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In the gradient flow method of lattice gauge theory, coarse graining is performed so as to reduce the
action, and as the coarse graining progresses, the field strength becomes very small. However, the
confinement property that particles interact strongly is not lost by the gradient flow. It is seemingly
mysterious, and something stable against coarse graining is expected to be behind the nature of
confinement. By performing Monte Carlo simulations of U(1) lattice gauge theory, we discuss the
relationship between the gradient flow and magnetic monopoles created by the compactness of the U(1)
gauge group. Many magnetic monopoles are generated in the confinement phase but not so many in the
deconfinement phase. Since the monopole is a kind of topological quantity, the number of monopoles does
not change much by the coarse graining. To investigate why the confinement properties are not lost by the
gradient flow, we computed Wilson loops and Polyakov loops separating them into the field strength and
the monopole contributions. We found that the field strength, which decreases with the gradient flow, does
not affect confinement properties, and the monopole and the confinement properties are strongly related.
Furthermore, we discuss the relationship between the magnetic monopole and the center symmetry, which

is the symmetry broken by the confinement phase transition.
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I. INTRODUCTION

The gradient flow method [1-3] is known to be a
powerful method in the study of lattice gauge theory.
Using the small flow time expansion (SFtX) method
[4,5] based on the gradient flow, the temperature depend-
ence of thermodynamic quantities near the deconfinement
phase transition point can be computed accurately [6—11].
Moreover, the computation of the latent heat at the first-
order phase transition point is possible [12]. In the SFrX
method, the original thermodynamic quantity is calculated
using the operator after coarse graining by the gradient
flow. In order for such calculations about the confinement
phase transition to be possible, it is necessary that the
confinement properties must not change before and after
the gradient flow. Coarse graining is performed so as to
reduce the action in the gradient flow method, and as coarse
graining progresses, the strength of the gauge field F,,
becomes very small. Nevertheless, the fact that the impor-
tant properties before flowing are not lost means that
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something other than the field strength gives the system
its important properties.

In this paper, we consider a U(1) gauge theory instead of
SU(3) for simplicity. The U(1) gauge theory is different
from SU(3) because it is not an asymptotic free theory, and
the determination of lattice spacing is also ambiguous.
However, we consider that the difference between gauge
groups is not so important for the change of gauge field in
the process of coarse graining by the gradient flow. In
particular, we discuss the relationship between magnetic
monopoles and the gradient flow in compact U(1) lattice
gauge theory. In the U(1) lattice gauge theory, a magnetic
monopole is defined due to the compactness of the gauge
group. It is also known that the magnetic monopole gives
rise to a linear potential between particles [13]. Since the
magnetic monopole is a topological quantity, it can be
expected to be stable during coarse graining. We consider
its stability and the nature of confinement.

Topological quantities are known to play important
roles also in QCD [14]. Abelian projection makes QCD
a U(1)-like theory, and magnetic monopoles can be defined
[15]. Many studies have been done on the relationship
between color magnetic monopoles and the quark confine-
ment after the Abelian projection in QCD [16-23]. We
believe that discussing the monopoles in the U(1) lattice
gauge theory is also helpful for understanding the color
confinement in QCD as an early step.
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Similar to topological quantities, symmetries are stable
against coarse graining. The finite temperature deconfine-
ment phase transition can be understood as a spontaneous
breaking of the center symmetry. It is important to clarify
the relationship among the center symmetry, its order
parameter Polyakov loop, and magnetic monopoles and
discuss how their properties change with the gradient flow.

In the next section, we will discuss the gradient flow in the
U(1) lattice gauge theory. In Sec. III, we discuss the
magnetic monopole caused by the compactness in the
U(1) lattice gauge theory. We investigate the behavior of
the magnetic monopole when smearing the gauge field by
the gradient flow. Furthermore, in Sec. IV, we introduce
the definitions of two types of flow equations. Then, we
point out that the compactness of the gauge field is very
important for having the nature of confinement. If the
gradient flow is performed without considering the com-
pactness, the confinement property is lost and the magnetic
monopole disappears. In Sec. V, we calculate Wilson loop
and discuss the origin of the linear potential. We decompose
the Wilson loop into contributions from field strength and
from monopoles, and consider their relationship with the
gradient flow. The deconfinement phase transition is dis-
cussed in Sec. VI, focusing on the Polyakov loop. In
Sec. VII, we discuss the relationship between the gradient
flow and the center symmetry. The contribution from
monopoles to the Polyakov loop has the center symmetry.
We comment on the importance of keeping the center
symmetry in the gradient flow process. Section VIII pro-
vides the conclusions and future prospects of this paper.

II. GRADIENT FLOW AND CONFINEMENT

In the gradient flow method of QCD proposed in
Ref. [3], the “flowed” gauge field B{(z,x) at flow time ¢
is obtained by solving the flow equation,

at” (t,x) = D,Gy,(t,x)

= 9,Gy, (1.x) + f°B)(1.x) Gy, (1.x), (1)

for quenched QCD with the initial condition Bf(0,x) =
Af(x), where Gf,(t,x) is the flowed field strength given
from B{(¢,x). Because Eq. (1) is a kind of diffusion
equation, we can regard B{(,x) as a smeared field of the
original gauge field Ajj(x) over a physical range of V8t in
four dimensions. Furthermore, —1 times the right-hand side
is equal to the functional derivative of the (flowed) action S,
with respect to By(t,x), 6S,/6Bj,. Thus, the flowed field
strength is weakened by the gradient flow. Operators
constructed from By (7, x) (flowed operators) have no ultra-
violet divergences nor short-distance singularities at finite
and positive ¢, and the gradient flow defines a kind of
renormalization scheme. This method is formulated non-
perturbatively and interesting results from lattice QCD
calculations have been obtained so far.

However, it is mysterious that the properties of the
original field are kept and the original physical quantities
can be calculated from the flowed field even though the
flowed field strength is weakened by the gradient flow. To
clarify why the gradient flow method works so well, we
consider (compact) U(1) lattice gauge theory for simplicity.
In this study, we do not deal with dynamical fermions.

The action of the gauge field is given by

Sy ==BY Re[U,(x)U,(x + ) Uj(x + 2) Uy (x)]

= _ﬂz cos ®;w(x)v (2)

where the link field U,(x) is a complex number with
absolute value one and defined on links. Position x + ji
means the site next to x in the y direction.

1
6N,

P > “Re[U, (x)U, (x + ) Us(x + D)Us(x)]  (3)

site Xp>v

is called the plaquette value. Ny, = N3 x N, is the number
of sites. Then, the gauge action is S, = —6NP. The
gauge field 6, and field strength ©,, in lattice units are
defined as

) = U, (x), )

el = U, (x)U,(x + p) Uy (x + D) U (x)

— ei[ab(X'HA‘)_HB(x)_eu(x""f/)""‘gy(x)] . (5)
The inverse coupling /3 is given by # = 1/g* with the gauge

coupling constant g. The gauge field in the continuum
theory A, (x) is defined as

eﬂ(x) = agA” (x) (6)

Here, a is the lattice spacing. The field strength in the
continuum theory, ¥,, = d,A, — d,A,, corresponds to

®/u/ = ang;w' (7)
Because ©,, is small when a is small, the path integral can
be evaluated around the minimum at ®,, = 0. We perform
Taylor expansion of Eq. (2) around ©,, ~ 0,
1o
c0s®,, = 1 - EG)””' (8)
In the continuum limit, the gauge action becomes

1
S = Z_L/ d*xF,,F,, + const. 9)

This is consistent with the action of the continuum theory.
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In the continuum limit of the U(1) gauge theory, the flow
equation is given by

0B 3G
F(x) =—"F(1x) = -

— g, 10
ot ox, (10)

5%,
The flow equation changes the gauge field to minimize the
gauge action. Therefore, we define the flow equation for the
gauge field in lattice unit 6, as

/(lt)(x) 2 S, 24: @ . ®(t)( 7))
—_— (sin y —sin®,,(x —0)),
o(t/a?) s = g !

(11)

where #/a* is a dimensionless combination of the flow
time, and the flowed operators at the flow time are denoted

as 9,8) and @fw) We use thls flow equation in the following
sections except Sec. v.!

