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Abstract

Strongly interacting (QCD) matter is expected to exhibit a multifaceted phase structure: a
hadron gas at low temperatures, a quark-gluon plasma at very high temperatures, nuclear matter
in the low-temperature and high-density region, color superconductors at asymptotically high
densities. Most of the conjectured phases cannot yet be scrutinized by experiments. Much of
the present picture—particularly concerning the intermediate temperature and density area of
the phase diagram of QCD matter—is based on model calculations. Further insights come from
Lattice-QCD computations.

The present thesis elaborates a nonlocal covariant extension of the Nambu and Jona-Lasinio
(NJL) model with built-in constraints from the running coupling of QCD at high-momentum
and instanton physics at low-momentum scales. We present this model for two and three quark
flavors (in the latter case paying particular attention to the axial anomaly).

At finite temperatures and densities, gluon dynamics is incorporated through a gluonic back-
ground field, expressed in terms of the Polyakov loop (P). The thermodynamics of this nonlocal
PNJL model accounts for both chiral and deconfinement transitions. We obtain results in
mean-field approximation and beyond, including additional pionic and kaonic contributions to
the chiral condensate, the pressure and other thermodynamic quantities. Finally, the nonlocal
PNJL model is applied to the finite-density region of the QCD phase diagram; for three quark
flavors we investigate, in particular, the dependence of the critical point appearing in the models
on the axial anomaly. The thesis closes with a derivation of the nonlocal PNJL model from first
principles of QCD.

Zusammenfassung

Es wird vermutet, dass stark wechselwirkende (QCD) Materie in vielzéhligen Phasen vorkom-
men kann: Der Bereich niedriger Temperaturen ist durch ein Hadronen-Gas gegeben, das bei
hohen Temperaturen in ein Quark-Gluon-Plasma iibergehen kann; bei tiefen Temperaturen und
moderaten Dichten kondensiert Kernmaterie, und bei asymptotisch hohen Dichten entstehen
Farb-Supraleiter. Experimente konnen derzeit noch nicht in alle interessanten Bereiche des
QCD-Phasendiagramms, insbesondere bei moderaten Temperaturen und Dichten, vordringen.
Deshalb beschrankt sich unser gegenwartiges Wissen diesbeziiglich vor allen Dingen auf Modell-
Rechnungen. Zusatzliche Informationen stammen aus Resultaten der Gitter-QCD.

Die vorliegende Arbeit prasentiert eine nichtlokale kovariante Erweiterung des Nambu- und
Jona-Lasinio-(NJL-)Modells mit Beriicksichtigung einerseits der laufenden QCD-Kopplung bei
hohen Energien und andererseits der Instanton-Physik im Niederenergie-Bereich. Wir entwickeln
dieses Modell fiir zwei und drei Quark-Flavors (im letzteren Fall untersuchen wir insbesondere
den Einfluss der axialen Anomalie).

Bei nichtverschwindenden Temperaturen und Dichten wird die Gluon-Dynamik implemen-
tiert, indem wir das nichtlokale NJL-Modell an ein gluonisches Hintergrundfeld koppeln, das
durch den Polyakov-Loop (P) ausgedriickt wird. Die Thermodynamik des daraus entstande-
nen PNJL-Modells ist in der Lage, sowohl den chiralen als auch den Farb-Deconfinement-
Ubergang zu beschreiben. Wir erhalten Ergebnisse in Molekularfeld-Naherung und erweitern
diese dariiberhinaus durch Einbeziehung von pionischen und kaonischen Beitriagen zum chi-
ralen Kondensat, zum Druck und anderen thermodynamischen Gréflen. Schliellich beschreiben
wir den Phasendiagramm-Bereich nichtverschwindender Dichte mithilfe des nichtlokalen PNJL-
Modells. Fiir den Fall von drei Quark-Flavors untersuchen wir insbesondere den Einfluss der
axialen Anomalie auf den kritischen Punkt, der im QCD-Phasendiagramm auftritt. Die Arbeit
schliefit mit einer systematischen Herleitung des nichtlokalen PNJL-Modells ausgehend von der
Lagrange-Dichte der QCD.
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Chapter 1

Introduction

Quantum chromodynamics (QQCD)—the theory of the strong interaction of quarks and gluons—
is characterized by two important features: the first one is asymptotic freedom, the weakening
of the interaction strength at small distances or, equivalently, high energies; the second one is
confinement, i.e, the phenomenon that no free quarks exist in nature. Given these properties,
it is natural to assume that QCD matter at high energy densities undergoes a phase transition
from a state with confined hadrons into a new state of matter with liberated quarks and gluons.

It is believed that quantum chromodynamics at finite temperature, 7', and finite baryon
density, op, has a rich phase structure governed by symmetries and their (spontaneous) break-
down. Besides being invariant under the local SU(3). color gauge group, the QCD Lagrangian
possesses a G := SU(3)r, x SU(3)g x U(1), x U(1)r global chiral symmetry, when only three
massless flavors “up”, “down” and “strange” are considered. The U(1)s axial symmetry is
only conserved at a classical level, quantum corrections break it down to the center symmetry
Z(6). At low temperature 7' and low baryon density op, G is broken down spontaneosly to
G — SU(3)v x U(1)g. The breakdwon of G in this region is characterized by a nonvanishing chi-
ral condensate (1)¢)) # 0 which is the corresponding order parameter. According to Goldstone’s
theorem, massless pseudoscalar bosons are associated with the spontaneous chiral symmetry
breaking. These are identified with the pions, kaons and the eta meson. At temperatures typi-
cally around the intrinsic scale of QCD, i.e., T'~ Aqcp ~ 200 MeV the chiral condensates melt
away and a quark-gluon plasma symmetric under SU(3). and SU(3)1, x SU(3)g is formed, with
chiral symmetry restored in its trivial (Wigner-Weyl) realization. The experimental exploration
of the quark-gluon plasma is pursued using ultrarelativistic heavy-ion collisions at the Relativis-
tic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory (BNL) and, in the future,
at the Large Hadron Collider (LHC) at CERN in Geneva. Finally, in cold quark matter at
low temperature T" and high densities og ~ A%CD ~ 1fm~2 condensation of quark-quark pairs
leads to a color superconducting phase and dynamical breaking of color SU(3). gauge symmetry.
This is exactly what one would expect from ordinary BCS-superconductors: all gluons acquire
masses, as required by the Anderson-Higgs mechanism in order to describe the Meissner ef-
fect. There are many different color-superconducting phases. At asymptotically high densities,
the so-called color-flavor-locked phase is conjectured, characterized by the symmetry breaking
G — SU(3)c+v X Z(2). There are speculations that the interior of compact stellar objects such
as neutron stars could be formed by such color-superconducting matter.

In this work we are going to investigate the phase structure of strongly interacting matter
limiting ourself to the chiral and confinement-deconfinement transitions, i. e., we are not consid-
ering color superconductors. On the theoretical side there are basically two different strategies
to gather further insight into the phase structure of strongly interacting matter: large-scale
computer simulations of full QCD on a discretized lattice, and model calculations based on fun-
damental symmetries of QCD. In this thesis we follow the second route and choose as starting
point a model proposed long ago by Y. Nambu and G. Jona-Lasinio, the NJL. model.

5



6 Introduction

Models of the Nambu and Jona-Lasinio type have been quite useful for orientation in this
context as they properly incorporate the chiral symmetry breaking scenario of low-energy QCD.
A basic element of such models is the gap equation connecting the chiral condensate and the
dynamical quark mass, providing a mechanism for spontaneous chiral symmetry breaking and
the generation of quark quasiparticle masses. Thermodynamic aspects of confinement, while
absent in the original NJL model, can be implemented by a synthesis with Polyakov-loop dy-
namics. The resulting PNJL model has been remarkably successful in describing the two-flavor
thermodynamics of QCD.

The original PNJL approach worked with an artificial momentum-space cutoff, Axj;, =
(0.6-0.7) GeV, which prohibits establishing connections with well-known properties of QCD at
higher momentum scales such as the running coupling and the momentum-dependent quark-
mass function. Furthermore, a meaningful extrapolation to the high-density region with its
variety of color-superconducting phases cannot be performed once the quark Fermi momentum
becomes comparable to the NJL cutoff.

In this work we are going to derive a nonlocal extension of the original PNJL model that does
not have such a priori limitations. We are treating the two-flavor case first and then extend
to the more realistic three-flavor case. These nonlocal PNJL models remove the problem of
the cutoff regularization by introducing momentum-dependent quark interactions that permit
to realize the high-momentum interface with QCD and Dyson-Schwinger calculations at the
level of the quark quasiparticle propagators. The extension to the three-flavor case, including
the strange quark, is nontrivial. This step involves a detailed study of the axial U(1) anomaly,
its role in separating the flavor singlet component of the pseudoscalar meson nonet from the
Nambu-Goldstone boson sector, and its thermodynamical implications.

This thesis is organized as follows. In the first part (Chapts. 2 and 3) we deal with zero
temperatures and densities. The second part (Chapts. 4 and 5) is devoted to the thermody-
namics of strongly interacting matter. In Chapt. 2 we introduce the basic elements of quantum
chromodynamics and describe, in particular, two approaches to nonperturbative QCD: lattice
calculations and Dyson-Schwinger equations. Chapt. 3 describes in detail the derivation of the
nonlocal Nambu—Jona-Lasinio model, starting from a color-current interaction, as it arises in
QCD. First, we consider the case of two flavors and present the formalism necessary for the
derivation of the fundamental gap equation. Meson properties will be calculated, and we de-
rive low-energy theorems known from current-algebra. The second part of Chapt. 3 is devoted
to a detailed study of the axial U(1)s anomaly. We refer to the instanton-liquid model and
show how this is related to the anomalous breaking of the U(1)s symmetry and the large mass
of the eta-prime meson, m,, ~ 958 MeV, about 400 MeV higher than the eta mass. In the
interpretation given by ’t Hooft, the axial anomaly is induced by instanton effects and trans-
lates into an axial U(1)a breaking effective interaction between quarks that has the form of an
Ni x N¢ determinant of right- and left-handed quark bilinears, 1;(1 & v5);. For Ny = 3 this
is a genuine six-point vertex involving all three up, down and strange quarks simultaneously.
The instanton-liquid model provides us with the nonlocal extension of this genuine six-fermion
term. Given this expression, we can apply the formalism known from the two-flavor case to
the three-flavor version, as well, ending with formulas for the pseudoscalar mesons, their de-
cay constants and fundamental low-energy theorems. In Chapt. 4 we give an overview of the
present wisdom about the QCD phase diagram. We describe the experimental and theoretical
status. Because of the recent developments in finite-temperature lattice calculations, we devote
an extra section to this issue. Chapt. 5 describes the thermodynamics of the nonlocal model
developed in this thesis. First, we prove why the Polyakov loop serves as the order parameter
for the confinement-deconfinement transition. Next, we couple the Polyakov loop to the non-
local NJL model, leading to the nonlocal Polyakov-loop-extended NJL (PNJL) model. Using
this model, we describe the finite-temperature and -density region of the QCD phase diagram,
for the both the two- and three-flavor case. Before presenting our conclusions in Chapt. 7, we



describe in Chapt. 6 a formal derivation of the nonlocal PNJL model starting directly from full
QCD. This is done consistently for the three-flavor case. This derivation justifies rigorously
the assumptions made in the nonlocal PNJL model, and it sheds much light on its physical
content. The Appendices collect the notations used in the present work and outline details of
some calculations.






Chapter 2

Quantum Chromodynamics

Quantum chromodynamics (QCD) is the theory of the strong interaction. QCD is a non-Abelian
gauge theory with gauge group SU(3). The gauge bosons (gluons) couple to fermions (quarks)
in the fundamental triplet representation [3] of the gauge group. The gluons are in the adjoint
octet representation [8] of SU(3).

After a short historical overview we introduce the QCD Lagrangian and discuss the sym-
metries and symmetry breaking pattern investigated in this work. We explain the physical and
mathematical tools that will be used throughout the thesis. Following a brief description of
lattice QCD techniques we present results obtained from the Dyson-Schwinger formalism that
will be, although in a slightly modified form, the framework applied here.

2.1 The Eightfold Way

At the beginning of the 1960’s Murray Gell-Mann developed a theory collecting baryons and
mesons into (flavor-) SU(3) octets; this is the well-known Eightfold Way. In 1962, Gell-Mann

applied this scheme also to the spin—% decuplet states and predicted a state with electrical charge
—1, spin % and strangeness —3, that he called Q7. Its discovery two years later at Brookhaven

National Laboratory (BNL) became a triumphant success of the Eightfold Way. On the other
hand, such a (fermionic) state should not exist as a consequence of Pauli’s exclusion principle.
Assuming that the Q7 is composed of three (indistinguishable) strange quarks, a state with spin
% and, for example, spin projection M, = —i—% has all three quark spins aligned in the same
direction. Hence the spin-flavor wave function of this state is totally symmetric, in contradic-
tion to Pauli’s principle which dictates that the wave function of a fermion system must be
totally antisymmetric. To reconcile the baryon spectrum with the spin-statistics theorem, Han
and Nambu (1965), Greenberg (1965), and Gell-Mann (1972) proposed that quarks carry an
additional quantum number, later called color!. Furthermore, they introduced the ad hoc as-
sumption that baryon wave functions must be totally antisymmetric in color quantum numbers.
If this is the case, then quark wave functions that are totally symmetric in spin and flavor are
totally antisymmetric overall.

Independently of Gell-Mann’s studies, the Isreali physicist Yuval Ne’eman proposed a similar
theory and initiated the subsequent development of the quark model, a more general classification
scheme for hadrons on the basis of their valence quarks. All quarks are assigned a baryon
number of B = % The up, charm and top quarks (u, c,t respectively) have an electric charge
of Q = —|—%, while the down, strange and bottom quarks (d, s,b) have an electric charge of
Q = —%. Furthermore, for each quark there exists an antiquark which is described by the
fundamental representation [3] of SU(3) and is attributed opposite quantum numbers compared
to the respective quark. Assuming that up and down quarks have nearly the same mass and that

the strange quark is only a little heavier than v and d quarks, it makes sense to consider them

n this work we use the three colors red (r), green (g) and blue (b).



10 Quantum Chromodynamics

altogether as representing an (approximate) SU(3) flavor symmetry.?2 Besides baryon number
B, it is useful to collect © and d quarks in an I = % isospin doublet with I3 = —l—% for up and
I3 = —% for down, and to attribute the strange quark the strangeness S = —1. From this SU(3)
quark model follows the so-called Gell-Mann-Nishijima formula®

Q=T+ 5 (B+5).

The SU(3) flavor symmetry structure implies, e. g.,

for combinations of quarks and antiquarks such as the ones forming the known pseudoscalar
meson octet of pions, kaons and eta (7g), and the singlet eta meson (79). The 79 and 7g mix in
order to form the physical mass eigenstates 7 and 7’ observed in experiment.* For baryons with
their three valence quarks one finds

Bl [3]@[3] =[10]® [8] & [8] & [1].

The multiplets on the right-hand side include the spin—% baryon decuplet and the spin—% baryon
octet (comprising the nucleons). The two octets have mixed symmetry; in order to obey Pauli’s
principle, they have to be recast in symmetric and antisymmetric multiplets.® The octet of
lowest mass has the proton and neutron as its members. Finally, the singlet state is totally
antisymmetric; Pauli’s exclusion principle prohibits such a state to exist (in a ground state
with zero orbital angular momentum). The two aforementioned combinations are thus the only
combinations of quark-antiquark and three quarks® forming hadrons (mesons and baryons) that
are singlets under color SU(3) transformations.

The introduction of color as an additional degree of freedom created the obvious question
of the mechanism behind confinement, ensuring that all hadron wave functions are color sin-
glets. The confining phase is usually described in terms of the Polyakov loop, to be discussed
in Chapt. 5.2. Furthermore, QCD enjoys the property of asymptotic freedom (see Sect. 2.3.2),
which means that the QCD coupling strength decreases when going to higher energies, or equiv-
alently, to smaller distances (as opposed to quantum electrodynamics).

2.2 QCD Lagrangian and Symmetries

After this historical overview we can now write down the QCD Lagrangian. As mentioned
before, QCD relies on (local) SU(3) color gauge invariance:

. 1 ,
Loco =Y "Dy —myl gy = STr(GuG™), (2.2.1)

feflavors

where ¥ (z) = (¥ f(z), ¥p (), %, ¢(z)) " is the quark field of flavor f, m; is the current quark
mass of mass with flavor f, g is the coupling strength of the strong interaction and the +* are
the Dirac matrices. Local gauge invariance implies replacing the partial derivative d,, by the
covariant derivative,

D, =0, —igA,,

2The historical development of the quark model started with the three lightest quarks; generalizations to more
quarks followed later.

3This formula was originally given by Kazuhiko Nishijima and Tadao Nakano in 1953 based on empirical
observations.

“We will return to this issue and, in particular, to the large mass difference between the 7 and the 7’ in
Sect. 3.3.1.

5This is the reason why only one octet is observed.

STogether with [3] ® [3] ® [3], where quarks are replaced by antiquarks.



2.2 QCD Lagrangian and Symmetries 11

that incorporates the eight gluon fields Aj, a € {1,...,8}, where we have defined A4, := ta Al
using the generators t, := % of the Lie algebra of SU(3). (in the fundamental representation)

which satisfy the commutation relations

1
[taytb] = ifa,bcv Tr(tatb) = iéaba Tr(ta) =0.

The A\, are the Gell-Mann matrices and the f,;. are the totally antisymmetric structure con-
stants. The last term in Eq. (2.2.1) describes the gluon dynamics through the gluonic field
strength tensor

G = ;[D“,D”] . (2.2.2)

The Lagrangian £qcp is indeed invariant under gauge transformations U(x) = exp(—it,0%(x)) €
SU(3)c. The quark fields ¢ ¢(x) are functions of space-time in the fundamental representation
of the group and transforms as

V() = Ux)gy(z). (2.2.3)

The gluon fields A, are functions in the (inhomogeneous) adjoint representation of SU(3). and
transform according to

A, — Ay, =U [AH — ;U_laﬂU} Ut (2.2.4)

As we will discuss in greater detail later (see Sect. 3.3.1), the QCD Lagrangian could additionally
include a term

0

P
o 6472

P GGy (2.2.5)

where €, is the totally antisymmetric Levi-Civita tensor. The inclusion of this term would
violate P and C'P conservation. Therefore, a nonzero’ § would generate a neutron electric dipole
moment d, proportional to |0 (cf. Refs. [1,2]). From the current best upper limit of the dipole
moment, |d,| < 2.9-1072%¢ - cm [3], one gets |§] < 1071, This explains why it is justified to
omit % from the QCD Lagrangian for our purposes. It is still puzzling, though, why 6 is so
small. One possible solution was given by R. Peccei and H. Quinn [4, 5], F. Wilczek [6] and
S. Weinberg [7]. The idea is to interpret § as the Nambu-Goldstone boson (“axion”) of a new
spontaneously broken U(1) symmetry, the Peccei-Quinn symmetry. Owing to instanton effects
in the QCD vacuum, the Peccei-Quinn symmetry is explicitly broken providing a small mass for
the axion.

Besides the invariance under the SU(3). color gauge group, the QCD Lagrangian Zqcp is
Poincaré and CPT invariant and it exhibits other global symmetries. The breaking patterns of

"From the instanton model (Sect. 3.3.1) it follows that, if at least one of the quarks were massless, the theta-
term would vanish.



12 Quantum Chromodynamics

these symmetries are summarized in the following diagram for Ny quark flavors:

ms = 0 for all f U(Nf)L X U(Nf)R
decomposition in subgroups
SU(Nf)L X U(I)L X SU(Nf)R X U(l)R
\

anomalous breaking of U(1)a
/
SU(Nf)L X SU(Nf)R X U(I)V
tan hiral symmetry break
spontaneous chiral symmetry breaking
Voo
SU(Nr)v X U(l)v
\
nonvanishimgv but equal current quark masses my

flavor symmetry SU(Ny)¢ X U(l)y

nondegenerate current quark masses myg

flavor symmetry

breaking 5 i % Uy

Let us consider vanishing current quark masses first. In this case, QCD does not discriminate
between different flavors. First of all, one observes that Zqcp, Eq. (2.2.1), is invariant under a
chiral U(Ny)r, x U(Nf)r flavor symmetry group that can be divided in special unitary SU(N)
and unitary U(1) groups. The chiral SU(Ng)p, x SU(N¢)r symmetry is spontaneously broken by
the nontrivial QCD vacuum to the vector SU(N¢)y with the formation of chiral condensates of
quark flavors with current quark masses smaller than the typical QCD scale Aqcp ~ 250 MeV
(see Sect. 2.4.2). The axial symmetry U(1)s is exact in the classical theory, but broken in
the quantum theory by the axial anomaly. Its appearance is strongly related to the nontrivial
structure of the QCD vacuum (see Sect. 3.3.1).8 The vector symmetry, U(1)y corresponds to
the baryon number which is an exact symmetry.

For nonvanishing current quark masses, £qcp is not invariant under the chiral symmetry
SU(Ng)r, x SU(Ng)r because of the mass term 6.%, = 1), (with the current quark mass
matrix m = diag(mi,...,mpy,)) that mixes left- and right-handed components of the Dirac
field. However, if all masses are assumed to be equal but nonzero, then the remnant SU(Ny)y
symmetry is still a symmetry of Zgcp, while axial SU(Ny) 4 is explicitly broken. This can easily
be seen by introducing

i = () e
f

m is traceless, therefore it can be expressed in terms of elements of the SU(NN¢) Cartan subalgebra

H (i.e., the subset of SU(Nf) matrices that commute with all elements of SU(V¢)). A basis of

H is given by the N x Ny matrices h; := diag(0,..., 1 , —=1,0,...,0) fori € {1,..., Ny —1}.
i il

Thus, we may write

m m1+-~-+me>'1Nf><Nf+Clh1+--~+CthNf,

:ﬁf(

with the expansion coefficients ¢; = $Tr (- h;) = 4(m; — miq1),i € {1,..., Ny — 1}. From this
it is clear, that in the case of isospin symmetry with all current quarks equal, all coefficients

8There is a second symmetry that is anomalously broken: scale, or the so-called conformal symmetry. This
conformal anomaly gives rise to asymptotic freedom.
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¢; vanish. In this case, only the term proportional to unity survives. Thus, §.%, is invariant
under SU(Ny)y transformations of 1) for equal current quark masses, but not invariant under
SU(Ng)a transformations. The remnant SU(Ng)y symmetry is often called flavor symmetry and
denoted by SU(N¢)¢. For instance, for Ny = 3 one recovers degenerate meson octets as predicted
by the eightfold way even before QCD was established. Finally, if the current quark masses
are different, then SU(N¢)¢ is explicitly broken and one obtains nondegenerate meson Nf2 -1
multiplets.

2.3 Perturbative Quantum Chromodynamics

2.3.1 Path-Integral Formalism

Owing to asymptotic freedom, a perturbative approach can be applied to QCD in the high-energy
region where the coupling constant becomes weak. One approach to a perturbative analysis of
QCD is Feynman’s path-integral formalism [8-10]. Consider connected n-point functions G,
defined through the vacuum expectation value

G = (O1T3(wn) .. dam]l0) = 122 d)(}cgg';f;%?)expﬁs) - (2.3.1)

Here ¢ represents an arbitrary (fermionic or bosonic) field, 7 is the time-ordering operator and
2¢ stands for the path-integral measure, i.e., [ Z¢ is a formal notation for an integral over all
possible values of the fields at all space-time points. Moreover,

S = / d*z Z(¢,0,9) (2.3.2)

is the action of the given quantum field theory.
Introducing the generating functional,

Z(J) = / D6 exp (i / Al + QS(x)J(x)]) , (2.3.3)

the n-point Green functions (2.3.1) are obtained by functional differentiation of Z with respect
to the sources J:

(=0)" 0Z(J)
Z(0) 6J(z1)...0J(xy)

Note, that due to the anticommutation relations fulfilled by fermions the corresponding classical
fields appearing in the path integral must be represented by anticommuting numbers, the so-
called Grassmann variables. Consequently, the sources for fermion fields are Grassmann-valued,
too.

Gauge field theories involve integrations over (infinitely many) physically equivalent gauge
field configurations. This requires introducing a gauge-fixing condition G(Aj;) = 0. For SU(N)
Yang-Mills theories this is in general not sufficient to count each physical gauge configuration
only once. There might arise so-called Gribov copies [11] for which there exists a gauge transfor-
mation U with G(A%) = G(A};) (cf. Eq. (2.2.4)). In 1976 Faddeev and Popov (cf. [12]) showed
how to incorporate properly the constraints dictated by gauge invariance into the path-integral
formalism: multiplying the path integral Eq. (2.3.3) by 1 in the form

- / P0(2)5(G(AS)) det (%) ,

G (xy,. .. x,) = (2.3.1)

J=0

where Af; denotes the transformed gluon field according to (2.2.4), and introducing Grassmann-
valued fields x and x*, known as ghosts, the determinant of the functional Jacobian M?(xz, ) :=
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3G (Af ()

5ah(y)  Can be written in the form

det M = i/@x@x* exp (—i/d4$d4yxa*(x)M“b(:c,y)Xb(y)> .

Then the complete generating functional including all source terms (the sources &, £*, 7, 7 for the
ghosts and fermionic fields are Grassmann numbers while the sources J* for the gluon fields
are c-numbers) can be written for QCD as’

Z(J,6,6,m7) = / DADY DX Db D

(2.3.3)
exp <i / d*z [gQCD + AR+ XFET 4 £ N o + mﬂ) ,
where the full QCD Lagrangian reads
- 1 1
Zaop = (i Dy — i)y = STr(Gu GM) — 5(8‘24/‘1)2 + (OMX“) DY (2.2.1')

The third term on the right-hand side is the gauge-fixing term, the last term involves the ghost
fields.

From the generating functional (2.3.3") one can derive fermion and gluon propagators through
functional differentiation. We have already seen that in QCD gluons do not only interact with
quarks but also with each other. Therefore, we split the QCD Lagrangian into a free and an
interaction part, i.e., we write Zocp =: % + £7. Then the generating functional can be
decomposed as follows [9]:

1) 1) 1) ) 1)
z " . . 4 .0 .0 .0 .0 .0 z " ™~
(J7€7€777777) €xXp I:I/dxgl( 1(5,]’ 16§a*7+15§a7 157]7+1577):| 0(J7€7€777777)
(2.3.4)

Expanding the exponential in Eq. (2.3.4) finally leads to the perturbative expansion of QCD.

To conclude this section we point out that the resulting loop expansion is equivalent to an
expansion in powers of the small quantity A around the classical theory. To see this one has to
restore a factor % in the exponential of the path integral in (2.3.4). Then it is clear that each
vertex contributes a factor A~! and that each propagator contributes a factor h to a general
graph in n-th order perturbation theory.

2.3.2 Renormalization Group Equations and
Asymptotic Freedom

In order to deal with divergences that appear in loop corrections to Green functions the theory
has to be regularized in order to isolate the singularities. Many different regularization schemes
have been invented, each of them, however, exhibits some deficiencies: the (quite intuitive) cut-
off method destroys translation and gauge invariance of the theory; the Pauli-Villars scheme
is applicable to quantum electrodynamics (QED) but it ruins gauge invariance of non-Abelian
theories; lattice calculations do not maintain translation and Lorentz invariance (cf. Sect. 2.4.3).
Since gauge invariance is essential for QCD the most popular regularization scheme is dimen-
sional regularization. It destroys only scale invariance (for problems which concern the extension
of the matrix 5 to arbitrary dimensions we refer to the original paper by ’t Hooft and Veltman
[13]). In this regularization scheme diagrams are evaluated in D = 4 — 2¢ space-time dimen-
sions and singularities can be extracted as poles in €. From simple dimensional considerations

9This is, actually, the result for a generalized Lorentz gauge, G(A},) = 0" Al () —w”(x), with w® some functions
chosen as a constraint. Only in such covariant gauges ghosts originate. If we had chosen an axial gauge, i.e.,
G(A%) = A3 = 0, no ghost fields would have arisen.
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it follows that the Lagrangian . has mass dimension D. Consequently, the dimension of the
coupling constant g in D = 4 — 2¢ dimensions is equal to €. Demanding that g should still be
dimensionless in D dimensions one has to make the replacement

g = gn,
where p is an arbitrary scale with the dimensions of mass. The appearance of the scale p has
profound impact on the theory.
In order to get rid of the divergences in Green functions the fields and parameters in the
Lagrangian are renormalized according to

a 1/2 4a 1/2
A v =2Z)*

) (2.3.5)
90 = Zggpt mo = Zmm.

The index “0” denotes the unrenormalized (“bare”) quantities, Aj, and ¢ are renormalized fields,
g is the renormalized QCD coupling and m the renormalized quark mass. The (divergent) factors
Z; are called renormalization constants and have to be chosen such that all divergences disappear
from the Green functions once expressed in terms of renormalized quantities. It is important to
stress that the bare quantities do not depend on the scale p. This implies that the renormalized
quantities do depend on p; in particular, the renormalization constants Z; are u dependent.

The explicit form of the renormalization constants depends on the renormalization scheme
applied. A frequently used scheme is the modified minimal subtraction (MS) scheme, in which
not only divergent parts are subtracted but also finite terms that result throughout the calcula-
tions in D dimensions. In this scheme renormalization constants Z; do not depend on masses.
In this work all quantities which depend on the scale i are understood to be calculated within
the MS scheme.

The p dependence of the renormalized coupling constant g (and of the quark mass) is
governed by the renormalization group equations. These equations are derived easily from
Eq. (2.3.5) noting that the bare quantities are p independent:

dg(p)

— = — 2.3.6
dln eg+B(9), (2.3.6)
where the (Gell-Mann-Low) f function is given by
g dZ,
= —= . 2.3.
B(9) Z,dInpi (2.3.7)

This means that the p dependence of the QCD coupling constant can be calculated from the
vertex renormalization constant Z,;. From the leading-order contribution to the quark-gluon
vertex one obtains

g
B(g) = —50@
with By = (11N, — 2N¢)/3, where N, = 3 and Nf = 3 is the number of quark flavors. Using this

2
expression and setting ag(u) := % allows one to integrate the renormalization group equation

(2.3.6), with the leading-order result for the running QCD coupling:
47

(1) = Wn(ﬂ) (2.3.8)

MS

As long as By > 0 (for N, = 3, Ny < 16) the running coupling decreases logarithmically at
large momentum scales (or short distances) so that the asymptotic freedom of QCD is realized.
This is a remarkable result; the physical relevance to strong interactions was first discovered
and understood by Gross and Wilczek [14,15] and Politzer [16,17]. Asymptotic freedom is a
peculiar feature of renormalizable Yang-Mills theories, while not present in Abelian field theories
like QED. In QED the coupling strength diminishes at larger distances owing to electrical charge-
screening effects. In QCD one has the contrary, namely a net antiscreening effect of color charges.



16 Quantum Chromodynamics

2.4 Aspects of Nonperturbative QCD

After the discussion of the perturbative (high-momentum) regime of QCD we explore now the
vacuum structure of QCD and nonperturbative effects, following loosely the lines of Ref. [18]. At
energies and momenta below @ < 1 GeV, where the running coupling strength a5(Q), Eq. (2.3.8),
is of order one, a systematic expansion in powers of ag is no longer possible: the region where
perturbative QCD breaks down is called nonperturbative QQCD. There exist several strategies
how to approach this region; some of them (lattice QCD and Dyson-Schwinger equation) will be
described and used in this work, for the other (e.g., QCD sum rules, chiral perturbation theory)
we refer the reader to the literature.

2.4.1 Conservation Laws and PCAC

Symmetries of the QCD Lagrangian £qcp, Eq. (2.2.1), have already been discussed in Sect. 2.2.
Let now N; > 2 be the number of flavors'®. We mentioned, that the invariance of Zqcp under
the U(1)y transformation implies a conserved baryon-number current, %1/?7‘%, with its conserved
charge, the (properly normalized) baryon number

1 [
B—3/d zptep. (2.4.1)

Moreover, separate global chiral SU(Ng)gr x SU(NVg)y, transformations acting independently
and the right- and left-handed quark fields, Yr 1, = %(1 + 75)1 respectively, leave Zoep with
vanishing current quark masses invariant. This invariance under chiral symmetry implies Nf2 —1
conserved Noether vector currents,

Ty o(2) = &(w)v”%w(x) : with 9,4 ,(z) =0, (2.4.2)

and Nf2 — 1 conserved Noether axial currents,

Th o(2) = Y(x)7" 5 %w@c) , with 9, J} () =0. (2.4.3)

The A, stand for the generators of the SU(V;) Lie algebra. The corresponding charges are

Aa

o), Q= [ dul (@R, (244

Q= [ i)
If the chiral SU(Nf) x SU(N¢) symmetry is explicitly broken by small but finite current quark
masses m = diag(mq, me, ..., mny;), the divergence of the axial current becomes

O o(x) =19 {m A;} Ystb . (2.4.5)

This produces sources of pseudoscalar quark-antiquark pairs. This is the microscopic basis of
the partially conserved axial current PCAC hypothesis that plays a key role in weak interactions
of the nucleon and low-energy pion-nucleon dynamics. Important low-energy theorems involving
pions (the Goldberger-Treiman and Gell-Mann—Oakes—Renner relations) are a consequence of
the PCAC relation (2.4.5).

10Since this thesis deals both with Ny = 2 and N; = 3 we leave the number of flavors at this stage unspecified.
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2.4.2 The QCD Vacuum (I):
Spontaneous Breaking of Chiral Symmetry

We return now to the case of vanishing current quark masses (the chiral limit) and consider
the special case Ny = 3. There is plenty of evidence from hadron spectroscopy that the chiral
SU(3), x SU(3)r symmetry group is spontaneously broken to the flavor group SU(3); = SU(3)v
(for vanishing quark masses). For dynamical reasons of nonperturbative origin, the ground state
|0) of QCD is symmetric only under the subgroup SU(3)y generated by the vector charges Q{,. If
the ground state were symmetric under SU(3)r, x SU(3)R, both vector and axial charge operators
would annihilate (2.4.4) the vacuum:

Qv]0) = Q41]0) =0 (Wigner, Weyl) . (2.4.6)

This is the so-called Wigner-Weyl realization of chiral symmetry with a trivial vacuum. It would
imply that parity doublets appear in the hadron spectrum. Consequently, the spectra of, e. g.,
pseudoscalar (J© = 07) and scalar (J” = 0%) mesonic excitations should be identical. This
degeneracy is, however, not observed in nature: the pion mass (m, ~ 140 MeV) is well separated
by a gap from that of the ag meson (mg,, ~ 980 MeV). Hence, in order to be compatible with
experimental results, only Q¢,|0) = 0 can be maintained, and we conclude Q4]0) # 0. This is
the so-called Nambu-Goldstone realization of chiral symmetry. In this case, according to the
Goldstone theorem there exists a massless Goldstone boson

%) = Q% |0) (Nambu, Goldstone) (2.4.7)

which is energetically degenerate with the ground state |0) and which carries the quantum
numbers of the corresponding axial charges. Hence for Ny = 3, the Nambu-Goldstone bosons
are the eight pseudoscalar mesons (pions, kaons and eta).

Since phase transitions are best characterized by the behavior of an order parameter, we now
introduce the order parameter relevant for the chiral phase transition: the chiral condensate.
Spontaneous chiral symmetry breaking is accompanied by a qualitative rearrangement of the
QCD ground state: the vacuum is populated by a condensate of scalar quark-antiquark pairs,
characterized by a nonzero expectation value of the composite operator 11); for Ny = 3 we have:

() = (Oly|0) = (0|au|0) + (0]dd|0) + (0]55(0) . (2.4.8)

This quantity is called the chiral condensate and its exact definition is

() = i Tr lim_|Sp(e,y) - SO (@,9)] - (2.4.9)
y—at

Herein, Sg(z,y) = —i(0| T4 (x)¢(y)|0) is the full quark propagator (7 denotes the time-ordering
operator) and SI(;O) (z,y) is the perturbative quark propagator. From the subtraction in Eq. (2.4.9)
it is manifest that (7)) is a purely nonperturbative quantity.!! Writing ¢ = ¢re1, + YrR,
one sees that 1) is not chirally invariant. Hence, the appearance of a nonvanishing chiral con-
densate signals that the ground state is restructured such that it has lost the chiral symmetry
of the underlying Lagrangian.

Low-Energy Theorems

Since we have now investigated conservation laws following from the QCD Lagrangian and the
vacuum structure of QCD we are now able to derive some fundamental theorems that have to
hold in the model that we use in this work. From hadron spectroscopy we deduced that chiral

"The condensates (@u), (dd) etc. depend on the renormalization scale; therefore, they are not observables in
QCD. Only the products m¢(grgs) are invariants of the renormalization group.
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symmetry is broken down to SU(3)y giving rise to pseudoscalar Goldstone fields |7%), compare
Eq. (2.4.7). The Goldstone theorem then states

(O]J% o (@) |m6(p)) = ip* fobare P . (2.4.10)

fo is the pion decay constant in the chiral limit. The physical value of the pion decay constant
is deduced from charged pion decay (cf. [19]) and given by

fr=1(924+0.3) MeV. (2.4.11)

The difference between fy and f; is a correction linear in the quark mass my.

Nonvanishing quark masses shift the mass of the Goldstone boson from zero to the observed
value of the physical pion mass m,. Using the PCAC relation Eq. (2.4.5), one obtains in the
N; = 2 case!? for a selected isospin component with a = 1

—. T
O 1 = (Mmu +ma)ivs 511/1-

In addition, applying the canonical anticommutation relations for fermionic fields and [A, E] =
{A, B} — 2BA one shows for P, := ¢(z)v57,%(x) the relation

{Qiypb} = —SapP1) .
Then one can combine these two relations to obtain
(0] [ 3075, ] 0) = — 5 0m -+ maaw + .

The expression on the left-hand side can easily be calculated from Eq. (2.4.10) after inserting
a complete set of pseudoscalar states in the commutator. Truncating this set by the one-pion
states |m,) we obtain

m2 = —f12m<1/_1¢> +O(m?), (2.4.12)

0

where we have assumed the isospin limit, i.e., m, ~ mg := m. This result is the celebrated Gell-
Mann—Oakes—Renner relation (cf. [20]) that is based entirely on the symmetries and symmetry
breaking patterns of QCD.

Another important relation can be obtained when evaluating the matrix element of the
weak axial-vector current Jj ; +iJ} , between nucleon states |p),|n). This matrix element is
measured in neutron S decay. The PCAC relation connects this to the charged-pion matrix
element (p|7*|n) and one recovers the Goldberger-Treiman relation [21]

frgann = Mnga (2.4.13)

where g,nn = 13.2 £ 0.1 is the pion-nucleon-nucleon coupling constant, My = 0.939 GeV is
the nucleon mass and gy = 1.267 £ 0.004 is the nucleon-axial-vector coupling constant. The
Goldberger-Treiman relation is thus better than 5 %.

2.4.3 Lattice QCD

Asymptotic freedom allows for a perturbative treatment of QCD at high energies and momenta.
Until 1974 all predictions of QCD were restricted to this regime. In order to study the low-
energy, or long-distance, properties of QCD Kenneth Wilson [22] introduced in 1974 the lattice
gauge theory. In lattice gauge theories one discretizes the space-time continuum, which provides a
natural cutoff scheme (lattice regularization): wavelengths shorter than twice the lattice spacing

121n the two-flavor case the generators of SU(N¢) are given by the isospin Pauli matrices {%, 2,5
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a have no meaning; equivalently one can state that momenta k are restricted to the first Brillouin
zone, i.e., |k| < m/a. One usually introduces the lattice in field theory by performing a Wick
rotation to Euclidean space, i.e., xg — —izy4, x; — 4,1 € {1,2,3}, and by quantizing the theory
via the path-integral formalism (Euclidean lattice formulation'?). One of the advantages of
lattice quantum field theory is that the path integrals can be given a precise meaning since one
is dealing with only a finite number of degrees of freedom. A nontrivial task is, however, the
removal of the lattice structure and its artifacts by studying the continuum limit.

