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We discuss a Polyakov loop in a non-covariant operator formalism that consists of only physical
degrees of freedom at finite temperature. It is pointed out that although the Polyakov loop is
expressed by a Euclidean time component of gauge fields in a covariant path integral formalism,
there is no direct counterpart of the Polyakov loop operator in the operator formalism because
the Euclidean time component of gauge fields is not a physical degree of freedom. We show
that by starting with an operator that is constructed in terms of only physical operators in the
non-covariant operator formalism, the vacuum expectation value of the operator calculated by
the trace formula can be rewritten into the familiar form of an expectation value of the Polyakov
loop in a covariant path integral formalism at finite temperature for the cases of the axial and
Coulomb gauge.

Subject Index BO00, BO5, B06

1. Introduction

Gauge invariance is undoubtedly one of the fundamental principles in particle physics. Both local
and non-local gauge-invariant operators play an important role in gauge theory. An example of such
non-local operators is the Wilson loop, which will be given by a line integral along a rectangular
contour such that one side is taken to be in a space-like direction and another side to be in a time
direction. A non-trivial expectation value of the Wilson loop operator will provide a signal of “quark”
confinement in non-Abelian gauge theories [1].

Another example of non-local gauge-invariant operators is a Polyakov loop, which is similar to a
Wilson loop but is given by a line integral along a Euclidean time axis. In this paper, we will focus on
the Polyakov loop operator whose explicit form is given by tr P exp (ig fo’g d rAT), where P denotes
a path-ordered symbol, 8 is an inverse temperature, and A, is a Euclidean time component of gauge
fields. The Polyakov loop is known as an order parameter of the confinement—deconfinement phase
transition at finite temperature [2,3]. Furthermore, it could provide an order parameter of gauge
symmetry breakings [2,4-9].

In order to confirm that the Polyakov loop is a physical observable at finite temperature, one
might verify that a zero mode of the Euclidean time component 4; in the Polyakov loop cannot
be eliminated by gauge transformations due to the periodicity with respect to the Euclidean time
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at finite temperature. However, the statement that the Polyakov loop is physical seems to be less
obvious than we thought.!

One reason why the above statement is not so obvious is that the Minkowski time component A
of gauge fields” is not a dynamical degree of freedom in gauge theory. The 4y component can be
removed in an operator formalism, and then the 4y degree of freedom disappears completely from
the Hilbert space of the theory, as explained below in some detail. One might stress that the Ag (or
A;) component is included in a covariant path integral representation of gauge theory. However,
the Ao (or A;) degree of freedom turns out to be introduced as an auxiliary field in a path integral
formalism (see Sect. 3).

Quantization of gauge theory cannot be performed in a straightforward fashion because it contains
redundant gauge degrees of freedom due to gauge invariance. Several ways to quantize it have been
described and are expected to be physically equivalent.’

One reliable method to quantize gauge theory is to remove all unphysical degrees of freedom by
explicitly imposing a gauge-fixing condition [13]. If the theory includes only physical degrees of
freedom, the quantization of the theory is rather straightforward, though the form of the Hamiltonian
would be messy.

For instance, in the axial gauge 43 = 0 [14,15], which will be discussed in this paper, the theory
can be described only by the physical degrees of freedom A and 4, for the gauge fields because A3
is taken to be zero by the axial gauge condition, and 4y is also removed by use of the equation of
motion for Ay, which should be regarded as a constraint equation since it includes no time derivative
of Ag.* Therefore, the gauge part of the Hilbert space in the axial gauge formalism can be spanned
by the states { | A1, 42 ) }, and any physical operators have to be constructed in terms of 4; (k = 1,2)
and their conjugate momenta I1; (and also fermion/scalar fields).

Now we can raise the issue of how to construct a Polyakov loop operator in the axial gauge operator
formalism. Since the time component is completely eliminated from the spectrum in the operator
formalism, it seems non-trivial to construct a Polyakov loop operator without Ay or 4.

One of our main purposes is to present an explicit operator form corresponding to a Polyakov loop
operator in the operator formalism that contains only physical degrees of freedom: Ay, Iy (k = 1,2)
and matter fields. Another purpose of this paper is to show that an expectation value of the above
operator given in the non-covariant operator formalism can be rewritten into a familiar form of an
expectation value of a Polyakov loop in a covariant path integral formalism at finite temperature. In
the rewriting, we will see where the Euclidean time component A, comes from and also clarify how
the operator given by physical operators turns into the standard form of the Polyakov loop given
by A;.

! One might notice that Wilson lines along non-contractible loops in extra dimensions [10,11] resemble a
Polyakov loop along the Euclidean time axis. Formally there seems no difference between them in a Euclidean
path integral formulation. However, there is an important difference. A Polyakov loop becomes meaningless
at zero temperature but Wilson lines do not. This is because the Euclidean time component of gauge fields can
be removed completely by gauge transformations at zero temperature but the extra dimensional components
cannot be.

2 In this paper, we will use 4, and 4, for the Euclidean and Minkowski time components of gauge fields,
respectively.

> We will not discuss the Gribov problem [12] in this paper. The problem is not expected to be related
directly to our issue.

4 If we take the temporal gauge 4, = 0 [16—18], 4, can be eliminated rather directly.
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This paper is organized as follows. In the next section, we take the axial gauge to quantize a
non-Abelian gauge theory, and remove all the unphysical degrees of freedom from a Lagrangian.
Then, we derive a Hamiltonian consisting of only physical ones. In Sect. 3, we first construct a finite
temperature path integral representation in the axial gauge by use of the trace formula [19,20], and
then rewrite it into a covariant path integral form with all the gauge degrees of freedom. We will
see that the Euclidean time component of the gauge fields is recovered as a Gaussian auxiliary field.
Our main results will be given in Sect. 4. We propose an operator that is expected to represent a
Polyakov loop operator in the axial gauge and is written in terms of physical operators only. We show
that the operator turns into the standard form of the Polyakov loop in a covariant Euclidean path
integral formula at finite temperature. In Sect. 5, we reformulate the analysis in the Coulomb gauge.
Section 6 is devoted to conclusions. Some details of the calculations will be given in the appendices.

2. Hamiltonian in the axial gauge

In this section, we present a canonical formulation of non-Abelian gauge theory coupled with a
fermion in the axial gauge. Although the results given in Sects. 2 and 3 will not be new [13], we
shall explain them to make our discussions in Sect. 4 comprehensible. We consider an SU (N) gauge
theory whose Lagrangian is given by

-1 -
L= Fo F" + iy Dy, 2.1
where
Fé, = 0,4% — 0,4% + gf " 40,45, Duy = (3, — igd%T) . 2.2)

The representation of the fermion ¢ under the SU(N) gauge group can be arbitrary, but for
simplicity we take it to be the fundamental representation. Throughout this paper, we use the
convention that repeated indices are summed over (unless otherwise stated), and w,v,... =
0,1,2,3 (or 7,1,2,3); i,j = 1,2,3; k,I,... = 1,2; a,b,... = 1,2,...,N*> — 1. The equation
of motion for the gauge field 4}, following from the Lagrangian (2.1) is

(D FP™ + J8 = 0, (2.3)

where Ji" = g¥y T and (Du)ab = 8"1’8M + gf"d’AZ. We impose the axial gauge
A5=0. (2.4)
Then, we can formally solve the v = 0 component of the equation of motion for A7 and obtain that
A8 = (D—l)“b((DkAk)b + J;EO) k= 1,2). (2.5)

Here, the operator (D~ 1Hab ig formally defined as the inverse of (D) = (Di)“b + 89 (93)2.
We define the canonical momentum for the gauge field 4} (k = 1,2) by

Hak _ a/v‘(Ak, l//)axial

; , 2.6
A 9 (2.6)

where L(Ag, ¥)axial i obtained by imposing the axial gauge on the Lagrangian (2.1) and eliminating
Aj in the Lagrangian (2.1) by using Eq. (2.5), so that it is written in terms of only physical degrees
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of freedom. The explicit form of L(A, ¥ )axial 1S given by Eq. (A.1) in Appendix A, from which the
canonical momentum for 4 is calculated as

n% = (M)P40 — (DD~ 1IN (1 =1,2), (2.7)
where
(M)% = 598, — (DD~ ' D). (2.8)
By solving Eq. (2.7) for A%, we have
= MhHy (HZ’ + (DzD‘lJE)b), 2.9)
where (M *1)%’ is defined as the inverse of (M )%’ , whose explicit form is
M) = 88 + (Dk(33) D). (2.10)

It is straightforward to check that (MM *1)%’1 = 8%y, by using (D) = (Dlz)“b + 89 (93)2. As for
the fermion v/, we take the right derivative with respect to the Grassmann variable, and the canonical
momentum for i is

M, = 3,C(A];,1/}/ﬁ)axial _ lﬁi]/o. Q.11

Then, the Hamiltonian is
Haxial = AL + Ty — LAk, ¥ axial
= St T+ g o DD
+ %(DkD”J,Q)“(M,;lD,D—IJPQ)“ - %J;}O(D_IJ}?)“

1 a ra 1 a a 7ok 7,3
+ 7 e + 533Ak83Ak — Yiy Dy — iy o3, (2.12)
In deriving the Hamiltonian, we have performed the partial integration with respect to (M _1)%’ .
The Hamiltonian is written in terms of only physical degrees of freedom A%, ij, ¥, and I1y as
it should, though it is messy, including the non-local terms. It may be appropriate to mention here
that one is able to rewrite Eq. (2.12) into another form presented by Eq. (A.6) in Appendix A, in
which the self-energy of the color charge densities of the fermion manifestly appears. We shall use
the Hamiltonian (2.12) in the discussions given below.

