2.46)

Putting it into the topological charge definition of eqn. (2.43), we get

1
= G /SJ &° Sy Te(T ™19, T) (T~ 19, T) (T~ O\T)

_ 1 3 OT(S5.)
= 247T2/5g0d Soo det 953

1

= 5z /G dr(S3,), (2.47)
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is proportional to the winding number of the gauge transformation T'(S2.),
which is a mapping from the S3_ in coordinate space to the gauge group space
given by m3(G).

Let us calculate an SU(2) example of an instanton. We choose SU(2) be-
cause its elements can be parameterized easily as

g=g"ou (lgl=1) (2.48)
where 0, = (12,i5) and & = (01, 02,03), so it is clear that SU(2) ~ S3. The
gauge field at infinity approaches a pure gauge field given by eqn. (2.45) where
the gauge transformation 7T is the identical mapping of a hedgehog

(E012 "’r‘l.’f&

T = - (2.49)
Then the asymptotic gauge field on S3_ is
A= i0a s (2.50)
where 7, is the self-dual 't Hooft tensor
MaB = NagTy = 0la0s); (2.51)
and the K, is
K, = ;2321 (2.52)

which has an obvious ’hedgehog’ behavior on S3.. The topological charge of
this system is

2 H
0=2 [ K.as= i/ 2B, = 1. (2.53)

472 Jgs 272 Jgs g2t

One can extend the gauge field expression in eqn. (2.50) into the bulk of the
instanton [24]

Ay = 0 o —t (2.54)

9 z? + p*’
where p is the size of the instanton. The topological charge density (action
density) of it is

mr — L P (2.55)
vF, = =, .
W g2 (22 1 p2)A

which is obviously a single lump in R*, meaning it is an “instantaneous” object.
Another parameter of a general charge one instanton solution is the location of
instanton center y,. For higher charge instantons composed of several lumps,
there are |@Q| locations and the color orientations are additional parameters of
the moduli space.
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2.7 SU(2) calorons

In this section we are going to introduce calorons, which are instantons at finite
temperature. In other words, their base space is B3 x S where the circle S has
circumference § = 1/kpT as usual. In this section we only discuss the SU(2)
calorons which are much simpler than the general SU(N) calorons which will
be introduced in section 4.1.

As it turns out from the explicit solutions in [25, 26, 27], calorons consist
of localized lumps of topological charge density, which — due to self duality —
are lumps of action density, too. For the gauge group SU(NN) one can have up
to N lumps per unit topological charge. When well separated, these lumps are
static, although the gauge field, generically, can and will be time dependent,
see section 2.7.2 and section 4.3. Moreover, they possess (quantised) magnetic
charge equal to their electric charge and hence are called dyons as discussed in
section 2.5. Consequently, the moduli of calorons are the spatial locations of
the dyons, which can take any value, plus phases [28].

Another important parameter of the solutions by Kraan/van Baal and Lee/Lu
[26, 27] is the holonomy, the limit of the (untraced) Polyakov loop in eqn. (1.4)
at spatial infinity,

P = lim L(Z). (2.56)
| ] — o0
Due to the magnetic neutrality of the dyons within a caloron, this limit is
independent of the direction the limit is taken. (In our convention the gauge
fields are hermitian, we basically follow the notation of [26] but multiply their
anti-Hermitian gauge fields by ¢ and reinstate 3.)
In SU(2) we diagonalise P,

Poo = exp (2miwos) (2.57)

Note that w = 0 or 1/2 amount to trivial holonomies Py, = £12, whereas the
case w = 1/4, i.e. TrPs = 0 is referred to as maximal nontrivial holonomy.
As we mentioned in section 1.2, (Tr L) = 0 confines infinitely heavy quarks.
w = 1/4 calorons therefore should have close relations to the confined phase
while w # 1/4 calorons to the deconfined phase.

The constituent dyons have fractional topological charges (“masses”) gov-
erned by the holonomy, namely 2w and 2 = 1 — 2w, cf. Fig. 2.7 left panel. The
topological charges of the dyons are identical in the case of maximal nontrivial
holonomy w = 1/4.

To be more concrete, the gauge field of a unit charge caloron in the periodic
gauge ! is given by

W

1_ 2
Az = —5 772”8,, IOg(b — 75 5/1«:0
. (2.58)
Alf'A2*71¢)(_1 =2 )(a +4’/TZ(,L)5 )~
1% ¢ I 2 nlw Zn/w v 5 v,0) X »

where 7] is the 't Hooft tensor and ¢ and x are (zg-periodic) combinations of
trigonometric and hyperbolic functions of xy and Z, respectively, see section 2.7.1

IThis gauge is in contrast to the non-periodic “algebraic gauge” where Ay asymptotically
vanishes and the holonomy is carried by the transition function.
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Lz
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e
s
AT

Figure 2.7: Action density (left, shown in logarithmic scale and cut below e~1?)

and Polyakov loop (right) in the (z1,z3)-plane (measured in units of 3) at
g = x9 = 0 for a caloron with intermediate holonomy w = 0.12 and size
p = 0.98 as discretized on a 8 x 482 x 80 lattice. The dyon locations are
= (0,0,—-0.61) and 3> = (0,0,1.93).

and [26]. They are given in terms of the distances
r=Z-ul, s=I[¥-p] (2.59)
from the following constituent dyon locations
g1 = (0,0, —21wp?/B), g2 = (0,0,210p*/B), (2.60)

which we have put on the z3-axis with the center of mass at the origin (which
can always be achieved by space rotations and translations) and at a distance
of d = mp?/B to each other.

In case of large p, the action consists of approximately static lumps (of radius
B/4rw and B/4wi in spatial directions) near ¢ and 7. In the small p limit
the action profile approaches a single 4d instanton-like lump at the origin. In
Ref. [26] one can find more plots of the action density of SU(2) calorons with
different sizes and holonomies.

In the far-field limit, away from both dyons the function y behaves like

4d _ )
>~< _ (T o d)2 {7,67471’(417"/66727”:1:0 + 56747rws/6}

> [1 + O(e—min(4ﬂ-wr/ﬁ,4ﬂws/ﬁ))] , (2.61)

and hence the off-diagonal part of 4, decays exponentially, while the Abelian
part from
r+s+d
p=—""0-
r+s—d
becomes a dipole field [26].

The Polyakov loop in the bulk plays a role similar to an exponentiated
Higgs field in the gauge group: it is +12 and —15 in the vicinity of ¥ and 7 2,
respectively, cf. Fig. 2.7 right panel. The existence of such points is of topological
origin [30, 31, 32]. Thus the Polyakov loop is a more suitable pointer to the

+ O(efmin(47rwr/,3,4ﬂ'w8/ﬁ)) (262)

20n the line connecting the dyons the Polyakov loop can actually be computed exactly
[29].
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constituent dyon locations, which agrees with the maxima of topological density
for the limiting case of well-separated dyons, but is valid even in case the two
topological lumps merged into one for small p.

2.7.1 Auxiliary functions in caloron

Here we give the functions necessary for the gauge fields of calorons [26] including
B and their form in the limits described earlier in this section. The first set of
auxiliary dimensionless functions is

Y = —cos(2mxg/B) + cosh(drwwr/B) cosh(4drws/B)
W sinh(4w@r/B) sinh(4drws/fB)

(sinh(47rwr/ﬂ)

+d cosh(4nws/B) + cosh(4drwr/5) (2.63)

sinh(4mws/B) >
s
v = —cos(2mxo/B) + cosh(4drwr/B) cosh(4drws/f)
r? 452 —d?

s sinh(4mior/B) sinh(4rws/f) . (2.64)

We remind the reader that » = |Z — 1| and s = |Z — ¢»| are the distances to
the dyon locations and d = |§j; — 72| = mp?/3 is the distance between the dyon
locations, the “size of the caloron”. The next set of auxiliary functions entering
eqn. (2.58) are

6= i, <= 1 d <sinh(47rwr/ﬁ) + e-2mine/B sinh(47rws/ﬁ)> (2.65)
" P r S

For the twist in next subsection we will analyze the limit of large size d > (3
here. For points & = y; + § near the location of the first dyon, r = |5\ is small
and s = d — &3 + O(|0]?/d) is large. Hence the argument 47rws/#3 is much larger
than 1 (unless trivial holonomy w = 0) and the hyperbolic functions can be
replaced by exponential functions with exponentially small corrections. On the
other hand, no manipulations are made in all functions with argument 47wr /g,
such that we get the exact expressions in terms of the distance r,

Y = 64”“3/5gsinh(4w@r/6) (2.66)
b = %e4ms/ﬁ <cosh(47r@7“/ﬂ) - igsinh(llwwr/ﬁ)) (2.67)

The exponentially large prefactors cancel in the functions ¢ and x:

, 2d
T = 1 (5 ~ 2‘
AT =41 +9) 6] coth(47@|d]/B) — 63 (268)

~ . Cominesg 1 16]
2o ~  —2mizo/B 9
X(F=pi+0) = e 2d sinh(47w|d|/B) ° (2:69)

where we have replaced r by |d].
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For points ¥ = 75 + § near the location of the second dyon, s = \5’ | is small
and 7 = d + 63 + O(6?/d) is large leading to

p = etmar/s dw (2.70)
v = %(34”‘:”“/5 (cosh(47rws/5) + (S;’Sinh(47rws/3)> (2.71)
and
L 2d
O(F =42 +9) |8] coth(4mwld|/B) + 65 (2.72)
St d) ~ 9] (2.73)

2d sinh(47w|6]/5)

2.7.2 The twist

A less-known feature of the caloron we want to describe next is the Taubes
twist. It basically means that the gauge field® of one of the dyons is rotated by a
time dependent gauge transformation (rotated in the direction of the holonomy,
here the third direction in color space) w.r.t. the gauge field of the other dyon
when they are combined into a caloron. This is the way the dyons generate
the unit topological charge [26]. And generically, the topological charge can be
constructed from relative twisting monopoles.

The simplest way to reveal the twist is to consider the limit of well separated
dyons, i.e. when their distance d is much larger than their radii 8/4mw and
B/4m®. Let us consider points near the first dyon, & = ¢ +4 , where the distance
0= |5 | is small compared to the separation d, but not necessarily compared to
the dyon size. In the last section we have derived the form of the functions ¢
and x in this limit, see eqn. (2.68) and (2.69). The large factors of 2d cancel
in the 0, log ¢ and ¢ 0, x terms in the caloron gauge field formula eqn. (2.58).
The ¥ near this dyon has a phase factor e=27@0/8 which does not appear in the
X near the other dyon, this phase factor will enter non-diagonal entries of A4,
and this factor reflects the twist of this dyon as we will see later.

In the vicinity of the other dyon, ¥ = 3> + 5 , we get very similar expressions
with @ replaced by w and é3 by —d3, but the time-dependent phase factor is
absent as given in eqn. (2.72) and (2.73). This staticity of course also holds for
A, near this dyon and all quantities computed from it.

Inserting the auxiliary functions into the gauge field of eqn. (2.58) one can
find that the corresponding gauge field components are connected via a PT
transformation, and the exchange of w and @

(AL —iA2) (2o, Go + O5w) = —(AL —iA2)(~zo, 1 — 03 @)e ™20/ (2.74)
- 2 N = _ ™
Ai(mo,yg +6w) = —Ai(—xo,yl — ;) — Béu,o, (2.75)

plus a gauge transformation, namely

Au(o, o+ 6w) = — TAu(~w0, 1 — 6 @) (2.76)

3The twist can be formulated in a gauge-invariant way by field strength correlators between
points connected by Schwinger lines [33].
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with the time-dependent twist gauge transformation
)
T(zo) = exp(fmgag) . (2.77)

This gauge transformation is non-periodic, T(8) = —15 (but acts in the adjoint
representation). It enters the non-diagonal entries of the gauge field near the
first dyon in eqn. (2.74) and gives the e~2™®0/8 factor to it.

The Polyakov loop values inside the dyon centers are obtained from x(Z =
T2+ 6) = O(6?%) and

S _ 2d
H(E=i1+0) = 5/ine 5, 1 00 (2.78)
oo _ 2d
T =1 +0) = B ins 1 5, 1O (2.79)
which results in
Ao(:ljl) = —%0’3 P(:ljl) = —12, (280)
Ao(72) = 0 P(f2) = +1z. (2.81)

Actually, the gauge field around %5 is that of a static magnetic monopole with
the Higgs field ¢ identified with Ay through dimensional reduction. Indeed, it
vanishes at the core according to (2.81) and approaches the “vacuum expectation
value” |¢p| = 2nw/f away from the core. Accordingly, D;¢ is identified with
D; Ay = F;p = E;, and the Bogomolnyi equation with the self duality equation.

The gauge field around 3; is that of a twisted monopole, i.e. a monopole
gauge rotated with T. The corresponding Higgs field is obtained from that of
a static monopole by the same T, transforming in the adjoint representation.
Therefore, the Higgs field ¢ of the twisted monopole agrees with the gauge field
Ap apart from the inhomogeneous term in eqn. (2.75). ¢ vanishes at the core,
too, and approaches the vacuum expectation value 27@w/g.

The electric and magnetic charges, as measured in the ¢ direction through
the 't Hooft field strength tensor, are equal and the same for both dyons. This
is consistent with the fact that selfdual configurations fulfilling the BPS bound
must have positive magnetic charge.

These fields are in some unusual gauge: around the dyon cores the Higgs
field has the hedgehog form ¢* ~ (¥ — #1,2), which is called the radial gauge.
Far away from the dyons the Higgs field ¢ becomes diagonal up to exponentially
small corrections. Indeed, if one neglects the exponentially small x’s of (2.69)
and (2.73) and replaces the hyperbolic cotangent by 1 in the denominator of
(2.68) and (2.72), this would be the so-called unitary gauge with diagonal Higgs
field (in section 2.5) and a Dirac string singularity (along the line connecting
the dyons). Far away from the caloron’s dyons, however, the “hedgehog” ¢ is
not “combed” completely and there is no need for a singularity*. In other words
the covering of the color space happens in an exponentially small but finite solid
angle.

More precisely, the Higgs field ¢ approaches —2nwo3 /3 and +27niwos /5 away
from the static and twisting dyon, respectively, for almost all directions. These

4In contrast, the gauge field A4 written down in section ITA of [34] is diagonal and A, has
a singularity at the z3-axis.



2.8. RELATIONS BETWEEN TOPOLOGICAL OBJECTS 25

values differ by wo3 /3, and hence the corresponding Ag’s can be glued together
(apart from a gauge singularity at the origin). Moreover, in Ay the leading
far field corrections to the asymptotic value, namely monopole terms, are of
opposite sign w.r.t. the fixed color direction o3 and therefore do not induce a
net winding number in the asymptotic Polyakov loop. Hence the holonomy is
independent of the direction.

We remind the reader that this subsection has been dealing with the limit of
well-separated dyons, i.e. all formulas are correct up to exponential corrections
in 8/d and algebraic ones in §/d.

2.8 Relations between topological objects

2.8.1 Relation between instantons and monopoles

Instantons have been found to induce Abelian projected monopoles, both by
topological arguments using the Hopf invariant [35, 36, 37] as well as through
empirical studies on the lattice [38, 39, 40].

As we have discussed in section 2.7, the relation between calorons and
monopoles/dyons is much clearer, the latter are constituents of the former,
visible through e.g. the action density.

2.8.2 Monopole and vortices

In section 2.3, 2.4 and 2.5, we have seen that vortices are magnetic fluxes while
monopoles are sources of magnetic fluxes (the vortices in space-time directions
correspond to magnetic fluxes, purely spatial vortices do not, examples will be
given and discussed in section 3.3). Then it is quite natural to think that the
vortices are magnetic fluxes connect monopoles, or in other words, monopoles
reside on vortex surfaces.

In the upcoming section 2.9, monopoles identified by Laplace Abelian gauge
always reside on vortex sheets identified by Laplacian center gauge [41]. In
indirect maximal center gauge, although it does not provide such a close relation,
but the SU(2) results of [42] find that almost all (97%) the monopoles lie on
vortex sheets.

2.9 Finding topological objects on the lattice

We have learned instantons, monopoles and vortices in previous sections. In
this section, we will introduce the methods to find monopoles and vortices on
the lattice by Abelian and center projections respectively. Instantons can be
found on the lattice after cooling/smearing etc. [43].

2.9.1 Direct maximal center gauge

We know in section 2.3 that vortices are quantised magnetic fluxes. In a gauge
group G, the quantized magnetic fluxes ®p of

%5 = 74, (2.82)

where Zg are center elements of G, are called center vortices.



26 CHAPTER 2. TOPOLOGICAL OBJECTS

...........................................................

Figure 2.8: An SU(2) example of a center configuration and its vortices. The
dashed lines on the plane are trivial +1 links, while the solid lines on the plane
are —1 links, and the fat line is the vortex penetrating this plane. In short,
vortices penetrate the non-trivial plaquettes (in SU(2) just —1 plaquettes).

To find the center vortices on lattice, one needs to project the gauge config-
urations onto center degrees of freedom by removing the non-confining fluctua-
tions which are supposed to have no influences on the far-infrared physics [6].
Direct maximal center gauge (DMCG) [44] is an intuitive method to reveal the
center vortices. It gauge transforms the configuration of adjoint links as close to
a trivial configuration (all the links are 1) as possible, because center elements
of a group G are the identity in the adjoint representation.

We maximize

R=">"Tr[Unu()], (2.83)

T, [

where Uy,, are links in the adjoint representation. In SU(N), the expression of
R can be simplified to

R= Z Tr[U#(:r)}Tr[UZ (x)] + const. (2.84)

by virtue of Zk(Tk)ab(Tk)cd = %5ad5bc - ﬁéabécd and (UA)ab = TI‘[TaUTbUT].

After the gauge transformation by maximizing R, the configuration (in fun-
damental representation) is in the possible closest form to a center configuration.
We decompose the links into the center part Z,, and the remaining fluctuation
part V, as

Uu(z) = Z,(z)V,(z). (2.85)

In SU(2), this decomposition is done by Z,(x) = sign(Tr[U,(z)]). Note that
the vortices are not the non-trivial center element links, but the plaquettes on
the dual lattice that penetrate the non-trivial plaquettes as shown in Fig. 2.8.

An advantage of DMCG is that if one “inserts” some center vortices to the
configuration by hand, which means to change some links U — Z,U, these
"inserted’ vortices will be detected because the configuration in the adjoint rep-
resentation is the same to that before the insertion.

DMCG has a weakness, the Gribov copy problem [45]. It happens in the
procedure of maximizing R in eqn. (2.84), that R as a function of the gauge
transformation has many local maxima. In numerical simulations, it is practi-
cally impossible to find the global maximum and one ends up in a local one.
This influences the location and further properties of center vortices.
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2.9.2 Indirect maximal center gauge

Indirect maximal center gauge (IMCG) [46] is very useful in exploring the con-
nection between Abelian monopoles and vortices [6]. It has two steps, the
first step is the maximal Abelian gauge (MAG) [47], which minimizes the non-
diagonal elements of the links. In SU(2), it maximizes

R= Z TT[UM(.’E)O'gUZL(.’E)O'g], (2.86)

T,
this is equivalent to minimizing the non-diagonal elements because

1 1 (u=v=0,3)
—Tr[o* 036" 03] = 0 (u#v) . (2.87)
2 1 (u=v=1,2)

After having maximized R, one decomposes the links U}, (v) = C,.(z)D,(z)
into an Abelian part D, (x) and the background part C,(z) where

pll
DIL = < 0 U,22 > . (288)

A/ |U;L11||U,:22‘ H

Exploiting the remaining U(1) gauge freedom, which amounts to a shift
O.(x) = *0u(x) = —a(z) + 0,(x) + a(x + 1), where §,(x) = arg (U*(x)11), the
second step maximizes the IMCG functional

Finca[U] =) (cos(*0u()))* . (2.89)

that serves the same purpose as the R in eqn. (2.83).
Finally, the projected Z(2) gauge links are defined as

Z,(x) = sign (cos(“0,(x))) - (2.90)

2.9.3 Laplacian center gauge

Laplacian center gauge (LCG) [41], which avoids the Gribov copies problem,
utilizes the two eigenmodes ¢! and ¢(?) of the gauge covariant lattice Laplacian
operator in the adjoint representation:

—A[UA]p0Y = A g0tY (2.91)
a 1 a ~ a
AwZ[UA] ) Z <UAM(5U) baﬂﬂ,y + Uap(z — K [
7
—25“”59@) ab=1,214, (2.92)

where ny4 is the dimension of adjoint representation. Consider that vortices
should reflect the infrared feature of the gauge field, the lowest two eigenmodes
are preferred.