Considerable freedom exists in the lattice formulation: one is free to add to the Lagrangian
terms that do not contribute in the continuum limit. Wilson took advantage of this freedom
when writing down the lattice formulation for gauge theories which keep local gauge invariance
as an exact symmetry. In the QCD Lagrangian Zqcp the partial derivative is replaced by the
covariant one incorporating the gauge field. This is, actually, one particular (the infinitesimal)
manifestation of the more general concept of parallel transport'*: suppose we want to gauge
(with gauge group G) a nonlocal operator O(z,y) = A(z)B(y); it turns out that the correct
prescription is given by

~

A(x)B(y) 7 A(@)U (2, y)B(y), (2.4.14)

with the parallel-transport operator

Ug(z,y) = P {exp [ig [5 %AZ(s) ds“} } (2.4.15)

where € denotes an arbitrary path connecting y and x, P is the path-ordering operator, the
Aq are the generators of the gauge group G and the Aj, describe the corresponding gauge fields.
Since all lattice sites are separated at least by the (finite) lattice spacing a, the gauge action
must be constructed out of (discretized) parallel-transport operators U(n,m), where n, m now
denote lattice sites and U is called link variable. It turns out that the lattice action for the gluon
field is given by a sum over plaquettes Up,

Uy = Uln,n+)U(n+ fn+ o+ 0)U(n + i+ 0,0 + 0)U(n + 0,n),

where fi, 7 denote unit vectors on the lattice. The gauge part of an SU(NV) lattice action is then
given by [24]
seue) _ 2N “ln (U + UT) (2.4.16)
gauge - g(Q) . IN 4.

where the sum extends over all distinct (path-ordered) plaquettes on the lattice, and gy denotes
the bare coupling strength.

We have stressed here the concept of parallel transport, because we will use in the second
part of this work that Uy (x,x), the Wilson loop, serves as an order parameter for confinement
(see Sect. 5.2).

So far, it was straightforward to describe a (pure) gauge theory on the lattice. Problems
arise when describing fermions on the lattice: when naively discretizing the (Euclidean) Dirac
action,

Spirac = / () (7, DF + i) (z)

by replacing D* with a covariant difference operator, one obtains an action that describes 16
degenerate types of fermions (“tastes”). This is the famous fermion doubling problem which
is strongly related to the axial anomaly on the lattice. Since one wants to describe only one

13 There exists another method, the Hamiltonian lattice formulation of Kogut and Susskind [23], in which only
the spatial dimensions are discretized in a Minkowski space-time.

14The reader could be familiar with this argument from differential geometry, or, more specifically, from its
application in general relativity.
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fermion, one has to get rid of the other 15 tastes. There are several possibilities. The first
(and oldest) is due to Wilson, who added some term (that vanishes in the continuum limit) to
the action to change the propagator so that it has only one pole (only one of the 16 fermions
remains massless, the other 15 gain masses that are inversely proportional to the lattice spacing).
The Wilson solution to the doubling problem is easy to understand, implement and compute
with. But it suffers from a number of flaws. The first is that the Wilson term breaks chiral
symmetry. Another (technical) problem with Wilson quarks is that the Wilson term introduces
a linear error in the lattice spacing a that can be very large. That is the reason why one has
been looking for other approaches: in the “staggering” method the four spin components of
the Dirac spinor are put on different sites of the lattice. This procedure reduces the number of
tastes from 16 to four'®. The major advantage of the staggered-fermion over the Wilson-fermion
approach is that the action of the first one preserves a continuous U(1) x U(1) symmetry (in
the chiral limit) which is a remnant of the chiral symmetry group. Although neither one of the
approaches incorporates chiral symmetry properly (we will see the reason for this shortly), one
can nevertheless use the staggered-fermion formulation to study the spontaneous breakdown of
this remaining lattice symmetry and the associated Nambu-Goldstone phenomenon. One of the
drawbacks of this method is that since the different components of the staggered quark field
live on different lattice sites, they experience a slightly different gauge field, which leads to a
breaking of their naive degeneracy and, hence, to Nambu-Goldstone bosons with nonvanishing
mass even in the chiral limit.'%

The fact that chiral symmetry is not preserved by lattice actions is a possible consequence
of the Nielsen-Ninomiya no-go theorem [26]. It states that it is impossible to have a chirally
invariant, doubler-free, local, translation invariant, real bilinear fermion action on the lattice.
Since locality, translation invariance and hermiticity should always be fulfilled by the action,
on first sight, one has to abandon either chiral symmetry or freedom from doublers. It is,
however, possible to circumvent the Nielsen-Ninomiya theorem: one possibility is to realize the
four-dimensional theory of a chiral fermion by dimensional reduction from a five-dimensional
theory (domain-wall or overlap fermions). With a finite extent L in the fifth direction, there
will necessarily be another domain wall with opposite orientation, on which a massless chiral
fermion of opposite chirality will live, thus fulfilling both the Nielsen-Ninomiya theorem in the
five-dimensional theory and ensuring the mutual cancelation of the chiral anomalies stemming
from either fermion. To be precise, chiral symmetry in the domain-wall formalism is preserved
only for large Ls. A finite separation Lg between the walls with opposite chirality gives rise
to a residual chiral symmetry breaking that can be strongly suppressed, though, by taking L
to be large. To leading order in an expansion in lattice spacing, the residual chiral symmetry
breaking can be characterized by a single parameter, the residual mass ms. This acts as an
additive shift to the bare input quark mass mg. Hence, the “physical” quark mass is given by
Myes +mg. The full continuum SU(Ng) x SU(NV¢) chiral symmetry can be reproduced by choosing
L sufficiently large, even at finite lattice spacing. This comes, however, with an approximate
factor of L, increase in computational cost.

Lattice calculations are performed on large-scale computers using sophisticated numerical
algorithms (Monte Carlo methods). Particularly time-consuming is the evaluation of the fermion
determinant. Until the mid-nineties it was essentially impossible to simulate the full action on
the lattice. This led people to drop the fermion determinant, using the so-called quenched
approximation, that amounts to neglecting dynamical fermions in the simulation.

We will come back to lattice simulations in the second part of this work (Sect. 4.3), when
dealing with the finite temperature description of QCD.

15The number of fermions can be reduced to one when artificially taking the fourth root of the fermion deter-
minant. This rooting procedure is, however, still under lively debate (cf. [25]).
Improved staggered lattice actions are known that do not suffer from such pathologies.
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2.5 Dyson-Schwinger Formalism

Apart from lattice simulations, the Dyson-Schwinger formalism provides an alternative approach
to QCD. The Dyson-Schwinger equations (DSE) are a nonperturbative tool for analyzing a
quantum field theory starting from the theory’s generating functional in Euclidean space-time.
From this one obtains an enumerably infinite set of coupled integral equations, the so-called
DSE tower. Since it is not possible to solve all of them, one has to truncate this tower at some
order. In theories with elementary fermions, the simplest of the DSEs is the gap equation, which
already incorporates the dynamical (chiral) symmetry breaking. From this one notes that a self-
consistent solution of the DSEs comprises nonperturbative effects that would not be included in
a systematic perturbative expansion.

We derive the fermion gap equation for QCD and determine its solution, which is actually
a two-point function. This procedure will guide us in developing the model that is the major
subject of this work and it will serve as a consistency check whenever simplifications are made.

2.5.1 Euclidean Action

From now onwards we work in Euclidean space-time without exception. Euclidean space has
already been encountered when describing lattice QCD in the previous section. The following
conventions will be used: for four-vectors a, b we have

4
a-b:=ayubdu = Z a;b; . (2.5.1)
i=1
A distinction between co-variant and contra-variant indices is not necessary anymore. With this

definition, spacelike vectors z,, have x2 > 0. Furthermore, a four-vector x,, can be Wick-rotated
from Minkowski to Euclidean space according to

($0, ii") — (f, x4) s with z4 = ixg. (2.5.2)

Finally, we need to define the Dirac matrices in Euclidean space. Here we use the following
convention:
=t (2.5.3)

(and all other Dirac matrices unchanged: vg,; = 74 :=7* for i € {1,2,3}). Then, the matrices
fulfill the algebra

{Yus W}t = —20. (2.5.4)
In particular, one obtains

J=7101+7-V. (2.5.5)
Using these conventions the Euclidean QCD action can be calculated from the Minkowskian ex-
pression, SﬁCD =/ d4:UM$QCD (cf. Eq. (2.2.1)), replacing the expressions properly in Euclidean
space:

1 1 . .
S§CD - /d4g; [2 Tr (GWGWHE (8#Az)2_(3uxa )D,fxb+ Z Uy (=i +my + gA) wf].
feflavors

(2.5.6)
From this the generating functional follows as in Eq. (2.3.3'):

Z(J,6,6 1)) = / DADY DX T D

exp (—SBCD) exp (i/d4x [AZJW + XTEL 4 €N+ + 77#’]) :
(2.5.7)

The Dyson-Schwinger equations are derived from the generating functional demanding that its
derivative with respect to the fields is zero. We will see this explicitly in the next subsection.
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2.5.2 Dyson-Schwinger Equation for the Quark Propagator

Consider the quark Dyson-Schwinger equation, or gap equation, which is useful when studying
dynamical chiral symmetry breaking. The quark DSE in momentum space is given by

—_— . = — -

S(p)lz—p+mo—92/d4qD (p— )& S5(q)
am)i D P~ )5 1Sl
where S(p) is the dressed quark propagator, D, (k) is the dressed gluon propagator!’ (curly line
with the filled circle), I,(g,p) is the dressed quark vertex (full circle), %W is the one-particle
irreducible vertex (open circle), my is the (bare) current quark mass and —p +my is the inverse
free fermion propagator (solid line). Furthermore, we use the propagators expressed in Landau
gauge, A = 0.18
The solution of Eq. (2.5.8) has the form

(2.5.8)

Aa

I (q,
5 (¢,p)

Sp)~ = —p+M@?), (2.5.9)

where M (p?) is the (dynamically generated) quark mass function. In the chiral limit, defined
as my, = mg = ms = 0, there is no perturbative contribution to the mass function M (p2) in
Eq. (2.5.9). This means that M (p?) # 0 in the chiral limit has a nonperturbative origin from the
QCD vacuum and is hence related to spontaneous chiral symmetry breaking. In fact, inserting
Eq. (2.5.9) in definition Eq. (2.4.9), one sees that M (p?) # 0 in the chiral limit is only possible if
the quark condensate is nonzero, which serves, as described in Sect. 2.4.2, as an order parameter
for spontaneous chiral symmetry breaking.

Consider now a schematic solution of the gap equation Eq. (2.5.8) in the two-flavor case.
Since the quark DSE is an integral equation, all of its elements must be known at all values of
their momentum arguments, i. e., not just in the perturbative domain, but also in the infrared.
The gluon propagator and the quark-gluon vertex fulfill their own DSE, which couples the
quark DSE to the other members of the tower of equations (diagrammatic representation in
Eq. (2.5.8)). Therefore we employ an ansatz for the dressed gluon propagator D, (k) and the
vertex function I, (g, p). First assume that the gluon propagator is diagonal in Dirac space, i. e.,
we set 3

9° Dy (k) = 5NG G(k) by (2.5.10)
this is the so-called “Abelian approximation”. We choose G such that it is normalized to G(k =
0) = 1. We have introduced a constant G with mass-dimension —2; the prefactor has been
chosen for practical reasons when comparing the results obtained in this section with those of
Chapt. 3. Furthermore, we use the “rainbow truncation” for the dressed vertex function:

I(g:p) = (2.5.11)

Inserting this in the gap equation (2.5.8), using the general expression (2.5.9) and carrying out
the algebra, we finally obtain

M(q)
?+ M3(q)

4
017:)14 o) (2.5.12)

M(p):m0+8GNC/(2

"The dressed gluon propagator is diagonal in color space because we do not allow for anisotropies in color
space.

18T andau gauge is convenient because it is a fixed point of the renormalization group, i.e., A = 0 at all orders
in perturbation theory.
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FIGURE 2.1: Solution to the gap equation Eq. (2.5.12) using a Gaussian ansatz for the dressed
gluon propagator. The nonvanishing dynamical quark mass function M (p) indicates that chiral
symmetry is spontaneously broken.

There exist sophisticated parametrizations for the gluon function G in the literature (cf., e.g.,
Ref. [27]). For schematic simplicity, choose G(k) = exp(—k?/5?), a Gaussian normalized such
that G(0) = 1. We will see in Chapt. 3 that this ansatz actually turns out to be quite reasonable.
Eq. (2.5.12) then depends on two constants, namely the coupling constant, G, and the width of
the Gaussian, 8. These parameters, in addition to the current quark mass mg = m, = mq which
might vary in the range mg € [3,10] MeV, are fixed by reproducing the pion mass m, ~ 140 MeV
and the pion decay constant fr ~ 92 MeV; formulas are taken from Ref. [28]. The solution of the
gap equation (2.5.12) has been performed iteratively relying on Banach’s fixed-point theorem.
The resulting mass function is shown in Fig. 2.1. It is clear that with M (0) ~ 300 MeV, chiral
symmetry is spontaneously broken. From the Gell-Mann-Oakes—Renner relation (2.4.12) we
immediately get the chiral condensate (mg = 3.7 MeV) (au) = (dd) ~ —(280 MeV)3.

We have shown here how the simplest Dyson-Schwinger equation can be solved using as-
sumptions about the fully dressed gluon propagator and vertex function. The next logical step
would be an extension of this formalism to three flavors and to finite temperature and densities.
This is, however, not trivial and, in particular, the implementation of thermodynamics in the
Dyson-Schwinger formalism is involved. The gap equation (2.5.12) as a simplified version of the
DSE (2.5.8) is nonetheless useful for guidance in the modeling of QCD thermodynamics, the
central topic of this thesis to which we now turn.






Chapter 3

Nonlocal Nambu—Jona-Lasinio
Models

In this chapter we establish contacts between the Dyson-Schwinger formalism, described and
worked out in the previous chapter, Sect. 2.5, and the time-honored Nambu—Jona-Lasinio model.
At the end we will have developed a model with a gap equation only slightly different from the
DSE gap equation (2.5.8), which is, however, perfectly suited for a practicable implementation of
thermodynamics and a direct comparison to studies within a Polyakov-loop-extended Nambu—
Jona-Lasinio model performed over the last decade (see Chapt. 5). We consider both the two-
and three-flavor cases.

3.1 The Local Nambu—Jona-Lasinio Model

The ground state of QCD spontaneously breaks chiral symmetry. Furthermore, the axial U(1)
symmetry is anomalously broken by instanton effects (cf. Sect. 3.3.1). All these features are
embodied in Zgcp, Eq. (2.2.1). In this chapter the aim is to construct a model Lagrangian
that is simpler to work with than full QCD but nevertheless encodes all relevant aspects of
the symmetry breaking pattern of QCD. A model fulfilling this requirement was proposed in
1961 by Y. Nambu and G. Jona-Lasinio (NJL) [29, 30] already in the pre-QCD era. Their aim
was, actually, to describe a mechanism that is able to give rise to the nucleon mass. Treating
primary fermionic degrees of freedom like in the Bardeen-Cooper-Schrieffer theory (BCS theory)
of superconductivity, Nambu and Jona-Lasinio obtained a gap equation determining the nucleon
mass. Considering a simplified model of a nonlinear four-fermion interaction that preserves
SU(2)1, x SU(2)r symmetry, Nambu and Jona-Lasinio got, in addition, pseudoscalar zero-mass
bound states of nucleon-antinucleon pairs which were identified with pions.

Once QCD was established as the theory of strong interactions, the NJL model has been in-
terpreted as an effective theory of quarks. For Ny = 2 quark flavors the minimal NJL Lagrangian
reads’:

L = (—id + ) v — % [(W)2 + (qziww)ﬂ (3.1.1)

where m = diag(m,, mg) is the current quark mass matrix, ¢ stands for the two-flavor quark
fields, 7, with k& € {1,2,3} denote the isospin Pauli matrices and G is the NJL four-point
coupling strength with mass dimension —2. The Lagrangian fﬁi is invariant under SU(2), x
SU(2)g x U(1)y symmetry. The U(1) axial anomaly is explicitly broken already at the level of
the Lagrangian. A corresponding Lagrangian for the Ny = 3 flavor case (cf. Ref. [31]) has the

'Remember that we use exclusively Euclidean space notation.
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form:
8

K =0 (0 +m)w— T3 [(Bra) + (Fishars)]
a=0
— H {det [¢(1 + v5)¢] + det [¢(1 — 75)9] }

where \, with a € {1,...,8} are the SU(3) flavor Gell-Mann matrices and \? = \/gdiag(l, 1,1);

m = diag(my, mg, ms) and 1 is the three-flavor quark field. det here denotes the determinant
in flavor space, and G and H are coupling constants. The four-fermion symmetric term in
Eq. (3.1.2) is invariant under U(3);, x U(3)gr, while the determinant term [32,33], a genuine
three-fermion interaction, is required to remove the U(1)y symmetry that would otherwise be
present. We have mentioned already in Sect. 2.2 that the anomalous breaking is the reason for
the mass of the 1’ meson. Note that the two-flavor NJL Lagrangian (3.1.1) can be cast into the
same form as the three-flavor Lagrangian (3.1.2) after a re-distribution of the terms:?

(3.1.2)

3

gNJL = (—i@ + m Z [ sz 1/}1’757'11/1)2}
= (3.1.1)

— 5 (et [(1 +95)9] +det [5(1 —15)0]}

The new feature for three flavors is the additional independent coupling H.

At this stage, both the two- and three-flavor NJL Lagrangians are not confining. They should
be applied only to properties for which confinement is not essential. The point interaction renders
the model nonrenormalizable. A cutoff Anjr, is necessary to regulate the theory. This cutoff
introduces a characteristic length scale for the interaction. Using Anjp, as a three-momentum
cutoff, one typically gets Anjr, &~ 650 MeV (see, e.g., Refs. [34-38]).

3.2 Nonlocal Nambu—Jona-Lasinio Model for Two Flavors

The original NJL model effectively introduces a schematic interaction that is strong at quark
momenta |p’| < Ay, and turned off at |p'| > Anjr. Closer contact with QCD and its running
coupling strength can be established in a generalized nonlocal NJL model [39,40] to which we
now turn. In this section we describe the two-flavor version of this nonlocal NJL model. The
generalization to three flavors needs some more preparation and will be discussed in Sect. 3.3.

3.2.1 The Nonlocal Action

We start with the construction of the basic two-flavor action [39], S3f, that will be used in this
thesis:
Sp=3Sy+8W, (3.2.1)

where we separate the free part of the action,
Sy = /d‘*m/; (—ig +m) v, (3.2.2)

with the quark fields ¥(z) = (Yu(z), ¥a(z)) " =: (u(z),d(z))" (following the notation in Eq. (2.2.1))
and m = diag(m,, mg). In this thesis, we restrict ourself to the isospin symmetric case m,, = my.

Consider now a QCD effective interaction between two color currents Jj' (z) = ¢ (z)y" 4 Aaq)(x)
(Aa/2 denote the generators of the SU(3) color gauge group). This interaction contributes a term
of the following generic form to the action:

/ ' / Ay J(z) Dy — ) 2 (1) (3.2.3)

*Here we define 7o := 1, such that the relation tr{7; - 7;} = 28;; holds for all 4,5 € {0, 1,2, 3}.
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Here D, (z — y) is proportional to the gluonic field correlator (we recall that D,,, is diagonal
in color space, excluding color anisotropies), compare Eq. (2.5.6). As discussed in Sects. 2.5
and 2.4.3, approximate solutions for this correlator can be obtained from Dyson-Schwinger
calculations and from lattice QCD. We do not need to specify D,,, in all detail at this stage.
Eq. (3.2.3) defines a nonlocal effective interaction between quarks. The range of the nonlocality
is determined by the correlation length characteristic of the color exchange through gluon fields.

In order for our model to be compatible with the Dyson-Schwinger gap equation (2.5.8) we
use the “Abelian approximation” (cf. Eq. (2.5.10)) for the leading behavior of D,,, here as well,
ie, Du(x —y) ~ O % G(xr — y), with a distribution function G(x — y) of mass dimension 4
and an NJL-type four-fermion coupling strength G with mass dimension —2. A Fierz exchange
transformation then leads to the following generic form of the nonlocal four-fermion interaction

S8 =-5Y e [dr [ @) Lvw) - b v, B2

with well-defined Fierz expansion coefficients ¢,. The I, are a set of Dirac, flavor and color
matrices resulting from the Fierz transform, with the property o I ot Y0 = I,. By a change of
variables, Eq. (3.2.4) can be rewritten as:

Shi = —gzca/d%/d“zzﬁ(zw Drav(e-2) o) d(e- ) row(z+3). 324)

The Fierz transformation introduces combinations of operators I, which maintain the symme-
tries of the original QCD Lagrangian. The symmetry that governs low-energy QCD with two
flavors is global chiral SU(2)1, x SU(2)gr, which undergoes dynamical (spontaneous) breaking to
SU(2)y. Moreover, explicit chiral symmetry breaking corrections are introduced by the quark
mass term of the action, ¥m1). A minimal subset of operators satisfying this symmetry is the
color-singlet pair of scalar-isoscalar and pseudoscalar-isovector operators,

o= (1,ivs57), (3.2.5)

the one we focus on. Other less relevant operators (vector and axialvector terms in color singlet
and color octet channels) will not be treated in this thesis.

The action constructed up to this point leads to the same gap equation (2.5.8) as obtained
from the full QCD Lagrangian using the assumptions of the Dyson-Schwinger approach described
in Sect. 2.5.

Separable Four-Fermion Interaction

As it stands, the Dyson-Schwinger gap equation (2.5.8) is an integral equation that is not
practical for our present purposes. In particular, the thermodynamics based on this equation
would be confronted with the full complexity of finite-temperature Dyson-Schwinger calcula-
tions (cf. Refs. [27,41-44]). We therefore approximate the distribution G by a separable form,

replacing , /
4.1 i _i
Q(z)—>/dzC<z+2>C< 2),

with C(2) normalized to [ d*zC(z) = 1 (compare also Ref. [45]). The model using this separable
ansatz will be worked out starting from the next subsection. A comparison between the full
Dyson-Schwinger calculation and the separable approach in Sect. 3.2.4 demonstrates that the
separable action is an excellent approximation to the full Dyson-Schwinger formalism for all
practical purposes. We can now write the chirally invariant four-fermion interaction in a more
tractable form:

G

S = / e [5(2)55 (@) + 5 (@)iF @)] | (3.2.6)
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where js and j are scalar and pseudoscalar densities, given by?

73 (x) :/d4z¢<x+;) C(z)¢(:c—§),

(3.2.7)
i (x) = /d421z<36 + g) C(2) i’YsTMb(DC — g) .

The particular functional form of C(z) used in this work will be given in Sect. 3.2.4.

3.2.2 Formalism

Given the four-fermion coupling in the nonlocal framework, Eq. (3.2.6), we can now write down
the complete Euclidean two-flavor nonlocal NJL action, Sg, that will be the basis of the calcu-
lations performed in this section. From Eq. (3.2.2) and Eq. (3.2.6) we have

Sk = / d*z {&(w) [—ir" 0y, + ] (@) — = [°(2)5%(2) + 3f (2)if ()] } : (3.2.8)

In the remainder of this section we demonstrate how this approach works in reproducing
zero-temperature QCD, the nonperturbative vacuum and its lowest quark-antiquark excitations:
the pseudoscalar pions including their decay constants. As usual, we start from the partition
function

Z= /%Z DipeE (3.2.9)
and seek to replace the bilinear combinations of fermionic fields appearing in Eq. (3.2.9) by
bosonic fields (bosonization). For this purpose, we introduce four bosonic fields o and 7 (k €
{1,2,3}) and four auxiliary fields S, Py, which serve only for technical reasons in the two-flavor

case, but which obtain a more profound significance in the three-flavor generalization. Inserting
a “one” in terms of delta functions,

1= /95 9P, 8(S — §°)6(P, — jF) = /.@s DP, Do Py el 1'20(5=3%) of dzmi(Pu=i)
the partition function is written as
Z = /@zp D DS DP, Do Dy, exp {— / d*z [¢ (—iv"8, + M) ¥ + 03 + miil ] }

X exp {/d%: [(JS + 1 Py) + % (% + PkPk)] } :

The inserted delta functions have implied a replacement of j° and j,f by S and Py, respectively.

The first exponential, on the other hand, contains terms of the form z/;;zf 1, hence the path
integration over the fermionic fields 1) and v can be carried out by standard means, leading to

Z = /_@a Dy, det of /95 PP, exp {/d4x [(US + 1 Pr) + % (52 + PkPk)] } . (3.2.10)

The integration over the auxiliary fields .S, Pj can easily be carried out by completing the square,
leading to

Z:N/@o.@ﬂk det o/ exp{—21G/d4x [024—7?2]}, (3.2.11)

3k € {1,2,3}.
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where det o is the fermion determinant. In momentum space one finds after a simple Fourier
transformation?

R + .
o (p.p) = (pl D) = (—p+ 1) (2m)*3(p — ') +C<p 2p> [o(p = p) +ivsmeme(p — )] -
(3.2.12)
Note, that from the normalization of C(z) in coordinate space we obtain C(p = 0) = 1 in

momentum space.
Finally, comparison of Eq. (3.2.11) with the definition (3.2.9) of the partition function gives
the bosonized Euclidean action,

1
Sbos = — In det o7 + el dx [02 + 7?2} , (3.2.13)

where In and det denote the functional logarithm and functional determinant, respectively.

Mean-Field Approximation and Beyond

In order to perform numerical computations with the bosonized action (3.2.13) we need to expand
the full action. This can be accomplished assuming that in the homogeneous and isotropic
vacuum, the scalar o field has a nonzero expectation value & = (o), while the vacuum expectation
values of the pseudoscalar fields m; are zero. We write o(z) = ¢ + do(z), 7(x) = d7(z) and
expand the bosonized action (3.2.13) around the mean field in powers of the mesonic fluctuations
do, 07 (setting do and 67 equal to zero defines the so-called mean-field approximation (MF)):

Spo = SNF 4 s 4. (3.2.14)

The mean-field contribution per four-volume V*) is given by

4N/ p° + M?(p)] +_; (3.2.15)

with the mass function M(p) determined by the gap equation
M(p) =mo+C(p)a . (3.2.15a)

Here mg stands for either the current up- or down-quark masses, as we are assuming isospin
symmetry. The quadratic terms beyond mean-field approximation are derived explicitly in
Appendix C. Here we only state the result:

4
S8 = 5 [ i [FF02) 80(0) () + F~(67) 57(0) - 07(—1)]. (3:2.16)
where
e 1 dig 0 -~ F M) M)
o) =3 8N°/(27r)4c (Q)[((ﬁ) +M2(q)] [(¢7)* + M2(q7)]
q—5 (3.2.17)
q+5
stands for an arbitrary field ¢ € {0, 7}.

We use C(p) = [d*2C(2)e™ %, d(p) = [d*2z¢(z) , where ¢(z
We omit the hats on the Fourler transforms and set henceforth C(p) =

)
C(p), $(p) = d(p), ete.
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with ¢& = ¢ + Land I' T, I~ denote the scalar-isoscalar and pseudoscalar-isovector vertices,
respectively. The loop diagram involves the fermion (quark) quasiparticle propagator (2.5.9),
already met when dealing with Dyson-Schwinger equations in Sect. 2.5,

B 1
 —p+M((p)’

Sk(p) = (2.5.9)

with the momentum-dependent (dynamical) constituent quark mass M (p).

Gap Equation and Chiral Condensate

The mean-field part, S%/IF, of the action Sg is governed by the scalar mean field &. Its value is

MF
found by the principle of least action, 6‘?2 =0 for 0 = 7. It is straightforward to derive
d'p M(p)
o =8N.G C 3.2.18
7 ‘ / (2m)* ®) s M?(p) ( )

to be solved self-consistently with the gap equation (3.2.15a). We notice, that Eq. (3.2.18) is
the same as the Dyson-Schwinger gap equation (2.5.12) provided one uses the separable ansatz
G(p—q) =C(p)C(q) in Eq. (2.5.12) and sets M (p) = mo+7 C(p). The assumption of separability
turns out to be only a weak restriction, but it reduces drastically the technical complexity: while
Eq. (2.5.12) is an integral equation for which the self-consistent solution M (p) has to be known
over the whole momentum region, Eq. (3.2.18) represents an equation for the mean-field value
7, thence only for a single number. This simplification will allow one to extend the formalism
presented in this chapter to QCD thermodynamics (Chapt. 5).

The chiral condensate (1)) = (au) + (dd) can be calculated from SE* using the Feynman-
Hellmann theorem, by differentiation with respect to the current quark mass mg. Equivalently,
we can use the definition (2.4.9)

W) = —i Tr lim [Sp(a:,y) - sg))(g;,y)} , (2.4.9)

y—xt

with the full fermion Green function,

4
Sr(z,y) = / (;17:;4 P S (p), (3.2.19)

and the free quark propagator SP(P) subtracted. Using Eq. (2.5.9) with M (p) from Eq. (3.2.15a)
this leads to

M (p) AL
PP+ M2(p)  p?+m

Sy = —aneN, [ 0P 3.2.20
(o) = —avive [ o2 | (32.20)
Note that M (p) — mg for large p. The subtraction makes sure that no perturbative artifacts
are left over in (1)) for mg # 0.

We have already commented on the parallels and differences of the nonlocal NJL model and
the more general Dyson-Schwinger formalism; a more thorough investigation will be presented in
Sect. 3.2.4. Before continuing with the formal derivation of all quantities of interest, we will first
examine a comparison with the local NJL model. As described in Sect. 3.1, C(p) and M (p) are
replaced by constants in the local NJL model, C(0) =1 and M. The relevant momentum-space
integrations are cut off at || = AnyL. The gap equation is simply M = —G(y¢)) = &. This
direct proportionality between the scalar mean field & and the chiral condensate is not realized
anymore in the nonlocal model, as the inspection of Egs. (3.2.18) and (3.2.20) demonstrates.
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Pion Mass, Quark-Pion Coupling Constant and Pion Decay Constant

The pion mass m;, is determined by the pole of the pion propagator, while the square of the
quark-pion coupling constant, gﬁqq, figures as the residue of the pion pole in the pseudoscalar-
isovector quark-antiquark amplitude,

52
— 9rqq .
Dfi(q) = 1’}’5Tim1’757'j : (3.2.21)

Its inverse is easily calculated from the bosonized action (3.2.13) by means of functional differ-
entiation, i.e.,
52 Sgos

= i) ~ F (@) (3.2.22)

-1
[Dij(Q)]
The last equality results from Eqgs. (3.2.16) and (3.2.17). The pion mass is therefore determined
by
F~(-m2)=0. (3.2.23)

™

Furthermore, by comparison with Eq. (3.2.21) the quark-pion coupling constant is given as:

, _ dF (4%
2 _
gwqq - dq2 . (3224)

q?=—m3
The calculation of the pion decay constant f; is more involved. As we have seen in Sect. 2.4.2,
it is defined through the matrix element of the axial current J} ,(z) between the vacuum and

the physical one-pion state 7; with 7; = g;qlq mj (cf. Eq. (2.4.10)):

(074 ;,(0)|75(p)) = 105" fr - (3.2.25)

Note that the usual local axial current, JK’I.OC

28 = Y(x)y5 3" (x), is not conserved within the
nonlocal framework (cf. Ref. [46,47]). In order to calculate this matrix element one has to gauge
the nonlocal action in Eq. (3.2.13) following the procedure outlined in Sects. 2.2.1 and 2.4.3.

This requires not only the replacement of the partial derivative by a covariant derivative,

i

0M—>8u+2

V57i Al (),
where .AL (1 € {1,2,3}) are a set of axial gauge fields, but also the connection of nonlocal terms
through a parallel transport with a Wilson line (cf. Eq. (2.4.15) and Refs. [48,49)]),

W(z,y) = Pexp{;/ol davysm A (x + (y — x)a) (y, —x#)},

where we have chosen a straight line connecting the points z and y. This means that expres-
sions of the form ¢ (x)O(2)y(y) (where O(z) is an arbitrary field operator) in the action Sg,
Eq. (3.2.8), have to be replaced by ¢ (z) W(z, z) O(2) W(z,y) ¥(y). This guarantees the (local)
gauge invariance of the underlying Lagrangian. It turns out that the only term that is eventually
affected by the gauging is the fermion determinant of o, Eq. (3.2.12), which then becomes, in

coordinate space,

o (x,y) = (—i(?y + %7571‘ A+ m) 6(z —y)+

(3.2.26)
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Here I stands either for I' =1 or I; = i~v57;, and ¢; accordingly for either the scalar field o, or
a pseudoscalar pion field, m;. The desired matrix element then follows from the gauged fermion
determinant according to

62 In det &7C

(017} ;(0)|7j(p)) = — 57 (p) 047 (1) (3.2.27)
J [

A=0
t=0

After a lengthy evaluation (all details of this calculation are presented in Appendix D) of the
functional derivatives we obtain in momentum space®

(O ,(0) () = 2i r{ri, 73} T {/0 s q+2]f(ﬂq;2)<q+> } )

gy M(q™) }+
(¢9) (% + M2%(q7))

+ 2itr{r;, 7;} Tr {C(Q) (q+2 Y
+2ig tr{m, 7j} x

xﬁ{/ldaqﬂdc(q)c(q_p@ : o 9o +M(a3)M(qz) }
0

dg? 27 (g2 +M2(¢h)) (g2 "+ M2(q2))
(3.2.28)
where Tr stands for the functional trace and, moreover,
p - p
G =q+5(1-a), o =451 +a)
(3.2.29)
¢ =q+t ¢ =q-2.
2’ 2

Now, the pion decay constant can be derived from its definition, Eq. (3.2.25) and the expression
(3.2.28), by contraction with p*:

-1

. g
fr = 1Du{O1TL (O mi(p)) 72 (3:2.30)
™
evaluated at the pion pole p> = —m?2. One pion-field component with index i is singled out in

this expression.

Chiral Relations

In order to confirm that this nonlocal model is consistent with fundamental chiral symmetry
requirements, we derive the Goldberger-Treiman and Gell-Mann—Oakes—Renner relations. For
this purpose it is sufficient to consider an expansion of Eq. (3.2.30) up to O(m2), i.e., to leading
(linear) order in the quark mass mg, giving

fﬂ' = 9nqq 5 (3230,)
where we have defined
F(*) =moTi(p®) + 6 To(p?),
with
B dq q-(q+p)+M(gM(q+p)
T =% | (o O T+ 4 A7 7]

_ d'q q-(q+p)+M(@)M(g+p)
IQ_8NC/WC(Q)C(q+p)[q2+M2(q)l [(q+p)? + M%*(q+p)]

tr{r;, 7;} = 44;; can readily be evaluated. We write the result in this more general form, though, because this
will enable us the generalize the matrix element (3.2.28) immediately to three flavors.
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Using Egs. (3.2.18) and (3.2.23), one can write F(0) = &/G and Zy(—m2) = 1/G. Then one
obtains from Eq. (3.2.30)
M2 fr = M0 Grgq L1 (—m2) . (3.2.31)

A Taylor expansion around the chiral limit of the pion polarization term, Eq. (3.2.17), leads to

_ _ oF~ _ _
F=(p) = F~(0)+ | = P+ 00") = F(0) + grgy 1" + Op").
p p2:0
Using this in the conditional equation for the pion mass, F~(—m2) = 0, one recovers the leading
order contribution to m2:
g2
m2 = %moll +0(my) = g2, F(0) + O(m3). (3.2.32)

Finally, combining Eqgs. (3.2.17) and (3.2.20) gives
F(0) = =25 (60) + O(m}).
From Eq. (3.2.31) and the first equality of Eq. (3.2.32) one finds
fr grqg = 0 + O(mo) . (3.2.33)

In the chiral limit, i.e., for my = 0, this is the Goldberger-Treiman (compare Eq. (2.4.13))
relation at the level of quarks as quasiparticles. Using this relation, the second equality of
Eq. (3.2.32) together with the expression for F'~(0) derived above gives

mzfz = —mo(P) + O(mg) , (3.2.34)

which is the well-known Gell-Mann-Oakes-Renner relation (compare Eq. (2.4.12)). We have
thus demonstrated that the nonlocal NJL model preserves chiral low-energy theorems and
current-algebra relations.

3.2.3 Fixing of the Distribution C(p): Politzer’s Quark Self-Energy

The contact strength G will be determined by fixing pion properties (mass and decay constant).
This requires choosing a particular functional form for the momentum distribution function C(p).
The gap equation (3.2.18) of the local NJL model implies a simple relation between the dynamical
(constituent) quark mass and the chiral condensate, M = —G{¢)). A similar expression,
although not completely equivalent, holds in the nonlocal model, compare Egs. (3.2.18) and
(3.2.20): M(p) = C(p)& (in the chiral limit). It is this relation that will enable us to fix C(p)
and give this distribution a physical foundation.

We consider a quark propagating with large (Euclidean) momentum p in the QCD vacuum.
Its self-energy X(p) is given pictorially as

—iX(p) = 4@7 , (3.2.35)

with full quark and gluon propagators and vertex functions (cf. Sect. 2.5). At high momentum,
this self-energy can be evaluated recalling its operator product expansion and identifying the
leading O(p~2) term [50, 51].

It is well known that QCD perturbation theory at any order does not generate a nonzero
quark mass term starting from a massless quark, simply as a consequence of helicity conser-
vation at each quark-gluon vertex. However, as pointed out by Politzer [50], the presence of
a nonperturbative QCD vacuum with a quark condensate (1)) # 0 turns a massless current
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quark into a quasiparticle with a momentum-dependent mass (often referred to as a constituent
quark mass): the spontaneous breaking of chiral symmetry implies a nonzero dynamical quark
mass.

At high quark momentum, the leading nontrivial part of X(p), calculated in “rainbow trun-
cation” and “Abelian approximation” (see Sect. 2.5) is found, with the running QCD coupling
as(p?), Eq. (2.3.8), to leading order in 1/p? (with p? > 0):

N2 — 1 ay(p? -
E0) = Ty g 3+ €)(w) + 0 (3.2.36)

where we have explicitly written the nonperturbative piece, 2™ P, and the remaining ¢ stands
for all perturbative corrections to X' (which vanish in the chiral limit, mg — 0). The parameter
¢ is required for gauge fixing (see also Refs. [51,52]).

From Eq. (3.2.36) one arrives at the dynamically generated quark mass term

Nc2 —1 as(p2)
TONZN; p?

M(p?) = 5" (p?) = - (B+E)(by) . (3.2.37)
This is the result for the constituent quark mass calculated first by Politzer in an operator prod-
uct expansion. Even in the limit of vanishing current quark masses, the quark propagator has
a nonperturbative contribution which generates a large constituent quark mass in the presence
of a nonvanishing chiral (quark) condensate. We choose the Landau gauge, setting £ = 0, as in
Sect. 2.5. Any other value of £ can be absorbed by a rescaled coupling in Eq. (3.2.37).