3. Trace formula in the axial gauge at finite temperature
Let us first define the vacuum expectation value of an operator O at finite temperature by the trace
formula,

(O)p = Tr (0 e_ﬂﬁ) with A = /d3x H, 3.1)
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where 8 stands for the inverse of the temperature 7. If one chooses a non-covariant gauge such as
the axial or Coulomb gauge, the operator © and the Hamiltonian A are written in terms of only
physical degrees of freedom, i.e. 21“, lﬁ and their canonical momenta, f[fflk , lclw, so that the trace in
Eq. (3.1) must be taken over the physical states alone, denoted here by Aphys = {4}, ¥}

Tr (O(ﬁjk,ﬁz, ﬁw, ) e—ﬁH(ﬁﬁagkﬁw,@»
gauge

~ A A A _ ~k 4 B >
= f D Aphys (Aphys|OT1%, 49, Ty, ) e P TeARTy D) g 40 onnge- (3.2)

It should be understood that bosons (fermions) must obey the (anti-) periodic boundary condition
for the Euclidean time direction because of the quantum statistics at finite temperature.
Our aim is to find the operator O(f[“k ,zzlz, IQI,’U, 1&) which satisfies

Tr (0(21“,&,ﬁf{‘,ﬁw)e—f’H@Z"@ﬁ?‘ﬁw)) = / DA, DYDY detME"E) [ ] 6Ot fauge ™))
xX,a

gauge

X tr<77 eigfoﬂ dTAT(T’XO)) exp /ﬂ dt f d3x{_TlFZVFZV — lﬁinDuw}, (3.3)
0

where Mlig;uge and §( Xé’auge (x)) are the Faddeev—Popov determinant and the gauge condition for the
chosen gauge, respectively,and u, v = 7, 1, 2, 3. We shall consider the cases of the axial and Coulomb
gauges in this paper. The right-hand side of Eq. (3.3) is nothing but the vacuum expectation value of
the Polyakov loop operator in the covariant path integral form under the chosen gauge condition. It
should be noticed that the left-hand side of Eq. (3.3) is given by the trace formula in the non-covariant
operator formalism by use of the physical degrees of freedom alone, not including 4., particularly
that the operator O(f[fflk ,IQIZ, f[w, V) has to be constructed by the physical operators only. Therefore,
it seems to be a non-trivial problem whether or not there exists such an operator O(ﬁjk, 212, l:[]// , 1/A/)
satisfying Eq. (3.3). Furthermore, we need to clarify where the unphysical degree of freedom A4,
comes from in deriving the right-hand side of Eq. (3.3) from its left-hand side, and manage the
path-ordered product of the Polyakov loop in the trace formula.

Before we construct the operator o explained above, let us first study the partition function at
finite temperature, say ® =1, in the case of the axial gauge. In this case, what we would like to
show is that for the Hamiltonian (2.12) the equation

Tr (e—ﬂmﬁf,,ﬁtk,ﬁw,&))
axial
. B —1 .
= fDAupxpr det(a3) HS(A?) exp/0 dt / d3X{TFZvFZv — WiyﬂDMI//} (3.4
X,a

holds, where the right-hand side of Eq. (3.4) is the standard path integral representation for the
partition function at finite temperature in the axial gauge. This may be too pedagogical, but helpful
for the later discussions. Using the completeness relation for the canonical momenta ij and Iy,

the left-hand side of Eq. (3.4) can be written in the path integral form as
Tr (e—ﬁH(ﬁ]jﬁk,ﬁw,@))

axial

8 . .
_ /DnjkDAZDI'Ile// exp/ dt/d3x{il'[j’lkAZ+il'I¢w —Ham}, (3.5)
0

5/28



PTEP 2017, 043B02 M. Sakamoto and K. Takenaga

where Hayial is given by Eq. (2.12) and A%, ¥ stands for the derivative with respect to the Euclidean
time T, 212 = 8TAZ, 1// = d;¢. This notation will be used hereafter. Let us note that the imaginary
unit  in front of HflkAZ and ITy ¢ does not come from the Euclideanization, but from taking the
inner product of the “coordinate” ¢ (x) and the “momentum” Iy (x),

@iMte) xexpfi [ d*x o0, (3.6)

The exponent of the right-hand side of Eq. (3.5) is quadratic with respect to l'[jk , whose explicit
form is given by Eq. (A.7) in Appendix A, so that we can perform the Gaussian integration Dl'[jk .
Then, we arrive at

o 8
Tr (e—ﬂm“’éﬂk’“wslﬂ)) :/DAganw det—%(M—l)exp/O dr/d3x

axial
1. . 1 . . . 1
X {—EAZAZ - 5(DkAk)“(D—lD,A,)“ — AL (DD + EJﬁO(D_Ijg)“
~Ypape _ Lo gan.a49 im0 + GivtD Viy39 3.7
2l — 30403 Ay + iy ¥ + iy " Dip + Yriy s . (3.7)

In order to restore the A, degree of freedom, let us consider the Gaussian integral given by
1 B 3 1 1 Y 0
1= / DA det? (D) exp/o dr / d x{—5 (142 = @™ H* (1D +I5°) )
x (D)™ (iA;f — (DY (i(DyA)° + J,?O))}. (3.8)

By inserting Eq. (3.8) into Eq. (3.7), some of the terms in the exponent in Egs. (3.7) and (3.8) cancel
each other, as shown in Appendix A.2, where we explicitly present the expansion of the exponent in
the Gaussian integral (3.8) by Eq. (A.9). Then, we obtain that

Tr (e PHMedilled)) = / DAYDADIT, Dy det™2 (M) det? (D)

axial

p 1. . 1 1
X exp /0 dr / x| AL = SFF — S0aAi034,
1 I .
- E(DkAr)a(DkAr)a - 5331‘1‘; 0347 + AL (DyAr)”
+ Ty + Giy Doy + Yy o5y + iA;'JgO}. (3.9)

Note that 4¢ is recovered as the auxiliary field through the Gaussian integral (3.8). We finally
introduce the factor

1= /DA§H3(A§) (3.10)

in order to restore the 45 degree of freedom. By inserting it into Eq. (3.9), the exponent in Eq. (3.9)
is summarized into the covariant form of the Lagrangian thanks to the delta function in Eq. (3.10).
The determinants in Eq. (3.9) are evaluated as

det™2 (M~ Ydet? (D) = det(d3), 3.11)
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which is shown in Appendix C.1. Hence, we finally obtain that

Tr (e*ﬂH(ﬁﬁAkaﬁwﬂz)>

axial

/ DASDY DY det(ag)H(S(A ) exp / dt f d3 —ngng lﬁinDﬂi//}, (3.12)

where we have used DITy, = Dy and defined y;, = —iy°. This is Eq. (3.4) that we would like to
prove.

