PHYSICAL REVIEW D, VOLUME 70, 105021

Variational solution of the Yang-Mills Schrodinger equation in Coulomb gauge
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The Yang-Mills Schrédinger equation is solved in Coulomb gauge for the vacuum by the variational
principle using an Ansatz for the wave functional, which is strongly peaked at the Gribov horizon. A
coupled set of Schwinger-Dyson equations for the gluon and ghost propagators in the Yang-Mills
vacuum as well as for the curvature of gauge orbit space is derived and solved in one-loop
approximation. We find an infrared suppressed gluon propagator, an infrared singular ghost propagator,

and an almost linearly rising confinement potential.
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L. INTRODUCTION

To understand the low-energy sector of QCD is one of
the most challenging problems in quantum field theory.
Nowadays quantum field theory and, in particular QCD,
is usually studied within the functional integral approach.
This approach is advantageous for a perturbative calcu-
lation, where it leads automatically to a Feynman dia-
grammatic expansion. Within this approach asymptotic
freedom of QCD was shown [1], which manifests itself in
deep inelastic scattering experiments. In addition, the
functional integral approach is the basis for numerical
lattice calculations [2], the only rigorous nonperturbative
approach available at the moment. These lattice methods
have provided considerable insights into the nature of the
Yang-Mills vacuum. Lattice investigations performed
over the last decade, have accumulated evidence for two
confinement scenarios: the dual Meissner effect based on
a condensate of magnetic monopoles [3] and the vortex
condensation picture [4] (For a recent review see Ref. [5]).
In both cases the Yang-Mills functional integral is domi-
nated in the infrared sector by topological field configu-
rations (magnetic monopoles [6] or center vortices [7]),
which seem to account for the string tension, i.e., for the
confining force. Yet another confinement mechanism was
proposed by Gribov [8], further elaborated by Zwanziger
[9], and tested in lattice calculations [10]. This mecha-
nism is based on the infrared dominance of the field
configurations near the Gribov horizon in Coulomb
gauge. This mechanism of confinement is compatible
with the center vortex and magnetic pictures, given the
fact, that lattice center vortex and magnetic monopole
configurations lie on the Gribov horizon [11].

Despite the great successes of lattice calculations in the
exploration of strong interaction physics, a complete
understanding of the Yang-Mills theory will probably
not be provided by the lattice simulations alone, but
also requires analytical tools. Despite its success in quan-
tum field theory, in particular, in perturbation theory, and
its appeal in semiclassical and topological considerations
[12], the path integral approach may not be the most
economic method for analytic studies of nonperturbative
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physics. As an example consider the hydrogen atom.
Calculating its electron spectrum exactly in the path
integral approach is exceedingly complicated [13], while
the exact spectrum can be obtained easily by solving the
Schrodinger equation. One might therefore wonder,
whether the Schrodinger equation is also the appropriate
tool to study the low-energy sector of Yang-Mills theory,
and in particular, of QCD.

The Yang-Mills Schrodinger equation is based on the
canonical quantization in Weyl gauge Ay = 0 [14], where
Gaul}3’ law has to be enforced as a constraint to the wave
functional to guarantee gauge invariance. The implemen-
tation of Gaul}’ law is crucial. This is because any viola-
tion of GauB3’ law generates spurious color charges during
the time evolution. These spurious color charges can
screen the actual color charges and thereby spoil confine-
ment'. Several approaches have been advocated to explic-
itly resolve Gau3’ law by changing variables resulting in a
description in terms of a reduced number of uncon-
strained variables. This can be accomplished either by
choosing a priori gauge invariant variables [15] or by
fixing the gauge, for example, to unitary gauge [16], to
Coulomb gauge [17] or to a modified version of axial
gauge [18]. In particular, the Yang-Mills Hamiltonian
resulting after eliminating the gauge degrees of freedom
in Coulomb gauge, was derived in Ref. [17]. Alternatively,
one has attempted to project the Yang-Mills wave func-
tional onto gauge invariant states (which a priori fulfill
Gaul}’ law) [19]. The equivalence between gauge fixing
and projection onto gauge invariant states can be seen by
noticing that the Faddeev-Popov determinant provides
the Haar measure of the gauge group [20].

In this paper we will variationally solve the stationary
Yang-Mills Schrodinger equation in Coulomb gauge for
the vacuum. Such a variational approach was previously
studied in Refs. [21,22], where a Gaussian Ansatz for the
Yang-Mills wave functional was used. Our approach is
conceptually similar to, but differs essentially from

'One of the authors (H.R.) is indebted to the late Ken
Johnson for elucidating discussions on this subject.

© 2004 The American Physical Society



C. FEUCHTER AND H. REINHARDT

Refs. [21,22] in two respects: i) we use a different Ansatz
for the trial wave functional and ii) we include fully the
curvature of the space of gauge orbits induced by the
Faddeev-Popov determinant. We use a vacuum wave func-
tional, which is strongly peaked at the Gribov horizon.
Such a wave functional is motivated by the results of
Ref. [23] and by the fact, that the dominant infrared
degrees of freedom like center vortices lie on the
Gribov horizon [11]. The Faddeev-Popov determinant
was completely ignored in Ref. [21] and only partly
included in Ref. [22]. (In addition, Ref. [22] uses the
angular approximation). We will find however, that a
full inclusion of the curvature induced by the Faddeev-
Popov determinant is absolutely crucial and vital for the
infrared regime and, in particular, for the confinement
property of the Yang-Mills theory. The organization of
the paper is as follows:

In Sec. IT we briefly review the Hamiltonian formula-
tion of Yang-Mills theory in Coulomb gauge and fix our
notation. In Sec. III we present our vacuum wave func-
tional and calculate the relevant expectation values. The
vacuum energy functional is calculated and minimized in
Sec. IV resulting in a set of coupled Schwinger-Dyson
equations for the gluon energy, the ghost and Coulomb
form factors and the curvature in gauge orbit space. The
asymptotic behaviors of these quantities in both the ul-
traviolet and infrared regimes are investigated in Sec. V.
Section VI is devoted to the renormalization of the
Schwinger-Dyson equations. The numerical solutions to
the renormalized Schwinger-Dyson equations are pre-
sented in Sec. VII. Finally in Sec. VIII we present our
results for the static Coulomb potential. Our conclusions
are given in Sec. [X. A short summary of our results has
been previously reported in Ref. [24].

II. HAMILTONIAN FORMULATION OF YANG-
MILLS THEORY IN COULOMB GAUGE

The canonical quantization of gauge theory is usually
performed in the Weyl gauge Ay = 0. In this gauge the
spatial components of the gauge field A(x) are the
“Cartesian” coordinates and the corresponding canoni-
cally conjugated momenta

. _ 1)
I{(x) = m, (1)

defined by the equal-time commutation relation

[Ad(x), T2 (y)] = i89°8,,8(x — y) ()
represent the color electric field The Yang-Mills
Hamiltonian is then given by

1

H==
2

f P 118(x)? + Bo(x)2], 3)

where
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B, = %EkijFij: gF;;=[D; Dj],
is the colormagnetic field with F;; being the non-Abelian
field strength and D; the covariant derivative. We use anti-
Hermitian generators 7¢ of the gauge group with normal-
ization tr(T¢T?) = —%6“” (A = AT9).

The Hamiltonian (3) is invariant under spatial gauge
transformations U(x)

D;=9; +gA; (4)

1
A— AY = UAUT + —UaU™. (5)
g

Accordingly the Yang-Mills wave functional W[A] =
(A|¥) can change only by a phase, which is given by

\I,[AU] — ei@)n[U]\P[A]’ (6)

where 0 is the vacuum angle and n[ U] denotes the wind-
ing number of the mapping U(x) from the 3-dimensional
space R* (compactified to S5) into the gauge group. In this
paper we will not be concerned with topological aspects
of gauge theory and confine ourselves to “small” gauge
transformations with n[U] = 0.