From Eq. (3.2.15a) it is evident that the distribution C(p) must behave as

2
Cr?) o 2;0‘5;5 ) w1, (3.2.38)

at p larger than a matching scale I" of order 1 GeV below which C(p?) is governed by nonper-
turbative physics. For our present purposes it is sufficient to use the standard form for the
perturbative running QCD coupling,

4

2

as(p”) = , 2.3.8
( ) 60 ln p2 ( )

2
AQCD

with fp = 9 (using three active quark flavors) and Agcp = 0.25GeV in order to reproduce
as = 0.12 at myz = 91.2 GeV.
The low-momentum behavior of C(p) is governed by nonperturbative QCD effects. It is
clear that the expression (3.2.38) breaks down at some p < 1GeV because of the Landau pole
p2d2

in Eq. (2.3.8). Here we choose a Gaussian C(p) = exp [—T} for convenience in order to

match Eq. (3.2.38) below I'. Owing to the integral measure d*p ~ p? d®p in the gap equation
(3.2.18), the low-momentum behavior of C(p) is strongly suppressed. Our results are, therefore,
only weakly influenced by the particular choice of C(p) at p < I'. A more profound physical
justification for this choice can be given from the instanton liquid model, dealt with in Sect. 3.3.1.
From this the width of the Gaussian d is identified with the instanton size, d ~ 1/3 fm. Putting
these two assumptions together, we have the nonlocality distribution

e P d/2 for p? < I'?

C(p2) = Ols(pQ)

(3.2.39)
const. - 5
p

for p? > I'?,

normalized as C(p = 0) = 1 and with a constant fixed by the matching condition requiring
continuity and differentiability of C(p) at p = I'. The full momentum distribution function C(p)
used for the Ny = 2 flavor model is shown in Fig. 3.1.
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FIGURE 3.1: Distribution C(p) used in the
nonlocal NJL model (solid line). The dot-
dashed line shows C(p) in a local NJL model
with four-momentum cutoff.
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FIGURE 3.2: Momentum dependence of the
constituent quark mass M, calculated in the
two-flavor nonlocal NJL model, compared
with lattice data in Landau gauge extrapo-

lated to the chiral limit (from Ref. [53], im-
proved staggered quark actions have been

used).
mo r G <1;Z_”/)>1 3 o fx My
3.3MeV | (0.24 fm)*1 (1.26 fm)2 —0.36 GeV | 0.42GeV | 0.09GeV | 0.14 GeV

TABLE 3.1: Parameters and calculated physical quantities for the nonlocal NJL model with
N =3 and N; = 2.

3.2.4 Parameters

Given the nonlocality distribution function C(p) (3.2.39) and the formulas for the pion mass and
decay constant in Sect. 3.2.2, we can know fix the parameters of the two-flavor nonlocal NJL
model. There are actually only two parameters apart from the matching point I': the four-
fermion interaction strength G and the current quark mass mg. The width d of the Gaussian is
correlated with the matching parameter I" by the matching condition for C(p) at p = I

The parameters and resulting values of observables are listed in Table 3.1. The determination
of G, I" and my is such as to reproduce, as closely as possible, the empirical pion decay constant
fr = 92.4MeV and the pion mass m,. Fig. 3.2 shows the momentum dependence of the
dynamical quark mass M (p) compared with lattice data from Ref. [53]. One notes that the
nonlocal NJL model reproduces both the low- and the high-momentum behavior. The quark
mass mg =~ 3.3 MeV is compatible with QCD estimates at a typical renormalization scale p =~
2GeV [19]. The value of the chiral condensate follows consistently from the Gell-Mann-Oakes—
Renner relation (2.4.12), with (au) = (dd) ~ —(0.28 GeV)3.

The optimal matching scale I ~ 0.83 GeV ~ (0.24fm)~! corresponds to d ~ 0.4 fm which
is indeed compatible with the typical instanton size d; ~ 1/3 fm, cf. Sect. 3.3.1. It turns out,
however, that I' is located in the momentum window where the gap equation (3.2.18) has
its maximum weight. It is therefore important to examine the sensitivity of the results with
respect to variations of I'. We have performed this test by varying the matching scale in the
range 0.6 GeV < I' < 1 GeV (i.e., about 20 % around its optimal value), with the constraint of
keeping the chiral condensate (¢1)) fixed. The resulting variations in the pion mass and decay
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constant are within only 10 %, implying stable conditions.

In order to understand the meaning of the coupling strength G we note that a direct com-
parison to the NJL model is not appropriate as the NJL model uses a three-momentum cutoff
for the regularization of loop integrals while in the nonlocal approach the distribution C(p)
mimics a four-momentum cutoff. This implies, in particular, a different scale for the coupling
strength G appearing in the scalar mean field 6. Consider again the chiral limit and compare
Egs. (3.2.18) and (3.2.20). Writing Eq. (3.2.15a) as M (0) = mg— %@w and comparing this
with the constituent quark mass in the local NJL model, Myj, = mg—G @w}, we can interpret
G = —ﬁ as an effective coupling strength in a corresponding local NJL model. Indeed, one

obtains G ~ 9 GeV~2 which is very close to the usual local NJL value found in the literature
(e.g., Refs. [35,37,38,54]).

We conclude this section summarizing the main features of the nonlocal NJL. model. The
prime advantage of the present nonlocal approach is the absence of an artificial momentum-
space cutoff as it appears in local NJL-type models. Indeed, the gap equation (3.2.18) does not
require any regularization: the scalar mean field & and, likewise, the dynamical quark mass M (p)
are well-defined within the nonlocal scheme.® As a further check, we compare this separable
model with the full Dyson-Schwinger gap equation (2.5.8) and its solution (Fig. 2.1). For this
purpose we solve the separable model of this section using a Gaussian distribution function C(p)
in order to be consistent with the numerical calculation presented in Sect. 2.5. After fixing the
parameters such as to reproduce the experimental values of the pion mass and decay constant
we obtain the results shown in Fig. 3.3. This plot clearly demonstrates that the impact of the
separability assumption on the gluon correlation function, i.e., G(p — q) — C(p) - C(q) is very
weak and can basically be absorbed by a redefinition of the model parameters.

3.3 Three-Flavor Nonlocal NJL Model:
Role of Strangeness and Axial Anomaly

This section extends the nonlocal NJL model to three quark flavors [40]. It is straightforward

to promote the chirally invariant four-fermion interaction Si(n4t), Eq. (3.2.6), to three flavors,

replacing the Pauli matrices by the generators of the Ny = 3 flavor group, with the Gell-Mann
matrices \;,i € {1,...,8} and the singlet matrix” \g := \/gdiag(l, 1,1). For completeness, we
recall

St = —% / d*z [j5 ()53 (x) + 55 ()55 ()] | (3.3.1)

where 52 and jI are scalar and pseudoscalar densities, given by

i3(x) = /d4zw<a:+ %) C(2) )\cﬂ/J(UC — g) ,

JE () = / a2 oo+ ) ecymran(z - 2).

(3.3.2)

The functional form of C in momentum space is again given by Eq. (3.2.39).

5This does not exclude the possibility that secondary quantities, such as the chiral condensate, can be weakly
divergent and potentially require a cutoff at ultrahigh momenta, very far beyond the range of applicability of
the model. Inspection of the integral for (¢1)) in Eq. (3.2.20), with the asymptotic form M (p) — mq + p%oﬂf;‘z
inserted, displays a weak (double-logarithmic) far-ultraviolet divergence. For regularization we choose a cutoff at
20 GeV, the necessity of which just reflects the simplified leading-order choice for the asymptotics of C(p).

"The normalization has been chosen, as in the two-flavor case, such that tr{\s - Ag} = 28, holds for all

a, B €{0,...,8}.
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FIGURE 3.3: Solution to the DSE gap equation Eq. (2.5.12) (solid line) compared to the so-
lution of the separable ansatz presented in this section, Eq. (3.2.18) (dashed curves) using a
Gaussian ansatz for the functions G(p) and C(p), respectively. The gray band indicates different
values for the chiral condensate, varying between (260 MeV)?3 < |(uu)| = |(dd)| < (280 MeV)3;
for the DSE we obtained |(au)| = (280 MeV)3.

3.3.1 The QCD Vacuum (II): Axial Anomaly and Instantons

It is a much more involved task to derive the term that introduces the anomalous U(1) s breaking.
In this subsection we show how the axial U(1) anomaly arises in QCD and give an explanation
guided by instantons. The instanton model leads to a nonlocal separable six-fermion interaction
expression that can immediately be transferred to the nonlocal generalization of the three-flavor
local NJL Lagrangian (3.1.2).

Anomalous Breaking of the Axial Symmetry

The QCD Lagrangian is invariant under U(1)a transformations of the fermion fields 1, in
the chiral limit. At the classical level, the flavor-singlet axial-vector current ji'(z) = Pyt
is conserved, 9,j&(z) = 0. This statement does no longer hold when deriving the continuity
equation in the quantum field theory. The appearance of an anomalous term in the divergence
of the axial-vector current was first shown by Adler [55] and Bell and Jackiw [56] in 1969.

We outline here the more general proof of K. Fujikawa [57] using the functional integral
formalism; this proof holds to all orders of perturbation theory. The starting point is the
derivation of the axial-vector Ward identities form the functional integral (compare Eq. (2.3.3)%)

Z = / DA DY @q[;exp{— / d4x$EQCD} (3.3.3)

with the Lagrangian and action defined as in Eq. (2.5.6). Next, one considers an infinitesimal
axial U(1) transformation on the fermion fields

Y(z) = ¢'(2) = (1 +ia(2)7°) ¥(2)
Y(z) = ¢ () = ¥ (1 +ia(2)y’)

8The source terms in Eq. (2.3.3) are suppressed here.

(3.3.4)
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with a real function a(x). This transformation causes a nontrivial Jacobian J of the (fermionic)
path integral measure, i.e., one obtains [57] for N¢ flavors

4 92Nf UVAC
J =exp d*z a(zx) 39.2¢ GG (3.3.5)
with the field strength tensor (2.2.2). The tensor
~ 1
GM = 55#”0@0 (3.3.6)

is the dual field strength tensor. The functional integral can then be written as

2
n CD . g Nf UNO
2 /@A D @wexp{—/d4x [.54? +a(z) ((%]? + 553" GWGM)H :
(3.3.7)

where the term «(x)d,j% is a result of the axial transformation in the kinetic part of the

fermionic action. The Ward identity associated with the symmetry is given by the derivative of
the functional integral with respect to a(z). It follows that

9> Ny
3272
Therefore, at the quantum level, the axial-vector current is not even conserved in the chiral

limit. After this mathematical derivation of the axial anomaly, we give in the next subsection a
physical interpretation of the anomalous breaking of the U(1)s symmetry.

gt = — eMATG, G - (3.3.8)

Instantons

The energy density of the QCD vacuum is €y ~ —500 MeV/ fm3. This quantity is related through
the energy-momentum tensor to the quark and gluon condensate and hence to chiral symmetry
breaking and confinement. A model of the QCD vacuum should therefore be able to explain
the origin of this value. A frequently discussed option is the instanton model. Instantons are
classical solutions to the Euclidean equations of motion. They are characterized by a topological
quantum number and correspond to tunneling events between degenerate classical vacua. It is
these tunneling events that lower the ground-state energy and give a possible explanation for the
negative nonperturbative vacuum energy density. We will see later that instantons are associated
with fermionic zero modes (i.e., eigenstates of the Dirac operator with eigenvalues zero) that
are crucial for the understanding of both the axial anomaly and spontaneous chiral symmetry
breaking.

In order for instantons to be solutions of the classical equations of motions they must mini-
mize the QCD action. First, we consider only the gauge part, that writes (cf. Eq. (2.5.6))°

SyE = / d4x2;2 Tr (G Gu) - (3.3.9)

One can show (cf., e.g., Ref. [58]) that this action is minimal for
Gu = +Gu, (3.3.10)
i.e., the solutions of the classical Euclidean Yang-Mills theory are given by self-dual or antiself-

dual fields. Furthermore, we demand a finite Euclidean action which implies that G, T} 0,
Tr|—00

so that one has
Ay(z) —— U Y(2)0,U(x) (3.3.11)

?From now on it is convenient to absorb the coupling constant g into the gauge fields, i.e., 4, — éAm Guw —
1
3Guv
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(see Eq. (2.2.4)) for an arbitrary gauge transformation U(z) € SU(3).. Such a “pure gauge
field” is obtained from A,(x) = 0 by an aforementioned gauge transformation. First solutions
were found by Belavin, Polyakov, Schwartz and Tyupkin in 1975 [59].

Let us now deduce an important observation: Since the points at infinity, |z| — oo, in
four-dimensional Euclidean space are three-spheres S% and the gauge transformations U =
exp(—it,0%(x)) are mappings from S% to SU(3) space, the topological structure of the vacuum
is hence given by the homotopy group m3(SU(3)). It is well known that

m3(SU(N)) ~Z forall N > 2. (3.3.12)

From this we learn that (non-Abelian) Yang-Mills theories possess topologically degenerate vacua
which can be characterized by a new quantum number (running through the domain Z). This
(topological) quantum number is the winding number (or Pontryagin indez)

W= e /d xTr (GWGW> = 327r2/d x 0, K, (3.3.13)

where we have introduced the Chern-Simons current
2
K, :=4e,) Tr [A,,@AAU + 3A,,A,\AU] . (3.3.14)

Now, assuming that there are Ny light quarks present in our theory, we can relate the axial
anomaly (3.3.8), on one hand, directly to the winding number (3.3.13) via

/d4x Oujt = —2Nenw (3.3.15)

and on the other hand, to the topological current K, according to
ujt = —Ny 0, K, . (3.3.16)

From the first relation it follows that the axial-vector current is not conserved if ny # 0. From
the second relation, the definition of the winding number ny, and the Chern-Simons current K,
one might argue, though, that ny, vanishes because it is given by the divergence, and hence a
total derivative, of the topological current K. This argument is, however, not true, because
surface terms cannot be neglected after the application of Gaufy’s law owing to the structure of
the QCD vacuum. Furthermore, K, is not a gauge-invariant quantity, hence having no direct
physical meaning.

Instantons correspond to tunneling events between topologically different vacua. ’t Hooft
[33] showed that the tunneling amplitude is 7' ~ e™5B. As vacuum states |n) corresponding
to different topological winding numbers are separated by finite-energy barriers and there is
tunneling between these states, the true vacuum |0) is a superposition of these |n) states:

10) =) e |n). (3.3.17)

The parameter 6 labels the physically inequivalent sectors of the theory. Different 6 vacua do
not communicate with one another, therefore there is no a priori method to determine the value
of #. This 6 is exactly the parameter that appears in the P- and CP-violating term (2.2.5) of
the QCD Lagrangian, leading to the strong CP-problem.

Let us conclude this section by mentioning how fermions can be introduced in the instanton
model (see, e.g., Ref. [58]). Fermions add to the pure gauge part of the action, Sy g (3.3.9), the
Kobayashi-Maskawa-"t Hooft determinant [32, 33] term,

SO — _sH / d*z [det Ty (x) + det J_(z)] . (3.3.18)

int
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FIGURE 3.4: Comparison of the distribution C(p) used in the nonlocal NJL model (solid line) and
the one derived from the instanton model with instanton size d = 0.35fm (dashed line). The dot-
dashed line shows the step function C(p) of a local NJL model with Euclidean four-momentum
cutoff.

The coupling strength H with mass dimension —5 is defined in the same way as in the local
NJL Lagrangian (3.1.2), and

(Tala))y = [ty (a4 5) 0T K vi(a - 3). (3.3.19)
where K(z) represents the distribution of the U(1)a breaking interaction strength. For Ny = 3,
this flavor determinant generates a genuine three-body interaction (or six-quark vertex) in which
the u, d, and s quarks participate simultaneously. In his original paper [33], 't Hooft discovered
the crucial property of instantons, namely the Dirac operator has a zero mode i[)1y(z) = 0 in the
instanton field. From this observation he obtained the U(1)a breaking interaction with a simple
expression for K as the density of zero modes. Its Fourier transform K(p) = [d'ze P*K(2)
is written [58] in terms of Bessel functions and a characteristic instanton size, d ~ 0.35 fm, as
follows (compare also Fig. 3.4):

K(p) = WpZdQ(fg [I0()Ko(€) — LI(E)K1(6)]  with & = “’Q‘d . (3.3.20)

This expression leads to a gap equation similar to that of the nonlocal two-flavor NJL model,
Eq. (3.2.18). The chiral condensate in the instanton model is strongly related to fermionic zero
modes (Banks-Casher relation [60]).

3.3.2 Three-Flavor Nonlocal Lagrangian

We are now in the situation to write down the nonlocal equivalent to the three-flavor (local)
Lagrangian (3.1.2) by combining the four- and six-fermion interaction terms (3.3.1) and (3.3.18).
The four-fermion momentum distribution function C (cf. Eq. (3.2.39)) does in general not co-
incide with the instanton distribution function IC. It turns out, however, (see Fig. 3.4) that
both functions are very similar, and hence we can replace K by C. As outlined in detail in
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Appendix B, the six-fermion interaction (3.3.18) can then be expressed in terms of the currents
defined in Eq. (3.3.2):

s == [t das, @5 @55 - 3@ @ @] . @320

where the constants A,g are given in terms of the Gell-Mann matrices as

1
Aoaﬁ'y = ggijkgmne (Aa)im (/\ﬁ)]n (>"Y)]gl for «, /87 Y e {07 R 8} .

With the four- and six-fermion couplings in the nonlocal framework for three quark flavors,
we can now write down the Euclidean nonlocal NJL action, Sg. We have

st = [[ate{ita) [, + i wio) - § [iE(@)iS) + i @il )] +
H .S .S .S .S .P .P
o [ @5 @)35@) = 3355 @0 @) |
where the first term is the kinetic term and m = diag(my, mg, ms) is the mass matrix with
the current quark masses m,, mq, ms; G and H are constants to be determined. The densities
35 5P are given in Eq. (3.3.2) with the nonlocality distribution C(z) chosen as in the two-
flavor model described in Sect. 3.2.3. In the remainder of this section we demonstrate how
this approach works in reproducing zero-temperature QCD, the nonperturbative vacuum and
its lowest quark-antiquark excitations: the pseudoscalar meson nonet including decay constants
and n-n’ mixing. The bosonization procedure has already been outlined in Sect. 3.2.2. The

generalization to the three-flavor action, Eq. (3.3.22), is straightforward and we simply state the
result for the partition function:

(3.3.22)

Z= / Do Dy det of / DSo PPy exp { / d*z (0080 + WaPa)}
o = (3.3.23)
X exp { / dt [2 (SaSa + PaPa) + 1 Augs (5555, - 3sapﬂp7)] } .

Here we have introduced 18 scalar and pseudoscalar bosonic fields o, and 7, (o € {0,...,8})
and, additionally, 18 auxiliary fields S, P, necessary to deal with the six-fermion interactions
induced by the 't Hooft term. In momentum space, the fermion determinant det <7 reads

/

o (p,p) = (pl|p') = (—p +100g) (2m)*5(p — p) + C (p ; p> Ao [0a(p —P) +ivsmalp — 1)) -

(3.3.24)
Again we conveniently write C(p) = C(p) for the Fourier transform of the distribution C(z).
The major differences compared with the two-flavor partition function (3.2.10) are the cubic
expressions in the auxiliary fields S, P,. Because of these, an analytic evaluation of the func-
tional integral over the auxiliary fields is not possible anymore. One needs to approximate the
partition function in order to get an analogous expression to the two-flavor bosonized partition
function (3.2.11). This is the topic of the next subsection.

Stationary Phase Approximation

The path integration over the cubic terms in S, and P, fields cannot be carried out explicitly.
The stationary phase approximation (SPA) is used, choosing the fields Sy, P, so as to minimize
the integrand in the bosonized partition function Eq. (3.3.23). A necessary condition imposed
on the fields is therefore:

3H
o+ GSa + == Aapy [SpSy — FsP3] =0,
- (3.3.25)
o+ GPy — 2= Aag,SgPy =0,

2
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where S,, P, are now to be considered as (implicit) functions of o4, 7. The bosonized action
can thus be written as

Sp% = —In det o/ — /d4:z: {aaSa + maPo + % [SaSa + PaPa] +
. (3.3.26)
- Aapy 150555y — SSQPBP»Y]} :

From here on we can apply the methods developed in the two-flavor case (Sect. 3.2.2) in order
to reproduce the meson spectrum within the nonlocal three-flavor NJL model.

3.3.3 Gap Equation and Meson Properties

The stationary phase approximation enables us to complete the bosonization of the nonlocal
three-flavor Lagrangian in an analytical way. The price to be paid for this is, however, that
one has to solve, in addition to the gap equations equivalent to Eq. (3.2.18), the SPA equations
(3.3.25). By solving these equations self-consistently, we are able to reproduce the large " mass
which is the result of the anomalous breaking of the axial U(1)s symmetry. The mixing angle
between the n and the 1’ mesons is a further outcome of this calculation.

Mean-Field Approximation, Gap Equations and Chiral Condensates

We proceed now analogously to Sect. 3.2.2. Starting from the action SEOS, Eq. (3.3.26), a power
series expansion is performed around the expectation values of the fields o, 7q,
0a(x) =G4 + 004(x),
Ta(x) = 0ma () .
A first constraint is imposed on the scalar fields by charge conservation, i.e., the charge matrix
Q = diag (%, —%, —%) commutes with the SU(3) generators: [@, As] = 0. This is only possible
for Ao, A3, Ag which means in turn that only o, 03 and og have to be considered (in the isospin
limit which will be investigated later one has the additional constraint that o3 also vanishes).
Given these conditions it is useful to introduce

(3.3.27)

o = diag(oy, 04,0s) := 00Ao + 03A3 + 08 As, (3.3.28)

and, analogously, S = diag(Sy, Sq4, Ss) = SoAo + S3A3 + SgAs. Since we have (m,) = (Py) = 0 to
leading order, the action in mean-field approximation reads

SII%W d'p 2 r2 1 _s ., Gz Hz 55
N (3.3.29)
where M (p) = diag (M, (p), Ma(p), Ms(p)) with

M;(p) =m; +,C(p), (3.3.30)

and 13x3 denotes the unity matrix in flavor space and V@ s the four-dimensional Euclidean
volume.

The mean-field equations (gap equations) are deduced, again, by applying the principle of
least action, 6?§F =0 for 0, = 7; (i € {u,d,s}). The S; and P; are both implicit functions of
0, determined tlhrough the SPA equations in mean-field approximation (compare Eq. (3.3.25)).
Eventually, we obtain

g o
0i = —GS; — —€ijk€ijkSj Sk (3.3.31a)

4
o _ d'p M;(p)
Si= - [ GO0 g

(3.3.31b)
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Finally, the chiral condensate (Gg) can be calculated in the same fashion as in the two-flavor
case using the definition (2.4.9). This leads to

a* M, m
(q9) = —4Nc/ (2;;4 [pz +‘§\(22)(p) - +qm(21 : (3.3.32)

Note that M,(p) — my for large p. The subtraction makes sure that no perturbative artifacts
are left over in (gq) for mq # 0.

Second-Order Corrections and Meson Masses

The calculation of the meson masses is now more involved and more technical compared with
the two-flavor case, because we are treating the (pseudoscalar) meson octet plus the 7’ meson
which is known to have a large mass due to the anomalous breaking of the U(1)s symmetry.
Calculating the masses of the pseudoscalar mesons is a major step beyond mean-field approxi-
mation. Consider second-order corrections to the mean-field action, extracted from a functional
Taylor expansion,

2 2
(2) 4 4 d SE 1/ 4 4 0 SE
st / dlzaly oS dou(x)dos(y) + 5 [ dlrdty 5o () 575(y)

where the second derivatives, §2Sp and f25p , are evaluated at the mean-field values
doa(x)dos(y) oma () 673 (y)

oa(x) = G4, etc. We now focus on pseudoscalar mesonic excitations and change the basis
according to m;; = % ()\aﬂ'a)ij. This gives a standard representation of the pseudoscalar meson

octet:
0 4 ms Mo + +
NRRYGIRVE T K ,
Tij = (ﬂ)ij = = —% + % + % K ) (3.3.33)
_ 74\ _ 218 |, Mo
K K st

Defining analogously a matrix ¢ for the scalar mesons, the fermion determinant, Eq. (3.3.24),
can be written as

A (p,p) = (—p+1ig) 2m)*sW(p —p) + c(p 2p ) V2[6(p—p) +int(p—p)] . (3.3.24)
The calculation of the derivatives appearing in the Taylor expansion requires some caveats

that are outlined in Appendix C. The resulting second-order contributions to the action are
given by

4
Sy = % / (;})’4 |G 1 (P) 0015(0) 6010(—p) + Gy () 05 () Srel(—)|  (3:3.34)

with
-1
Gne(p) = T35 8ie b1 + (ﬁw) » (3.3.35)

where
d'q 2 at ¢ F Mi(¢")M;(q7)
[qt? + M2(q")] ¢ + M2(q7)]

, (3.3.36)

¢tF=q+ £, and (r¥)~! is defined as the solution of the system

H -1
{Gékm(snfi ekmeteknst] (rij,d) = SimOjn - (3.3.37)
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The meson masses can now be determined by writing the second-order term of the action,
Eq. (3.3.34), in the physical basis as

s, =5 [ oo [ p>w°<—p>+2w+<p>w—<—p>]+
+GKp)[2KO —p) + 2Kt (p) K~ (—p)] +
+ Gss(p*) ms(p) 7 ( )+Goo( ) no(p) no(—p) + 2Gos(p*) mo(p) ms(—p) }

where the functions Gp are defined according to Eq. (3.3.35). If one considers only the isospin
symmetric case, m, = mg, where o3 = 0, one has

H - -1
G (p%) = <G + QSS> + 1T, (p?) (3.3.38)
H_\"!
Gr(p*) = <G + 28u> + I, (p*) (3.3.39)
1[6G—4HS, —2HS,
Gss(p?) = 3 [2G2 GBS, — 125 + 11, (p%) + 21T, (p )] (3.3.40)
1[ 6G+4HS, — HS, _ ~
Guult™) = 5 |5 G ot + Hanls?) + Tols”)| (3.3.41)
V2 H(Ss— S, _ _
Gog(p2) T3 [2(}'2 — ((;HSS — )I{255 + Huu(p2) - Hss(pQ)] . (3.3.42)

From the construction of the action it is clear that the functions Gp correspond to the inverse
pseudoscalar meson propagators. The corresponding masses are given by the poles of these
propagators or, equivalently

Gp(—m%) =0, for Pc{n K,n}. (3.3.43)

Finally, the physical n and 7’ mesons can be identified after a basis change and by introducing
the mixing angle § = 6(p?):

= ng cosb, —mng sin b
1Tl O8I 0 S (3.3.44)
N = ng sin @,y + g cos b, ,

where 6, = 0(—m%), O = 9(—m127,). Introducing the (inverse)  and 7’ propagators G, and G,y,
respectively, instead of Gog, Ggs, Gog we obtain for the mixing angle

2G s (p?
tan 20(p®) = GOO(pQ)Oi(gg)g(pz) (3.3.45)
and therefore:
2
Gy t) = G0+ Cnls”) \/Ggg(pQ) A <G00<p2) - G88<p2)) 5316
2
Gy (p) = Gss(p?) —2F Goo(p?) n \/G(%g(pz) N (Goo(pz) g Gss(p2)> _ (3.3.47)

From these formulas we conceive that there is a mass splitting, mg, — m%, that is given by twice
the square root appearing in Eqs. (3.3.46). In Sect. 3.3.5 we will see the quantitative impact on
the n-n" mass splitting.
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Renormalization Constants

Renormalized fields'®, 3(p) = Z, 1/2 ©(p), are introduced so that the quadratic part of the
Lagrangian can be written in the standard form

L2 =2 (0 +m2) $(0) 3(—p).

2
Masses are identified with poles of the propagators G;,l (p?). From this one arrives at an explicit
expression for the renormalization constants, namely

dGp(p?)

-
P )
dp?  |p

for P € {m, K,n}. (3.3.48)

Decay Constants

The pseudoscalar meson decay constants are defined as
- . . 1/2
OL% O75(0) =i faspu == (01T, (O)[ms(p)) =1 fasZY” by (3.3.49)

where J K o(@) = P(z)yHys %@b(m) denotes the axial-vector current. As described in Sect. 3.2.2
we have to gauge the nonlocal action in Eq. (3.3.22) connecting the fields by a Wilson line and
introducing a set of axial gauge fields Af (o € {0 ...,8}). Following the lines of the two-flavor
calculation, we find again that only the fermion determinant is affected by the gauging, becoming
then, in coordinate space,

MG(x, y) = (—iay + %'75)\04 A%+ mq) §(x —y)+

ree =W (52 Foga(T52) w(Z5 )

Here I, stands either for I', = Ay or I', = iy5\4, and ¢, accordingly for either a scalar field,
0, Or a pseudoscalar field, 7.

The matrix elements (3.3.49) then follow from the gauged fermion determinant according
to Eq. (3.2.27) and the result, Eq. (3.2.28), is readily generalized. The complete calculation,
relegated to Appendix D, leads to:

(3.3.50)

. 37\ i AN q+Mi(q7)
(0174 o Olma(e)) = 21 (NN + AJN) T {c<q> ) () } +

o N 1 M; (¢t
21 (AN + NI T / doq, X0 __Mie) L,
0 de® " + M2 (qd)
+2i5; (AyAg + A Agj) X

» ?{ [ 00D cfy-2a) ( gk - 05 + M) Mi(ag) } |

2 2 —2 -
dg 27 (g +M*ad)) (g2 +MPga))
(3.3.51)
(Tr denotes the functional trace) with
p - p
Q$ZQ+§(1—04)7 qa:q—§(1+a)
(3.3.52)
¢ =g+t ¢ =q-%.
2’ 2

"Here o(p) stands generically for any of the fields 7o (p), . . .
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The decay constants can be derived from the expression (3.3.51) and their definitions, Eq. (3.3.49),
by contraction with p*, hence

7172
fap = 1D (01K o (0) 75 (p)) g (3.3.53)
B
evaluated at the corresponding mass p?> = —m%. Owing to the properties of the Gell-Mann

matrices and assuming isospin symmetry (i. e., m, = mg) one has!! f,5 = 6,5 fr for a € {1,2,3}
and fo3 = 0apfr for a € {4,5,6,7}. On the other hand, for the 0- and 8-component we obtain

Fos(0) = 5 [265s0”) + )]

Fool#?) = 5 [2Fuals?) + fus(0)]

vz

fos(p?) = fao(p?) = - [fuu(P?) = fss(P?)] -

3.3.4 Chiral Low-Energy Theorems

In this section we are going to show that the low-energy theorems are explicitly fulfilled by
the nonlocal three-flavor NJL model, as well. In order to derive the Goldberger-Treiman and
Gell-Mann—QOakes—Renner relations from the nonlocal model, the meson self-energy contribution

I, Eq. (3.3.36), is expanded up to first order in the current quark mass m,, and the momentum
" S (tu)
_ Su0 2{uu)g _
Huu( 27 mu) = —% T Ty Ma + Zﬂ',(l) p2 : (3355)
Tu,0 04,0

The first term on the right-hand side follows immediately from Eq. (3.3.36) by setting m,, =
0,p?> = 0 and using the gap equation (3.3.31b) in the chiral limit, m, = 0 (index “0”). The
second term can be recovered by writing C(p) = é (My(p) — my) in Eq. (3.3.36) and using the
definition of the chiral condensate, Eq. (3.3.32). The last term follows from the definition of the
renormalization constant Z,, Eq. (3.3.48).

Expanding the pion decay constant, Eq. (3.3.51), only the term in the first line of this

equation contributes to order O(p?). One finds

: 1.
lim fuu(p®) = 1000250 (3.3.56)
p%2—0 4 ’
Using Eq. (3.3.53) this implies
fr0 = 80025, (3.3.57)

which is the Goldberger-Treiman relation. Finally, multiplying both sides of the expansion
(3.3.55) by G+ %, identifying the pion mass (3.3.43) on the left-hand side and the gap equation
(3.3.31a) on the right-hand side, we get

72r,0m72r = —my(tu + dd)o (3.3.58)

which is the Gell-Mann—-Oakes—Renner relation.

We have thus demonstrated that the nonlocal three-flavor NJL model is also consistent,
as expected, with fundamental low-energy theorems based on chiral symmetry. At the same
time the nonlocal model reduces to the local NJL model results when C(p) is chosen as a theta
function.

"This follows from the fact, that the summands in Eq. (3.3.51) can be written as
NIM + AF A Ay = 2Re (AA") Ay (3.3.54)

Assuming m, = mgq one gets the stated result. Note, in particular, that for the two-flavor case, A;; is independent
of i, 7, hence leading the anti-commutators of the Pauli matrices, as given in Eq. (3.2.28).
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G [ H [ wm [ m
| (0.96fm)? [ —(0.83fm)® [ 3.0MeV | 70MeV |

TABLE 3.2: Scenario | parameter set of the V; = 3 nonlocal NJL model.

| (au) = (dd) | (55) | My=M;| M, |
| —(0.282GeV)? | —(0.303GeV)? | 362MeV [ 575 MeV |

L ome [ omk | omy | omy | fr ] fx [ Oy [ Oy |
| 138MeV | 487MeV | 537MeV | 954 MeV | 83.4MeV | 104.1MeV | 3.3° | —29.1° |

TABLE 3.3: Calculated physical quantities using the scenario | parameters of Table 3.2.

3.3.5 Parameters and Results

In this section we determine the parameters of the nonlocal three-flavor NJL model in the same
manner as in the two-flavor case in Sect. 3.2.4. In the present case, we fix the parameters in
order to reproduce the masses and decay constants of the pseudoscalar meson nonet. Apart
from the nonlocality distribution C(p) with its characteristic scale, the parameters to be fixed
are the coupling strengths G and H and the current quark masses m, (= my) and ms. For
the distribution C(p) we take over the functional form, Eq. (3.2.39), used in the two-flavor
case, again (the three-flavor matching scale does not differ remarkably from the Ny = 2 case:
I3t =0.85GeV ~ (0.23fm) ™!, I'*f = 0.83GeV ~ (0.24fm)~!), see Fig. 3.4.

In order to investigate the impact of the four-fermion coupling strength, we consider two sce-
narios with marginally different coupling strengths G (leaving C(p) and all remaining parameters
unchanged). “Scenario I” optimizes the 7' sector including n-n’ mixing. “Scenario II” provides
a best fit to pseudoscalar octet observables.

Choosing the parameters of scenario I as given in Table 3.2, one finds the values of the
pseudoscalar masses'?, decay constants and 7-1 mixing angle as shown in Table 3.3. The
current quark masses are consistent with those listed in the table [19] at a renormalization scale
of about 2GeV. The 1’ mass is very close to its experimental value. The same is true for the
ratio of the decay constants fx/fr = 1.25 (compared to the experimental (fx/fx)exp = 1.22).
The pion decay constant f,, though, is approximately 10 % off its experimental value but close
to its value at the chiral limit.

Furthermore, it is instructive to compare our result for the -7’ mixing angle, 6,y = —29.1°,
to the empirical value. The most recent analysis [63] gives!® § = —29.0° and agrees perfectly
with our result. Note, however, that in Ref. [63] contributions from the gluon condensate are
included which our model does not explicitly account for. The left part of Fig. 3.5 shows the
momentum dependence of the resulting dynamical up-quark mass, M, (p), compared to lattice
data from Ref. [53].

The parameters of scenario II (Table 3.4) differ from those of scenario I only by a four-
fermion coupling constant G that is about 15 % larger. We see from the calculated quantities
given in Table 3.5 that the pseudoscalar meson masses and decay constants now agree perfectly

12Note, that the Gu-threshold is lower than the 7’ mass. Hence, the integrals determining the 7’ mass might be
ill-defined owing to poles in the integration region. Therefore, in fixing the i’ mass, we apply the regularization
method described in Appendix C.3 (following Refs. [61, 62]).

3Note the different definitions of the n-n’ mixing angle in this work and in Ref. [63]. The cited number
0 = —29.0° has, however, already been translated to the definition, Eq. (3.3.44), of the mixing angle used in the
present work.
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’ G ‘ H ‘ My ‘ Mg ‘
| (1.04fm)? | —(0.83fm)° | 3.0MeV [ 70 MeV |

TABLE 3.4: Scenario |l parameter set of Ny = 3 nonlocal NJL model.

| (au) = (dd) | (55) | My=M;| M, |
| —(0.304GeV)? | —(0.323GeV)? | 468MeV [ 694 MeV |

L ma | e [ oy [ oy [ S [ S [ [ Oy |
| 139MeV | 495MeV [ 547MeV | 964MeV | 92.8 MeV | 110.1MeV | 1.9° | —22.3° |

TABLE 3.5: Calculated physical quantities using the parameters of Table 3.4. (These values
together with the parameters of Table 3.4 are referred to as “scenario II”.)

with their empirical values. On the other hand, the magnitudes of the chiral condensates and
the dynamical quark masses M, (0) and M;(0) increase, making them less compatible with
common phenomenology. This can easily be understood from the Gell-Mann—Oakes—Renner
relation (2.4.12) recalling that the current quark and pion masses for scenario I are the same
as for scenario II, while the value of the pion decay constant of scenario II is increased. The
momentum dependence of the dynamical quark mass, M (p), is shown on the right-hand side of
Fig. 3.5. In particular, the -1’ mixing angle 6,y = —22.3° now differs by 20 % from the deduced
empirical value in Ref. [63].

As in the two-flavor case, we conclude this section with a comparison to the standard local
NJL model. From Refs. [34,64-66] one finds the gap equations

M, = my, — G3(au) — — (Gu)(5s)

m‘[\:

M, = m, — G3(5s) — §<ﬂu>2

The equivalent coupling strengths G and H of the local model can be evaluated by comparison
with Eq. (3.3.31a). One derives for scenario I: G := G<§Z> ~ 11GeV~2 and H := H@i‘g‘?;s) R
400 GeV 5, values that lie well in the ballpark of typical local approaches [34, 35, 37, 38, 64-67).

We will comment further on the influence of the different model parameters in Sect. 5.4.3

when dealing with thermodynamics.

3.4 Comparison of the Two- and Three-Flavor Results

We complete this chapter with a comparison of the two- and three-flavor results obtained from
the corresponding nonlocal NJL models. We have calculated the dynamical (constituent) quark
mass M (p) (Figs. 3.2 and 3.5). It is clear, that the results are very similar. However, there
are remarkable differences between two and three flavors when going to the thermodynamical
treatment of the model. This is the topic of the second part of this work. Before proceeding to
that, we would like to outline first merits of the model developed in the present part of the thesis.
From its construction it is clear that the model has a strong foundation in Dyson-Schwinger
calculations; the simplification made is the assumption of a separable four-fermion interaction.
It has turned out, however, that effects related to differences between the full Dyson-Schwinger
result and its approximation, using a separable form, can be compensated by modifying the
four-point coupling strength. Thus the nonlocal NJL models incorporate, in principle, all merits
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FIGURE 3.5: Momentum dependence of the dynamical (constituent) up-quark mass M, com-
pared with lattice data in Landau gauge extrapolated to the chiral limit (from Ref. [53] using
improved staggered fermion actions). The left figure shows the result for scenario |, the right
figure the result for scenario 1.

of Dyson-Schwinger calculations. In particular, the integrals are convergent and do not need
a cutoff regularization anymore. This is important for extensions to high temperatures and
high densities, since there is no artificial length scale that limits the applicability of the model.
Furthermore, by choosing an appropriate ansatz for the momentum distribution function C(p)
we were able to reproduce the correct high-momentum asymptotics of the mass function M (p).
It is comforting that the width of C(p) is approximately the same for the two- and three-flavor
model and that this width can physically be interpreted as an instanton size. Moreover, a
comparison with the local NJL models is possible. It turns out, that the coupling constants G
and H accord within the local and nonlocal framework, if properly translated.

