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   I. Introduction   
The purpose of this study is to show the catalytic effects of monopoles in QCD in 
the finite temperature by lattice QCD calculations.

To show the catalytic effects of the monopoles, we add a monopole and anti-monopole 
pair in the QCD vacuum of the quenched SU(3) by applying the monopole creation 
operator [1] to the vacuum. We investigate the relations between the additional 
monopoles and chiral symmetry breaking, by using the eigenvectors and eigenvalues of 
the Dirac operator of overlap fermions [2].

In studies using the QCD vacuum of the low temperature, we have already shown 
the catalytic effects of monopoles in QCD as follows:

(1) The monopole creation operator becomes a coherent state, and the creation operator 
makes only long monopole loops in the vacuum.

(2) The additional monopole and anti-monopole create instantons and anti-
instantons.

(3) The value of the chiral condensate decreases with increasing the value of the 
magnetic charges. The chiral condensate is defined as a negative number.

(4) The decay constants and masses of pion and kaon, and the masses of the light 
quarks increase with increasing the magnetic charges. 

(5) The decay width of the charged pion becomes wider than the experimental 
result. The lifetime of the charged pion becomes shorter than the experimental 
result.

These are the catalytic effects of monopoles in QCD, which we have found 
(arXiv:1807.04808, have submitted to PRD).

In this study, we extend our study to the finite temperature. We investigate the catalytic 
effects of monopoles on the phase transitions of the quark confinement and 
deconfinement, and moreover, the chiral symmetry breaking and the restoration of 
the breaking.

   II. The simulation parameter  
We use the monopole creation operator [1]. We put the classical fields of the monopole 
and anti-monopole at the center of the lattice separately, setting the physical distance to 
1.5 [fm].

We put the magnetic charges of the monopole of a positive number 2, 4, and 6 and the 
magnetic charges of the anti-monopole of a negative number -2, -4, and -6. The anti-
monopole has the opposite charge of the monopole. The magnetic charge m

c
 

indicates that both charges of the monopole and the anti-monopole are added.

We generate the standard configurations and the configurations with the additional 
monopole and anti-monopole. The temperatures T/T

c
 are from 0.7 to 2.0. (T

c
 = 296 

[MeV].) We vary the spatial volumes of the lattice V
s
 from 123 to 463 maintaining the 

physical volume to V = 85 [fm4]. The length of the temporal direction is T = 6. 

III. The detection of the additional monopoles   
To confirm the additional monopole and anti-monopole, we diagonalized the SU(3) 
matrix under the gauge condition of the Maximal Abelian gauge. We then detect the 
Abelian monopole [3]. 

If the physical lattice volume is large enough, we can distinguish two clusters which are a 
large cluster composed of long monopole loops and a small cluster composed of short 
monopole loops. The long monopole loops play an essential role in the quark 
confinement [4]. 

Fig. 1 shows that the long monopole loops disappear above the critical 
temperature. Fig. 2 shows that the monopole creation operator makes the long 
monopole loops. Hereafter, we do not transform the SU(3) matrix.

   IV. The critical temperature   
In the study of quenched QCD, we measure 
the absolute value of the Polyakov loop as 
an order parameter of the quark confinement 
and deconfinement. 

Fig. 3 clearly shows that the transition 
temperature increases with increasing 
the magnetic charge m

c
.

   V. The zero modes of the overlap Dirac operator   
The overlap fermion preserves the exact chiral symmetry in the lattice gauge 
theory [2]. We calculate the pairs of the eigenvalues and eigenvectors of the overlap 
Dirac operator using the standard configurations and the configurations of the 
additional monopole and anti-monopole.

There are fermion zero modes in the eigenvalues of the overlap Dirac operator. The 
number of zero modes of the positive chirality is n

+
 and the number of zero modes of 

the negative chirality is n
-
. The topological charge is                       .

We, however, have never detected the zero modes of the positive chirality and the zero 
modes of the negative chirality from the same configurations at the same time. The 
observed zero modes in this study is the topological charge.

   VI. Instantons   
The instanton closely relates to the chiral 
symmetry breaking [5].

Here, let n
+
 be the number of instantons 

of the positive charge and n
-
 be the 

number of anti-instanton of the negative 
charge. The total number of instantons 
and anti-instantons is derived as 
follows [6]:
 

 VII. The spectral density of the eigenvalues   
The chiral symmetry breaking closely relates to the spectral density of the low-
lying eigenvalues [7]. The definition of the spectral density is 

Fig. 5 shows that below the critical temperature, the spectral density near zero modes 
increases with increasing the magnetic charges.

Fig. 6 shows that above the critical temperature, the eigenvalues of the standard 
configurations up to 1 [GeV] does not appear. However, the spectral density quickly 
rises when the eigenvalues are above 1 [GeV]. If we add the monopole and anti-
monopole, the spectral density of the low-lying eigenvalues increases with 
increasing the magnetic charge m

c
. 

   VIII. Summary and conclusions   
We added the monopole and anti-monopole pair to the configurations of the finite 
temperature. We showed that the temperature of the phase transition of the quark 
confinement and deconfinement rises with increasing the magnetic charge m

c
. 

At the temperature T = 1.6 T
c
, the total number of instantons and anti-instantons is 

approximately zero. Moreover, the spectral density of the low-lying eigenvalues below 
1 [GeV] is approximately zero.

However, if we add the monopole and anti-monopole to the vacuum, the total 
number of instantons and anti-instantons and the spectral density become finite 
values. Thus, the chiral symmetry breaking would not restore, by adding the 
monopole and anti-monopole.

Now, we are comparing the distributions of the low-lying eigenvalues with the 
prediction of the random matrix theory and estimating the chiral condensate.
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Fig. 1: Monopole densities of normal configurations. Fig. 2: Densities of long loops.

Fig. 4: N
I
 vs. the temperature. 

Fig. 5: The spectral density excluding the zero 
            modes below T

c
. 

Fig. 6: The spectral density excluding the zero 
            modes above T

c
. 

Fig. 3: Polyakov loops 
vs. the temperature.
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