The first step of LCG, which is also called Laplacian Abelian gauge (LAG)

[48], transforms the lowest eigenmode ®1) = qﬁfll)T“ diagonal,

W' () = Q(2)dD ()T () M () =0 (i # j). (2.93)

4,3
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The gauge transformation ©(z) is not unique, it is easy to find that gauge trans-
formations keeping ®(1)" diagonal, namely in the Cartan subgroup of SU(N)
matrices, are

N
V(z) = exp (diag(icul(:lc)7 ...,iaN(x))), Zai(x) =0. (2.94)
i=1

An additional freedom we need to fix in the first step is the exchange of the non-
diagonal entries of dM" — the eigenvalues of ®(1). The gauge transformations
exchanging the eigenvalues are not in the U(1)V~! Cartan subgroup, so we
should fix the order of the eigenvalues ascending or descending.

We can also identify the remaining symmetry after the first step of LCG by
the number of free parameters. An SU(NN) matrix has N2 — 1 real parameters,
from eqn. (2.93) we can find the number of real conditions is N(N —1)/2x2 =
N(N —1). So the remaining number of free parameters is N — 1 and Cartan
subgroup is the remaining symmetry.

As the first step has restricted the remaining symmetry to the Cartan sub-
group, the second step fixes the remaining U(1)V~! symmetry to Zn. Now we
see why to choose the adjoint representation, because the adjoint fields are blind
to the centers of SU(N)

ARISRARE (2.95)

The first excited eigenmode after the first step is
3@ (z) = Q(z)8? (2)Qf (z). (2.96)
The second step applies the gauge transformation V(z) € U(1)N~! to &2 (z),
3" (2) = V(2)®® (2)V (). (2.97)

The remaining U(1)V~! symmetry is fixed by rotating N — 1 non-diagonal en-
tries of ®@" real and positive.

Defects can occur in the procedure of LCG. In the first step, if @) has two
equal eigenvalues, or in the second step, if any of the NV —1 non-diagonal entries
of @) vanishes.

The defects of these two LCG steps can be related to monopoles and vortices.
The defects of the first step is very obvious in an SU(2) monopole configuration,
whose lowest eigenmode is a zero mode, the scalar field ¢ itself (see section 3.3.1)
which vanishes at the center of the monopole. So we expect the defects in
the first LCG step to be the world lines of monopoles. Indeed, the hedgehog
like lowest mode has an S? winding number, the first LCG step rotates this
lowest mode to a fixed direction meaning the gauge transformation €2 around
the monopole reflects an S? winding, which will appear in the A, from this
gauge transformation. In SU(N), the defect promotes the remaining symmetry
from U(1)V=1 to SU(2) x U(1)N=3.

Let us consider the defects of the second LCG step in SU(2). If one finds
CIJ%I (zy) = 0 on the plane that passes through zy and extends in the e; =

v¢§2)'(:cv) and ey = V(bgz)/(xv) directions (V is the gradient operator), the
Taylor expansion of <I>§2% around xy is

02 (x) = (x —av) 1 +ilz —2v) e2+ O((x — 2v)?) ~ f(r,0)e®, (2.98)

)
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which has a hedgehog form around zy on this plane. In SU(2), the gauge
transformation V around zy on this plane is

Y

i i

vl
N‘Q

V(0) = diag(e™ 2 ,e?). (2.99)

While applying the gauge transformation V, the gauge field A, around xy on
this plane becomes

A, > VAV 4 évauvT (2.100)

where the second term reflects the topological features of V' and gives a vortex
flux penetrating the e; — es plane at xy .

2.10 Topological objects and the QCD phase tran-
sition
2.10.1 Center vortices and confinement

The relation of center vortices and confinement was first proposed by 't Hooft
in [49], there is a nice review of center vortex confinement in [6].

To find the role of center vortices in confinement, let us consider center vortex
configurations superimposed on non-confining configurations, the Wilson loop
of a loop C'is

wW(C) = Z(C)w(C), (2.101)

where w(C') is the contribution from the non-confining configuration, and Z(C')
is the contribution from the center vortices penetrating C.

If different contributions satisfy the two conditions below, the center vortex
contributions give the confinement:

1. The non-confining background contribution w(C') and the center vortices
contribution Z(C') are weakly correlated if C' is a large loop.

2. The correlation between the center vortex contributions to two non-
overlapping large loops C; and C5 is weak, or say, the correlation between
Z(Ch) and Z(C3) is weak (not (Z(C;))).

The first condition says the two parts of contributions can be decoupled
(W(C)) = (Z(C)(Tr[w(C)]) (2.102)

where the contributions from non-confining background satisfies a perimeter
law.

Then let us consider the second condition. First, we divide the area enclosed
by C into N subareas, each subarea enclosed by a sub loop C;, the subareas
are of the same rectangular shape so that their areas equal A/N. The second
condition decouples the vortex contributions from different sub loops. Consider
translational symmetry, the expectation of vortex contributions to the sub loops
should be the same.

(2(C0) = <H 2(Cy) = [ [12(C0) = (z(C)Y (2.103)

3

Vortices are D — 2 dimensional continuous objects, the correlation of penetra-
tions through two large surfaces must be stronger than that through two small
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surfaces, so the second condition provides us that the penetration correlations
of smaller surfaces are weak.
Then we can continue this procedure and get

(Z(C)) = ((Z,)) 4= = exp[-0A(c)] (2.104)

where 0 = —InZ,/ a? is the string tension and Zp is the expectation of center
vortex contributions to one plaquette.

In SU(2), the center of the gauge group is —1, and the Z, of a single
plaquette is —1 if it is penetrated by vortices and it is 1 if not. So the expectation
of Z, is

(Zp) = (1 —d)(+1) +d(-1) (2.105)

where d is the probability of a plaquette being penetrated by vortices. The
string tension in SU(2) is then
In(1 — 2d)
e (2.106)
We can write the second condition in another way: the vortices penetrations
of an area are basically independent. Let us consider the ideal case in which
the penetrations are perfectly independent of each other so that the number of
penetrations follows a Poisson distribution in the continuum limit

(Ad)n

P(n) = == et (2.107)
In SU(2) the expectation of vortex contributions is
(2(0)) =Y (~1)"P(n) = e~ o7, (2.108)
n=0
it gives the string tension
2d
o= (2.109)

This result is the continuum limit of eqn. (2.106) as d — 0 in the continuum
limit.

But obviously, the penetrations can not be completely independent because
vortices form a closed continuous D —2 dimensional surface in the D dimensional
space time. The penetrations of an area by a continuous closed surface can not
be completely independent. Then what is the feature for the confining vortices?
The answer is percolating vortices.

A percolating vortex surface means it is not a local one but crosses the lattice
boundary, or in other worlds, the cluster extension of the vortex surface is the
lattice size.

Consider a Wilson loop extending in space and time direction and let us
compare a vortex configuration with non-percolating vortex surfaces only with
another which includes percolating vortex surfaces as shown in Fig. 2.9.

If the Wilson loop C is large enough, the vortex penetrations of the area
spaned by C' are correlated except those near the boundary of the area if the
vortex surface does not percolate, and Wilson loop is proportional to e~#7(©)
in this case, where P(C') is the perimeter of the loop (deconfined phase). The



2.10. TOPOLOGICAL OBJECTS AND THE QCD PHASE TRANSITION31

/ [ \
o \
o s \ \
T--- / \
) , time \
time. / _7 / ’ )
’ / / |
~-7 / T !
/ | i
| \ '

space |
space \

Figure 2.9: The left panel shows non-percolating vortices penetrating the area
enclosed by a loop. The penetrations are correlated except those near the edges,
thus the vortex only Wilson loop obeys a perimeter law. In contrast, the right
panel shows percolating vortices which give the Wilson loop an area law.

percolating vortex surfaces extend to the boundary after penetrated the area
and come back to the area only from the other side of the area because of
periodic lattice space. So that the penetrations are independent of each other
and the Wilson loop gives an area law (confined phase).

Now we see percolation of purely spatial vortex surfaces is the feature of
the confined phase. Ref. [50] has compared the vortex cluster extension in the
confined phase and the deconfined phase, finding that most vortices belong to a
large cluster in the confined phase, while in the deconfined phase most vortices
belong to very small clusters.

Several approaches are adopted to verify if vortices are the physical degrees
of freedom responsible for confinement, like center dominance and scaling be-
havior. Center dominance means the vortices alone should recover most of the
string tension. The logic of scaling behavior is that, if the vortex contents of
configurations reflect physical degrees of freedom, they should have a continuum
limit, and quantities like the area of the vortices should approach a constant in
the continuum limit.

SU(2) results [46] [44] [51] [52] [53] show that both DMCG and LCG ap-
proximately recover the full string tension, but only the DMCG gives the right
scaling behavior. In SU(3) [54], DMCG gives the right scaling behavior but
does not recover the full string tension, while LCG can recover the full string
tension but has a wrong scaling behavior.

2.10.2 Monopoles and confinement

The confinement picture by monopoles is called Dual Superconductor. In su-
perconductors, electrons form weakly bounded states called Cooper pairs, which
condensate and squeeze magnetic field into flux tubes. In a dual superconductor,
the role of electric parts and magnetic parts are exchanged. Magnetic monopoles
condensate and squeeze chromoelctric fluxes. Different from the magnetic fluxes
in the superconductor case which form closed loops, chromoelectric fluxes con-
nect chromoelectric charges. Then we find the energy contributions of a flux
tube to a gq pair is proportional to the length of the flux tube (if the radius of
the flux tube is independent of the flux tube length), and the flux tube gives a
confining potential. Kronfeld et al. found the color magnetic monopole currents
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percolate only in the confined phase [55], it confirms that the dual supercon-
ductor picture works also in SU(2).

In section 2.7.2, we have seen the magnetic monopoles in calorons are ’t
Hooft—Polyakov monopoles with the adjoint scalar field ¢ replaced by Ay, so the
magnetic monopoles exist in theories without the adjoint scalar field ¢ as dyons.
So the role of the Higgs field is played by the holonomy at finite temperature.

The monopole condensation picture has some problems, like the representa-
tion dependence of the string tension in it seems incorrect [6].

2.10.3 Instantons, calorons and the QCD phase transition

The fermion Lagrangian is

Lp = §(in" D, + im)i (2.110)

In the chiral limit m — 0 where the left hand fermions and right hand fermions
decouple with each other, the fermions have definite chirality. With an instanton
background, there is a left hand fermion zero mode which satisfies

7uDytpr, =0 (2.111)

and on the anti-instanton background resides a right hand fermion zero mode
that satisfies

ouDybr = 0. (2.112)
The more general conclusion is the Atiyah-Singer index theorem [56]:
Q=nr—ng (2.113)

where @ is the topological charge, ny and ng are the number of left hand and
right hand fermion zero modes respectively.

The chiral condensate (1), .o is the order parameter of chiral symmetry
breaking for the QCD phase transition. According to the Banks-Casher relation
[57] in eqn.(5.17), the chiral condensate is proportional to the spectral density
at origin.

In an instanton liquid [58], if all the instantons and anti-instantons are well
separated, each of them contributes a quasi-zero mode (not exact zero mode
because of the interaction with other instantons). According to the instan-
ton liquid model, suppose the shifted quasi-zero modes in the multi-instanton
background are superpositions of the old exact zero modes of single instanton
backgrounds, the shift of such a mode is proportional to

7= [ dtoul(e — y)iv Btz ~ v) (2.114)

where y and y’ are the locations of instantons. In the instanton liquid model,
the result for the average shift is

(T2) ~ %,;2 (2.115)
and then the spectral density is

p(A=0) n 1 1
PAZD) 2 2.116
14 Ve R ( )
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where p is the average size of the instantons and R is the average distance
between the instantons. Hence instantons of realistic sizes and density are able
to generate the chiral condensate. However, attempts to generate confinement
from instanton models failed (unless unnatural relations between the instantons
are assumed).

Calorons [25, 26, 27], as we have introduced in section 2.7, are the finite
temperature versions of instantons. Calorons have zero modes like instantons,
so that in a liquid of calorons and anti-calorons at finite temperature, they
will contribute to the p(0) and cause chiral symmetry breaking. The holon-
omy makes calorons different from instantons. Under the conjecture that the
asymptotic Polyakov loop (holonomy) is related to the average Polyakov loop,
the order parameter of confinement, calorons are sensitive to the phase of QCD
under consideration.

2.11 The unknown relation — caloron and vortex

First, we want to summarize the topological objects that appeared in this
chapter. Basically there are three kinds of topological excitations that have
been intensively examined over the years to answer the question of what drives
confinement and other non-perturbative effects in QCD: instantons, magnetic
monopoles and center vortices.

As we introduced in section 2.6, instantons as solutions of the equations
of motion are special, in contrast to monopoles or center vortices, which occur
only through gauge fixing or projections, they are the relevant objects in a semi-
classical approach. While the generation of a chiral condensate is very natural
via the (quasi) zero modes, confinement remained unexplained in this model.

At finite temperature, where the classical solutions are called calorons, the
asymptotic Polyakov loop as a parameter of calorons makes them sensitive
to the phases of QCD. The calorons with nontrivial holonomy consist of N
dyons/magnetic monopoles for the gauge group SU(N) (see section 4.1). In
this way, contact is seemingly made to the Dual Superconductor scenario. We
stress that the dyon constituents of calorons appear in a unambiguous way as
classical objects.

The last observation suggests an overall description of confinement [59] and
deconfinement in terms of calorons’ dyon constituents as independent degrees
of freedom. The proposed generalized (approximative) moduli space metric,
however, presents some difficulties [60] which are not yet overcome.

Since calorons unify instanton and monopoles, and monopoles generically
reside on vortex sheets, it is natural to ask for the relation between calorons
and center vortices. What is the vortex content of calorons and what is role
of these vortices in the confinement/deconfinement phase? We will start with
SU(2) calorons in the next chapter.
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Chapter 3

Vortex content of SU(2)
calorons

In this and the subsequent chapter we will merge the caloron and vortex picture
focusing on two aspects: (i) to demonstrate how the vortex content of individ-
ual calorons depends on the parameters of the caloron solution — in particular
the holonomy — and (7i) to obtain the vortices in corresponding caloron ensem-
bles and analyze their percolation properties. In this chapter we will restrict
ourselves to the simplest case, a quenched system with gauge group SU(2).

We will mainly use LCG, which has found a correlation of vortices to in-
stantons cores in [61, 62]. We recall that LCG has been abandoned for finding
vortices in SU(2) Monte Carlo configurations because the vortex density did
not possess a good continuum limit [52]. This observation does not invalidate
the application of LCG to smooth (semi-classical) field configurations. We also
compare with results obtained by DMCG and IMCG. In order to enable the
application of these gauge-fixing techniques we discretize calorons on a lattice,
which is known to reproduce continuum results very well.

This chapter is organized as follows. In the next two sections 3.1 and 3.2
we describe technicalities of how to discretize calorons on the lattice and the
SU(2) version of LCG. In section 3.3 we discuss the vortex content of single
calorons, in particular how the vortex properties change with the holonomy
parameter. In section 3.4, we continue with the vortex content of caloron gases
and analyze the consequences for the physical mechanism. At the end of this
chapter, we conclude with a short summary. The content of this chapter has
basically appeared in our publication [14] and the proceedings [13, 15].

3.1 Discretization of calorons

In order to perform the necessary gauge transformations or diagonalizations of
the Laplacian operator in numerical form we translate the caloron solutions —
and later caloron gas configurations — into lattice configurations.

For a space-time grid (with a temporal extent N; = 8 and spatial sizes of
N; = 48,...,80, see specifications later) we compute the links U, (z) as path-
ordered exponentials of the gauge field A, () (for single-caloron solutions given

35
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by eqn. (2.58)). Practically, the integral

z4afl
Un(z) = Pexp (Z/ A#(y)dyp> (3.1)

which has appeared in eqn. (1.13) is decomposed into at least N = 20 subinter-
vals, for which this exponential is obtained by exponentiation of 14, (§)a/N with
A, (7) evaluated in the midpoint of the subinterval. These exponential expres-
sions are then multiplied in the required order (from x left to « + af right). A
necessary condition for the validity of this approximation is that a/N < p with
p characterizing the caloron size or a typical caloron size in the multicaloron
configurations.

Still this might be not sufficient to ensure that the potential A,(y) is rea-
sonably constant within the subinterval of all links and gives a converged result.
In particular, the caloron gauge field (2.58) is singular at the origin and has
big gradients near the line connecting the dyons, as visualized in Fig. 2 of [63].
Hence we dynamically adjust the number of subintervals IV for every link, ensur-
ing that further increasing N would leave unchanged all entries of the resulting
link matrix U, (z).

The discretized caloron constructed this way is not strictly periodic in the
space. The resulting mismatch on a periodic lattice, however, is not big for
the lattices at hand with N; > N; because the caloron gauge field far from the
dyons decays fast. The action is already very close to the continuum value 872,
the maximal deviation occurs for large calorons (p 2 0.95) and is about 15 %.

Later on, we will make heavy use of the lowest Laplacian eigenmodes in
the LCG. When computing these modes in the caloron backgrounds we enforce
spatial periodicity by hand. In Maximal Center gauges we also consider the
caloron gauge field as spatially periodic.

3.1.1 Caloron ensembles

The caloron gas configurations considered later in this chapter have been created
along the lines of Ref. [64]. The four-dimensional center of mass locations of the
calorons are sampled randomly as well as the spatial orientation of the “dipole
axis” connecting the two dyons and the angle of a global U(1) rotation around
the axis o3 in color space. The caloron size is sampled from a suitable size
distribution D(p,T).

The superposition is performed in the so—called algebraic gauge with the
same holonomy parameter w taken for all calorons and anti-calorons!. Finally,
the additive superposition is gauge-rotated into the periodic gauge. Then the
field A, (z) is periodic in Euclidean time and possesses the required asymptotic
holonomy. We have applied cooling to the superpositions in order to ensure
spatial periodicity of the gauge field.

In section 3.4 we will compare sequences of random caloron gas configura-
tions which differ in nothing else than the global holonomy parameter w.

ISuperposing (anti)calorons with different holonomies would create jumps of Ag in the
transition regions.
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3.2 SU(2) Laplacian center gauge

To detect center vortices, we will mainly use the LCG procedure [41], and will
compare our LCG results to vortices from the maximal center gauges DMCG
and IMCG in section 3.3.5.

As we mentioned in section 2.9.3, LCG needs the two lowest eigenmodes of
the gauge covariant Laplacian operator in eqn. (2.92) in the adjoint representa-
tion which we calculate by virtue of the ARPACK package [65].

For the SU(2) vortex detection, the lowest mode ¢ (in the column vector
form) is rotated to the third color direction (diagonalised, in the language of
SU(N) LCG),

Yol = oM 3. (3:2)

The remaining Abelian freedom of rotations around the third axis, V — oV
with v = exp(iaos) is fixed (up to center elements) by demanding for ¢ a
vanishing second component and positive first component, respectively,

(V=2 — (V=1 > 0. (3.3)

Defects of the gauge fixing procedure in SU(2) appear when ¢(") and ¢()
are collinear, because then the Abelian freedom parametrized by v remains
unfixed. In [41], it was shown that the points 2, where ¢(")(z) and ¢®)(z)
are collinear, define the generically two-dimensional vortex surface, as the Wil-
son loops in perpendicular planes take center elements. This includes points
x, where ¢(!) vanishes, ¢(1)(m) = 0, which define monopole worldlines in the
Laplacian Abelian Gauge (LAG) [66] in SU(2).

We detect the center vortices in LCG with the help of a topological argument:
after having diagonalised ¢(*) by virtue of V, eqn. (3.2), the question whether
éM and ¢3) are collinear amounts to V¢(?) being diagonal too, i.e. having
zero first and second components. We therefore inspect each plaquette, take all
four corners and consider the projections of V¢(?) taken in these points onto the
(01,02)-plane, see Fig. 3.1.

By assuming continuity? of the field V¢(?) (more precisely, its (o1, 02) projec-
tion) between the lattice sites of this plaquette, we can easily assign a winding
number to it. By normalization of the two-dimensional arrows this is actually a
discretization of a mapping from a circle in coordinate space to a circle in color
space. In the continuum this could give rise to any integer winding number,
while with four discretization points the winding number can only take values
{=1,0,1}. This winding number can easily be computed by adding the angles
between the two-dimensional vectors on neighbor sites.

A nontrivial winding number around the plaquette implies that the (o7, 02)-
components of V¢ have a zero point inside the plaquette, which in turn means
that the two eigenvectors are there collinear in color space. In this case we can
declare the midpoint of that plaquette belonging to the vortex surface. The
vortex surface is a two-dimensional closed surface formed by the plaquettes of
the dual lattice. The plaquettes of the dual lattice are orthogonal to and shifted
by a/2 in all directions relative to the plaquettes of the original lattice.

