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We study quark propagators near the confinement/deconfinement phase transition temperature in

quenched-lattice simulation of QCD. We find that there is no qualitative change for the quark propagators

in both phases. In the confinement phase, those effective quark masses in units of the critical temperature

behave as a constant as a function of the temperature, while above the critical temperature, the value of the

effective quark mass drops to circa half value.
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I. INTRODUCTION

Quarks are confined in hadrons in the usual environ-
ment, i.e., at zero temperature and density. All the quarks,
u; d; s; . . . ; are always confined in hadrons in the low-
energy region.

Lattice quantum chromodynamics (QCD) calculations
predict that quarks are deconfined at a critical temperature
[1]: Polyakov loop, which corresponds infinitely heavy
quark, changes from zero to finite as the temperature
increases.

At the Relativistic Heavy-Ion Collider (RHIC), the tem-
perature of the produced matter may exceed the phase
transition temperature, Tc. The realization of quark-gluon
plasma (QGP) is argued in many phenomenological analy-
ses [2]. The results of the phenomenological, experimental,
and theoretical studies strongly suggest that in the RHIC
temperature region; QGP is not a free quark-gluon gas, but
the quarks and gluons strongly interact with each other [3].
It is now highly desirable to investigate the detailed char-
acteristics of the QGP matter near the confinement-
deconfinement transition temperature.

One of the most basic quantities of QCD is a quark
propagator, whose behavior in the infrared region is sig-
nificantly related to the chiral symmetry breaking. This
causes chiral condensation to be an order parameter,
hc ðxÞ �c ðxÞi, which is the scalar part of the quark propa-
gators at the same coordinate point. The condensation
plays a role of an effective mass of quarks, and explains
the phenomenological pictures of quarks: constituent
quark masses, quark confinement at large distances.

The confinement of quarks means that the asymptotic
state of quarks is not observed. It is then expected that the
confining quarks have no single-pole mass. These are
characteristic phenomena for hadron physics and thus
have attracted interest of many researchers who study the
behavior of the quark propagators by the Schwinger-Dyson
approaches [4–7] as well as the lattice QCD calculations
[8–15]. On the other hand, the chiral symmetry is restored
in the QGP phase where quarks are deconfined. It is thus

natural to expect that the quark property changes drasti-
cally after the QGP phase transition. Moreover, in the
RHIC temperature region, quark propagators are not nec-
essarily those of a free particle because they may interact
strongly with gluons. Therefore, it is important to clarify
how quarks behave in a heat bath, particularly near the
critical temperature Tc, in comparison with those in the
confinement phase. For thermal quarks, some works were
made so far by using lattice QCD [16–18]. Particularly in
Ref. [18], extensive analyses were made for spectral prop-
erties of quarks about particle/hole excitation in the QGP
phase. We here focus our analyses on temperature depen-
dence of quark propagators in both the confinement and
deconfinement phases in order to reveal their confinement
properties.
In this study, we calculate quark propagators using

quenched-lattice QCD simulation in the Landau-gauge
fixing. In Sec. II the general discussions of them are given
and numerical results are shown in Sec. III. Section IV is
devoted to a summary.

II. QUARK PROPAGATORS BELOWAND ABOVE
THE PHASE TRANSITION TEMPERATURE

A. Time-time correlation function

Quark propagators may be written as

Gð ~p ¼ 0; p4Þ ¼ Zðp4Þ
ip4�4 þm

¼ Zðp4Þð�ip4�4 þmÞ
p2
4 þm2

; (1)

if they have a single pole, wherem is the pole mass, Z is the
renormalization function, and p4 is the fourth component
of momentum. The time-time correlation function in the
coordinate space is defined as

GðtÞ � hc ðtÞ �c ð0Þi ¼ X
p4

Gðp4Þeip4t: (2)

After taking the sum over Matsubara frequencies, p4 ¼
�ð2nþ 1Þ�, Eq. (2) together with Eq. (1) becomes
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GðtÞ ¼ C

coshðm�=2Þ
� ½coshðmðt� �=2ÞÞ�4 � sinhðmðt� �=2ÞÞ�; (3)

where � ¼ 1=T is the temporal-lattice size and C is a
constant.