4. Polyakov loop in the axial gauge

Let us discuss the Polyakov loop operator in the axial gauge, which is one of our main purposes
in the paper. As explained in Sect. 1, the gauge part of the Hilbert space in the axial gauge does
not contain the gauge field 4;, from which the Polyakov loop operator is usually defined. Thus, the
problem is how to construct the operator written in terms of only physical degrees of freedom in the
axial gauge, corresponding to the Polyakov loop operator. Our aim is to present an explicit form of
the operator O(f[fflk ,ﬁz, 1211/,, zﬁ) that satisfies

Tr (O(ﬁ A9 Ty, ) e PHIAG, '/’>>

axial

/ DA DYDY det(83)l_[8(A )tr(P exp |ig / dtd,(z, xo)})

X exp / av [ x| rL — binD) (4.1

where the operator (’)(ﬁ“k , 21%, 121,/,, 17/) must be written in terms of only physical degrees of freedom
in the axial gauge. The trace of the left-hand side is taken over the physical state alone in the
axial gauge where there is no A% degree of freedom. The right-hand side is, of course, the vacuum
expectation value of the Polyakov loop operator in the covariant path integral form with the axial
gauge.

In our trials to find operators satisfying Eq. (4.1), we have observed that the non-Abelian nature of
the path-ordered product of the Polyakov loop in Eq. (4.1) is an obstacle to rewriting the expectation
value of the operator (’)(Hak A“ Hw, ) in the trace formula of the left-hand side of Eq. (4.1) into
the covariant path integral form in the right-hand side of Eq. (4.1). Thus, it seems to be necessary to
transform the right-hand side of Eq. (4.1) into a path integral form without the path-ordered product.

To this end, let us consider gauge transformations such as

A% (e, x)T = U(r)(A/‘; (T, )T + éaf>u’f(f), (4.2)
A%, x)T* = U A{ (z,x)TU (1), (4.3)
v (t,x) = U(D)Y'(7,X), (4.4)

where the unitary matrix U () is assumed to depend only on the Euclidean time t with the periodic
boundary condition U(t + ) = U(r) in order not to contradict with the quantum statistics at
finite temperature. We notice that there is no inhomogeneous term in the right-hand side of Eq. (4.3)
because U (t) does not depend on the spatial coordinate x. If we formally write the delta functions
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HS(A;’(I,X)) as H(S (A43(z,x)) with 43 = A5T¢, it will be obvious that the delta functions are
X,a X
invariant under the gauge transformation (4.3), i.e.

[[6Ws(z.x) = [[s45(r.x)). (4.5)

We choose the unitary matrix U(t) to diagonalize the Polyakov loop by the gauge transforma-
: ﬂ a a
tion (4.2) as follows: The path-ordered product P e'€ Jo deAZ@ x0T ransforms under the gauge
transformation (4.2) as

P ety dutiet’ — (ﬂ)[P el "’A";(T’XO)TL‘] uto)
=U(0) [P 2 d”"r‘<f’*0)T“]UT<o>. (4.6)

. i [P ra a . . . . . . . .
Since P '8 Jo 4t (x0T jg 4 unitary matrix fixed at Xg, it can be diagonalized by a unitary matrix
U (0). Then, we can rewrite the Polyakov loop into the form

B .

io (B dr42 a -

tr(']) elgf() dt A7 (t,x0)T" ) — tr(exp{lg/ dTA,i(T,X())Ta})
0

D B - _
= Zexp{ig fo drA";(r,xo)(T“)aa}, (4.7)
a=1

where {T% @ =1,2,...,N — 1} are generators of the Cartan subalgebra of SU (N) with the diagonal
form

(Thap = (T")qadap (@, =1,2,...,D). (4.8)

Here, D stands for the dimension of the representation of {7%} (D = N for the fundamental represen-
tation). Thus, the Polyakov loop turns out to reduce to the one defined for the U (1) subgroups in the
SU (N) gauge group. Thanks to the reduction, the trace in the original expression (4.1) is replaced by
the summation with respect to the Abelian part of the Polyakov loop in Eq. (4.7) (note that (7%) 4 is
just a number) and one does not need to take care of the path-ordered integral because of the Abelian
nature of the U (1) gauge group.

It is convenient for transparent calculations to use the notation defined by

(T%4q for a=a (not summed over «),

0 for a # a. 49)

(T NVoa = [
By taking account of the above discussions, Eq. (4.1) becomes

T (O, Af, iy, ) e P e o)

axial

D _ B _
=Y / DAL DYDY det(ds) [ [ 5(49) exp {ig /0 drA;’(f,xo)(Ta)aa}
a=1 x,a

B -1 -
X exp /0 dt / d3x{TFl‘ijfjv - xp%DMw}, (4.10)
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where we have removed the prime ’ from all the fields. Thus, our aim is now to find the operator
O(ﬁak,;lz, I:Iw, 12/) that satisfies the above relation.
We propose the operator O (ﬁflk ,IQIZ, lilw, V) satisfying Eq. (4.10) as

O, AL Ty, 0y =Y exp g fo dr / APx(T*)aad® x = x0) (33) 2 ((DuITh) +8°) ) |.
a=1

(4.11)
where (79)q is defined in Eq. (4.9). It should be emphasized that the above operator is described
by only the physical operators but not 4;. This is a main result of our paper. The above form of the
operator might be guessed from Egs. (2.5) and (2.9), but the proof'that Eq. (4.11) leads to the relation
(4.10) seems to be far from trivial, as we will see below.

For the operator (4.11), the path integral representation for the left-hand side of Eq. (4.10) is

D
Tr (O(ﬁj",ﬁz,ﬁw,lﬁ) e‘ﬁH(Hﬁ»Ak’“w/”) = Z/DijDAzDHWDw
a=1

axial

B .
X exp/ dr/d3x{g(Ta)aa5(3)(x—Xo)<(83)2((Dk1'lﬁ)a+J1?0))
0
+ iM% AY + Ty — Haml}, (4.12)

where the Hamiltonian H,yia is given by Eq. (2.12). Since the exponent of the right-hand side
in Eq. (4.12) is quadratic with respect to Hflk , whose explicit calculations and forms are given in
Appendix A.3, we can perform the Gaussian integration DIT% and we obtain that

Tr (O, A, Ty, ) o #H T

axial
D | B

- Z/DA%DHwa det 2(M~ 1) exp/ dr/d3x
a=1 0

1. . 1 . . . 1
x {—EAZAf’ — E(DkAk)“(D_lDlAI)“ — i (DD 4 EJ,?O(D_IJ,Q)“
1 1 . - _
— S FlFly — 50450545 + Ty + Priy Deyy + Jriy 03y
+ (7008 (x — x0) (DU + ig(T")qad® (x — x0) (D~ Didy)*
2
— %((T“)ma“)(x —x0)) ((33) (T 08P (x — x0))

2
+ (008 = x0) (D) ()08 (x = x0)) |. (4.13)

We next insert the Gaussian integral,

f
| = / DA® det? (D) exp / dt / x
0

5 (i = DR + I + 80V 5~ x0))

x (D) (id — D (DD© + I + g(Taad™ (x = x0)) |, (4.14)
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into Eq. (4.13) in order to recover the 49 degree of freedom. Note that we add new terms of the
point color charge densities g(7)qa 8 (X — Xo), compared with Eq. (3.8). If we expand the exponent
of Eq. (4.14), which is given by Eq. (A.16) in Appendix A, we see that some of the terms in the
exponent of Eq. (4.13) cancel with those in Eq. (4.14). Then, we have

Tr (O, Af. iy, ) e A

axial

D B
-y / DAYDADIL, Dy det 2 (M ~)det? (D) exp /O dt / d3x
a=1

Loy, 1 1 o _
{—EAiAZ — S FAFl = S0A05AL + Ty + Tiy Dy + Yy 05y + AL

1 1 .
- E(DkAr)a(DkAr)a - 53314?3314? + Ay (DrAr)*

+igA% (T 48 (x — X0)

2 ~ ~
= (008 (x = x0))(33) 208 (x = x0)) |. (4.15)

We note that 47 is recovered as the auxiliary field through the Gaussian integral (4.14). The fourth
line of Eq. (4.15) is just what we wanted, and corresponds to the Polyakov loop in Eq. (4.10). Since
the term comes from the cross terms in the Gaussian integral (4.14), it turns out to be difficult to get
the Polyakov loop in the original path-ordered form of Eq. (4.1) from the above procedure. This is
the reason why we rewrite the Polyakov loop of Eq. (4.1) into the Abelian form given in Eq. (4.10).