2The continuity assumption underlies all attempts to measure topological objects on lat-
tices. For semi classical objects it is certainly justified.
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Figure 3.1: The topological argument to detect SU(2) vortices on a given pla-
quette: The transverse components of the first excited mode ¢(?) to the direction
of the lowest mode ¢(*) (after both have been gauge transformed by V) are plot-
ted for the four sites of a plaquette. The configuration shown here has a non
vanishing winding number, which implies that the two eigenvectors are collinear
in color space somewhere inside the plaquette.

At face value the above procedure is plagued by points where the lowest
eigenvector ¢ is close to the negative os-direction. Such situations are in-
evitable when ¢(!) has a hedgehog behavior around one of its zeroes, i.e. for
monopoles in the LAG. Then the diagonalising gauge transformation V' changes
drastically in space. The corresponding transformed first excited mode V()
may give artificial winding numbers and thus unphysical vortices if we insist on
the continuity assumption in this case.

Actually, to detect vortices, the lowest eigenvector can be fixed to any color
direction [41], i.e. to different directions on different plaquettes. Using this we
rotate ¢ plaquette by plaquette to the direction of the average ¢() over the
four corners of the plaquette. This gauge rotation is in most cases a small
rotation. Afterwards we inspect ¢(?)’s color components perpendicular to the
average direction (this can be done by inspecting Vé®? in the (01, 09)-plane af-
ter diagonalising the four-site averaged lowest eigenvector, the resulting gauge
transformation now changes only mildly throughout the four sites of the pla-
quette).

Note that the winding number changes sign under ¢ — —¢() but not
under ¢? — —¢p(3 (both changes of sign do not change the fact that these
fields are the lowest eigenmodes of the Laplacian operator). Hence the global
signs of ¢, (@) and also the signs of the winding numbers are ambiguous.

3.3 Vortices in individual calorons

The following results are obtained for single calorons discretized on space-time
lattices with N; = 8 (meaning that our lattice spacing is a = 8/8) and N; =
Ny =48, N3 = 80 or N; = Ny = N3 = 64 points.

For the LCG vortices of calorons we have to take an ambiguity into ac-
count, namely the dependence of the adjoint Laplacian spectrum on the lattice
discretization, in particular the ratio N3 /NLQ. From experience we can sum-
marize that the lowest adjoint eigenmode ¢() is rather independent of that
“agpect ratio”. The first excited mode ¢(®) depends on it in the following way,
cf. Fig. 3.2: for large N3/Nj o the first excited mode 2 is a singlet, whereas
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Figure 3.2: The lowest 30 eigenvalues of the adjoint Laplacian operator for a
caloron with w = 0.12 and p = 0.78 discretized on a 8 x 482 x 80 lattice (left) and
a 8 x 642 x 64 lattice (third from left). Two-fold degeneracies are plotted as bold
lines (and some eigenvalues have been slightly shifted to be distinguishable at
this resolution). For comparison we plotted in the right panels the free spectra
on the same lattices marking their degeneracies by numbers. The lowest singlets
on the right panels always belong to the eigenvalue A = 0.

for intermediate and small N3/Nj 2 it is a doublet.

This ambiguity reflects the fact that we are forcing states of a continuous
spectrum into a finite volume, which — like waves in a potential well — are then
sensitive to the periodic boundary conditions®. Localized bound states, on the
contrary, should not depend much on the discretization.

Indeed, the absolute values and degeneracies of the eigenvalues can be un-
derstood by mimicking the caloron with constant links,

Uy = exp(2miwos/Ny), U; = 1a, (3.4)

that reproduce the holonomy and have zero action. For Laplacian modes in the
fundamental representation this approximation was shown to be useful in [67].

In this free-field configuration the eigenmodes are waves proportional to
[1, exp(2min,x,/Nya) with integer ny. At nontrivial holonomies and on our
lattices with N; < Ny 2 < N3 one can easily convince oneself, that the lowest
part of the spectrum is formed by modes in the third color direction, ¢ ~
03, which do not depend on zy, ng = 0. The eigenvalues are then given by
trigonometric functions of 2wn; /N;, which for large N; can be well approximated
by

1 n; 2
A Z (%N@) (lowest \). (3.5)

In other words, a wave in the ith direction contributes n? “quanta” of (27 /N;)?
to the eigenvalue. The lowest eigenvalue in this approximation is always zero.
This fits our numerical findings quite well, see Fig. 3.2.

3A similar effect has been observed in Fig. 1 of [36], where the adjoint modes in the
background of an instanton over the four-sphere have been shown to depend on the radius of
the sphere.
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In the asymmetric case, N3 = 80, Ny 2 = 48 obviously the “cheapest exci-
tation” is a wave along the zs-axis (connecting the dyons), i.e. ng = £1. This
gives a doublet, which in the presence of the caloron is split into two lines, see
Fig. 3.2 left, the first excited mode is thus a singlet (the next modes are those
with nontrivial n; = +1 or ny = +1 forming an approximate quartet and so
on).

In the symmetric case, N; = 64, on the other hand, excitations along all x;
give equal energy contribution. For the excited modes this gives a sextet, which
is again split by the caloron, see Fig. 3.2 right. It turns out that the first excited
mode remains two-fold degenerate. The eigenmodes are close to combinations
of waves with nontrivial ny = +1 and with nontrivial ny = +1, reflecting the
calorons’ axial symmetry around the x3-axis.

This finally explains the different spectra and different shape of the eigen-
modes on the different lattices.

3.3.1 The lowest eigenvector and the LAG monopoles

As it turns out, away from the dyons the lowest mode ¢(*) becomes diagonal*
and constant, for normalisability reasons it is then approximately (0,0, 1/v/Vol)T
with Vol = NtNlNQNg.

Near each dyon core we find a zero of the third component of the lowest mode,
¢£Ll:)3, see Fig. 3.3 left panel. Together with the first and second component being
very small on the whole z3-axis, we expect zeroes in the modulus |¢(M)| at the
constituent dyons, which means that the dyons are LAG-monopoles, cf. Fig. 3
in [61] and Fig. 10 in [67].

Such zeroes can be unambiguously detected by a winding number on lattice
cubes similar to that of section 3.2. As a result we find almost static LAG-
monopole worldlines for large calorons at the locations of their dyons, while

4The third direction in color space is distinguished by our (gauge) choice of the holonomy,
Eqn. (2.57).
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Figure 3.3: Left: The third component of the lowest mode, ¢(Ma = 3, along the
x3-axis (in units of 8 at xg = (/2) for a caloron with intermediate holonomy
w = 0.1 and size p = 1.0 discretized on a 8 x 482 x 80 lattice. The dyons have
x3-locations —0.633 and 2.51/3. Note that for that lattice 1/v/Vol = 0.00082, a
value that is indeed taken on by the lowest mode far away from the dyons. The
other components <;S((11:)172 are found to be of order 107 [not shown]. Right: the
gauge field A3=3 (in units of inverse 3), which is related to the Higgs field ®
used to explain the behavior of the lowest mode around the dyons (see text).
Note that A3 takes the value —m/3 near the twisting dyon.
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monopole loops around the caloron center of mass are seen for small calorons
(with p < 0.5, where the action density is strongly time-dependent as well),
see Fig. 3.4. Note that these locations are part of the LCG vortex surface by
definition. Similar monopole worldlines have been obtained in the MAG [68, 69].
Adjoint fermionic zero modes, on the other hand, detect the constituent dyons
by maxima [70].

The lowest mode also reflects the twist of the caloron: the first and second
component of ¢(*) near the dyon core are either static or rotate once with time
o evolving from 0 to 5. Fig. 3.5 shows this for the lowest mode as well as for
the first excited mode. Our results are essentially equal to Fig. 9 of [67], just
with a resolution of N; = 8 (instead of N; = 4) more clearly revealing the sine-
and cosine-like behaviors.

In order to understand the behavior found for the lowest adjoint mode ¢,
we propose to compare it to the Higgs field ® as discussed in section 2.7.2. For
the static dyon one has from time-independence Dy® = 0 and from the equation
of motion D;(D;®) = D;F;y = 0. Therefore ® of a single static dyon is a zero
mode of the adjoint Laplacian operator —A = fDZ. For the twisting dyon the
same equations apply due to the transformation properties of ® (under T, the
twist gauge transformation in eqn. (2.77) and the latter is again a zero mode
of the Laplacian operator. These zero modes approach a constant (the vev)
asymptotically, so they are normalizable like a plane wave.

Around each dyon core, the lowest adjoint mode ¢(*) behaves similar to ®
of that dyon: it vanishes at the dyon core, becomes constant and dominated by
the third component away from the dyons, it reveals the Taubes twist (around
the twisting dyon) and is in the same gauge as ®. Since the latter are zero
modes of —A in the background of isolated dyons, a combination of them is a
natural candidate to be the lowest mode of that (non-negative) operator in the
caloron background.

,-3-2-1gj123
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Figure 3.4: Zeroes of the lowest adjoint mode, i.e. monopoles in Laplacian
Abelian Gauge, in the (zg,x3)-plane (both in units of 3, x3 horizontally, at
21 = x9 = 0) for calorons of holonomy w = 0.1 and sizes p = 0.58 (upper
panel, 73 = (0,0,—0.16), > = (0,0,0.63)) and p = 0.98 (lower panel, ¢; =
(0,0,—0.51), o = (0,0,2.04)). At the origin a closed monopole wordline of
minimal size occurs, which we ascribe to the gauge singularity in the caloron
gauge field.
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Figure 3.5: The twist of the caloron gauge field reflected in the behavior of the
adjoint Laplacian modes. Shown are the individual color components of the
lowest mode (left) and the first excited mode (right) as a function of time zq in
the vicinity of the twisting dyon at ¢;. The dashed curve depicts the (almost
constant) third color component. The corresponding plots in the vicinity of the
static dyon would simply show static lines.

The lowest adjoint mode ¢! for calorons with well-separated dyons is there-
fore best described in the following way, cf. Fig. 3.3: Around the static dyon
at > one has (1) ~ & = Ay, where the proportionality constant of course
disappears from the eigenvalue eqn. (2.91), but is approximately given by the
normalization: [¢™M] — (0,0,1/v/Vol)T. Around the twisting dyon at ¢, one
has to compensate for the inhomogeneous term ¢(!) ~ & = Ag + o3 (7/8) (cf.
eqn. (2.75)). The proportionality constant there turns out to be negative, such
that the lowest mode is able to interpolate between these shapes with a rather
mild variation throughout the remaining space, see Fig. 3.3 left panel.

3.3.2 Dyon charge induced vortex

In the following we present and discuss one part of the calorons’ vortex that is
caused by the magnetic charge of constituent dyons. Our findings are summa-
rized schematically in Figs. 3.6 and 3.8.

The ambiguity of the first excited mode ¢(®) of the adjoint Laplacian operator
influences this part of the vortex most such that we have to discuss the singlet
and doublet cases separately. We find that for the singlet ¢(?), e.g. for N3 /Ny =
80/48, the vortex consists of the whole (z¢, z3)-plane at 1 = x2 = 0 only, see
Figs. 3.6 and 3.7. Hence this part of the vortex is space-time like. It includes the
LAG-monopole worldlines, which are either two open (straight) lines or form

X0
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twisting [dyon |0 static [dyon

)
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N

-B2

Figure 3.6: The dyon charge induced part of the vortex in case the first excited
mode is a singlet: for a large caloron (left) and for a small caloron (right), shown
schematically in the plane z; = x5 = 0.

X3
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one closed loop in that plane. In other words, the space-time vortex connects
the dyons once through the center of mass of the caloron and once through the
periodic spatial boundary of the lattice.

The magnetic flux (measured through the winding number as described in
section 3.2) at every time slice points into the txs-direction. Its sign changes
at the dyons as indicated by arrows® in Fig. 3.6. The flux is always pointing
towards the twisting dyon.

Independently of the flux one can investigate the alignment between the
lowest and the first excited modes. It changes from parallel © to anti parallel
near the static dyon, because the lowest mode ¢!) vanishes there (i.e. the dyon
is a LAG-monopole) [41]. In addition we find two other important facts not
mentioned in [41]: the alignment does not change at the twisting dyon since
both modes ¢(!) and ¢® vanish there and it changes at some other locations
outside of the calorons’ dyons because ¢(?) has another zero there [not shown].

For the doublet excited mode, i.e. at smaller N5/Ny o = 64/64, the dyon
charge induced vortex is slightly different: again it connects the dyons, but now
(for a fixed time) via two lines in the “interior” of the caloron, passing near the
center of mass, see Figs. 3.8 and 3.9. These lines exist for all times for which
the monopole worldline exists, that is for all times if the caloron is large and
for some subinterval of xq if the caloron is small (and the monopole worldline
is a closed loop existing during the subinterval).

These two vortex surfaces spread away from the x3-axis which connects the
dyons. The axial symmetry around this axis is seemingly broken. However,

5We have fixed the ambiguity in the winding number described in section 3.2 by fixing the
asymptotic behavior of the lowest mode.

61n itself, calling (1) and ¢(2) parallel is ambiguous as that changes when one of these
eigenfunctions is multiplied by -1. The transition from parallel to anti parallel or vice versa,
however, is a unambiguous statement.

Figure 3.7: The dyon charge induced part of the vortex from the singlet first
excited mode as measured in a caloron with holonomy w = 0.25 and p = 0.6
in a time slice. The outcome is identical to the zs-axis and the same for all
time slices. The dots denote points on the vortex (lines along xg) where the flux
changes, i.e. the LAG-monopoles.
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Figure 3.8: The dyon charge induced part of the vortex from the doublet first ex-
cited mode for a large caloron (left) and for a small caloron (right) schematically
at x9 = 0.

Figure 3.9: The dyon charge induced part of the vortex from the doublet first
excited state as measured in a caloron with holonomy w = 0.25 and p = 0.6
(same as in Fig. 3.7) at a fixed time slice. Like in Fig. 3.7 the dots denote points
on the vortex where the flux flips. The z3-axis has been added to guide the eyes,
it is not part of the vortex surface here.

using other linear combinations of the doublet in the role of the first excited
mode (keeping the lowest one) in the procedure of center projection, the vor-
tex surface is rotated around the xz-axis. The situation is very similar to the
“breaking” of spherical symmetry in the hydrogen atom by choosing a state of
particular quantum number m out of a multiplet with fixed angular momentum
I. The magnetic flux flips at the dyons, just like in the case with singlet ¢(*).

Notice that these vortices are predominantly space-time like, but have parts
that are purely spatial, in particular for small calorons, namely at minimal and
maximal xg of the dyon charge induced vortex surface (and at other locations in
addition, when the smooth continuum surface is approximated by plaquettes).
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Figure 3.10: Twist-induced part of the vortex (“bubble”) from singlet first ex-
cited modes for calorons of size p = 0.68 and holonomies from left to right:
w = 0.1,0.12,0.16 (upper row) w = 0.2,0.25,0.3 (middle row) and w = 0.34
(lower row, left panel). The plot in the lower right panel summarises the results
for w = 0.1, 0.12, 0.16, 0.2, 0.25, 0.3, 0.34, at 1 = 0, i.e. the bubbles are cut
to circles. The plane near the boundary in the w = 0.25 picture is an artifact
caused by periodic boundary conditions.
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Figure 3.11: Spatial part of the vortex (“bubble”) for calorons of fixed interme-
diate holonomy w = 0.12 and sizes from left to right: p = 0.63, 0.73, 0.95.
The panel on the very right shows a summary of the bubbles for p =
0.6, 0.75, 0.88, 0.95 at 1 = 0. That the bubble for p = 0.95 is much bigger
than that for p = 0.75, 0.8 is probably a finite volume effect. For small sizes
p (and also in the limiting cases of holonomy w close to the trivial values 0 and
1/2) we have met difficulties in resolving the corresponding small bubbles in the
lattice discretization.

3.3.3 Twist-induced vortex

In this section we will discuss the second part of the LCG vortex surfaces we
found for individual calorons. We start again by discussing the singlet case.
The twist-induced vortex in the singlet case appears at a fixed time slice and
hence is a purely spatial vortex. In contrast to the space-time part, this vortex
surface does not contain the monopole/dyon worldlines. Hence it is not obvious
that this part of the vortex structure is caused by them.

The properties of this spatial vortex depend strongly on the holonomy, which
will be very important for the percolation of vortices in caloron ensembles in
section 3.4.

In short, our finding is that the twist-induced part of the vortex is a closed
surface around the twisting dyon as long as the holonomy parameter is w < 1/4,
and becomes a closed surface around the static dyon for w > 1/4, we will refer
to these surfaces as “bubbles”. For maximal nontrivial holonomy w = 1/4
the vortex is the x3 = 0 plane, i.e. the mid plane perpendicular to the axis
connecting the dyons, we will refer to it as “degenerate bubble”.

The bubble depends on the holonomy w as shown in Fig. 3.10. For two
complementary holonomies w = wy and w = % — wp the bubbles are of same
shape just reflected at the origin, thus one of them encloses the static dyon and
another encloses the twisting dyon. This is to be expected from the symmetry
of the underlying calorons. In the limit of w — 1/4 the bubbles grow to become
a flat plane which enables to turn over to the other dyon.

In our w = 0.25 data we find another piece of the vortex near the boundary of
the lattice, see Fig. 3.10. It is an artifact of the finite periodic volume. Likewise,
very large bubbles in our results have deformations since they come close to the
boundary of the lattice. The intermediate bubbles shown in these figures are
generally free from discretization artefacts and can easily be extrapolated (at
least qualitatively) to these limits.

The size of the bubble also depends on the size parameter p of the caloron,
i.e. the distance between the dyons, as shown in Fig. 3.11.
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The time-coordinate of LCG bubbles in large calorons is always consistent
with x¢p = 0.58. For small calorons, on the other hand, zo = 0 is the exclusive
time slice: the action density peaks there and the LAG monopoles are circling
around it (cf. Fig. 3.4). However, the bubbles of small calorons are too small to
be detected.

In the case of the first excited mode being a doublet, similar bubbles have
been found. They also enclose one of the dyons and degenerate to the mid plane
for w = 1/4. Their sizes, however, may be different and they are distributed over
several time slices. Considering the collection of all time slices, these fragments
add up to full bubbles.

Analytic considerations

In the following we present two analytic arguments — relying on the twist — that
support the existence of the bubbles (playing the role of spatial vortices) and
help to estimate their sizes.

The first one is specific for vortices in LCG. As we have demonstrated in
section 3.3, the lowest mode ¢(!) twists near the twisting dyon and is static near
the static dyon. The same holds for the first excited mode ¢(®), see Fig. 3.5.

Then a topological argument shows that they have to be (anti)parallel some-
where in between, cf. Fig. 3.12. As ¢, (2 and the diagonalising gauge trans-
formation V are static around the static dyon, so is V¢ and its projection
along the third direction (see the right part of Fig. 3.12). We assume that this
projection is nonzero, otherwise the two states are obviously (anti)parallel and
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Figure 3.12: Behavior of the non-diagonal elements of V' transformed first ex-
cited mode Y¢(?) in the twisting region (left) and in the static region (right)
with time zg evolving upwards. The lattice sites in between are indicated only
at xp = 0. On the entire discretized rectangle the field has winding number 1,
meaning it contains the twist-induced vortex. More precisely, it is the “plaque-
tte” marked with filled circles that contains the winding (in analogy to Fig. 3.1)
and thus the vortex (in all other plaquettes the field performs a partial winding
but then winds back).
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the point would belong to the vortex already”.
In the twisting region called S, the two lowest modes behave like (suppressing
arguments )

¢ (zo) = T(20)¢™ (wo = 0)T'(20)
@ (o) = T(20)¢® (w0 = 0)T'(x0) (3.6)

with the twisting transformation/rotation from eqn. (2.77). The time depen-
dence of the diagonalising V' can be deduced easily 8,

V(o) = T(z0)V (20 = 0)T' (z0), (3.7)

such that
Vo (z9) = T(xo) Vo' (o = 0)TT () . (3.8)

Again we assume that the two modes are not (anti)parallel at g = 0. Then
V¢>(2)(0) has a non-vanishing component perpendicular to 3. According to
eqn. (3.8) this component then rotates in time zy around the third direction
(left part of Fig. 3.12). This immediately implies that there is a space-time
“plaquette” (in the sense of Fig. 3.1, marked in Fig. 3.12 with filled circles) that
contains a point where the two modes are collinear. Notice the similarity of
Figs. 3.12 and 3.1.

This argument applies to all pairs of points with one point in the twisting
region S and one point in the static region (its complement) S: on any line
connecting the two there exists a point which belongs to the vortex. This
results in a closed surface at the boundary between S and S (see below). The
time-coordinate of this surface is not determined by these considerations.