We conclude that the nonlocal NJL framework presented in this chapter is consistent with
constraints imposed by QCD. It provides a model that is practical and, perhaps most im-
portantly, applicable to compute thermodynamical quantities with no principal restrictions at
nonzero chemical potentials.






Chapter 4

Overview of QCD Thermodynamics
and QCD Phase Diagram

As a well-defined quantum field theory, QCD is, in principle, suitable to access the properties
of matter under extreme conditions where the strong forces dominate. A precise knowledge
and description of QCD thermodynamics is essential for the understanding of, e.g., compact
stars and laboratory experiments involving relativistic heavy-ion collisions. Since the interesting
experimental region of temperature T and density pp, or baryo-chemical potential up, is in the
range where these quantities are of order Aqcp, perturbative methods do not apply. Lattice
approaches which do not rely on small-parameter expansions, are the most powerful tool in
studying QCD thermodynamics. Present lattice calculations at ug = 0 lead to significant results
for thermodynamic quantities in the sense that results from different lattice collaborations agree
within their stated uncertainties. The description of QCD matter at ug # 0 is more complicated,
though. The main restriction is the so-called “sign problem” which makes it difficult to use lattice
simulations at finite baryo-chemical potential. In this short chapter we describe the present
status and expectations of the QCD phase diagram which best collects the phases and phase
transition lines of strongly interacting matter. We highlight both recent theoretical (lattice,
models) and experimental results. The detailed thermodynamical description of the model
presented in the first part of this work will be redirected to the next chapter (Chapt. 5). In
the present chapter we outline why model approaches are useful in order to gain, at least
qualitatively, further insights into relevant topics related to the QCD phase diagram.

4.1 The Phase Diagram

Thermodynamic properties of strongly interacting matter treated as a grand-canonical ensemble
are expressed in terms of a phase diagram in the plane of temperature T" and baryo-chemical
potential'! pp. Each point on the diagram corresponds to a thermodynamic equilibrium state
characterized by various thermodynamical functions such as pressure or baryon density.

In Fig. 4.1 we sketch the QCD phase diagram according to the emerging picture shared by
many theorists. As already discussed in detail in Sect. 2.4.2, the vacuum of QCD is charac-
terized by a spontaneously broken chiral symmetry. We now investigate the different phases
when temperature and density are increased. First assume that the chemical potential is small,
1B S Aqep while the temperature is increased. At sufficiently high temperature T' > Aqcp,

! Alternatively to the chemical potential ;5 one could also use the baryon-number density g, which is related
to up and the grand-canonical potential {2 according to g = _aa#%' The reason why up is chosen is that up
is continuous at the phase transition lines, while gp is not. In a T-gp diagram one would obtain a transition
region rather than a transition line in the T-pg. This can most easily be perceived if one thinks of the solid-liquid
transition in water: at the melting point, temperature remains constant until the complete amount of ice has

molten into (liquid) water.
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FIGURE 4.1: The contemporary view of the QCD phase diagram: both experimental and lattice
data are included, on one hand, and expectations, on the other, are shown.

perturbation theory expanded around a gas of (asymptotically) free quarks and gluons should
be applicable: this is the so-called quark-gluon plasma, where chiral symmetry is unbroken. One
expects a transition from the spontaneously broken chiral symmetry of the vacuum state to a
chirally symmetric phase at a temperature T, ~ Aqcp.

It is more difficult to obtain some information about the order of the transition. Assuming
massless quarks, the order of the phase transition (if there are massive quarks present, the phase
transition turns into a crossover transition) depends on the number of flavors N;. According
to R. D. Pisarski and F. A. Wilczek [68] the transition in QCD for Ny = 3 massless quarks
must undergo a first-order chiral restoration transition. For the Ny = 3 case with two massless
quarks the transition can either be second- or first-order depending on the value of the strange-
quark mass mg and/or the baryo-chemical potential pup. The dependence of the order of (phase)
transitions on the current quark masses is summarized in the so-called Columbia Plot [69],
depicted in Fig. 4.2. The point on the chiral phase transition line where the transition changes
its order is called tricritical point. For massless light quarks this can only be the case if the
strange-quark mass is larger than m!¢, see Fig. 4.2, and with a second-order phase transition
at up = 0. But even this statement is still under debate. Neither can it rigorously be claimed
that a transition, that begins as a second-order at up = 0, changes to first-order, as many model
and lattice calculations show.

Although not of primary interest in this work, we describe, for the sake of completeness,
the low-temperature and high-density part of the QCD phase diagram. When approaching the
high-baryo-chemical region, one first encounters a first-order phase transition from the hadronic
gas to (liquid) nuclear matter. This is, actually, the only first-order transition found so far
experimentally [70-72]. Its line ends at a critical temperature of Ti.; = (17+3) MeV and a critical
baryon density of 0. ~ 0.9509, where pg ~ 0.17fm~2 is the density of normal nuclear matter.
These values are deduced from multi-fragmentation experiments [71,72]. At low temperature,
nuclear matter shows spontaneous chiral symmetry breaking. When going to higher chemical
potentials, recent advances [73] conjecture that nuclear matter is separated by a first-order phase
transition from a color-superconducting quark matter phase. It follows from the quark-quark
attraction in the color-antitriplet channel that color-flavor locked (CFL) superconductors are
formed at least at asymptotically high densities.
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FIGURE 4.2: lllustration of (phase) transitions depending on the light- (m,, mg) and strange-
(ms) quark masses: Columbia plot [69]. It is still not clear, yet, where the physical point is
located. The groups labeling the second-order lines correspond to the universality classes to
which the second-order transitions belong: for the N; = 2 chiral limit case, i.e., m,;, = mq =
0 one has a second-order phase transition from the chirally broken to the chirally restored
phase with O(4) ~ SU(2) x SU(2) scaling; the (3d-)Z(2) universality class is that of the three-
dimensional Ising model.

Let us now consider the physical case where up and down quarks have a small but nonvan-
ishing current quark mass. In this case the second-order phase transition turns into a crossover.
To date, lattice calculations agree on a crossover transition at ug = 0 [74-76], but they do not
yet consistently agree on the location of the transition temperature 7T,. It lies between 150 MeV
[76] and 200 MeV [74], depending on the methods applied and pion masses used. Ref. [75] uses
domain-wall fermions that, according to Sect. 2.4.3, do not suffer from the usual pathologies
encountered for quarks on the lattice. Since such calculations require, however, an extension to
a fifth dimension, the result (7. = 171(10)(17) MeV) has still an error that can conciliate both
margins for the transition temperature.

For T ~ (1-2)T. the system forms a strongly coupled quark-gluon plasma. “Strongly cou-
pled” means that the potential energy of the system is of the same order as its kinetic energy.
In the last few years, transport properties of the strongly coupled quark-gluon plasma have
attracted considerable attention. The ratio of shear viscosity 7 to the entropy density s is of
special interest. It is known to tend to infinity on either far side of the crossover (i.e., in a
dilute gas and in an asymptotically free quark-gluon plasma). From empirical considerations,
on the other hand [77], /s appears to reach a minimum near the crossover. The viscosity can
be indirectly determined in heavy-ion collisions by comparison of hydrodynamic calculations to
experimental data. It is puzzling that why such a comparison indicates 7/s nearly reaching its
lower bound 7n/s > 1/(4m) conjectured in holographic QCD calculations [78].

Taking into account a crossover transition for ug = 0 (for which there is strong evidence)
and a first-order transition for 7' = 0 (for which there is only weak evidence), the first-order
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transition line must end at a critical point. The critical (end) point of a first-order line is of
second order. When approaching the end point the previously coexisting phases finally end in a
single phase at that point. In QCD the coexisting phases along the first-order line are a hadron
gas and the quark-gluon plasma. The distinction of the two phases is only quantitative: chiral
symmetry, on one hand, is explicitly broken by quark masses, therefore, the two phases cannot
be distinguished by realizations of any global symmetry; deconfinement, on the other hand, does
not provide a strict distinction from the confined phase, either. With quarks, even in vacuum,
the confining potential cannot rise infinitely, because a quark-antiquark pair inserted into the
color flux tube breaks it. The energy required to separate two color charges from each other is
finite.

It has been conjectured recently that the critical point in the QCD phase diagram should
rather be a triple point at which hadronic matter, the quark-gluon plasma and a new state of
matter referred to as “quarkyonic matter” coexist [79, 80]. Quarkyonic matter is (approximately)
confined and it is characterized by a large energy density due to quarks deep in the Fermi sea.
Whether chiral symmetry is broken or restored cannot be answered unequivocally, because
there is always the possibility for chiral symmetry breaking even at high densities from pairing
effects near the Fermi surface. As an experimental indication for the possible existence of an
additional state of matter one considers the chemical freeze-out temperatures at large yg. From
experiments at the Relativistic Heavy Ion Collider (RHIC) one deduces that chemical freeze-
out takes place close to the phase boundary (at low up), driven by the rapid density change
across the phase transition. At high upg, the confinement-deconfinement transition is far apart
from the freeze-out line, but this still takes place within a small interval in temperature and
chemical potential for all hadrons. From this it is argued that one needs an additional phase. Its
transition line to the hadronic state is believed to provide the rapid change in density, necessary
for the sharp chemical freeze-out region.

4.2 Experimental Status

While the existence of a critical point in the QCD phase diagram? (apart from the one asso-
ciated with the nuclear liquid-gas transition) is not yet established, we mention in this short
section briefly how one could detect signatures for a critical point. It is known empirically that
with increasing collision energy /s the generated fireball freezes out at decreasing values of the
chemical potential (see Fig. 4.3). This is easily understood by the fact that the amount of gener-
ated entropy grows with /s while the net baryon number is limited by that in the initial nuclei.
Simulating the time evolution of a fireball by ideal hydrodynamics, the trajectories follow lines
of constant baryon number per entropy density because of baryon number and entropy conser-
vation. What is more, these lines point towards the critical end point, a phenomenon known
as focusing: the (chemical) freeze-out points® tend to cluster near the critical point. Hence, it
suffices to hit a neighborhood around the critical point in heavy-ion collisions. Experimentally,
the location of the freeze-out point is obtained by measuring the ratios of particle yields (e.g.,
baryons or antibaryons to pions) and fitting to statistical models. Fig. 4.7 shows some freezeout
points for orientation.

One searches for signatures of the critical point by considering the non-monotonous depen-
dence on /s (and hence, on up) of event-by-event fluctuation observables. This idea relies on
the fact that susceptibilities diverge at the critical point and that the magnitude of the fluctu-
ations is proportional to the corresponding susceptibilities. As a starting point, one considers

2Here we mean, as before as well, the end point of the hadronic gas to quark-gluon plasma state and not
the critical point at the end of the liquid-gas transition (between the hadron gas and nuclear matter) at low
temperature.

3These are the points in T-up plane below which the hadron content does not change anymore.
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FIGURE 4.3: Temperature and baryo-chemical potential of Statistical Model fits to hadro-
chemical abundances as a function of center of mass energy per nucleon pair for collisions
of heavy nuclei from Refs. [81, 82].

the quark number susceptibilities

(AnGAnL) = (nink) — (nf)(nk) , (4.2.1)

where An% = n;;-— (n%) denotes the event-by-event fluctuation of the number of particles of the
type 7 in the momentum bin centered around p. Although this quantity can be measured directly,
one often uses so-called cumulative measures which sum over all momenta. The charge fluctua-
tions are then given, e.g., by AQ = Zﬁﬂ. inn%, where ¢’ is the charge of the particle 7. In our
recent work [83] we calculated quark number susceptibilities for the local Nambu-Jona-Lasinio
models. Such quantities are useful also for comparison to experiment, once data will be avail-
able. In addition to charge fluctuation one often considers quark- or baryon-number fluctuations
or transverse-momentum fluctuations. The characteristic feature of all such signatures is the
non-monotonic dependence on the value of an experimentally controlled parameter, such as the
center of mass energy /s, as the critical region is entered. Near criticality, the crucial quantity
is the value of the correlation length £. In experiments, the divergence of £ is, however, limited
by two effects: first, the finite system size of order 10 fm for heavy-ion collisions, and secondly,
the finite evolution time 7. It turns out [84, 85], that the second effect is more important. The
time during which the correlation length reaches equilibrium diverges as 7 ~ £7, which defines
the dynamic scaling exponent z. This definition allows one now to conclude the discussion of
Sect. 4.1 on the universality arguments entering the QCD phase diagram. As mentioned there,
it has been well established that the static universality class of the QCD critical point is that of
the three-dimensional Ising model. It was proven, however, only recently [86], that the dynamic
universality class of the critical point is the same as that for the liquid-gas transition (the uni-
versality class of model H in Hohenberg and Halperin’s classification [87]). Hence we see, that
equal static universality classes (three-dimensional Ising model and liquid-gas transition) do not
necessarily imply the same dynamical universality classes (3d Ising model is in the model A
class, the liquid-gas transition in the H-model class according the the classification of Ref. [87]).
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Apart from these general considerations, we do not comment on possible experimental sig-
natures further, because a detailed description of present experiments is beyond the scope of
this work. On the other hand, a reasonable approach towards the critical region can probably
be made only starting with the low-energy run at RHIC (starting from 2010), at the CBM
experiment at FAIR (~ 2020) and with the ALICE experiment at LHC that extends the data
base to the highest possible energies.

4.3 Lattice-QCD Calculations at
Finite Temperature and Density

Finite-temperature and -density lattice calculations use Monte Carlo methods in order to com-
pute the thermodynamical partition function, to be defined in Eq. (5.1.1), in its path-integral
representation, Eq. (5.1.3). This allows lattice collaborations to determine the equation of state
of QCD as a function of T for vanishing baryo-chemical potential, ug = 0. One finds a crossover
with a transition temperature 7, in the range between 150 MeV [76] and 200 MeV [74], as al-
ready discussed in the previous section. Although there is still an uncertainty in the location of
T., there is no doubt about the existence of a crossover transition at zero density from lattice
simulations.

4.3.1 Lattice Methodology at Finite Density

At finite up, lattice calculations become more involved due to the notorious sign problem: cal-
culating the partition function using Monte Carlo methods relies on the fact that the exponent
of the Euclidean action S is a positive-definite function of its variables. The so-called im-
portance sampling allows one then to limit the calculation to a tractably small set of random
field configurations needed to achieve reasonable accuracy. Importance sampling relies on the
fact that only those of the eV configurations are important for which e=°F is sizeable. In
finite-density QCD the situation changes dramatically: from Eq. (5.1.1) we see that a nonzero
chemical potential modifies the zeroth component of the four-momentum vector in Minkowski
space, which, in the Euclidean- or imaginary-time formalism translates into a shift of p4 into
the imaginary Fuclidean time direction by ipup. Therefore, the action Sg is in general complex.
This is obviously a major impediment for importance sampling because there is no ordering
according to which complex numbers could be compared with one another. Several methods
to circumvent this issue have been used, but none of them can be expected to converge to the
correct result when increasing the lattice volume. This can be best shown by considering the
most straightforward method for finite chemical potential: reweighting. In this case, one uses
the up = 0 sample even at pug # 0 and corrects for the incorrect probability measure by mul-
tiplying the contribution of each configuration by eSPlug=0"5%  Thig is exact in the limit when
all possible configurations would be considered. But when considering a finite volume V and a
finite number of samples, one relies on the hope that configurations important for ug # 0 are
the same as for ug = 0. The probability for this to happen is exponentially small, e=¢"*V and
the reweighting factor, correcting for this, is exponentially large (“overlap problem”). Hence,
the obtained result suffers from large fluctuations that wash out the significance of the result.

Irrespective of these caveats, the first lattice prediction for the location of the critical point
was reported by Fodor and Katz [88,89]. From Fig. 4.7 one sees that the critical point found in
Refs. [88,89] is at a small value of up, thus there is hope that the volume V' might not be too
large in order to achieve a reasonable accuracy.

Another method which allows for dealing with the imaginary fermion determinant was pro-
posed by P. de Forcrand and O. Philipsen [90,91] and uses the continuation to an imaginary
chemical potential pug. In this case the extra term iug introduced to the partition function
when dealing with finite densities is again real and consequently the partition function itself is
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a real quantity. It is indeed not devious to consider an imaginary upg as may be conceived from
the following reasoning: we mentioned earlier that in the case of three vanishing current quark
masses the system undergoes a first-order phase transition at ug = 0. By continuity arguments,
this must be true for a finite region around zero current quark masses (cf. the Columbia plot
Fig. 4.2). Hence, when decreasing the current quark masses one expects the critical point to
be pulled towards the pug = 0 axis until it disappears off the phase diagram. Equivalently,
this means that the “critical point” then appears at imaginary pup not causing any problems
in the calculation of the partition function on the lattice anymore. De Forcrand and Philipsen
have studied the ,u% dependence of the quark masses, in particular of the strange-quark mass
ms = ms(,u%) for ,u]z?) < 0, and have then analytically continued to real pup which has enabled
them to estimate the position of the critical point in the T-up plane. In Ref. [92] de Forcrand
2
ddl%c
of the critical surface at ug = 0. Here m, denotes the critical mass that determines the critical
point (T'(me), u(me)). The critical surface can be thought of as the surface separating the
first-order and crossover transitions when extending the Columbia plot to nonzero chemical po-
tentials. In Ref. [92] it is found that this surface has negative curvature, meaning that no critical
point would be present in the QCD phase diagram. There are no general arguments that forbid
the critical surface having negative curvature (it turns out, that this question is related to the
strength of the axial anomaly [93]), nor do there exist any constraints that hinder a change in
the sign of the curvature, i.e., it could well be that the critical curvature bends into the opposite
direction at higher chemical potentials.

Another method to circumvent the sign problem is a Taylor expansion of the thermodynam-
ical potential €2 in pug. This permits calculating the ug dependence of, e. g., the baryon-number
susceptibility xg ~ ((1127?. This quantity is of particular interest because it serves as a signature of
the critical point in epreriments: like in ferromagnets, the susceptibility diverges at the critical
point*. Finally, such Taylor expansions possess a finite radius of convergence that is determined
by the nearest singularity in the complex up plane. Assuming that the critical point is the
nearest singularity to up one can use the radius of convergence in order to find an estimate for
the critical point.

and Philipsen determine with the method of imaginary chemical potential the curvature

4.3.2 Recent Lattice-QCD Developments

QCD thermodynamics on the lattice has recently been simulated essentially by two groups: first,
the Budapest-Marseille-Wuppertal collaboration [76,94], and second, the “hotQCD” collabora-
tion [74,95] (which is composed by members from RIKEN, Brookhaven National Laboratory,
Columbia and Bielefeld — RBC-Bielefeld collaboration, and part of the MILC collaboration).
Before discussing some of the details of the simulations we first describe the general formulation
that underlies all lattice calculations at finite temperature.

In a lattice calculation, temperature and volume are given in terms of the temporal (N;)
and spatial (N, ) extent of the four-dimensional discretized Euclidean space. The lattice spacing
a is controlled by the lattice gauge coupling 8 := 2N./g? (8 = 6/g> for N. = 3) and is related
to temperature 7" and lattice volume V' through

B 1
N;a(B)’
The g denotes the coupling strength. Note that the lattice coupling S must not be confused

with the QCD beta function (2.3.7) encountered in the discussion of the renormalization group
equations.® All observables calculated on the lattice are functions of the coupling 3. This has

V = (Nya(B))?. (4.3.1)

4Remember, that the critical point of a first-order phase transition is of second order.

®One finds, though, for the weak-coupling limit (i.e., 8 — 00): T%Z = 12by + 72b1/8 + O(B™?) with by =
9/(167%) and by = 1/(47*). Thus, 7% approaches the universal form of the two-loop 3 function of three-flavor
QCD.
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important consequences for lattice simulations at finite temperature: the coupling strength g
is related, on one hand, to the QCD Lagrangian or action at zero temperature and, on the
other hand, through Eq. (4.3.1) to the temperature. This means that simulating a system at a
particular temperature 7" on the lattice requires the determination of a certain lattice spacing
a(f) as a function of the coupling 8 (where a constant N, is assumed).

The QCD (grand-canonical) partition function on a lattice of size N3N, is

Zrep(B, Noy Ny) = /HdU(az;ﬂ) e Se) | (4.3.2)
T,

where U(x; 1) € SU(3) denotes the gauge link variables connecting lattice sites x and = + [
encountered in Sect. 2.4.3. The Euclidean action, Sg, decomposed into its gauge and fermionic
part is given, respectively, by

Se(U) = BSc(U, B) = Se(U, B) . (4.3.3)

The subscript LCP in Eq. (4.3.2) indicates that the partition function is defined on a line
of constant physics. The LCP is defined at 7' = 0 as a line in the space of light- and bare
quark masses, m; := m, = mg and mg, respectively, parametrized by the coupling 5. Each
point on this line corresponds to identical physical conditions at different values of the lattice

spacing a(f3) o« exp (—ﬁ), by = 16%, which is tuned towards the continuum limit (i.e., for

a — 0 or f — o0) by increasing the gauge coupling 8. Since each temperature is related to
a particular value of § according to Eq. (4.3.1), the current quark masses have to be adjusted
accordingly. The two publications considered here use different physical observables that are
fixed in their zero-temperature runs for the determination of the LCP. We will discuss them
later in this subsection. Finally, the LCP introduces a physical scale into the lattice calculations
that permits to define the temperature scale for the thermodynamics calculations.

From the partition function (4.3.2) one can easily calculate the grand-canonical potential
Q(T,V), normalized such that it vanishes at zero temperature,

T, V) =-T mZ(T,V) — Q (4.3.4)

with Qg := limp_,o [-T In Z(T,V')]. This prescription is equivalent to requiring a zero pressure
or energy density at vanishing temperature.

In this subsection the primary interest is in the recent discussion concerning the transition
temperature from the chirally broken to the chirally restored phase at vanishing baryo-chemical
potential. The appropriate order parameter for chiral symmetry breaking is the chiral condensate
(q@q), q € {u,d, s}. It is nonzero at low temperature and vanishes above a critical temperature 7.
Chiral symmetry is broken spontaneously for 7' < T,.. The condensate (Gq) is, however, an exact
order parameter only in the chiral limit; in the presence of nonvanishing (light) current quark
masses, the phase transition turns into a smooth crossover. Nevertheless, the chiral condensates,
given as the derivatives of the thermodynamical potential with respect to quark masses,

TOolnZ

<QQ> = V amq )

q € {u,d, s}, (4.3.5)

are used to trace the transition.

The chiral condensates need to be renormalized. At zero quark mass a multiplicative renor-
malization is sufficient. At nonzero values of the quark mass, an additional renormalization is
necessary to eliminate singularities that are proportional to m/ a®. An appropriate renormalized
order parameter for chiral symmetry breaking can be defined as

<’L_L’LL>T — T:T: <§S>T

(au)o — T2 (ss)o

Ay(T) = (4.3.6)
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where the subscripts on the angled brackets, ( - )p,( - )o, indicate that the quantities are
calculated at temperature 7 or zero temperature, respectively. A, , is unity at low temperatures
and vanishes at T, for m, = mgq = 0.
The derivative of the chiral condensate with respect to the quark mass defines the chiral
susceptibilities
_T?hZ
Xma =/ om? ’

The divergence of X4 at T in the chiral limit is an unambiguous signal of the chiral phase
transition. For finite quark masses, X4 is expected to show a pronounced peak structure
enabling one to determine a crossover transition temperature 7.

Apart from the chiral transition, the bulk thermodynamic observables are determined by
the transition between the confined and deconfined phase. The sudden liberation of partonic
degrees of freedom in QCD manifests itself in a rapid change of thermodynamical quantities. It
turns out [96,97] that a suitable order parameter for this confinement-deconfinement transition
is the expectation value (®) of the Polyakov loop L(Z),

q € {u,d,s}. (4.3.7)

N,
(@) = Ni <J\1[3 ZL(f)> with  L(Z) =T [[ U((s0,7);24) , (4.3.8)
¢ o g z4=1

where 74 denotes the unit vector in four-direction on the lattice. In Sect. 5.2 it will be shown
that the Polyakov loop is related to the free energy, %, of a quark-antiquark pair with infinite
spatial separation (cf. Refs. [96,97]):

(D(T))[? = e~ T7=(T) (4.3.9)

From this it is clear, that (®) vanishes for the confined phase, where .#,, — oo, while it is
nonzero for the confined phase characterized by a finite free energy. Some remarks are in order:
first, the Polyakov loop is an exact order parameter for deconfinement only for the pure gauge
theory, i.e., for all quark masses taken to infinity (see Sect. 5.2). At finite quark masses it
is nonzero for all values of the temperature but changes rapidly at the transition such it can
still be used for an approximative determination of T,.. Second, the Polyakov-loop operator is
not present in the QCD action but can be added to it as an external source. Its expectation
value is then given by the derivative of the modified thermodynamic potential with respect to
the corresponding coupling, evaluated at zero coupling. Third, the Polyakov loop needs to be
renormalized in order to eliminate self-energy contributions to the static-quark free energy. The
detailed renormalization prescription depends on the lattice action used. We will not comment
on this further here.

We proceed now to compare the results of the Budapest-Marseille-Wuppertal collaboration
[76,94], and of the “hotQCD” collaboration [74,95], both obtained for the (2 4 1)-flavor case.
The left picture of Fig. 4.4 and Table 4.1 demonstrate discrepancies in the temperature depen-
dence of the chiral order parameter A;,. We discuss briefly the methods applied in the two
collaborations and comment at the end about possible reasons for the different values of the
transition temperature 7T, given by these two groups.

The Budapest-Marseille-Wuppertal collaboration has investigated, in a series of the three
publications [76,94,98], the impact of the size of the current quark masses and the lattice
spacing. Refs. [76, 98] are a major extension of a previous study in Ref. [94]. The simulations in
all three references were performed using a Symanzik-improved gauge and a stout-link-improved
staggered fermionic lattice action. The more recent publications [76, 98] are of particular interest
because they use, for the first time, physical quark masses. This means that in [76,98] the
LCP, and hence my q = my q4(8), ms = ms(B), were determined such that the pion and kaon
masses and the kaon decay constant assume their physical values. In contrast, in Ref. [94]
the aforementioned quantities were calculated at higher current quark masses rather than the
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FIGURE 4.4: Left: Renormalized chiral condensate A; s as a function of the temperature. Col-
ored open symbols are the (stout) results on N, = 8,10, 12 and 16 lattices from Ref. [98]; the
gray band is their continuum result. For comparison, results of the “hotQCD” collaboration with
three different fermion actions are also shown (compare Fig. 4.5): the N, = 8 p4 (full squares)
and asqtad (full circles) results from Ref. [95] were calculated for m, = 220MeV, the other
asqtad results (full up triangle and full diamond) as well as the HISQ result (full down triangle)
correspond to a quasi-physical m, = 160 MeV. Right: Temperature dependence of the renor-
malized Polyakov loop for N, = 8,10, 12 and 16 from Ref. [98]. The gray band is the continuum
extrapolated result.

physical ones. Different fit formulas were then used in order to extrapolate the ratios mg /mx
and my/frx to their physical values. (It turns out, that the direct determination and the
extrapolation agree within 2%.) The lattice scale, that converts lattice units into physical
units, was also fixed by the pion and kaon masses, and by the kaon decay constant (a change of
the experimental value of the kaon decay constant, fx in 2008 resulted in a reduction of 7T, by
about 6 MeV in Refs.’s [76,94] predictions in Table 4.1). The finite temperature simulations in
Ref. [76] were performed on lattices up to N, = 12 and N, = 36 (extending the N, =4,6,8,10
calculations in Ref. [94]) while Ref. [98] adds to them the results of an N, = 16 calculation. The
temperature dependence of the quantities given in Table 4.1 was determined. As a generic feature
of any crossover, the transition temperatures obtained from different quantities are different.
Fig. 4.4 shows the temperature dependence of the chiral order parameter A;  (left picture, from
Ref. [98]) and of the (renormalized) Polyakov loop® (right picture, from Ref. [98]). After taking
the continuum limit, the temperatures range from 146 MeV to 170 MeV.

Consider next the lattice simulations of the “hotQCD” collaboration. Ref. [95] provides
an extension of the the results from Ref. [74] to N, = 8 over a large temperature range T €
[100 MeV, 500 MeV] using a Symanzik-improved gauge and two different improved staggered-
fermion actions, the asqtad and p4 actions. Refs. [74,95] define the line of constant physics
by demanding that the ratio of the strange-pseudoscalar and the kaon mass, mzs/my, stays
constant” and mg, expressed in terms of the Sommer scale® ry stays constant. Using mys /mi =
1.33, my/ms = 0.1 and 9 = 0.469 fm one obtains m, ~ 220 MeV, mg ~ 503 MeV and mgzs ~

5Tn order to compare the results of Ref. [98] to those of the “hotQCD” collaboration a new definition (compared
to Refs. [76,94]) for the Polyakov loop was applied. Therefore, a direct comparison with Refs. [76,94] is not
possible, and thus the slight difference in the transition temperatures found in Refs. [76] and [98].

"This is, indeed, a reasonable assumption if one assumes the ratio m;/ms staying constant. Using Gell-Mann—
Oakes—Renner-like relations for mss and mx, i.e., m2, ~ ms and m% ~ m; + ms, respectively, one easily sees
that the ratio mss/mx is a constant. Refs. [74,95] use m;/ms = 0.1.

8The Sommer scale is defined as the distance at which the slope of the zero-temperature, static quark potential
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FIGURE 4.5: Temperature dependence of the chiral order parameter A, , (left) and the renor-
malized Polyakov loop Len (right) obtained with the asqtad and p4 actions from simulations on
lattices with temporal extent NV, = 6 and 8 (from Ref. [95]).

669 MeV. The temperature dependence of the chiral order parameter A; ; and the (renormalized)
Polyakov loop Lye, from Ref. [95] are shown in Fig. 4.5. While Ref. [74] cites a transition
temperature T, = 196(3) (for N, = 6) a more recent publication [95] relaxes this number to a
broad transition region 180 MeV < T,. < 200 MeV. The results obtained using the asqtad and
p4 actions for different values of the lattice cutoff, a7' = 1/N, = 1/6 and 1/8, are subject to
discretization effects: in the vicinity of the transition region they amount to 10 % and at most
a few percent for temperatures larger than 300 MeV. For this reason, the calculations of the
“hotQCD” collaboration have been advanced with respect to more improved staggered-quark
action and lower pion masses. The p4-action calculation of Ref. [99] uses a physical strange-
quark mass and performs the lattice calculations with m;/ms = 0.05, leading to a pion mass
of my = 154MeV and a kaon mass mg = 486 MeV. The result for the chiral condensate A g
is shown in the left picture of Fig. 4.4.9 Ref. [100] uses the Highly Improved Staggered Quark
(HISQ) action for a light-to-heavy-current-quark ratio m;/ms = 0.05 (giving m, = 158-160 MeV
and my = 496-504 MeV). The HISQ action reduces the taste symmetry breaking due to the
removal of tree level O(a?) artifacts and, hence, decreases the splitting between different pion
tastes by a factor of about three compared to the asqtad action. The reduced lattice artifacts
lead to a more realistic hadron spectrum. The results obtained for the chiral order parameter
Ay s are shown in Fig. 4.4. They clearly show a strong decrease of the transition temperature to
a region around T, = 170 MeV. Furthermore, Fig. 4.4 shows that the asqtad results on N, = 12
lattices agree well with the ones obtained with the HISQ action on N = 8. On the other hand,
the HISQ results disagree with the results obtained with the p4 and asqtad actions on N, = 8
lattices.

In summary, the Wuppertal-Budapest and “hotQCD” results for the chiral transition tem-
perature disagree by approximately 20-35MeV. From Fig. 4.4 and Table 4.1 it is clear that
all characteristic temperatures for the “hotQQCD” collaboration are higher. Ref. [98] compares
the results of both the Wuppertal-Budapest collaboration and the “hotQCD” collaboration to a
hadron-resonance-gas (HRG) model. This model has its origin in a theorem by Dashen, Ma and
Bernstein which allows one to calculate the microcanonical partition function of an interacting
system, in the thermodynamic limit, i.e., V — oo, assuming that it is a gas of noninteracting

Vaq(r) assumes a certain value:

(7’2 7dv‘7‘1(r)) =1.65.
d'r T=T0

9In order to be precise, Fig. 4.4 shows the p4 result for m, = 220 MeV. The result for m, = 154MeV, as
given in [99] is shifted by about 5 MeV towards lower temperatures.
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free hadrons and resonances. The HRG version of Ref. [101] permits to describe the pion-mass
and lattice-spacing dependence of the hadron masses. Combining this with results from chiral
perturbation theory, it turns out [98] that the Wuppertal-Budapest results are in complete agree-
ment with the HRG model (below the transition region) using the physical hadron spectrum.
The results of the “hotQCD” collaboration can, however, be reproduced within the HRG model
if one uses a “distorted” spectrum which takes into account the larger quark masses, as well as
the larger lattice spacing and pseudoscalar meson splittings. This analysis therefore provides
a convincing explanation of the observed shift in transition temperatures between the two col-
laborations. Another issue is related to the determination of the physical scale. As mentioned
earlier, the Wuppertal-Budapest collaboration uses, apart from the pion and kaon masses, the
kaon decay constant, fx, while the “hotQCD” collaboration uses the Sommer scale g for the
translation from lattice to physical units. In Ref. [100] it is pointed out that the stout results
at N, = 12 differ by about 10 % depending on whether fx or ro has been used. On the other
hand, Refs. [76,94] argue that only continuum extrapolated results are physical, and that using
fr and rq scale settings give the same continuum result. This emphasizes the important role of
taking the proper continuum limit.

Regardless of the discussion of the transition temperature in the framework of staggered-
fermion actions we mention here that the staggered formalism and all other large scale ther-
modynamics studies may suffer from theoretical problems. To date it is not proven that the
staggered formalism with 2 4 1 flavors really describes QCD in the continuum limit. Staggered
fermions suffer from the disadvantage that they do not preserve the full SU(2) x SU(2) chiral
symmetry of continuum QCD (if two quarks are supposed to become massless), but only a U(1)
subgroup. The lack of chiral symmetry is apparent in the pion spectrum for staggered quarks,
where there exists only a single pseudo-Goldstone pion, while the other pions acquire an addi-
tional mass from O(a?) flavor mixing terms in the action. Therefore it is necessary to study QCD
thermodynamics with a fermion discretization that does not suffer from lattice pathologies. In
Sect. 2.4.3 we have encountered domain-wall fermions that even preserve chiral symmetry. We
now show briefly recent domain-wall fermion calculations at finite temperature.

The domain-wall formalism is a variant of Wilson fermions (cf. Sect. 2.4.3) to the extent of a
fifth dimension (the s direction). The left- and right-handed chiral states are bound to the four-
dimensional boundaries of the five-dimensional volume. The finite separation, L, between the
left- and right-hand boundaries allows then for some mixing between the left- and right-handed
modes still giving rise to a residual chiral symmetry breaking. In contrast to Wilson fermions,
this chiral symmetry breaking can be suppressed by taking Ls to be sufficiently large. Here
we consider Ref. [75] where the region of the QCD phase transition is studied by using 2 + 1
flavors of domain-wall fermions and a 162 x 8 lattice volume with a fifth dimension L, = 32. The
parameters in this calculation were chosen such that the pion mass is m, ~ 308 MeV, more than
twice the physical mass, and the kaon mass is mg =~ 496 MeV, close to the physical one. The
chiral order parameter is again given by the renormalized quantity A; s in Eq. (4.3.6), where
the masses m,, ms are the bare masses and not, as one could expect, the “physical masses”
Mies + My, Myes + M, cf. Sect. 2.4.3. The resulting chiral susceptibility (compare Eq. (4.3.7))
shown in Fig. 4.6 displays a clear peak around the lattice coupling strength 5. = 2.03(1) and
suggests a critical T-region between 155 MeV and 185 MeV. From the peak position, a pseudo-
critical temperature T, = 171(10)(17) MeV is estimated in Ref. [75]. The first error represents
the statistical and systematic errors when determining 5. and the corresponding physical scale at
larger than physical quark masses and nonzero lattice spacing. The second error is an estimate
for the shift in 7, when lower quark masses are used and a continuum extrapolation is performed.

When comparing the chiral transition region to the rise of the Polyakov loop in Fig. 4.6 the
authors of Ref. [75] draw the conclusion that there is evidence for a single crossover transition
for both the chiral and the confinement-deconfinement transition. However, the Polyakov-loop
susceptibility does not show any well-resolved peak in the data, therefore the authors of Ref. [75]
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FIGURE 4.6: Left: 3 dependence of the chiral susceptibility x;/7? for light (black) and the
strange (red) quark at L, = 32; the result for the light-quark susceptibility at L, = 64 is given
by the blue diamonds. Both calculations were performed for fixed m; and m (i. e., the physical
mass myes + m, is smaller for Ly = 64 because of a smaller residual mass myes). The L, =
96 calculation (pink triangles) was performed such as to reproduce the L, = 32 value of the
physical mass myes + m,. Right: 8 dependence of the Polyakov loop. (Plots from Ref. [75].)

Xm, l/T4 Xm,l/T2 Xm,l Al,s Lyen
Ref. [94] | 151(3)(3) — 176(3)(4)
Ref. [76] 146( 3) | 1523)3) | 157(3)3) | 155(2)(3) | 170(4)(3)
Ref. 8] | 147(2)(3) - —Ie)B) | -
Ref. [74] — — 196(3) | 196(3)
Ref. [95] — — — 185-195 | 185-195
Ref. [75] — 171(10)(17) — — —

TABLE 4.1: Continuum extrapolated transition temperatures (in MeV) at the physical point for
different observables and in different works. The uncertainty in the first parenthesis refers to
T > 0, the second one to 7' = 0 statistical plus systematic errors. See the text for explanations.

were unable to locate the confinement-deconfinement crossover region using this variable. Fi-
nally, we have to comment on the impact of the residual quark mass myes or, equivalently, on the
size of Ls. The physically relevant quantity is the mass term myes + mg, where my is the bare
quark mass. Hence, in particular the light quark mass is influenced by a variation of Ls. In order
to investigate this impact, the simulations in Ref. [75] were performed at different values of L,
on one hand, and by fixing myes +my, on the other. As a conclusion of these calculations subject
to the before-mentioned boundary conditions one extracts the critical value 8. = 2.03(1). These
simulations give first promising results for lattice calculations under “physical conditions”. An
improvement in computer power is, however, necessary in order to perform simulations using
domain-wall fermions at physical pion masses.

We close this overview section by summarizing all results found and described here in Ta-
ble 4.1.

4.4 Model Predictions

In the last two sections we discussed that a complete exploration of the QCD diagram is so
far neither possible experimentally nor by lattice calculations. In a situation like this model
calculations are certainly useful for further guidance. One of the most successful models used
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FIGURE 4.7: Comparison of predictions for the location of the QCD critical point from Ref. [102].
Black points are model predictions: NJLa89, NJLb89 [103] — CO94 [104—106] — INJL98 [107] —
RM98 [108] — LSMO01, NJLO1 [109] — HBO2 [110] — 3NJLO5 [111] — PNJLO6 [37]. Green points
are lattice predictions: LRO1, LR0O4 [88,89] — LTEO3 [112] — LTEO4 [113]. The two dashed
lines are parabolas with slopes corresponding to lattice predictions of the slope dT/du% of the
transition line at ug = 090,91, 112]. The red circles are locations of the freeze-out points for
heavy-ion collisions at corresponding center of mass energies per nucleon (indicated by labels
in GeV).

in the last decades, the Nambu—Jona-Lasinio model, has been presented in the first part of this
work and will now be extended to the Polyakov—Nambu-Jona-Lasinio (PNJL) model suitable for
the description of QCD thermodynamics. Many more models have been applied for this purpose.
Some of the results for the location of the critical point are collected in Fig. 4.7, compiled by
M. Stephanov in Ref. [102]. We can already state at this point that model calculations are very
useful in order to get qualitative insights of the behavior of strongly interacting matter at high
temperatures and densities. The quantitative results, however, depend strongly on the model
and the parameters used. We will see this also in our work.