We finally restore the 45 degree of freedom by Eq. (3.10), and the terms in the exponent (4.15) are
summarized into the covariant form of the Lagrangian. The determinants are evaluated, as before,
like Eq. (3.11). Then, we arrive at

T (O, A Ty ) ¢ PHTACTD)

axial

D B B _
= Z/DAZDwa det(93) H(S(Ag’) exp {ig/o drA‘f’(f,xo)(Ta)w}
a=1 X,a
B -1 -
x exp/ dr/aﬁx{TFZUFfw — z/finDﬂw}. (4.16)
0

Hence, we have proved Eq. (4.10) for the operator O defined by Eq. (4.11). One can come back
to Eq. (4.1) by the inverse gauge transformations for Egs. (4.2)—(4.4). One can say that we prove
Eq. (3.3) in the axial gauge for the operator O defined by Eq. (4.11).

Before closing this section, let us discuss the last term in Eq. (4.15), which is the divergent self-
energy of the point color charge densities due to introducing the Polyakov loop operator (4.11). [f we
define a new operator Orew in such a way that we subtract the self-energy part from the beginning
by the counter term, 8¢,

N D B - A R
Onew = Y exp {g / dt / d3x(Ta)W5<3>(x—x0)<(a3)—2((Dknﬁ)“ +Jgo +5gelf))}, 4.17)
a=1 0
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where
elf = —(T“)a 8 (x — x), (4.18)

then the divergent term does not appear in the expression (4.15). We note that the term subtracted
by the counter term, (d3)~ SS «1f> Obviously does not depend on the field.

5. Hamiltonian in the Coulomb gauge

In this section, the following two subsections reformulate the analyses done in Sects. 2, 3, and 4 for
the case of the Coulomb gauge.
The Coulomb gauge is given by

34 =0  (i=1,2,3). (5.1)
One of the components, say 4%, is eliminated by Eq. (5.1) like
= —(33) 1 9paq. (5.2)

We impose the Coulomb gauge on the v = 0 component of the equation of motion (2.3) and formally
solve it for 4j. Then, we have

A4 = (D! )“b<(ck21k)b +JFb°) k=1,2). (5.3)

The operator (D~ 1) is defined as the inverse of (D)% = (Dl.z)”b . We find it useful to leave 45 in the
covariant derivative (Dg)ab as it is, in order to perform calculations as clearly as possible, keeping
Eq. (5.2) in mind. (Cy)?? in Eq. (5.3) is defined by

(C™ = (D)™ — (D3)(33) ™" o (5.4)

The partial integration with respect to (C;)® yields a new operator, accompanying a minus sign,
given by

(C™ = (D)™ — 3.(33) " (D3) ™ (5.5

and vice versa.

As in the case for the axial gauge, we eliminate 4G by Eq. (5.3) and 45 by Eq. (5.2) in the
Lagrangian (2.1). Then, we obtain the Lagrangian £(A4g, ¥ )cou Written in terms of only physical
degrees of freedom, whose explicit form is presented by Eq. (B.5) in Appendix B. Then, the canonical
momentum for 47 is given by

3£(Ak, Y Coul
8Aa

rak = (NP4 — (D71 IN, (5.6)

where
(NP = (6 + 3 (33)729)8? — (G Cp. (5.7)
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We obtain from Eq. (5.6) that
g =W hg(nf + @p7up?), (5.8)

where (N ™! )z;’ is defined as the inverse of (N )Z;’ and its explicit form is

g _ a ~x b
(N"HE = (8 — A8 + (CLATIC))™, (5.9)
where
(C™ = (D™ — A" - (D), (5.10)
k
(CH™ = (D™ — (D* - A5, (5.11)
A'=(D-aa"9-D)", (5.12)
A= H 7L (5.13)

We have also used the notation d - D = 9;D;. Let us note that 9 - D = D - 9 in the Coulomb gauge. We
present the relations among the operators, (5.4), (5.5), (5.10), (5.11), and the proof of Eq. (5.9) in
Appendix B. As for the fermion, we take the right derivative with respect to the Grassmann variable,
so that we have

m, = aﬁ(Ag,l;/ﬂ)Coul — Jiy®. (5.14)
Then, the Hamiltonian is obtained as
Heou = TAL + Ty ¥ — LAk, ¥)coul
= IO T+ v S
+ %(6kD—1J£)(N,;16,D—1J£)“ - %Jgo(p—l.]g)“
+ %F,?IF,?I + %ngng — Yiy* Dy — iy D3y (5.15)

This Hamiltonian is written in terms of only physical degrees of freedom, as it should. If we compare
the Hamiltonian (5.15) with that in the axial gauge (2.12), we observe the correspondences among
the operators in the Hamiltonians such as M~! <> N~!, D; <> Cy, even though their explicit forms
are quite different. The similarity between them may be the consequence of the fact that in both
cases the physical degrees of freedom are Ay, ij , ¥, and ITy alone. The Hamiltonian (5.15) can
be recast into another form, which is presented by Eq. (B.17) in Appendix B, and the self-energy of
the point color charge densities of the fermion in the Coulomb gauge becomes manifest. We shall
use the Hamiltonian (5.15) in the discussions below.

5.1.  Trace formula in the Coulomb gauge at finite temperature

In this section we would like to repeat the same analyses as in the case of the axial gauge in Sect. 3.
We first show that the Hamiltonian (5.15) can reproduce the well-known path integral representation
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for the partition function in the Coulomb gauge at finite temperature,

- ( B A0y, w> / DADYDY det(d,D)) [ | 8(3i4%)
Coul

xX,d
X exp / dr / d3 TF;;VF;;U &iyﬂDuw}. (5.16)

The discussions here may be too pedagogical again, but are helpful for the discussions in the next
subsection. The path integral representation for the left-hand side of Eq. (5.16) is

Tr (e—ﬂﬂ(ﬁ’;,ﬁk,ﬁw,%)
Coul

g . .
= /DHZkDAZ'DHw'Dl// exp/o drfd3x{inf]‘Az+inW —HCOul}. (5.17)

Since the exponent in Eq. (5.17) is quadratic with respect to l'[jk , one can perform the Gaussian
integration. The detailed expression for the quadratic form is given by Eq. (B.18) in Appendix B.
Then, we have

Tr (fﬂH(ﬁ’iﬁkﬁw’W / DAYDIL, Dy det 2(N™") exp / dt f dPx

Coul
_l qa ya 1 a —1 a 1

X 2AkAk ((33) AL ((33) 9,4 )+ A “CyDCiA)”

— iA%(C DI + 5J,ﬁlo(p—lJ,Q)“

1F Fk+znw+1//zyk1)k¢+&iy3D3¢}. (5.18)

1
_ _F4Fpe _
kI Kkl 2

4

We next consider the Gaussian integral given by

| B )
1= / DAY det? (D) exp / dr / d%{—l(mz — DY (i(C)* + )
o 2
x (D)™ (z’A;’ — (DY (i(C)* +J§O))} (5.19)

in order to restore the A, degree of freedom. Inserting the Gaussian integration (5.19) into Eq. (5.18),
some of the terms in the exponents of Egs. (5.18) and (5.19) cancel each other. We present the
expansion of the exponent of Eq. (5.19) in Eq. (B.20) in Appendix B. Then, we have

Tr (e—ﬁH(ﬁ]j,;lk,ﬁw,w)

o /DA“DA“DHwa det"2(N"") det2(D)
ou.

p 1. . : 1 1
X exp / dt / d3x{—§AgAg - —((83)_18kAZ)((83)_181A§‘) — g FiFi = 3PS

- —(DA )4(Did7)* 4+ AL (DrAr)* — (D3A7)*((33) ' A9
+ Ty Y + Piy* Dy + Wiy Dsyr + id® ;10}. (5.20)
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As in the case of the axial gauge, A, is recovered as the auxiliary field through the Gaussian integral
(5.19). In order to restore the A5 degree of freedom, let us consider the identity

| = / DAS [ 844 + (35) " Al (: / DA det(a3)1_[8(8iA?)>. (5.21)

Then, the exponent (5.20) is summarized into the covariant form of the Lagrangian thanks to the
delta function in Eq. (5.21). And as shown in Appendix C.2, the determinants are evaluated as

det™2 (V") det? (D)det(33) = det(8;D;). (5.22)
Hence, we obtain that

Tr (e—ﬁH<f1§,2kﬁw,v>>>
Coul

= /DAZ'D&DI& de’[(al’Di)né(aiA?)

B 1 i
X eXp/0 dt / d3X{TFZVFZv — winD,ﬂ,ﬁ}, (5.23)
where we have used DIy = D and defined y; = —iy". We have finished proving Eq. (5.16).