Our argument can be extended to vortices beyond LCG. For that aim we
mimic the caloron gauge field by Ay = 0, A; = 0 in the static region S and
Ay = —o3(m/B), A; = 0 in the twisting region S (cf. eqn. (2.75)) [13].

In this simplified gauge field vortices can be located directly by the definition
that —1 Wilson loops are linked with them. Obviously rectangular Wilson loops
connecting (0,1), (8,%1), (8,Z2), (0,Z2) and (0,Z;) are —19 if and only if &y
belongs to S and ¥ belongs to S (or vice versa). This again predicts spatial
vortices at the boundary between the twisting and the static region.

Actually, this argument is exact if one chooses for the points 71 2 the dyon
locations ¥ 2: the path ordered exponentials at fixed & o are the Polyakov
loops F1, and the remaining spatial parts are inverse to each other because of
periodicity and cancel. Hence there should always be a spatial vortex between
the two dyons.

Thus the twist in the gauge field of the caloron itself gives rise to a spatial
vortex. This vortex extends in the two spatial directions perpendicular to lines
connecting S and S, just like a bubble.

Note that the two arguments above do not work purely within the twisting
region or purely within the static region.

It remains to be specified where the boundary between the twisting region S
and its complement S is. To that end one should consider the competing terms

7in particular to the space-time part since then the two modes are (anti)parallel for all zq
8The first factor is necessary, otherwise V is singular around the north pole and non-
periodic.
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Figure 3.13: The bubbles measured for calorons with holonomy w = 0.12, size
p =0.68 (left) and p = 0.95 (right) respectively as a function of x5 (vertically)
and z3 (horizontally) at z; = 0 compared to the boundary of the twisting region
S, the smooth curve computed from the equality in eqn. (3.11).

— twisting vs. static — in the relevant function ¥, see eqn. (2.65). Actually its
derivatives enter the off-diagonal gauge fields, see eqn. (2.58). In the periodic
gauge we have used so far, there is an additional term proportional to x itself.
To decide whether the static or the twisting part dominates (at a given point) it
is better to go over to the algebraic gauge, where this term is absent and where
X must be replaced by x = exp(4dmiwxo/B)Xx [26]. The two competing terms
become

g sinh(4rwr/pB)

gimiweo/ or = fstatic (3.9)
o inh(4
e—47r1,w3:0/[3 SlIl(q;::]S/ﬁ) = ftwist (310)

with ¢ given in eqn. (2.63). Note that the time dependence of these functions
still differs by a factor exp(2mizg/f3).

We finally define the twisting region S as where the gradient of fiyist domi-
nates

|8,uftwist|2 2 |a,ufstatic|2 . (311)

and its boundary where the equality holds.

In two particular cases this can be determined analytically. For the case of
maximally nontrivial holonomy w = & = 1/4, the two functions fstatic,twist Only
differ by the arguments r vs. s. Then the boundary of S is obviously r = s,
which gives the mid plane between the dyons. This indeed amounts to our
numerical finding, the degenerate bubble for w = 1/4.

In the large caloron limit and if we further assume the solutions of the
equality in eqn. (3.11) to obey wr/B,ws/B > 1, it is enough to compare in
fstatictwist the exponentially large terms in sinh and . This yields for the
boundary of S the equation wr = ws, which can be worked out to give

22 422 4 (25— Qd)2 = (Qd)2, Q= 2%

(3.12)

w—w

Thus the boundary of the twisting region S is a sphere with midpoint (0, 0, Qd)
and radius |Q2|d. This sphere always touches the origin, is centered at negative
and positive x3 for w < 1/4 and w > 1/4, respectively, and again degenerates
to the mid plane of the dyons for maximally nontrivial holonomy w = w = 1/4.
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In Fig. 3.13 we compare the boundary of S obtained from the equality in
eqn. (3.11) to the numerically obtained bubbles in LCG for two different values
of the caloron parameter p. The graphs agree qualitatively.

One could also think of characterising the locations & of the twist-induced
vortex by a fixed value of the traced Polyakov loop, say TrP(#) = 0. This
also encloses one of the dyons and becomes the mid plane for w = 1/4. In the
large separation limit, however, this surface is that of a single dyon of fixed size
set by f and w (just like the topological density). It does not grow with the
separation d, which however seems to be the case for the measured vortices as
well as for the boundary of S using the far field limit, eqn. (3.12). Hence the
local Polyakov loop seems not a perfect pointer to the spatial vortex.

3.3.4 Intersection and topological charge

To a good approximation the dyon charge induced vortex extends in space and
time connecting the dyons twice, whereas the twist induced vortex is purely spa-
tial around one of the dyons. This results in two intersection points generating
topological charge as we will describe now.

The notion of topological charge also exists for (singular) vortex sheets. In
order to illustrate that let us choose a local coordinate system and denote the
two directions perpendicular to the vortex sheet, in which a Wilson loop is —1,
by 1 and v. The Wilson loop can be generated by a circular Abelian gauge field
decaying with the inverse distance, which generates a field strength F),, (the
magnetic field, say Bs o Fi for a static vortex in the x3-direction, is tangential
to the vortex, respectively). The corresponding flux is via an Abelian Stokes’
Theorem connected to the Wilson loop and is nothing but the winding number
used in LCG to detect the vortex.

In order to generate topological charge proportional to e**#? F,,, F,,, the vor-
tex thus needs to “extend in all directions”. This is made more precise by the
geometric objects called writhe and self-intersection. The relation to the topo-
logical charge including example configurations has been worked out for vortices
consisting of hypercubes in [71] and for smooth vortices in [72] , [73] and [74].
The result is that a (self)intersection point — where two branches of the vortex
meet such that the combined tangential space is four-dimensional — contributes
+1/2 to the topological charge. The contribution of the writhe is related to
gradients of the vortex’ tangential and normal space w.r.t. the two coordinates
parametrising the vortex. Two trivial examples are important for vortices in a

Figure 3.14: The intersection of the spatial bubble (at fixed xy = (/2) for
w < 1/4 with the space-time part of the vortex from the singlet (left) and the
doublet (right) excited mode (in the doublet case the bubble is distributed over
several time slices).
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caloron: a two-dimensional plane as well as a two-dimensional sphere embedded
in four-dimensional space have no writhe. Since the two parts of our vortex
are of these topologies, we immediately conclude that the topological charge of
vortices in calorons comes exclusively from intersection points.

We first discuss the position of the intersection points in the singlet case,
cf. Fig. 3.14 left panel. The twist induced bubble occurs at a fixed time slice
and so does any intersection point. The dyon induced vortex consists of two
static straight lines from one of the dyon to another and therefore intersects the
bubble twice on the x3-axis.

There are two exceptions to this fact: for small calorons (small p) the dyon
induced vortex exists in some time slices only and the number of intersection
points depends on whether the time-coordinate of the bubble is within that
time-interval (but the bubble is usually too small to detect when p is small).

The case of maximal nontrivial holonomy is particular because for the cor-
responding degenerate bubble there is only one intersection point at the center
of mass of the caloron, the other one moved to x3 — +o00 as w — 1/4+0 in
infinite volume.

Concerning the sign of the contributions, it is essential that the relative sign
of the vortex flux is determined: the magnetic flux of the dyon induced vortex
flips at the dyons and hence is of opposite sign at the intersection points on the
bubble. One can depict the flux on the bubble by an electric field normal to
the bubble (i.e. hedgehog-like). It follows that in LCG the contributions of the
intersection points to the topological charge of the vortex are both +1/2.

The vortex in the caloron is thus an example for a general statement, that
a non-orientable vortex surface is needed for a non-vanishing total topological
charge. In our case the two branches of the dyon charge induced vortex have
been glued together at the dyons in a non-orientable way: the magnetic fluxes
start or end at the dyons as LAG-monopoles (this construction is impossible
for the bubble as the dyons are not located on them). Thus, vortices without
monopoles on them possess trivial total topological charge.

In the doublet case with its fragmented bubbles there are still two inter-
section points (cf. Fig. 3.14 bottom panel) which again contribute topological
charges of +1/2 each.

To sum up this section we have demonstrated that the vortex has unit topo-
logical charge like the caloron background gauge field. This result is not com-
pletely trivial as there is to our knowledge no general proof that the topological
charge from the gauge field persists for its vortex “skeleton” after center pro-
jection (P-vortices). Moreover, the topological density of the caloron is not
maximal at the two points where the topological density of the vortex is con-
centrated and the total topological charge of the caloron is split into fractions
of 2w and 2w whereas that of the vortex always comes in equal fractions 1/2
from two intersection points, close to the static dyon if w < 1/4 and close to the
twisting dyon if w > 1/4.

3.3.5 Results from maximal center gauges

We have performed complementary studies of vortices both in the Direct and
in the DMCG and IMCG (see section 2.9) respectively.

In the background of calorons we tried to confirm both dyon charge induced
and twist-induced vortices seen in LCG. In DMCG, the dyon charge induced



52 CHAPTER 3. VORTEX CONTENT OF SU(2) CALORONS

vortices are observed and the twist induced part splits into several parts in
adjacent time slices. Choosing the best among random gauge copies, the dyon
charge induced part disappears and the twist-induced vortex bubble occurs at
fixed time slice. In both cases, the bubble is much smaller than that found in
LCG.

In IMCG, the situation for dyon charge induced vortices is rather stable:
we find always a space-time vortex connecting the dyons or better to say the
Abelian monopoles representing the dyons in MAG [68, 69]. Similar to the LCG
doublet case two vortex lines pass near the center of mass of the caloron. This
structure propagates either statically or non-statically in time, depending on
the distance between dyons in the caloron.

Straight lines through the center of mass and through the outer space, as
found in the LCG singlet case, were never observed. One can convince one-
self, that it is actually impossible to get such vortex structures from Z(2) link
configurations.

The situation with twist-induced vortices is unstable, as a rule they do not
appear in IMCG. The reason for this could be partially understood in IMCG
considerations. Let us consider two gauge equivalent Abelian configurations
that generate local Polyakov loops 3Tr P(Z) = cos(a(#)) and how their tempo-
ral links contribute to the Abelian gauge functional Fivcg given in eqn. (2.89).
In the quasi-temporal gauge when all subsequent temporal links are the same,
they give a contribution equal to N; cos(a(Z)/N;)? to the corresponding part of
the functional. When, on the other hand, all but one temporal links are trivial,
the contribution is equal to N; — 1+ cos(a(%))?. For cos(a(Z)) # —1 and for suf-
ficiently large N; we have Ny cos(a(¥)/N¢)? ~ Ny — a(%)?/N; > Ny — sin(a(T))?.
This means that after maximizing the functional (2.89) and projecting onto
Z(2), we get all temporal links trivial in all points & where the Polyakov loop
is not equal to —1. So, the twist-induced vortex shrinks to one point where the
(untraced) Polyakov loop is equal to —1s.

Maximization of the functional (2.89) is equivalent to the minimization of

the functional
FlUT =" (sin(*0,(x)))* . (3.13)

If we would replace it by the functional
F'U) =Y/ (sin(*0,(x)))*. (3.14)
,x

the situation with the Z(2) projected Polyakov loop would change because
Niv/sin(a(Z)/Ny)? > /sin(a(Z))? on points where cos(a(F)) < 0 and now we
would have —15 temporal links in some time slice and trivial temporal links in
all other time slices in the spatial region where the Polyakov loop is negative
as well as trivial temporal Z(2) links in all time slices in the region where the
Polyakov loop is positive. Numerical studies support the appearance of twist-
induced vortex on the boundary where initial Polyakov loop changes the sign
from negative to positive.

One may conclude from this section that the Gribov copy problems of DMCG
and IMCG persist for the smooth caloron backgrounds. The basic features of
the vortices can be reproduced, but for clarity we stick to the vortices obtained
in the Laplacian Center gauge.
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Figure 3.15: The space-time part of vortices in caloron ensembles in a
fixed time slice.  Only the holonomy varies from left to right: w =
{0.0625, 0.0125, 0.01875, 0.25} (from deconfined phase to confined phase). The
upper row shows the entire vortex content in each caloron ensemble, the lower
row shows the corresponding biggest vortex cluster.

3.4 Vortices in caloron ensembles

In this section we present the vortex content of ensembles of calorons. The
generation of the latter has been described in section 3.1.1. We superposed 6
calorons and 6 anti-calorons with an average size of p = 0.6 on a 8 x 642 lattice.

The most important feature of these ensembles is their holonomy P, =
exp (2miwos). In particular, caloron ensembles with maximally nontrivial holon-
omy w = 1/4 mimic the confined phase with (1 Tr L) = 0.

For each of the holonomy parameters w = {0.0625, 0.0125, 0.01875, 0.25}
we considered one caloron ensemble with otherwise equal parameters. Again we
computed the lowest adjoint modes in these backgrounds and used the routines
based on winding numbers to detect the LCG vortex contents.

In Figs. 3.15 and 3.16 we show the space-time part and the purely spatial
part of the corresponding vortices as a function of the holonomy w respectively.
One can clearly see that with holonomy approaching the confining value 1/4 the
vortices grow in size, especially the spatial vortices start to percolate, which will
be quantified below.

Fig. 3.17 shows another view on this property. In these plots we have fixed
one of the spatial coordinates to a particular value, such that vortices become
line-like or remain surfaces (and may appear to be non-closed, when they ac-
tually close through other slices than the fixed one). These plots should be
compared to Fig. 7 of Ref. [50], which however does not show a particular vor-
tex configuration, but the authors’ interpretation of measurements (in addition,
the authors of [50] seem to have overlooked that vortices cut at fixed spatial
coordinate still have surface-like parts, i.e. dual plaquettes).

We find that vortices in the deconfined phase tend to align in the time-like
direction, while in the confined phase vortices percolate in the spatial directions.
We remind the reader that we distinguish the different phases by the values of
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Figure 3.16: The spatial part of vortices in the caloron ensembles of Fig. 3.15
(with the same values of the holonomy w) summed over all time slices. Again the
upper row shows the entire vortex content and the lower row the corresponding
biggest vortex cluster.

Figure 3.17: The vortex content of a caloron ensemble in the deconfined phase
(left panel, mimicked by holonomy w = 0.0625 close to trivial) and in the con-
fined phase (right panel, maximal nontrivial holonomy w = 0.25) in a lattice slice
at fixed spatial coordinate. The short direction is zg while the other directions
are the remaining spatial ones, all given in units of 3.
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Figure 3.18: The observable —log(W (L, 8)) as a function of L in units of lat-
tice spacing a = /8 from vortices in caloron ensembles with holonomies as in
Figs. 3.15 and 3.16 (from left to right: w = {0.0625, 0.0125, 0.01875, 0.25}).
Note the very different scales. Percolating vortices, i.e. random penetrations,
would give a linear behavior. The lines shown here are linear extrapolations of
the first data point. The caloron vortices follow this line for longer and longer
distances L when the holonomy approaches the confinement value 1/4, thus
inducing confinement in the Polyakov loop correlator (see text).

the holonomy, w ~ 0, w ~ 1/2 vs. w = 1/4, and not by different temperatures,
which would lead to different caloron density and size distribution.

We start our interpretation of these results by the fact that the caloron
background is dilute in the sense that the topological density is well approxi-
mated by the sum over the constituent dyons of individual calorons (of course,
the long-range AZ:3 components still “interact” with the short-range AZZM
components inside other dyon cores). Therefore it is permissible and helpful
to interpret the vortices in caloron ensembles as approximate recombination of
vortices from individual calorons presented in the previous sections.

Indeed, the space-time vortices resemble the dyon-induced vortices which are
mostly space-time like and therefore line-like at fixed zy. The spatial vortices,
on the other hand, resemble the twist-induced bubbles in individual calorons.

Following the recombination interpretation, the bubbles should become larger
and larger when the holonomy approaches the confining holonomy w = 1/4,
where they degenerate to flat planes. This is indeed the case in caloron ensem-
bles: towards w = 1/4 the individual vortices merge to form one big vortex, see
also the schematic plot Fig. 7 in [13]. In other words, the mazimal nontrivial
holonomy has the effect of forcing the spatial vortices to percolate. Consequently
the vortices yield exponentially decaying Polyakov loop correlators, the equiva-
lent of the Wilson loop area law at finite temperature (see below).

Note also that there is no similar scenario for the space-time vortices. The
dyon-induced vortices in each caloron are either always as large as the lattice
(in the singlet case) or are always confined to the interior of the caloron (in the
doublet case). This is consistent with the physical picture, that spatial Wilson
loops do not change much across the phase transition.

holonomy parameter | 0.0625 0.125 0.1875 0.25
space-time extension 47 56 56 56
spatial extension 20 35 56 56

Table 3.1: Extensions of the largest vortex cluster (see text) in the caloron
ensembles of Figs. 3.15 and 3.16. Note that the largest extension on a 8 - 643
lattice is /(8/2)% + 3 - (32/2)2 = 55.6.
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Figure 3.19: The observable —log(W(A)) as a function of the area A in lattice
units a®> = 32/64 from vortices in caloron ensembles with holonomy parame-
ters w = 0.0625 (left) and w = 0.25 (right). Percolating vortices, i.e. random
penetrations, would give a linear behavior. The lines shown here are linear
extrapolations of the first data point.

In order to quantify the percolation we measured two observables. The first
one concerns the spatial and space-time extensions of the largest vortices. We
have included plots of them in the second row of Figs. 3.15 and 3.16 respectively.

For the spatial extension we superpose the purely spatial vortex plaquettes of
all time slices in one 3d lattice, whereas for the space-time extension we remove
all purely spatial vortex plaquettes. Then we pick the largest connected cluster
in the remaining vortex structure.

Table 3.1 shows the extension of the largest spatial and space-time vortex
clusters for different holonomy parameters of otherwise identical caloron ensem-
bles. The purely spatial vortex cluster extension changes drastically with the
holonomy parameter w whereas the space-time one almost keeps to percolate.

The second row in Table 3.1 is related to confinement generated by vortices.
If center vortices penetrate a Wilson loop with extensions T" and L randomly,
the probability to find n vortices penetrating the area A = T'L is given by the
Poisson distribution (see eqn. (2.107))

(pA)n —pA

P.(n;T,L) = s (3.15)

as we described in eqn. (2.107), where p is the density of (spatial) vortices and
the Wilson loop in such a center configuration obtains an area law with a string
tension o = 2p.

We explore space-time Wilson loops (W (L, 8)), which amount to Polyakov
loop correlators at distance L and probe confinement, as well as purely spatial
Wilson loops as a function of their area, (W(L,L")) = (W(A = LL')). As
Fig. 3.18 clearly shows, the values of log(W (L, 8)) show a confining linear be-
havior (like from random vortices) reaching longer and longer distances L when
the holonomy approaches the confinement value w = 1/4. At the same time the
corresponding string tensions also grow by an order of magnitude.

One can also explain the deviation from the confining behavior in holonomies
far from 1/4. The probability P(2; L, 3) for two vortices penetrating the Wilson
loop is found much larger than in the case of Poisson distribution [not shown].
This comes from small bubbles, which very likely penetrate a given rectangular
twice.
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References [75, 50] found that the spatial Wilson loop by vortices keeps
the area law in deconfined phase. Similarly the behavior of log(W(A)) on the
other hand changes only slightly for different holonomies, see Fig. 3.19. The
corresponding slopes ( “string tensions”) vary by a factor of approximately 2. For
holonomy w = 0.25 we find an exponential decay stronger than proportional to
the area. A quantitative analysis of this effect needs to include suitable caloron
densities and size distributions around the critical temperature.

3.5 Summary

In this chapter we have extracted the vortex content of SU(2) calorons and
ensembles made of them, mainly with the help of the Laplacian Center Gauge,
and studied the properties of the emerging vortices. Our main results are

(1) The constituent dyons of calorons induce zeroes of the lowest adjoint
mode and therefore appear as monopoles in the Laplacian Abelian Gauge. The
corresponding worldlines are either two static lines or one closed loop for large
and small calorons, respectively.

(2) One part of the calorons’ vortex surface contains the dyon/monopole
worldlines. The vortex changes its flux there (hence the surface should be viewed
as non-orientable). These are general properties of LCG vortices. The specific
shapes of these dyon-induced vortices depend on the caloron size as well as on
the lattice extensions. These vortices are predominantly space-time like.

(3) Another part of the vortex surface consists of a “bubble” around one
of the dyons, depending on the holonomy. The bubble degenerates into the
mid plane of the dyon “molecule” in the case of maximal nontrivial holonomy
w = 1/4. This part is predominantly spatial. We have argued that it is induced
by the relative twist between different dyons in the caloron.

(4) Both parts of the vortex together reproduce the unit topological charge
of the caloron by 2 intersection points with contributions 1/2.