Invariance of the wave functional under small gauge
transformations is guaranteed by Gauf3’ law

D (AL Y[A] = p,, (7

where p,, is the color density of the matter (quark) field
and D,(A) denotes the covariant derivative in the adjoint
representation of the gauge group

DyA) = a; + gAi A, = A¢Te, (T = ™ (®)
with 9% being the structure constant of the gauge group.
Throughout the paper we use a hat *”’ to denote quanti-
ties defined in the adjoint representation of the gauge
group. The Gaul}’ law constraint (7) on the Yang-Mills
wave functional can be resolved by fixing the residual
gauge invariance, Eq. (5). This eliminates the unphysical
gauge degrees of freedom and amounts to a change of
coordinates from the Cartesian coordinates to curvilinear
ones, which introduces a nontrivial Jacobian (Faddeev-
Popov determinant) J[A]. In this paper we shall use the
Coulomb gauge

8kAk(X) = 0. (9)

In this gauge the physical degrees of freedom are the
transversal components of the gauge fields

Ail(x) = 1;;(x)A;(x), (10)

where

9.0
tij(x) = 85 — a—zj (11)

is the transversal projector. The corresponding canonical

105021-2



VARIATIONAL SOLUTION OF THE YANG-MILLS...
momentum is given by

0 0

ILF(x) = tu(x) iBAU(X)  i6AL(x)

(12)

and satisfies the equal-time commutation relation
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[Afa(x), T (x))] = i8“°1;;(x)6(x — x')  (13)

In Coulomb gauge (9) the Yang-Mills Hamiltonian is
given by [17]

5 [T A + B+ S [ [T R T 1)

where
J[A+] = det(—9,D)) (15)

is the Faddeev-Popov determinant with D, = D, (A1) .

The kinetic part of the Hamiltonian (first term) is
reminiscent to the functional version of the Laplace-
Beltrami operator in curvilinear space. The magnetic
energy (second term) represents the potential for the
gauge field. Finally, the last term arises by expressing
the kinetic part of Eq. (3) in terms of the transversal
gauge potentials (curvilinear coordinates) satisfying the
Coulomb gauge, i.e., by resolving Gau3’ law [17]. This
term describes the interaction of static non-Abelian color
(electric) charges with density

pt(x) = —AF (I (x) + i (x) (16)
through the Coulomb propagator
F(x,x') = <Xa|(_Diai)_1(_32)(_Djaj)_l|le> (17)

which is the non-Abelian counter part of the usual
Coulomb propagator (x| —|x’) in QED and reduces to
the latter for the perturbative vacuum A+ = 0. If not
stated otherwise, in the following we will assume
Pm=0.

Since the Hamiltonian (14) does not change when
J[A1] is multiplied by a constant we can rescale the
Jacobian J by the irrelevant constant Det(—d?)

det(_DAiai)

JlAt] = det(—?)

(18)
such that J[A+ = 0] = 1.

The Faddeev-Popov matrix (—D;d;) represents the
metric tensor in the color space of gauge connections
satisfying the Coulomb gauge. Accordingly its determi-
nant enters the measure of the integration over the space
of transversal gauge connections and the matrix element
of an observable O[A+, II] between wave functionals
¥, [AL], W,[A+] is defined by

(¥,|0|W,) = [ DAL JIALTWI[ALIO[AL, ITW,[AL]
(19)

Here, the integration is over transversal gauge potentials

A" only. The same expression (19) is obtained by starting
from the matrix element in Weyl gauge (with gauge
invariant wave functionals) and implementing the
Coulomb gauge by means of the Faddeev-Popov method.

Like in the treatment of spherically symmetric systems
in quantum mechanics it is convenient to introduce “‘ra-
dial” wave functions by

V[AL] = Ji A ]v[A] (20)
and transform accordingly the observables
0 = JHA+10T A] 21
Formally, the Jacobian then disappears from the matrix
element
(Wl0¥y) = [ DAMTALIOT 4L = (11101,
(22)

In the present paper we are interested in the vacuum
structure of Yang-Mills theory. The vacuum wave func-
tional, defined as solution to the Yang-Mills Schrodinger
equation

HY = EV (23)

for the lowest energy eigenstate, can be obtained from the
variational principle

(V|H|P) .
W min. (24)

To work out the expectation value of the Hamiltonian
H= J'Y2H J~'2 it is convenient to perform a partial
(functional) integration in the kinetic and Coulomb terms.
Assuming as usual that the emerging surface terms van-
ish, one finds

(VIHIW) =(P|AIV) = E, +E, + E, (25
where
Bo=j [Da* [ @it ¥at 0 TAL]
26)
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E,= % f DAL f BxVAIBY(x)2P[AL]  (27)

E.= —g; f DA+ f dx / AP/ (x) WAL T Af(x)
X Fab(x, x")A7 " (x4 (x')W[AL]] (28)

where IT is defined below in Eq. (29). Note, integration is
over the transversal part AL only. In order to prevent the
equations from getting cluttered we will in the following
often write A instead of AL, and IT instead of TIL, but it
will be always clear from the context, when the transver-
sal part is meant.

The transformed momentum operator ﬁ?(x) is explic-
itly given by

M¢(x) = JAALITI(x) J 3 [AL]
— TMe(x) - %H,ﬂ-“(x) In J[AL]
= [0 + 50T [0}y 0l 29)

where we have introduced the inverse of the Faddeev-
Popov operator

G = (=Dia)™", (30)
which is a matrix in color and coordinate space
(xa|G|x'b) = (xal(—=D,d,)"Hx'b): = G*(x, x').

Its vacuum expectation value (to be defined below) rep-
resents the ghost propagator. Expanding this quantity in
terms of the gauge field, we obtain

G = (-9 —ghAi9)" = Gy > (¢4;0,Gp)",  (31)
n=0

where
1
Go(x,x) = ) x) = ——— 32
o5, x) = (<=0 M) = ey 6D)
is the free ghost propagator, which is nothing but the
ordinary static Coulomb propagator in QED.
From the expansion, Eq. (31), it is seen, that the ghost
propagator satisfies the identity

G = Gy + GygA,0,G, (33)

where we have used the usual short hand matrix notation
in functional and color space.

III. THE VACUUM WAVE FUNCTIONAL AND
PROPAGATORS

So far all our considerations have been exact, i.e., no
approximation has been introduced. To proceed further,
we have to specify the (vacuum) wave functional W[A].

PHYSICAL REVIEW D 70 105021

A. The vacuum wave functional

Inspired by the known exact wave functional of QED in
Coulomb gauge [25], we will consider a Gaussian Ansatz
in the transversal gauge fields

P[A] = (Alw) = Nexp[—% f &x f P ALa(x)
X w(x, X’)A}“(X’)} (34)

where N is a normalization constant chosen so that
(¥|¥) = 1. By translational and rotational invariance
the integral kernel in the exponent of the Gaussian
wave functional o(x,x’) can depend only on |x — x/|.
For simplicity we have chosen the integral kernel
w(x, x’) to be a color and Lorentz scalar. This is justified
by isotropy of color and Lorentz space.

Of course, such a Gaussian Ansatz is ad hoc at this
stage and can be justified only a posteriori. Let us also
stress, that we are using the Gaussian Ansatz, Eq. (34), for
the radial wave function W[A], Eq. (20), which is normal-
ized with a “flat” integration measure, see Eq. (22). The
original wave function

V[A] = J3[A]V[A] (35)

contains besides the Gaussian ‘If[A] (34) an infinite power
series in the gauge potential A. Furthermore, since the
Jacobian J[A] (Faddeev-Popov determinant) vanishes at
the Gribov horizon, our wave functional is strongly
peaked at the Gribov horizon. It is well-known, that the
infrared dominant configurations come precisely from
the Gribov horizon [23]. In addition, the center vortices,
which are believed to be the “confiner” in the Yang-Mills
vacuum [4] all live on the Gribov horizon [11].
Furthermore, the wave functional (35), being divergent
on the Gribov horizon, identifies all gauge configurations
on the Gribov horizon, in particular, those which are
gauge copies of the same orbit. This identification is
absolutely necessary to preserve gauge invariance. (The
identification of all gauge configurations on the Gribov
horizon also topologically compactifies the first Gribov
region.) Therefore we prefer to make the Gaussian Ansatz
for the radial wave function W[A], instead for W[A]. Our
wave functional thus drastically differs from the one used
in Refs. [21,22], where an Gaussian Ansatz was used for
PlA].