5.2, Polyakov loop in the Coulomb gauge

Let us proceed to discuss the Polyakov loop in the Coulomb gauge.” We no longer have the A4,

degree of freedom, from which the Polyakov loop is usually defined, in the operator formalism of

the Coulomb gauge. Nevertheless, it is natural to expect that the operator written in terms of only

physical degrees of freedom corresponding to the Polyakov loop should exist and is to be defined.
Our aim is to present the operator o satisfying Eq. (3.3) for the case of the Coulomb gauge, that

1s, it satisfies

Tr (O(ﬁjk,zaz, ﬁl/la ‘&) e_ﬂH(ﬁﬁ’lak,ﬁWJJI))Coul

D B _
= Z / DA DYDY det(aiDl-)HB(aiA?) exp {ig /0 drAz(z,xo)(Ta)w}
a=1 x,a

B -1 _
X exp /0 dv / d3x{Tngng - llfinDul//}, (5.24)

where, as in the case of the axial gauge, the Polyakov loop is reduced to the U (1) gauge sector of the
SU(N) gauge group by the gauge transformations (4.2)—(4.4). Note again that O should be written
in terms of only physical degrees of freedom.

We shall show that

S p - 2 FN N
0= exp {g /0 dr / x40 x = x0) (ATH)™ (1" + T + sfelf))} (5.25)
a=1

satisfies Eq. (5.24). Here we have inserted the counter term defined by

6t = %(T’J)wam(x ~ %) (5.26)

5 As a different approach from ours, a Polyakov loop in the temporal gauge has been discussed in Ref. [21]
and treated as a Wilson line of the Hosotani mechanism [10,11] by exchanging the role of a spatial coordinate
and the Euclidean time.
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in the definition (5.25). Note that the counter term (5.26) is the same form as the one for the axial
gauge (4.18), and it does not depend on fields. 8é’elf cancels the divergent self-energy of the point color
charge densities arising from introducing the operator (5.25), that is, the Polyakov loop operator as
we will see below. It may be worthwhile pointing out that the term subtracted by the counter term is
(A‘l)“b(Sfelf, so that, unlike the case for the axial gauge, it depends on the gauge field through the
operator A~!. The above form of the operator (5.25) might be guessed from Eqs. (5.3) and (5.8),
but it seems to be far from trivial that the operator actually satisfies Eq. (5.24), as we will see below.
The path integral representation for the left-hand side of Eq. (5.24) is

T (O 27 fry iy M OASD)

D
= Z/DnjkDAganw
a=1

p _ )
X exp /0 dt / x| g(T)0ad® (x = x0) (AT (LT + 1 + 8Ly))
+ % A9 4 Ty — Heou } (5.27)

where the Hamiltonian Hcgy is given by Eq. (5.15). The exponent in Eq. (5.27) is quadratic with
respect to Hflk , so that we can perform the integration Dl'lflk . The detailed calculations and the
explicit quadratic form for the exponent in Eq. (5.27) are given in Appendix B.3. Then, we have

e (O A, 1y ) e PP AD)

D
- Z/DAZDHwa det"> (N1

a=1

b s Lo, 1 o . | I
X exp/ dr/d x{—zAZAi — 5((83)’ WAT) ((33)7' 9,47) + EA%(C;{D* Ci4;))°
0

o 1 B 1 1
— AN G DI + EJ,?O(D L0y — ZF,le,?l — Engng
+ iy yr + iy Dry + iy’ Dy
+ 8(T")4a8® (x — x0) (AHsL
+ 87408 (x = x0) (D 'ID* + ig(T") a8 (x — x0) (D™ Crdp)*

2
g ~ ~ ~
— 7(T“>aaa(3>(x —x0) ((A™H)(T)0a 8 (x — x0))
2
g ~ _ ~
+ & (108 (x = 30) (D7) (T)aad D (x = x0)) . (5.28)
In order to recover the 4% degree of freedom, we insert the Gaussian integral defined by

g
| = f DA® det? (D) exp / dt / x
0

x {—% (iA;’ — (DY (I(CrAR)© + I + g(T) a8 (x — XO)))

x (D) (iad — (D (AN +IE + g(T)aad®x = x0)) )} (5.29)
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into Eq. (5.28). We have added new terms of the point color charge densities g(7¢)qed(X — Xo),
compared with Eq. (5.19). In Eq. (B.28) of Appendix B, we explicitly present the expansion of the
exponent of Eq. (5.29) and we find that some of the terms in the exponent of Eq. (5.29) cancel with
those in Eq. (5.28). Then, we obtain that

A A e n —_ Ak p ¥ )
Tr (O(Hﬂk, Z: H’ﬁ’ v)e ‘BH(HA’Ak,Hw’w))Coul

D B
= Z/DA‘;DAgDH.pr det™2 (N~")det? (D) exp/o dt/d3x
a=1

1. . 1 _ . . 1 1
x =304 = 3@~ o) (007 Af) — ZFGFfy — SFSFY

1 . .
- E(DiAr)a(DiAr)a + Af (DA — (D3A:)((83) ™' AP

+ iy ¥ 4+ Yiy Dy + iy’ Dy +id%J2 4 igd (1) a8 (x — x0)
+ 27408 (x — x0) (A H)8b
g2

= £ (10t ® (x = x0) (A (T)uad ¥ (x = x0)) . (5.30)

The last two terms are found to cancel with the choice of Eq. (5.26). The 4; degree of freedom is
recovered as the auxiliary field through the Gaussian integral (5.29). The last term in the fourth line
of Eq. (5.30) just corresponds to the Polyakov loop in Eq. (5.24).

We finally restore the 45 degree of freedom by Eq. (5.21). As before, the exponent is summarized
into the covariant form of the Lagrangian and the determinant is evaluated as Eq. (5.22). The result
is

o D
Tr (O(ﬁjk, AZ’ flmp, 1/}) e—ﬁH(Hﬁ,Ak,Hv/,W)) = Z / 'DAZ_'Dl/_/Dl// det(9;D;) 1_[ 5(31'14?)
a=1 x,a

Coul

x exp{ig fo ’ drA(z, xo)(Ta)o,a}exp /0 ’ i f d3x{ _TlF;ij;;v - xﬁinDsz}. (5.31)
Thus, we have proved Eq. (5.24), and this implies that we have verified Eq. (3.3) in the Coulomb
gauge for the operator O defined by Eq. (5.25).

It may be worth mentioning here the equivalence between the axial gauge and the Coulomb
gauge. The Faddeev—Popov method guarantees the equivalence among different gauge choices in
the path integral formalism even at finite temperature. Although the equivalence is believed to be true
even in the operator formalism at finite temperature, the operator correspondence between operator
formalisms with different gauge choices seems to be less obvious. Actually, our final results (4.16)
and (5.31) show that their right-hand sides are mutually transformed by the Faddeev—Popov manner.
This fact implies that the results may prove indirectly the equivalence between the axial gauge and
the Coulomb gauge in the operator formalism at finite temperature with the corresponding Polyakov
loop operators.

6. Conclusions

In quantizing the non-Abelian gauge theory with a non-covariant gauge fixing such as the axial and
Coulomb gauges, any physical operator such as the Hamiltonian is written in terms of only physical
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degrees of freedom, by which the Hilbert space is spanned. Ag is not a dynamical variable, so it
disappears in the Hilbert space. Then, one may wonder how one should define the operator, written
in terms of only physical degrees of freedom, corresponding to the Polyakov loop operator when
one considers the theory in these gauge fixings.

In order to answer the question, we have first studied the canonical formulation of the non-Abelian
gauge theory in the axial and Coulomb gauges, in which the physical degrees of freedom are clarified.
We started with the Lagrangian obtained by imposing the gauge condition and by eliminating A{
through the equation of motion, from which the canonical momentum for the gauge field is defined.
The Hamiltonian obtained in this way is written in terms of only physical degrees of freedom as it
should, though it has a complicated form including the non-local operator.

We have constructed the operator corresponding to the Polyakov loop operator in terms of only
physical degrees of freedom in the axial and Coulomb gauges. In order to confirm that the defined
operator is actually the standard Polyakov loop operator, we have evaluated the trace formula for
the operator at finite temperature and showed that it can be rewritten into the covariant path integral
form for the usual Polyakov loop operator with all the gauge degrees of freedom under the chosen
gauge fixing.