A. Numerical simulations

We perform simulations of the U(1) lattice gauge theory
to investigate changes in physical quantities during the
gradient flow. The U(1) lattice gauge theory has a decon-
finement phase transition. The critical f is about . = 1.01,
which depends on the lattice size. The confinement phase is
below f. and the deconfinement phase is above f.. The
expectation value of the Polyakov loop is an order parameter
of the confinement phase transition and is defined as

L) = <Ni§;exp{i§94(x+j&)}>. (12)

From the Polyakov loop, the free energy of a charged particle
is given by —T'In(L), where T is the temperature.

Figures 1 and 2 show the flow time dependence of the
Polyakov loop. The expectation value of the absolute value
of the Polyakov loop2 is plotted as a function of § in Fig. 1.
The black, red, green, blue, and magenta symbols are the
results measured at flow time t/a2 =0.0,0.5,1.0, 1.5, and
2.0, respectively. The Polyakov loop as a function of flow
time t/a* for each f is plotted in Fig. 2. We generate
configurations using a usual pseudo-heat-bath algorithm
[24]. Measurements are taken every 1000 updates for each

'One may use an alternative definition that simply substitutes
a? 9G,, = G),SL) into Eq. (10) to discretize the flow equation. The
difference between such a naive flow equation and Eq. (11) is
whether the compactness of the gauge group is considered or not.
Without the compactness, the gradient flow does not work well.
In Sec. IV, we will discuss the importance of this compactness of
the flow equation.

Since the expectation of the Polyakov loop operator itself is
always zero due to the U(1) center symmetry, we compute the
expectation of the absolute value of the operator. We will discuss
the center symmetry in Sec. VII.
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FIG. 1. Absolute value of Polyakov loop as a function of § at

some flow time #/a* on a 323 x 8 lattice.

IL|

0 0.5 1 1.5 2
2

t/a

FIG. 2. Absolute value of Polyakov loop as a function of flow
time, measured at various £ on a 323 x 8 lattice.

link. For each configuration, we solve the flow equation of
Eq. (11) that considers the compactness of the link field
U,(x). The lattice size is Ny = 32 x 8. The number of
independent configurations is 2000 for each . We impose
periodic boundary conditions in all directions. We find
from Figs. 1 and 2 that the Polyakov loop increases
with the gradient flow in the deconfinement phase;
however in the confinement phase, the Polyakov loop
remains zero. This means that the confinement and
deconfinement properties do not change by the gradient
flow. We also plot the results of the expectation value of
the plaquette in Fig. 3. As the flow time increases, the
plaquette approaches one. Since plaquette is related to the
field strength F,, in the continuum theory by the equation

1 — [F,F,dxg/(24V,), we can see that the field
strength becomes weaker as the flow time progresses in
both confinement and deconfinement phases, where V is
the space-time volume.
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FIG. 3. Plaquette as a function of flow time, computed at

various 8 on a 323 x 8 lattice.

We moreover compute the Creutz ratio y(i, j), which is a
quantity for simply calculating the string tension,

Wi, )W +1,j+1)
Wi+ 1) W(i,j+ 1)

#(i.j) = ~In (13)

The string tension is the proportionality constant of the
linear potential between static fermions. If Wilson loops
obey the area law, the Creutz ratio is equal to the string
tension. Figure 4 shows the flow time dependence of the
Creutz ratio at # = 0.99 in confinement phase on a 20*
lattice. The number of configurations is 10000 for each f.
Since the potential increases linearly at long distances in the
confinement phase, larger Wilson loops demonstrate the
area law. Thus, the Creutz ratio y (i, j) approaches the string
tension as the size (i, j) increases. This figure shows that
the Creutz ratio does not change much with the gradient
flow. We, moreover, find that, as the gradient flow pro-
gresses, the size dependence of the Creutz ratio becomes
smaller and converges to a certain value. Also, the Creutz
ratio with a larger size has less flow time dependence.

As we expected, the statistical error of the Creutz ratios
decreases with the gradient flow. It may be possible to
calculate the string tension by extrapolating to t/a’> = 0
using Creutz ratio data at finite #/a® with large (i, j) that
cannot be calculated before the gradient flow due to large
statistical errors. Since y(i, j) with small statistical error
varies linearly with respect to #/a?, we fit y(i, j) with a
straight line for each (i, j). In Fig. 4, the solid lines are the
results of the fit function. We will discuss this issue in more
detail in Sec. V. These features suggest the usefulness of the
gradient flow for numerical computation of lattice gauge
theories. However, it is curious that the string tension
hardly changes even though the field strength weakens with
the gradient flow.

t/a2

FIG. 4. The flow time dependence of Creutz ratios (i, j) in the
confinement phase, measured at # = 0.99 on a 20* lattice.

ITII. MONOPOLE IN U(1) LATTICE
GAUGE THEORY

The existence of topological quantities such as magnetic
monopoles is expected to be behind the fact that the
confinement property is maintained even with coarse
graining by the gradient flow. In the compact U(1) lattice
gauge theory, magnetic monopoles can be defined in the
following way [25], which corresponds to the magnetic
monopoles caused by the compactness of the gauge group
[13]. Hereafter, for the differentiation of variables defined
in lattice units, such as 6,, ©,,, k,, n,, etc., the forward
derivative 9, f(x) and the backward derivative 9, f(x) in a
lattice unit are defined as

0uf () =f(x+a)=f(x),  f(x)=Ff(x)=f(x=p),

(14)

for any function f(x), where x + 2 means the site next to x
in the u direction.

Since ©,, = 0,0, — 09,0, the range of 0, is defined as
- < 6” <, and then the range of ®/w is —4rx < ®/w < 4.
In this case, — cos ©,,, in S, has minimum value at ®,, = 0,
427, and £47z, and the approximation of Eq. (8) does not
hold except near ©,, = 0. To avoid this problem, we define
the quantity (:),w as follows, and it is more appropriate to
regard ©,, as F,, in the continuum theory rather than ©,,:

®ﬂu = aﬂev - aveﬂ = éﬂl/ + 2””#”’ (15)

with

3 — 2

0, =agF,, (16)
where n,,, is an integer and —z < C:)w, < 7. Moreover, when

converting from U, to 6,, the ambiguity of integer multi-
ples of 27 does not affect ©,,.
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FIG. 5. Density of monopoles (4N)™' >, , |k, (x)| as a function of flow time for various /3 on a 32° x 8 lattice. The results in the

deconfinement phase only are plotted in the right panel.

When the field strength is defined in this way, (:)/w does
not satisfy the Bianchi identity. From the definition,

€p50,0 5 = eﬂypdéy(:)pg + 27€,p50, 1, = 0. (17)
Thus,
ewaayc:)pa = =27€,)50, 15 (18)

The right-hand side of Eq. (18) is not always zero. We then
define the magnetic monopole current as follows [25]:

1 - 1
kﬂ (X) = EeﬂpraDGpo'(x) = _Ee;wpaavnpa(x)' (19)

Here, we note that k,(x) is an integer, which corresponds to

Dirac’s quantization condition. Furthermore, k, (x) satisfies

the continuity equation,’
0,k

uu

=0. (20)

Thus, the monopole current forms a closed loop. When
the monopole current is integrated over the entire space-
time under the periodic boundary condition, the integrated
value becomes zero. The dual of n,,(x) is defined by

N (X) = % €upolye(x). It satisfies the equation,

k,(x) = 0,"n,,(x). (21)

Because the boundary of “n,, (x) is the monopole current,
we call “n,, (x) Dirac string. This Dirac string corresponds

If we want to define the continuity equation using the
backward derivative on a lattice, we need to shift the definition
of the monopole current by one site, i.e., if k,(x) = k,(x) =
k,(x + i), then 9,k (x) = 0. The current kj, is conserved at x on
the lattice. Moreover, it is more appropriate to express Eq. (21) by
the backward derivative. if *n,, (x) = *n,(x) = *n,,(x +  + D),
then k,(x) = d,"n;,(x). This means that k), is the boundary
of “ny,.

to an infinitely long and thin solenoid connected to Dirac’s
magnetic monopole.