We should also mention that the wave functional
although being divergent at the Gribov horizon it is
obviously normalizable. In principle, a wave functional
being peaked at the Gribov horizon can of course have a
more general form than the one given by Eq. (35). A
somewhat more general wave functional

V[A] = J o[A]V[A] (36)

would leave the power a as a variational parameter,
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which is then determined by minimizing the vacuum
energy (density). This would lead to a more optimized
wave functional, which for a >0 still expresses the
dominance of the field configurations on the Gribov hori-
zon. Such investigations are under way. In the present
paper we restrict however ourselves to a = %, which
simplifies the calculations a lot.

We will use the Gaussian Ansatz (34) as a trial wave
function for the Yang-Mills vacuum and determine the
integral kernel w(x,x’) from the variational principle,
minimizing the vacuum energy density. The use of the
Gaussian wave functional makes the calculation feasible
in the sense that Wick’s theorem holds: the expectation
value of an ensemble of field operators can be expressed
by the free (static) gluon propagator

(AL AP (), = (IAF (XA (X))

The expectation value of an odd number of field opera-
tors obviously vanishes for the Gaussian wave func-
tional.

To facilitate the evaluation of expectation values
of field operators, we introduce the generating func-
tional

701 = (| exp[ f d3xj;l<x>A%a<x>}|\if>
= szDﬂlLexp[—[d3xfd3x’Aii“(x)w(x, x')

XA+(x') + f d*x j;‘(x)AiL“(x)} (38)

where the normalization constant /N guarantees that
Z[j = 0] = 1. Carrying out the Gaussian integral one
obtains

241 - epo [ [@xizeonmo e )i |
(39)

The expectation value of any functional of the gauge field,
O[A], is then given by

<0[A]>w=<w|0[A]|w>=<0[§JZ[jJ) . @0

j=0

This is basically the functional form of Wick’s theorem.
An alternative form of this theorem, which will be use-
ful in the following, can be obtained by using the iden-

tity
F<%>G(x) — [G(%)F(y)e"y l_o. @1

which can be proved by Fourier transformation. Applying
this to Eq. (40) we obtain

PHYSICAL REVIEW D 70 105021
(O[AD) ={exp[l f & f P —2 4 ()
¢ 4 8AFa(x) Y
5
Xw Hx, x')—— |0[A . 42
W 16X < AJM(X,)} a1 (42)

Since the kernel w(x, x’) depends only on |x — x/|, it is
convenient to go to momentum space by Fourier trans-
formation

&Pk
A%(x) = f e A (43)

In momentum space the wave functional (34) reads

1 [ &k
Alo) = N exp| =5 [ 555 A1), K000k |
(44)
and the free gluon propagator (37) becomes
a 1/ — sab tij(k) 3 L/
(wl|Af(k)A;(=Kk")|w) = & 20k (2m)°8(k — k'),
(45)

where w(k) represents the energy of a gluon with
momentum K. In order that our trial wave function,
Eq. (34), is integrable w(k) has to be strictly positive
definite.

B. The ghost propagator and the ghost-gluon vertex

For later use, let us consider the vacuum expectation
value of the inverse Faddeev-Popov operator (30)

(w|Glw) = (G),: = G, (46)

which we refer to as ghost propagator, although we will
not explicitly introduce ghost fields. They are not needed
in the present operator approach. In the functional integral
in Coulomb gauge, Eq. (46) would enter as the propagator
of the ghost field. Taking the expectation value of Eq. (33)
and using the fact, that the free ghost propagator G, does
not depend on the dynamical gauge field, so that Gy|w) =
|w)G,, we obtain

G, = Gy + Gy(gA,;0,G),,. (47)

The latter expectation value can be worked out, in prin-
ciple, by inserting the expansion (31) and using Wick’s
theorem. The result can be put into a compact form by
defining the one particle irreducible ghost self-energy 3
by

(¢4,6,G), = 3(G), = 3G, (48)
It is then seen that G, satisfies the usual Dyson equation

G, = Gy + Go3G,, (49)
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We will later also need the functional derivative of the

ghost propagator
J G(x x) —( | &y, | &®y,G(x;,y,)
6Aa( ) 1, A2 1 2 1 J1
-1
« Gy y2)

S c;(yz,x2)> . (50)

w

This expectation value can in principle be evaluated by
using the expansion (49) for the ghost propagator and
applying Wick’s theorem. The emerging Feynman dia-
grams have the generic structure illustrated in Fig. 1.
They describe the propagation of the ghost followed by
an interaction with an external gluon and subsequent
propagation of the ghost. We therefore define the ghost-
gluon vertex I'¢(x) by

1)
<5Aa( )G(XI’X2)> = jd3y1jd3y2Gw(xlr yl)
XLy, ¥2:X)G o (¥2, X2). (51

The ghost-gluon vertex I'{(x) is given by the series
of diagrams shown in Fig. 1. Comparison of Eqgs. (50)
and (51) shows, that the leading order contribution

to I'¢(x), which we refer to as bare vertex F%”(X), is given
by

-1
G, i) = 2
6
5A“( )<X1|gA J; |X2>
— 6 Al Xy
g5A“( )A (x1)0;'8(x; — x3)

= gtu(y)d(y — x)T97' 8(x; — x;)  (52)

or in momentum space

Pk d3
0,a . — i X
Fk (XI’X29y)_ (277)3 (2 )3 ]< (q k)e kly=x1)
-eia(x;—x) (53)
by
(g k) = igT 1y (k)g,. (54)
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SN N

L R

E :

FIG. 1. Diagrammatic expansion of the ghost-gluon vertex.
Throughout the paper full and curly lines stand, respectively,
for the full ghost and gluon propagators. Furthermore, dots and
fat dots represent, repectively, bare and full ghost-gluon verti-
ces.

C. The ghost self-energy

The ghost self-energy X is conveniently evaluated
from its defining Eq. (48) by using Wick’s theorem in
the form of Eq. (42)

Gw = <gAAkakG>a)

o A
X W), gA,{akGHA_O
= (feof [ [ g x)

o N
X——— |, A0, G . 55
5A}“(X')} & k} >A:0 43

Using now the relation

[e/(0/34) A] = [f(%)A}ef(ﬁ/éA)' (56)

and expressing % gAk d; via Eq. (30) as — % G~ !, where
the latter quantity represents in view of Eq. (52) the bare
ghost-gluon vertex I'°, we find

1 5 .
]d3x32(x1, x3)G, (X3, X;) = {— ]d3y1 ]d3y2fd3x3Ttk1(y1)w*1(y1,yz)F?’ (x1, X3:¥2)
2 5Ak (YI)

1 o 0
Xexp[z fd3xfd3x’mtij(x)w_l(x, X/)W}G(Xg, Xz)}A O. (57)
i j =
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Since I’ and w are independent of A the variational
derivatives act only on G(x3, X,) and we obtain

1
fd3x32(xl)x3)Gw(X3: X2) = E fd3yl fd3y2fd3x3

Xt(yDo y, y2)
XF(I)’C(Xl’ X3:¥2)

G(x3, x2)>

(58)

(o]

><< J
SAL(y1)

where we have again used Wick’s theorem (42). Finally
expressing the remaining expectation value by means of
the defining equation for the ghost-gluon vertex (51) we
obtain for the full ghost self-energy

S(x), X) = fd3y1 /d3yzfd3X3fd3x4DZ§’(y1,yz)

XTI (%1, X3¥2)Go (X3, %) T (X4, %23 ¥1)
(39)

where we have introduced the short hand notation

1
Dby, ya) = 5%1()’1)&)_1()’1, ¥2) 84 (60)

for the gluon propagator. Note that I'{ and G, are both
off-diagonal matrices in the adjoint representation. Only
the gluon propagator (60), (45) is color diagonal due to
our specific Ansatz (34), choosing w color independent.
The ghost self-energy % (59) is diagrammatically illus-
trated in Fig. 2. Investigations (in Landau gauge [28])
show that vertex dressing is a subleading effect [32].
Therefore we will use in the present paper the so-called
rainbow-ladder approximation, replacing the full ghost-
gluon vertex I by its bare one I'? (52). Then the ghost self-
energy becomes