Chapter 5

Polyakov-Loop-Extended
Nonlocal NJL Models

Here we focus on the finite-temperature and -density description of the two- and three-flavor
nonlocal NJL models. Basic tools of QCD thermodynamics will first be summarized. We
introduce the Polyakov loop as an order parameter for the confinement-deconfinement phase
transition in pure gauge QCD without fermions. Of primary interest is the interrelation between
the chiral and confinement transition. NJL models, in general, and our nonlocal framework, in
particular, are able to describe spontaneous chiral symmetry breaking. They do not, however,
incorporate confinement, because gluons are eliminated as dynamical degrees of freedom!. We
explain the coupling of the Polyakov loop to the fermions and calculate the partition function
describing the system. After the calculation in mean-field approximation at finite temperatures
and densities we include second-order corrections to our finite-temperature calculations. Finally
we present the phase diagram of two- and three-flavor QCD as a result of the nonlocal NJL
calculations.

5.1 Thermodynamics of QCD

In thermal field theory (see, e.g., [8,114,115]) it is convenient to start from the path-integral
formulation of quantum field theory. Consider the partition function of the grand-canonical
ensemble, Z(3, i), defined through

Z(8,p) = T <e*5(f’*m) , (5.1.1)

where 5 := 1/T is the inverse temperature, H the Hamiltonian describing the system, g is
the chemical potential and N the particle-number operator.? Once the partition function Z is
determined, one can derive easily the grand-canonical potential (density)

T
Q= —Van(,B,,u), (5.1.2)

where V is the volume of the system. From the maximum principle of the entropy it follows
that the system always tends to minimize the thermodynamical potential .

IThis is obvious for the local NJL models. In the nonlocal approach, the situation is more intricate: it has
often been argued (for a detailed exposure of the argument see Ref. [27]), that by an appropriate choice of
the momentum distribution function C, the fermion propagator (2.5.9) does not have purely imaginary poles in
Euclidean space (corresponding to real poles in Minkowski space). From this, it is often argued that a decay into
a pair of two constituent quarks is suppressed, which is considered a “form of” confinement.

2Following the statistical treatment of thermodynamics, the 8 and u have to be considered initially as Lagrange
multipliers that make sure that the averaged energy and particle number of the system remain constant. The
relation to temperature and density is only given in thermodynamics by comparison with the laws of thermody-
namics.

65
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The partition function (5.1.1) can be expressed (cf. [114, 115]) as a functional integral in the
same manner as the generating functional (2.3.3),

Z(B, ) = 7{, Dé exp (— /OB dT/dsl’ (.ZE - MN)) , (5.1.3)

where % denotes the Lagrangian expressed in Euclidean coordinates (see Eq. (2.5.6)), ¢ stands
for an arbitrary field variable and 55/ indicates that the fields ¢ are subject to periodic or
antiperiodic boundary conditions for bosonic or fermionic fields, respectively. In Euclidean
space-time we have:

o(%,0) = o(Z, B), for bosonic fields ¢

(T, 0) = (7, B) for fermionic field v . (5.1.4)

These boundary conditions follow from the cyclicity of the trace as the so-called Kubo-Martin-
Schwinger relations, which are a direct consequence of the canonical commutation and anticom-
mutation relations for bosons and fermions. Bosonic fields have c-number eigenvalues, while
fermionic fields have Grassmann-number eigenvalues. This implies that the expressions derived
at zero temperature (Chapt. 3) can be used modifying the four-component p4 of the momentum
such that it meets the correct boundary condition. These replacement rules are given by the
so-called Matsubara formalism.

Matsubara Formalism

In order to sketch the Matsubara formalism, consider the free bosonic and fermionic propaga-
tors? that fulfill periodic and antiperiodic boundary conditions, respectively, in Euclidean, i.e.,
imaginary time. Setting ¢ = 0 and denoting the propagators by Dg(7,2) and S}é (1,2), respec-
tively, it is always possible to write them as a Fourier series in imaginary-time space according
to

1 T 2
Dy(r.#) = 5 3" e Dy (iwon, 7) with  wy, = % (5.1.5)
ne”
1 o o + 1
SB(r,#) = 5 S 78w, 7) with  wp = (”;)” . (5.1.6)
nez

The frequencies w, appearing in both expressions are the so-called Matsubara frequencies. In
order to establish the rules for using the Matsubara formalism at finite temperatures, we calculate
Dg and Sg in momentum space, leading to

. - 1

Ds(iwn, k) = ——— (5.1.7)
w2 + k2 4+ m?

N 1

S8 (iwn, ) = (5.1.8)

Vawn — Y P+ m ’
where we have used the standard convention for the Matsubara frequencies, such that ps — —w,,
(cf. Eq. (2.5.9)). Before summarizing the relevant results, we have to come back shortly to the
question of a finite chemical potential. Although true in general, we derive the replacement rule
here for the fermionic case which is of relevance for the present work. For fermions one has the
number operator N = [d*xp(x)y*(x) = [d*x(x)(—ive)i(z). Inserting this explicitly in
Eq. (5.1.3), one sees that the Euclidean time derivative, 4 = 0;, has to be replaced according
to 04 — 04 — p. With p, = id,, and py — —w, we obtain at finite chemical potential:

—p4 — wp — 1. (5.1.9)

3The same results hold true for the general case, and we will use them in a more general framework. But the
general derivation would require a discussion of spectral functions, which is beyond the scope of this thesis.
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This is true for both fermionic and bosonic particles. When dealing with antiparticles, one has
to replace —ip — +ip.

Let us now summarize, how the zero-temperature description of Chapt. 3 can be extended
to finite temperatures and densities: First, replace the four-component ps by the Matsubara
frequencies wy,, according to Eq. (5.1.9), and use the symmetric or antisymmetric expressions
for wy, in Eq. (5.1.5) depending on the treatment of bosons or fermions, respectively. Finally,
replace the integral over the Euclidean space-time by

d*p 1 d3p
(zero temperature) /(277)4 — ﬁz/(%r)?’ (finite temperature). (5.1.10)

These prescriptions will be extensively applied in the following sections.

5.2 Polyakov Loop and Confinement-Deconfinement Transition

After the general introduction to thermodynamics of strongly interacting matter, we now address
the question of how gluonic degrees of freedom can be introduced in the model in order to deal
with the confinement-deconfinement transition. As already mentioned previously neither the
local nor the nonlocal NJL. models can account for this transition because of the absence of
gluons as dynamical degrees of freedom. First, we consider the heavy-quark limit m, — oo, i.e.,
the pure gauge case. In this limit the Polyakov loop serves as an exact order parameter for the
confinement-deconfinement transition.

5.2.1 Polyakov Loop

Let us now introduce the Wilson line W, encountered already in Sects. 2.4.3 and 3.2.2, cf.
Eq. (2.4.15). Tt is a transformation operator connecting the configuration on the gauge group
manifold of one point = in space-time to the configuration of another point y:*

Wal(z,y) = Pexp {i/: da:“AM(a:)} , (5.2.1)

where P denotes the path-ordering operator. After an analytical continuation to the complex
time plane, the Wilson line can be used to connect two points 7 = 0 and 7 = § in imaginary
space-time,

L="Pexp {i/ﬁdTA4(T,f)}. (5.2.2)

0

This is the so-called Polyakov loop [116]; in what follows, we are interested in the renormalized
Polyakov loop ® and its expectation value (®) defined as®

OF) = 3 TelL@)] . (B(F) = - (T [L(@). (5.23)

We are now going to show (following Res. [96,117]), that the Polyakov loop (®(Z)) can be
related to the free energy Fg,(Z — ¢, T) at temperature T of two static color sources ¢ and ¢
with spatial separation ¥ — ¢ according to

e P T = (@(z)@! (7)) (5.24)

where ( )z denotes the thermal expectation value.

“From now on we absorb the coupling strength ¢ in the gauge field, i. e., henceforth we write A, — gA,,.
"Note, that Eqgs. (5.2.2) and (5.2.3) are the continuum expressions of Eq. (4.3.8) which defines L and (®) on
the lattice.
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In order to prove Eq. (5.2.4) we start with the statistical definition of the free energy
of a quark-antiquark pair, %, = —%ln Z(B) with the canonical partition function Z(f) =

Tr (e*fgH ) Exponentiating this definition leads to
Fqq(Z,7) H
D L 3l

with the summation indicated over all states |s) with a heavy quark at ¥ and a heavy antiquark
at ¢. We are considering the heavy-quark limit, i.e., my; — 00, because we are finally interested
in the pure gauge case. The factor 1/N2? has been introduced for later convenience; since this
is a constant added to the free energy, physics are not influenced by this. Next, we express the
trace in the above formula in terms of states |s') with no heavy quarks:

o BFa@T) _ 2 Z <

The quark and charge-conjugate quark field operators v, 1S, respectively, (with color index a)
have been introduced here. The two given formulas for the free energy are, indeed, equivalent
because of the equal-time anticommutation relations

{va(@ 0, 6@ 1)} = 0O(@ — )00,

and similarly for ¢¢, with all other equal-time anticommutators vanishing. Therefore, the expec-
tation value over s’ gives only a contribution, if ¥, 11 are creation operators of heavy quarks.

Zwb 7,0)4a (7, 0) e PH 41 (2, 0)0)(7.0)

Since e~AH generates Euclidean time translations, i.e., eﬂﬁO(t)e_ﬂﬁ = O(t +ip) for any
operator O(t), we can now write (in Euclidean space-time):
s’> : (5.2.5)

B Faa(E.7) 2Z<

Here we have used the equal-time anticommutation relation for the fermionic fields in combina-
tion with the antiperiodic boundary conditions (5.1.4) for the fields, leading to

{va(@ 8). 0}(@,0)} = =09 (F = &)

Since we consider static quarks and antiquarks, they obey the static time-evolution equation
(in Coulomb gauge)

BH ¢ wa( )¢§(373 5)%,6(?]7 0)

with Ay = t, A} and ¢, being the generators of the SU(N,) Lie algebra. This equation can be
integrated yleldmg

(@ 1) = Texp {i / "t Aoz, t')} $(3,0),
0

where T denotes the time-ordering operator. Inserting this solution, Eq. (5.2.5) can be expressed
in terms of the Polyakov loop @, Egs. (5.2.2) and (5.2.3),

e BTaa(@¥) — Tr{ ’BH@( Lty )} :

The trace is over states of pure gluon theory (i.e., for the heavy-quark limit) only. This is
because the arising expectation values, e. g.,

(/@) (&, 00! (7, 0)[s'(#)) = (s(@)] (1 = w!(@ 0)u(&,0)) Is'(#))



5.2 Polyakov Loop and Confinement-Deconfinement Transition 69

are zero, if §'(Z) is not a heavy-quark state, and 1, if s'(Z) is a heavy-quark state. Hence
Eq. (5.2.4) follows.

Furthermore, owing to the cluster property of statistical mechanics, the correlations between
®(£) and ®T(37) vanish for |Z — /| — oo, leading to

Foo = _lim  Fg(|Z—7|,T) = —Tn|(®)*. (5.2.6)

This expression can be related to the free energy of a single quark®, .Z%, and antiquark, .ZZ,

via

(D) = o~ 3BFL(T) (1) = e~ 287%(T) (5.2.7)

Consequently, (®) is a measure for the confinement of the quarks while (®) indicates the
strength of the confinement of the antiquarks. In particular, when considering the pure gauge
case without quarks, the confined phase is characterized by an infinite free energy .# which
corresponds to a vanishing expectation value for the Polyakov loop, i.e., (®) = 0. On the other
hand, if the system is deconfined, (®) assumes a nonzero value.

We will now comment on the symmetry that underlies the confinement-deconfinement tran-
sition. In a purely gluonic system the confinement-deconfinement transition is connected to
the spontaneous breaking of the center symmetry of SU(3). The center Z of a group in-
cludes all the elements of the group that commute with all group elements. Consequently,
Z(3) .= Z(SU(3)) = {1, e§7ri, e%”i}, which are the third roots of unity. Now let us consider the
QCD Lagrangian (2.2.1) in the absence of quarks (or with static quarks):

1 v
ggauge = _2792 Tr (G;wGu ) . (528)

Next, calculate the partition function (cf. Eq. (5.1.3))

B
Zgauge = /@A exXp (_/0 dT/d?’fogmge) s (529)

with the fields A, subject to periodic boundary conditions (because of their bosonic character),
i.e.,

Au(r+8,7) = Au(r, 7). (5.2.10)

It turns out, that Zgauge, subject to the previously mentioned boundary conditions, is invariant
under local gauge transformations g(z) = e'ée(®)la (with arbitrary real functions &,(z) and
gg’ = 1), if and only if the following condition is fulfilled:

g(t+ B,%) = z9(1,7) with z = e%”, n e {1,2,3}. (5.2.11)

It is clear that z is an element of Z(3). Moreover, from this transformation behavior of the
gauge fields one obtains the following transformation law for the Polyakov loop

SUGMocat, 250 1y (7)) . (5.2.12)

(®(7))

We conclude that the Polyakov loop (®) is invariant under Z(3) transformations if it vanishes,

which is, according to Eq. (5.2.7) equivalent to a confined system. On the other hand, for a

deconfined system, characterized by (®) # 0, the Polyakov-loop variable is not invariant under
Z(3) transformations.

The Polyakov-loop variable (®) is thus the order parameter for the confinement-deconfine-

ment phase transition (in the pure gluonic case): the confined phase is characterized by a restored

SNote, though, that these quantities are physically meaningless.
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center symmetry of the SU(3) Lie group, described by (®) = 0, and in the deconfined phase the
Z(3) symmetry is spontaneously broken, entailing (®) # 0 [118,119] (see also Fig. 5.2).

The Polyakov loop (®) serves as an exact order parameter only in the heavy-quark limit,
mg — o0o. Consider the antiperiodic boundary conditions for fermionic fields, (7 + 5,%) =
—(7,Z). Under a local SU(3) gauge transformation g, these fields transform according to
1 — ' = g1p, compare Sect. 2.2. But this implies

YT+ B,7) = —2'(1,7), (5.2.13)

which is only possible for z = 1. Therefore, in the presence of quark fields, the center symmetry of
the generating functional Z is explicitly broken. We will see in Sect. 5.3, that (®) can nonetheless
be used as an approximate order parameter for the confinement-deconfinement transition even
if quarks are present, in the sense that (®) changes rapidly at the transition.

5.2.2 The Effective Polyakov-Fukushima Potential

We show now how gluonic dynamics can be incorporated in NJL-type models using the Polyakov
loop (®). We follow Ref. [120] in choosing an appropriate ansatz for the effective potential that
describes the gluonic dynamics. Consider the full QCD generating functional for the Euclidean
action Sg (cf. Egs. (2.3.3) and (2.5.6)):

/QA/%E/%M‘SE
= H / / Al / A3 5 / dAS 5 / iy / iy e

]6{124567}

(5.2.14)
where the gluon fields” A(t,Z') are expressed in the basis of the Gell-Mann matrices \;,
NZ-1
=303 AL e, (5.2.15)
wp j=1

The N2—1 gluon fields are separated into the set of nondiagonal matrices in the squared brackets
and the diagonal Cartan algebra elements A3 and A8. We show in Appendix E (see Ref. [121])
that it is generally possible to parametrize the Lie group SU(N) such that its group volume
measure element J (the Haar measure) depends exclusively on the diagonal elements of SU(N).
Thus, the relevant physical content is already contained in the field components A3 and AS3.
This allows one, without loss of generality, to integrate out the nondiagonal matrices from the
generating functional, leading to the integrated Haar-measure volume. For the case of SU(3) we
obtain

J(p3, ¢8) = / H dA/ = (cos(gbg) — cos(\[d)g)) sin?(¢3), (5.2.16)

VSU(3) j€{1,2,4,5,6,7)

A3,8
where we have set ¢35 = 3=5—.

In the so-called Polyakov gauge, the Polyakov loop® ® is parametrized only by the diagonal
elements of the SU(3) Lie algebra,

@ = tre fexp (i(93s + 6s0s))] (5.2.17)

"Euclidean indices are suppressed for simplicity.
8From now on we omit the angled brackets in the definition of the (renormalized) Polyakov loop, i. e., (®) — ®.
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Lo | o [ | a5 | b |
351 [ —2.56 | 15.2 | —0.62 [ —1.68 |

TABLE 5.1: Parameters of the Polyakov potential ¢/ (from Ref. [37]).

Neglecting additionally spatial fluctuations of the fields, i.e.,
AM = 5114(Ait3 + Aitg) s (5.2.18)

allows one to write the Haar measure (5.2.16) in terms of the Polyakov loop ® and its complex
conjugate ®*,
9
J(@,9) = [1 — 60*P + 4 (@*3 + @3) ~3 (cp*cp)ﬂ . (5.2.19)
0
If this expression is rewritten as a potential term to the action in the generating functional
(5.2.14), one arrives at the Polyakov-Fukushima effective potential U:

U®,*,7)

_ 1 * o * *3 3\ * 1\ 2
= b+ by(T) In 1-60"0 4 (@ 4 0%) —3(070)?| . (5.220)

where the temperature-dependent coefficients are given in parametrized form:
To To\> To\®
bQ(T) =ag + a1 <T> + a2 (T> + a3 ?

bo(T) = by (?)3 .

It implicitly includes the effects of the six nondiagonal gluon fields [120,122,123]. The first
term on the right-hand side is reminiscent of a Ginzburg-Landau ansatz. It is evident from
Eq. (5.2.20), that ¢ is invariant under Z(3) transformations, but the cubic expressions in the
logarithm break the U(1) symmetry: the effective potential does not introduce a higher symme-
try.

The effective potential U is plotted in Fig. 5.2 for temperatures below and above a critical
temperature T, exhibiting the spontaneous breaking of the center symmetry. The values of the
coefficients, listed in Table 5.1, have first been determined in Ref. [37], fitting both the lattice
data for pressure, entropy density and energy density, and the behavior of the Polyakov loop on
the lattice (see Fig. 5.1). The temperature scale Tp is identified with the critical temperature
for the first-order (pure gauge) confinement-deconfinement phase transition. We choose in this
work Ty = 270 MeV from Ref. [124], although it is possible, that the transition temperature may
vary according to the number of active quark flavors, see Ref. [125].

We close this section by mentioning that in the original work by K. Fukushima, Ref. [122]
and Refs. [120, 126], a two-parameter ansatz based on the strong-coupling limit has been used.
This version of U differs from that used in the present thesis only at higher temperatures but
both forms produce very similar pressure profiles at T' < 27, the temperature region of primary
interest. At higher temperatures, transverse gluon degrees of freedom—mnot covered by the
Polyakov loop directly—begin to be important. For a discussion of transverse gluons in the
nonlocal PNJL model see also Sect. 6.2.1.

5.3 Nonlocal Polyakov-Loop-Extended NJL Models

In the previous two sections we have introduced the necessary ingredients for a thermodynamic
description of the NJL models. In the following, we apply the Matsubara formalism to the
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FIGURE 5.1: Simultaneous fit [37] of the pressure P, entropy density s and energy density ¢
(left), and of the Polyakov loop @, (right) calculated from the Polyakov potential /. Lattice
data from Refs. [127] and [128].

two- and three-flavor nonlocal NJL models and introduce the effective Polyakov-Fukushima
potential (5.2.20) together with the Polyakov loop ® as an (approximate) order parameter for
the confinement-deconfinement transition.

5.3.1 Coupling of the Polyakov Loop to the Quarks

The coupling of the Polyakov loop ® to the quark fields in the nonlocal NJL models is ac-
complished by the minimal gauge coupling procedure applied to nonlocal field theories. This
implies, on one hand, a replacement of the partial derivative 0, by a covariant derivative
D, = 0, —iA,, or in momentum space p, — p, + Au.9 Furthermore, one introduces the
gluonic fields writing a Wilson line, Eq. (5.2.1), between the (nonlocal) fermionic bilinears, i. e.,
V() (y) = P(x)Wa(x,y)¥(y). In the present case only the constant fields A3 and A% enter, so
the Wilson line simplifies to a phase factor ei(@4—44)(Aits+43%s) Thys, the minimal coupling pro-
cedure leads to a modification of the 4-component of the Euclidean momentum. In momentum
space, the phase factor translates into delta functions, with the replacements

P—P,  pa— ps— (Afts + Alts). (5.3.1)

From Eq. (5.1.9) it follows, how to promote this to the respective finite-temperature formulations.

Mean-Field Approximation

When calculating the partition function Z(8, i), Eq. (5.1.3), in mean-field approximation (see
also Sects. 3.2.2 and 3.3.3), the field variables ¢ are replaced by constants ¢ that are determined
by the principle of least action. In this case the partition function is given by an expression
Z = e °B_ where the bars denote quantities evaluated at the mean-field configuration ¢. From
Eq. (5.1.2) the following relation results between the mean-field action S and the thermody-
namic potential

_ T _
Q=S (5.3.2)

This relation is useful because it allows one to determine the thermodynamical potential in
mean-field approximation by using the expressions for the Euclidean action derived at zero

9The coupling strength g is absorbed in the definition of the fields A,,.
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FIGURE 5.2: Effective Polyakov-Fukushima potential 2/ shown as a function of A3 and A%. The
left picture was generated for a temperature T' < Ty = 270 MeV: in each of the triangular sec-
tions there is only one minimum that is invariant under Z(3) transformations, hence describing
the confined phase. In the right picture one has 7" > T and in each compartment there are
three degenerate minima, responsible for the spontaneous breakdown of the center symmetry
and describing the deconfined phase. The overall hexagonal structure of both plots stems from
the Z(3) symmetry of the potential I itself.

temperature and applying the Matsubara formalism. The mean fields, in turn, are determined
by the stationary condition of the grand-canonical potential, i.e.,

o9 -
Here, ¢ stands for an arbitrary field, in our case either a boson field or the Polyakov-loop
variables A3, AS.

5.3.2 The Two-Flavor Nonlocal PNJL Model

We now proceed to evaluate the partition function (5.3.2) in mean-field approximation, first for
the two-flavor model [39]. Later in this section we will also include corrections to the mean-field
results. The three-flavor case is treated in the next section.

We start from the action at zero temperature, Eq. (3.2.13), and use the replacement rules
(5.3.1), (5.1.9) and (5.1.10) in order to obtain the following expression for thermodynamical
potential:'?

T d3p S—17- - 5-2 *
Q- _2%/ s T n 35 (iwn, 7)] + 5= + U@, 2%, T). (5.3.4)

Here S—! is the inverse quark propagator expressed in Nambu-Gor’kov space,

5 (g ) = (w0 =T P = M —i(Ag +ip)y0 0
" 0 iwpyo — 77— M* +i(Ag + i)y’
(5.3.5)

"Note an extra factor 1/2 because of the doubling of the degrees of freedom in Nambu-Gor’kov space. This
notation is useful for a separate treatment of particle and antiparticles.
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where the momentum-dependent mass matrix M is diagonal in color space,
M = diag (M (w,,,7), M(w;,7), M(wp, 7)) (5.3.62)

with
wE=w, —ip+ A3/2 - A3/(2V3), W° =w, —iu+ A3/V3 (5.3.6Db)

n n
and w, = (2n + 1)7T,n € Z are the fermionic Matsubara frequencies. M (p4, ) is the dynam-
ically generated mass, Eq. (3.2.15a), already encountered in the zero-temperature treatment.!!
The trace can be further simplified leading to
=2

d3p i2 5 i o g *
Q=-4T > Z/ an? In [wn + P2+ M2, ) +5g U@, 2%T). (5.3.4")
i=0,+ nez

This is the thermodynamic potential of the two-flavor nonlocal PNJL model in mean-field ap-
proximation.

Gap Equations and Results

We restrict ourself first to the zero-density case, i. e., we set ;x = 0 unless otherwise stated. Finite
density will be introduced in an extra section.

The gap equations (5.3.3) are derived taking variations with respect to the sigma field and the
Polyakov-loop variables ® and ®*, or A% and A}, that mimic the thermodynamics of confinement
and deconfinement. The necessary conditions are given by the requirement of a stationary
potential:

@:a—%:a—%:o. (5.3.7)
do  0A; 043
According to Refs. [37,38], in mean-field approximation one has ® = ®* and, consequently,
A% =0.

We do not write down the resulting gap equations explicitly, because they can only be solved
numerically. A consistency check is, however, to compare the gap equation for the o field to the
corresponding equation (3.2.18) at zero temperature. Performing the substitutions dictated by
the Matsubara formalism, we indeed obtain the finite-temperature result. In Fig. 5.3 we show
the results for the temperature dependence of the chiral condensate and of the Polyakov loop
using the parameters given in Tables 3.1, 5.1. This figure shows clearly the entanglement of
chiral dynamics and Polyakov-loop degrees of freedom (solid lines). As indicated by the dashed
curves, without a coupling between quark quasiparticles and Polyakov loop (and in the chiral
limit), the second-order chiral phase transition and the first-order deconfinement transition (of
pure gauge QCD) appear at very different critical temperatures (Tchiral = 110 MeV for the chiral
phase transition and Ty =~ 270 MeV for deconfinement). The quark coupling to the Polyakov
loop moves the deconfinement transition to lower temperature. At the same time the chiral
transition (with explicit symmetry breaking by nonzero quark mass) turns into a crossover
at an upward-shifted temperature, just so that both transitions nearly coincide in a common
temperature range around 200 MeV. Note that the Polyakov loop in the presence of quarks is
not a strict order parameter anymore. Usually one uses the point of steepest ascent of ® in order
to determine the transition temperature for the confinement-deconfinement transition, and the
point of the steepest descent for the chiral condensate.

There is no a priori reason that dictates the coincidence of the two transitions. It was
shown by G. 't Hooft [129] by general symmetry arguments that confinement always implies

"Erom first principles, the matrix M contains different contributions from the up and the down quark. Since
we consider here only the isospin limit, M is proportional to unity in (two-)flavor space. In the three-flavor case
described below, we will have to abandon this assumption owing to the considerable mass difference between the
up and the strange quark.
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FIGURE 5.3: Solid curves: calculated temperature dependence of the chiral condensate (1))
and of the Polyakov loop ® normalized to the critical temperature 7. = 207 MeV as obtained
in the two-flavor nonlocal PNJL model. Also shown for orientation are lattice results from
Ref. [132]. The dashed lines show the chiral condensate in the chiral limit (left for the pure
fermionic case) and of the Polyakov loop for the pure gluonic case, respectively.

chiral symmetry breaking at zero temperature and zero baryon density. A simple and transpar-
ent argument was given by A. Casher [130] which also holds at finite temperatures!?. Casher’s
argument uses the fact that a confined quark-antiquark bound state, say, is formed by super-
posing paths in which the bound fermion has to reverse its direction of motion at some point.
Since its helicity (chirality) is fixed, the change of direction of motion implies a spin flip AS = 1.
Since the angular momentum is conserved, and the orbital angular momentum does not change,
such a spin flip is not allowed, assuming a spin-independent attraction. Therefore, the helicity
changes at the turning point. Thus, confinement of quarks indeed requires dynamical breaking
of chiral symmetry.

Comparing our two-flavor model results to lattice-QCD calculations [132] we observe that a
similar symmetry breaking pattern is realized there, leading to a common chiral and deconfine-
ment transition temperature 7, = (196 & 3) MeV (see, however, the discussion in Sect. 4.3.2).
Fig. 5.3 includes these lattice data for orientation; a direct comparison with two-flavor nonlocal
PNJL calculations is, however, not possible since the lattice computation has been performed
with Ny = 241 flavors and a pion mass m, ~ 220 MeV. A comparison to our three-flavor results
presented in Sect. 5.3.3 will, hence, be more meaningful.

Pressure and Mesonic Corrections

From general thermodynamical considerations one obtains the pressure P from the grand-
canonical potential {2 by'3
pP=-0. (5.3.8)

12Note, that Casher’s argument does not exclude, however, the existence of chirally symmetric hadrons at large
density [131].

3Note, that from Eq. (5.1.2) it follows that in our notation the grand-canonical potential has already been
divided by the volume.
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Once the pressure is calculated, all thermodynamically relevant quantities, such as the energy
density, can be derived.

So far the calculations have been performed in the mean-field approximation in which the
pressure P is determined by the quarks moving as quasiparticles in the background provided
by the expectation values of the sigma field, &, and the Polyakov loop ®. In order to get a
realistic description of the hadronic phase (at temperatures 1" < T¢), it is important to include
mesonic correlations. The hadronic phase is dominated by pions as Goldstone bosons and their
interactions. The quark-antiquark continuum is suppressed by confinement. However, as pointed
out in Ref. [133], mesons described within the standard (local) PNJL model can still undergo
unphysical decays into the quark-antiquark continuum even below T.. This is simply due to
the fact that the fermion propagator (2.5.9) has purely imaginary poles in Euclidean space, or
real poles in Minkowski space. In the nonlocal PNJL model, those unphysical decays do not
necessarily appear by virtue of the momentum-dependent dynamical quark mass (see also the
discussion in Sect. 2.5 and Ref. [27]). Indeed, we find no purely imaginary poles in the fermion
propagator and hence mesons are stable well below T.. This means that the pressure below
T, is basically generated by the pion pole with its almost temperature-independent position.
Therefore, the calculated pressure below T, corresponds to that of a boson (pion) gas with
constant mass.

To include the mesonic contributions to the pressure in our nonlocal PNJL model we apply
again the Matsubara formalism. The contribution of the pion and sigma to the pressure is given
by their inverse propagators (3.2.17)!* involving the quark loop contribution to the mesonic
self-energies ITy 5 (v, p) (where v, = 2rmT, m € Z is the bosonic Matsubara frequency and p
is the momentum of the incoming pion or sigma), depicted in Eq. (3.2.17), at finite temperature.
One finds:

g (Ui, ) = 8T Z/ k4 7)%x

i=0,£ neZ
) ) ( )( ~5) & M(w; %7E+§)M(w%—”7mﬁ—§)
[(wg+”gﬂ)2+(ﬁ+§)2+M2(wg g)} [ +<E—§ 2+M2(w;—”7m,k—§) |

(5.3.9)
with wi = w, £ A3, 0" = w,, and M(wy, ) = my + C(w,, ) 7. The additional contribution of
mesonic quark-antiquark modes to the pressure calculated from the inverse meson propagators
(evaluated at the mean-field values 0 = & and @ = @ = 0) represents a ring sum of random
phase approximation chains, investigated in Ref. [134], and leading to the expression

dM dp

P, meson =

— GILy (v, 7)), (5.3.10)
M=mo

where djs is the mesonic degeneracy factor, i.e., dr = 3,d, = 1. Due to the momentum de-
pendence of the nonlocality distribution C(p) and the dynamical quark mass M (p), integrations
and summations in Eqgs. (5.3.9) and (5.3.10) can only be carried out numerically.

Results for the pressure in the presence of pion and sigma mesonic modes are presented
in Fig. 5.4. Apart from the full result (solid line) we additionally show the mean-field result
(with the pressure determined by quark quasiparticles only) and the mean-field result plus pion
contributions. The full pressure shows, indeed, the behavior discussed above: at low tempera-
tures the mean-field contribution from quark quasiparticles is suppressed and the pressure can
be described by a free pion gas. Near the critical temperature the sigma mesonic mode gives a
small additional contribution. Above temperatures T' > 1.5 7T, the mesonic contributions become
negligible and the quark-gluon mean fields dominate the pressure.

4 The same formula as in Eq. (5.3.4) applies with the fermion propagator S~ replaced by the inverse pion and
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FIGURE 5.4: Pressure in units of 7% calculated in the two-flavor nonlocal PNJL model as a
function of temperature normalized to the critical temperature. Solid curve: full calculation
(i. e., mean-field result plus mesonic corrections). Dotted curve: mean-field result (no mesonic
corrections). Dashed curve: mean field plus pionic modes (no sigma).

Finally, in Fig. 5.5 we show a comparison of the pressure calculated with the physical pion
mass, m,; = 140 MeV, and with a “heavy” pion (m, = 500 MeV) corresponding to a quark mass
of order my ~ 100 MeV that has frequently been used in earlier lattice-QCD computations. In
this case the mesonic contributions to the pressure are evidently reduced. This explains the
apparent agreement of lattice data with mean-field calculations [37,67].

Related Thermodynamic Quantities

From the thermodynamical potential € further quantities of interest can be derived, such as the
energy density e, the trace anomaly (e — 3P)/T* and the sound velocity vs. The trace anomaly
is of particular interest as this is the quantity which is directly computed in lattice simulations'®
(Ref. [132]). A comparison to lattice data can serve only for orientation at this point. Since
calculations in Ref. [132] were performed for 2+ 1 flavors, it is more sensible to postpone a more
profound comparison and discussion to Sect. 5.3.3, where the impact of the strange quark and
the axial anomaly is additionally considered. For the time being, we limit ourself basically to
the investigation of higher-order corrections to the mean-field results.

Consider first the trace anomaly related to the trace of the energy-momentum tensor. From
the gauge action in 4 — 2¢ dimensional FKuclidean space-time,

1
Sgauge = /dT/dS_Qaf{%GZVGZV} 5

one calculates the Euclidean energy-momentum tensor

1 /1
T = — <45WGZBGZB — GguGgy) .
90

sigma propagators F~ and F" from Eq. (3.2.17), respectively.
5Refs. [74,95] induce the location of the transition region by studying the trace anomaly (¢ —3P)/T* and find
the same results as stated in Sect. 4.3.2 for the chiral order parameter A; s calculated in those references.
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FIGURE 5.5: Comparison of the pressure for physical pion mass, m, = 140MeV (solid line),
and heavy pion mass, m, = 500 MeV (dashed line). Note that the crossing of the curves is due
to the different critical temperatures to which they have been normalized.

Here we have adopted the lattice convention of the action writing the (bare) coupling constant g
explicitly in front of the squared field strength tensor Gj,. The trace of the energy-momentum
tensor in ¢, = 4 — 2¢ dimensions is then

2e 1
T = — 2 G9,G,.
pp 49(2) afaf

Expressing the bare coupling strength gg in terms of the renormalized quantity g according to

g =g 1%15\70 (497:)2 + 0(g%), we finally obtain

1UNe 1 oy
5 GasGas + 0(g)

—
Ht 6 (4)2

which is the so-called trace anomaly.

Assuming a homogeneous and isotropic medium, the (Euclidean) energy-momentum tensor
is given as T}, = diag(e, —P, —P, —P) where € is the energy density and P the pressure. The
trace anomaly (e —3P)/T* is evidently a direct measure of the deviation of the equation of state
of QCD matter from that of a noninteracting, homogeneous and isotropic system. A major
contribution to e — 3P is expected to come from the gluon condensate. In the presence of quarks
with nonvanishing masses, additional terms come from quark condensates. The impact of the
trace anomaly, or: interaction measure, is expected to be maximal in the (phase) transition
region. Finally, using standard thermodynamical relations, the trace anomaly is expressed in
terms of a derivative of the pressure with respect to temperature according to

e—3P o (P

The result is shown in Fig. 5.6. Once having determined the trace anomaly and the pressure,
one deduces easily from Eq. (5.3.11) the energy density € and the ratio of pressure and energy
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density, which enables us finally, to determine the square of the sound velocity (at constant

entropy S):
oP
2 _ o
Us Oe

or|
_ _JT\v

2p| 7
T o=

v

The following figures show the quantities just mentioned as they result in the mean-field
case and with inclusion of mesonic corrections. Again, mesonic corrections are important only
at temperatures below T, (Figs. 5.6-5.9). Mesonic correlations do have a strong influence on

the sound velocity below T, (Fig. 5.9).

T/Te

FIGURE 5.6: Trace anomaly (¢ — 3P)/T*
shown as a function of temperature for the
mean-field case (MF) and with mesonic cor-
relations added.

0.30}
0.25}

0.20f
w

/

& 015

0.10}

0.05}

0.00

05 10 15 20 25 30
€4 [(Gev/fm?) 4
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FIGURE 5.7: Comparison of the energy den-
sity ¢ as a function of temperature for the
mean-field case and with mesonic correla-
tions.
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FIGURE 5.9: Squared sound velocity v2 as a

function of fourth root of the energy density
/4,

Finite Quark Chemical Potential and Phase Diagram

In this subsection we are going to extend the nonlocal PNJL model to finite quark chemical
potential p. We do this here with the aim of drawing a schematic phase diagram in the (7, u)
plane. For the sake of simplicity we restrict ourself to a scenario without diquarks, i.e., we do
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not describe a possible color-superconducting phase. We have set the stage for the finite-density
description already at the beginning of this section. That means we calculate the thermody-
namical potential 2, Eq. (5.3.4), using the fermion propagator (5.3.5) where we now maintain a
nonzero chemical potential. In the nonlocal PNJL model the four-component of the momentum
appearing in the dynamical quark mass M (p) experiences a modification due to both a nonzero
v and the Polyakov-loop variables A3, A}, according to Eqgs. (5.1.9) and (5.3.1). In isospin sym-
metric matter, no distinction is made between an up- and down-quark chemical potential: we
have p, = pqg = p that is related to the baryon chemical potential up via up = 3pu.

In the mean-field approximation we have A§ = 0 [36] and determine the temperature and
density dependence of the chiral order parameter, the o field, by solving the gap equations (5.3.7)
for the T- and p-dependent thermodynamical potential 2. The result is shown in Fig. 5.10. The
profile of & displays once again the chiral crossover transition at g = 0. It turns into a first-
order phase transition at a critical point (here: Tegp = 167 MeV and pcgp = 175MeV). This
qualitative feature is generic for NJL- or PNJL-type models with or without explicit diquark
degrees of freedom (see, e.g., Refs. [37,67,135]).

Of course, the two-flavor picture shown in Fig. 5.10 is quite schematic. A more “realistic”
picture will be given in the next section 5.3.3, where strangeness is included. Even then, we do
not get a well controlled location for the critical point. It turns out that the position of the
critical point in the T-u plane is sensitive to the model parameters. Furthermore, the almost
constant behavior of (7T = 0, ) with increasing chemical potential is unrealistic in the absence
of explicit baryon (nucleon) degrees of freedom including their interactions. We will comment
on these issues more profoundly after the treatment of the thermodynamic description of the
three-flavor nonlocal model.
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FIGURE 5.10: (Normalized) chiral order parameter /59 shown in the (7', 1) plane. For small
chemical potentials a crossover transition is manifest. For large chemical potentials a first-
order phase transition is apparent which terminates in the critical point (CEP) at (T¢gp, picep) =
(167 MeV, 175 MeV).
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Irrespective of the simplifications made and the missing degrees of freedom at high densities,
the nonlocal PNJL approach is useful and instructive in modeling the chiral and deconfinement
thermodynamics at 4 = 0. The extension to the three-flavor nonlocal PNJL model leads to
further interesting insights. We can already state the major improvement of the nonlocal ap-
proach compared to the local one: since no cutoff enters the calculations, the applicability of the
nonlocal models is not restricted to a limited range of temperatures or densities. The question to
be tackled is, however, which degrees of freedom become important when going to high chemical
potentials.

5.3.3 Three-Flavor Nonlocal PNJL Model

The finite-temperature and -density formulation for three quark flavors is more intricate owing
to the different up-/down- and strange-quark masses, on one hand, and the axial anomaly, on
the other [40].