When we perform a global change of link field, U, (x) —
e%U,(x) = e'%e%™) for any real number a,, the gauge
field 64 does not become 6, + @, because the range is
—r < 6, <, but becomes 6, + a, + 2zn with an extra
integer multiple of 2z added. Then, in the definition,
0,0, — 0,0, =0,,+2zn,,, ©,,(x) can change by an
integer multiple of 2z, but ©,,(x) does not change.
Since k,(x) is defined by ©,,(x), the monopole current
is invariant under this transformation. On the other hand,
this transformation changes the Dirac string *n,,(x).
Similarly for the gauge transformation, ©,,(x) and k,(x)
are invariant and *n,,(x) changes. Therefore, the Dirac
string is not a physical quantity.

The magnetic monopole is expected to exist stably
against coarse graining. For the case of the gradient flow
considering compactness of U,(x), —cos®,, becomes
small when we solve the flow equation [Eq. (11)]. Then,
(:),w will be small, but the integer variable n,, will not
change much in Eq. (15). Therefore, the monopole is
expected not to disappear even if the gauge field is coarse
grained by the gradient flow in the confinement phase.

A. Numerical simulation

By performing Monte Carlo simulations, we investigate
how the magnetic monopole changes with the gradient
flow. The monopoles are computed on the configurations
used in the calculations in Sec. II. Because the space-time
average of the monopole current is zero due to Eq. (20), we
focus on the space-time average of the absolute value of

k,(x). The results of the expectation values of the density

(4N )™ 32, [k, (x)] on the 32° x 8 lattice are plotted in
the left panel of Fig. 5. As seen from this figure, the number
of monopoles is large at # < 1.01 in the confinement phase
before the flow. Then, the gradient flow causes the number
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0.3

B

FIG. 6. Density of monopoles as a function of # on a 32° x 8
lattice. Black, red, green, blue and magenta lines are the results of
t/a2 = 0.0, 0.5, 1.0, 1.5, and 2.0, respectively.

of monopoles to slowly decrease, but it seems to never
reach zero. On the other hand, there are only a few
monopoles at # > 1.02 in the deconfinement phase before
the gradient flow, and monopoles disappear immediately
after gradient flow. In the right panel of Fig. 5, the range of
the vertical axis is narrowed to show only the results for the
deconfinement phase. We also plot the number of monop-
oles as a function of f for each flow time in Fig. 6. The
number of monopoles at large flow times changes dramati-
cally at the critical §§ from a finite value in the confinement
phase to zero in the deconfinement phase. Figure 7 is the
result on a symmetric lattice with N, = 20* at # = 0.98
(green), 0.99 (blue), 1.02 (red), and 1.03 (yellow). The
configuration at f = 0.99 is used in the study of the string
tension. The number of configurations at the other /3 is 4000.
This is qualitatively the same result as the 323 x 8 lattice.
These results suggest that there is a relationship between the
monopole not vanishing in the confinement phase and the
preservation of the confinement properties.

0.15

0.1
<
0.05
0
ta’
FIG.7. Density of monopoles as a function of t/a® at # = 0.98,

0.99, 1.02, and 1.03 on a 20* lattice.

IV. GRADIENT FLOW WITH NONCOMPACT
FLOW EQUATION

So far, we have used Eq. (11) as the flow equation, but
alternative flow equations are also possible. By simpl
discretizing Eq. (10) using the relation of angﬂU = G),(f,,,

we can also define the flow equation as

a6 (x) o o
oja?) — 2O () =G lr=0)),  (22)

with ©,, = 9,0, — 9,0,. The difference between Egs. (11)
and (22) is the consideration of the periodicity of cos ®,, in
the action. The right-hand side of Eq. (22) is equal to the
functional derivative of Syc, which is the action of the
noncompact U(1) gauge theory:

(1)
09/4 (x) 5SNC . 1
a<t/02) = _g2 50(t) ’ Wlth SNC :ﬂ E EG/%U(X) (23)

] X p>V

Thus, this flow equation changes the gauge field to
minimize Syc. Unlike the compact action Eq. (2), this
Snc has no periodicity in ©,,.

We investigate how the confinement properties and the
magnetic monopole change with gradient flow for two cases
of the gradient flow defined by the compact flow equation
[Eq. (11)] and the noncompact flow equation [Eq. (22)]
performing Monte Carlo simulations. The results of these
two types of flow equations are drastically different.

We plot the results of plaquette values measured on a 16*
lattice in Fig. 8. Configurations are generated by the action
of the compact U(1) lattice gauge theory, Eq. (2). The
number of configurations is 10000 for each . The solid
lines are the case using the compact flow equation, and the
dashed lines are the noncompact case. These two results are

~ Y

4 080 +——
02 7 0.90 +—x— 1

.10 —=—

o . . 1.20
0 0.5 1 1.5 2
va
FIG. 8. Flow time dependence of plaquette using the non-

compact (dashed line) and the compact (solid line) flow equa-
tions, measured at # = 0.80 (green), 0.90 (blue), 1.10 (red) and
1.20 (yellow) on a 16 lattice.
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FIG. 9. Creutz ratios y(2,2) (red) and x(2,3) (blue) as
functions of flow time at = 0.99 on a 16* lattice using the
noncompact (dashed line) and the compact (solid line) flow
equations.

qualitatively very different. As discussed in Sec. II, for the
compact flow, the plaquette values monotonically approach
one as the flow progresses. However, in the case of the
noncompact flow, the plaquette values decrease once
immediately after the flow starts, the difference between
the confinement phase (# = 0.80, 0.90) and the deconfine-
ment phase (f = 1.10, 1.20) disappears, and they approach
one as the flow time increases.

A more pronounced difference in the Creutz ratio results
is seen when two different flow equations are used. In
Fig. 9, we plot the results of the Creutz ratios y(2,2) (red)
and y(2,3) (blue) measured at # = 0.99 on a 16 lattice.
The solid lines and the dashed lines are for the compact and
the noncompact cases, respectively. It can be seen that the
Creutz ratio vanishes immediately when the gradient flow
is performed using the noncompact flow equation. This
indicates that the confinement property is lost by using the
noncompact flow equation.

We moreover plot the absolute value of Polyakov loop as
a function of the flow time in Fig. 10. The solid lines are the
results by the compact flow equation, which have been
shown in Sec. II. As discussed in Sec. II, the qualitative
properties of zero or finite values do not change with the
gradient flow. The dashed lines are the results by the
noncompact flow equation [Eq. (22)], measured on a 323 x
8 lattice. This figure shows that as the noncompact flow
progresses, the Polyakov loop decreases until 7/a> ~ 0.1,
where the S dependence disappears. After that, the
Polyakov loop increases with the same value for all g
(i.e. # in both phases) as the flow time increases. This also
indicates that the nature of confinement is lost by the
noncompact gradient flow.

The magnetic monopoles discussed in the previous
section appear due to the compactness of U(1) group
elements U, (x). Magnetic monopoles are expected to be
preserved when coarse grained using the compact flow

1

058

0.6
=

0.4

02} 1.20

0 ¥
0 0.5 1 15 2
va’

FIG. 10. Absolute values of Polyakov loop as functions of flow
time at f = 0.80, 0.90, 1.10 and 1.20 on a 323 x 8 lattice, using
the noncompact (dashed line) and the compact (solid line) flow
equations.

equation. However, the noncompact flow equation
[Eq. (22)] breaks the compactness of U, (x), unlike the
compact flow equation [Eq. (11)]. There is no reason why
magnetic monopoles should not vanish if coarse grained
using a flow equation without the compactness. We compute
the expectation values of (4Ng.e)™' >, , k,(x)], and plot

the results of the 16* lattice in Fig. 11. The solid lines in
Fig. 11 are the density of monopoles for the case of Eq. (11)
considering the compactness. As discussed in Sec. III, the
monopole does not disappear even with gradient flow in the
confinement phase. However, the dashed lines in Fig. 11 are
the results for the case of noncompact gradient flow
[Eqg. (22)]. The number of monopoles increases once after
the flow starts, and the number of monopoles becomes the
same for all B at t/a*> ~0.1. After that, the number of
monopoles immediately decreases to zero for all f. The

| p
04r, 0.80
i 1.10 —=—
0.3 Fi 120 .
:1 [l
- 02k

e
=
T

=)
S {
. Attt

0.5 1 1.5 2
tva’
FIG. 11. Density of monopoles as a function of flow time at

£ =0.80, 0.90, 1.10, and 1.20 on a 16* lattice. The dashed and
solid lines are the results by the noncompact and compact flow
equations, respectively.
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results obtained in this section indicate that it is important to
use the flow equation considering the compactness of the
gauge group so that the confinement properties are not lost
under the gradient flow. These results also suggest that the
disappearance of the monopoles corresponds to the dis-
appearance of the confinement properties.