(5) In dilute caloron ensembles — that differ only in the holonomy mimicking
confined and deconfined phase — the vortices can be described to a good ap-
proximation by recombination of vortices from individual calorons. The spatial
vortices in ensembles with deconfining holonomies w ~ 0 form small bubbles.
With the holonomy approaching the confinement value w = 1/4, the spatial
bubbles grow and merge with each other, i.e. they percolate in spatial direc-
tions. We have quantified this by the extension of the largest cluster on one
hand and by the quark-antiquark potential revealed by the Polyakov loop cor-
relator on the other.

In particular the last finding is in agreement with the (de)confinement mech-
anism based on the percolation of center vortices.
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Chapter 4

Vortices in SU(3) calorons

4.1 SU(N) calorons

As explored in the previous chapter, a unit charge SU(2) caloron has two con-
stituent monopoles (dyons) with a relative twist between. An SU(N) unit
charge caloron [76] [77] has N constituent monopoles. I will describe it in detail
below.

SU(N) calorons are also governed by the holonomy (Polyakov loop at spatial
infinity) of the caloron, which we again diagonalise

PO — eZm’uﬁ — diag(eQTriulﬁ eZm’;@;,@) (4 1)

ol s s . .
where 27 (we take 8 = 1 for simplicity) is the Ag at infinity (in periodic gauge),
Ao(t, T — 00) = 2mp = 2wdiag(p, ..., N )- (4.2)

Without loss of generality, we can choose the ascending order of the u’s, while
the trace of p vanishes.

N
1 < poe. S pn—1 S pn < pvg = 1+ 1, Zﬂi =0. (4.3)
=1

The difference of two adjacent p’s, say ftym+1 and gy, is proportional to the mass
of the mth constituent dyon: v, = pm+1 — pim- The (diagonalised) holonomy
has N — 1 free parameters.

Parameters of an SU(N) unit charge caloron also include the spatial lo-
cations of the constituent dyons ¢;, which are 3N free parameters. The last
parameter is the period (8) of the SU(N) caloron, which is here taken as 1 for
convenience.

There are two different gauges for the caloron field A, the algebraic gauge
and the periodic gauge, the former one has a simple form while the later one is
physical. The algebraic gauge means the caloron field A, is periodic up to the
holonomy (A, (8,7) = P2 A, (0,7)PY). In this gauge, Ay vanishes at infinity.
We apply V(t) to transform the gauge field to periodic gauge:

Per A (x,t) = V(1) YA VT(t) = 2mip, V(L) = exp(—2mitp) (4.4)

99
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The caloron gauge field of a unit charge SU(N) caloron in the algebraic
gauge is
1

A0 (1) = L6HR)Ca@ot () + L0 H@) dusP @] (45)

where C,, is an N x N matrix and ¢ is a positive definite N x N matrix, their
definitions are

C;nk(x) = Cmﬁaﬁcgaﬁfm(ﬂmvﬂk)v d);ﬁg = Ok — CmC]ifr(:umnuk)' (46)
The ¢, n and f in the definitions of C' and ¢ above are

T _ Iﬁm|1 _ ﬁm T
Cmbm = 5 (4.7)
where p,, is the relative coordinate of the mth dyon to the m — 1 th dyon
(Pm = Um — Um—1)- In SU(3), without loss of generality, one can put all
the constituent dyons on the z = 0 plane and the formula for (,, becomes
Cm = (IPml,ip%, — ph) /27| Pm|. Tlap is the self-dual ’t Hooft tensor defined in
eqn. (2.51). fu(z,2") With i < 2/ < 2 < pmar (fo(z,2)=f2(7, 2)) is

re2mit(z—2")

Tm
U (2 A1 AL AN A |wm (2))) (4.8)
where 7y, = |Z — §m|. An are 2 X 2 matrices:

A _ 1 (rm |Pml cosh(27Vp, 1) sinh(27vp, 1) (4.9)
m= 0 Tme1 sinh(27v,, 7)) cosh(2mvpmry) /- '

fu(2,2)) =

(e” 2™ sinh(27 (2 — 2')rum)

T'm
U, and w,, are column vectors

o () = ( sinh(27(2" — iy )7'm) ) o (2) = ( cosh(ZW(z—um)rm)) >(4.10)

cosh(27 (2" — pm)rm) —sinh(27(z — pm)Tm
and finally ¢ is:

Y(x) = %Tr(AN...Al) — cos(2mt) (4.11)

The SU(N = 2) caloron field A, formula degenerates to the caloron gauge
field formulae in [26] which we have shown in section 2.7 if we put the constituent
dyons on the z axis.

In [77], the definition of f,(z,2’) is only given for the fim < 2/ < 2 < fms1
(and the pi, < 2 < 2’ < 41 ) case, but it is enough for SU(3), which only has
3 w’s that any combination of 2 y’s out of the 3 is an adjacent u pair. fx (11, p3)
is a bit different, it can be classified in the uy < 2/ <z < pu; +1 = uny1 case
that

. 7T627rit113 _ L
fx(ula /~L3) = rgq/) (6 2mit Sll’lh(27‘rl/37“3) + <v3(u3)|A2A1A3|wm(,u1 + 1)>) (412)
The action density of an SU(3) caloron has a simple form,

TrF?2, (z) = 020, log ¥ (x). (4.13)

Generically, the action density has 3 lumps, corresponding to the 3 dyons.

These formulae will be used to discretize the caloron on a lattice (like we did
in the previous chapter) followed by a numerical calculation of the Laplacian
eigenmodes.
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4.2 SU(3) Laplacian center gauge and its ambi-
guity

Laplacian center gauge [41], as described in section 2.9.3, finds vortices as defects
in the gauge fixing of lowest eigenmodes of the adjoint Laplacian operator in
equ. (2.92).

The adjoint representation is real, and the adjoint Laplacian operator and its
eigenmodes are all real, the eigenmodes of adjoint representation can be taken
as a column vector ¢((;)(m) or as a matrix ®(*)(z) whose gauge transformation is

30 (z) = ¢ ()T 3D (z) L 0D (2) = Qz)dD (2)Q (z) (4.14)

where T are the generators of SU(N) group. The adjoint matrix of a center
element of SU(N) gauge group is

Ua(Z¥)=1n ZK =e N 1y. (4.15)
So one can reduce the gauge symmetry from SU(N) to Zy by fixing the eigen-
modes of the adjoint Laplacian operator which are blind to Zy.

Let us consider the LCG [41]. LCG, as introduced in section 2.9.3, consists
of two steps, the first step rotates the lowest eigenmode <I>(1)(:E) diagonal, which
reduces the gauge symmetry from SU(N) to U(1)N =1, the Cartan subgroup,
while the second mode is rotated to ®®’ accordingly. The second step rotates
N — 1 non-diagonal entries of <I>(2)/(x) from complex numbers to positive real
numbers, it reduces the symmetry from U(1)N =1 to Zy.

In SU(3), the second mode after LCG is

@(2)// _
i(’,2) + %¢é2) , (¢§2) _ Z(bg) )esm7 <¢£12) _ Z¢§)2) )eSi(a—i-,B)
(01 oy Jeo, o+ ool (o) —igt e | (4.16)
(05 +igf yem et (6 + g e, 508

which is the ®®’(z) after we have applied

V({L‘) _ diag(eQOt(LE)"rﬁ(w)’ ei(—a(m)+ﬁ(w))’ e—i(a(z)-‘rQﬁ(m)))' (417)

To the remaining symmetry of Cartan subgroup, which has two real parameters
in SU(3), one needs to gauge fix two of the non-diagonal entries of ®2)" real
and positive, which means choosing two of the three conditions below

@"(2) >0 and ¢ (z)=0
((32)” (x) >0 and ¢§2)”(x) =0 (4.18)
4(12)” (x) >0 and qbg)“ () =0
Note that back to the SU(2) case, ®@" has only one non-diagonal entry and
the gauge fixing needs also only one condition.

Defects of in the LCG procedure can occur in both steps. In the first step,
points where ®1) has degenerate eigenvalues are the defects. In SU(3), the
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diagonalized &) is

(@) + Lol () 0 0
W' (z) = 0 ~5) (@) + 55 () 0 (4.19)
0 0 ~Zo) (@)

so the defects appear where one of the following conditions is fulfilled

@) = o
W) = V3ol (a). (4.20)

The number of real conditions for the defects in the first step of LCG seems
to be one and the monopole world lines would be D — 1 dimensional. This is not
true because the real condition number of this defect condition is actually not
one. To see this, let us consider the SU(2) case, where to take equal eigenvalues
means that the matrix itself vanishes since ¢ as an element of the Lie algebra
is traceless. So the equivalence of eigenvalues of an su(2) matrix gives 3 real
conditions. Let us return to the SU(3) case and consider the first condition in
eqn. (4.20). First, we can gauge fix two non-diagonal entries ((1)51% and @glg)
of ®™1) to 0, which is equivalent to rotating the third eigenvector to the third
complex direction, then the first condition in eqn. (4.20) is equivalent to the
vanishing of the remaining su(2) sub-matrix, it gives 3 real conditions. Therefore
the defect of the first step is a 1 dimensional line in 4 dimensional space-time, if
one of the two conditions is satisfied, the local remaining gauge symmetry will
be promoted to SU(2). The same argument applies to the second condition in
eqn. (4.20) whose defects give another kind of monopole in SU(3).

The second step of the LCG procedure fixes N — 1 of the N(N — 1)/2
non-diagonal entries of ®@" real and positive. The defects of the second step
occur where some of these entries vanish. Let us discuss the SU(3) case in
detail. We take the first and the second gauge fixing conditions in eqn. (4.18),

means fixing V(x) by rotate <I>f%” = ( 12)l(x) - iqﬁg?)/(m))e?’m and <I>g)” =

(d)éz)/(x) - i¢(72)/(x))e3m real positive. It gives

afe) = garg(of” (a) + io}” (@)
Ba) = el () + i (). (121)

If one of these two non-diagonal entries of ®@" vanishes
o (@) +ief” (@) =0 or o (@) +io @) =0,  (422)

we can not fix V(z), and the remaining gauge symmetry is U(1) instead of Zs,
the number of real conditions is 2. Therefore the defects of the second step form
a 2 = 4 — 2 dimensional vortex surface in the 4 dimensional space-time. So far,
the center projection works as it should.

However, Laplacian center gauge in SU(N) (N > 3) has an ambiguity:

In higher SU(N) gauge groups (N > 3) like SU(3), the second step of the
LCG has N — 1 conditions, rotates N — 1 of the N(N — 1)/2 non-diagonal
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entries of ®?" real positive. The vanishing of any of these N — 1 conditions
gives a vortex. This immediately leads to the question, how to choose N — 1
conditions from the N(N — 1)/2. In SU(2), this ambiguity does not occur
because N —1 = N(N —1)/2 = 1, but in SU(3), the number of non-diagonal
entries becomes 3 while the number of remaining U (1) symmetries is 2. As there
is no restriction on the non-diagonal entries of d?)" like

arg(®) ) + arg(@y) ) + arg(@y] ) =0 (4.23)

to assure different choices of entries give the same vortices, different choices of
the N — 1 conditions in SU(N) LCG give different results. In the next section,
we will see the consequences of this ambiguity in the vortex contents of SU(3)
calorons.

This ambiguity in SU(3) or higher gauge groups can be viewed in another
aspect. In the end of section 2.9.3, the argument for the existence of center
vortices in SU(2) was made explicit by the éV@MVT contribution of the gauge

fixing transformation V' around the defects where @%l (zy) = 0. But in SU(3),
it has an ambiguity. Without loss of generality, let us choose the two conditions

in eqn. (4.22). If the first condition of eqn. (4.22) is satisfied on zy: CIJ%I (zv) =
0, like we argued in section 2.9.3, we find a plane through xy on which @g?%l =
f(r)exp(if) near xy. So the SU(3) gauge fixing transformation V is V(6) =
exp{diag[i(20/3 + 3),i(—0/3+ B),i(—0/3 — 23)]} which is not completely fixed
and does not give a definite l'VB#VT contribution. Because of this ambiguity,
we can not reproduce the arguments for the existence of center vortices as we
did in SU(2), and the flux penetrating the defect has an ambiguity.

This ambiguity can be fixed if the other condition is also satisfied. But
because each condition of eqn. (4.22) gives two real conditions, the defects where
both conditions are satisfied form a D — 4 dimensional object, this does not fit
the vortex surface dimension of D — 2.

In our private communications with Ph. de Forcrand, one of the inventors
of Laplacian center gauge in [41], he acknowledged that different choices of the
N — 1 conditions give different vortices, but also expected that their existence
is choice independent. The smooth and well-understood background of SU(3)
calorons should therefore be a good test to investigate the consequences of the
ambiguity for vortex mechanisms.

4.3 Twists and vortices in SU(3) calorons

In section 3.3, we have found that there are two part of vortices in SU(2)
calorons, the magnetic flux between the two dyons forms the space-time part,
monopole world lines resides on this part. The second part, whose percolation
is related to the confinement in Polyakov loop correlators, is induced by the
relative twists between the dyons.

Furthermore, we have found the lowest Laplacian modes inherit the twists
in the gauge field, and so does ®®", This is the reason why the boundary of
twists implies purely spatial vortices as we presented there.

The structure of an SU(3) caloron is similar to that of an SU(2) caloron. It
is composed of dyons and there are twists, so in particular, the purely spatial
vortices should occur and be related to the boundary of twists.
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The twists in SU(3) caloron can be revealed in the gauge field 7" 4,, in
eqn. (4.4). It is immediately clear that both ingredients ¢ and C are given in
terms of the f in which we will identify the twists in the caloron (in section 2.7.2,
we identified the twists in SU(2) calorons also by f).

Let us specify the SU(3) formulae for f from section 4.1 (algebraic gauge):

2mivyt

- f _me T —2mit 1 P3 T3
fo1 = fa(pe, 1) m—y (e s1+ T3(83(02 + . s2) + T20382))
2mivat
— 7 — L —2mit T72 & E
f32 = fu(ps, p2) rot (e S92 + " (s1(c3 + s s3) + - c183))
2mivst
A e o 3 2 T2
fis = fx(/,L17/,L3) = 7(6 QMth + *(82(01 + &81) + f0281)) (4.24)
T3y T2 ™ T1

where s; = sinh(27y;r;), ¢; = cosh(2wy;r;) and r; = |Z — ¥

The twists should be identified in the periodic gauge, which will give addi-
tional factors of e™ 2™t e=2mival anq e2mit=2mint to fy 4 f3 5 and fi 3 respec-
tively. In the asymptotic limit where the distance to all dyons become large
(r; — 00), the f s become:

fo1 o< e Ky +O(ry, 7,73, p3) Ko K3
faa o< e Ky + O(re,r3,11, p1) K3 Ky
fiz o Ksz+O(r3,r1,72,p2)e™ K1 Ko (4.25)

where K; = ¢?™i" and O s are fractional functions of r; and p. So the twists in
the off-diagonal gauge field entries Asy, Aze and A3 in the r; — oo limit (far
from all dyons) are:

| =1 for viri > vare + 1373
T(Axn) = { 0 for viry < vary + v3rs

_ —1 for wory > v3r3 + 111
T(As2) = { 0 for wvorg < wv3rs+ i

T(Ar3) = { 0 for ars >my +uams (4.26)

1 for wv3rz < viri + vorg

where T'(A) is the twist (winding number) in temporal direction, a field of

¢ = e®™ has a twist of 1.

Let us consider some special cases. The first one is moving one of the dyons
to infinity. If we move the third dyon, which means r3 — oo, the twists in the
rest part of the caloron is T'(Ag1) = T(Aszz) = T'(A13) = 0, i.e. the rest of the
caloron becomes static. If we move the second dyon, the result is a bit different,
T(A21) =0, T(As2) = —1, T(A13) = 1, which means the rest of the caloron is
static up to a global gauge transformation V; = expl[diag(23¢, 23¢, —47%)¢]. Sim-
ilarly, if we move the first dyon to infinity, we get T (Ag1) = —1, T'(A4s2) = 0,
T(A13) = 1, and the rest part of the caloron is static up to a global gauge
transformation V = exp[diag(#5%, —25¢ —270)¢]. At first, the twist considera-
tion seems to distinguish the third dyon from the others. However, the periodic
gauge we used so far is not unique, In SU(3) we can apply the gauge transfor-
mations exp[diag( =3, =21 ATit)] or expldiag(4EL, =2t =2T)] which are
exactly the V7 and V5, to the caloron (these transformations keep the gauge
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21

Figure 4.1: The 3 twist boundary conditions r; = r; + 7, do not wrap any finite
volume but shrink to a circle around the center of mass.

field periodic and plaquettes invariant). These transformations exchange the
roles of the dyons, e.g. which one to move to infinity to end up the a static rest.
It shows that none of the dyons is special, their relation is democratic.

In the second case, we put the 3 dyons on the corners of an equilateral
triangle and the dyons of equal weights v; = % In this case, there is no region
in space satisfying r; > 7; 47y, but there are 3 curves with r; = r; 47 as shown
in Fig. 4.1. It is easy to prove that these 3 curves form a circle around the center
of mass that all the dyons sit on. As the condition of the twist boundaries in
eqn. (4.26) are approximate conditions in the r; — oo limit, the vortices we get
by LCG procedures — numerically calculate the lowest modes and find defects
in the second step of LCG — do not degenerate to this circle but become small
bubbles around the corresponding r; = r; + 7, curves, as shown in Fig. 4.2.

We can move one of the dyons a bit in the last case, toward the center of the
equilateral triangle or in the opposite direction. The twist boundaries of these
two cases are shown in Fig. 4.3 and Fig. 4.4 respectively, the former consists
of two surfaces from T'(As 1) and T'(As2) and the latter consists of one surface
from T(A173).

The third case is that the weight of one dyon is 1/2, equal to the sum of
weights of the other two dyons. As shown in Fig. 4.5, the twist boundary of
one of the entries is close to a plane while the twist boundaries of the other
two entries vanish. This is very similar to our SU(2) purely spatial vortices, in
which case the weight of the two dyons are equal.

Fig. 4.3, 4.4 and 4.5 are twist boundaries by eqn. (4.26). The LCG vortices
follow the expectations up to some deformations, compare Fig. 4.1 with Fig. 4.2.
and Fig. 4.5 with Fig. 4.6.

As we mentioned in section 4.2, Laplacian center gauge suffers from an am-
biguity as one needs to choose 2 of the 3 non-diagonal entries of ®®@’ and the
corresponding zero points of the 2 entries are vortices. From Fig. 4.2 we see that
different choices gives different vortex contents indeed, also the twist boundaries
of different non-diagonal entries do not coincide with each other.

From the twist analysis above we see that, different from the SU(2) case
in which the twist centers coincide with the dyon centers, in SU(3) the twist
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Figure 4.2: The possible vortices of an SU(3) caloron with v; = vy = v3 = 1/3,
1 = (3/2,3v3/2,0), yo = (3/2,-3v/3/2,0) and y; = (—3,0,0). The upper
panel shows the vortices we get from <I>é21)/, the middle and lower panel shows
those from @5322), and @g?l, respectively. The right column gives the top view of
the left column.
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Figure 4.3: The twist boundaries of an SU(3) caloron of equal weight dyons,
vy = vy = v3 = 1/3, at locations y; = {2,2v/3,0}, y2 = {2,—-2V/3,0} and
ys = {—3.5,0,0} as marked by the violet points. The third dyon is closer to the
center of the triangle. The first row shows 3D views of twist boundaries and the
second row shows corresponding intersections with the plane z = 0. The first
column and the second column are the twist boundary of T'(A3 1) and T'(As2),
respectively, while the twist boundary of 77 3 vanishes. The twists with in the
two bubbles are —1.
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Figure 4.4: The twist boundaries of an SU(3) caloron of equal weight dyons,
v = vy = v3 = 1/3, at locations y; = {2,2v/3,0}, y» = {2,-2v/3,0} and
ys = {—4.5,0,0} as marked by the violet points. the third dyon is a bit further
away from the center of the triangle. The left panel shows the 3D view of
T(A;3) twist boundaries and the right shows the corresponding intersection
with the plane z = 0. the other two twist boundaries vanish. The twist with in
the bubble is 0 and is +1 outside of it.