We have encountered a divergent quantity in the process to obtain the covariant path integral
form. It is the self-energy of the point color charge densities owing to introducing the operator O,
which corresponds to the Polyakov loop. Introducing the Polyakov loop is essentially the same as
considering the point color charge densities of a fermion. This manifestly appears in the Hamiltonians,
(A.6) and (B.17) in the appendices. In the case of the axial gauge the divergent self-energy does not
depend on the field, while in the case of the Coulomb gauge it does. One can subtract the self-energy
by introducing the counter term, g, in the definition of the operator O, and the self-energy does
not appear in the final expression of the covariant path integral form.

In proposing the operators (4.17) and (5.25), we have taken into account the fact that the Polyakov
loop operator has the same physical effect of introducing a color charge density. In fact, we have
guessed the forms of the operators (4.17) and (5.25) from the second and third terms in the Hamilto-
nians (A.6) and (B.17). It is also very important and interesting to investigate the theoretical aspects
of the non-Abelian gauge theory at finite temperature based on the present work in addition to giving
the complete physical interpretation of the operator.
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Appendix A. Axial gauge

In this appendix we present some details of the calculations and formulae necessary in order to derive
the results in the text.
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A.1.  Hamiltonian in the axial gauge
The Lagrangian L£(Af, ¥ )axial is obtained by imposing the axial gauge A5 = 0 and eliminating Ag
by using the constraint (2.5) in the Lagrangian (2.1). Straightforward calculations yield

1. . . _ 1 -
LA Vit = 54 (MuAD® — A{DD™D + ST DR

1 a ra 1 a a 7,007 7ok 7,3
T4 b — 53314/(83141( + iy Y + iy Dy + Yiy iy, (A.1)
where we have used the definition for (M )%7 ,(2.8). Inderiving (A.1), we have formally performed the
partial integration with respect to Dy and D. The partial integration with respect to D accompanies
a minus sign, while that with respect to D does not. And we also note that the partial integration with
respect to (M )Zf’ , (M _I)Zf’ does not accompany a minus sign.
As mentioned in Sect. 2, the Hamiltonian (2.12),

Haxial = AL + Ty ¥ — L(Ak, ¥)axial
1 B _ _
= En;;"(Mk,lng)“ + %, ' DD IR
1 ~ ~ ~ 1 _
+ 5 (DD Ly, DD — 5],?0(2) Lpdya

1 1 - -
+ JFiFi + 50430345 — Iiy* Dy — vriy 059, (A2)

can be rewritten into another form, which is obtained by using the explicit form of (M _l)zlb for the

second and the third terms in Eq. (A.2) after the partial integration with respect to M,; ! Dy, and
D~!. These two terms are written as

1
— (D™ 'DyM T )T — 3 O~ DeM ' DD

— (Dk(ag)_2J19>a - % go(((ag)—zaab — (D_l)“b)J£0>, (A3)
where we have used the relations
(D~'DiM Y = (33) 2 (D™ (A4)
and
(D—leM,ng,D*)ab = (33)"25% — (DY, (A.5)

which can easily be shown by using the explicit form of (M *1)%’ given by Eq. (2.10). Finally, we
have performed the partial integration with respect to Dy and (33) 2 in order to obtain the result
(A.3). Then, we find that

1 B _ 1 _
Haxial = 5 T (Mg ' TU)? + T4 (D (33) )" = I (05) 2"
1 1 _ B}
+ ZF,;’,F,?, + 583AzagAz — iy Dy — Uiy a4 (A.6)

Note that the third term in the first line in Eq. (A.6) is well known to be the self-energy of the point
color charge densities of a fermion in the axial gauge. The self-energy manifestly appears in this
form of the Hamiltonian.
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A.2.  Trace formula in the axial gauge

In order to perform the integration DIT%F, we complete the square with respect to ij in the exponent
of Eq. (3.5),

l'l_[fflkzzlz + inl//lb - Haxial
1 . . _ _ . . _
= —5 (g — i) + @D )i (U = iMndn) + DHD I
1'a YBY! . a —1 70Na 1aO —1 y0Na 1aa 1 a a
+ iy ¥ 4+ Yiy Dy + diy3o3y. (A.7)
The first term in the third line of Eq. (A.7) can be written as
1. . 1. .1 . .
=AMy A = = AL — (DA (D™ D) (A.8)

by using the explicit form for (M )%’ , (2.8), and by performing the partial integration for Dy. Then, we
obtain Eq. (3.7). If we expand the exponent of the Gaussian integral (3.8), we have, after performing
the partial integration with respect to D,

1 . .
— 5 (142 = @Y (DA +IE°) )@ (i = DDA +IE) )

1 1 .
— —E(DkA,)“(DkA,)“ — 533/1233,4‘; + AT 4 A% (DAL )"
1. . . 1
+ E(DkAk)“(D_lDlAl)a + A4 (DD IR — EJ,:!‘)(D—U,i!)“. (A.9)

We observe that some of the terms in the second line of the right-hand side of Eq. (A.7) and the
right-hand side of Eq. (A.9) cancel each other to yield the result (3.9).

A.3.  Polyakov loop in the axial gauge

In order to perform the integration DIT%, we need to complete the square with respect to ij in the
exponent of Eq. (4.12), which is given by

1 . ~
— 5 (14 = 0P} = g™ 35) (T aas® (x = x0)) + DD Y1

x (Hi’” — (M) (i4G — (D)7 (83) (T )aad8® (x — x0)) + (DmD—ng)g). (A.10)

There are new terms containing the gauge coupling g, due to introducing the operator (4.11), which
do not appear in Eq. (A.7). According to the perfect square with respect to ij, we should add the
following terms:

— 8T8 (x — x0) ((33) 2 (DL TTH)) + ig(T")0a 8 (x — x0) ((33) "2 DxMpA;)*
+gM) 7 (D)™ (33) (T a8 (x — x0) (M5 (DW D™ IR)¥)

2
— %((T%as@(x —x0)) ((33) 2 (DeMD)™ (33) 2 (T?) 08 (x — x0)), (A.11)

where we have performed the partial integration with respect to (33)"2, Dy, and (M )%’ . They can be
rewritten into simple forms by using the explicit form of M ]flb given by Eq. (2.8). It is easy to check
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that
(DiM)™ = (D) (8P8u — (DD~ DY) = (D™ — (D} D' D™
= (D™ — (D — @)D ™' D)™ = (83X (D~ D@ (A.12)
and

yeb (412

(DkMuDp)® = (D Mig)“ (D (93)2(D' D) (Dy®

= 3)2(D'(D - 3)))” = (DH™ — (D}D~' D)™
= (33)%6" — (33)*(D )™ (23)°. (A.13)
Then, Eq. (A.11) becomes
— g(T)0a8® (x — x0)((33) 2 (DR ITE?) + ig (T8 (x — x0) ((83) ™ DM Ar)*
+ g (DP* (33) (T a8 (x — x0) (M D E (DD IP)%)

2
= £ (008 (= x0)) (35) 2 OeMuD)® (33) ()8 (x = x0))
= —g((T)0d® (x = x0)) (@) (D" +J)")
+8((Taad® (x = x0)) (D™ JR)" + ig(T")aad" (x = x0) (D' D)

2
o %((Ta)aa5(3) (x — XO)) ((83)_2(Tb)aa8(3) (x — X()))

2
+ %((f“)msm (x = x0)) (D™ (T?)0e8® (x — x0)). (A.14)

where the first term, aside from the minus sign, in the right-hand side is nothing but the exponent of
the operator (4.11). Therefore, the exponent of the right-hand side of Eq. (4.12) is written into the
quadratic form with respect to l'[flk as

(T aa8™ (x = x0) ()72 (DT 4+ J%) ) + GAL + Ty — M
1 . .~ _ _
= —5 (5 = AN (47 — gD @) 2T e0d® (x = x0)) + DD~ UP? )
x (" = D5 (45 = DD (03)2(F)aad® (x = x0)) + (DuDIDF)
_lAaMA a_oAaDrD—IOa laOD—IOa_lFaFa_l A%9: 44
5 My A — id, (DD~ Jp) +2JF( Jr) 4l ke 233 5034
+ iy + Yiy Dy + iy sy
+ 8T8 (x = x0) (DD +ig(T")aad™ (x — x0) (D™ D)
2
g ~ _ ~
= 5 (T8 (x = %0)) ()7 (T")ead ™ (x = x0))
2

+ %((T%s(”(x —x0)) ((D™H(T?) e8P (x — x0)). (A.15)

We see that Eq. (4.13) is obtained after the integration Dl'[jk. Let us note that the first term in the
fourth line of Eq. (A.15) is rewritten by Eq. (A.8). If we expand the exponent of the Gaussian integral
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(4.14), we have
1
2

x (D) (i4d — D™ (DuAD* + I + g(T)aad™ (x = x0))

(142 — @)D + I + 2 (T)aud®(x — x0))

= —%(DkAT)“(DkAT)“ — %83A§83A? +id%TE + A9 (DpAr)”
+ %(DkAk)“(DlDlAl)a + A4 Dy DR — %J;O(DIJ;’)“
+igAY (1) a8 (x — X0)
— 8(T0a8® (x = x0) (D™D — ig(T")0ad® (x — x0) (D' Didy)”

2
- %((T“)aas(% —x0)) (D) (71)0a8® (x — x0)). (A.16)

We find that some of the terms in Egs. (A.15) and (A.16) cancel each other, and we obtain the result
(4.15). The fifth line in Eq. (A.16) corresponds to the Polyakov loop, as it should. Note that the last
term in Eq. (A.16) is canceled with the last term in Eq. (A.15). As for the term with the two delta
functions, only the seventh line in Eq. (A.15) is left, which is the divergent self-energy of the point
color charge densities owing to introducing the operator (4.11), as discussed in the text.