1
Sab(xy, x,) = 3 8UNeg’ty(x0)w (X, X1)
xazl aszw(xl, X,) 61)
where we have used

(T<T°)® = —8%Np. (62)

(@ (b)

FIG. 2. Diagrammatic representation of the ghost self-
energy Eq. (59). (a) full, (b) in rainbow-ladder approximation.
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D. The ghost and Coulomb form factor

Iterating the Dyson Eq. (49) for the ghost propagator
we end up with a geometric series in powers of %G,

1 d
——:=Gy—. 63
I_EGO Og ( )

G, = Gy > (3Go)" = G
n=0
In the last relation we have introduced the ghost form
factor

8

d=—5__.
- 3G,

(64)
Using the rainbow-ladder approximation (61) where 2, is
given by the diagram shown in Fig. 2(b) the Dyson
Eq. (49) for the form factor of the ghost propagator
becomes

gd '=1-3Gy:=1-gl, (65)
or after Fourier transformation
1 1
—— = —— I4(k), (66)
dk) g ¢
Ne [ dq oo dk - q)

1,(k)=— 1—(kq?]————,
09 =5 [l - kT Bl

where k = k/k. Once, the ghost propagator G is known,
the Coulomb propagator F can be obtained from the ghost
propagator G by using the relation

G
g—=-G+F, (67)
ag

which follows immediately from the definitions (30) and
(17). This can be rewritten in a more compact form by

2 (46), 68)
8

Given the structure of the Coulomb propagator it is con-
venient to introduce yet another form factor, which mea-
sures the deviation of the Coulomb propagator

F,:=(F), = (G(=*)G), (69)

from the factorized form (G),,(—9%){G),. In momentum
space we define this form factor f(k) by
1 1

F,(k) = G,(kK)k*f(k)G,(k) = 2K

d(k)f(k)d(k),
(70)

where we have used Eq. (63). By taking the expectation
value of (68) we have

Fw=<w

Later on w will be determined by minimizing the energy.
Then @ becomes g-dependent. Ignoring this implicit
g-dependence of w we may write (wl%lw) ZéGw.

ai(gG) ‘ w>. (71)
8
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Then from Eq. (71), (70), and (63), follows

70 = 24700 2% g1 = — 2 4100 72

g ag
Let us emphasize, that this relation, first obtained in [27],
is only valid, when the implicit g-dependence of w is
ignored. Note also, that in the above equations all Greens
functions, form factors and vertices like G, 2, d and f
are color matrices in the adjoint representation of the
gauge group.

In the rainbow-ladder approximation defined by
Eq. (61) the ghost self-energy % is given by the one-
loop diagram shown in Fig. 2(b). In this approximation
the ghost form factor (66) is a unit matrix in color space
and from Eq. (72) we find for the Coulomb form factor

fk) =1+ I4(k), (73)
I:(k) = & [ dq [1- (f{ 4] dk —q’f(k — q)
) ey k- @lwl@

Here, we have discarded terms involving e for reasons

explained above. The integral Eq. (73) is graphically
illustrated in Fig. 3(a). Iteration of this equation yields
the diagrammatic series shown in Fig. 3(b). From this
equation it is also seen, that in leading order the Coulomb
form factor is given by f(k) = 1.

E. The curvature
Consider now the quantity
olnJ 6
OA(x)  BAY(x)

8G™!
TrinG~'=T —. 74
rInG r<G 5AZ(X)> (74)

Using the definition of the bare ghost-gluon vertex (52),

we have

élnJ
SAY(x)

= —TrGI*(x)] (75)
With this relation the momentum operator (29) becomes

s 1
T ¢(x) = TI¢(x) + ETr[GF%“(x)]. (76)

< =1+« § (@)
< =1 + <§ + + ... (b)
FIG. 3. (a) Diagrammatic representation of the integral

Eq. (73) for the Coulomb form factor, (b) Series of diagrams
summed up by the integral equation shown in (a).
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Since T (54) is independent of the gauge field, we find
from (75)

dInJ
———) = —TrG, I x)] 77
(a0, =~ ~TrGIeL
Taking a second functional derivative of Eq. (75) and
subsequently the expectation value, and using Eq. (51),
we obtain

(). = (M @]),

=) )

= —Tr[G,*(x)G, % (y)]
= —2x%(x,y). (78)

This quantity represents that part of the self-energy of the
gluon, which is generated by the ghost loop, and, in the
spirit of many-body theory, is referred to as gluon polar-
ization. It can be also interpreted as that part of the color
dielectric susceptibility of the Yang-Mills vacuum which
originates from the presence of the ghost, i.e., from the
curvature of the orbit space. For this reason we will refer
to this quantity also as the curvature tensor and the
quantity

1
2NZ-1

x(x,y) = 3 (X)xif(xy)  (79)
is referred to as the scalar curvature®. Let us emphasize,
that the curvature y(x, x’) is entirely determined by the
ghost propagator G(x, x’). Note also, that this quantity
contains both the full (dressed) and the bare ghost-gluon
vertices, as illustrated in Fig. 4(a).

As already mentioned above from the studies of the
Schwinger-Dyson equations in Landau gauge [26] it is
known, that the effect of the vertex dressing is sublead-
ing’. We will therefore replace the full vertex I' by the bare
one (52) (rainbow-ladder approximation). The curvature
is then given by the diagram shown in Fig. 4(b). Using the
explicit form of the bare ghost-gluon vertex (52), the
curvature tensor (ghost loop part of the gluon polariza-
tion) becomes

1 . .
Xib(x,y) = 5gztkm(X)tzn(y)Tr{T”[ai‘nGw(x, 21/

X[0G, (y, x)]}. (80)

2Strictly speaking the true dimensionless curvature is given
(in momentum space) by y(k)/w(k). As we will see later, it is
this quantity, which asymptotically (k — oo) vanishes. We will,
however, continue to refer to y as curvature.

To be more precise in this gauge the ghost-gluon vertex is
not renormalized, so that the bare vertex has the correct
ultraviolet behavior. Furthermore, the effect of the dressing
of the vertex is small in the infrared [26].
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(a) (b)

) ("

FIG. 4. Diagrammatic representation of the curvature. The
line stands for the full ghost propagator. (a) full curvature given
in Eq. (78), (b) results from (a) by replacing the full ghost-
gluon vertex I by the bare one I'®), see Eq. (80). (c) ghost self-
energy correction included in (b). (d) vertex correction not
included in (b). Note, that all vertex corrections contain at least
two loops.

In the rainbow-ladder approximation used in this paper
the ghost Greens function is a unit matrix in color space.
Using tr(T9T") = —8N, and x(x,y) = x(x —y) we
obtain

tn (X)X (X, y) = 8 1y(x) x(x, ¥) 8D

with the scalar curvature (79) in momentum space given
by

x(k) = X(k),

IX(k) - T4

(82)

d(k — q)d(q)
(2 )3 k —q?

For the evaluation of the vacuum energy to be carried out
in the next section we also need the quantity
(A+(81n_J/8A)). This expectation value can be conven-
iently calculated using the Wick’s theorem in the form of
Eq. (42) and the relation (56). We then obtain

(ateorggs) =5 [ oo x)

[1 - (kg’]

ln]> (83)

& 8
<5A31(X1) SAL(x)

With the definition of the curvature y (78) this quantity
can be written as

<Aki“(x’) %k} . f &t (X))

Xo (X, x)xm(x, ). (84)
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We have now all ingredients available to evaluate the
vacuum energy.

IV. THE VACUUM ENERGY DENSITY

For the Gaussian wave functional it is straightforward
to evaluate the expectation value of the potential (mag-
netic term) of the Hamilton operator. Using Wick’s theo-
rem, one finds

E, = (w|Hp|w)

NC 1 5(0)]d‘ s

2 31431/

x[3 — (k k2], (85)

In the above expression for the vacuum energy the diver-
gent constant §(0) can be interpreted as the volume of
space. Removing this constant we obtain the energy
density, which is the more relevant quantity in quantum
field theory.

