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In the lattice gauge-scalar model with a single scalar field in the fundamental representation of the
gauge group SU(2), we have quite recently found that there exists a gauge-independent transition line
separating the Confinement and Higgs phases without contradicting the well-known Osterwalder-
Seiler-Fradkin-Shenker analyticity theorem between the two phases by performing numerical simula-
tions without any gauge fixing. This was achieved by examining the correlation between the original
fundamental scalar field and the so-called color-direction field constructed from the gauge field
through the gauge-covariant decomposition due originally to Cho-Duan-Ge-Shabanov and Faddeev-
Niemi.

In this presentation, we give further numerical evidence for the gauge-independent separation between
the Confinement and Higgs phases in the above model to establish their physical origin. For this
purpose, we investigate the separation line precisely. We also investigate the contributions of magnetic
monopoles to examine their role in confinement from the viewpoint of the dual superconductor picture.
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1. Introduction

We investigate the gauge-scalar model on the lattice to clarify the mechanism of Confinement
in the Yang-Mills theory in the presence of matter fields. We also investigate the non-perturbative
characterization of the Brout-Englert-Higgs (BEH) mechanism [1], providing the gauge field with
the mass in a gauge-independent way (without gauge fixing). However, it is impossible to realize
the conventional BEH mechanism on the lattice unless the gauge fixing condition is imposed since
gauge non-invariant operators have vanishing vacuum expectation value on the lattice without gauge
fixing due to the Elitzur theorem [2]. This difficulty can be avoided by using the gauge-independent
description of the BEH mechanism proposed recently by one of the authors, which needs neither the
spontaneous breaking of gauge symmetry nor the non-vanishing vacuum expectation value of the scalar
field [3, 4]. Therefore, we introduce the gauge-independent description of the BEH mechanism on the
lattice and study the Higgs mechanism in a gauge-invariant way.

As for the gauge-scalar model with radially fixed scalar field (no Higgs mode) which transforms
according to the fundamental representation of the gauge group SU(2), we have quite recently found
that there exists a gauge-independent transition line separating the Confinement and Higgs phases
without contradicting the well-known Osterwalder-Seiler-Fradkin-Shenker analyticity theorem [5, 6]
between the two phases by performing numerical simulations without any gauge fixing [7]. On the
other hand, for the gauge-scalar model with a radially-fixed scalar field in the adjoint representation
of the gauge group SU(2), Brower et al. have shown that the Confinement and Higgs phases are
completely separated into two different phases by a continuous transition line in the unitary gauge [8].
However, we have recently found a new transition line that divides completely the Confinement phase
into two parts without gauge fixing [9].

This presentation gives further numerical evidence for the gauge-independent separation between
the Confinement and Higgs phases in the above model to establish its physical origin. For this purpose,
we accumulated the data for an extensive set of parameters (8, v) using the method in [7, 9] with higher
statistics. We further investigate the magnetic monopole in order to clarify the physical characteristics
of each phase from the view of the dual superconductor picture.

2. SU(2) lattice gauge-scalar model and gauge covariant decomposition

We introduce the lattice SU(2) gauge-scalar model with a single scalar field in the fundamental
representation of the gauge group where the radial degrees of freedom of the scalar field is fixed (no
Higgs modes) [7]. The action of this model with the gauge coupling constant 8 and the scalar coupling
constant y is given in the standard way by

A B v A A
SIU,61=5 3 Rew (1 - Ux,#UxJ,ﬁ,Vin,ﬂUi’v) + 23 Rewr (1 - @LUX,,@M) .
X,H1

X, U>V

where Uy, € SU(2) is a (group-valued) gauge variable on a link (x, ), and 0, € SU(2) is a (matrix-
valued) scalar variable in the fundamental representation on a site x which obeys the unit-length (or
radially fixed) condition: 616, =1=0,0] . This action is invariant under the local SU(2) 0cal gaUgEE
transformation and the global SU(2) o, transformation for the link variable Uy, and the site variable
Ox: Uy b Ul = Q.U Q% and Oy > @ = Q,0,T for Q, € SU(2) 0001 » I' € SU(2)gropa -
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In our investigations, the color-direction field defined shortly plays the key role. This new
field was introduced in the framework of change of field variables which is originally based on the
gauge-covariant decomposition [10, 11] of the gauge field due to Cho-Duan-Ge-Shabanov[12-14] and
Faddeev-Niemi[15]. (see [16] for a review.)