In mean-field and stationary phase approximation we can calculate the thermodynamical
potential, like in the two-flavor case, from the action S]%/[F, Eq. (3.3.29), taking into account the
stationary phase approximation equations (3.3.31a). In the Matsubara formalism the thermo-
dynamical (grand-canonical) potential reads!'S

Z/ 5 tr ln ﬁS (1wn,ﬁ)}

_ 2{ Z <Gfo + 2Sfo> + 2SuSdSs} +UDP, ", T),
fe{u,d,s}
with
5 iy, ) = (@20 =7 P = M = i(Aa+ i) 0
Sllwn7 :<1w o YD ' o C . -
( p) 0 1wn’70_7'p—M*+1(A4—|—1u)70
(5.3.13)

where the momentum-dependent dynamical mass matrix M is diagonal in color and flavor space,

diage (M (wyp: ), M(wif ), M (W 7))

M = diag (M (wg,,. 7)), M(wg,,, ), M(wq,,, P))
diag, (M (wg , 7). ] ( S D) M(wd 1))
(5.3.14a)
with
Wi, = wn — ipy + A3/2 — A3/ (2V3) 0], = wn —ipg + AY/V3. (5.3.14b)

In contrast to the two-flavor model, different quark chemical potentials i = diagg(piy, pa, pts) have
now been introduced for the three quark flavors. The trace can be further simplified leading to

0= -9T Z Z Z/ Re In [wfn +p -I-Mg(w},mﬁ)}}

fef{u,d,s} =0, neZ

1 . G - H_ .
_2{ > <0f5f+25f5f> +5 uSdSs}+U(‘I>,<I>*,T).

fe{ud,s}

(5.3.12)

This is the thermodynamic potential of ‘Ehe nonlocal three-flavor PNJL model in mean-field ap-
proximation. The auxiliary scalar fields St are determined by the SPA conditions, Eq. (3.3.31a).

18The factor % results again from the doubling of the degrees of freedom in Nambu-Gor’kov space.
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Gap Equations in Mean-Field Approximation

Once the thermodynamic potential Q2 is calculated, the fields o, = 04,05 and A3, A} are de-
termined by requiring thermodynamic potential to be stationary. The necessary conditions are
given by the gap equations

o 00 o0 o0

96, Do, 0A] oAy (5:3.15)

together with the stationary phase approximation equations (3.3.31a). First, we limit ourself to
the zero-density (u = 0) case. We then have A$ = 0 (cf. Ref. [36]) as discussed in the two-flavor
case.

Fig. 5.11 shows the results for the temperature dependence of the chiral up- and strange-
quark condensate and of the Polyakov loop using the parameters given in Table 3.2 (scenario I)
and Table 5.1. This figure illustrates once more, as already discussed in the two-flavor case,
the entanglement of chiral dynamics and Polyakov-loop degrees of freedom at zero chemical
potential. In the absence of a coupling between quark quasiparticles and Polyakov loop the
chiral transition (for Ny = 3 flavors) and the first-order deconfinement transition (of pure gauge
QCD) appear at very different critical temperatures (Teniral & 110 MeV for the chiral transition
and Ty ~ 270 MeV for deconfinement). The presence of quarks breaks the Z(3) symmetry
explicitly and turns the first-order deconfinement phase transition into a continuous crossover.
The quark coupling to the Polyakov loop moves this transition to lower temperature. At the
same time the chiral transition (with explicit symmetry breaking by nonzero quark mass) turns
into a crossover at an upward-shifted temperature, just so that both transitions nearly coincide
at a common temperature T, ~ 200 MeV.
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FIGURE 5.11: Results of nonlocal PNJL calculations of the chiral and deconfinement transition
pattern using the parameter set of scenario I. Left solid curve: temperature dependence of the
chiral condensate (uu) = (dd). The strange-quark condensate (ss) is shown as the dashed
curve. Right solid curve: temperature dependence of the Polyakov loop ®. Left dotted curve:
light-quark condensate without coupling to Polyakov loop. Right dotted curve: Polyakov loop in
the absence of quarks (pure gauge QCD). Also shown are lattice results for the chiral conden-
sate and the Polyakov loop from the “hotQCD” collaboration [74]. The temperature is given in
units of the transition temperature T, = 200 MeV.
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FIGURE 5.12: Chiral condensate and Polyakov loop like in Fig. 5.11, but for parameters of sce-
nario Il. The (lower border of the) gray band shows the modifications of the chiral condensate
once pionic contributions are considered.

This symmetry breaking pattern seems also to be realized in recent lattice-QCD results
using staggered fermions [74] where a common chiral and deconfinement transition temperature
T. = (196 + 3) MeV is observed. Fig. 5.11 shows these lattice data for orientation. For a more
detailed discussion, see Sect. 4.3.2. In the latest work of the collaboration [75], domain-wall
fermions are used instead of staggered fermions, leading to 7. = 171(10)(17) MeV, a value which
is consistent with both T, = 196 MeV and the alternative lattice computations of Ref. [76] that
find a lower chiral transition temperature, T, ~ 150 MeV.

Compared to the Ny = 2 flavor case we observe only minor changes at this point, in particular
the transition temperature decreases slightly from T2f ~ 207 MeV to T3f ~ 200MeV. The
transition temperature T, can be decreased further if the response from quark effects is included
in the Polyakov-loop effective potential, leading to a lower T in its parametrization. According
to Ref. [125] one has Ty = 190 MeV for 2 4 1 active quark flavors instead of Ty = 270 MeV for
the pure gluon case.

Parameter Dependence

The chiral and deconfinement transition pattern shown in Fig. 5.11 changes only marginally when
scenario I (with parameter set listed in Table 3.2) is replaced by scenario II with a coupling
G that is about 15% larger, see Fig. 5.12. It is instructive also to examine the dependence
on other parameters such as the current quark mass m,. The impact of a variation of the
pion mass is shown in Figs. 5.13 and 5.14. In the chiral limit, m, = mgq — 0, the chiral
condensate displays a second-order phase transition as expected. FExplicit chiral symmetry
breaking with m, 4 # 0 turns this into a crossover transition as evident from Fig. 5.11 for
my,q = 3MeV. Increasing the quark mass to m, 4 = 10 MeV makes the crossover softer at
T > T, while leaving the condensate unaltered at temperatures below T.. The reason is that,
below the transition temperature, the dynamical quark mass M (p) entering the chiral condensate
in the finite-temperature generalization of Eq. (2.4.9) is dominated by the large scalar field
oy >~ 0.4GeV. Changes of the light-quark mass m,, 4 within a 10 MeV range are not important
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FIGURE 5.13: Pion mass (i. e., current quark FIGURE 5.14: Dependence of the chi-

mass) dependence of the light chiral conden-
sate as a function of temperature. Parame-
ters of set Il were chosen. It is apparent, that
higher pion masses influence the behavior of
(qq) only above T..

ral condensate on the four-fermion coupling
strength GG. Results for parameter sets | and
[l are shown for the physical pion mass. In
addition, the chiral condensate for set | using
a pion mass of m, ~ 250 MeV was calculated

and compared to lattice data from Ref. [95]
with m, ~ 220 MeV.

compared to that scale, whereas they become more prominent above T, where &,, drops rapidly.
The softening of the strange-quark condensate (ss) above T, as seen in Fig. 5.11, is much more
pronounced, given the larger s-quark mass mg >~ 70 MeV.

Corrections to the behavior of the chiral condensate and the pressure below T, come primarily
from thermal pions (and kaons) as will be discussed in the following subsection.

Mesonic Corrections

So far the calculations have been performed in the mean-field approximation in which the pres-
sure P = —() is determined by the quarks moving as quasiparticles in the background provided
by the expectation values of the sigma fields, 6, = 64 and &5, and of the Polyakov loop ®. In or-
der to get a realistic description of the hadronic phase (at temperatures T < 1), it is important
to include mesonic quark-antiquark excitations. The hadronic phase in the absence of baryons
is dominated by (the light) pseudoscalar mesons (pions and kaons). The quark-antiquark con-
tinuum is suppressed by confinement.

However, as pointed out when discussing the two-flavor case, mesons described within the
standard (local) PNJL model can still undergo unphysical decays into the quark-antiquark con-
tinuum even below 7.. In the nonlocal PNJL model, such unphysical decays do not appear
by virtue of the momentum-dependent dynamical quark mass'”. This means that the pressure
in the Ny = 3 case below T, is now basically generated by the pion and kaon poles of the
corresponding one-loop qq Green functions.

To include the mesonic contributions to the pressure in our nonlocal PNJL model we can
basically use the two-flavor formulation of Sect. 5.3.2. One has to calculate Gpsgs(Vm,P),
Eq. (3.3.35), and in particular the quark loop contribution to the pseudoscalar (PS) and scalar
(S) mesonic self-energies ITps §(Vpm, ) (where vy, = 2omT,m € Z is the bosonic Matsubara
frequency and p'is the momentum of the incoming meson), given in Eq. (3.3.36), at finite tem-

"With the possible exception of the ' meson which will not be considered in this section.
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FIGURE 5.15: Pressure (in units of 7%) calculated in the nonlocal PNJL model as a function
of temperature on an absolute temperature scale. Solid curve: full calculation (i.e., mean-
field result plus mesonic corrections). Dashed-dotted curve: mean-field result (no mesonic
corrections). Dashed curve: mean field plus pionic and corresponding scalar modes.

perature. In analogy to Sect. 5.3.2 one has to evaluate the quark loop expression
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(5.3.16)

with wi = w, £ 43,0’ = w, and M, (w,,p) = my + C(wn, ) 54 From this we obtain the
pressure in random phase approximation (RPA)

X

I

3
Pueson(T) = =T Y %MZ / (;f)’g In [G s (v, 7)] (5.3.17)

M=PS,S meZ

where Gas(vm, ) are the inverse meson propagators (3.3.38) in the Matsubara formalism and
dps is the mesonic degeneracy factor (dy; = 3 for pionic and dj; = 4 for kaonic modes).

Results for the pressure in the presence of pion, kaon and scalar modes are presented in
Fig. 5.15.1% Together with the full result (solid line) we show the mean-field result (MF, with
the pressure determined by quark quasiparticles only) and the mean-field result plus pion and
corresponding scalar contributions. It is evident that at low temperatures the mean-field con-
tribution from the quarks is suppressed and the pressure is that of a free meson gas. Near the
transition temperature the scalar mesonic modes give a small additional contribution. Finally,
above temperatures T' > 1.57, the mesonic contributions die out and the quark-gluon mean
fields dominate the pressure.

8The plot shown in Fig. 5.15 uses the parameters of scenario I. The difference between pressure curves calculated
from parameter sets I and II turns out to be negligibly small.
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Fig. 5.16.) Lattice data (N, = 8, p4 action)
are taken from Ref. [95].

nario I). For comparison, three-flavor lattice
results for N = 8 from Ref. [95] are shown;
the blue points were calculated using the p4
action while the orange points were obtained
with the asqtad action.

The RPA treatment of mesonic contributions to the pressure allows one, in addition, to
compute their corrections to the chiral condensates. Starting from the definition of the chiral
condensate,

[ DADYDY gae=F  9Q
[ DAY DpeSE  Omy

the pionic corrections to (uu) are computed by differentiating the pion pressure of Eq. (5.3.17)
with respect to the up-quark current quark mass:

(q9) : (5.3.18)

0P,

dr(uu) = o

(5.3.19)

From Fig. 5.12 we see, as expected, that the modification of the chiral condensate owing to
pions is very similar to the results from chiral perturbation theory (cf., e.g., Refs. [136-138]).
At temperatures below T, pions tend to soften the condensate and make the chiral transition
smoother in the range 0.57, < T' < T, (see, also, Fig. 7.1).

To conclude this subsection we calculate the energy density, € and the trace anomaly (5.3.11),
(e —3P)/T*, for the Ny = 3 flavor case, see Figs. 5.16 and 5.17. In contrast to the Ny = 2 flavor
case it is now sensible to compare our model results to lattice calculations for the Ny = 2+1 flavor
case from Ref. [74]. Figs. 5.16 and 5.17 show the results that follow from Fig. 5.15 both for the
mean-field case and with the additional inclusion of mesonic (pionic and kaonic) contributions.
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5.4 Three-Flavor Nonlocal PNJL Model at Finite Density
and QCD Phase Diagram

In this section the nonlocal PNJL approach for three flavors is extended to nonzero chemical
potentials and the finite-density description of strongly interacting matter. The gap equations
(5.3.15) are solved maintaining the chemical potential matrix i in the effective fermion prop-
agator, Eq. (5.3.13). We restrict ourself to isospin symmetric systems with no strange valence
quarks (us = 0) and set i = diage(piu, (44, 0), iy = pig. Furthermore diquark condensates will
not be considered.

The introduction of a chemical potential is again accomplished using the prescriptions of the
Matsubara formalism (see Sect. 5.1 and Eq. (5.1.9)): the Matsubara frequencies are shifted as
Win — Wrp —ips in the particle sector (i.e., in the upper-left submatrix) of the Nambu-Gor’kov
propagator (5.3.13) and wy, — wy, + iuy in the corresponding antiparticle sector (i.e., the
lower-right submatrix). The thermodynamical potential can then be calculated as in the Ny = 2

flavor case.

5.4.1 QCD Phase Diagram

Consider first the T' and pu, dependence of the scalar field 5, that acts as a chiral order pa-
rameter, deduced from the condition % = 0. The results are shown in Figs. 5.18 and 5.19
for scenarios I and II, respectively. The profile of 5, displays once again the chiral crossover
transition at p,, = 0. It turns into a first-order phase transition at a critical (end) point (CEP)
(located at Tepp =~ 170 MeV and pcgp =~ 180 MeV for scenario I and at Tcgp &~ 195MeV and
uoep ~ 110 MeV for scenario IT). The result is qualitatively similar to the the two-flavor case.
Quantitatively, however, the location of the critical point is varying significantly depending on
the choice of the parameters (see Fig. 4.7). We will discuss this issue in more detail at the end

of this chapter.
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FIGURE 5.18: Chiral order parameter o, for
scenario |, normalized to its value g at T' =
u = 0, as a function of temperature and up-
quark chemical potential (note ., = g, ts =
0). The blue line shows the border for the
first-order transition.

FIGURE 5.19: Same as in Fig. 5.18, for pa-
rameters of scenario Il. The major difference
between Figs. 5.18 and 5.19 is the location
of the critical point:  (ucep.Tcep)) =
(180 MeV, 170 MeV) compared to
(ncep, Tcep) " = (115 MeV, 195 MeV).
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FIGURE 5.20: Phase diagram calculated within the nonlocal PNJL model using the parameters
of scenario | (left picture) and scenario Il (right picture). The solid blue line shows the first-order
chiral transition (the star denotes the critical point). The dashed blue line marks the (chiral)
crossover transition while the dashed black lines correspond to the deconfinement transition
(the lower and upper lines correspond to ® = 0.3 and ® = 0.5, respectively).

The projection of Figs. 5.18 and 5.19 onto the 7T-u, plane gives the phase diagram of the
nonlocal three-flavor PNJL model, Fig. 5.20. At low u this phase diagram shows the chiral and
deconfinement crossover transitions in close contact, as already discussed. The deconfinement
transition is displayed here as a band bounded by dashed lines where the upper and lower
bounds are given by values ® = 0.5 and & = 0.3 of the Polyakov loop, respectively, reflecting
the relatively soft crossover of this transition (see also Fig. 5.11). At larger values of the chemical
potential, beyond the critical point, a separation between the chiral and deconfinement transition
takes place.

The area between the (first-order) chiral phase transition and the deconfinement crossover
has recently been interpreted in terms of a “quarkyonic” phase [80,139]. From Fig. 5.20 it
appears that the chiral first-order transition boundary meets the y axis at 7' = 0 for values of the
baryon chemical potential as small as pp = 3 < 0.9 GeV. This is the domain of nuclear matter
that is known to be a Fermi liquid of nucleons. The PNJL model works instead with quarks
as quasiparticles, the “wrong” degrees of freedom in this low-temperature phase at moderate
baryon densities. Nuclear matter is not covered by PNJL-type models and, consequently, such
models cannot be considered realistic at low temperature and baryon chemical potentials ug =
3u < My where My is the nucleon mass. Chiral effective field theory with baryons is instead
the appropriate framework to deal with this part of the phase diagram.

The deconfinement transition band at large p has been calculated using the Polyakov-loop
effective potential (5.2.20). This effective potential does not include higher-order effects due to
the presence of quarks at nonzero chemical potential. Such additional p-dependent effects are
expected to move the crossover boundary to lower temperatures as p increases [125].

Fig. 5.20 demonstrates that the position of the critical point is sensitive to small changes
of the four-fermion coupling G. The relatively small increase of this coupling strength between
scenarios I and II, keeping hadronic vacuum properties at T'= p = 0 almost unchanged, results
nevertheless in a significant shift of the critical point in the T-u plane.
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FIGURE 5.21: Location of the critical point
depending on several values of the 't Hooft
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FIGURE 5.22: Pressure difference at finite

chemical up-quark potential, AP(T,pu,) =

P(T, u,) — P(T,0) (parameters of scenario )

for selected values of 1, compared to lattice
data from Ref. [140].

FIGURE 5.23: Excess pressure AP(T,u,) = P(T, ) — P(T,0) at finite chemical up-quark
potential calculated in the nonlocal PNJL model in units of 7 for scenario |. The solid blue line
indicates the chiral crossover and first-order transition line.



90 Polyakov-Loop-Extended Nonlocal NJL Models

From Fig. 5.21 it is evident that the phase structure is sensitive to variations of the 't Hooft
interaction coupling strength H. An increase of H by only 5% turns the chiral transition even at
1y = 0 into a first-order transition. This behavior might be expected considering the Columbia
plot (Ref. [69]). On the other hand, a decrease of H, corresponding to a reduced 7’ mass in the
thermal medium, moves the end point to higher chemical potentials and lower temperatures.
The sensitivity to the axial anomaly observed here in the nonlocal PNJL model is, however, less
pronounced than that in the local model Ref. [126]. We do not observe that the end point is
removed altogether from the phase diagram as quickly as in the local PNJL model.

5.4.2 Pressure at Finite Density

Finally, using Eq. (5.3.12) with finite chemical potentials included we calculate the pressure
P = —Q at finite density. In Fig. 5.22 the (normalized) pressure difference

AP(T, piy) »= P(T, pru) — P(T, py = 0) (5.4.1)

is shown for selected values of p,, = 14 and compared to (two-flavor) lattice data from Ref. [140].
Fig. 5.23 displays the full result in the T-u, plane. Both figures have been obtained using the
parameter set of scenario I.

5.4.3 Discussion of the Three-Flavor PNJL Model

Although the nonlocal PNJL model has undoubtedly many virtues, Figs. 5.18, 5.19 and 5.20
should be taken only as qualitative. The location of the critical point is sensitive to the coupling
strengths G and H, and to the input current quark mass [37]. The almost constant behavior of
(T = 0, py,) with increasing quark chemical potential is unrealistic in the absence of explicit
baryon (nucleon) degrees of freedom including their interactions.

What is actually required as a starting point for extensions to nonzero chemical potential
is a realistic equation of state at finite baryon density, incorporating the known properties of
equilibrium and compressed nuclear matter. In such a framework [141], the density dependence
of the chiral condensate (uu) (or of the scalar field 7,,) is well-known to be quite different from
the profile shown in Figs. 5.18, 5.19. The magnitude of (au) decreases linearly with density p
[142,143], with a slope controlled by the pion-nucleon sigma term, and then stabilizes at densities
above normal nuclear matter through a combination of two- and three-body correlations and
Pauli blocking effects. The transition towards chiral symmetry restoration at T' = 0 is shifted
beyond at least twice the density of normal nuclear matter.

Irrespective of these comments, the nonlocal PNJL approach is obviously instructive in
modeling the chiral and deconfinement thermodynamics at u = 0. Dealing with finite baryon
density requires ultimately yet another synthesis, namely a matching of PNJL above the chiral
transition and in-medium chiral effective field theory with baryons below that transition.



Chapter 6

QCD Foundations of the Nonlocal
PNJL Model

This final part returns to the question how the nonlocal PNJL model can actually be derived from
QCD. We follow here the recent publication of K.-I. Kondo, Ref. [144], extending it to the SU(3)
color gauge group. In the last few years, remarkable progress has been made in reformulating
QCD [144-151] in terms of the Cho-Faddeev-Niemi-Shabanov (CFNS) decomposition of the
Yang-Mills field, proposed first in 1980 by Cho [152,153] and recently readdressed by Faddeev
and Niemi [154, 155], and by Shabanov [156,157]. This CFNS separation is the basis for the
derivation of a nonlocal NJL-type four-point interaction. At the same time it generates an
entanglement of the quark sector and the Polyakov-loop variables, Ai,Ai, exactly as in the
nonlocal PNJL model. The nonlocal model considered in this work can, therefore, be derived
consistently from full QCD.

6.1 Cho-Faddeev-Niemi-Shabanov Decomposition

Consider first only the Yang-Mills (gauge) part of Zgcp. The Cho-Faddeev-Niemi-Shabanov
(CFNS) decomposition is then based on a gauge-independent separation of the non-Abelian
gauge field A,, Eq. (2.2.4), in terms of a so-called restricted potential, V},(z), of the maximal
Abelian subgroup H of the gauge group G (the mazimal torus H), and the valence potential
X, (x) which transforms as a gauge-covariant vector field. The original SU(3) gauge field A, (x)
is separated as

Ay(z) =Vy(z) + Xpu(2), (6.1.1)

such that V},(z) transforms under a SU(3) gauge transformation U(z) identically to the original
gauge field A, (x), while X, (z) transforms as an adjoint matter field:

Vu(x) = Vyu(x) = U(x) [Vu(x) + ;8“} U~(z) (6.1.2a)
X,u(z) = Xupulz) =U@) X (2)U (). (6.1.2b)

The CEFNS decomposition is made by introducing a unit color field 7(z) that is given as a func-
tional of the Yang-Mills gauge field A,(x). Since the decomposition (6.1.1) is required to be
gauge independent we demand the field 72(x) to transform according to the adjoint representa-
tion,

() — ay = Uz)a(z)U " (z). (6.1.3)

The color field n(x) plays a crucial role in the CFNS decomposition. We derive now its general
form.

91
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6.1.1 Construction of the Color Vector Field

The color field n(x) specifies a direction in the color space at each space-time point z € R* in
four-dimensional space-time. It is introduced as a unit vector normalized as 7(z) - n(z) = 1,
and taking real values in the Lie algebra £(SU(3)) = su(3) of the Lie group SU(3):

n(x) = ng(z)ty, ne(z) eR (ae{l,...,8}). (6.1.4)

Therefore, n(z) is a traceless and Hermitian matrix by the properties of the generators ¢, = %

of SU(3) (see Appendix A.2). It follows that n(z) can be diagonalized into the matrix D by
using a suitable unitary matrix U(z) € SU(3):

U(x)a(z)U Y (x) = diag(Dy(x), Da(z), D3(z)) =: D(x), (6.1.5)

with real eigenvalues Dy, Do, D3.2 The diagonal matrix D(z) can be expressed as a linear
combination of two diagonal generators Hy, H, belonging to the Cartan subalgebra®, H, as

D(z) = U(x)a(z)U () = a(z)Hy + b(x)Hy, with a®+b*=1. (6.1.6)
In su(3) we can choose Hj := t3 and Hy := tg. Therefore the field 7(z) provides a map*
a(z) : R* — SU(3)/H = SU(3)/(U(1) x U(1)). (6.1.7)

Before continuing the discussion of the CFNS decomposition we need to determine the number of
independent degrees of freedom carried by the color field 7(z). From Eq. (6.1.6) it appears con-
venient to introduce two unit vector fields nz(z) := U~ 1(x)t3U () and ng(z) := U~ (z)tsU(x).
This choice is, however, not necessarily unique from the viewpoint of reformulating the theory.
First notice that the relation (A.2) introduces three types of products; in vector representa-
tion of two SU(3) vectors @b € SU(3) one has the scalar product (as encountered before),

a-b = agb,, the antisymmetric f-product, (@ x I;)c ‘= fabe@abp, and the symmetric d-product,
(@ *g)c := dapeabp, With the structure constants fupe. and dgpe as given in Appendix A.2. It turns
out that ns(z),ng(x) constitute a closed set of variables under all multiplications -, x,*. In
particular, one obtains fg(x) = v/3n3(x) * n3(x), hence, only 73(z) is an independent variable.
Keeping this in mind, one can nevertheless write the unit color field n(x) in terms of ng(x) and

ng(x). That will be used in the following.

6.1.2 Decomposition

We now return to the CFNS decomposition (6.1.1) and determine the fields V,(z) and X, (z)
in terms of the color field n(x) and the original gauge field A,(x). As mentioned above, it
turns out to be useful to express 7n(z) in terms of the unit fields ng(z) and ng(z) with ng(x) :=
U~Y(2)t3U(x) and ng(x) := U~ *(z)tsU(z).> These unit vectors commute mutually,

[fue). ng@)] =0 fori,j € (3,8},

1We use here equivalently the vector form, f(z) = (n.(z))3-1 = (n1(x),...,ns(z)), and the Lie-algebra form,
7(x) = na(z)ta,a € {1,...,8}, expressed in terms of the SU(3) generators t, = 22. For the first form, the scalar
product of the generic SU(3) vectors @, bis given by a- b := auba. In the second case, we define the scalar product
as @- b= 2tr (d’g). From the relations in Appendix A.2 it is clear that both definitions are equivalent.

2We assume here that all three eigenvalues Dy, D2, D3 are different. For the case of degenerate eigenvalues see
Ref. [148].

3The Cartan algebra is the largest commutative subalgebra of a Lie algebra.

“Note, that the target space of 7(z), SU(3)/H, is six-dimensional, instead of the expected seven-dimensional
seven-sphere S7. This is because we require SU(3) to act transitively on the manifold M of the target space; i.e.,
any two elements of M are required to be connected by a group transformation. If we choose the coset space
SU(3)/H C S7, then this requirement is fulfilled.

5Note, that these fields are indeed orthogonal unit vectors, since for i,j € {3, 8} we have

fi(z) - i (z) = 2Te (U () HyU (2)U ™ (2)H;U ') = 2Tv (H; Hj) = 645 - (6.1.8)
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therefore, fi3(x), fg(x) define for a fixed x € R* a basis of the Cartan algebra. The aim is to
decompose the gauge field A, () into an H-commutative part and a remaining part, lying in
SU(3)/H. This can be done by using the well known fact that any su(/N)-Lie-algebra-valued func-
tion F' can be decomposed into the H-commutative part Fyy and the remaining part Fsy(y)/m:

F = Fy + Fsyvym = » i (i - F) + > [, [, F] (6.1.9)
=1 =1

where r := rank SU(N) = N — 1 and the summation is over the Cartan-algebra elements. In
the case of SU(3) we have r = 2 and the summation in Eq. (6.1.9) extends over n3 and ng. We
impose the two

Defining Conditions for the Fields V,(x) and X, (x)

1. f3(z) = (n3q(x))3_, and fg(z) = (nsq(x))3_, are covariant constants in the background
field V,,(z):
0= D,[V]n(z) := duni(x) —ig[Vy, ()]

= 0uni(x) + g fabcVau(x)nip(z) forie {3,8} and a € {1,...,8}.
(6.1.10a)

2. X,(x) does not have an H-commutative part, i.e., X, (z) is orthogonal to n3(z) and ng(z):

ni(2) - Xpu(x) = N o(x) Xgpu(x) =0 foric {3,8} anda € {1,...,8}. (6.1.10b)

These conditions are invariant under the transformations Eq. (6.1.2).
The gauge covariant potential X, (z) follows immediately from the second defining condition,
Eq. (6.1.10b), and the relation Eq. (6.1.9), applied to X, (z):

X () = ;ﬁg(m) « Dy [Alfig(x) + ;ﬁg(x) < Dy[Alis(x), (6.1.11)

where D, [A]ni(x) := Ouni(x) —ig[Au, ni(x)] for i € {3,8}. Moreover, the V,,(z) field expressed
in terms of A, (z) and n;(z) reads
V(o) = (Ala) - a(2) Pla) + (Apla) - is(2) s = a(a) ¥ Oua(a) = (o) X Dy (o).
(6.1.12)

From the explicit expression for V,,(z) it is evident that it can be further decomposed in a part

Cy(z) with
Cu() = (A(2) - fs(2)) A3 () + (A () - 7s(2)) s = ca(2)iis () + e u()iis(w),  (6.1.13)

that is H-commutative,

Cip(z) == (Au(z) - ni(x)) , (6.1.14)
and a remaining part By (z),
By (z) = —;ﬁg(m) X Dufia(z) — ;ﬁg(a@) X D) | (6.1.15)

that is not H-commutative and perpendicular to n3(z) and ng(z).
Thus, the original gauge field has the following CFNS decomposition:

Ap(z) = Vi(2) + X,u(x) = Cu(@) + Bu(z) + Xu() | (6.1.16)

with the electric connection Cy(x), Eq. (6.1.13), the magnetic connection B,(x), Eq. (6.1.15),
and the gauge-covariant valence potential X, (x), Eq. (6.1.11).
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6.1.3 Transformation Properties of V,(x) and X, (x)

The decomposition of the gauge field A, () into the sum of V,(x) and X,(x) is gauge inde-
pendent. We are now going to check the transformation behavior of these fields under (lo-
cal) SU(3) transformations explicitly. It is sufficient to consider infinitesimal transformations
U(z) = exp(idy(z)) = exp(itaaa(r)) = 1 + itqaq(z) + O(a?). First of all, it is important to
observe from Eqs. (6.1.11) and (6.1.14), that the local transformations dc; ,(x) and dX,(x) are
uniquely determined once the transformations 0 A, (x) and 67n;(z) are specified. From Eq. (2.2.4)
and Eq. (6.1.3), we obtain, respectively

SA,(z) = ;DM[A]&’ _ ;(807(90) + 9 faveAa ()0 ()) (6.1.17a)
oni(z) = ni(x) x &(x) = fapelia(x)op(x) . (6.1.17b)

Consider first the transformation property of the magnetic connection B, (z):
1 o . o R . i .
3B,(@) = ~D,[Bla(z) - = [(7s(a) - ,a(@)ia(x) + (is(a) - Oua(@)is(@)] . (6113

This expression is found by using the Jacobi identity (A.1) and the projection property of the
ni(x) (see Ref. [149]),

dab = D [iaftisy = facalticfaerivic] - (6.1.19)
Together with Z
3Cu(x) = ; [(3(x) - 0ud(x)) s (@) + (Rs(@) - uci(x))is(x)] + Cu(w) x d(x),  (6.1.20)
we find: .
SV (z) = QDM[V]@(QC), (6.1.21)

and confirm indeed that the restricted connection V,,(z) by itself describes an SU(3) connection
which incorporates the full SU(3) gauge degrees of freedom. The so-called restricted gauge theory,
described only by V,,(z), is, hence, invariant under SU(3) gauge transformations, although being
restricted by condition (6.1.10a).
The transformation behavior of X, (x) is then easily obtained by subtracting Eq. (6.1.21)
from Eq. (6.1.17a):
0X,(x) = Xu(r) x d(x) = fapeXau(x)onp(x). (6.1.22)

Hence X, (z) transforms covariantly under the gauge transformation.® This confirms that the
CFNS decomposition provides a gauge-independent decomposition of the non-Abelian potential
into the restricted part V,,(z) and the gauge-covariant part X, ().

The SU(3)%cal symmetry is, however, not the full gauge symmetry of the (extended) CFNS-
Yang-Mills theory. This can be understood from the normalization condition of the color fields,
fi(x)? = 1. Tt follows that transformations belonging to the stabilizer group (or little group) of
n3(x) and ng(x), SU(3)s, := {9 € SU(3)|g -7y = 1}, i € {3, 8}, leave n;(x) invariant for a given
fized A, (x). From Egs. (6.1.14) and (6.1.11) it is then obvious that the CFNS theory is invariant
under these conditions. Noting SU(3)4, 4, = H = U(1) x U(1), the CFNS-Yang-Mills theory
is invariant under additional SU(3)/(U(1) x U(1)) gauge transformations. Assigning the gauge
parameter 0 to this symmetry, the CFNS-Yang-Mills theory then has the local gauge symmetry

—

G0 = SU3)E. % [SU3)/(U(1) x U(1)))’ (6.1.23)

local local

5This is not surprising, because the connection space, i.e., the space of all gauge potentials, forms an affine
space. This guarantees that one can describe an arbitrary potential by adding a gauge-covariant piece X, (z) to
the restricted potential.
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which is larger than the local SU(3)E‘)Cal symmetry of the original Yang-Mills theory. One has to
introduce some gauge-fixing procedure in order to reduce this extended symmetry to the SU(3)
gauge symmetry of QCD. This will be described in Sect. 6.1.5.

6.1.4 Physical Relevance of the CFNS Decomposition and Wilson Loop
To understand the physical meaning of the CFNS decomposition we first express the field
strength tensor G, Eq. (2.2.2), in terms of the new fields V,,(z) and X, (x):

G = — [Du[A], Dy[A]]

i
g 1.24
= (F3uw + H3 )03 + (F8 y + Hs yu)is +Du[V]X, — Dy [V]X, + gX X Xy, (6.1.24)

=:Guv

~

The field strength tensor of the restricted theory, G\, is composed of the field strengths F; ,,,, +
H; ,, made of the restricted potential,

Fi,uu = 8uci,y - auci,u (6125&)
L. . . . .
Hi = — (Ouhs X Dyivy) =: Opbip — OyCiy (6.1.25b)

where ¢; ,, are the magnetic potentials.” Some comments are in order: first notice, that—mnot
surprisingly—the field strength tensor

G = = [Du[V],D,[V]], (6.1.26)

defined by the restricted connection is proportional to ng(z) and ng(x). This actually follows
directly from the definition of the field strength tensor and from the defining condition (6.1.10a):

R 1
G,uu X My = 5 [DM[V]aDV[V]]ﬁZ =0,

which is only fulfilled if G, is proportional to n3(x) and ng(x). From Eq. (6.1.25) the dual
structure of the restricted connection V() becomes evident; this justifies the notations electric
and magnetic potentials for ¢; ;, and ¢; ,, respectively. This dual structure allows one to identify
(color) electric and magnetic currents, j, and k,, by applying Maxwell’s equations to the field
strength G, and its dual form *G,,, := %EWWGW:

jivu(m) =0y (ﬁz(w) ) G,uu) = 81/Fi,;w (6.1.27&)
ki,#(x) =0y <ﬁ1<x) ) *G,u,ll) = az/*Hz’,,uy ) (6127b)

where xH; ,, = %EWPUHWU is the dual magnetic field strength tensor.

Magnetic Monopoles

Taking the derivatives of the currents, one finds 9,5 (z) = 9,k!'(z) = 0. It is tempting to expect
that the magnetic charges
9n; = / ki’o(x) d&, (6.1.28)
S2

R

"Note, that the existence of such potentials is not clear at first sight. For the existence, de Rahm’s theorem,
O (EuvpeHps) = 0, has to be fulfilled. We will see below, however, that the divergence of the dual magnetic
field strength tensor is determined by the magnetic monopole current which is not identically zero, but contains
singularities. In Ref. [158] it was shown, however, that such potentials can be found at least locally in each
section of the fiber bundle of (R*,SU(3)/(U(1) x U(1)). Since this proof relies on the fiber-bundle description of
the restricted gauge theory, it is beyond the scope of this work here.
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are conserved, where the integration is carried out over the two-sphere 5’12% (see, e.g., Refs. [159,
160]): 2 = R? with R — oo. This argument is, however not true here. Although the magnetic
charge is indeed conserved, this does not originate in dynamics, but rather follows from the
topological structure of the color fields 7i3(z) and fg(x) in the three-dimensional space.® This
means, that the g, do not generate a symmetry, and so Noether’s theorem does not apply. This
can be seen by noticing that the g;, are completely determined by the color fields 7;(z) and their
derivatives. They commute with all dynamical variables; thus, they do not generate symmetry
transformations. The appearance of a conserved (topological) magnetic charge is owing to
nontrivial boundary conditions of the color fields 7;(x). We have mentioned at the beginning of
this section, that for (ng(x), ng(x)) being transitive, their target space is required to be restricted
to SU(3)/(U(1) x U(1)). On the other hand, the integral in Eq. (6.1.29) is extended over the
two-sphere. Therefore, for (f3(z), ng(x)) being singe-valued, as the two-sphere is covered once,
each of the nz(x),ng(z) will be covered an integral number of times. This is the result of

m2(SU(3)/(U(1) x U(1)) 2 m(U(1) x U(1)) ~Z X Z,

where my(G/H), 71 (G/H) denote the second and first homotopy group of G/H. A nontrivial sec-
ond homotopy group of the quotient group of the gauge group G modulo an unbroken subgroup
H, m(G/H) # 0, is actually a very general condition for the appearance of magnetic monopoles
in a gauge theory (see Refs. [161,162]). From this, one obtains the following magnetic charges:

L Ar 1
g’fl3 = /52 ]{2370((1,‘) dg = ? <m _ 2m/>

R

(6.1.29)

where m,m’ € N.?

Monopole Condensation and Confinement

The restricted connection V,(x) describes the potentials of electric and magnetic monopoles.
Now we examine the physical meaning of the covariant field X, (x). Writing the gauge part
of the QCD Lagrangian, Eq. (2.2.1), in terms of the CFNS variables n;(z), V, (), X, (x), the
(Euclidean) Yang-Mills Lagrangian becomes

1
Loauge = §Tr (G G")

1 1
= 5 B+ Hypu)® + (oo + H )] + 5 X Q0 X1 (6:1.30)
1 1
) (DulV]Xy, = Dy[V]X,) - 9(Xu x X,) + ZgQ(XH X XV)Qa

where we have defined
V] = ~(Dp[VID,[V]) ™0 + 29 farcCl (6.1.31)
with
—(D,[VID,[V])* = —5%02 + ¢ [(v;)2 8 = VIV = gfabcOpVS — 2 fabcVid, . (6.1.32)

A ~

The expressions above follow by noting 7;(z)? = 1, fig(x) - fig(z) = 0 and by using first the
defining condition (6.1.10b) and then (6.1.10a):

0= Du[V](Ai(z) - Xo(2)) = ni(z) - Du[V]Xy(2) + Du[Vii () - X, (2) = 2i(2) - Du[V]X, (2).

8We remind the reader of the discussion of instantons in Sect. 3.3.1, and, in particular, of the Chern-Simons
current.
9 As mentioned earlier, 713(z) and fg(z) are not independent; this is now manifest in the magnetic charges, too.
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It is evident that Eq. (6.1.30) describes a U(1) x U(1) gauge theory coupled to a charged vector
field X, (x). In the literature, X,(x) is, hence, interpreted as the “valence gluon” which plays
the role of a colored source of the restricted theory [152,153]. Moreover, X, (x) represents,
apart from the quarks, an independent colored degree of freedom that is subject to confinement.
This is a hint why only the restricted connection, Eq. (6.1.12), should play the dominant role
for confinement. The Lagrangian (6.1.30) has already been ordered according to powers of
the valence-gluon field X, (x). If we restrict ourself to quadratic terms in Eq. (6.1.32) without

derivatives, we obtain %92 [(VPC)Q(S“I’ V"Vb} XﬁX}j, which can be diagonalized leading to a
mass term for the valence gluons. It turns out, then (see Ref. [146]), that these gluons acquire

a nonzero mass My, if vacuum condensation!”

(By(x) - By(x)) # 0

occurs. This mass term is M% ~ g?(B,(z) - B,(x)). From lattice calculations for the SU(2) case
it turns out to be Mx ~ 1.2GeV (see Ref. [163]).