The evaluation of the expectation value of the kinetic
term and of the Coulomb term is more involved. Consider
the action of the momentum operator I1 (29) on the wave
functional (34)

o 1 6InJ -
00T = a0 5005~ 5 s | VA
= iQ!(x)W[AL], (86)
where
o
010 = [ ot xpate(n) + 310 s

_ f Prio(x, x)AR(x,) — %tik(x)Tr[GF%“(x)].

(87)
The kinetic energy (29) can then be expressed as
Ee=3 [ @000, (85)
Analogously the Coulomb energy becomes
E. - —g; ] Px f Pr{(QE(X)AL (x)Feb(x, x')
X AL (x)QI(x),, (89)

Because of the presence of the curvature term (i.e. the
second term) in (87) the vacuum expectation value (.. .),
cannot be worked out in closed form since J[A] is an
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infinite series in the gauge potential. For practical pur-
poses we have to resort to approximations. Throughout
the paper we shall evaluate propagators to one-loop level
and accordingly the vacuum energy to two-loop level. To
this order the following factorization holds in the
Coulomb term

(QALFALQ), = (F),[(AtAY),(00), +(A0),(AD),]
(90)

where we have used
A, =0,{(Q),, =0. D

Furthermore in {QQ),, only a single A from one Q has to
be contracted with an A from the other Q. The remaining
A’s of a O have to be contracted among themselves. All
other contractions give rise to diagrams with more than
two loops. This ensures, that (QQ), remains a total
square even after the vacuum expectation value is taken.
This fact can be utilized to simplify the evaluation of
(00),,* To obtain (QQ), we need explicitly to evaluate
only the first term ~(AA), and the mixed term
~2(A(81n_J/8A)),. The remaining term {(&In_J/8A) X
(6InJ/b6A)), can be found by quadratic completion.
Using Eq. (84) we find for the expectation value of the
mixed term

Nc(N,
o Ve

PHYSICAL REVIEW D 70 105021

(AF(X) QLX) = aabrij<x>[a<x ~x)

N =

- f d3xlw'(x,xl)x(X1,X’)} 92)

where y(x, x') is the scalar curvature of the gauge orbit
space defined by Eq. (79). With this result one then finds
by quadratic completion

(00, =55 [ [dnlwtxx)

—x(x, x))]1;;(x)) 07 (x), X,)
X[w(xy, x') — x(x,, x)] 93)

The kinetic energy (88) becomes then with §%¢ = N2 — 1
and 1;;(x) =2

E, = (NET_U jd3xfd3x1 ]d3x2[w(x,x1)

—x(x, x))]Jo 1 (x), x))[@(xy, X) — x(x2,X)].  (94)

Analogously, one finds for the Coulomb energy using

(90)_(93), fabcfabd — NC(SCd

. 7” 2 ] Px ] PAF (% (1 (0w (x, x)] ] P, ] Prfox ) — x(x,x))]

X6 (x1, %) [0(%5, X') — x(xa x)] — (r,-,<x>[5<x ~x) - f Py (x, %)) x(x,, )D

X(tj,»(x’)[é(x’ -x) — jd3x2w_1(x’, X,) x(x5, x):|>} (95)

These expressions can be written in a more compact form
in momentum space:

E, =Ne =150 f sl — xr

oK) (56)

and

“Note, that inside the expectation values (QQ),, and (AQ),,
the quantity Q has the structure Q = [ SA, where S(x, x') =
5(x —x') — fdxla)"(x, x;)x(xy, x'), so that the above expec-
tation values have to be taken to one-loop order as

(QQ) = (SASA) = (SXSKAA)
and

(AQ) = (SXAA).

£ = NC(NC D s o fd3kd3k/[1 .l

3
d(k — k)2f(k — k')
(k — k')

— x(K)] — [o(k) — x(k)])?
w(k)o(k’) ’

(k)

7

where again the divergent factor §(0) has to be removed to
obtain the corresponding energy densities.

The kernel w(k) in the Gaussian Ansatz of the wave
functional is determined from the variational principle
S8E(w)/6w = 0. Variation of the magnetic energy is
straightforward and yields
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SE, _ Nz—1 4 1 Nc¢ d’q
(k) 7 O {kz 28 Gy
x[3 - (R @)°]- w(lq)} 98)

The kinetic and Coulomb part of the vacuum energy
E,, E. do not only explicitly depend on the kernel w(k),
but also implicitly via the ghost form factor d(k) and the
Coulomb form factor f(k) as well as via the curvature
x(k). However, one can show, that variation of these
quantities d(k), f(k), y(k) with respect to w(k) gives
rise to two-loop terms, which are beyond this cope of
this paper. Ignoring these terms, we obtain for the varia-
tion of the kinetic and Coulomb parts of the energy

SE, N:-1 ~ x(k)?
Solk) 2 5(3)(0)[1 w(k)z} .
SE, Nc(NZ — 1) 53(0) —— g
s (k) 3 o [y
— @) f(k —
R
. w(k)? — [w(qc)u(_k;Y(q) + X(k)]z. (100)

Putting all these ingredients together, we find from
the variational principle the gap equation to one-loop
order

wk)? =Kk>+ y(k)>+1,(k)+ 19 (101)
where we have introduced the abbreviations
N 1
Io=—>¢ 3 - (k§)? : (102)
)@ )3[ )
|
f " d9sind 9 S~V o [
0
4
=2 @k —
Sk

Using these results the remaining integrals over the
modulus of the momentum occurring in the Schwinger-
Dyson equations become

14(k) = P [d(k)/odq%;-kfk/\d

d(q)

—=1, (106
qw(qﬂ (106

d(k)

d(k)

PHYSICAL REVIEW D 70 105021
dk —q)’f(k — q)

1,(k) = G )3[ + (kq)]- & —q7
. [w((I) — x(@) + x(K)]* — w(k)z' (103)
w(q)

We are then left with a set of four coupled Schwinger-
Dyson equations for the ghost form factor d(k) (66), for
the curvature y(k) (82), for the frequency w(k) (gap
equation) (101) and for the Coulomb form factor f(k)
(73). Before finding the self-consistent solutions to these
coupled Schwinger-Dyson equations in the next section
we shall study their analytic properties in the ultraviolet
(k — o0) and in the infrared (k — 0).

V. ASYMPTOTIC BEHAVIOR

To obtain first insights into the infrared and ultraviolet
behavior of solutions of the coupled Schwinger-Dyson
equation, we investigate these equations in the so-called
angular approximation, which is defined in Eq. (104)
below. At this stage we have no estimate of the accuracy
of this approximation. However, the numerical calcula-
tion to be presented in Sec. VII, which will be carried out
without resorting to the angular approximation, will
produce asymptotic behaviors, which are quite similar
to the one obtained below within the angular
approximation.

The angular approximation is defined by approximat-
ing a function A(k — q), which occurs under the momen-
tum integral with an argument given by the difference
between the external momentum k and the internal loop

momentum ¢ integrated over, by the following expression
h(k — ql) = h(k)O(k — q) + h(q)O(g — k). (104)
With this approximations the angle integrals in the
Schwinger-Dyson equations for y(k) and d(k) reduce
with [1 — (k §)?] = sin?>¢ to the following integrals
d
+0(g — (q)} ] d9sin® &
d
+ OG- k) (Q)} (105)
|
NC d(k) k A
1,(k) =—=|—5 | dqq*d(q) + | dqd(q)* |
(6 12#2[ 2 ), 4 (9) ﬁ qd(q) }

(107)

It turns out, that the simplest way to solve the Schwinger-
Dyson equation for the ghost propagator and the curva-
ture in the asymptotic regions is to differentiate these
equations with respect to k. The clue is, that the deriva-
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tives contain only ultraviolet convergent integrals. Indeed
from Egs. (106) and (107), we have (The contributions
from the derivative of the integration limits k cancel),

2
1;,(k)=6N7TC2klz[d'(k) dik)} ﬁ dqwq(q) (108)
Bk =% kz[d’(k) d(k)} [ dggPd(q). (109)

Differentiating the Schwinger-Dyson equation for the
ghost form factor, Eq. (66), with respect to the external
momentum k and using Eq. (108), we find

N¢c R(k) N¢ R(k) d(k)

d'(k C _ C

— = == —, 110

4 )[d(k)z 6m K2 } 37 k2 ok (110)

where we have introduced the abbreviation

2

R(k) = f g (111)
w(g)’

Differentiating the equation for the curvature (82) and
using the angular approximation (107) we obtain

/ NC ! d(k)
Y® = 2k2[d(k) - }S(k) (112)
where
S(k) = ﬁ) “dqqrd(q). (113)

Below we will solve these equations separately for k — oo
and k — 0, respectively.