Figure 4.5: The twist boundaries of T'(4y 3) of an SU(3) caloron with dyons of
different weights, v3 = 1/2 and vy, = v = 1/4, at locations y; = {2,2v/3,0}
Yo = {2,-2v/3,0} and y3 = {—4,0,0} as marked by the violet points. The
dyons are in the corners of an equilateral triangle.
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4

Figure 4.6: The possible vortices of an SU(3) caloron with vy = vy, = 1/4,
vs = 1/2, 31 = (1,V/3,0), g2 = (1,—v/3,0) and y; = (~2,0,0). The upper panel

shows the vortices we get from <I>é21)/, the middle and lower panel shows that

from <I>:(>)22)/ and tﬁg)/ respectively. The right column gives the top view of the
left column. The last row has an artefact plane and some deformation near the
boundary as the lattice is periodic.
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centers (in our case are the volumes wrapped by the twist boundaries in Fig. 4.3,
Fig. 4.4 and Fig. 4.2) are between the dyon centers, and the accumulated twist
of one period T(8) of the 3 twist centers are the 3 center elements of SU(3)
gauge field.

In SU(2), it is very clear that just the calorons composed of equal weight
dyons extend their purely spatial vortices to infinity which eventually in caloron
ensembles yields percolations just in the confined phase. But how can we relate
the SU(3) caloron vortices with the different phases? We know that the calorons
in the confined phase should possess equal weight dyons (11 = vy = v3 = 1/3),
because the trace of Polyakov loop vanishes in this phase. However, the vortices
we get for such SU(3) calorons in Fig. 4.2 are finite size bubbles.

The answer might be that the vortices in SU(3) calorons are not thin vor-
tices, as we see that twist boundaries of different ®?2" entries do not coincide
with each other. If we consider a big “plaquette” across two of the twist bound-
2) o2

aries, say that of @g > and @573, then on this plaquette there are two zeros

of @g?%/ and <I>(2?§/ respectively, so that the V around this plaquette is com-
pletely determined, and the éV&MVT contribution through A, to the Wilson

loop around this big plaquetté is a center element of SU(3), and the argument
for center vortices stands.



Chapter 5

Dual condensate and dual
quark density

In the QCD phase transition at finite temperature, the most important phe-
nomena are deconfinement and chiral symmetry restoration. As we discussed
in Chapter 1, order parameters for these effects are the Polyakov loop and the
chiral condensate.

But how to connect confinement and chiral symmetry breaking? Or how
to connect order parameters of the two phenomena? In [11, 12] a novel order
parameter has been given, the dual condensate. It is the first Fourier component
of the quark condensate with respect to the boundary conditions. On the other
hand, it is sensitive to center symmetry like the Polyakov loop. We will discuss
the connection and the details of dual condensate in the next section, show our
numerical results of the dual condensate on dynamical lattice configurations
[8] using staggered fermions and explore a new dual operator, the dual quark
density, theoretically and numerically. Unsmeared dual condensate results can
be found in our proceedings [82].

5.1 Dual condensate and dressed Polyakov loop

5.1.1 Definitions and mechanisms

The chiral condensate, the massless limit of the quark condensate, is an impor-
tant order parameter of QCD phases. It breaks chiral symmetry spontaneously
as we mentioned in Chapter 1.

More generally, the quark condensate is the trace of quark propagator as

- dA [ dipda) 1 —i [ d*zp(D+m)p+....
(Ppy = f f Ydyp w(ff)ib‘(/w)ze
4

JAAT (pig)eae ™ 1 1
ViZ Iz

r ) (5.1)

On the lattice, the quark condensate as the trace of quark propagator, can
be obtained in two different ways. The first way estimates Tr (D + m)~! by
iterative steps using stochastic vectors, see e.g. [78]. The second method which

71
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Figure 5.1: Loops with different powers of the boundary condition introduced
phase €’?, horizontal lines are spatial links, vertical lines are temporal links. Blue
and green lines represent closed loops but only the green loops have winding
number 1 in the compact time.

we will adopt uses the spectral representation of the quark propagator:
1 1
T = . 5.2
D +m z)\: A+ m (52)

where i)\ are eigenvalues of the massless Dirac operator D that need to be mea-
sured. The result is dominated by the infrared part of the spectrum. Consider
the fact that D is anti-Hermitian and anti-commutes with 75, which means the
eigenvalues of D are imaginary and in i pairs, we have

1 2m
T = - 5.3
‘D+m /\Z>O>\2—|—m2 (5:3)

It is clear that the ultraviolet contributions are suppressed by the denominator.
In the massless limit, the term in the sum approaches 6(A). Hence the chiral
condensate is given by the eigenmode density at A = 0, p(0), which is the famous
Banks-Casher relation [57].

The physical quark boundary condition without (imaginary) chemical po-
tential is the anti-periodic boundary condition

P(t+8) = —¥(t). (5-4)

The idea of [11] is to apply general phase boundary conditions. Then the
corresponding quark condensate is the general quark condensate [12, 92]

Yot +8) = ()
Dypy = Fidrgthg
_ 1 _ i 1
E(m,V,¢) = <T1"m> = V<%;i)\¢+m>' (5.5)

These boundary conditions are similar to an imaginary chemical potential of
wr = i(¢p—m)T, however, they are only applied on the valence quarks. Likewise,
the probe mass m does not need to agree with the mass of sea quarks.
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Figure 5.2: Individual and accumulated contributions to the (quenched) dual
condensates from different parts of the spectra by Bilgici et al [12].

On the lattice, one can implement the general boundary condition by giving
an additional phase ¢ to all the temporal links in the last time slice,
U(Ny, &) = e"U(Ny, 7), (5.6)

visualised by the red lines in Fig. 5.1.
If the mass is large enough, one can expand the expression of general quark
condensate in eqn. (5.5) like:

(m,V,¢) = <Tr

1, = T Dl
D —)== Z X >. (5.7)
1=0

Tr(D?) in this expansion tells us that only closed loops contribute. Also in
general, the general quark condensate ¥(m,V, ¢) consists of closed loops only,
because it is a gauge invariant functional of the links. Moreover, Tr(D?) contains
loops of length ¢ (provided D contains just nearest neighbor links), these loops
are suppressed by factors (2am)? (with 1/2a coming from the Dirac operator,
cf. eqn. 5.44).

Through the implementation of the general boundary condition in eqn. (5.5),
closed loops get different powers of the boundary condition induced phase €*?,
and the power of '? is its winding number in time direction as shown in Fig. 5.1.

Dual condensates are defined to be the Fourier components of the general
quark condensates with respect to ¢ [11]:

1

Se(m, V) = o

27
| ao e esm o), (58)
picking out closed loops of winding number k. In particular, the first Fourier
component ¥ is the “dressed Polyakov loop”, shown in Fig. 5.1 as green lines.
It follows immediately that ¥, transforms under the center symmetry transfor-
mations like the Polyakov loop.
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In the large mass limit, the leading term of the dual condensate is Tr(D™t) /m™t
where N, is the time direction size of the lattice. The leading contributions to
dual condensates are from the straight closed loops with winding number one,
the conventional Polyakov loops, see also [79]. Given that the dual condensate
includes contributions of longer loops of the same winding number (at higher
orders of inverse mass), it can be interpreted as a “dressed Polyakov loop”.

Another important aspect of the dual condensate is its IR dominance. We
know that the quark condensates are IR dominated (especially the chiral con-
densate). The dual condensate, which is the first Fourier component of the
general quark condensate, reflects the boundary condition phase dependence of
it. Given that the spectra of Dy with different ¢’s mainly differ in the lowest
part, the dual condensate is even stronger IR dominated [82]. Fig. 5.2 shows
that the dominating contributions are from the infrared part of the spectrum.

The renormalization of the quark condensate [9] is

Sk = my(S5(T) — Sp(T = 0)), (5.9)

where m, is the bare quark mass, or normalize it to be dimensionless by m%
where mx is a dimension 1 constant. The bare dual condensate vanishes in the
confined phase as X p(¢) is a flat curve there, we can see this in section 5.5.1.
Consider X5 (T = 0) = 0, the renormalized dual condensate becomes

Y1r(T) = my215(T), (5.10)

We know that the Polyakov loop is proportional to e #F where F is the free
energy of an infinitely heavy quark, so —% InL = F(T) + c reflects the change
of free energy. As the dual condensate is proportional to the dressed Polyakov
loop, we will also measure

1 ~
—Bln(zm/mﬁ() = F'(T)+c+4TInmy, (5.11)

which is an analogue of the free energy.

Former results of the quenched dual condensates in [12] and [80], prelim-
inary unquenched SU(3) results in [81] and our unquenched SU(3) results of
unsmeared dual condensates in [82] confirm that the dual condensate is an in-
frared dominated order parameter.

5.1.2 Applications beyond the lattice and in other gauge
systems

There have been other investigations using the dual condensate to get a handle
on the phase transition in QCD and related gauge systems, which are briefly
summarized in this section.

By functional renormalization group methods, Braun et al. have computed
the partition function at imaginary chemical potential as well as the dual con-
densates [96].

Through Dyson-Schwinger equations, Fischer and Miiller have incorporated
the boundary angle into the quark propagator via Matsubara frequencies and
obtained results for the general and dual condensate similar to ours [97].
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In the Nambu-Jona-Lasinio model and its Polyakov loop extended version,
Mukherjee et al. and Kashima et al. used the dressed Polyakov loop to inves-
tigate the chiral and deconfinement transition [99] [98]. Similarly, Gatto and
Ruggierri studied the effects of a magnetic field [100].

On the lattice, Danzer et al. used the dual condensate to investigate the
phase transitions of the G2 gauge theory [101] (which is interesting with respect
to the vortex picture since it has no nontrivial center) and Bilgici et al. used the
dual chiral condensate of SU(2) adjoint quarks [102] (where chiral restoration
and deconfinement occur at very different temperatures).

A related idea to dressed Wilson loops has recently been suggested in [103].

5.2 More fermionic observables

The chiral condensate (1)) is an order parameter for chiral symmetry breaking,
we will analyze and numerically measure more condensates (¢I'y)) with T" being
a matrix in the Clifford algebra to find other aspects of QCD phase transition.

5.2.1 General fermionic observables

Let us consider fermion operator condensates in the framework of the Path
Integral.

[ dbdpdA gTpeS
(YI'p) = TdidvdA e (5.12)

Then one can find the expression for the numerator of eqn. (5.12) in terms
of eigenvalues and eigenvectors of D.

S g G ALY o [ (Dm) ]
/ dbdip gTpe=S = / &5y PTve e
_ SV Dty ]
= [ e

/ dpdy’ PD[T]" e~ PO+mI 7 DI +..]

= (T[(D+m)™H) 1) = (Te[D(D +m) 1), (5.13)

where ¢ =Ty, ¢ = % (D[] is the determinant of T"), the spectral repre-

sentation follows immediately as

(@Wre)y = (3"

7

(vi|Llvs)
m) (5.14)

where i); are eigenvalues of D, v; are corresponding eigenmodes of D and I'; ; =
(vi|T'lv;). We can further simplify the results of eqn. (5.14) by using the relation
between |v;) and |v_;)=75|v;) (which is the eigenmode with eigenvalue —i)\;)

(v_ilDlv—s) = (wilvsTys|vi) = £(wi|Tlws) (5.15)

where the minus sign applies for I'’s that anti-commute with 5 and plus sign
for I’s that commute with 5, we will use this equation in section 5.4.4.
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Figure 5.3: The spectral density of D, red dashed columns show p(A) at physical
boundary conditions, blue solid ones show that at periodic boundary conditions.
The temperature of these plots are: 78MeV (upper left), 152MeV (upper right),
172MeV (mid left), 250MeV (mid right) and 892MeV (last) respectively.

Eqn. (5.14) shows that we need both the spectra and the expectation values
of (v;|T|v;) to calculate the generalized fermionic condensates, the chiral con-
densate is an exception because its I' = 1 always gives (v;|1|v;) = 1.

5.2.2 Susceptibilities

We know that the quark condensate (1)) = ‘/4% In Z is the first derivative
of the logarithm of the partition function In Z with respect to the mass. The
second derivative of In Z is the conventional quark susceptibility. This generates

three terms [91]:

52 1,22  0mZ.,
S e L i ol
_ 1 Ve by 1 1 LRy
= (T )7 V4<Tr(D+m)2> V4<HD+m>'(5'l6)

Vi

The sum of the first term and the last term is the squared standard deviation
of the quark condensate (Trﬁ), in the chiral limit, it reflects the fluctuation
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p=pr(A)

Figure 5.4: Schematical spectrum density p(\,T') with anti-periodic boundary
condition, the measured spectrum density results are shown in Fig. 5.3.

of chiral condensate, and is also called disconnected chiral susceptibility. The
second term is called the connected chiral susceptibility and corresponds to the
integrated scalar meson correlation function [91].

The chiral symmetry breaking/restoration signal in the chiral susceptibility
is a peak near T.. In the disconnected part, it is easy to understand as it is
proportional to the squared standard deviation of the quark condensate. The
connected part peak can be understood with the Banks-Casher relation [57],
that the quark condensate.

TR 1 _ 1 2mp(A)dA m—o T
<¢1/)> - T / )\2 +m2 V4

A A p(0). (5.17)

It gets p(0) in the chiral limit because /\22;':712 m=0, wd(A). But for a finite
mass, 2m/(A\? +m?) is a narrow peak (width equals m). So the integration of a
function f(\) with weight factor 2m/(A\2+m?) is a kind of average of f(\) within
the width of the peak. The chiral condensate as the order parameter of chiral
symmetry breaking is non-vanishing in the low temperature chirally symmetric
phase, but vanishes in the high temperature chiral symmetry breaking phase.
p(0) behaves accordingly as shown schematically in Fig. 5.4. The spectrum
density results of smeared Ny = 2 4 1 configurations from the Wuppertal-
Budapest collaborations [8] are shown in Fig. 5.3.

As the quark condensate with finite quark mass is actually an average of p(\)
from A = 0 to A\ = m with weight function 2m/(\2 + m?), the derivative of this
average should be small in the chiral symmetric phase because the lowest part
of the spectrum density in this phase is flat so the average changes slowly with
m. This average is also small in the chiral symmetry breaking phase because
the lowest part of the spectrum has a gap. The only peak comes from the phase
transition region T' =~ T, where the lowest part of the spectrum is neither a gap
nor flat.

Our quark susceptibility result in Fig. 5.5 reproduces the chiral suscepti-
bility results of [8], One can find that the disconnected contributions and the
connected contributions are approximately of the same magnitude, which is dif-
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Figure 5.5: (Unrenormalized) conventional chiral susceptibility results measured
with the spectral method at low mass (m = 1MeV). The plots are, from upper
left clockwise: disconnected chiral susceptibility, connected chiral susceptibility
and full chiral susceptibility.

ferent from the conclusion by the hotQCD collaboration [91].

One can define general susceptibilities like the quark number susceptibility
similarly:

1, 1, 0.7 1,022 0,Z
— nZz = M = (I ©w 2
1 0 2 1
= —(({([Tr———1]°) — (T
VZ;(<[ D+m+ﬂ’70]> < rhOD-%m-HWo’YOD—Fm-HWo}
Y0 2
—(Trr————)"), 5.18
< D+m+u’yo>) (5.18)
and the g — 0 limit is
L o
iaﬂan’p—)O
_ 1 Yo 2 1 1 Yo 9
= 74(<[TFD—|—m] >_<Tr[70m’}’om]>—<Tr[D+m]> ) (5.19)

For a general matrix I', the middle term will read in the spectral represen-
tation as

1 1

1
D Bl = 2 2 e,

iy, (5.20)

where Fij = <Vi|F|I/j>.
This is the simplest form of this term, we can not further simplify by apply
formulas like ) |a) (| = 1. So we can not calculate a general susceptibility by
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having measured I';; only, except the I' = 1 case of quark susceptibility which
has I';; = ¢;;. But one can find that the rest two terms in the general suscep-
tibility that can be determined from our data are proportional to the squared
standard deviation of the corresponding condensate just like the disconnected
quark susceptibility.

5.3 Dual quark density

The condensate with I' = ~q is the quark density n = (y9v), it is of particular
interest as it couples to the chemical potential. Similar to the general quark
condensate, we can define the general quark density n(¢) = (¥y0t), and its
dual ng. Different from the general quark condensate, which is renormalized by
the bare masses as shown in eqn. (5.9), the general quark density d,,In Z does
not need renormalization [9].

5.3.1 The Stefan-Boltzmann limit of dual quark density

Let us discuss its high temperature limit first. We know that in the high tem-
perature limit, the QCD is asymptotically free, gluons and quarks decouple,
which means we can simulate the high temperature limit of QCD with a free
gas of gluons and quarks. Then the theoretical high temperature limit for n(¢)
and 75 can be estimated in statistical mechanics.

In the free gas of gluons and quarks, the fermion part of the partition function

Z =[]+ e Fmm/T)NED (5.21)

i

is

where our boundary condition (3 + o) = €*®1(xg) equals an imaginary chem-
ical potential py = i(¢ —m)T which only is felt by the valence quarks (vanishing
chemical potential i = 0 corresponds to ¢ = 7), E; runs over all energy eigen-
states and N(E;) are the degeneracies.

The general quark density of the free quark gas system is

1. .0z 1Z N(E;)

T)=—T ==
n(:u’v ) Vi ( aM )V,T Vi 1+6(Ei7,u)/T

(5.22)

(2

and the continuous version of n(p,T') is

IR Dy(E) Dy(E)
e T) = 74/0 ({4 (/T ~ Ty oBrmrT) (5.23)

where D, (E) is the density of quark eigenstates and Dg(E) is that of the anti-
quarks.

Putting the imaginary chemical potential puy = i(¢ — 7)T in and doing the
Fourier transformation, we get the dual quark density

L N D,(E) D4(E)
~ _ € q _ q
m(T) = /0 2 Jy 4E( 1—eB/Te—io 1 — eE/Tei¢)’ (5:24)
The eigenstate density of the free quark gas is clearly
47p? d|p]
Do(E) = Dq(E) = = (5.25)

(2n)3 dE
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In the chiral limit where E = |p] (could also be done for E = /p? + m?
up to some numerical integrations), we do the tricks of changing the integral
variable to z = e~* and the order of integration, apply the residue theorem
and get

n(T) = — = (5.26)

This result is the dual quark density of a single fermion freedom. Including
the flavor number Ny, 3 colors and two spin directions, the dual quark density
is

6N T3
i (T) = ——L—. (5.27)

T2

This results can be easily generalized to dual quark densities of higher wind-
ing numbers:
6NT3
w2k3
A sum of them can be connected to the connected part of quark number
susceptibility xo = \%8%221“ Z|u—>0 in [9, 8], given by eqn. (5.19) (note that
the disconnected part of quark number susceptibility contributes only near T,
does not contribute to the high temperature limit value of quark number sus-
ceptibility), which is a conventional operator, not a dual operator. At high
temperature, we recover its Stefan-Boltzmann limit by dual quark densities,

. (T) = (5.28)

_#
x2 =Y _k(=1)F =5 = N;T? (5.29)
k

We see that the dual quark density has a nice high temperature limit, but
what is the physical meaning of dual quark density? We will discuss the leading
contribution to the dual quark density below.

Keeping the high temperature limit, and replace the Dirac-Fermi statistics
in eqn. (5.23) by Maxwell-Boltzmann statistics, one gets

3" Dy(a)e B@-0/T N Dy (y)e= E@+0)/T
@ Y

~ e/ Tng(u=0)— e #/Tng(u=0) (5.30)

Q

n(¢)

where
ng( = 0) = nglu = 0) = 3 Dyfa)eB@/T (5.31)

are the densities of quarks and anti-quarks with x4 = 0 in this statistics, ng(p =
0) and ng(p = 0) are the same because ;1 = 0 means no favor on quarks or
anti-quarks. We can simplify eqn. (5.30):

n(¢) =~ —2isin ¢ ngy(0). (5.32)
Then it is clear that the leading contribution to the dual quark density (in the

high temperature limit) is nq(pr = 0) = ng(p = 0), the density of quarks (or
anti-quarks) without chemical potential.
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Figure 5.6: The left and right panels in the first row are the accumulated and
individual contributions to 7; [GeV?3] at T = 182MeV and m = 1MeV, respec-
tively, the lower panel is 22’)\131()\). Results in this figure use the lowest 1500
eigenmodes (the 500th eigenmode is around 0.33GeV).

5.3.2 Convergence problems of dual quark density

In the last subsection, we have found that the leading contribution to the dual
quark density is the density of quarks ny or the density of anti-quarks ng without
chemical potential. This operator is obviously not IR dominated. Our numerical
results indeed show that the dual quark density n converges slowly compared
to the dual condensate.

Let us start from the general quark density with I' = ~p, which is (see details
in section 5.4.3)

(voilvolve;) _ . 225 (Vs570ves)
n(g) =y RO = g N e me R el (5.33)
Agj iroj +m Api>0 )‘¢j tm
We can write it in the continuous form:
% 20Py(A)po(N)
=— ————=d\ 5.34
no) =i [ 2y (531
where Py(\) = (va,|70[va,) is the 7o expectation value of fermion eigenmodes
and pg(A) is the density of eigenmodes, both are ¢ dependent. The additional
factor of A in the numerator hints on a worse IR dominance compared to the
dual condensates.