In Källen-Lehmann spectral representation, propagators
are written as the sum of a one-pole function,

GðtÞ ¼
Z

dm2 �ðm2Þ
ip6 � þm

: (4)

In addition, the form of a time-time correlation function of
~p ¼ 0 is written as

GðtÞ ¼ G4ðtÞ�4 þGsðtÞ: (5)

B. Quark Propagators

The quark propagator is written as an inverse fermion
matrix in the lattice QCD formulation,

Gab
��ðx; yÞ ¼ hc a

�ðxÞ �c b
�ðyÞi ¼ hW�1ðx; y;UÞab��i; (6)

where x and y are four-dimensional coordinates and U is
the link variable. Here, a and b are color indices and � and
� are Dirac indices. The fermion matrix is defined by a
fermion action,

Sf ¼
X
x;y

�c ðxÞWðx; y;UÞc ðyÞ; (7)

where color and Dirac indices are suppressed. In this paper,
Sf is the OðaÞ-improved Wilson-fermion action [19],

which reduces the lattice discretization artifact.
The time-time correlation function is written, using

Eq. (6), as

Gðx4 � y4Þ ¼ hc ðx4Þ �c ðy4Þi ¼
X
~x; ~y

hW�1ðx; y;UÞi; (8)

where x4 and y4 represent Euclidean-time components and
~x and ~y do spatial components. Equation (8) is decomposed
into G4 and Gs in Eq. (5).

Effective masses, mðtÞ, for vector and scalar parts are
defined through the following ratios:

G4ðtÞ
G4ðtþ 1Þ ¼ coshðmðtÞðt� �=2ÞÞ

coshðmðtÞðtþ 1� �=2ÞÞ ; (9)

GsðtÞ
Gsðtþ 1Þ ¼ sinhðmðtÞðt� �=2ÞÞ

sinhðmðtÞðtþ 1� �=2ÞÞ : (10)

C. Deconfinement phase

In the deconfinement phase, the quarks are expected to
become a physical particle, and a quasiquark state exists in
the deconfinement phase if the thermal asymptotic state
can be defined. This is because, above Tc, the Polyakov

line expectation values increase from that at T ¼ 0, and the
energy density and the pressure of quark/gluon sector
become finite. However, as pointed out first in Ref. [20],
hadrons seem to survive even above Tc. Indeed, the
Polyakov loops do not saturate. In this temperature region,
the system is conjectured as a ‘‘semi-QGP’’ state, where
partial confinement exists [21]. The shear viscosity pre-
dicted by lattice QCD is very small [22], which means that
the interactions are very strong. New pictures based on the
magnetic degrees of freedom, which originate from topo-
logical characters of QCD, are proposed to explain the
nontrivial nature of these temperature regions [23–25].
In the following, therefore, we assume that the quasi-

particle state exists. We will investigate whether this as-
sumption holds by measuring the quark propagators in the
deconfinement phase and in the confinement phase. In the
latter, this assumption should be violated. By comparing
the behavior of the quarks in two circumstances, we expect
to reveal their features.
A quasistate has an energy gap from the thermal vac-

uum. This energy gap is called the thermal mass. It is
defined as the pole of propagators. We obtain the mass
from the flat values of the lattice time dependence of the
effective mass.

D. Confinement Phase

A free quark state cannot exist in the confinement phase.
Then, how does this confinement character appear in the
quark propagators ? There are three possibilities:
(I) Numerical results in this phase can not be fitted by a

single-pole ansatz.
(II) Single-pole fitting is applicable, but obtained quark

mass is infinite (numerically very large).
(III) Quark propagators include negative norm state,

that is, asymptotic states do not exist.

Since we employ the Landau gauge, there is no guarantee
that �ðmÞ in Eq. (4) is positive definite; see Ref. [26] and
also Sec. III of Chapter 4 in the lecture book by Nakanishi
and Ojima [27]. When we analyze numerical data, we
should keep in mind this possibility, and should not con-
fuse the Case III with the first one, Case I.

III. NUMERICAL RESULT

We calculate quark propagators in quenched SUð3Þ lat-
tice simulation in the confinement and deconfinement
phases. Gauge configurations are generated by the heat-
bath method with the Wilson-plaquette gauge action. The
gauge configurations updated are fixed by the Landau-
gauge condition satisfying

X
a

��������2 ImTr
�a

2

X
�

ðU�ðxÞ �U�ðx� �̂ÞÞ
��������

2� 10�20

(11)
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for all the lattice sites. We adopt the clover type improved
Wilson-fermion action to obtain quark propagators. Our
numerical parameters are summarized in Table I. We here
use 35� 50 configurations for each computation.