V. STRING TENSION

The most important property of confinement is the linear
potential between particles. The effective potential V(r) at
the distance r between particles can be calculated from
Wilson loops W(r, ) by the relation W(r, t) = exp[—tV(r)]
when ¢ is large. If the effective potential has a linear term
V(r) ~ or at long distances, where ¢ is the string tension,
Wilson loops show the area law, W(r, t) ~ ort, for large r
and ¢. The area law can be derived in the strong coupling
limit of lattice gauge theories. In the proof of the area law,
the compactness of the gauge group is very important.
Moreover, the area law for Wilson loops is given by
monopole condensation in the compact U(1) lattice gauge
theory with the Villain approximation [13]. So far, we have
argued that the magnetic monopoles may also play an
important role in the gradient flow. In this section, we study
the flow time dependence of the Wilson loops focusing on
the monopole condensation.

The Wilson loop can be separated into contributions
from field strength and magnetic monopoles [26]. We
introduce an external current J,(x) that takes £1 along
the Wilson loop and an antisymmetric tensor M, (x) that
takes -1 in the area surrounded by the Wilson loop and
satisfies J, (x) = d,M,,(x). The Wilson loop is given as

W = exp {izxzaﬂ (x)J,, (x)}
—ep{-5YeuMu} (@)

Using the identity,
M 0) = =5 D0 =) | (0, () = 0, ()

1
+ E €aﬁ/w€/1ﬁpo'alaa/1Mpa (X/):| ’ (25)

the Wilson loop can be decomposed as follows:

W=W,W,, (26)

W, =exp {—iZa;,(:)W(x)D(x - x’)J,,(x’)}, (27)

1
Wm =exXp {ZmZk/}(x)D(x - xl) Ee(l/}/lﬂa(lM/)O' ()C/) } ’

x.x'

(28)

where D(x — x') is a four-dimensional Coulomb propaga-
tor on a lattice, which satisfies

3,0,D(x —x') = =6, . (29)

Then, (W) is approximately the product of (W) and (W,,).
(:)uv corresponds to F,, in the continuum theory. It is known
that the string tension calculated only by W,, without W,
almost reproduces the original string tension by numerical
calculation [26].

The contribution from monopoles to the Wilson loop is
equivalent to the Wilson loop with the contribution from the
field strength F,, removed by hand, and is very similar to the
Wilson loop in which F,, is reduced by gradient flow. We
investigate how the contributions from monopoles and F,,
change when the field is coarse grained by the gradient flow,
and compare them with the original string tension.

A. Numerical simulation

We decompose the Wilson loop into two contributions
and investigate the flow time dependence. The simulations
are performed on a lattice of size 20*. The number of
configurations is 10000 for f=0.99, and 4000 for
p = 1.02. During the gradient flow, we solve the flow
equation [Eq. (11)]. In Fig. 12, we plot the results of Wilson
loops (W(2,2)),(W(3,3)) and (W(4,4)) as functions of
the flow time ¢/a” with square, circle, and triangle symbols.
The left and right panels are the results at f = 0.99
(confinement) and f = 1.02 (deconfinement). The green,
red, and blue symbols are the original Wilson loop, the F,,
contribution, and the monopole contribution, respectively.
These Wilson loops increase monotonically as the flow
time increases in Fig. 12.

If Wilson loops show the area law, the Creutz ratio
x(i,j), Eq. (13), is equal to the string tension. From the
Wilson loops, we compute the Creutz ratio. As discussed in
Sec. II, Fig. 4 shows the flow time dependence of the
original Creutz ratio. In the confinement phase, the Creutz
ratio approaches the string tension as the size (i, ))
increases, and the size dependence becomes smaller as
the gradient flow progresses. This means that when coarse
grained by the gradient flow, the interparticle potential
becomes a linear rising potential even at short distances.
Figure 13 demonstrates the results obtained by the Wilson
loops from monopoles (W, (i, j)). The statistical error of
the Creutz ratio from monopoles is smaller than that of the
original Creutz ratio. These Creutz ratios are independent
of the size of Wilson loops within the errors. This indicates
that both before and after flow, the interparticle potential is
a linear function even at short distances. Moreover, their
flow time dependence is smaller than the original one.

Since the numerical result of the Creutz ratio with small
statistical error seems to be well approximated by a linear
function, we fit these Creutz ratios at § = 0.99 with a linear
function,
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FIG. 12. Flow time dependence of Wilson loops (green), their field strength contributions (red), and their monopole contributions
(blue) on a 20* lattice. The left and right panels are the results at # = 0.99 and 1.02. The square, circle, and triangle symbols are W(2,2),

W(3,3), and W(4,4), respectively.
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FIG. 13. The monopole contribution of Creutz ratios as
functions of flow time at # = 0.99 on a 20* lattice.

(i j) = c(i.j) +d(i. j)t/a?, (30)

for each size (i, j), where c(i, j) and d(i, j) are the fitting
parameters. The straight lines in Figs. 4 and 13 are the

TABLE 1. Fitting parameters of the Creutz ratios on the
20* lattice.
Original Monopole

c(i. J) d(i, j) c(i. j) d(i. j)
x(3,3) 0.2787(4)  —0.0267(2) 0.2481(2)  —0.0207(1)
x(3,4) 0.2696(7) —0.0198(4) 0.2437(5) —0.0164(2)
2(3,5) 0.2639(15) —0.0162(7) 0.2414(9)  —0.0142(4)
x(4,4) 0.2561(25) —0.0107(12) 0.2374(14) —0.0112(7)
x(4,5) 0.2479(64) —0.0065(32) 0.2353(34) —0.0094(17)
x(5,5) 0.248(28)  —0.009(14) 0.244(14) —0.014(7)

fitting functions. The results of the fitting parameters are
summarized in Table I. The second and third columns are
the results of the original Creutz ratio, and the fourth and
fifth columns are the results of the Creutz ratio from
monopoles. In Appendix A, we discuss the finite volume
effect in the Creutz ratios comparing the results on 16* and
20* lattices. A finite volume effect is visible in Creutz ratios
containing Wilson loops with a side length greater than
N, /3 for a N*% lattice. Thus, the table shows results with a
side length of 5 or less. The fitting range is adopted to be
0.0 < t/a* < 2.0. Since (i, j) cannot be calculated if the
central value of a Wilson loop is negative, y (i, j) containing
anegative Wilson loop is not used for this fitting. The string
tension is the double limit of i, j - co and r — O after
removing their finite volume effects, i.e. the string tension
is ¢(i, j) where (i,j) is large. The results of ¢(5,5) are
0.248(28) from the original Wilson loop and 0.244(14)

0.4 . . .
x (5,5) ——
x (4,5) ——
x (4,4)
0.3 x (3,5) 1
x (3.4)
x (3,3) ——
0.2 1
0.1 | 1
0 0.5 1 1.5 2

va

FIG. 14. The F,, contribution of Creutz ratios as functions of
flow time at # = 0.99 on a 20* lattice.
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from monopoles.4 The Creutz ratio from monopoles is
consistent with the original value within the statistical error.

On the other hand, the Creutz ratios computed from
(W,(i, j)) are plotted in Fig. 14. Even in the confined phase
(# =0.99), the Wilson loop from field strength does not
show the area law, thus the Creutz ratios are zero. Namely,
F,, becomes smaller by the gradient flow, but originally
F,, does not contribute to the string tension. The string
tension is produced by the monopoles, and the monopoles
do not disappear by the gradient flow.