A. Ultraviolet behavior

Because of asymptotic freedom the gluon energy w(k)
has to approach for k — oo the asymptotic form

w(k) = VK2,

This behavior will also be obtained later on from the
solution to the gap equation. Let us therefore concentrate
on the asymptotic behavior of the ghost form factor d(k),
the curvature y(k) and the Coulomb form factor f(k)
resorting to the angular approximation Eq. (105).
Consider first the Schwinger-Dyson-Eq. (110) for the
ghost form factor. It contains the so far unknown integral
R(k) (111). For large k the dominating contribution to this
integral comes from the large ¢ region. Hence, for an
estimate of R(k) we can use for w(k) its asymptotic value

k — oo,

(114)

»(q) = \/q? yielding
k2
R(k) =—, k— oo (115)
Inserting this result into Eq. (110) we obtain
N 1 Ne 1
d'(k C—==-5". 116
( )[d(kﬁ o d(k)} 6 k (116)
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Integrating this equation yields

(ﬁ)z (d(],u)>2 + ch (1 z—z -1 %) (117)

where u is an arbitrary momentum. For large k we
expect, that the following condition holds

d(k) k?
A @

The reason is, that for k — oo the Faddeev-Popov deter-
minant approaches that of the Laplacian and accordingly
the ghost form factor should approach one, d(k — o0) —
1. However, due to dimensional transmutation giving rise
to anomalous dimensions, we will shortly see that d(k)
behaves asymptotically like d(k) ~ (Ink?/u2)~'/2, which
of course satisfies the condition Eq. (118). In anticipation
of this result, we will in the following assume that the
condition Eq. (118) is fulfilled and subsequently show that
the resulting solution for d(k) will indeed obey this
condition. When this condition is fulfilled, we can ignore
the last term in Eq. (117) resulting in the explicit solution

d(p)

k — o0,

(118)

d(k) = , (119)
\/1 + 26 gy m(/’;—i)
which asymptotically behaves like
6 (. k*\~"1/2
k) = —<1n—2> (120)
Ne\ u

as anticipated before.

In passing we note, that the obtained asymptotic be-
havior of d(k) is precisely that of the running coupling
constant g ~ /a. In Sec. VI we will see, that indeed
asymptotically d(k — oo) approaches the renormalized
coupling constant. From Eq. (63) then follows that the
ghost behaves, indeed, asymptotically like a free particle.

From the asymptotic form of the ghost form factor
(119) we can immediately infer the asymptotic form of
the Coulomb form factor f(k) by using the relation (72).
This yields

d(k)
d(u)’

Thus, the asymptotic behavior of the Coulomb form fac-
tor is up to a numerical constant f(w)/d(u) the same as
the one of the ghost form factor.

The extraction of the asymptotic form of the curvature
is somewhat more involved. For large k — o0 we can use
the asymptotic form (120) of the ghost form factor d(k)
from which one finds

flk) = f(u)——, k— oo, (121)

N,

d'k) = =

— llcd(k)3 (122)
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so that Eq. (112) becomes

Ne b
67 k3 |:

X'(k) = — (123)

o }S(k).
The ghost form factor d(k) is, by definition, strictly
positive definite inside the first Gribov horizon, to which
we have to restrict our gauge orbits. Thus the integral S(k)
(113) is positive definite and y'(k) = 0. For sufficiently
large k, where we can use the asymptotic form (120) of
d(k) for which the integrand in S(k) (113) behaves like

q*/+/Ing/ . Furthermore, we w111 show in the next sec-
tion that g%d(q) — 0 for ¢ — 0°. Therefore for sufficiently
large k an upper limit to S(k) is given by

k 1
S(k) = ]0 dgq® = §k3. (124)

From Eq. (123) we obtain then the following estimate

0> Y'(k) = — 125
Y=~ ) 1+ S oW | (29
Since d(k) ~ 1/+/Ink/ u for k — oo the second term in the

bracket is irrelevant for sufficiently large k. By the same
token we can multiply this term by a factor (—2) without
changing the asymptotic result. Using (122)

d
— 2| =
d(k)[l 225 2d(k)} STd®]  26)
we obtain the asymptotic estimate
Nc¢
> Y'(k) = —
0> (0 = ~ 3% STka®]L  (27)

Integrating this equation over the interval (ko, k) we find

0> () = xlho) = = 3 ST = ko)) (128)

Dividing this equation by k we find that asymptotically

0>$> - 12’;2 dk), k—o (129
or with Eq. (120)
X~ o, (130)
Vink/p
From this relation it follows, that
xtk)  xk) 1 b 00, (131)

— 0,
JInk/

To summarize, we have found the following ultraviolet
behavior (k — o0)

w(k) k

In fact we will later see, that ¢2d(g) is a monotonically
raising function.
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1
w(k) ~ VK2 -
(0 ~ Vi 0~ e
fh~—— 1 Y

o (k)

JInk/ 12 JInk/

The first equation means, that gluons behave asymptoti-
cally (k — o) like free particles with energy k, while the
last equation implies, that the space of gauge connections
becomes asymptotically flat. The ghost form factor d(k)
deviates from that of a free (massless) point like particle

by the anomalous dimensions 1/4/Ink/u. These relations
are in accord with asymptotic freedom.

One easily convinces oneself that the asymptotic be-
havior obtained above yields indeed a consistent solution
to the coupled Schwinger-Dyson equation.

B. The infrared behavior

In the following we study the behavior of the solutions
of the coupled Schwinger-Dyson equations for k— 0
thereby using again the angular approximation (104).

For the quantities under interest in the infrared we
make the following Ansdtze

A C
w(k) = @ d(k) = ik x(k) = o 133
With these Ansdtze we solve (the derivatives of) the
coupled Schwinger-Dyson Eqs. (110) and (112), for
k— 0.

In the remaining integrals (111) and (113), the integra-
tion variable is restricted to the interval 0 < g < k. For
k— 0 we can use the asymptotic representations,
Eq. (133), in the integrands and obtain

1 k 1 ka+3
R(k) =— | dqq*"* =~ :
K =2 jo "q Aat3
S(k) = B kd v 5 _ g (3-8 (134)
j;) q9 3-8
Inserting these expressions into Egs. (108), (109) we find
Ne B p+2
I/ k —_ —_ < . ka ﬁ’
(0 6m A a+3
Ne L B+2 (135)
k) = - Ne pBr2 o
127 3-8
From the derivative of the ghost equation
d' (k)
— =1k 136
we then obtain the following relation
A _Ne B2 jaopn (137)

B2 67 Bla +3)

The left-hand side of this equation is constant. The same
has to be true for the right-hand side, which implies
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a=28-1 (138)

Inserting this relation into Eq. (137) we obtain a relation
between the coefficients A and B

A _Ne B+2
B2 6m2B(B+ 1)

Analogously we find with (135) from the derivative of
the curvature equation

X'(k) = I, (k)

(139)

(140)
the relation
C Nc¢ ,8 +2
B 1272 y(3 - B)

Since the left-hand side is a constant (i.e. independent of
k) it follows

k'y—2,8+1.