Appendix B. Coulomb gauge

We present the formulae and relations in order to obtain the results of Sect. 5.

B.1.  Hamiltonian in the Coulomb gauge

Let us recall the operators defined in Egs. (5.4) and (5.5), from which we obtain new operators given
by Egs. (5.10) and (5.11). These are proved by using 812 = A — (83)%:

(CH™ = B — wAT'IN(CD™ = (6 — oA ((D)™ — 3(33) " (D3)™)

= (D — R A9 - (D), (B.1)
(CH™ = (CD™ G — aAT 3 = (D)™ — (D3)™(33) 71 9)) (e — HA™ k)
= (D™ — (D) - an" "o, (B.2)

where we have used the notation 9;(D;)® = 9 - (D)%, which is also (D) -  due to the Coulomb
gauge, 9;4% = 0.
We also find the useful formulae given by

(CeC™ = (D)™ — (D3)*(33) " 3%) (D) — % A™'D - (D))

= (D™ + (D™ — (D A~ ;D)™

= D% — (A)®, (B.3)
(CLC™ = (D)™ — (D)™ - dA™3) (D) — 31(83) ™" (D3)™)

= DP® + DH® — DA™ D)

= D% _ (A)®, (B.4)

where A is defined by D;d; A~ 0;D;, whose inverse operator is given by Eq. (5.12).
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The Lagrangian L£(A}, ¥)coul is obtained by imposing the Coulomb gauge 9;4% = 0 and elimi-
nating A by using the constraint (5.3) in the Lagrangian (2.1), and after straightforward calculations
we have

l. . v 1 _
LA cou = ZA{NuA)? = AUCDTID + S JED )"

laa laa T.0.7 7.k 7.3
= g Fufa = 5F5cF5, + Viy ™y + wiy Deyp + Yiy Dsyp, (B.5)

where we have used the definition (5.7). In deriving (B.5), we have formally performed the partial
integration with respect to Cy and D. The partial integration with respect to Cy gives a new operator
Cr, accompanymg a minus sign, and vice versa. Incidentally, the partial integration with respect to
N ) o (NT 1) does not accompany a minus sign.

Let us show that (N ~1)% W 1s given by Eq. (5.9). To this end, we first introduce a new operator
defined by

(N = (8 — A3 (N)4L. (B.6)

(N )Zf’n is defined by Eq. (5.7). Since it is easy to show that
Skt — Ok A" 91) Bt + 01(33) > Om) = Stom, (B.7)

Eq. (B.6) becomes
(N = 8™ — (C;D™ ), (B.8)

where we have used the definition (B.1). From Eq. (B.6), we obtain that
N"HE = N"L (S — 3 AT ). (B.9)
The explicit form of (N ! /)Zf’ is easily found to be
(N~ = 5y + (CL AT O (B.10)
This is, by using the relation (B.3), because

1
(N ) (N /)lyn
= (818 — (C,D71C™) (3md” + (C) AT C)?)
= 8 + (CLAT'C)™ — (G D' C)™ — (C;D 7' CICJAT C)®
= 8md™ + (CLAT' C) ™ — (C;D7' )™ — (C; D (D — M)A C)®
= 8imd®. (B.11)
Then, Eq. (B.9) is evaluated as
N"HE = (8m™ + (CLATIC™) St — Im A" 0))
= (B — HAT13)8Y 4+ (CL AT O, (B.12)

where we have used the definition (B.2) for C;. We have finished proving Eq. (5.9).
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As in the case for the axial gauge, the Hamiltonian (5.15),
Heou = TIA] + Ty v — L(Ax, ¥)coul

1 _ NP
— En;;k (N, ' + % v, DR

1 . e 1 _
+5(CD W DI — EJ,?O(D 1y2)e
1 1 _ B}
+ ZF,?,F,@ + EIfngg’k — Yiy*Dry — ¥iy3 D3y, (B.13)

can be rewritten into another form. The second and the third terms in Eq. (B.13) after the partial
integration with respect to N; ! Ct, and D! are rewritten as

— (D' e — %J,?”(D_IC;(N,;C;D”J]?)“
— (G, A1IR) - % (A" = @ hebyp), (B.14)
where we have used the relations
D@~'aNH® = (AT e (B.15)
and
(D—lckaglé,D—l)ab = (A~hy® _ (p~1ya, (B.16)

The above relations can be shown by using Eqgs. (B.3) and (B.4) and the explicit form of (N _I)Zf’
given by Eq. (B.12). Finally, we have performed the partial integration with respect to A~! and C, in
order to arrive at Eq. (B.14). Note that the partial integration with respect to C} yields a new operator
C‘;{, accompanying a minus sign, and vice versa, while the partial integration of A~! does not have
a minus sign. Then, we find that

1 _ ~ 1 ~_
Hcou = 5T (N ' T + M CLAT ) — SUF A1)

! I N _
+ JFiFi + SF5cFs, — iy Deyr — iy Day. (B.17)

Note that the third term in the first line of Eq. (B.17) is well known to be the self-energy of the point
color charge densities of a fermion in the Coulomb gauge. Unlike the case for the axial gauge, it
depends on the gauge field through the operator A~!. We also point out the correspondence of the
Hamiltonians (A.6) and (B.17) such as M ' o NI D o (i’,/{, and (83) 2 < A‘l, though the
explicit forms for the operators are quite different.

B.2.  Trace formula in the Coulomb gauge
We complete the square with respect to ij in the exponent of Eq. (5.17) in order to perform the
integration DIT,
iM% A9 + Ty — Hcoul
1 . ~ . ~
= — (M5 = i + DI )V (" = iWnda) + (CaD I
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1. . o 1 ~ 1 1
— 5Ag(N,dAl)“ —iAN(Cy DI + EJ,gfo(D Lye - ZF,‘j,F,f, -3 a
+ illyy + Viy Dy + iy’ Dy, (B.18)

The first term in the third line of Eq. (B.18) is rewritten as

1. . | P N I
_EAZ(Nk,AI)“=_EAzA;;—E((ag) 1A ((33) 18;A§‘)+§AZ(CkD Lc4pe, (B.19)

where we have used the explicit form for (V )Zb , Eq. (5.7), and performed the partial integration with
respect to (33) ! and 9.
The expansion of the exponent of the Gaussian integral (5.19) yields

1/ _ S . - o
— 5 (142 = @7 (i(Cudn* + 7)) @) (i4d = DA + ) )
1 : 1. .
= _E(DiAr)a(DiAr)a +id2JE + AL (DA — EA?(CID_ICkAk)“
o 1
+id4(Cy DT I — 5.J;£°(D—1J;2)“. (B.20)

Note that the third and the fourth terms in Eq. (B.20) come from one of the terms obtained by
expanding the exponent of Eq. (B.20),

—A%(CrAr)" = (DiAr) A% — (D3A4:)"((33) '8 A), (B.21)

where we have used Eq. (5.4), and the partial integration with respect to Dy has been done. We see
that some of the terms in Eqgs. (B.18) and (B.20) cancel each other to yield the result (5.20) in the
text.