The color-direction field on the lattice is a (Lie-algebra valued) site variable: n, := nfc?4 €
su(2) —u(1) (A = 1,2,3) with the unit length n, - n, = 1, where o4 are the Pauli matrices. We
require the transformation property of the color-direction field ny as ny — n’. = Qn XQI .

For a given gauge field configuration {Uy , }, we determine the color-direction field configuration
{n,} (as the unique configuration up to the global color rotation) by minimizing the so-called reduction
Sfunctional Freq[n; U] under the gauge transformations:

Fred[{n}; {U}] = Z itr [(DM[U]nx)T (DM[U]nx)] = Z %tr (1 - nxe,unxﬂiU;hu) . (2)

X,

XM
In this way, a set of color-direction field configurations {n, } is obtained as the (implicit) functional of
the original link variables {U ,}, which is written symbolically as

n* = argmin Freq[{n}; {U}]. (3)

This construction shows the nonlocal nature of the color-direction field.

By way of the color-direction field, the original link variable U, , € SU(2) is gauge-covariantly
decomposable into the product of two field variables Xy ,,Vy , € SU(2): Uy, = Xi Vi We
require that V, , has the transformation law in the same form as the original link variable U, , and
that X, , has the transformation law in the same form as the site variable n:

T

Ve P Vi, = Qe ,Q Xy Xy = QX Q. (4)

X+
This decomposition is uniquely determined by solving the defining equations simultaneously (once the
color-direction field is given):

Du[VIny :=Vyyhxig —nxVy =0, tr(ngXy,) =0, 5)

where D, [V] denotes the covariant derivative in the adjoint representation. Indeed, the exact solution
is obtained in the following form [11] :

- 1 L.~ -
Vx,p = Vx,y/ E tr (V;,,uvx,,u) s Vx,,u =Uxu t nxe,ynxﬂi s Xx,,u = Ux,yvi,# . (6)

By introducing the color-direction field, we obtain the deformed theory in which the expectation
value of an operator O including the color-direction field is calculated according to

A~ 1 ~ A ~
(O[U, 0, n]) = E/Z)UZ)@e_S[U’G]/Z)n 8(n-n")O[U,®, n], (7)

where Dn = [], dn, is the invariant measure for the color-direction field and §(rn — n*) is the Dirac
delta function which plays the role of replacing n by n* determined by (3).

It should be remarked that these new variables have been successfully used to understand con-
finement based on the dual superconductor picture. For example, it has been shown in the pure gauge
theory without the matter field that the restricted field V gives the dominant part for quark confinement,
while the remaining field X corresponds to the massive modes and decouples in the low-energy region.
This gives the gauge-independent version of the Abelian dominance observed in the maximal Abelian
gauge. See [16] for more details and more applications of this reformulation of the gauge theory.
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Figure 1: Left: Plots of (P) for various 8 = const. Right: Plots of y (P) for various 8 = const. Lines in the plots
are the eye guides for 8 = const.
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Figure 2: Left: Plots of (M) for various 8 = const. Right: Plots of y (M) for various 8 = const.

3. Lattice results

We perform the numerical simulation on the 16* lattice with the periodic boundary condition.
Link variables {U, ,} and scalar fields {®,} are updated alternately by using the HMC (Hamiltonian
Monte Carlo) algorithm with integral interval At = 1 without gauge fixing. After the thermalization
of 5000 sweeps, we store 3000 configurations every five sweeps.