(141)

y=28-1 (142)

and thus

C _ Nc B+2

B2 1272 (28— 13- B)
In view of Eqs. (138) and (142) we have the following
relations between the infrared exponents

a=y=28—-1,

so that w(k) and y(k) behave in exactly the same way in
the infrared. Combining Egs. (139) and (143) we can
eliminate the constant B and obtain

A_QB-1DGB-P
C BB+1)

Unfortunately the gap Eq. (101) cannot be treated in the
same fashion. This is because the integrand in I, (k) (103)
contains explicitly the external momentum k. However,
one can show without resorting to the angular approxi-
mation, that in the infrared k — 0 the quantities w(k) and
x (k) approach each other, i.e. w(k) and (k) do not only
have the same divergent infrared behavior (a = 7y) as
shown above, but also have the same infrared strength

A=C. (146)

(143)

(144)

(145)

For this purpose consider the full gap Eq. (101) in the
limit K — 0 assuming for the moment, that the ultraviolet
diverging integrals have  been regularized.
Renormalizaton carried out in the next section will re-
move the divergent constant % (102) and will introduce
finite renormalization constants which, however, become
irrelevant in the infrared limit k — 0 compared to the
diverging quantities w(k) and y(k). Hence, ignoring in-
frared finite terms, the gap Eq. (101) becomes

w*(k—0) = x*(k— 0) + 1,(k— 0). 147)

Since the integral I,,(k) (103) is ultraviolet divergent the

PHYSICAL REVIEW D 70 105021

dominant contributions to this integral must come from
the large momentum region. For large but finite ¢ and k —
0 in the integrant of I,,(k) (103) we can omit y(g) and
w(g) compared to the divergent quantities w(k — 0),
x(k — 0) yielding

d*q

1,(k—0) = P

[x(k) — wz(k)]
d*(k — q)f(k — q)
(k — q)*w(q)

is ultraviolet finite. Indeed with the above found ultravio-
let behavior (132) we obtain

d(9)f(q) 1
fd Cw(g) qu q(Ing/ p)*?

d 1
- -2 [ dg— —— .
dq (Ing/p)'?
With the singular behavior of w(k) and y(k) for k — 0
Egs. (147) and (148), obviously imply

xk—0) = w(k— 0).

(148)

(149)

(150)

The same relation is also found in the full numerical
solution of the renormalized gap equation given in
Sec. VIL

With the relation (146) it follows from Eq. (145) 8 =1
and in view of Eq. (144) @« = y = 1. Thus, we obtain the

following infrared behavior
8mA 1
d(k) = <.
(k) 1/ Ne &

Finally, we note that the above obtained infrared behavior
for the ghost propagator d(k) ~% is precisely the one
which is needed to produce a linear rising confinement
potential from the Coulomb energy, when one uses the
leading infrared approximation f(k— 0) =1 for the

Coulomb form factor.

w(k)

= xk) =, (51)

VL. RENORMALIZATION

The integrals occurring in the Schwinger-Dyson equa-
tions are divergent and require regularization and renor-
malization. The renormalization of the Schwinger-Dyson
equations in Coulomb gauge has been already discussed
in Ref. [21]. However, our equations differ from those of
Ref. [21] due to the presence of the curvature y. The latter
will introduce new features, which require separate dis-
cussions. In Ref. [22] the curvature was also included but
not fully: In the gap equation the curvature was omitted
under the loop integral in the Coulomb term, but it is
precisely this dependence on the curvature, which gives
rise to the new troublesome features.

For simplicity, we will use a 3-momentum cutoff A as
ultraviolet regulator. We are aware of the fact, that such a
procedure violates gauge invariance and may give rise to
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spurious divergencies. Furthermore, the approximate
evaluation of the expectation value of the Coulomb term
(neglecting two-loop terms) will also introduce spurious
ultraviolet divergent terms (see below). The crucial point,
however, is that neither the infrared nor the ultraviolet
behavior of the quantities under interest (determined by
the above coupled Schwinger-Dyson equations) will de-
pend on the specific regularization and renormalization
procedure used as will be demonstrated later.

After regularization the integrals I,(k), I, (k), I,,(k) in
the Schwinger-Dyson equations become cutoff dependent
1,(k) — I;(k, A) etc. Consider first the Eq. (66) for the
ghost form factor

11

m - - Id(kr A),

(152)
where we have indicated, that after regularization the
ghost form factor also becomes cutoff dependent.
However, to assign a physical meaning to d(k, A) we
have to keep d(k, A) independent of the cutoff A° This
is achieved in the standard fashion by letting the coupling
constant g run with the cutoff A. Independence of the
ghost form factor d(k, A) of A requires in view of (152)

dg(A) 5, dl(k A)
I g*(N)——— A

For A — oo we can ignore the A dependence of w(q)
and d(q) in the integrand of I, (66) and find

Al A) | _Ne 1 dlk=AA)
dA A—oo

(153)

3 272 wk=AA) (154)
which is independent of k. Since this quantity is positive
(w(k)) has to be strictly positive definite and d(k) is
positive inside the first Gribov horizon) the solution
g(A) to Eq. (153) vanishes asymptotically for A — oo.
Furthermore, for A — oo the integral I;(k = A, A) (66)
remains finite (This is also explicitly seen from the
angular approximation (106)). Therefore from Eq. (152)
follows, that d(k = A, A) approaches asymptotically
g(A). Since furthermore w(k — 00) ~ k we obtain

d SN
AL — e B = (43 ot Bo = —X. (155)

dA
This result was also obtained in Refs. [21,22], which is
not surprising, since the curvature does not enter the
equation for the ghost form factor. As discussed in
Ref. [21] this coefficient should not be compared with
the canonical perturbative expression of By = 11N./3.
In the present approach the running coupling constant can

SAs will be shown later (see Eq. (176), below) in the
appr0x1mat10n fl) = 1 the static quark potential is given by
£G(-9%)G = ’i 4 -+ g = 1d(—9%)d. Since quark poten-

t1a1 is a renormallzatlon group 1nvar1ant we have obviously also

to require d(k) to be a RG-invariant.
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be extracted from the Coulomb term. One finds then
(Ref. [21]) By = 12N./3 instead of B, = 11N./3. The
difference is due to the absence of the perturbative con-
tribution due to the emission and absorption of transverse
gluons, when taking the expectation value of the
Hamiltonian.

Equation (155) has the well-known solution

g2 (p)

g} (A) = - <22>

(156)

which shows that for A — oo the asymptotic behavior of

g(A) is
1

in accordance with asymptotic freedom. The same behav-
ior was obtained in Eq. (120) for the ghost form factor
d(k = A — c0). This shows that indeed, asymptotically,
the ghost form factor approaches the running coupling
constant

g’(A) = (157)

d(k = A — o) — g(A). (158)

The integral I,(k, A) (66) is logarithmically ultraviolet
divergent (This is also explicitly seen in the angular
approximation (106)). The Eq. (152) can be renormalized
by subtracting the same equation at an arbitrary renor-
malization scale u

1 1
—_— = A 1
AN g(h) Ly(p. A) (159)
yielding
1 1
=Ltk A) = Ly(w, )] (160)

dik A d(w, A)

Equation (159) shows how (for a fixed renormalization
scale u) the coupling constant g(u, A) has to run with A
in order, that the ghost form factor d(k) becomes inde-
pendent of the cutoff. For A — co this dependence g(A) is
given by Eq. (157).

The difference I;(k, A) — I;(u, A) is ultraviolet finite,
so that we can take the limit A — oo in Eq. (160)

1 1

dk) — dp)

where we have put d(k, A — o0) = d(k) etc. This is the
desired finite Schwinger-Dyson equation for the ghost
form factor, which contains the arbitrary renormalization
constant d(w).

We use the same minimal subtraction procedure to
renormalize the equation for the curvature (82) and the
Coulomb form factor (73). Subtracting the Eq. (82) and
(73) once at the renormalization scale u yields
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x(k) = x(u) + AI (k) (162)
fk) = f(u) + Aly(k), (163)

where the difference
AIX(k) = IX(k, A) — IX(,LL, A) (164)

is ultraviolet finite, so that the limit A — oo can be taken.
The finite quantities y(u) and f(u) are new renormal-
ization constants, on which our solutions, in principle,
will depend. However, we will find later, that this depen-
dence is very mild and that neither the infrared nor the
ultraviolet behavior of our solutions will depend on y(u)
and f(u).