Two important observations follow immediately from this result: first, remember that the
magnetic connection B, (x) is related to the magnetic monopole potential. Hence, (B,(z) -
B,(x)) # 0 is also related to the onset of magnetic monopole condensation which provides a
possible mechanism for confinement, as follows [164]: consider first ordinary superconductors
which are characterized by condensation of (equal) electric charges, the Cooper pairs. It is well
known that magnetic fields cannot penetrate a superconductor because of the Meissner effect.
This can be understood from the formation of a magnetic flux tube [165] (Abrikosov string) that
connects a magnetic monopole and an antimonopole by a linear potential.

Polyakov Loop

The Wilson-loop operator is defined as a path-ordered product of an exponent along a closed
loop C. With the non-Abelian Stokes theorem derived by Diakonov and Petrov [166, 167] one
obtains the following expression for the Wilson loop W4: Let G be a non-Abelian group with
maximal torus group H. Let H; € H (i € {1,...,r},r = rankG) be the generators of the
Cartan subalgebra of the corresponding Lie algebra of G. Finally, let m := (m,...,m,) denote
the highest weight of the chosen representation. Then (cf. also Ref. [168]),

= [P f 1)

i d
= [706© exn i f e fmt (v a0 © + S 70 )|}
(6.1.33)
where A(§) = A, (& )dx“ Here the functional integration extends over all gauge configurations

U (€)1 Formula (6.1. 33) is manifestly gauge invariant, as is the Wilson loop itself. This version
of the Wilson loop removes the path ordering from W4 in favor of a functional integration over
all gauge transformations U(§) along the loop.

9Tn this discussion, possible condensates of the electric components, (C,(z) - C,(x)), are neglected, because
they are incompatible with the residual U(1) x U(1) invariance.

"¥or the Wilson loop (and the Polyakov loop, considered later, as well) the gauge configurations U(¢) are
subject to periodic boundary conditions: assume £; being one point on the closed contour and let {2 correspond
to the same point but after we have performed a loop. Then the integration limits in Eq. (6.1.33) are explicitly

given as
U(&2)=U §2
U xpligpdé... )= [ AU U xp | 1 d¢... ),
Jov@en(ifac.)=[ o (é)ep<1/& 6.

where dU denotes the invariant Haar measure on G/H. For the Polyakov loop, the boundary conditions are

&1 :=£(0) =¢(B) =: &.
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We are now going to show that the exponential in Eq. (6.1.33) is already determined by the re-
stricted connection V),(z), Eq. (6.1.12). First notice that from 9,7;(z) = [0,U 1 (z) U(x), 7s(z)]
and the defining condition (6.1.10a) one obtains [V, (z) +ig~'8,U ! (z) U(x),7;(z)] = 0 for all
i€ {l,...,7}. From Schur’s lemma, this implies, that V), (x) must have the form

Viu(x) = I p(x)ni(x) + igilUfl(x) 0,U ().

Comparing this to Eq. (6.1.24) it follows that I5 ,(x) = ¢;, + €4, a consequence of the dual

nature of V,(z). Furthermore, the second term can be expanded in terms of the a Cartan decom-

position using n;(x),7 € {1,...,r} and 7y ;(x),7 € {1,...,dim G — r} (with n;(z) - 7y ;(z) =0

and n;(x) - ni(x) =0y j(x)-ng j(x) =1) as a basis of G. Hence, the original connection may be
written as

A,(2) = (€10(2) + Euu(@))a(2) + Tt (@)U (@) U (x) ()

o 9 (6.1.34)

+ T (ALa(2)U(2) 9U (2)) AL a(z) + Xp(2)

where we have used the previously introduced convention for the scalar product a- b= 2Tr(a b ).
Next, again from the projection property

mini(x) - Ay(r) = 2Tr [miHiU(x)AuUfl(x)} ,

with

miti(z) - Au(w) = mi(e; (@) + & (@) + 2giTr (miﬁi(x)U—l(w)i(x])

2i d
=mi(cipu(x) + ¢ pu(x)) + Iy (mszdU Ul(x)>
g T

we finally obtain!?

_ i d __ 1 -
Tr [mlHZ (U(IL‘)AH({L‘)U L) + ;U(x)@U l(m)ﬂ = §m1(cw(:ﬂ) +¢ipu(x)). (6.1.35)

The Polyakov loop can then be calculated from

Wa(€) = [av(e) e fi f ae [Jnitete) + 0]} (6.1.36)

with ¢(€) = ¢, %, @(€) == &pu%r. Thus the Wilson line in Eq. (6.1.33) is given by the
diagonal components (“Abelian projection”) of the connection A, (z). The off-diagonal gluons,
X,.(x), appear only in the expectation value of the Wilson loop, (Wa(C)), as a term modifying
the Yang-Mills Lagrangian (6.1.30). This concludes the proof of Abelian dominance based on
monopole condensation.

6.1.5 Reduction Scheme

Having clarified the physical relevance of the CFNS decomposition, we can now proceed to show
how the nonlocal PNJL model derives from QCD. As noted previously (cf. Eq. (6.1.23)), the
CFNS-Yang-Mills theory has an enlarged gauge symmetry,

Gl | = SUB)fEe x [SUB)/(U(L) x U, (6.1.23)

local — local *

On the other hand, the number of degrees of freedom in the CFNS-Yang-Mills theory is 6 from
n(x), 4-2 = 8 from c3,(x),cgu(x), and 4 -6 = 24 for X, () because of Eq. (6.1.10b). This

12 dav—t _ —1dUr—1
Use T3 =-U d—gU .
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implies that there are 32 4+ 6 degrees of freedom in total, 6 more than in standard quantum
chromodynamics. This excess number of degrees of freedom is introduced by the color field 7(x)
that is also responsible for the enlargement of the gauge symmetry. However, as pointed out
previously, n(z) has only topological character but it is not a dynamical variable: the CFNS
gauge Lagrangian (6.1.30) does not generate an equation of motion for n(x). In this sense,
f(x) is a gauge artifact that can be removed by a gauge transformation.'® This means that the

additional degrees of freedom and the local [SU(3)/(U(1) x U(1))]? symmetry can be removed
by imposing a gauge condition on the CFNS-Yang-Mills theory.

The gauge-fixing condition that reduces the gauge symmetry of the CFNS-Yang-Mills La-
grangian to the SU(3) local symmetry of the ordinary QCD Lagrangian proceeds as follows
(see Refs. [145,148]). First, recall from Sect. 6.1.3 that the transformation properties of the
decomposed fields B, (x), C,,(x), X,(x) are uniquely determined once those for A, (z) and 7;(x)

—

are specified. Furthermore, the gauge parameters d(x) and 6(x) are independent, since the
original Yang-Mills Lagrangian does not depend on the choice of #(z). Therefore, the infinitesi-
mal version of the enlarged gauge transformation, d 7, can be obtained by combining the local

transformations for 654, () and §77;(x) (see Sect. 6.1.3):
0Au(x) = Dy[Ald(x) (6.1.37a)

—

dgni(z) = gni(z) x 0. (x), (6.1.37D)

where §, € £(SU(3)/H). Comparing this to Egs. (6.1.17), it is clear that the enlarged sym-
metry (6.1.23) is broken down to the SU(3) symmetry if the condition @, (z) = 6, (z), with
ay(x) = a(x) — (ad-n(x))n(x), holds. The appropriate reduction condition is then a version of
the maximal Abelian gauge, demanding a minimizing condition on the square of X,(x) - X, (z)

—

with respect to variations of d(x) and 6(x):

1
5a7§/d4x 3 Xu(@) - Xy(2) = 0. (6.1.38)
Using Eq. (6.1.19) and the Jacobi identity (A.1) it is easy to show that
92Xu($) - Xu(@) = (DulAlfi(2)) - (Dpu[A]ni(x)) -
It follows by means of Eqgs. (6.1.37) that

5&,5{2 (Du[A]ﬁi(l‘))Q} = g (R x Dyu[A]ni(x)) - Dy[A)(@L () = 61 (2)) -

Clearly, (D, [A]7;(z))? is invariant under the subset @, (z) = 6, () of the enlarged transforma-
tion (6.1.37). Therefore, this gauge-fixing condition leaves exactly the SU(3) gauge symmetry
invariant.

Finally, we write the gauge condition (6.1.38) in its differential form. This can be deduced
from Eq. (6.1.38) using integration by parts and using the definition (6.1.11) for the covariant
field X,;:

%d / d'z {; <Du[AJm<x>>2} = - / d'z (a1 () = 61 (2)) - DulAlg (i x Du[Alii())

= _ /d4a: (@ (x) — 01(36)) gD [A] X () .

The differential reduction condition, Y, is then expressed as'

x[{7i}, Cpu, X, == Du[V]X () = 0. (6.1.39)

13Tn order to be precise, this statement is true at least locally section-wise, as discussed above.
“Note X, (x) x X,(z) = 0.
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Indeed, x € SU(3)/(U(1) xU(1)) (one has n;(x)-x(z) = 0 because of 0 = D, [V](7;(x)- X, (z)) =
ni(x) - Du[V]X,(2)), and hence the number of reduction conditions is 8 — 2 = 6, as necessary.

The major advantage of the gauge-fixing condition (6.1.39) is clearly that it removes the local
SU(3)/(U(1) x U(1)) symmetry from the theory, leaving the remaining SU(3) gauge symmetry
fully intact. A second gauge condition must be chosen in order to remove the unphysical QCD
degrees of freedom from the theory (imposing, i.e., the Landau or Lorenz gauge condition).
One is really left with ordinary quantum chromodynamics expressed in terms of the new CFNS
variables 7;(x), ¢, (¢), Xu(x). The requirement of a gauge-fixing condition for X, (x) is not
surprising. This feature is familiar from the background-field formalism. Indeed, V,(z) acts
here as the background field. The decomposition A, (z) = V,(x)+ X, (x) is not unique since one
can always add another covariant field X u(z) and find an alternative decomposition. In order
to get rid of this arbitrariness one needs to fix X, (x) by imposing a gauge condition, as given
by Eq. (6.1.39).

6.2 Derivation of the Nonlocal PNJL Model

We are now ready to express the (Euclidean) QCD action, Eq. (2.5.6), in terms of the CFNS
fields 7;(x), ¢ u(x), Xpu(z) (i € {3,8}). Originally,

SI(EQ P = Sq + Sgauge

Sq:/d4x Z Vp (-1 +my + gA +ippya) vy

feflavors

(2.5.6')

1
Sgange = 5 / Az Tr(G WG ) -

After applying the CFNS decomposition A, (z) = V,(x) + X, (z). The matter part S, becomes:

S Z/d%{ Z Yy (—id + my + gV + ippya) oy + Z wfgxwf}y (6.2.1)

feflavors feflavors

and the gauge part, derived from the Yang-Mills Lagrangian, is given in Eq. (6.1.30):

1 1
Sgaugc == /d4x |:4 |:(F37/»LV + H3,/J,1/)2 + (F8“LLV + HS,/LZ/)Q:| _|_ §Xa,/LQZbVXb7V+
(6.2.2)

~5 DVIX, = DIVIX) 00X, % X) + A0 x X2

When dealing with 7n;(z), ¢; ,(z) and X, (x) as independent variables, we have to make sure that
ni(x) - ni(x) = 1 and n;(x) - X, (x) = 0. These two constraints are invariant under the gauge
transformations (6.1.37) by construction. The most general method to include the gauge-fixing
condition is provided by the Becchi-Rouet-Stora-Tyutin (BRST) quantization, a generalization
of the Faddeev-Popov quantization. Applying the BRST quantization to the CFNS theory by
implementing the gauge-fixing condition (6.1.39), the remaining SU(3) gauge symmetry is fully
retained.

The BRST quantization proceeds in the same way as the Fadeev-Popov method,!® i.e.,
one writes down the generating functional, Zcpng, including the constraints as delta functions
imposed on the fields. In our case we obtain specifically!®

Zorns = / 70 79X J exp (~58Ph, e, X]) . (6.2.3)

'5The advantage of the BRST over the Faddeev-Popov quantization is that the first allows an arbitrary gauge-
fixing condition while the latter is restricted to gauge-fixing conditions that can be expressed in terms of ghost-
antighost terms.

Here, we suppress the source term, because it is not needed.
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where the components of the fields, over which the integration has to be extended, are collected
in n = {ni},c = {ciu}, X = {X,}. The functional determinant J appears when changing the
variables of the extended gauge theory from (7, A) to (n,c, X). It turns out to be J =1 (see
Ref. [148]), and will hence be neglected. In the standard BRST quantization scheme, which
can be found in the literature (e.g., Ref. [169]), the gauge-fixing condition is implemented by
introducing, first, ghost and antighost fields G and G, respectively, plus the so-called Nakanishi-
Lautrup auxiliary fields N and N. The additional contribution to the action, Srp+gr, that
describes both the (generalized) Faddeev-Popov ghosts and antighosts, and the gauge-fixing
condition, is determined by

SFP+GF = —i/d4l‘ dgrst (G - X[7, Cu, X)) (6.2.4)

where dprsT(Y) denotes the BRST transformation of the field Y € {n,c, X,G, G, N, N} corre-
sponding to the gauge transformation (6.1.37). This transformation is characterized by being
nilpotent, i.e., 5123RST = 0. Since its construction is rather involved, we refer the interested
reader to the literature, cf. Ref. [170], and content ourself here with the result

SFP4GF = /d4x [N - Du[V]X, +iG - D,[VID,[AIG + ¢* (iG - (R x X)) (7 x X,,) - G)] .

(6.2.5)
The full generating function, including the correct gauge-fixing condition in order to eliminate
the redundant SU(3)/(U(1) x U(1)) local symmetry, is then given by

Zepns = / D7 De DX DG DG DN DN exp [— <3§CD [, ¢, X] + Sppocr|G, G, N, N, i, c, X])} .

(6.2.6)
Carrying out the functional integrals over the fields G, N and X, keeping only terms up to
second order (“one-loop level”) in S]?CD and Sppigr and completing the square with respect
to X, in SEC?CD, the effective CFNS action results as follows:

1. . .
SCFNS:/d4$|:4GZV+ > (<id 4 my+ gV +ippya) |+

feflavors

+ [daaly§ (Gartat @) o (27 (2.0) (H) b)) + (6:2.7)
+ %m det Q70 — Indet R™,
with G¢,, defined in Eq. (6.1.24), and (cf. Eq. (6.1.31))
Q% = R¥G,, + 29 furcGsyy,  R™:= — (D,VID,[V])™ . (6.2.8)

The term in the second line comes from the completion of the square, the first term in the third

line comes from the integration over X, in Eq. (6.1.30), and the last term in the third line

is the Faddeev-Popov determinant!”. Here, (Q_I)ZI; is the X-field correlator and a nonlocal

four-fermion interaction is generated. This is exactly the expression that appears in the nonlocal
PNJL model. The range of the nonlocality is determined by the correlation length &, character-
istic of the color exchange through gluon fields, and it is given by the inverse Mx (defined in
the previous section), thus & ~ M)}l ~ 0.15 fm.

'"This term follows from Eq. (6.2.5) after writing G - D,[V]D,[A]G = G - D,[V]D.[V]G + G - D,[V]9X, x G
and neglecting the last expression because being cubic in the ghost and X, (x) field.
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6.2.1 Weiss Potential and Renormalization Group Equation

After the determination of the effective action, Scpns, in Eq. (6.2.7), we can now proceed with
its further evaluation. First, consider the gauge part,

1. 1
$%%=/ﬁ%gﬁf+;mmgﬁ- (6.2.9)

We adopt the Polyakov gauge for the four-component of the field V,,(z):
Va,4(x) = C3’4(f)(5a3 + C&4(f)5a8 — 84V3,4(.Z‘) = 0, 84‘/874(.%) =0. (6.2.10)

Notice, however, that the Polyakov gauge, Eq. (6.2.10), is not complete. An additional gauge
condition must be chosen in order to eliminate all nonphysical degrees of freedom from the
theory. Here we use the Abelian gauge, fixing fz(z) = é3 := (0,0,1,0,0,0,0,0)" and ng(z) =
és := (0,0,0,0,0,0,0,1) in adjoint representation. The advantage of this gauge fixing is that
the restricted connection, V,(x), is proportional to the Cartan-algebra elements t3,tg. This,
in turn, reduces the integration in the generating functional (6.2.6) over the fields ¢. Next,
decompose the gluon part,'®

1 ~92 1 2 1 2
EGWJ - §G4] + ZG]]C,

into “electric” and “magnetic” pieces. The electric part is

1 A2 1 2 1 ac cb

§G4j = 5 (8.]“/(174) - §Va,jD4 [V]D4 [V]‘/b,]a (6211)
with D§¢[V]D$[V] given in Eq. (6.1.32),

—DI[VIDLV] = —6%07 — 29 faap V3,404 — 29 fsap Ve 401+

1111
2 .
Viadiag (1,1,0,~, 5, =, =
+g9 ‘/3,4 3,4 lag< ) 707474747470>ab+
3 V3 3 3 6.2.12
+g2‘/34‘/84diag Ovoaoa\fv\[v_\fa_\fvo =+ ( )
T 2 2 2 2
ab
3333
2 .
Ve 4Vg.4d 0,0,0,-,-,—-,-,0
+g 8,4V8,4 lag< y Uy 747474747 )ab
The magnetic part is
1. 1
ZGﬁk = 5 Vaj (=05k0c00 + 0;0k) Var + oW?). (6.2.13)

Next, we expand the theory around the nontrivial background for V4 and assume vanishing
expectation values for the spatial components V;:

Vaa(z) = 201/(gBm3)6" + v3.4(Z)0% + 202/(98ms) 5™ + vs 4 ()5

6.2.14
Vaj(@) =040, (x) = 63,j($)5“3 + cg (1:)6“8 , ( )

where the last line is valid for the Abelian gauge assumed here. Recall that mi := (ms,mg)
denotes the maximal weight vector of a representation. The prefactors in the expectation value
of V,, 4 are chosen such that the Polyakov loop ®, calculated using Eq. (6.1.36), is given in leading
order in V} by!'?

1
o = gtrC [exp (ip1ts + ipats)] - (6.2.15)

'8Latin characters denote the spatial components, only, i.e., j € {1,2,3}.
9Note the change in notation compared to Eq. (5.2.17): for convenience, we have set ; = 2¢; for i € {3,8}.
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From the explicit form of the magnetic part, Eq. (6.2.13), of the field strength tensor it is

convenient to split the spatial fluctuations, v, ;, into the transverse and longitudinal components,

t 0 :
Vg j» Vg j» respectively,

0;0k
’Ufz,j(w) = H;’kva,k(x) = <6jk — 8285) ’Uayk(x)

vl (@) = v k(@) = (1= T )vg k()
with the transverse and longitudinal projection operators, II*, II, which satisfy (Ht)2 = (Hl)2 =

1 and ITIT" = 0. Then the gauge part of the CFNS action (6.2.9) up to quadratic order in the
fluctuations, reads:

auge 1 a . N N N N
Scrns = 5 Indet Q + g /dgm [v3,4(Z)(—0e0e)v3,4(F) + v8,4(Z ) (—00Op)vs a ()] +
1
+3 / d*z ol (x) {—Wagag - DZC[V]D?[V]} vl i (x)+ (6.2.16)
1 ac C
+ 2/d4:c vh (@) {~DEWVIDL V] o () + Ow?)

Now, the functional integration over the fields vy, vf, Ué- can be performed?® with —D4[V]D{[V]
evaluated at the mean-field values V3 4(x) — 2¢1/(g8ms), Ve a(z) = 2¢2/(gBms), leading to

1 1 1
SERS = 5 Indet Qg + 2 ST In(=,0) +2- T In {—56%06 . DZC[V]ng[V]} +

+ %Tr In {—DZC[V]D?[V]} .

Observing QZ?, = 6,,R¥® = —6,,D{[VIDP[V] in Polyakov gauge, the first term on the right-
hand side (from the integration over the fields X, (z)) and the first term in the second line (from
the longitudinal gluons) is exactly canceled by the Faddeev-Popov ghost term, — In det R, that
contributes to the total action (6.2.7). Therefore, the gauge part of the action reduces to

SERES — SENE = Tr In(=0,9y) + Tr n {~5°%0,0, — DYVIDSV]} (6.2.17)

Finally, using Q8q&e = %S’é%uﬁg and exploiting the Matsubara formalism, the traces can be

evaluated, leading to the following (1, p2)-dependent contribution to the free energy Q¢FNs:

auge 1 \/g 1 \/§
Q&FRs = Vw(p1,92) = fle1) + f (2<p1 + 2@) +f (—ngl + 2<p2> : (6.2.18)
with
1 d3p
=T 41n |1 —2e7PP —26p 2.1
f(») 5 / (273 n{ e cosp + e } (6.2.19)
~T* —1( —m)?+ (¢ — )4+7T—2 (mod 27)
- 67" T T ocEm)-

2ONote, that the integration over #, ¢ has been changed into an integration over vy, v§, vé. Not all of the latter
fields are, hence, independent and one would require an additional Faddeev-Popov determinant term in order to
get rid of the unphysical degrees of freedom. We will see, however, that the ghost term — In det R®® in Eq. (6.2.7)
already removes the (unphysical) longitudinal contributions. The reason for this is that the reduction scheme used
for breaking down the enlarged CENS symmetry (6.1.23) to the local SU(3) symmetry was already an Abelian

gauge-fixing condition similar to that imposed here on 7 (z).
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Vi is the so-called Weiss potential (cf. [171]). It exhibits Z(3) symmetry. It turns out that the
minimum of the Weiss potential is realized at the point where the Z(3) symmetry is sponta-
neously broken (e. g., (o1, p2) = (0,0), (¢1,92) = (0,47/v/3), (p1,92) = (27,27/+/3)). Thus the
Weiss potential invariably describes the deconfined (high-temperature) phase. The treatment of
the action up to second order in the fluctuations of the gauge field V,(x) only reproduces the
high-temperature case where a perturbative expansion applies. The Weiss potential is generated
by the spatial fluctuations of the transverse components of the field V},(z). In turn, one con-
cludes that (in Polyakov gauge) fluctuations of the four-component, Vj(z), carry the confining
properties of the Polyakov-loop variables.

The next step is to include fluctuations of V4 (z) in order to obtain a Polyakov-loop potential
that describes the confinement-deconfinement transition in pure Yang-Mills theory. As shown
in Ref. [172], the effective Polyakov-loop potential can best be extracted by calculating the
effective action I" within Wetterich’s functional renormalization-group approach. To this end,
one introduces an infrared cutoff for the transversal spatial gauge fields and in the temporal gauge
fields by modifying the action SERNG according to SERNG — Sepns V4, V'] + ASk[va] + ASE[v!],
with an infrared scale k and cutoff terms

1 .
ASi[v4] = 2ﬁ/d3$ V4 Ry jv4

P (6.2.20)
ASE[VY] = / dT/dgiL_"U;iR};UZJ .
0
The regulators Ry are chosen to be momentum dependent and required to provide masses at low
momenta and to vanish at large momenta. For k& — 0 they vanish identically, and one recovers
the full nonperturbative result for the action I".2!
The flow of the cutoff-dependent effective I} is then given by Wetterich’s equation, cf.
Refs. [173-175], for Yang-Mills theory in Polyakov gauge,

1 -1
Ol [’1)47 vt] = §TI‘ { <F]§2) [fu47 ,Ut] + Rk) atRk} s (6221)
where ¢t := In(k/A), and A is some reference scale. (F,EZ)) = % denotes the second deriva-

%
tives (propagator) of the effective action with respect to the fields v4, v; := 1);. In Polyakov gauge,

it turns out (cf. Ref. [172]), that the simple approximation calculated above in Eq. (6.2.17), is
sufficient to describe the confinement-deconfinement phase transition. Hence, we have

1 1
Fk[v4, 'Ut] =7 / B3z |:2U3,4(f)(—Z47k8gag)v3’4(f) + 51}854(:?,)(—Z4,k8483)v8,4(:5) + Vk[v4] +
1

+3 [ Zisat (o) {~6"00 ~ DEWIDFIVI} ot (o),

(6.2.22)
with k-dependent wave-function renormalizations Z4y, Z; 5. The effective Polyakov potential,
Vest[va], is given by Veglvy] := limg_,o Vi [v4], and Vi[vy4] has to be determined via the Wetterich
flow equation (6.2.21). Here we do not go into all details of the calculation, and refer the reader
to Ref. [172]. We comment, however, on some of the keystones of the calculation: using the

21We do not specify the explicit form of the regulators Ry, here. We mention, however, that Ry (q) should satisfy
three requirements: First, it should play the role of an infrared regularization such that limgzp2_,o Ri(q) > 0,
i.e., the regulator term can, indeed, be viewed as a momentum-dependent mass term. Second, one demands
limyz2 /42,0 Rk(q) = 0, i.e., one automatically recovers the standard generating functional, as well as the full
effective action in this limit: limy_,0 Z; = Z and limg—,0 [x = I'. Third, the functional integral is dominated by the
stationary point of the action in the limit & — co: limy2_, y2_, o, Rx(q) — co. This justifies the use of the saddle-
point approximation which filters out the classical field configuration and the bare action, I'x—4 — S + const.,
where A is some reference scale.
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T =500 MeV
— T =400 MeV
— T =350 MeV| -
— T =300 MeV
— T =250 MeV
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0 2 b 32 2n

FIGURE 6.1: Full effective SU(2) potential Ve as a function of the (normalized) temporal com-
ponent of the gluon field, ¢ := Bgvs. The differently colored lines correspond to temperatures
ranging from 500 MeV in the deconfined region to 250 MeV in the confined phase. The expec-
tation value (p) (that determines the Polyakov loop L[(v4)] = cos (gﬂ)) in the center-broken
deconfined phase is given by the transition point between the decreasing part of the potential
for small p and the flat region in the middle of the plot. In the center-symmetric confined phase
it is just given by the minimum at ¢ = 7 (from Ref. [172]).

truncation scheme of Ref. [172], leading to Eq. (6.2.22), and neglecting back-reactions of Vj[v4]
on the transversal gauge fields, the flow equations (6.2.21) for the temporal, vy, and spatial,
v!, components decouple. This allows one to split the effective potential into the corresponding
pieces, Vi[va] := V[va] + AVj[va]. From the calculations above it is clear that limy_o V}![vs] =
Vw (v3,4,v8.4), i.e., it reproduces the Weiss potential.

We are finally left with the determination of AVj, the part of the effective potential induced
by V4 fluctuations. Since the contributions from transversal fields have been treated indepen-

dently of those of the temporal fields, it suffices to consider the following action:

|1 - S 1 - -
Ilvg] = —5/d396 [203,4(1‘)24,k3254v3,4($) + S8 4(Z) Z4 1 0rOpvs a(T) — AVi[va] — ViH[va]

2
(6.2.23)
This action allows one to derive the flow equation for the potential generated by the fluctuations
of Vi,

1 [ &3y O Ry,
RAVy = / : . 6.2.24
POAVE =3 (27)3 Z4p? + 0F (AVi + V) + Ry, ( )

The resulting effective action, Vegl[vs] = limg_0 (V,f [v4] + AV [m]), is shown in Fig. 6.1 for the

SU(2) case. This potential leads to a critical temperature TSV — 305730 MeV [172] (compare
also Ref. [176]).

Summarizing the Yang-Mills part, we find an effective Polyakov potential that describes the
confinement-deconfinement transition when both, the transverse- and temporal-gluon fluctua-
tions are included. Transverse gluons, v!, govern the perturbative behavior in the deconfined
high-temperature phase while fluctuations of the temporal gluons, v4, are responsible for the
confinement.
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6.2.2 Derivation of the Nonlocal PNJL Model

After the discussion of the Yang-Mills part of the reformulated (CFNS) quantum chromodynam-
ics, we are now ready to derive the nonlocal PNJL model. Let us first address the Polyakov-loop
effective potential. QCD in the one-loop approximation cannot account for confinement: the
Weiss potential (6.2.18) leads to deconfinement at all temperatures. Only the full nonperturba-
tive treatment, using the renormalization group equations generates confinement. The one-loop
treatment shows, however, that a potential describing deconfinement must include transverse
gluons as degrees of freedom. It can therefore be stated that the Polyakov-loop effective po-
tential, U of Eq. (5.2.20), used in our calculations and leading to the correct Stefan-Boltzmann
limit, already incorporates transverse gluons parametrized in terms of the temporal field v,.
Having clarified the origin of the ¢/ in the nonlocal PNJL model, we can now relate the four-
fermion interaction in the CFNS action (6.2.7) to that of the nonlocal PNJL model (Eq. (3.2.4)).
Under the assumption of (Q_I)ZI; being diagonal in color space and Euclidean time-space, it is
easy to recover the following relation between the momentum distribution function, C(z), of the

nonlocal PNJL model, and the X-field correlator (Q_I)Zl; (in Euclidean time-space):

g (2715 (2,9) = GoubaCla — y),

(g% = 4mas denotes the strong-interaction coupling strength) from which we obtain

—1\ab 51/ 5ab
GClz—y)=¢*(Q7"),, (@1) "1
R (6.2.25)
—9 TNz

Changing to Euclidean momentum space, the explicit calculation of the inverse correlator,
(R_l)ab, in Polyakov gauge (we have wa = 0, and thus QZI;, is determined by Eq. (6.1.32)
with Eq. (6.2.12)) leads to

Tr (R7),, 5= 200,5(0,0) + bu i (91,0) + du i (=1, 0)+
1 V3 1 V3
+ Ou i (2901, 2802) + Ou i <—2<P1, 2@2) + (6.2.26)

1 V3 1 V3
+ Ou i (2(7015 —2<P2> + ¢u 5 (_2(101a —2<P2> )

1
bw i (p1,p2) = P2+ (w— (o1 + 92) /B2

With this, we obtain exactly the momentum distribution function, Eq. (3.2.39) (compare, also,
Egs. (5.3.6) and (5.3.14)), that we used in our finite-temperature calculations, once g* = 4mway
is used.

In summary, the nonlocal PNJL model used in the present work has indeed its basis in
a consistent QCD treatment. The form of the nonlocality distribution function C(p) derives
from this formulation. It has been demonstrated that the Polyakov loop depends only on the
fields V,(x), i.e., the gauge fields that lie in the Cartan algebra of the SU(3) Lie group. An
expansion around nonvanishing expectation values of their temporal components, Vj(z), and
assuming vanishing spatial components (Vj(z)) = 0,7 € {1,2,3} allows one to recover, first,
a deconfining (Weiss) potential governed by fluctuations of the transverse fields v?, and then,
using the renormalization group equations, a confining potential directed by the fluctuations
of the temporal components v4. We conclude for the gauge part that all this information is

where

(6.2.27)
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incorporated in the Polyakov-loop effective potential U used in the Polyakov-loop-extended NJL
model. Concerning the matter part, we have obtained the nonlocal four-fermion interaction
with a distribution function of the form used in the PNJL model and previously motivated by
the operator product expansion. With this we conclude our extended derivation of the nonlocal
PNJL model from QCD first principles.






Chapter 7

Discussion and Conclusion

In this thesis we have derived and presented a nonlocal Polyakov-loop-extended Nambu—Jona-
Lasinio model, suitable for a description of strongly interacting matter at finite temperature and
finite density. In our presentation, we have followed the “historical”, bottom-up development of
the model. We have started with the local NJL models, pointed out their limitations (imposed,
in particular, by the characteristic momentum cutoff), and have then extended the model by
establishing contact with Dyson-Schwinger calculations. The resulting model includes a nonlocal
four-fermion coupling plus a six-fermion Kobayashi-Maskawa-'t Hooft interaction. It has turned
out, that this nonlocal NJL model can be coupled to the Polyakov loop, the order parameter
for the confinement-deconfinement transition in the pure gauge theory. Given this framework
we have derived the phase diagrams as they result from both the two- and three-flavor nonlocal
PNJL models.

7.1 Discussion

At this stage it is worth pointing out that we have actually gained more than yet another model
for a tentative description of the phase diagram of QCD. Based on and extending recent work by
K.-I. Kondo, we have clarified in Chapt. 6 how the Nt = 3 nonlocal PNJL model can be derived
from first QCD principles. The reformulation of quantum chromodynamics in terms of the Cho-
Faddeev-Niemi-Shabanov decomposition of the gauge fields allows one to consistently derive
the PNJL model and to understand the impact of the assumptions and simplifications made
in constructing the PNJL model. The role played by the gauge sector has been investigated
in detail. In lattice calculations it has been shown that the nondiagonal SU(3) gauge fields
become massive valence gluons. It follows that only the diagonal fields should play a role when
describing confinement. Indeed, the Polyakov loop can be parametrized in terms of the SU(3)-
Cartan-algebra elements A% and A% only. We have clarified the impact of transverse gluons: at
first sight one might assume that the Polyakov-loop-effective potential U, used in the present
work, includes only the contributions from longitudinal gluons since it exclusively depends on A3
and A§. We have shown, however, that an effective potential describing deconfinement implicitly
incorporates contributions from transverse gluons. Finally, treating the fermion sector of the
reformulated QCD allows one to recover exactly the nonlocal PNJL model used in this thesis.

In essence we now have a solid basis for and a profound understanding of (non)local PNJL
models. The derivation of the nonlocal PNJL model starting from full QCD allows one to
systematically include higher-order corrections.

Turning the discussion to thermodynamics, we have first considered the two-flavor scenario.
The strong entanglement of the chiral and the confinement-deconfinement transitions is manifest.
It is demonstrated to persist for the three-flavor case as well. Several thermodynamical quantities
have been calculated, such as the pressure, the energy density and the sound velocity, at the
mean-field level and including second-order corrections from pions.

109
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The major purpose of the two-flavor studies was a direct comparison to two-flavor calculations
performed in the local model [38]. The results up to the critical temperature, T' ~ T, are very
similar, but above T, the results differ reflecting the impact of the momentum cutoff in the local
PNJL model. In a second step, the same thermodynamical quantities have been calculated for
the three-flavor case. Furthermore, we have determined the QCD phase diagram as it results
from the nonlocal PNJL model. The three-flavor model is more involved compared to the two-
flavor case, because of the axial anomaly. In particular, we have calculated the movement of
the critical point as a function of the strength of the axial anomaly. In contrast to local-PNJL
investigations we have found that the critical point moves considerably on the chemical-potential
axis, while it is more stable on the temperature axis. This behavior can be understood from
the Columbia plot (cf. Chapt. 4) taking into account the particular values of parameters used
in the nonlocal PNJL model: in order to reproduce the physical meson spectrum, we have used
current quark masses m,, = myg = 3 MeV and ms = 70 MeV (corresponding to a renormalization
scale of about 2GeV). On the other hand, the axial-anomaly strength in the nonlocal model
had to be chosen about twice as large compared to the local model. From local-PNJL model
calculations [177] we know that the first-order chiral-transition region in the Columbia plot is
increasing with a rising anomaly strength. It is clear that the axial anomaly has a major impact
on the structure of the QCD phase diagram.

Furthermore, when considering the phase diagram of QCD, we have noticed that the first-
order transition line ends in nuclear territory when T' — 0. This clearly indicates that important
degrees of freedom are missing when approaching nuclear-matter densities and low temperatures.
Regardless of whether the first-order line ends above or below up = My = 940 MeV, it must
always be kept in mind that the known physics of nuclear matter influences the phase structure
qualitatively.

We have conceded some space to the discussion of finite-temperature lattice results. In
the last four years, major progress has been made in calculations at finite temperature but
zero density. It appears to be well-established that the transition from the chirally broken
to the chirally restored phase is a crossover. The actual challenge is, however, to determine
the transition temperature T, itself. Until a year ago two numbers, TPMW ~ 150 MeV of
the Budapest-Marseille-Wuppertal collaboration, and T, 2% QD™ 190 MeV of the “hotQCD”
collaboration, existed that could not be reconciled with one another. During this year 2010 the
“hotQCD” collaboration has investigated the impact of discretization errors and of unphysically
large meson masses on their results. As of today it seems most likely that both collaborations
converge towards a transition-temperature range of T, ~ 155-170 MeV.

Despite open questions regarding the lattice results, we show in Fig. 7.1 our nonlocal PNJL-
model results for the chiral condensate including pionic corrections (compare Fig. 5.12). Thermal
pions, owing to their small masses, influence the behavior of the chiral condensate in the tran-
sition region (note, that TPMW ~ 150 MeV ~ m). It will be important in future investigations
to properly include the effects induced by pions and other light mesons.

7.2 Conclusion

The aim of this work has been to construct a model beyond the local NJL approach with
its simplistic momentum-space cutoff. Basic features related to the chiral and confinement-
deconfinement transitions are well reproduced. Further steps must include diquark degrees of
freedom. From a schematic Ginzburg-Landau treatment [178,179] it turns out that diquarks
in color superconductors play an essential role in the low-temperature and high-density region.
When including a diquark-diquark-chiral condensate interaction, it is even possible to obtain
two critical points: the first one is the end point of the first-order chiral-transition line turning
into the chiral crossover at high temperatures. The second one arises in the low-temperature
and high-density region (at least with three degenerate flavors), removing the sharp border line
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FIGURE 7.1: Chiral condensate calculated in mean-field approximation (dashed line) and in-
cluding thermal pions (solid line) compared to lattice data of the Budapest-Wuppertal-Marseille
collaboration using physical meson masses [98].

between nuclear matter and superconducting quark matter (this is the so-called quark-hadron
continuity). In forthcoming work it will be interesting to investigate further the high-density
phase within the nonlocal PNJL model approach.

Concerning the work presented in this thesis we conclude that the effort of promoting the
celebrated NJL model to a nonlocal PNJL model has been worthwhile for several reasons: first
the nonlocal Polyakov-loop-extended NJL model can be deduced from quantum chromodynamics
by performing a suitable transformation and by systematically expanding the resulting theory.
Second, the nonlocal PNJL model meets Dyson-Schwinger calculations (at least in the zero-
temperature case), the results of which can be compared to our findings. Third, the nonlocal
model does not need to be regularized by a momentum cutoff, unlike the local NJL model, so
that the thermodynamics can be described up to arbitrarily large temperatures and densities,
in principle. A restriction, in a sense, is imposed upon the model by the degrees of freedom
relevant for the description of nuclear matter and its neighborhood. But, there is no conceptual
impediment to include diquark or other condensates. Thermal meson modes can be and have
been investigated (e.g., Fig. 7.1). Now that lattice computations reach physical pion masses it
becomes important to include such mesonic corrections to thermodynamical quantities.






Appendix A

Notations and Conventions

A.1 Isospin Matrices

The up and down quarks, v and d, form an isospin SU(2) doublet,

The standard isospin basis of the isospin matrices is given by

7= (71,72,73), Ty = 5(71 +im)
(01 (0 —i /10
=1 0/ 2=\ o) =1 o)

nlu)=u),  wld=-ld), |y =|d), T =]u).

so that

The electric charge of a hadron is then given by the Gell-Mann—Nishijima formula

1
Q:I3+§B7

where I3 is the eigenvalue of the three-component of the isospin operator, Iy = %73, and B is
the baryon number, B = % for quarks and B = —% for antiquarks.

(10
=10 1)

tr{Ti . Tj} = 25@‘

Finally, we define

such that the relation

holds for all 4,5 € {0,1,2,3}.