VI. DECONFINEMENT PHASE TRANSITION

Next, we discuss the order parameter of the confinement
phase transition. The finite temperature phase transition of
U(1) or SU(N) lattice gauge theories without dynamical
fermions can be understood as a spontaneous breaking of the
center symmetry. The order parameter for the center sym-
metry is the Polyakov loop. The confinement phase is a
symmetric phase. Thus, the expectation value of the Polyakov
loop (L) is zero in the confinement phase and finite in the
deconfinement phase. We physically interpret the Polyakov
loop as (L) ~ e~F/T where F is the free energy when there is
one charged particle. Similar to topological stability, there is
often symmetry behind the stability of physical quantities. We
study the order parameter: Polyakov loop.

The Polyakov loop operator,

1 oc 1 .N[_l - )

can be expressed as the product of the contribution L,(,llOC>

from monopole and the contribution L;IOC) from field

strength [20]. We use the identity,

04(x) = —ZD(X —x)[0,0,4(x") +04(0,6,(x'))].  (32)

where D(x — x) is a four-dimensional Coulomb propaga-
tor on a lattice satisfying d,,0,D(x) = =8, 9, and ©,, =
0,0, —0,0,. Then, the local Polyakov loop operator
LU°°)(%) at each point ¥ can be decomposed as follows:

N,—1

L@@@3=eu)% 94f+j®]=dﬁ“kﬂ-L$@@m

=0
(33)

*We also fit y(i, j) with a quadratic function. The results of the
quadratic fit by the original Wilson loops are ¢(3,3) = 0.2814(6),
c(4,4) = 0.2494(51), and ¢(5.5) = 0.267(66). Those by the
monopole Wilson loops are ¢(3,3) = 0.2514(3), ¢(4,4) =
0.2358(23), and ¢(5,5) = 0.248(26). The difference between
the linear fit and the quadratic fit would be the systematic error
due to the choice of fitting function.

N1
10 e[ 5 pte+ i vt6uc0)]
Jj=0 X

(34)
L™ (@)

N1
' ~ R 1
= exp [—27::’ E E D(X+ j4—-x) §€y4p06,’/*npa(x/)} )

j=0 X

(35)

Here, 0,,(x) =0,,(x)+27n,,(x), (-7 <0,,(x) <x).
N, (X) = % €upolye(x) is the Dirac string explained in
Sec. III. The magnetic monopole currents k,(x) are the
boundary of the Dirac string (sheet), i.e. k,(x) = 9,"n,,(x).
We denote the spatial averages of L}]OC) (X) and L (X) in
Egs. (34) and (35) as Ly and L,,. The expectation values
(Ls) and (L,,) are the contributions from F,, and monop-
oles to (L), respectively. The contribution from monopoles
(L,,) is calculated by the Dirac string, not from the
monopole current. However, as explained below, except
for the plus and minus signs, the value of the Polyakov loop
is determined solely by the location of the monopole
current, not the Dirac string (sheet). Therefore, we call
L,, the contribution from monopoles.

In order to consider the behavior of the Polyakov loop in
relation to the configuration change of the monopole currents,

(loc)

we rewrite L;, ' (X). Integrating out the time direction,

) Lo .
L£y1loc) (X) = exp |:—27Zl'zai'D3(x _ x’) Eeijk4*ﬁjk(x/’ xil) s
(36)

where X is the position of the Polyakov loop in three-
dimensional space, and

Dy(x) = > D(E.x). (37)

xy=1

is a three-dimensional Coulomb propagator, since it satisfies

90:D3(X) = _[0/0:D(X, x4) + 004D (X, x4)] = —8,.

X4

(38)

“1;;(X) is a projection of Dirac string in three-dimensional
space,

N,
*ﬁu(f) = Z *nij(i’ )C4). (39)
xy=1
In addition, we introduce the solid angle Q(X) when we see

the Dirac string (sheet) from the point X where the Polyakov
loop is placed [27,28]. Then, Eq. (36) is rewritten as
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Absolute value of Polyakov loop as a function of # measured on a 323 x 8 lattice. Green, red and blue lines are the original,
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FIG. 15.
t/a* = 2.0.
27iQ(X
L,(ff”) (X) = exp [777;”()6)} . (40)

The value of § €, ;3477 ;5 (¥, x}) is the area of the Dirac sheet,
whose direction is perpendicular to the plane. In the con-
tinuum theory, 0'D3 (X — ¥') has a magnitude of 1/r2, where r
is the distance between ¥ and X', and its direction is the
direction of looking at the Dirac sheet from X. Therefore, the
inner product of these quantities is a solid angle Q(X) in three-
dimensional space.

Note that this solid angle is signed according to the
direction of the monopole current. From this equation, it is
found that the Polyakov loop depends only on the location of
the monopole current (boundary of the sheet), not on the

shape of the Dirac sheet. Even if the shape of the Dirac sheet

is changed, the value of L\ (X) does not change.

Especially, if there is a Dirac sheet bubble without a
monopole, i.e. a closed curved Dirac sheet with no bounda-
ries, the solid angle Q(X) looking at the Dirac sheet will be
+47 inside the bubble and O outside the bubble. Therefore,
such bubbles do not affect L,,. However, the sign of the
Polyakov loop may change depending on the Dirac sheet. If
there is an infinitely wide Dirac sheet without monopoles,
half of the full solid angle, +27z, will be added to Q(X),

regardless of which X we look at the sheet from. Then, the

sign of L™ (¥) changes at all %. Thus, the monopole part of

the Polyakov loop operator L,, is a quantity determined only
by the distribution of monopoles except for its sign.

From Eq. (40), when the monopoles are distributed
throughout the space, the solid angle Q(X) takes a com-
pletely random value for each Polyakov loop location X.
Then, the spatial average L,, becomes zero; whereas, when
there are few monopoles, the solid angle is almost zero and
the spatial average is close to one. Furthermore, since the
solid angle has a plus or minus sign depending on the

direction, even if there are many short closed monopole
current loops, they do not contribute much to Q(X).
Equation (40) suggests that long monopole loops are
important because the monopole current spread over space
gives Q(X) various values from —2z to 2.’

A. Numerical simulation

We calculate the Polyakov loop separating the monopole
contribution L,, and the field strength contribution L, by
performing Monte Carlo simulations. The lattice size is
323 x 8 and the number of configurations is 2000, which is
the same as Sec. II. The f dependence of the absolute
values of Polyakov loops, (|L|), (|Ls|), and (|L,[), is
shown in Fig. 15. The green, red and blue lines are the
expectation value of the original one, field strength part and
monopole part, respectively. The left panel presents the
result before the gradient flow and the right one the result at
flow time t/a®> = 2.0. The monopole contribution in the
confinement phase below f= 1.01 is zero, and remains
zero even when flowed. Then, the monopole part increases
sharply at the phase transition point, and the increase is
steeper after the gradient flow. On the other hand, the field
strength contribution is nonzero at all # and increases with
the gradient flow. It is found that the contribution from
monopoles makes the Polyakov loop zero in the confine-
ment phase and the field strength part does not contribute to
the deconfinement phase transition.

We also plot the field strength contribution and the
monopole contribution as functions of the flow time for
each f3 and functions of /3 for each t/a? in Figs. 16 and 17.
Figure 16 is the result of field strength part (|L[). As
shown in the left panel, (|L ;|) monotonically increases with

The importance of long monopole currents in the finite
temperature phase transition of Abelian projected QCD is pointed
out in Ref. [19].
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FIG. 16. The left panel is the absolute values of Polyakov loops from field strength as a function of flow time #/a? for each # computed
on a 323 x 8 lattice. The right panel is that as a function of § at various #/a>.

increasing the flow time, and the dependence on £ is small
as in the right panel. Figure 17 is the monopole part (|L,,|).
(|L,,|) remains zero in the confinement phase and
approaches one in the deconfinement phase as the flow
time increases in the left panel. Then, as seen in the right
panel, (|L,,|) after the gradient flow becomes like a step
function in f.