A. Propagators and effective masses

Numerical results for the vector part G4 and the scalar
part Gs of the time-time correlation function are shown in
Fig. 1. No singularities occur for the quarks, not only in the
deconfinement phase, but also in the confinement phase.
This is a surprising result; that is, the quark propagators
seem to provide no information on the confinement.
We plot the effective masses defined by the vector part of

quark propagators in the confinement phase in Fig. 2. They
rise up from below; this is an indication of the negative
metric which results in an ill-defined spectral function.
Their values increase more rapidly at small t region than
at large t region. As a result, our computation does not give
a plateau in t at low temperature, while as T approaches Tc

the effective masses appear to be a constant. One may
conclude that quarks have no asymptotic state at low
temperature, i.e., Case III in Sec. II D.
The effective mass data suffer from poor temporal reso-

lution. Therefore, the large lattice simulations are desirable
to get more concrete conclusion. It should be noticed,
however, that physical length along t direction, Nta ¼
1=T, is limited even if we employ a large lattice, although
we can achieve a better temporal resolution by increasing
Nt and decreasing the lattice spacing a.
Note that the quark masses in our calculation are heavy,

but this is not a reason for observing no clear signal of the
confinement, because even heavy quarks are confined.
For the deconfinement phase, Fig. 3 shows that the

effective masses also approach their asymptotic values
from below with the imaginary time. It is difficult, how-
ever, to conclude an unphysical behavior of quark propa-
gators in the deconfinement phase because this observation
relies on only a few data points, and our lattice resolution
along the temperature direction does not allow us to go any
further.

TABLE I. Simulation parameters: lattice coupling � ¼ 6=g2,
temporal-lattice length Nt, spatial lattice length Ns, temperature
in units of critical temperature T=Tc (Tc depends on Nt), hopping
factor �, clover coefficient CSW estimated nonperturbatively in
Ref. [28]. For � ¼ 6:10, 6.25, 6.32 and 6.47, the lattice cutoffs
are approximately 0.088, 0.070, 0.064 and 0.052 [fm], respec-
tively, which are estimated from the data of Ref. [29].

� Nt Ns T=Tc � CSW

6.10 8 24 1.08998 0.1345559 1.6787

6.10 8 24 1.08998 0.1353591 1.6787

6.10 16 24 0.54499 0.1345559 1.6787

6.10 16 24 0.54499 0.1353591 1.6787

6.10 6 32 1.45331 0.1345559 1.6787

6.10 8 32 1.08998 0.1345559 1.6787

6.10 10 32 0.871984 0.1345559 1.6787

6.10 12 32 0.726653 0.1345559 1.6787

6.10 14 32 0.622846 0.1345559 1.6787

6.25 8 24 1.36650 0.1346226 1.5876

6.25 8 24 1.36650 0.1352633 1.5876

6.25 8 32 1.36650 0.1346226 1.5876

6.25 16 24 0.68325 0.1346226 1.5876

6.25 16 24 0.68325 0.1352633 1.5876

6.25 16 32 0.68325 0.1346226 1.5876

6.32 8 24 1.51094 0.1346220 1.5560

6.32 8 24 1.51094 0.1352011 1.5560

6.32 16 24 0.75547 0.1346220 1.5560

6.47 8 24 1.85949 0.1345722 1.5028

6.47 8 24 1.85949 0.1350420 1.5028

6.47 16 24 0.929745 0.1345722 1.5028
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FIG. 1 (color online). The results of quark propagators in the confinement and deconfinement phases. The quark propagator does not
produce a significant qualitative change above Tc.
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B. Volume dependence of effective mass

Figure 4 shows the volume dependence of the effective
mass for the vector part. The variation of the spatial-
volume size affects the values of the effective masses. In
the larger lattice computation (Ns ¼ 32), a smaller effec-
tive mass than that for the lattice with Ns ¼ 24 is obtained.
The qualitative feature of the quark propagators does not
significantly vary [30].

C. Temperature dependence of the effective mass

Figure 5 shows the temperature dependence of the ef-
fective mass in order to look into a qualitative difference
near Tc although the effective mass is not well-defined
when the spectral function is ill-defined. It is found that
m=Tc drops to approximately half value after the QGP
phase transition. On the other hand, the values of m=Tc

below or above Tc are approximately constant in compari-
son with the temperature variation. The perturbative

formula of the thermal quark mass is given as m ¼

ð1= ffiffiffi
6

p ÞgðTÞT [31], whose values are plotted also in
Fig. 5. Here, the running coupling constant gðTÞ is defined
as

g2ðTÞ ¼ 1

�0 lnð��Þ2
�
1� �1

�2
0

lnðlnð��Þ2Þ
lnð��Þ2

�
; (12)

where the �0 ¼ 33=48�2 and �1 ¼ ð34=3Þð3=16�2Þ2 [the
first two universal coefficients of the renormalization group
on SUð3Þ], and the renormalization point � and the QCD
scale � are set as 2�T and 1:03Tc [32,33]. The difference
between the numerical results and the perturbative value
may arise due to gðTÞ �Oð1Þ above Tc. This tendency is
also found in the lattice simulation of the gluon screening
masses in Ref. [33].