B.3.  Polyakov loop in the Coulomb gauge

We need to complete the square with respect to Hflk in the exponent of Eq. (5.27) in order to perform
the integration Dl'[flk. It is given by
1 . e ~ - _
— 5 (g = R (A] = g GAT (T Deas® x = x0) + (GD D )W HE
x (Hif’” — (V)i (145 — g(Cr AN (T1)ae8® (x = x0)) + (CmD—lJ};)g). (B.22)

New terms appear with the gauge coupling g because of introducing the operator (5.25), which we
do not have in Eq. (B.18). According to the perfect square with respect to ij, we should add the
following terms:

— 2(T0a8 (x = x0) (A7 L ITH) +ig(T)0a8®) (x — x0) (A~ N )

+ g (CIA™HM (T 408 (x — x0) (N1 (CkD™1IP)®)

2
- %((T“)aa(as)—25<3>(x —x0)) (A LN CIA™HY P (T7) 008D (x — x0)),  (B.23)

where we have performed the partial integration with respect to A~!, C/, and (N )Z;’. They can be
rewritten into simple forms by using the explicit form of N,flb . With the help of Egs. (B.2), (B.3),
(B.4), and (B.7), we obtain that

(A7'CIN)™ = (A™1CH) (82 (81 + 3 (33) ™18 — (Ck D' C)P)
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= (AH*C)* — ATH* (G Cp @~ ep®
— (A_l)aC(C[)Cb _ (A_I)QC(D _ A)Cd(D_lC])db
= (D 'cp® (B.24)

and

AT CNGCIATH™ = A7 NG A~ P2 (D7 epeeGiATh
— (D—l)aC(ClCl/)Cd(A—l)db — (D—l)aC(D _ A)Cd(&-l)db

= (A™H* — (> H*. (B.25)
Then, we have

— 2(T4a8® (x — x0) (A1) + ig(T)aa8® (x — x0) (AT CyNudp)®
+ g (CIAH Y (19408 (x — x0) (W (G D™ IR)9)
g2
2
= —¢(1)eas x = x0) (A ()" + 7))

(700 (33) 7289 (x — x0)) (A7 Cy N CTA™H (T7) e8P (x — x0))

+ 2(T0a8® (x — x0) (D712 +ig(T)0ad™ (x — x0) (D' C1A9)

2
- %(T“)aaa<3><x — x0) (A" (71)008® (x — x0))
2
n %(T“)aaa“)(x —x0) (DY (7408 (x — x0)), (B.26)

where the first term, aside from the minus sign, in the right-hand side is the exponent of operator
(5.25). Hence, the exponent of the right-hand side of Eq. (5.27) is written into the quadratic form
with respect to ij as

2(T")ad® (x — x@((&*l)ab((c,’{nﬁ)” +JE0 + afelf)) + T A8 + iy — Heou
1 . ~ ~ PN _
= = (M4 = WP (i} = g €1AHM (T Deus® (x = x0)) + (DY )V HE
x (" = i (5 — gAY (F)aad® (x = x0)) + (CaDIP¥)
1. . e e 1 _ 1 1
= AN A = i (CD Ly + EJjgo(p Ldya — JFiFl = SF5eFs)

+ illy ¥ + Yiy* Dy + diy’ Dy
+ (T8 (x — x0)(A™1)%82
+ 2(T4a8® (x — x0) (D7D +ig(T)0a8P (x — x0) (D™ Crd)*

2
- %(T")aaa(”(x — x0) (A" (71)408% (x — x0))

2
+ %(T")aas(”(x —x0)(D™H (1?40 (x — x0)). (B.27)
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We observe that the integration Dl'[jk yields Eq. (5.28). Note that the first term in the fourth line
of Eq. (B.27) is rewritten by Eq. (B.19). As explained in the text, the counter term, the sixth line of
Eq. (B.27), exactly cancels the divergent self-energy, the eighth line of Eq. (B.27).

If we expand the exponent of the Gaussian integral (5.29), we have

1 . -
— 5 (148 = @Yo + 5 + 2(T)aad (x — x0))
x (D) (idd = (D™)*(i(CLAN* +JE + g(T)aud ™ (x = x0)) )
1 .
= _E(DiAr)a(DiAr)a + 49 T2 — A% (Crdr)”
1. . . .. 1
— EA;’(C,D_ICkAk)“ +id8(Cy DT I — EJ,?O(D_lJ,Q)“
+ igA(T") 08 (x — x0)
— 8(Taa8 (x — x0) (DI — ig(T")0ad® (x — x0) (D~ CrAp)*
2
—~ %(T“)aa(S“)(x —x0) (D™H* (1) 408 (x — x0)). (B.28)
The third term in the first line of the right-hand side of Eq. (B.28) can be written by
—A%(CrAp)* = A%(DrAr)" — (D3A2)*((33) ' 3 AD), (B.29)

where we have performed the partial integration with respect to D3. We observe that some of the
terms in Egs. (B.27) and (B.28) cancel each other to produce Eq. (5.30).

Appendix C. Evaluation of determinants
C.1. Axial gauge

Let us prove Eq. (3.11). We evaluate det(M), where M is defined by Eq. (2.8). To this end, we write
M as

(M)Zlb _ <8ab _ (D]D_lDl)ab —(D]D_lDz)ab

b=1,...,N*—1). (ClI
_(D2D_1D1)ab sab _ (DzD_lDz)ab) (a, > ’ ) ( )

Introducing the relation given by

det [0 Tvr) oo, (C2)
]INZ—I 0

where [2_ is the (N? — 1) x (N? — 1) unit matrix, we have

(—1M-1 det(M):det[( 0 HNZI)M:|

]IN2_] O
—DyDD, Iy2y — DzD_lDz
= det . C3
© (]INZ_I —DiD'Dy —-DD'D, (€3)
With help of the formula
A A I A1
det ) 2 det 0 (il = det(4) x det(B — DA~'0), (C.4)
D B D 1)J\0 B—D4a"'C
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Eq. (C.3) becomes
det(—DzDDl)det(—DlD_lDz — (Ly>_y — D1D'DY) (=D D' D) Ay, — sz—lDz))

= det(D2 D~ (D)D" Dy = (DD D) Wye_y — DD DOD; ' DD; Yy, — DD D))

= det(DzD_l(Dl)zD_lDz —Iy2_y + D,D7'Dy + D, DV (D))?D5 ! — DZD_I(Dl)zD_lDz)

— (—HM*-! det(D;IDZ)det@Nz,l — DyD7'Dy — D,D! (D1)2D;1)

= (="' det(D5 ! (Iy2y — D2D7' D2 = DD (D)0 )D, )

= (~DV* " det(D 1 (33)%), (C.5)

where we have used D = (D1)? + (D2)? + (83)? in the last line in Eq. (C.5). Hence, we obtain that
det(M) = det(D~1(33)?), (C.6)

which is Eq. (3.11).

C.2. Coulomb gauge
Instead of evaluating det(N) directly, let us consider the determinant defined by

det 0 e}y (C.7)
I[NZ_I 0

where N’ is given by Eq. (B.8) and is written as

Iy, — C/D7IC —-C/Dlc
Vi = (N —IC/D*llc 1 I —IC”DEIC ' ©8)
2 1 N2—1 2 2

Equation (C.7) becomes, by using the formula (C.4),

T LA

Iy — C/D7ICy ~C\D7'¢
= det(-3D7'Cy)
X det(—C;D—‘cz — (Iya_y — CD7 IO (=CyD7 ) My — égp—lcz))
— det(—]INz_l + DG+ CD Ol T (575)—1)
= (—V! det(ég—léé)det(]lm,l — DG - DO (Cg)”)
= (=D det(ly2_, — D10, — DICLC))
27 _ ~ ~
= (—=)V T det(D Hdet(D — C2C) — C1C))
= (= 1)V~ det(D~")det(D — C4C))

— (=DM det(D V) det(A)
— (=DM~ det(D V) det(A 1) (det(3;D;))>, (C.9)
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where we have used Eq. (B.3) and A = 3 - DA~!9 - D. Hence, we obtain that

det(( 0 HNZ_])M):(—l)NQ—l det(D~1det(A™1) (det(8;D)))>. (C.10)
]INZ—I 0

On the other hand, it is easy to see that

1— A Y02 —A"19,8,

det(8y — A ™'9;) = det
ct{bu — 0 A7) = de ( —AT 0 1= AT

) = det(A™1(83)?), (C.11)
so that we have

det ([0 ) ) = coV o dervy B (v det( (55 — %A1 3))N)
]INZ_I 0

= (=M1 det(A™ (83)2)det(N). (C.12)
From Egs. (C.10) and (C.12), we obtain that

det(D~1)(det(3;D;))>
det((93)?)

det(N) = (C.13)

We have thus proved Eq. (5.22).
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