A.2 Gell-Mann Matrices

The Gell-Mann matrices are one possible representation of the infinitesimal generators of the
SU(3) Lie group. This group has dimension eight and therefore it has some set with eight linearly
independent generators, tq,a € {1,...,8}, that obey the commutation relations

[tm tb} = ifabctc .
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The structure constants fup. are real and completely antisymmetric in the three indices. The
nonvanishing structure constants have values

1 V3
fi2s =1, fuar = fie5 = faa6 = fos7 = f345 = fare = 3 fasg = fors = >

and fulfill the Jacobi identity

fabefecd + facefedb + fadefebc =0. (Al)

Any set of Hermitian matrices which obey these relations are allowed. Here we state the fun-
damental representation of the SU(3) generators, t, = ’\—2“, given in terms of the Gell-Mann
matrices A\q,a € {1,...,8}:

010 0 -1 0 1 0 0
AMM=110 0], =1 0 0], =0 -1 0
0 00 0 0 O 0 0 O
0 01 0 0 —i 0 00
AM=10 0 0], Ads=10 0 0|, =0 0 1
1 00 1 0 0 010
00 0 1 1 0 O
)\7 =10 0 —i N )\8 =—1(0 1 0
01 0 V3 0 0 -2

These matrices are traceless and Hermitian. In this representation, the product of two Gell-
Mann matrices is given by

2
)\zz)\b = Néab + 2ifabcAc + 2dabcAc . (A2)

Here we consider N = 3, the given relation holds, however, for arbitrary SU(N) Lie algebras in
the fundamental representation and the structure constants generalized properly. The du;. are
completely symmetric coefficients, the nonvanishing values of which are as follows:

1

d118 = dazg = d333 = —dgss = , diae = d157 = dase = d3aa = d3s5 = 3

Sl

1

doa7 = d3e6 = d, =——, dug=dsgs =dees =drs = ——+=.
247 366 d377 448 588 668 778 03

DO | =

From Eq. (A.2) it is clear that the dgp. are determined by the anticommutator of the Gell-Mann
matrices,

4
{)\au Ab} ==+ 2dabc)‘c .

N
Finally, we define
5 1 00
Ao = 3 010
0 01

Then, the trace relation
tr{)\a . )\5} = 25@6

holds for all a, 8 € {0,1,...,8}, and, thus, generalizes the relation for the isospin (Pauli)
matrices.
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A.3 Euclidean Dirac Matrices

We define the Fuclidean Dirac matrices in the chiral representation:

YE,u = ’Yg = (V, 74) , with V4 = ifyo ,

where

_o_ (01 - (0

with the 2 X 2 unit matrix 1 and the Pauli spin matrices

Qu

0= (Ulaa2703)a

(0 1 (0 —i
1=\1 0/ 2=\ o)
In Euclidean space-time, the matrices fulfill the algebra

{'Yua '71/} = _25;w .

Defining the scalar product of two Fuclidean four-vectors a, b according to

4
a-b:=a,b,0, = Z aib; ,
i=1

allows one to introduce the “slash” notation

—

o

0

)

?23:a,u"7§:au"YE,u:a4’Y4+C_i‘5;~

In particular, we have
(3 = 7484 + /7 -V )

(10
0'3—10.

where 0y := 6%4,1 and x4 denoting the Euclidean time coordinate introduced in

(20, %) — (¥, 24), with x4 = izg.

1Note, that this relation is consistent with the definitions 4 = iy and x4 = izo, because from the Minkowskian

. ; . . . 0 0]
expression, @ = v°9g ++'9;, one obtains with v°9y = iy’ ——— = Yag and 0; = 57 =

d(izo) T4
expression stated previously.

3

xt

V exactly the Euclidean






Appendix B

Derivation of the ’t Hooft Interaction

In this appendix we show how the Kobayashi-Maskawa-'t Hooft determinant expression, given
in Eq. (3.3.19), can be cast into the form used in this work, Eq. (3.3.21).

In order to write the 't Hooft determinant in a more tractable way, we apply Newton’s and
Girard’s formula

det 7% = — (trg%)? - % (trg*) (trjig) + %trjig. (B.1)

=

Here tr indicates the trace over flavor space only. We use the Gell-Mann matrices as a basis in
flavor space, {\o, A1,..., s}, with the additional definition Ao := \/gdiag(l, 1,1) in order to
maintain tr{\, - \g} = 2d,4 for all o, B € {0, ...,8}. This allows one to write

8
JE=Y " = w{haJTT =2 (B.2)
a=0

and, consequently, c= = %tr{)\aj 1.
Furthermore, from Eq. (3.3.19) we have with the definitions (3.3.2)

%tr{/\aji(a:)} = i/d‘*z N (x + f) (1 F75)C(2) ¥ (a: — %)

2
1 1,
= 1i3@) F @),
. . :l: _ l S l P . -S _ -+ —
By means of Eq. (B.2), this allows one to write c; = 7j5 £ 7j, , or, inversely jo = 2 (cg +c;),

.P — _2 . + _ —
Next, we return to Newton’s and Girard’s formula, Eq. (B.1), and use

tr (ji) = 2\/306E
tr (ji2> =tr (c,f/\acéc)\/g) = C;tC:BEQ(sag =2cEct
3
tr (Ji ) = cicjﬁtc,j;tr (AaAgAy) .

Inserting this into Eq. (B.1), one has

3 3
det 7t +det J~ 22\/;[033—%003} —2\/g[cgczc§+coc;c;] +

+ {czc;cj + c;cgcﬂ tr (AaAgAy) .
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Now, using the relations between the ¢’s and the currents j°, j°, we have

1 .p2
32 (Jo 3]5)

1 2 . p2
carc"' + +cgcaCq = 2Re[ Jrc""c*’] 32 {]0 (35 —35 > - 2]5]5]5]

A 053 = 2Re [cars}

_ 1 P /.S .S .
chc'ﬂIr ++cacﬁ y —QRG[ M E ﬂ =3 [Ja (]ﬁjy _35]7)—j§(jg]5+j5]§)].

Inserting this in the previous formula leads to

_ 1 /3 2 p2 1 /37. g2  .p2
det J* + det J 16\[]0 (JS —31(1)3)—16\[2[15(]5 —15)—2J§J(§DJ§}+

1
+ o Liaddsy — 343357
where summation over «, 3,7 € {0,...,8} is implicit.

Finally, using the SU(3) structure constants fism, dgem, defined through [Ag, \¢] = 21 fromAm
and {\g, \¢} = gékg + 2dppm A, respectively, one obtains Mg\ = 1 fromAm + diemAm + %&d and,
hence,

tr (A AeAi) = 21 fromOmi + 2dkomOmi (B.3)

(for k,€,m,i € {1,...,8}) which allows one to write

_ 1 /2 7/ .¢3 ¢ .p2 1 /2 ,.¢.¢. )
det JT + det J 48\/;(15 —3351(1)3)—32\/;(.769]5]5—1515 — 25338 50) +

+ g (GZavds - 358484E),

48
where, again, ¢, k,m € {1,...,8}.
If one sets
1
Aaﬂv = 3|5z]k€mn£ ()\a)im (Aﬁ)]n ()"Y)kl for a, ﬁa v e {07 SRR 8} ) (B4)

then the expression above can be written in a more compact form as

1
det J* +det T~ = = Aapy (753535 — 34535 3%) - (B.5)

This is the form given in Eq. (3.3.21), with the coupling constant properly adjusted.



Appendix C

Taylor expansion of the Euclidean
action SEOS

In this appendix we derive the Taylor expansion for the bosonized Euclidean action SEOS up to
terms of second order in order to obtain the inverse meson propagators Gp. This corresponds
to a systematic perturbative expansion and to the derivation of Feynman rules for the mesonic
degrees of freedom according to the method of the “effective action”. We would like to point
out here, that the bosonized action is composed by two parts: the fermion determinant and a
term that is quadratic (for the two-flavor case) or quadratic an cubic (for the three-flavor case)
in the Bose fields. While the derivative of the quadratic terms in the two-flavor case is trivial,
it is more intricate in the three-flavor case because of the stationary phase approximation, see
Eq. (3.3.25). Therefore, we explain the derivative of the fermion part in Sect. C.1 and postpone
the treatment of the polynomial terms to Sect. C.2.

C.1 Functional Derivative

We start with a reminder of the Taylor expansion of a functional 7' = T'[f(x)] about f(0) with
a (small) fluctuation h(z). One has

ST [f ()]

51 () Ayt

f=£(0)
1 52T f ()]
T3 / WAy ) 6 )

This formalism is now applied to SB°. In this case, we use the function f(0) = ({7;},0)
and the deviation h(z) = ({d0;(z)}, 07 (z)), where {7;},{do;} denote the set of all nonvanishing
sigma fields which are just one in the two-, but three (0,04, 05) in the three-flavor case. The
following relation is useful:

T(F(0) + h()] = TIf(0)] + / dy,

(C.1)

h(y1)h(y1) + - ..
f=£(0)

In det = Tr In,

which holds both in functional and matrix space. We treat the functional space first, hence we
decompose det = det ® Det or Tr = Tr ® tr, where operators with a tilde act exclusively on
functional and Det, tr solely on Dirac, flavor and color space.

Then, the zeroth-order term is easy to calculate since & is a Lorentz invariant and, hence,
proportional to unity in functional space, i.e., a;(p'|p) = 7; (‘2/7(2; 6@ (p — p'). Therefore, the
functional trace simply gives an integration over p and the argument of the logarithm is given
by Det [—p + 1ig + C(p)7] = [Ticqavors (P? + MZ(p))*=. From this the mean-field results (3.2.15)
and (3.3.29) are deduced. The linear term vanishes by definition of the mean fields.
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In order to determine the term of second order we calculate mTr In.o/ .

oi(z)}={5:}
As a continuation of matrix multiplication, the logarithm of an operator o is treated as a power
series where the multiplication is given by the convolution. Therefore, all matrix identities can
be adopted in functional space, too, if all matrix products are replaced by convolutions. In
particular, we use operators 0= O[ f] that are supposed to fulfill necessary convergence criteria
so that the following identities hold:

5 Tl — 7 | oot PO @)
0 ~TlAa_1 R 5A[f(33)]A—1 |
5767 ™ [0 V@I = =T | 07N T e R0

In the case of the operators 7, Egs. (3.2.12), (3.3.24), we may write

52

Wﬁ no/ = T [(C 6 (e —£))/H(C W (o — k))g/—l} :

where the e stands for the arguments of the delta function. Taking into account

(pl<|p") = (2m)*6W(p — p') [—p + g + C(p)5] ,

({01}77?):({5'2}76)
one carries out the convolutions and arrives at the result:
621n det o/ 5 5 5 o (p",p)
— —Tr 527_1 ’ / /7 /" ,Q/_l //’ " )
Srr0(0) 6713 (F) { (p,7) F (', p")(p",p )757%( 5

_ —2Tr{d1ag< /f+ M2( ';) 3(p+ ) irsvV26(p +p" — E)C<P'—p”>

( /

. //I+M //I o
><d1ag< //}/i + MQ " i p "+ ") 1’)/5[5(29/// +p— k)C(p 2p )}
li
k) + M;(p)M; k
= 86(k M)aws]k c2 > (p2+ )+ (p2) ](p;r )
P> + M2(p)] [(p + k)2 + M2(p + k)]

This is the first part of the second-order term in the Taylor series expansion of the Euclidean
action in Egs. (3.2.13) and (3.3.26). For the two-flavor case, the expansion of the quadratic term
in {o,m;} of Eq. (3.2.13) is trivially done, leading altogether to the result stated in Egs. (3.2.16).
As mentioned above, the three-flavor case is treated separately in the next section. In Sect. C.3
we investigate the imaginary-pole structure of the loop integrals which becomes important when
determining the 1’ mass.

C.2 Second-Order Contributions to the Action
Let us now consider the polynomial part of the bosonized three-flavor action (3.3.26). Owing to

the SPA equations, Eqgs. (3.3.25), the auxiliary fields' S,, P, are implicit functions of ¢ and 7.
This implies calculating the second derivative of the expression

S = 0uS+ TaPat & 5 (SaSa + PaPa) + %Aam (SaS5S, — 3SaPsP,) .

'From now on we omit the tildes on S'a, 15a.
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Neglecting first the space dependence of the fields we may first introduce the matrices 6 =
L o) and 7 = L \,. The SPA equations (3.3.25) in this new basis then read

V2 V2
V26 + GSada + %Aawa(sgs7 — P3P,) =0 (C.1a)
V27 4+ GPyAg — %Amx}sﬁp7 =0. (C.1b)
From the first derivative of Eq. (C.1a),
0+ G((;fZAa + %AQMAQ <2Sg gf’; — 2P gf;) =0,

it follows that g%ﬁ‘; =0 for all @ € {0,...,8} and i,j € {1,2,3}, recalling that P, = 0 for all «
in mean-field approximation.
The second derivative of Eq. (C.1a) leads to

528, 3H 528 3H §Ps SP.
Gla——— + = AupAaSg—F— = —— Augrda—" —L . C.2
57rkg57rij + 2 A al ’657Tkg571'ij 2 A l (Sﬂ'kg 57‘('@']' ( )
Analogously, one has from the second equation
0P, 3H 0P
257/,—"/(5” 70[ )\Oé —_ o )\Oé 77 =
or, by contraction with (A),,,,
0P, 3H oP 1
G—C — oA Sg—2L = ———(\),: . C.3
Finally, from the second derivative
e ML VS L SR W N i
67[_]{:[ 57_[_” a)mn 2 afy x/mn B(Sﬂ'kg 67sz - ¥
and it follows that Mii]g‘jr — = 0 for all a1, j, k, ¢ in mean-field approximation.
The sum of the SPA equations gives
3H
0aSa + TaPo + G(SaSa + PoPy) + TJéta/éw(sms*ﬁs7 —3S.P3P,) =0,

so that one can write

1 H
SE = —iG(SaSa + PaPa) - EAOC,B’Y(SQ‘S’ﬁS'Y - BSQPBP'Y) :
Finally, applying identities (C.2) and (C.3) we may deduce the desired derivative

528k 1 5P,
= — () ——

Xy, 57‘('2']' \/5 g OThe .

We conclude that the additional term is given by the solution of relation (C.3) contracted by

Aa,

0P, 3H OP
G ()‘a)mn - TAQB'Y ()‘Oé)mn Sﬁ 1

= _ﬁéim(sjn ;

0T 0T
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this can be further simplified by noting S, = %tr(z\aS) and

oP, 1 1 OPy
Aaﬁ’}’ (Aa)mn SBE - ggrskEuUZ (Aa)m‘ ()\B)sv ()\’Y)ke §St ()\ﬁ)tt ()‘a)mn E
1 oP,
= SEntkEmte = ()‘ ) St.
3 57rij VI ke

Consequently, the equation to be solved is

5P, H 5P,

mn E - Efkntgtfmst ()‘V)M E

G (M) = —V26imbin -

Defining (rijmn)_l = % (Aa)imm g%“; we may write

528k

—1
T8 (rme) 4
577]{;[ 677'@] (T ]1]45() (C )

where 7;; 1y solves the system given in Eq. (3.3.37).
Finally, we consider the functional derivative of terms of the form [ d*z S, (z)Ss(z)S, ()
etc. The first derivative with respect to 7;;(y) generates a delta function, §(x — y), hence

[ 4t 5a(@)83(0)5,(0) = Sa()S5(0)S, 0).

The second derivative with respect to m¢(2) generates an additional d(y—z). This means that in
mean-field approximation the functional dependence of the fields after a Fourier transformation
is given by

Tij,lkg/d4y d*ze PV e WF §(y — 2) Omij(y) Smpe(z) = 750 075 (P) 0o (—p) -

Treating analogously the contributions from the o field, and combining this with the derivatives
of the fermion determinant, calculated in the previous section, we arrive at Eq. (3.3.34).

C.3 Evaluation of Quark Loop Integrals

When determining formulas for the meson masses in Sect. 3.3.3 we have mentioned that one of
the advantages of the nonlocal NJL model is that the integrand in Eq. (3.3.36) might not have
poles on the imaginary axis. Since all formulas have been derived in Euclidean space, this means
that the mesons do not decay (unphysically) into a pair of constituent quarks. Whether or not
such poles arise is, however, dependent on the form of the distribution function C(p) and the
explicit values of the input parameters. For the choice of the parameters used in this work it
turns out that only the integrals, Eq. (3.3.36), involved in the determination of the n’ mass are
affected by poles on the imaginary plane. Here we show how these integrals have to be treated
properly.

Suppose that the meson mass is given by pg. Then, without loss of generality, one can choose
p = (6, ipg) and use three-dimensional rotational invariance to write the quark loop integrals
determining the meson mass as

~ FZ , ,
Iij(—pj) = /dQ3 dgs g3 5 i(ds: ZO) ; (C.1)
[q™* + MZ(q")] [Q‘ + M3 (q7)

where g3 := |7| and ¢t = (O,O,qg,q4 ii%‘)). The explicit form of Fj;(g3,qs,po) depends on
the described meson and can be read off by comparing Egs. (C.1) and (3.3.36). As mentioned
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previously, the integral (C.1) has poles in the integration domain (g3, q4) € [0, 00) X (—00, 00)—
and is hence divergent—only if pg = im,y. For this case, only expressions ﬁij with ¢« = j are
relevant, see Eqgs. (3.3.47) and (3.3.40), (3.3.41), (3.3.42). From now on, we omit the indices i, j.
Let us first determine the zeros of the denominator in Eq. (C.1). We write the denominator as
D = D™D~ with

D* = (¢5)” + M?(¢%). (C.2)

In order to find the zeros of D, we first characterize the zeros &, of the inverse quark propagator
S71(q) = —¢+M(q) by a set of two real numbers (SY, 5¥), with S¢ € Rj and S¢ € RT. Since the
zeros appear in multiplets, we have introduced the index v € N that labels these multiplets. It
turned out, however, that for the particular choice of the distribution function C(g) chosen in this
work only one multiplet of zeros appears, therefore the index v will be dropped in the following.?
Furthermore, one would have to distinguish, in principle, between two cases: the first, in which
purely imaginary poles exist, i.e., S, = 0, and the second, with no purely imaginary poles, i.e.,
S, > 0. In our case, only the latter is important. It turns out, then, that such complex poles
appear as quartets located at \/?2 = 5y £1i5; and \/f» = —S5, £1i5;. Having determined the
zeros of S71, we find the zeros of D—or, equivalently the zeros of D* and/or D™—as

2

2 : :
=@+ g - % +iqapo = S? — S? + 2iS,.S; (C.3a)
and/or
2 Py
¢ =q+q— ZO —iqapo = S2 — 52 £ 2i8,.5; . (C.3b)

Solving these equations for q4 leads to eight different solutions; the zeros of D are

(3,1) S; Sy : Po
=2 i (£y(a3, S0 Sp) - 2 4
o = s 1 (#1(0,55) - ) (C-4a)
and the poles of D™ are
(4,2) S; Sy : Po
=————=a~ + o)+ 5 ) 4b
oY = - i (#1(0,5:5) + ) (C.4D)
with
B+ (52— 8,02+ \Jad + 263(S? - S2) + (2 + 52)2
’Y(Q?HS%ST) = 2 ) (05)
and the other four poles are given by
o™ = —Re (o) +ilm (¢f))  forie{1,....4}. (C.6)

Clearly, for small values of pg, ¢4 cannot be real (since S~! does not have real zeros as pg — 0).
Now, as pg increases, the poles move closer towards the real axis until they meet on the real
qa axis at the point (¢4, q}). This is fixed by the condition Im qf) = Im qf) = 0, hence, using

Egs. (C.4b) and (C.4a)

(pg — 4S7) (0§ +4S2) 2,
ot 0 (2005 (.7)

b Py _
q3,4qy) =
(45 44) 2po Po

2Even if there were more poles appearing, the effect of these higher poles would not be observed as long as po
is considerably lower than the S; of the corresponding pole.
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From this, we clearly see, that such a point only exists for g3 > 25;.3

Having isolated the pole in the integration region, we can now describe the proper regular-
ization procedure. This requires to introduce two small parameters ¢ and § and to take the
limit § — 07, — 0T at the end of the calculation. & (corresponding to the Feynman ¢) is used
to shift the poles of D' and D~, whereas § is used to split the g3 integration interval in three
subintervals: g3 > ¢} +0,¢5 — 0 < q3 < ¢4 + 6 and g3 < ¢} — 0. In the regions g3 > ¢} + 0
and g3 < ¢} — ¢ the integration over the real g4 axis can be performed, and the limit ¢ — 0"
can be taken even before performing the integrations. In the region ¢§ —d§ < g3 < ¢§ + ¢ the
situation is, however, more complicated, because the integration over g4 hits the poles at g4 = ¢
for g3 = ¢§. Therefore, the g4 integration over (—oo, 00) is shifted to the contour g4 — g4 + i,
with k > 1 being an arbitrary constant. The final result can then be obtained by applying the
residue theorem to the complex integrals described above.

In the case S, # 0 primarily considered here, one has an ambiguity in the choice of the sign
of the (Euclidean) € prescription. Choosing different signs of ¢ for sets qy),i € {1,...,4} and

qz(lj),j € {5,...,8} (see Ref. [61]), it is not hard to see that the contributions to the imaginary
part of the quark loop integral vanish:

Im [ﬁ(—pg)} =0. (C.8a)
The real part is given by
i 60 > 3F (g3, 94, 10)
Re [II(—p2)| = lim R—2,5+/ d/d 93+ \43, 94, Po n
{ ( po)} 6_>0+{ (—p5. 9) . a3 . 44 [q+2+M2(q+)] [q_2+M2(q—)]

oo > 45 F (g3, g4, o)
! /q§+6 o /—oo e [+ + M2(q)] [¢° + M?(q7)] } '
(C.8b)

Here R(—p3,d) is the so-called “residue contribution”, responsible for the cancelation of the
divergence appearing in the integrals in Eq. (C.8b) in the limit 6 — 0. It follows from the
residue theorem as

a5—0
R(—p2,6) = 4 /0 dgs Re

45 F (g3, 44, o) ]
a2 + M2(q*)] [L+0M2(q7)/0(q7)? (iaa +p0/2) | _ 0

For the sake of completeness, we also state the result for the case S, = 0 (see Ref. [62]). For
the imaginary part (which is solely determined by the integration region ¢§ — § < g3 < ¢} + 9)
we obtain

2 p p
2p0 1 OM2(q) 2
+ 9g2 e s?

while the real part is the same as in Eq. (C.8b) with the residue contribution replaced by the
following expression:

Re [ﬁ(—pg)] — Eq. (C.8b) with

9 o _ G0 dgg a3 F (g3, 94, po)
(=pp,6) = 2m Re 2 20+ 2( —\2 :
o Jars LT AP 1+ oM )0,
(C.9b)
Using the expressions Egs. (C.8) allows one to determine the ' mass according to Eq. (3.3.43).

R

3In the case S, # 0 there exist two of them, as it is evident from Eq. (C.7).



Appendix D

Derivation of the Pseudoscalar
Meson Decay Constants

In this appendix section we present a detailed derivation of the formulas for the (pseudoscalar)
decay constants' which were defined as

1% (Ods () = i faspu = (0174 (0)]os(p)) =i fasZ) > pu, (3.3.49)

where J K, ., denotes the axial-vector current. In the following we outline the calculation of the
(unrenormalized) matrix element (0|J% _(0)|¢s(p))-

In order to calculate the matrix element one has to gauge the nonlocal action in Eq. (3.3.22).
As discussed in Sects. 3.2.2 and 3.3.3, gauge invariance requires not only the replacement of the
partial derivative by a covariant derivative,

i
Op — O + 5'75)\04 AZ‘(IL‘) )

where Af (o € {0 ...,8}) are a set of axial gauge fields, but also the connection of nonlocal
terms through a parallel transport with a Wilson line,

W) =Pesp {3 [ anrsra dite + - 200 (-2}

where we have chosen a straight line that connects the points x and y. Introducing the auxiliary
fields in the bosonization procedure properly, one gets an action in which only the fermion
determinant o is affected by the gauging. In coordinate space this reads

. 1 a | .
o %a0) = (18, + e A"+ i) e = )+
wot-nw(e 5 ) msa (50 w(T5 ),

where I, stands either for I', = A\ or I, =175\, and S, accordingly for either a scalar field,
0, Or a pseudoscalar field, .
The desired matrix element then follows from the gauged fermion determinant according to

(3.3.50)

62 In det &/C

(0% o (0)|7a(p)) = — 573(p) 34 (D) (D.1)

A=0
t=0

We treat here the three-flavor case, because the two-flavor result is contained in this more general result, as
mentioned in the text.
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We begin with the calculation of the expressions needed, determining the complete matrix
element. One has
W(z,y)

5,4%(15)

-
:;/0 da’}/5)\@5(35+(y_$)a) (yu_xu)

t=0

and using Eq. (C.2), properly modified

§ In det /G (z,y)
0A;

e _Tr{ [5(5“ ) gAn” 8)

t=0

e [ (2 ) (23
s (o) [l () 252

X%_l(y,y’)}

We need now to calculate the derivative of this expression with respect to m5(p), i.e., with
respect to a momentum-dependent variable. Owing to

T [A(w, ) B(E, y)] = Tr (2] A€} (€| Bla)]

v [Gelp) (ol Al ) (1€ €1k (k| B (K| 2)]
(plAI) | BIp)]
= Tr [A(p,p") B, q)]

the functional trace of a product of operators can be calculated in an arbitrary basis as the
product of the operators, each of them represented in that basis. Since we know already the
momentum representation of o —1, it is now sufficient to calculate the Fourier transforms of the
expressions in the squared bracket above. We have

—igx —iq- 1 v 1 v
/d4xd4ye TV o(x —y) 59 0(Y) = 51A80”

and, using in the following the substitution u =z — y,v = % Sr=v+5,y=v—73,

i 1
;/d4$d4ye‘i‘I'w e—iQ"yc@c—y)/ da75>\ﬁ5<x+ <$;y —fc>a> (x;y - )F S <x;y)
0

i 1

- [ dtuat —ig(v+) g-id(v-3) ot (-t

2/d ud*v / dae e 2 C(u)75)\55<v+ 5 2a)( 2>Fa5’a(v)
=—- [a iggag-ig-(-utga) L U

/d / dae™173 1) 2 C(w)shs LS 5(1 o))

_ 1! 4 ig%o —iq u(-1+%) —ik-%(1-a)
4/d @n) /dae 2% 2 u,C(u)ysAg Lae 2 Sa(k).

Analogously we have

ooy s () (25)

i 4 d'k ! —iq %o —iqu(-1+%) —ik-%(1—a)
= +1 d*u 2n) dae 2% 2) u,C(u) yysAge 72 Sa(k).
0
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Having this, we can write down the desired expression in mean-field approximation (1,5, (k) —
diag(a;) 6 (k)

62 In det &/C

i ! oty _id o o
| =—Tr{ |- /d4u/ dae 1980 om0 u(=148) 1) o) ye X g Ty e 15 (1m0 1
(03450 4 { 0 (W)1ss I

i 1 . a cpu
e /d4U/ dae 17 5o gmiau(=115) o () Fw%)\ﬁe_lh(l_a)] x
0

_ ”—{—M(q”)
(

q//2 +M2 q//)

) 0(q" +¢")6(q - Q”)} +
1 v i 4 ! —ig-2ta—i ’-u(—lg) : _
+ Tr 775)\/37 ~1 d*u [ dae'T297 2) u,C(u) 5 \g diag(a;)+
0
/d4 / dave i7" za—iau(-1 g)ul,C(u)diag(ﬁi)%)\ﬁ] X

"+ M(q") "o m
x diag (M) 5(61/ + q//)c<q . q > F’y(;(q// +q" - 0)x

cang (2O s )

Now, we show how the above expression can be simplified term by term. We start with
the first summand, which after performing the Fourier transform, gives (note, that there are
contributions only from I, = ivys\,)?

1

lTr {/ da [(28V dC2> VsABL — <25VdCQ) F,Y’}/g,)\ﬂ] X
4 o d5°) 42 4 (~148)+50-0) 5% de pg(—14§)+50-0)
xdiag < 2 1 0% > (q+ 4 }
1 dc . —9I+M(Q)>
= —Tr gLy — Ioyshg| x diag | ——5—~
2 { ( ) g ( d82>q+g(1a) e B] g(q2+M2(Q)

! L dc i Mi(q)
= 2itr / da (q,,—{—y l—a> — NIN

{ 0 2( ) ds? q+§(1—a) g q2+Mi2(Q)
! 4y dc
0 S gt t(1-a)

M
XA (9) }
g 1 M; L1 —
=2 (AN + NN ) ¢ {/ dorg, L (74501~ ) }
0

_|_

7 q* + M (q)
A9 (g+L(1—a))? + M2 (g + L(1 — a))

2Tr denotes the traces over Dirac, flavor and color indices as well as the functional trace, while tr stands only
for the functional trace.
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The first summand in the second term leads

1,4 +M(d) [, ¢ (' + 1)+ Mi(q + )
_T{27A57'2+M2(q')C<Q+2>”A’Y( ey e M2('+£)}

(2

+0) + (¢” + ") M;(q) l
) ((q+ €)% + M?(q +£))C(q+2)}

= 2 Y\ tr Mi(g
B {(q +M2(

o

2

o\ i g (¢ —5) Mi(a—3) (¢” — ") M;(q) £
=N {(q_ *+M2(q ))(q+2+ME(q+))+(q2+M]-2(q))((q )%+ (q—ﬁ))c< 2>}

NATNTINTNT Y Mi(q)
— 21 (A9N 4+ AN 1S C(g) d .
(¥ o) { ' (a2 + M3(gh)) (q2+M3(q))}

The second summand of the second term gives

1 1 dcC q + M (q /) / "
_ 4Tr{/0 da <28Vd52> ey (1e8) Y58 dlag(az)dlag</2+]w2()> 0(q +q")x

2

" ) ) . ///+M( ///)
Xc(q 2q >175>w5(Q"+q"'—5) dlag<,g2+Mz(q/,)) o '"+q)}

Ly 1 als de Py M i+ ) +M;(d' +0)
= Qt {/0 d < Vds2>_ql;‘ea+q'(—1+g) )\B Jq (q/) <q +2> /\,y (q’+€)2+Mi2(q’+€) }

o ! dc 14 q' (¢ +€) + M;(q')M;(q' +0)
— _2 )\U)\‘”_‘t / d y— C / e ¥l 1
A r{ 0 Q<S d82>_ga_qf <q i 2) (a2 + M7 () (¢ + 02+ MP (' + 1))

—oivindie 0 d [ dne 9 of, L) e+ 50— a)) (g 50+ ) + My(gd) Mi(gs)
— 2N ¢ {/0 d qydq2c<q y ) ) e ) ,

where ¢, ¢, are defined in Eq. (3.2.29). In the same manner, one obtains for the third summand
of the second term

v lda dC G\ g,"i'Mj(q/) / { ji_(gl+[)+Mi(q/+€)
! {d < ds> @(ces) ’AﬁqfuM;(qf)C(“z)M (q/+e>2+Mf<q'+e>}

~ gt 4+ Mg )M;(gF
21‘51“{/ daq,, (—,l wyzg@_“) a0t J(qig (qa)+ }
2/ (" + M3 (ga)) (ad” + M?(gd))

Finally, summing up all contributions, we may write

o ¢ M;(q})
01.7% L (0)]da(p)) = 2i (NN + NINF) tr /daq YT G
(0174 (0)[65(0)) = 21 (NIN + ATA) MO g 1 M)

o Mila") }+
(a% + M3(a)) (a7 + M (q7)) (D.2)

+2 (Ag‘xg + AgAzj) tr {C(q)

+2i5; (AN + ATAL)

1 dc p at - ay +M;(qt)Mi(qy)
X tr /daqudQC(q_Qob +2 2 +J -2 2( ’
0 q (Qa +Mj (qa )) (qa + M7 (qa ))

with » »
G =q+5(1-a), o =¢—5(1+a)
(3.2.29)
" =q+t ¢ =q-2.
2 2
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Now, the decay constants can be derived from the expression (D.2) and their definitions,
Eq. (3.3.49), by contraction with p#, hence

271/2
fap = 12O 2 O165(0)) = 7 (D-3)

evaluated at the corresponding mass p> = —m2. Owing to the properties of the Gell-Mann
matrices one has fo3 = dapfs with ¢ = 7 for o € {1,2,3} and ¢ = K for o € {4,5,6,7}. On
the other hand, for the 0- and 8-component we obtain

Fss(?) = 5 [205s0?) + fu7?)]
Fool#?) = 5 [2Fuals?) + fus(0)]
fos(@?) = fso(p?) = 4\3@ [fuu(p2> - fss(pQ)] .

This concludes our rather lengthy calculation of the decay constants.






Appendix E

Haar Measure in SU(IV)

In this appendix section we are going to derive explicitly an expression for the SU(N) Haar
measure appearing in the Polyakov potential in Eq. (5.2.20). In order to motivate the integration
over a (Lie) group we start with the expression Y9_, F(G,,) for a discrete and finite group of
order g. Such an expression is invariant with respect to replacements of the form Gy — Ge =
GG, with G, fixed but arbitrary, if G, runs over the whole group. Now, turning our attention to
a continuous group G, we have to replace the summation by an integral, [ p(a)f(a)da, wherein
a = (ay,...,ay) collects all parameters of the group, and the measure function |u(a)| has to be
chosen such that

[ fan@da= | fenada, (B1)
G G

with ¢ defined according to G(c) = G(a)G(b) and G(b) is, again, a fixed group element. In
addition to Eq. (E.1) one has trivially for another parameter set ¢ = (c1,...,cp)

/ f(@)u(a) d"a = / F(Oule) dve. (E.2)
G G

The right-hand side of Eq. (E.2) can be transformed by standard means of functional analysis
into an integral over the parameters a,

e = c c% "a
Lrem@ae= [ fonegaa.

where the Jacobian J = % was introduced. Then, a comparison of the expressions Egs. (E.1)
and (E.2) leads to a conditional equation for the Haar measure:

pla) = 2Cp(e), (£3)

which holds for all a. Once having calculated the Haar measure p one can determine the volume
of a (compact) group, V(G) by integration over the whole parameter range,

After these introductory remarks on group integration we turn our attention to the special
case of SU(N). From the definition of the Haar measure, Eq. (E.3), it is clear that one basically
has to calculate the Jacobian of a special representation of the Lie group. This is generally
a nontrivial matter, but we will show that in the special case of SU(NN) it can be carried out
in a very elegant way. Before doing this, some preparation is needed. Since a Lie group is
a differentiable manifold its volume measure can be calculated from the metric tensor g: it
should be well-known from differential geometry that the metric tensor corresponding to an n-
dimensional submanifold M = M (z1, ..., x,) is given by the squared Jacobian, g = J ' J. Then,
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the n-dimensional volume measure is uy = y/det g and the total volume of the submanifold
is determined according to V(M) = [ py dz;...dz,. Furthermore, one may introduce the
following bilinear differential form

(ds)? = Tr [dgﬂg d.ﬂ . (E.4)

It turns out that this last quantity provides a feasible method for the calculation of the Haar
measure.

We now come to the Lie groups SU(N). It should be well-known that each element M €
SU(N) fulfills MTM = 1 and det M = 1. In particular, the dimension of SU(N) is N2 — 1. One
can say, hence, that SU(N) is a (N2 — 1)-dimensional submanifold in a higher-dimensional rep-
resentation space. Let us now consider an arbitrary M € SU(N) and, as a slight generalization
of Eq. (E.4), the bilinear differential form (so-called Hilbert-Schmidt distance)

(ds)? = T [dMT dM] (E.4')

that is invariant under left or right multiplication of M with a group element of SU(N). If M is
parametrized by 61, ...,0y2_1, then, analogously to Eq. (E.4), the matrix elements of the metric
tensor g are encoded in

(ds)? = g;; dO" e’ . (E.5)

Hence, the goal in the following is the calculation of ds which allows for the determination of
the metric tensor g and consequently the evaluation of the volume measure /det g.

It is well-known from linear algebra that each element of a unitary group, in particular an
element of SU(N), can be diagonalized using a unitary matrix U € SU(N):

M =UAUT,
where A = diag(Ay,...,Ayx) is a N x N diagonal matrix with |4;| =1 for ¢ € {1,..., N}, and
Ut = U~'. Having this, one obtains
dM =U (dA+U AU A — AU dU) U
amt = U (a4t + Ut au AT - AU au) Ut

Inserting these into the bilinear form Eq. (E.4") leads, after a straightforward calculation, to

Z|d/1\2—22|/1¢ AP (Utadv),, (Ut dv), -
i<t

From UU = 1 one derives (U*1 dU)Zi =— (U*1 dU);;, and therefore we finally may write

N
_ 2
= AP +2) A - AP (U D), | (E.6)
i=1 i<t
In the case of SU(N) not all of the A; are independent since the determinant is subject to the

constraint det M = Hf\il A; = 1. This means, that Ay, say, may be written as Ay = HZJ\SI At

and, consequently,
N-1 N—1
A
day =— | [T 4 da;
4;

=1 7j=1
This allows to eliminate d4y in Eq. (E.6) resulting in

N-1 N-1

N
Sl =3 20dAiP + ) da;da;, (E.7)
=1

i=1 i#j
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because |A;| = 1.

At this point we are almost done, since the basic results can now be read off from Egs. (E.6)
and (E.7): First, Eq. (E.6) supposes to introduce the diagonal elements A; and the elements
(U -1du )Z <¢ @8 new group parameters. Note, in particular, that from the left translational
invariance of the Lie algebra su(N) it follows immediately that U~ dU is an element of the
Lie algebra su(N), too. Since the parameters are assumed to be real, one should use real and
imaginary parts, Re (U_1 dU)i<£ and Im (U_1 dU)Ke, respectively. In addition, taking into
account that the A; represent N — 1 independent parameters, one has totally (N —1)+2- %(N -
1)N = N? — 1 parameters, as it has to be. Second, Eq. (E.6) shows explicitly that dA; and
(U*1 dU)id decouple in the sense that there are no terms of the form dA; (U*1 dU)je' This

means, that the SU(N) Haar measure may be decomposed into a product measure,

HSU(N) (AZ, (U_1 dU)i<£> = pa(Ar, .., AN—1) @ py ((U_l dU)i<Z> .

As a consequence, the determinants necessary for a calculation of the metric tensor, g, factorize,
det g = det g4 - det gy. The form of the matrix g4 can easily be read off from Egs. (E.6) and
(E7),

2 1 1

1 21 1
ga =

1 1 2

and its determinant is readily evaluated to be det g4 = N. Thus, the (differential) SU(/N) Haar
measure whose weighting factor is v/det g = v/det g4 - v/det gy reads

N-1
dusuvy = VN [[ 1l J] 14— 4 ] 2Re('dU),Im(U'dU), (ES)
=1 1<i<l<N 1<i<l<N

Since the last term does not depend on the A;, it can be integrated out to give an unimportant
factor, thence, in what follows it will simply be discarded. Therefore, the weighting factor of the
Haar measure is determined by the Vandermonde determinant of a diagonalized SU(N) matrix.
According to the definition (E.3) we write

p(Ar, . Av Doy = [ 14— Ad?, (E.9)
1<i<f<N

where, as already mentioned above, Ay = Hfizl A;l.

Example: Haar Measure of SU(3)

As an application of the result derived so far we evaluate the Haar measure (E.9) for SU(3).
Since any SU(3) matrix has determinant 1, a diagonal matrix may be parametrized as follows:

A = diag (e_wl , e_iaz,ei(91+92)> .
The Vandermonde determinant is readily evaluated to

2
H |A; — AAQ = 4(sin(91 — 62) + sin(f; + 20) — sin(26; + 92)) .

1<i<t<3

If we set 01 — 0y = 2¢3 and 20 + 05 = $3 + /3, the above expression can be written as

palés 68) = T 14— Ad> = 4 (sin(265) — sin(és + VBex) + sin(~65 +V3ds) )

1<i<l<3
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It turns out, that in order to cover the whole SU(3) manifold the integration ranges have to be
chosen as —7 < % <mand -7 < %Qﬁg < m. Then it easy to determine the volume of SU(3),

p(SU(3)) = 24x2, (E.10)
and the normalized Haar measure is
fm = 6% (sin(2¢3) — sin(¢s + V/3¢s) + sin(—¢s3 + J§¢8))2 : (E.11)

which is the result used for the Polyakov potential.
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