In addition, histograms of the solid angle Q(X) in Eq. (40)
are shown in Fig. 18. These are the histogram of Q(X) at all
spatial points X on one configuration measured on the
323 x 8 lattice before the gradient flow. The left panel is
the results at f = 0.98 in the confinement phase. The

distribution probability in terms of Q(X) is almost constant.

Then, the spatial average of LI (X) is approximately zero.

On the other hand, the right panels are the results at f = 1.10
in the deconfinement phase. The histogram in the deconfine-

ment phase is shaped with a sharp peak. Then, the spatial

(loc)

average of L;, ' (X) is nonzero. However, the discussion in

1 ﬁ%w
08 f
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- 0.6 105 —=— |
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I 0.95 —— |
0.2 0.90 ——
0 A
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this section suggests that the histogram of Q(X) has a peak at
Q = 0 when there are few monopoles in the deconfinement
phase. As seen in the right panel of Fig. 18, the peak position
is nonzero in practical calculations. This peak shift will be
discussed in the next section.

VII. CENTER SYMMETRY BREAKING

A. Order parameter of the center symmetry

We consider the following transformation of U, (x) in the
U(1) lattice gauge theory, called the U(1) center trans-
formation,

U4()_C),ll) - €i4)U4()?,ll), (41)
at all spatial points X in one time slice 7;. ¢ is an arbitrary
real number. Then, 64(X, 1) — 04(X, ;) + ¢ in Mod 2x.

Because e is an element of the U(1) group, the path
integral measure DU, (x) is invariant. Since cos ©,,(x) =
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FIG. 17. The left panel is the absolute values of Polyakov loops from monopoles as a function of flow time ¢/a” for each # computed
on a 323 x 8 lattice. The right panel is that as a function of § at various t/a>.
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Histogram of half the solid angle in Eq. (40). The left and right panels are the results for the confinement phase (f = 0.98)

and the deconfinement phase ( = 1.10) on a 323 x 8 lattice, respectively.

Re[U,(x)U,(x + p)U,(x + 2)U;(x)] does not change
under the center transformation, the action does not change.
However, the Polyakov loop changes from (L) to e (L)
because the loop passes through the time slice #; only once.
Therefore, the expectation value of the Polyakov loop is
zero unless the center symmetry is spontaneously broken.
In other words, the phase transition in which the Polyakov
loop changes from zero to a finite value is a phase transition
due to the spontaneous breaking of this global U(1) center
symmetry. The Polyakov loop is an order parameter for the
U(1) center symmetry breaking.

We interpret the Polyakov loop as (L) ~ e~*/T, where F
is the free energy when there is one charged particle. For
this interpretation, the U(1) symmetric complex phase of
the Polyakov loop is unphysical that must be removed. The
U(1) symmetry comes from the extra degree of freedom in

0.05 T - -
0.025 E
~
£ 0 1
-0.025 1
-0.05 - - -
-0.05 -0.025 0 0.025 0.05
Re L

the theory. In the context of monopole condensations, it is
interesting to consider which extra dynamic variables are
related to the U(1) center symmetry. In the following, we
focus on the Dirac string, which is an unphysical unob-
served quantity in Dirac’s magnetic monopole theory.
Since the action and the path integral measure are
invariant under the U(1) center transformation, the dis-
tribution probabilities at L and e'?L are equal for any ¢.
When the Polyakov loop values on each configuration are
plotted on the complex plane, the distribution must be
U(1) symmetric. The left and right panels of Fig. 19 are
the results the Polyakov loops averaged over the space at
p =098 (confinement) and 1.10 (deconfinement),
respectively. The green dots are the result before the
gradient flow and the blue dots are that at #/a* = 2.0. The
distribution is U(1) symmetric in both the confinement

H W
# e
Pl T,
051 # %
£ %
~
05t !f
% .
S s

Re L

FIG. 19. Distribution of Polyakov loops in the complex plane. The left and right panels are the results # = 0.98 and 1.10 on a 323 x 8
lattice, respectively. Green symbols are before the gradient flow, and blue symbols are at #/a> = 2.0.
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FIG. 20. The distribution of the field strength part of the Polyakov loop in the complex plane at # = 0.98 (left) and 1.10 (right) before

the gradient flow (green) and at t/a> = 2.0 (blue).

and deconfinement phases. These are distributed near the
origin in the confinement phase and on a circle in the
deconfinement phase. Spontaneous symmetry breaking
occurs when one of the points on the circle with the
highest probability is chosen as the vacuum in the
deconfinement phase. Therefore, when the Polyakov loop
is decomposed into Ly and L,,, the distribution of the part
related to the spontaneous symmetry breaking must be
U(1) symmetric.

We expect that the field strength part L is unrelated to
the center symmetry, since @W(x) does not change under
the center transformation. The distribution of the field
strength part L, on the complex plane is shown in Fig. 20.
The green and blue dots are the results before and after the
gradient flow, respectively. These figures show that the
distribution is not U(1) symmetric and the field strength
part is not related to the center symmetry.
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FIG. 21.
gradient flow (green) and at t/a> = 2.0 (blue).

We also plot the distribution of the monopole part L,
on the complex plane in Fig. 21. From these figures, the
distributions of the monopole part are found to be U(1)
symmetric both before and after the gradient flow, similar
to the original L. This result indicates that the important
part for the center symmetry breaking is the monopole
part. However, it is seemingly incomprehensible that the
monopole part is U(1) symmetric because the monopole
current is invariant under the central transformation. [See
the definition of the magnetic monopole current Eq. (19).]
Furthermore, in the deconfinement phase, the number of
monopoles is reduced and the complex phase of L,
should take a value near zero. The origin of the symmetric
complex phase of L,, will be discussed in the following
subsections.

Moreover, this situation does not change even if the gauge
field is coarse grained by the gradient flow equation
considering the compactness [Eq. (11)] as seen in

Lr /f/,_;::s i
Va
05t/ :
- [/
~ i
: oo |l

RelL,,

The distribution of the monopole part of the Polyakov loop in the complex plane at # = 0.98 (left) and 1.10 (right) before the
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Figs. 19 and 21. The reason that the gradient flow does not
break this U(1) symmetry is that the flow equation is
invariant under the center transformation. On the other
hand, the flow equation which does not consider compact-
ness, Eq. (22), does not have the U(1) center symmetry.
When Eq. (22) is used, coarse graining with the gradient
flow immediately breaks the U(1) symmetry of the
Polyakov loop distribution. Then, the nature of confinement
is lost by the gradient flow as we have seen in Sec. I'V.

B. Coulomb propagator and boundary condition

Before discussing the center symmetry with respect to
L,,, we need to discuss the Coulomb propagator on a finite
lattice. So far, the discussion has been on a system with
infinite volume, but the case of finite volume with periodic
boundary conditions is not so simple. Strictly speaking,
when the periodic boundary condition

D(x) = D(x + Ny (42)

is imposed for u direction with 4 = 1, 2, 3, 4, the definition
of the Coulomb propagator, d,0,D(x —y) = =6, ,, cannot
be satisfied. When both sides are integrated for the entire
space, the right-hand side becomes —1. However, since the
left-hand side is the total derivative, and the boundary value
is canceled by the periodic boundary condition, the left-
hand side becomes zero. This is because the operator 9,0,
has zero eigenvalues. The eigenvector ¥ of the zero
eigenvalue is when all of the components are the same,
ie. v, =c, where ¢ is an arbitrary constant because
d9,0,v, = 0. Since D(x—y) is the inverse matrix of
d,0,, D(x —y) does not exist.

In such cases, the definition should be changed to satisfy
the propagator definition only when multiplied by any
vector except the eigenvectors of zero eigenvalues 7. A
projection operator on the vector spaces excluding zero
eigenvalues can be defined as follows:

SEes (43)

which satisfies P7 = 0. Using the projection operator, the
propagator satisfies the equation

alltaﬂD<x - y)Pysz = _nyWy’ (44)

where i is an arbitrary vector, and Py is a vector excluding
zero eigenvalues. The following equation satisfies Eq. (44)
for any y because PP = P,

0,0,D(x —y) = =P,,. (45)

For the case of v, = ¢,

cc 1
ny =0y — No o2 =0y —
site€

and the definition of the Coulomb propagator becomes

1

2,0,D(x — .
e Nsite

y ) = 5x,y - (47)
This definition is the same as removing the zero-momen-
tum mode that diverges when one calculates D(x) by the
Fourier transform.