We can Fourier transform n(¢) and get the formula for the dual quark density

iy = /0 %Dlm@)w (5.35)

where

e "do
27

QW=/&WwW

(5.36)
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is the first Fourier component of Py(A)pg(A). 71 is basically real because n(¢)
is odd around the ¢ = 7, as we will see in section 5.5.

The accumulated and individual contributions to n; in Fig. 5.6 show that
the sum of the lowest 500 or even 1500 eigenmode contributions is not the really
well converged dual quark density. However, looking at just the term 2iAD; ()
suggests a method to estimate the upper limit of the higher mode contributions
beyond the 500 lowest modes.

Suppose that f(A) = 2AD;()\) is less or equal to f(K) if A > K as Fig. 5.6
shows such a trend to decrease with A when it is large enough. Then we can
estimate the upper bounds of the higher spectrum contributions because

o f(A)dA K
; )£(+)m2 < f(m ) arctan(%).

(5.37)

If K > m, we can simplify this upper limit to f(K)/K. This is a very conser-
vative estimation of the upper bounds of the higher spectrum contributions.

5.4 Technical details of staggered fermions

In this section, we collect some technicalities of staggered fermions, especially
those needed for the computation of (¢)T't)) observables in section 5.2.

5.4.1 The staggered fermion action

The staggered fermion is a type of fermion in lattice QCD that reduces the
number of redundant fermion resonances from 16 to 4.
The fermion part of QCD Euclidean space-time Lagrangian is

Ly(x) = = (Vg Dy + m)ip, (5.38)
where 75 =% and v = iv? (for simplicity, we write y* instead of e below),
and ¢ = 9T for Lorentz invariance in Euclidean space-time. The naive lattice

Lagrangian is [83]

Logive = o S 0@ U (@)d(@ + i) — $@ Uy — iz — )

+m Y P(x)v(x). (5.39)

x

This naive lattice Lagrangian has a big difference from the continuum Lagrangian—
the doubling problem.

To show the doubling problem, let us begin with the propagator of a free
fermion.

1 —iyfsinpya+m

o in2 242"
>, sin” pua +m2a

%S(p) = (iv*sinp,a +m)~ (5.40)

Like atoms in crystals, the momentum space of lattice fermions also have a
Brillouin zone from —7/a to 7/a. The continuum fermion propagator (iv*p,, +
m)~1 has large contributions from the small |p| region around p, = (0,0,0,0),
but the naive lattice fermion propagator in eqn. (5.40) has 15 more similar
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regions around p,, from (0,0,0,7) to (m, 7,7, m). The result is that a fermion
resonance in continuum has 16 “copies” of fermions on lattice if we adopt the
naive fermion Lagrangian.

One way to avoid the fermion doubling problem is to add some terms in the
Lagrangian to shift redundant “copies”, like that done in Wilson fermions. It
adds a second derivative term to the Lagrangian [83]

SW = rBDW = =5 3 Ualtnin — B+ Yump) ~ 30D (5.41)
T,

but the price is the chiral symmetry, it is explicitly broken by the Wilson term.

The staggered fermion [88, 89] gives a method that can reduce the number
of fermion copies to 4 and keep the chiral symmetry. It starts with the naive
lattice fermion Lagrangian in eqn. (5.39), applies the redefinition of fermion
fields by ¥, — Q) and 1), — )Z;QL where

Q= ()7 (32)™ (33)™ ()™ and Qf = (72)™ (33)™ (32)™ ()™ (5.42)
Using the anti-commutation relation of v matrices
Ve YR} = 290 1 = 26""1, (5.43)

we can simplify the fermion field redefined Lagrangian to

Z %nu(m)i(m)l(Uu(x)X(x +4) — Ul(m — )x(z — 1)) + mx(z)Lx(z).(5.44)

T,p

where
M = (=1)7rreeteme, (5.45)

The Dirac space structure of this Lagrangian is trivial. Restricting to one of the
Dirac components, we get the staggered fermion Lagrangian

=% %an#(x)x(x)(zfu(x)x(x + )~ Uj(x — ) x(@ — 1)) + mx()x(x)(5.46)

71, shows a mixture of Dirac index and spatial index, its sign alternates with a
period of 2 in all directions. This period suggests that 2%-hypercubes are basic
units for staggered fermions. We will come to this later.

The remaining redundancies are called ’tastes’, one can confirm this 4 de-
generacy from the staggered fermion spectrum of smooth lattice configurations.

5.4.2 Properties of the staggered fermion Dirac operator

The massless Dirac operator D of a staggered fermion is
1 X
Day = o= Y (@) [Un(@)r sy = Ul(w = )00y ] (547)
n

We can define a site of the lattice even or odd by

15 = (—1)Trreatetes (5.48)
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ns = 1 sites are even sites and 15 = —1 sites are odd sites. Every even site is
surrounded by 16 odd sites and every odd site is surrounded by 16 even sites.
The hopping terms of D, in eqn. (5.47) are always between adjacent sites,
means D, , is between odd sites and even sites. By moving all odd sites to the
upper half and all even sites to the lower half, the Dirac operator D, , is of the

form:
0 R
po( % ) 545

where R is the part of D, , that includes all the links from even sites to odd sites
and —R' includes all the links from odd sites to even sites. Thus the matrix D?
is block-diagonal, negative definite and Hermitian:

2 [ —RRf 0
D< o _rR ) (5.50)

By projecting this D? to the sub-lattice of odd sites (or the sub lattice

(1-ns)
2

of even sites), the staggered fermion field becomes v o= v, D? becomes

D? = Dzl_% and clearly we can reduce the size of the matrix by half [84].
In numerical eigenvalue problems, reducing the dimension of the matrix is of
course very helpful.

The massless Dirac operator is anti-Hermitian, we can understand it from
both the continuous and the lattice form of D. The continuous D is D = *(9,+
iA,), in which the v, in Euclidean definition is Hermitian, and D, = 0, + {4,
is anti-Hermitian, so D is anti-Hermitian. The staggered fermion massless Dirac
operator D in eqn. (5.47) between z and  + i is Dy gz = 5=1u(2)Uy(x) and
Datjpe = =52z + p)Uj(x), consider n,(z) = nu(x + f1), we get Dy pyp =
—Dl P Thus D (or Dy ) as an anti-Hermitian operator should have a purely
imaginary spectrum.

We can get more information from the fact that the massless Dirac operator
D anti-commutes with v5; and D? commute with s

{D,ys5} =0, [D?,75] =0, (5.51)
the corresponding staggered relation is
{D7 775} = 0) [D2a 775} =0. (552)

The (anti-)commutation relations above tells us:

1. We can choose eigenmodes of D? to reside on the even sites only or on
the odd sites only to reduce the dimension of the matrix. A set of operators
commutating with each other makes these operators can have common eigen-
vectors. The eigenvectors of 75(x) reside on the odd sites only or on the even
sites only, and D? commutates with 75, so we can choose the eigenmodes of D?
on the odd sub-lattice or on the even sub-lattice (by linearly recombinations of
the degenerated eigenmodes of D? on the full lattice), we have got this from the
block-diagonal structure of D2.

2. FEigenvectors of D come in pairs, a pair of eigenvectors has opposite
eigenvalues. If v is an eigenvector of D: Dv = v, then nsv is the paired
eigenvector of D: D(nsv) = —nsDv = —A(nsv).

3. Eigenvectors of D? are linear combinations of paired eigenvectors, which
means if we choose the eigenvectors of D? on the odd (even) sub-lattice, these
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eigenvectors are not eigenvectors of D in general. On the other hand, an eigen-
vector of D is always an eigenvector of D?, and we know that eigenvectors of D
appear in pairs which have opposite and imaginary eigenvalues, then v and nsv
are non-degenerate modes of D but degenerate modes of D?. Consider D not
commuting with 75, eigenvectors of D? can only be the recombination of v and
NsV: 1"’2775 v and 1_2”5 v, their eigenvalues are negative and real.

We can recover the eigenvectors of D if we have both the spectrum and
elgenmodes of D2 = D255 (or D? = D?14). An eigenvector A = 155y of

D2, should satisfy

(S 8)(8)-( )-( 2)-w e

where B = 5y is the even site part of v. So we get

—Rt D
AB=-R'A = B= —A=5A4 (5.54)
Let us summarize the method to calculate the eigenmodes and the eigenvec-
tors of D:
1. Calculate the eigenmodes and the spectrum of D2.
2. An eigenmode v, of D? with eigenvalue —\? corresponds to two eigen-

modes of D:
— Vo _ Vo
Vl(ip)\yo) and VQ(DMVO>, (5.55)
their eigenvalues are A\ = A and Ay = —i A, respectively.

5.4.3 Staggered fermion operators

As worked out in section 5.2, one needs the expectation values (v;|T'|v;) for the
condensates (¢T'%). The definition of (v;|T|v;) is clear in the continuum and
for the naive lattice fermion, but is not straightforward for staggered fermions
because the spinor index is mixed with the space index. In other words, the
operator acting in staggered taste space needs to be determined. In this section
we will discuss the definition of (v;|T'|v;) for staggered fermions.

The first possibility that comes to one’s mind is to apply the staggered field
redefinition in eqn. (5.42) to (¢I'¢)) just like we did to the naive lattice fermion
Lagrangian in eqn. (5.39).

Let us try I' = «,,, the naive matrix element (z/}y#¢> after the redefinition is

> d@)(@ :Z% X (@) yux (). (5.56)

We find that <1/_J’y#¢> after the redefinition has a non-trivial structure in the
spinor space, so we can not reduce the Dirac fermion operator to a staggered
fermion operator this way.

An alternative is to define from staggered fermions on a 2* hypercube, four
“tastes” of Dirac fermions (4 component in Dirac space) which transform like
fields on the base site of the hypercube [85, 89, 90]:

%a®) =D (U) (0)(Tp)aaxs (p) (5.57)

p
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where « is the Dirac index, a is the taste index, and c¢ is the color index. 2y is
the hypercube base site, while p (p, € {0,1}) is the relative coordinate of a site
(2y + p) in the hypercube to the hypercube base site. The staggered fermion
field x,(p) = x(2y + p) and U, is the link from 2y + p to the base site of the
hypercube. There are two different possibilities to define U,, the first one is a
product of links along a definite path from p to {0,0,0,0} like

Uy(p) = [Ur(29))" [U2(2y + p1)]7*[Us(2y + p1 + p2)]”° [Us(2y + p1 + p2 + p3)]”™*,

(5.58)
the second one is the permutation definition which is an average over different
pathes from p to {0,0,0,0} :

Uylp) = = S U2y +p = 2). (5.59)
NG

We will discuss the difference of these two definitions in detail in the end of this
subsection.
Similarly, I, is the product of v matrices along the path from p to {0,0,0,0}:

Iy =[] [yl [s]” [l (5.60)

One can define “Dirac fermions” this way because the staggered fermion
Lagrangian equals the naive 'recovered’ Dirac fermion Lagrangian in the con-
tinuum limit [86, 87].

Sp+Sn = (2a) Z{q (v @ DAa(y)) + ad(y) (v @ thth)5,q(v)}
2a m Z (1 ®1)g(y). (5.61)
where both 1
Aufly) = - 1fly+) = fly =i (5.62)
and
uf () = 1oglFly + ) — 20() + Sy — )] (5.63)

have a finite continuum limit, which means the second term of eqn. (5.61) dis-
appears in the continuum limit.

The “recovered” Dirac fermions have a degeneracy of 4, for the tastes. Each
of these 4 tastes of fermions has 4 components in Dirac space. An operator
composed of “recovered” Dirac fermions includes a structure in taste space and
a structure in spinor space

(210s719) = (@ aa(V5)apasy(y1)ba = Tr(qysayr) = @(vs @y7)g.  (5.64)

From the “recovered” Dirac fermions of equn. (5.57), Ogr is a bilinear in
staggered fermion on each hypercube. For a conventional operator (I'¢) in
the continuum, the corresponding staggered fermion operator Ogr should give
vs = I', but what is the taste space structure? Let us start with “local” denoted
observables, that couple staggered fermions from the same sites only. The term
X(x)x(z) is an example, X(x)U,(x)x(z + ) is not. The condition for a “local”
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operator is that its structure in taste space and in Dirac space are the same.
One can find this by expanding eqn. (5.64)

(q|Ostla) = > xylp Uy (P )xy (P)Tr(TEysT yr). (5.65)
psp’ Y

Here, both s and ~p are 4 x 4 matrices, one can choose the Clifford algebra
as the basis for spinor and taste space matrices. Consequently, Ogr is non-zero
only if the numbers of all the 4 «y,, matrices are even in the product Fiﬂsr BYT-
So the condition for a “local” operators is vs = yr.

The advantage for “local” operators is that they are easy to compute, another
reason for choosing “local” operators is that particles defined this way usually
have the lowest mass among all the possible definitions [9].

The next question is the content of fermionic operators defined this way
in terms of staggered fermion fields. Let us expand the corresponding “local”

operator of ¥,1)

T @n)a = Y QaoW)Vh 5980

= Y Z Xy (DU (0)Uy (0)xy (0T8T 4T 0Xu (071

= Z4ns Y1) Xy (DU (0)Uy () xy ()
= ,24% D* %y (0)US (0)Uy (p) x4 (p)- (5.66)

If we adopt the definite path definition of U, in eqn. (5.57), one gets Uy(p)U;r (p) =
1 and can simplify this expression to

0(vu ®)a =4 ns(@)(—1)" x(z)x(x). (5.67)

The condensates with trivial structure in taste space, ypr = 1, is different:

q(u®1)g = ZQa,a(y)’YZ,ﬁ%,b(y)lb,a

= ZZXZJ (p )Xy(p )Fa (yrya ﬂFp ]-b,a

Y p.p

Z Z A (p) Xy (p)UJ(p)Uy(pl)Xy(p/)(éeru,p’ + 6p—ppr)

Yy pp

Z Z 40, (") Xy (,O)UJ (P)Uy (0" )Xy (P") Optpipr + Op—pu,pr)- (5.68)

Yy pp
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The staggered form of the simplest operator (g|q) is that of yp =5 = 1:

cj(l oy 1)(] = Z@l,a(y)la,ﬁq@,b(y)lbﬂ
Yy

= 3D x@U ()UE)xy (P )T 05T 4 10,0

Yy pp

= >3 4, (MU (U () xy(0)3p,
= 24)2(:5))((:6) =4, (5.69)

it telling us that we should normalize our results by 4 which is from the number
of tastes. Another operator with a simple form on the staggered fermion level
is {Gy0q) with v = 1 (a particular case of eqn. 5.68):

i ®1)g =" 4n0(p) (4 (0. U, (0, ))x (L, 7) + c.c). (5.70)
vy o7

where g’ are the spatial components of p, and the U, (0, p) is a single link rather
than a path of links in the general case in eqn. ((5.68)).

There is another way of defining %Bu nZ = 3-(Tr (D +m)~'8,(D+m))),
which is purely on lattice and can be used to derive an expression for the quark
density of staggered fermions [9]. It implements the chemical potential by

Uo(p) = e*Uy, Ug(u) = e_“Ug. (5.71)
So the 9, (D + m) as a matrix on lattice is

0 .
(G D)+ M),y = @) 0y 10U W) + 8,y ooy = D). (5:72)
which is the same to eqn. (5.70) (if we average eqn. (5.70) over all possible def-
initions of hypercubes). So the quark density at u = 0 defined this way is the

same to ours (with yp = 1).

So far we did not discuss the link U(p) appearing in the operators above,
the problem is the definition of the link in eqn. (5.57).

To repeat, there are two possible choices, the first one in eqn. (5.58) is to
fix a path for each point x = 2y + p in the hypercube to the base site y of the
hypercube, the second one is the permutation definition which averages over all
pathes from x to y.

The latter [90] in eqn. (5.59) is smoother because it averages over many
pathes. But it also has a problem, the orthogonality problem. The correspond-
ing “recovered” Dirac fermions of two orthogonal staggered fermion fields are
not orthogonal anymore, We can find this by expanding (g1 |q2):

(@la) =YY X1y (US(0)Uy(0)x2(p)- (5.73)

If Uy(p) includes only one path, then it is a unitary matrix which gives
UJ(p)Up = 1 and consequently (qi1]|g2) = (x1|x2) = 0. But if Uy(p) includes
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@)

Figure 5.7: Different pathes of links in the permutation definition of U, (p) in a
cube from a site p to the base site O.

different pathes, U,(p) is not unitary, and (gi|g2) # (x1|x2). Starting with
orthogonal staggered fermion fields x; and ys2, we get non-orthogonal fermions
¢1 and ¢o. Re-orthogonalization, which one might suggest, can give (q;|gs) = 0,
but will mix x; and xas.

Along with the orthogonal problem is the normalization problem, replacing
g2 by ¢1 in eqn. (5.73), one finds that with permutation definition of Uy(p), the
“recovered” fermion fields are not properly normalized. One can normalize it,
but the factor depends both on the configuration and the fermion field.

5.4.4 General fermionic observables

We select 7 operators: {vs = 1,7%0,%75,75;7r = 1,7s}, all the other struc-
tures in the spinor space will give vanishing condensates because of rotational
invariance as they include ~; (o is distinguished at finite temperature). The
corresponding condensates of these 7 operators are

(Viag |OsT|Vin,)
m + i)\¢ '

Ssr(d) =Y

Ag

(5.74)

These operator condensates are either purely real or purely imaginary as we will
find below.

The expectation values (v|Ogr|v) of a local operator (ys = ~r) is real
because the sum of the contributions from a pair of eigenmodes (%)) is real.
Using the relation v_ = nsv (the continuous version is v_ = y5v4) between two
eigenmodes in a pair v, and v_ that satisfies Dvy = ¢Avy and Dv_ = —iAv_
respectively, we find the expectation value of the v_ is

(v |Os=rlv-) = D> vyy(p)ns(p)ns(p)vsy (p)Tr(ThsT )

= D) 2y (pvay(p)Tr(ThysTp7s)

= (v4|Os=rlvy). (5.75)

It is real because Tr(I‘;f;ySFp'ys) is always real.
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The sum of the contributions from this pair of eigenmodes v and v_ to the
condensate (YOg=r1)) is

(v |Os=rlvy) = (w-|Os=rlv-) _ (v4|Os=rlvy) | (v4|Os=rl|vy)
iA+m —iA+m IAN+m —iA+m
2(v4|Os=r|vi)m
= 2 , (5.76)

which is purely real. So we know that the general condensates X g7 (¢) of local
operators Og—r with arbitrary boundary angle ¢ are purely real.

Let us consider the other 3 condensates which v = 1 namely vs = Y0, Y075
or v5. One will find the general condensates of these 4 operators are either
purely real or purely imaginary.

The proofs include two parts, the first part is the relation between (v, |17 ®
Yslvs) and (v_|17 @ ys|v_):

v 17 @ sl )
= 3D w0 (DU ()Uy (0 )05 (0 vy (0 ) Te(TH1 T )

Yy pp

= ()i 1T ©yslvs) (5.77)

where n.(S) is the number of v, matrices in vg. n, = 0 for 1, n, = 1 for
Yu» Ny = 2 for o,,, ny = 3 for v,vs and n, = 4 for 5. So the sign between
(v_11T @ yg|v_) and (v |17 @ y5lvy) is “=7 for v5 = 7o and o5, is “+” for
Ys = V5.

The second part of the proof is that for any eigenmode v, (v|1T ® vg|v) is
either purely imaginary or purely real.

W1T @ slv)
S S B UL (U () () T (TTT )
2
+py( /)UT( /)U (P)Vy( )Tr(FT'lTFp’YS”
= IO o YTHTIT 8) + C ) TH(T T )]
Y op.p
= *ZZ Tr(DIT vs) + Cp(p, o) Te(DIC 451 (5.78)

where Cy(p, p') = vy (p )UT( YUy (p")vy (') is a complex number and Tr(FLFpWS) €
{£4,0} is real. In the Euclidean space time, (70)" = 70, (75)7 = 75 and
(7075)"T = —7075. So we get (v|1T ® vg|v) is purely real for the vg = 7o
and 75 cases while it is purely imaginary for vg = 75 case.

The two parts of the proof together give a purely imaginary result for the
general condensate corresponding to Ogr = {yr = 1,75 = 70} and purely real
results for Ogr = {yr = 1,7vs = 705,75 }. Table 5.1 summarizes the results of
the 7 general condensates, the conclusion is independent of ¢.
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Yo 7S Ysr(9)

1 1 purely real

1 Yo purely imaginary

1 Y05 purely real

1 Y5 purely real

Yo Yo purely real
YYs V075 purely real

Y5 Y5 purely real

Table 5.1: The 7 general condensates are either purely real or purely imaginary.