We search for a separation line that separates the phases or distinguishes the physical origin of
confinement by measuring the expectation value (O) of a chosen operator O by changing y (or 3)
along the 8 = const. (or y = const.) line. We identify the separation line by using singular property
such as bends, steps, jumps, and gaps observed in the graph of the (O) plots or peaks in the graph of
susceptibility y (O) plots.

3.1 Thermodynamic phase transition

We reexamine the separation line obtained from the action density with high statistics for an
extensive set of parameter (3, y) as in the previous work [7]:

6N site

1
4N, site

1 1
p= Z Z Etr(vaMUX+ﬁ’VU;L+9,MUi,V) ., x(P) = (6Nge) {{(P*) = (P)*}, (8
u<v

33 SRetr (O1Uru®usa) . x(M) = (4Nsi) {(M?) — (M)} ©)
X M
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where (O) represents the average of the operator O over configurations. In this analysis, we focus on
the susceptibility to determine the separation line.

Figure 1 shows the result of measurements for the plaquette density (8). The left panel shows the
plot of (P) for various 8 = const., and the right panel shows the plot of the susceptibility y(P) for
various 8 = const. There exist bends or gaps in the (P) and peaks in the y (P) which correspond to the
separation line. Note that there are two types of peaks for y(P) : a narrow and sharp peaks observed
in 8 > B, ~ 0.75, and a broad and gradual peaks observed in § < .. In the same way, Fig.2 shows
the result of measurements for the scalar density (9). The left panel shows the plot of (M) for various
B = const., and the right panel the plot of susceptibility y (M) for various 8 = const.

The left panel of Fig.4 shows the phase diagram determined from the action density. The dark blue
plots represent the separation line determined from both the average of action densities, (P), (M), and
their susceptibilities, y (P), y(M). This separation line could be the first order phase transition line
and disappears in the region 8 < ., which is pointed out by the Osterwalder-Seiler-Fradkin-Shenker
analyticity theorem [5, 6]. On the other hand, the orange plots in 8 < S, represent the separation
line suggested only by the susceptibility y (P). This separation line could be the second order phase
transition or the cross over. However, those peaks are not narrow and sharp but broad and gradual.

In addition, there exists the other separation line obtained only from y (P) (the orange plots in the
region 0 < y < 1 and 2 < B < 2.5) that separates between the scaling and non-scaling region, which
corresponds to the "critical" point already discovered in the pure SU(2) Yang-Mills theory (y = 0) in
[17, 18].

scalar-color correlation | R |2 scalar-color Susceptbility

1fF T T T T T T T 7 N 18000 7
s 8 B=025

. s & ¢ 8 i g=o0s

081y e s 8 v B=0.75 14000 -

16000 [~

e
I

ofle © p=125 © 12000 -
0.6 [ re Y 1 B=15 .

10000 [~

<|R[]2>
.
©
]
~
o
>
X(IRI2)

04 g o 1 B=22 8000 -

. - B=26 6000 |-
02} < B=30
. p=35 o 4000 [

oleanh®O ROK ¥ ¥+ i 2000 -

1 1 1 1 1 1 1 1 0
0 1 2 3 4 5 6 7 8 0

Y

Figure 3: Left: Plots of {|R|,) for various 8 = const. Right: Plots y (|R|,) for various 8 = const.

3.2 Scalar-color correlation

In order to reexamine the correlation between the scalar field and the color-direction field, as in
the previous work [7]:

D0in0, (R, x(RD) = (4Nge) {( IR13) = (IR}, (10)

where |R|, represents the 2-norm defined by |R|, = v/|R1|> + |R2| + |R3|? with R4 = tr (Ro4).