C. Additional complex phase in the Polyakov loop

In this definition of the Coulomb propagator, for
example, a bubble of Dirac sheet defined in a unit cube
at a point y shifts the phase of the Polyakov loop by 2z/N?.
We substitute

*

np(y) = no3(y) = "nzi (y) = 1,

*”12()’—3) ="nyz(y — 1) :*nal()’—ﬁ) =-1 (48)

into Eq. (35). The Dirac sheet is antisymmetric with respect to
the directional index and *n,,(x’) = O elsewhere. Note that
there is no monopole current in this case. Also see footnote 3
to understand that Eq. (48) means a unit cubic bubble. Then,

N1 3
LI (%) = exp [—2751’ Z Z[ZD (X+j4—y)
770 k=1

—D()?—l—jfl—y—l-fc)—D()?—I—jfl—y—fc)}]

N,—1
= exp [Zﬂi 0,0,D(X + j4 — y)}
j=0
N—1 .
- 1 2mi
=exp |27i <—5)-5 3 —I——)} = exp< > .
|: ; Iy Niiee N%

(49)

Thus, extra complex phases appear without monopoles.
Regardless of the location of the bubble, the phase of

2n/N? is added to the phase of the Polyakov loop L) (X)
and also L,, for the unit bubble of Dirac sheet. Therefore,
when there is a bubble of Dirac sheet of size Ny, the
Polyakov loop is multiplied by the phase exp(27iNpypie/
N?) [27,28]. The origin of this additional phase is the
exclusion of the constant mode in the Coulomb propagator.
We discuss in Appendix B the case of imposing antiperiodic
boundary conditions such that the definition of Coulomb
propagator Eq. (29) holds strictly. In that case, no extra phase
is added to the Polyakov loop other than the plus or minus
sign. However, at the same time, the center symmetry is
reduced from U(1) to Z,.

In the U(1) lattice gauge theory, the theory is invariant
under the transformation of adding a Dirac sheet without
monopoles, but the phase of the Polyakov loop changes
according to the size of the Dirac sheet bubbles. This
corresponds to the change in complex phase associated with
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FIG. 22. Phases of the monopole part of Polyakov loops Q(X)/2 at some points on one configuration. The left and right panels are the

results at # = 0.98 and 1.10, respectively.

the U(1) center transformation. Under the center trans-
formation, the monopole current never changes, but the
Dirac string changes. Then, the size of the Dirac sheet
bubbles of Ny, changes, and the additional complex phase
exp(27iNyuppie/ N3 ) changes. This phase shift is discrete, but
can be regarded as a continuous change if the spatial volume
is large enough. Thus, the center symmetry is reflected in
the symmetry of the distribution of the monopole part of the
Polyakov loop L,,. In addition, it is important to perform the
gradient flow so as not to break the symmetry to keep
the nature of the confinement. The flow equation [Eq. (11)]is
symmetric under the center transformation.

D. Gradient flow and Polyakov loops

Since the complex phase of the Polyakov loop from
monopoles is given by the solid angle when looking at
Dirac sheets surrounded by monopole currents, it is
expected that the coarse graining of the gradient flow

-3 -2 -1 0 1 2 3
Q2

FIG. 23.

hardly changes the phase. In this section, we study how the
complex phases of the Polyakov loops change under the
gradient flow. Figure 22 shows the complex ghase change
of the local Polyakov loop from monopoles L)’ (%) during
the gradient flow. The left and right panels are the results at
several points X on one configuration in the confinement
phase (f = 0.98) and the deconfinement phase (# = 1.10),
respectively. The lattice size is 323 x 8. These are Q(X)/2
and the horizontal axis is the flow time #/a?*. The monopole
and the Dirac sheet are integer variables, the variation of
Q(X) under the gradient flow is discrete and hard to change.
Since the complex phase is uniformly distributed before the
gradient flow in the confinement phase, the phase will be
uniform after the gradient flow. Thus the gradient flow does
not break the U(1) symmetry. In the deconfinement phase,
the value of Q(X) is almost the same at every point, which is
given by the additional complex phase discussed so far, and
the Q(X) does not change by the gradient flow. The

-3 -2 -1 0 1 2 3
Q2

Histogram of half the solid angle in Eq. (40) after the gradient flow. The left and right panels are the results for the

confinement phase (8 = 0.98) and the deconfinement phase (f = 1.10) at t/a®> = 2.0 on a 323 x 8 lattice, respectively.
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FIG. 24. Phases of Polyakov loops at some points on one configuration. The left and right panels are the results at # = 0.98 and 1.10,

respectively.

histogram of half of the solid angle before the gradient flow
is shown in Fig. 18, and the histogram after the gradient
flow with t/a*> = 2.0 is Fig. 23. The histogram does not
change much by the gradient flow. The only change is the
width of the peak in the deconfinement phase.

The complex phase of the local Polyakov loop at
several points X on one configuration is plotted in

Fig. 24 as a function of ¢/a”. Since the local Polyakov

loop at X is given by L4

(X) - L?OC) (X), the complex phase
of the local Polyakov loop is the sum of the phases of the
monopole part and the F,, part. If the complex phase of
the monopole part is uniformly distributed before the
gradient flow in the confinement phase, the phase of the
local Polyakov loop will be uniform after the gradient
flow even when the phase from the F,, part is added. The
complex phase of the monopole part is almost the same at
all X before the gradient flow in the deconfinement phase.
Then, the phase of the local Polyakov loop becomes the

0 0.5 1 1.5 2
va’

FIG. 25.
p =0.98 and 1.10, respectively.

phase of the monopole part Ly

I
flow because the F,, part L;OC)

(X) after the gradient

(X) approaches one as the

flow time increases.

Figure 25 is the result of the monopole part of the
Polyakov loop L,, averaged over the space. Each line is
obtained on one configuration. As with the local Polyakov
loop, the complex phase does not change much with the
gradient flow. The difference between the averaged
Polyakov loop and the local Polyakov loop is that the
additional complex phase in the deconfinement phase is
different for each configuration. The complex phase of L,,
is uniformly distributed and does not vary with the gradient
flow. The flow time dependence of the complex phase of
the Polyakov loop on each configuration is shown in Fig. 26
for several configurations. The difference from the monop-
ole part is that the complex phase changes continuously, not
discretely because the contribution from F,, is added.
Similar to the phase of the monopole part, the distribution

0 0.5 1 1.5 2
v’

Phases of the monopole part of the averaged Polyakov loop on some configurations. The left and right panels are the results at
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FIG. 26. Phases of the averaged Polyakov loop on some configurations. The left and right panels are the results at # = 0.98 and 1.10,

respectively.

of the phase of the Polyakov loop on each configuration
remains uniform even after the gradient flow. Thus, the U(1)
symmetry of the Polyakov loop is also preserved.

VIII. CONCLUSIONS AND OUTLOOK

We discussed the reason why the property of color
confinement is not lost by the gradient flow even though the
field strength is weakened. In the gradient flow method, we
solve a kind of diffusion equation and coarse grain the
gauge field. We expected that the confinement property is
preserved because there is something in the background
that is stable against coarse graining, such as topological
quantities. Performing Monte Carlo simulations, we inves-
tigated U(1) lattice gauge theory, in which the cause of the
confinement is believed to be condensation of magnetic
monopoles.

We confirmed that the magnetic monopole does not
disappear by the gradient flow in the confinement phase.
We usually use the gradient flow equation [Eq. (11)], which
considers the compactness of the gauge group. However, we
also investigated the case of the flow equation without
considering compactness Eq. (22). We find that the compact
flow equation keeps the confinement property, but the
noncompact one breaks this property. At the same time,
the number of monopoles in the confinement phase does not
decrease significantly for the compact flow equation, but
decreases rapidly using the noncompact flow equation.

Wilson loops were calculated by decomposing them into
contributions from field strength and monopoles. The string
tension is generated only from the monopole contribution,
both before and after the flow. We found that field strength
does not contribute to the string tension, and that decreas-
ing field strength due to the gradient flow does not affect
the string tension. The fact that the number of monopoles
does not decrease in the gradient flow is strongly related to
the fact that the string tension does not disappear.