One should notice that the 7 condensates Xgr(¢) listed above being either
purely real or purely imaginary does not mean the corresponding dual observ-
ables Y gp are purely real or purely imaginary.

The last operator Ogr = {yr = 75,7vs = 75} vanishes generically. We first
simplify it:

D GaaW 595 Whe = DY Xu(P)xy(p) T[T
Y y P

DD xuoms(p)xy(p)

= X5X- (5.79)

To this expression, only exact zero modes contribute, and they are absent for
generic staggered configurations.

5.5 Numerical results

We use smeared dynamical improved staggered fermion configurations from [8]
on lattices of size 8 x 243, for temperatures ranging from 78 MeV to 890 MeV,
lattice spacings from 0.282 fm to 0.028 fm and g from 3.3226 to 4.66. We
compute the 500 lowest eigenmodes of the staggered Dirac operator D and the
corresponding expectation values (v|I'|v) for the seven operators discussed in
the previous section for 8 equally spaced boundary conditions (see App. 7.2)
» € [0,27] by PARPACK [65] on the supercomputer Athene at the Univer-
sity of Regensburg and on HLRB2 of Leibniz-Rechenzentrum Miinchen (project
No.pr42ni).

Among the 7 dual observables of fermionic operator condensates in sec-
tion 5.4.4, we find that only the dual quark condensate and the dual quark
density have clear signals as order parameters of the QCD crossover.

5.5.1 General quark condensate

The general quark condensate X(¢) as a function of the boundary angle ¢ and
the temperature T is shown in Fig. 5.8, at specific temperatures it is also shown
in Fig. 5.9. ¢ = m is the physical boundary condition, ¢ = 0 or 2« is the peri-
odic boundary condition far from the physical one (valence quarks couple with
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Figure 5.8: (Unrenormalized) general quark condensate ¥ as a function of the
temperature 7' and the boundary angle ¢ at probe mass m = 1MeV.

largest imaginary chemical potential). At low temperature, the general quark
condensate Y(¢) is almost flat. With increasing temperature, 3(¢) becomes a
curve with an almost perfect cosine behavior, compatible with the quenched
lattice data [12]. At very high temperature, ¥(¢) is flat everywhere except near

¢ =0.

5.5.2 Dual condensate

We get dual condensate results from the spectrum. Because of the limited com-
putational resources, we can only calculate the lowest parts of the spectra. It
means that we can only get the contributions from the lowest part of spectra, is
the result converged? Arguments in section 5.1.1 tell us that the dual conden-
sate is infrared dominated, quenched numerical results of the dual condensate
in [92, 93] have confirmed infrared dominance. Our results of accumulated con-
tributions to the dual condensate are shown in Fig. 5.10 and also confirm the
infrared dominance.

The dual condensate connects center symmetry breaking and chiral symme-
try restoration, we find its behavior in the small mass limit reflects this. In the
large mass limit, the dual condensate is proportional to Polyakov loop, so it
grows with the temperature increasing. In the small mass limit, there are two
trends for the dual condensate with the growth of temperature [104], the first
is caused by chiral symmetry restoration. Although the transition temperature
depends on the boundary condition, the chiral condensate with all the boundary
conditions decreases with the increasing temperature. This trend demands the
dual condensate to decrease with temperature increasing. On the other hand,
the dual condensate is the first Fourier component of the general quark conden-
sate, or in other words, it reflects the boundary condition angle ¢ dependence of
the chiral condensate, so center symmetry breaking wants the dual condensate
to grow with temperature increasing. Consider that the temperature of chiral
symmetry restoration and center symmetry breaking could be different, there
are two scenarios of the dual condensate in chiral limit as shown in Fig. 5.11.

Our numerical results for the dual condensates with different masses are
shown in Fig. 5.12 (left panel). They show that the dual condensates change
at the crossover like order parameters indeed. The dual condensate shows a
tendency to change with the mass, it is similar to the Polyakov loop shown in
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Figure 5.9: (Unrenormalized) general quark condensate ¥(¢) [GeV*] at temper-
atures T' = 74MeV, T = 152MeV, T = 172MeV, T' = 250MeV and T' = 892MeV
from the first to the last row. The mass parameter is m = 1MeV for plots in
the left column, and m = 100MeV in the right column.
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Figure 5.10: Accumulated contributions of the renormalized dual condensate Yr
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197MeV and 250MeV, respectively. The masses is m = 1MeV for the left column
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Figure 5.11: Both scenarios of the dual condensate in the chiral limit give a
peak between the chiral symmetry restoration temperature and center symmetry
breaking temperature [94]. T (P) > To(x) (left) and T (x) > Te(P) (right).

Fig. 5.13 (left panel) for large masses, and gives a peak as we expected from
Fig. 5.11 in the chiral limit.

As we mentioned in section 5.1.1, the dual condensate is the dressed Polyakov
loop. We show its free energy using eqn. (5.11) with myx = 1GeV for simplicity
in Fig. 5.12 (right panel) and compare it to the free energy from the conventional
Polyakov loops in Fig. 5.13 (right panel). We find the crossover temperatures
in the dual condensate as the inflection points of the free energy (the 4T lnmx
term can dominate the scale, but as it is a linear term, the inflection point does
not feel it).

Table 5.2 shows the mass dependence of the crossover temperature, higher
crossover temperature for larger mass. It agrees with the expectation: in the
large mass limit, the dual condensate is proportional to Polyakov loop while in
chiral limit the dual condensate becomes dual (chiral) condensate and reflects
the features of chiral condensate. We can compare it with crossover temperature
from Wuppertal-Budapest group [9] results are To((¥1h)r) = 155(3)(3) and
Teo(L) = 170(4)(3) (these are continuum limits, N; = 8 ones are lower, To (L) =
166MeV and T¢ (L) = 151MeV, read from Fig.4 of [7]).

m[MeV]  T.[MeV]

1 128(12)
10 143(2)
100 156(4)

Table 5.2: Crossover temperature as the inflection points of —T'InYx with
m =1~ 100MeV (we get T, by fitting the free energy as a fifth order polynomial
of temperature).

5.5.3 Dual quark density

The general quark density n(¢) is purely imaginary, its imaginary part is shown
in Fig. 5.14. It is odd around the physical boundary condition ¢ = 7 on av-
erage, so it basically includes i sin k¢ components only, which means the dual
quark density 7 is approximately real. As the general quark density is less IR
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Figure 5.14: The imaginary part of general quark density n(¢) as a function of
the boundary angle ¢. Bounds are estimated with eqn. (5.37). The temperature
is T = 129MeV (upper row), 172MeV (middle) and 250MeV (lower), while the
mass is m = 1MeV and 100MeV in the left and right column respectively.

dominated than the general quark condensate, Fig. 5.14 gives the upper and
lower bounds only, in which the higher spectrum contributions are estimated
using eqn. (5.37).

Fig. 5.15 shows the resulting dual quark density divided by T3, —f, /T3
for two different masses, and Fig. 5.16 shows dual quark densities of higher
windings —fi/T? and —fi3/T? (related to the deviation of n(¢) from a pure
—sin(¢)). Similar to Fig. 5.14, we give the bounds only. The high temperature
limits agree with the Stefan-Boltzmann limit computed in eqn. (5.28) taking
into account the staggered fermion redundancy of 4 and an extra 1.28844 factor
from the lattice/continuous In Z difference at Ny = 8 by dividing them. This
result is similar to the Stefan—Boltzmann limit of pressure in [95]. As the dual
quark densities are less IR dominated, we will use the stochastic vector method
to calculate the dual quark density in the future as the spectral method we are
using is not really suitable for less IR dominated observables like this one.



98
il
712’1 0.4 ﬂ“
gl
0. IﬂII
100 150 nggevi50 300 350

CHAPTER 5. DUAL CONDENSATE AND DUAL QUARK DENSITY

o 1]
T3 :: | IﬂﬂﬂHﬂH”
317

Figure 5.15: Dual quark density divided by the third power of temperature
—n1(T)/T? as a function of temperature, the probe mass is m = 1MeV and
100MeV for the left and right panels respectively. Bounds are estimated with
eqn. (5.37). The horizontal line is the theoretical Stefan-Boltzmann limit of

—’ﬁl(T)/TS —)6/7T2.

‘T—>oo

!

i

/

MH }

200

400 600
T [MeV]

800

1000

0.05
0.04

—13 403

0.02

0.01

o,_(,ﬂ[

f

200

400 600
T [MeV]

800 1000

Figure 5.16: Dual quark density with higher windings, divided by the third
power of temperature, —7io(T') /T2 (left) and —ngz(T)/T? (right), the probe mass
ism = 100MeV. The horizontal lines are the theoretical Stefan-Boltzmann limits
given in eqn. (5.28).



Chapter 6

Summary

In this thesis, we have explored the relations between chiral symmetry breaking
and confinement in the QCD phase transition/crossover in two aspects.

The first one is the relation between different topological objects, which are
candidates for the non-perturbative degrees of freedom in the QCD vacuum.
The most important topological objects are vortices, monopoles and instan-
tons, calorons are finite temperature instantons. Among them, vortices and
monopoles are closely related to confinement, whereas instantons have closer re-
lations to chiral symmetry breaking (calorons are related to confinement through
their holonomy). The connections between calorons and monopoles (dyons as
their constituents) and between vortices and monopoles (in Abelian and center
projections) are well established. So in this thesis we investigated the remaining
connection between calorons and vortices.

We have determined the vortex content of SU(2) calorons and ensembles
made of them mainly by the virtue of Laplacian Center Gauge in Chapter 3.
The vortex surface from a single caloron has two parts. The first part are two
magnetic fluxes induced by the magnetic charges, generically they extend in
space and time. The purely spatial part of the vortex surface in a single caloron
is a “bubble” around one of the dyons, depending on the holonomy. We have
shown that it is induced by the relative twist between constituent dyons. The
two intersection points of these two parts of vortex surface reproduce the unit
topological charge of the caloron. The bubble degenerates into the mid plane of
the two constituent dyons in the case of maximal nontrivial holonomy where the
asymptotic Polyakov loop vanishes. In dilute caloron ensembles, the vortices
are approximately a recombination of vortices from individual calorons. The
spatial vortices in ensembles with close to trivial holonomies are small bubbles,
while with the holonomy approaching the maximal nontrivial case the bubbles
grow, merge with each other and form percolating vortex surfaces. Taking
trivial and maximal nontrivial holonomy as equivalent to the deconfined and
confined phase, respectively, this is exactly the feature of vortices expected
in these phases. It shows that calorons are suitable to facilitate the vortex
(de)confinement mechanism.

In Chapter 4 we have extended our findings to vortices in SU(3) calorons.
In this case, Laplacian center gauge was found to suffer from an ambiguity as
one needs to choose particular operators in the gauge fixing, here 2 of the 3
non-diagonal entries of the first excited mode. We have demonstrated, that

99



100 CHAPTER 6. SUMMARY

spatial vortices again follow the relative twist, but also that different choices
give different vortex contents indeed. This and the relation of SU(3) caloron
vortices to percolation and to different phases still needs to be clarified. The
concept, of thick vortices or other methods like IMCG and DMCG might be
helpful here.

The second part of this thesis is devoted to order parameters near the QCD
transition. The chiral condensate and the Polyakov loop are among the most im-
portant ones as they probe chiral symmetry breaking and confinement, respec-
tively. The dual condensate is an order parameter that connects the Polyakov
loop and the chiral condensate. It is the first Fourier component of the general
quark condensate with respect to the boundary conditions. Its use as an order
parameter had been demonstrated so far only in the quenched case. We have
investigated the dual condensate and another dual operator — the dual quark
density — in Chapter 5. The presented numerical results have been obtained
on dynamical lattice configurations with physical pion masses using staggered
fermions. We see that the dual condensate behaves as an order parameter. The
crossover from the dual condensate temperature shows a trend to increase with
the probe mass m, in which process the dual condensate moves from the chiral
limit, where it has a close relation to the chiral condensate to the heavy quark
limit, in which it can be shown to approach the Polyakov loop. The same trend
of crossover temperature has been observed in the conventional chiral, strange
condensates and Polyakov loop observables.

The dual quark density, although less IR dominated, displays a different
dependence on the boundary condition (which can be understood), but also has
a clear order parameter behavior. Interestingly, it is related to the quark number
susceptibility and approaches a Stefan-Boltzmann limit as we have expected
theoretically for different winding numbers.

More numerical efforts are needed to determine these quantities more pre-
cisely and to perform the continuum limit. Dual quantities are certainly useful
observables in the QCD phase crossover not only in lattice simulations but also
by other approaches like those mentioned in section 5.1.2. They might also be
useful to find the influence of e.g. an external magnetic field on the QCD phase
transition.
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Chapter 7

Appendix

7.1 Magnetic charge and winding number

This appendix will prove that the magnetic charge of a 't Hooft—Polyakov
monopole is proportional to the winding number of 7i,(ri;) from the S2 of

|Z] = R — oo in coordinate space to the S2 of |¢| = 1 in color space. All the
definitions can be found in section 2.5.
We can define the gauge field in the remaining U(1) direction as

Al =ngy- AS (7.1)

and consider 't Hooft’s field strength tensor

Fl,=ny Fu — ‘¢|36abc¢ (D,.9)"(D,¢)°. (7.2)
We rewrite it in terms of A), and ¢:
Fl, = 0,A, —0,A, — 7 ¢|36abc¢“( 9, 8°) (0, 6°). (7.3)

Plugging in the asymptotic form of the Higgs field ¢

1

k
ij = | |3€Z]kx (74)

The magnetic charge of the monopole is

ek 2 qi 1 b 2
Qmag = L; D) Jlkd St = _2—e ﬁ; eijkeabcngajncfﬁkn;d Si7 (75)
it is proportional to the S? winding number of the ny(n,) as a mapping from
the S2 in coordinate space to the S? in color space. So the topological feature
of the 't Hooft — Polyakov monopole is an $? winding number of the Higgs field

o.
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7.2 Comparison of numerical integration meth-
ods for the Fourier transformation

One crucial task in the evaluation of dual observables is the numerical cal-
culation of the Fourier transformation, for which several methods exist. The
question is which one of the methods is the most efficient and gives the smallest
error. In this section, we compare Filon integration, Gauss-Legendre quadrature
with the default method with equal distances and weights for all the sampling
points.

In our first attempt [82], we calculated the Fourier transform to dual observ-
ables (cf. (5.8))

Oy =

27
1 —ikg
- /O de="00(). (7.6)

by taking 16 or 8 sampling points between ¢ = 0 and ¢ = 27 with equal
distances and equal weights, the integration becomes a Riemann sum:

n—1

- 6727r7,'j/n 271_3
o= :OTO(T). (7.7)

.

This is the “default” method for numerical integration, but it might be of low
efficiency and give large errors.

Adaptive methods could give a satisfactory result with high accuracy for the
numerical integration. However, we want to calculate the dual observables with
different masses from the same data. They result in very different ¢ depen-
dence, see Fig. 5.14 and 5.9. Adaptive sampling points might be good for some
integrations but bad for the others. Therefore we study some non-adaptive nu-
merical integration methods in this section, the Filon integration formula and
the Gauss-Legendre quadrature methods.

The Filon integration formula [105] is designed for high frequency Fourier
transformation

/x% O(z)cos(tz)dr = h{a(th)[Og,, sin(txa,) — O, sin(tzg)] + B(th)Cay,

2
+  (th)Can_1 + Eth%‘;n_l} - R, (7.8)



7.2. COMPARISON OF NUMERICAL INTEGRATION METHODS FOR THE FOURIER TRANSFORMATION

Method |[a 0.1 0.2 0.3 0.4 0.5 0.6 4.0

Default 3.5564 1.790 1.233 1.049 1.007 1.0007 1.023
Filon 4.460 2.247 1.535 1.252 1.136 1.078 0.9931

Table 7.1: Comparison of the default method and the Filon integration (both
have 10 sampling points) normalized by the exact value of the integration.

where
- 1
Cyp = ZOIQicos(txzi)—5[0z2ncos(tm2n)—I—Oxocos(txo)] (7.9)
i=0
CQn—l = ZOMACOS(U?%—D (710)
i=0
Syt = 20;2321,15111(153321'—1) (7.11)
i=0
1 sin(20) 2sin®(0)
al) = SFFE T o (7.12)
1+ cos?(0 sin(260
so) = ot o), (713)
sin (0 cos(f
2(0) = 4O o), (7.14)
0 0
R, = %nh50(4)(§)+0(th7). (7.15)

Here xq ... 9, are equal distance sampling points, h is the step length and R,

is the remainder. ,
s
We adopt a Gaussian test function f(¢) = e <2, ¢ € [—m,7) to mimic the

general condensate X, (¢), a is the width parameter of the test function. A small
a mimics the general quark condensate with small mass at high temperature,
which is the case that we might have large errors in the dual condensate if we
adopt the “default” method. A large width a gives to an approximately constant
function in the given internal which is similar to the general quark condensates
at low temperature. The result of The Filon integration is not satisfactory, see
Table 7.1.

The Gauss-Legendre quadrature [105] is designed for the integration of poly-
nomials, with n sampling points it gives the exact result for the integrations of
polynomials of highest order 2n — 1.

The standard Gauss-Legendre quadrature is for an integration from —1 to
1, f_ll f(x)dx. Gauss-Legendre quadrature has some extended methods for
ff f(z)W (z)dz where W (z) is the weighting function [105]. In our case (dual
condensate), we use the standard Gauss-Legendre quadrature with W(z) = 1
and f(9) = £(¢)e=".

The rank n Gauss-Legendre quadrature formula is very simple:

T n

f(z)dz =~ Zf(xl)w(xl) (7.16)

- i=1
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Figure 7.1: Comparison of different Gauss-Legendre methods (10 sampling
points). Numerical integration as a function of the width of the test func-
tion normalized by the exact result. Green, blue and pink lines for standard,
shifted and double shifted Gauss-Legendre method respectively, the red line is
for the default method.

Method |a 0.1 0.2 0.3 0.4 0.5 0.6 4.0
Standard 2.9 x 10~ 0.01991 0.2805 0.6200 0.8301 0.9309 1
Shifted 1.206 1.033 09688 0.9982 1.004 1.001 0.9724
Double 0.4746 1.219 1.119  1.006 0.9759 0.9821 1
Default 3.554 1.790 1.233 1.049 1.007 1.0007 1.023

Table 7.2: Comparison of the standard, shifted, double shifted Gauss-Legendre
method and the default method.

where f(z;) is the value of the function at the sampling points x;. x; are 7
times the roots of the Legendre polynomial P, (z), and w(z;) are their weights,

2

w(z;) = (7.17)

The sampling points distribute densely around —7 and 7, while dilutely
around 0. We can change this by shifting the sampling points by z — = + 7 to
move the dense part to around 0, called shifted Gauss-Legendre method, or by
x— (x+m)/2 and x — (z — 7)/2 to have two dense regions around +7m and 0
respectively, called double Gauss-Legendre method.

Again, we adopt e=9°/9* as the test function and consequently f(¢) =
cos(¢)e‘¢2/(2”“)2. Table 7.2 and Fig. 7.1 shows the results of different Gauss-
Legendre methods normalized by the exact result.

Let us summarize the performance of the different numerical integration
methods. If the dual condensate ¥,,(p) has an exact cosine behavior, ¥ ~

a + bcos(@), the default method will always give the exact result if the number
of sampling points is larger than 2.
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The Filon integration formula might be good for high frequency Fourier
transformations, but it seems to be always worse than the default method with
the test function is exp(¢?/a?).

The standard Gauss-Legendre method has a terrible performance in the
small a cases, but is perfect in the flat cases where a is large. The shifted
Gauss-Legendre method has good performance in the small a cases, but has
a non-vanishing error in the flat cases. The double shifted Gauss-Legendre
method have a “balanced” performance between the standard and the shifted
Gaussian-Legendre method.

The secret of different performance of the Gauss-Legendre methods might
reside in the dense region(s) of the sampling points and the region(s) of the
large integrand derivative(s). In cases they coincide with each other, the Gauss-
Legendre methods have a nice performance, otherwise they seem to give no
improvement.

Is it really necessary for us to adopt the Gauss-Legendre quadrature? From
the last plot (m = 10MeV, T = 892MeV) of Fig. 5.9, we can estimate that the
width of the lump is around a ~ 0.3 ~ 0.4, and the error should be less than
25%.

If we choose the Gauss-Legendre methods, which would have better perfor-
mances at high temperature, will have worse performances at low temperature
compared to the default method. Another advantage of the default method is
that it can be easily improved by measurements on additional sampling points
in the middle between the old ones. We stick to the default method in our
numerical calculations in Chapter 5.
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