IV. SUMMARY

We studied quark propagators at finite temperature in
quenched-lattice simulation in the confinement and decon-
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FIG. 2 (color online). Effective masses for the vector part of quark propagators in the confinement phase on the lattice Ns ¼ 24 and
Nt ¼ 16. The upper two figures correspond to the results of � ¼ 6:10 (left) and � ¼ 6:25 (right). The lower two figures correspond to
the results of � ¼ 6:32 (left) and � ¼ 6:47 (right).
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finement phases. We employ the plaquette gauge action
with OðaÞ improved clover fermion. The simulations are
carried out on several lattice sizes, QCD couplings, quark
mass parameters. This enables us to investigate the tem-
perature dependence of the propagators and the effective
masses for T=Tc � 0:5–1:8. In the calculation of the quark
propagators the Landau-gauge fixing on the lattice is
employed.

Our computations show that there are no significant
changes for the quark correlators above and below Tc.
Surprisingly, the quarks seem to carry no information
about the confinement. However, the effective masses ob-
tained from the vector sector of the quarks changes rapidly
only after the phase transition. All the temperature points
made here are below 2Tc and those thermal masses may
not coincide with the perturbative value. Nevertheless, our
analyses are not applicable to the scalar sector of the
propagators because it may need high temporal resolu-
tions. Since the temporal physical size is limited at finite
temperature, i.e., Nta ¼ 1=T, we can not rule out the

possibility that the circumstance is not easily improved
by brute force.
In this study, we employ rather heavy quark masses, but

the behavior of Polyakov lines tells us that the excess free
energy diverges in the confinement phase while in the QGP
phase it becomes zero, which has been shown by many
numerical simulations.
Moreover, in order to understand strongly interacting

QGP, we have to do more extensive simulations on larger
lattices (for infrared physics) and at higher temperature
(for LHC physics). It is also important to search how our
conclusion depends on �, Nt and a choice of gauge. Full-
QCD simulations are desirable for complete understanding
on quark dynamics in both the confinement and deconfine-
ment regions. Besides, computations with other improved
actions are complementary to control the discretization
effect.
Finally, we point out that the infrared property of the

quark propagators has been studied in terms of center
vortex mechanism that is responsible for nonperturbative
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FIG. 3 (color online). Effective masses for the vector part in the deconfinement phase on the lattices of Ns ¼ 24 and Nt ¼ 8. The
upper two figures correspond to the results for � ¼ 6:10 (left) and � ¼ 6:25 (right). The lower two figures correspond to the results for
� ¼ 6:32 (left) and � ¼ 6:47 (right). The effective masses approach a plateau from below with the imaginary time.
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FIG. 4 (color online). Volume dependence of effective masses for the vector part of quark propagators. The upper two figures
correspond to the results of the confinement phase with � ¼ 6:10 (left) and � ¼ 6:25 (right). The lower two figures correspond to the
results of the deconfinement phase with � ¼ 6:10 (left) and � ¼ 6:25 (right). All the effective masses decrease as the volume
increases, although their dependencies are small.
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FIG. 5. Dependence of effective masses on the temperature.
The solid line stands for the perturbative value. Here, we employ
the lattices for Ns ¼ 32 and Nt ¼ 16, 14, 12, 10 (confinement)
and Nt ¼ 8, 6 (deconfinement) to vary the temperature. The
lattice coupling and the quark mass parameter are taken as � ¼
6:10 and � ¼ 0:1345559 so as to fix a bare quark mass mq=Tc �
0:5 or m�=m� � 0:7 (� 0:18 on exp.) which is estimated by the

figures in Ref. [38]. The effective masses are determined at
intermediate t regions by dropping data on the edges, which
results in 	2=No. of degrees of freedom & 1. m=Tc changes
sharply before and after the QGP phase transition.
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physics of QCD [34–36]. The gluon dynamics also has
been investigated by using center projected lattices in
Ref. [37]. These approaches at finite temperature might
give a great hint to understand an infrared dynamics of
quarks and gluons living in strongly interacting QGP.
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