The Polyakov loop can be also decomposed into con-
tributions from field strength and monopoles, and we
investigated how they change near the deconfinement
phase transition. Only the contribution from monopoles
has the property of the order parameter of the center
symmetry, which changes from zero to a finite value in
the deconfinement phase transition; whereas, the contribu-
tion from the field strength does not change.

The monopole part of the Polyakov loop has the U(1)
center symmetry that is broken in the phase transition. We
discussed the relationship between monopoles and the
center symmetry. The unphysical complex phase by the
center symmetry is created from Dirac strings which are
also unphysical. The gradient flow equation considering
compactness does not break the center symmetry. During
the gradient flow, the center symmetry is maintained
through the Dirac strings connected to the monopoles.

In SU(3) gauge theory as well, it is important to perform
a gradient flow that does not break the center symmetry in
order not to lose the confinement property. The gradient
flow equation commonly used in lattice QCD takes into
consideration the compactness of the gauge group and has
the Z; center symmetry. Since the center symmetry is
important, it may be interesting to investigate the relation-
ship with the Z; center vortices and so on [29,30]. If you
want to discuss a magnetic monopole in QCD, you can
think of a magnetic monopole of the U(1) part extracted by
the Abelian projection [15] as a straightforward extension.

ACKNOWLEDGMENTS

The authors thank the members of the WHOT-QCD
collaboration for useful discussions and comments. This
work was in part supported by JSPS KAKENHI Grants
No. JP21K03550, No. JP20H01903, and No. JP19H05146,
and the High Performance Computing Infrastructure
(HPCI) System Research project (Project ID: hp220020,
hp220024).

034506-18



GRADIENT FLOW, CONFINEMENT, AND MAGNETIC MONOPOLE ...

PHYS. REV. D 108, 034506 (2023)

0.6

x (4,5) —=—
x (44) ——

04 [

02

0 0.5 1 1.5 2
va’

FIG. 27.

APPENDIX A: VOLUME DEPENDENCE OF THE
CREUTZ RATIO

To investigate the finite volume effect in the Creutz ratio,
we perform simulations at 8 = 0.99 on lattices with N3 x
N, = 16* and 20*. The number of independent configura-
tions is 10000. The results of the Creutz ratios y(i, j) are
plotted in Fig. 27. The solid lines and dashed lines are the
result on 20* and 16* lattices, respectively. The left panel
is y(4,4) (blue) and y(4,5) (green) and the right panel is
7(5,5) (blue) and y(5,6) (green). The results of y(4,4)
and y(4,5) on the 16* and 20* lattices are consistent
within statistical error. However, volume dependence is
seen in y(5,5) and y(5, 6) on 16* lattice and y(5, 6) on 20*
lattice. These are different from y(4,4) and y(4,5). This
suggests that a finite volume effect is visible in Creutz
ratios containing Wilson loops with a side length greater
than N,/3 for a N{ lattice. Since y(i, j) is given by W(i, j),
W(i+1,j),and W(i + 1, j + 1), for the 20* lattice, y(i, j)
is affected by the finite volume effect for i, j > 6.
Therefore, the results of the Creutz ratios with the side
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Creutz ratios (i, j) as functions of the flow time measured at # = 0.99 on 20* (solid lines) and 16* (dashed lines) lattices.

lengths less than 6 are shown in Figs. 4, 13, 14, and
Table I.

APPENDIX B: MONTE CARLO SIMULATION
WITH ANTIPERIODIC BOUNDARY
CONDITIONS

The Coulomb propagator cannot be strictly defined under
periodic boundary conditions. This issue confuses us in
discussing the relationship between Polyakov loop and the
monopole condensation in Sec. VI. Therefore, we change
the boundary conditions of the Coulomb propagator so that
the definition, 9,0,D(x) = =6, ¢, can be strictly satisfied.
We impose antiperiodic boundary conditions on D(x) in the
spatial directions. The Coulomb propagator can be defined
exactly if at least one direction is an antiperiodic boundary
condition, since there is no constant mode in D(x).

In determining the boundary conditions, it is important to
cancel the surface term at the boundary coming from the
total derivative term in integration by parts. Integration by
parts has been done several times to derive the monopole

0.3

0.15

ImL
(=)

-0.15

_0.3 1 1 1
-0.3 -0.15 0 0.15 0.3

Re L

FIG. 28. Distribution of the Polyakov loop in the complex plane with antiperiodic boundary condition. The left and right panels are the
results for the confinement phase (8 = 0.90) and the deconfinement phase (# = 1.10) on a 323 x 8 lattice, respectively.
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FIG. 29. Distribution of the monopole contribution to the Polyakov loop in the complex plane with antiperiodic boundary condition.
The left and right panels are the results at # = 0.90 and 1.10 on a 323 x 8 lattice, respectively.

part of the Polyakov loop Eq. (36). Considering that the
surface term is always in the combination of D(x — x)6, or
D(x —x')k,, all of D(x), 6,(x), and k,(x) must be
antiperiodic boundary conditions:

D(x) = =D(x + N,i),

k,(x) = —k,(x + Nﬁ),

Hﬂ(x) = —Qﬂ(x + NS?),
(B1)

where 7 means the next site in the i direction. Then, the
surface terms are canceled. However, due to the finite
temperature system, the gauge field in the time direction
must impose periodic boundaries. Therefore, only the
boundary conditions in the spatial directions are set to
be antiperiodic. The link fields, U, (x) = €%, beyond the
boundary are the complex conjugate,
U,(x) = Uj(x + Ni). (B2)
For the case of antiperiodic boundary condition, the
action of the gauge field is not symmetric under the center
transformation, U, (x) — ¢?U,(x), at the boundaries. The
cross-boundary plaquette changes as follows:

U, (U3 x + (1 = N Uy (x + D U5 (x)
— U, (){e?Us(x + (1= N Y Up(x + B {eUy(x)}*
— U, (1)U(x + (1 = N Us(x + D U;(x). - (B3)

Thus, except in the case of ¢ = +x, the symmetry is
broken. Therefore, the center symmetry is reduced from
U(1) symmetry to Z, symmetry.

Monte Carlo simulations with the antiperiodic boundary
condition are performed. In Fig. 28, we plot the distribution
of the Polyakov loop on each configuration. The lattice size

is 32° x 8. The number of configurations is 1000 for each
p. The left panel is # = 0.90 in the confinement phase, and
the right panel is # = 1.10 in the deconfinement phase. The
distribution of the Polyakov loop is Z, symmetric from L to
—L, corresponding to the symmetry change from U(1) to
Z,. The contribution of the Polyakov loop from the
monopole is also calculated and shown in Fig. 29. The
distribution of the monopole contribution is also Z,
symmetric from L,, to —L,,.

We have discussed in Sec. VII that the complex phase of
the Polyakov loop from monopoles is created from the Dirac
sheet bubbles for periodic boundary conditions. However, if
the Coulomb propagator can be defined strictly, the behavior
of the Polyakov loop can be understood from the solid angle
of the monopole in Eq. (40). Then, the Dirac sheet without
monopoles does not affect the Polyakov loop, and there is no
reason to change the complex phase by the Dirac sheet. Only
the sign of the Polyakov loop changes with the infinitely
wide Dirac sheet. The sign changing without monopoles
corresponds to the center transformation reduced from U(1)
to 22 .

As shown in Fig. 29 for antiperiodic boundary conditions,
the Polyakov loop values are distributed near the origin in
the confinement phase and around two points on the real axis
in the deconfinement phase. This result can be understood
from the solid angle of the monopoles. The probability
distribution of the solid angle is flat in the confinement phase
because the monopoles are distributed throughout the space.
Then, the Polyakov loop on each configuration becomes
zero when the spatial average is taken. On the other hand, in
the deconfinement phase, the solid angle is distributed near
zero because there are very few monopoles. Then, the spatial
average of the Polyakov loop is a nonzero value near the real
axis, and the distribution is Z, symmetric due to the
infinitely wide Dirac sheet.
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