The left panel of Fig.3 shows the plots of {|R|,) v.s. y for various 8 = const. We observe bends
or gaps for all the 8 = const., which correspond to the separation line. The right panel of Fig.3 shows
the plots of the susceptibility y (|R|,) v.s. y for various 8 = const., and we observe sharp peaks for all
the 8 = const.
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The right panel of Fig.4 shows the separation line obtained from the scalar-color correlation. We
determine the location of the phase separation line by using peaks of the susceptibility y(|R|,) plots
rather than the bents or jumps in the (|R|,) plots, which causes its location to shift toward a larger y
compared to the previous work [7]. This suggest the separation between the Confinement and Higgs
phases completely for all the region.

critical line from action xdensity critical line from <|R|; > and x(|R|2)
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Figure 4: Left: The phase transition line determined from action density, (P), xy(P), (M), and y(M). The
orange plots represent that obtained only from y (P). Right: The separation line determined from the scalar-color
correlation (|R|,), ¥ (|R],).

3.3 Contribution of the magnetic monopole

Moreover, we investigate the contribution of the magnetic monopole to clarify the physical origin
of the separation of the Confinement and Higgs phases in view of the dual superconductor picture [19]
where magnetic monopoles play the dominant role in confinement.

We can define the magnetic monopole, k., in a gauge-independent (gauge-invariant) way through
the gauge-covariant decomposition [16]:

F(x)yy i= argp tr {(1 + nx)Vx,,,V,Hﬁ,,,VT vi } ,

X+V,u’ X,V

1
ki = Ee“""ﬁ (F(x +V)ap — F(x)alg} =:12my . My, = 0,210,420, (11)

where V. , represents the restricted field obtained from the gauge-covariant decomposition (6), and
n, the color-direction field determined by (3). This magnetic monopole takes the integer value and
satisfies the current conservation law, i.e., 0, k™* = 3 (kx+p,u — kx,u) = 0. Therefore, we define the
magnetic-monopole-charge density:

1
f o= Moyl - (12)
P 4Nsne;| ol

Figure 5 shows the plot of the magnetic-monopole-charge density (o). The left panel shows the
plot of {p) along various 7y = const. lines. (o) decreases as § increases and there exist no singular
points in the plots. Note that we observe very small (p;) for large B8, which is measured not in the
physical unit but in the lattice one. This is because the lattice spacing in the physical unit is a decreasing
function of B, and for large S the physical volume becomes small against the lattice with fixed size.
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Figure 5: Left: Plots of (pg) v.s. B8 for various y = const. Right: Plots of (o) v.s. y for various 8 = const. The
lines in the plots are eye guide with 8 = const. or y = const.

The right panel of Fig.5 shows (o) along various 8 = const. lines. In the region vy < y.(8),
where y. () represents the separation line in the right panel of Fig.4), the magnetic-monopoles-charge
density (o) is rich and constant along the 8 = const. line. It suggests that the magnetic monopole
plays a dominant role in this region, which we call Confinement phase. In contrast, we observe less
or vanishing magnetic monopoles in the region y > v.(8). In the region 8 > 8. ~ 0.75, we observe
bends or steps at y being the phase separation line, y = y.(8), and the magnetic monopoles disappear
for y > y.(B). Therefore, the gluons gain mass due to the BEH mechanism and are confined. We call
this region the Higgs phase. While, in the region 8 < . there exist no more bends or steps for (o),
and (py) decreases rather smoothly as vy increase. The separation line y. () could not be a phase
transition line but be the boundary where the two physical origins switch over continuously.

4. Summary

We have reexamined the SU(2) gauge-scalar model with the scalar field in the fundamental
representation to obtain further numerical evidence for the gauge-independent separation between the
Confinement and Higgs phases based on the method in the previous work [7, 9]. We have confirmed
the thermodynamic phase transition, which is consistent with the Osterwalder-Seiler-Fradkin-Shenker
analyticity theorem. We have also reexamined the separation line that separates the Confinement and
Higgs phases based on the covariant decomposition of the gauge field and confirmed it. Although it
could not be the thermodynamic phase transition line, it could be the separation line that distinguishes
the physical origin of the confinement.

Moreover, we have investigated the magnetic-monopole-charge density to clarify the physical
origin of the separation line. We have confirmed that in the Confinement phase the magnetic monopole
plays a dominant role in confinement, while in the Higgs phase the magnetic monopoles disappear and
the Yang-Mills field acquires the mass through the BEH mechanism and is confined.
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