The renormalization of the gap Eq. (101) is more in-
volved, when the curvature term is included. To renor-
malize the gap equation we first follow the minimal
subtraction procedure (applied above to the ghost form
factor and to the curvature). This removes the (quadrati-
cally) divergent constant /9 (102) resulting in

wk)? = w(p)? + & — p? + x(k)? — x(n)?
+1,(k) —I,(w).

Unfortunately, the resulting expression I, (k) — I,,(u)
is still diverging. This is a consequence of the one-loop
approximation, used when calculating the expectation
value of the Coulomb term (resulting in the factorization
(90)) and also when taking the variation (functional de-
rivative) of this term with respect to w(k) to obtain the
gap equation. As is well-known, the gauge invariance is
not maintained in the loop expansion order by order [28].
As a consequence, truncating the loop expansion at a
given order results in spurious divergencies, which are
cancelled by higher order terms. Such spurious divergent
terms should therefore be omitted. To identify the spuri-
ous (divergent) terms in the gap equation, we rewrite the
diverging integral in the form

(166)

Ik A) = 120k A) + 21D (k, A), (167)
where
) _ N¢ (A dq .

I, (k, A) = 4 f Qn)? [1+ (k)]

dk —q)’f(k —q)

(k — q)?
. [o(q) — x(q)]" — [w(k) — X(k)]n. (168)
w(q)

The integral 12 (k) is quadratically divergent. Its diver-
gent part is, however, independent of the external mo-
mentum k, so that one subtraction eliminates this

divergence, i.e. Ig)(k) — Ig)(,u) is finite. The troublesome
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term in Eq. (167) is the second one, which is linearly
divergent. Because of the momentum dependent factor
x (k) one subtraction does not eliminate the divergency

Iw(k) A) - Ia)(/"(” A)
= [1(k A) = 15 (. M)]

J

finite
+ 200Uk A) = 1), A)]
finite
+ 2L x(k) — X (e, A),
o

divergent

(169)

while IV (k) — IV (w) is finite, the last term is still di-
verging. Note, that this term disappears, when the curva-
ture is ignored [ y(k) — 0] as done in Ref. [21]”. (However,
we will later find that it is of crucial importance to fully
keep the curvature.) Because of its k dependence, a fur-
ther subtraction would not eliminate this divergency. This
is the type of spurious term discussed above, whose
singular part violates gauge invariance and would be
cancelled by higher order loop terms. Once these higher
order loop terms are included, the divergencies are can-
celled and what is left from I\ (u, A) is a finite contri-
bution, which we denote by I59(w). In the following we
will only keep this finite part IV (w), which unfortu-
nately is not explicitly known. However we will later
show that this unknown constant IL(,I)(,u) does not essen-
tially influence the solutions of the renormalized coupled
Schwinger-Dyson equations.

Applying the above described renormalization proce-
dure (i.e. one subtraction and replacing 18)(,u, A) by its

finite part I's" (1)) the gap Eq. (166) becomes

w(k)* = K + x(k) + o(n)* — p* — x(n)’
19k, A) = 19 (1, A)] + 2x(k)
XUk A) = 10 (i, )]+ 2Lx(k) — x()]
XI5 (). (170)

Inserting here for y(k) its renormalized value (162) we
obtain

wk)? =k — u*+ AIX(k)2 + fAIX(k)
LI (K, A) = 15 (u, M)+ 2[x(w) + AL(K)]
X[1)(k, A) = 19 (1, A)] + () (171)
All together there are five renormalization constants
"In Ref. [22] the curvature was included but was omitted

under the integrals, so that this troublesome term does not
appear.
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d(w), x(p), f(p), @(p) and & =2[x(w) + I8 (w)].
Later one we shall demonstrate that the self-consistent

solution to the coupled Schwinger-Dyson equations does
not sensitively depend on the detailed values of these
renormalization constants except for d(w).

From our previous discussions it should be clear, that
the ultraviolet behavior of the self-consistent solution
does not at all depend on these renormalization constants.
We will later also show, that the infrared behavior does
not depend on the precise value of the renormalization
constants y(w), f(u), (u) and &, while the ghost form
factor d(k) depends crucially on d(w) and only for one
particular (critical) value of d(w) (for which 1/d(u —
0) — 0) the coupled Schwinger-Dyson equations will
have a solution, consistent with the infrared behavior
found in Sec. VB.

VIL. NUMERICAL RESULTS

In this section we present the results of the numerical
solutions to the coupled Schwinger-Dyson Egs. (161),
(171), (162), and (163), for the ghost form factor d(k),
the gluon energy w(k), the curvature y(k) and the
Coulomb form factor f(k). For this purpose it is conve-
nient to introduce dimensionless quantities. We will re-
scale all dimensionful quantities with appropriate powers
of the gluon energy 6: = w(u) at an arbitrary renormal-
ization point u. The rescaled dimensionless quantities
will be indicated by a bar
k 5(F) w(k = kb) x(k = k8)
5 5 5

(172)
The form factors d(k) and f(k) are dimensionless.

Before solving the coupled Schwinger-Dyson equa-
tions we have to fix the renormalization constants

k= (k) =

_ _ 1 ~
d(w), € = 2Lx(w) + I (W] x(w), f(w).  (173)
1000
A =8.769
- =86
- dw=70
100
<
o
10
0}001 O,bl OL 1 i lb 1 60 1000
k/o(u)
FIG. 5. Solution for the ghost form function d(k) for differ-

ent renormalization constants d(u) = 7.0, 8.6 and 8.716.
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1000
100
10
1
— ok)/m(u)
AL
0 1 I I \ I I I
0,001 0,01 0,1 1 10 100 1000
k/o(u)
FIG. 6. Solution for the gap function @(k) for € = 0.

Note, that w(w) has been absorbed into the dimensionless
quantities.

The coupled Schwinger-Dyson equations are solved by
iteration without resorting to the angular approximation.
To carry out the calculation consistently to one-loop
order, we should use the leading expression for the
Coulomb form factor f(k) = 1 (see Eq. (73)). However,

then we lose the anomalous dimension of f(k) X

(~1//Ink?/ u?, k — o) which is needed for the conver-
gence of certain loop integrals. To keep the anomalous
dimensions of f(k) and at the same time include as little
as possible corrections to the leading order f(k) = 1 we
replace the ghost form factor d(k) in the equation for f(k)
by its bare value d(k) = 1 and use f(u) = 1.

The integrals were calculated by using the Gauss-
Legendre method. In order to obtain an accurate mapping
of the infrared region, a logarithmical distribution of the
supporting points was used. The self-consistent solutions

1000

100

10

1

0,001 0,01 0,1 1 10 100 1000

k/o(n)
FIG. 7. Ghost form function d(k) and Coulomb correction

f(k) for € = 0.
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are shown in Figs. 5-7, for the choice of the renormal-
ization constants &€ = 0, y(u) = 0.

The value of the remaining renormalization constant
d(u) has been specified as follows:

Consider the equation for the ghost form factor. The
curvature y(k), the Coulomb form factor f(k) as well as
the renormalization constants & and y(u) do not enter
this equation. Thus, for given @(k) the solution d(k)
depends only on the renormalization constant d(u).
Fig. 5 shows the solution to the ghost form factor
for various values of the renormalization constant d(u)
keeping @(k) fixed to the solution shown in Fig. 6. It
is seen that all solutions have the same ultraviolet behav-
ior independent of the renormalization constant d(k).
Furthermore, this ultraviolet behavior is consistent
with the asymptotic solutions (120) found in Sec. V
(Note, that a double logarithmic plot is used). The infra-
red behavior of d(k) depends, however, on the actual value
of d(u). For d(u) smaller than some critical value d,, the
curves approach a constant for k— 0. At a critical
d(u) = d,, the ghost form factor diverges for k — 0 and
above the critical value d > d,, no solution to the ghost
form factor exists. We have adopted the critical value
d(u) = d,, as the physical value for the following rea-
sons:

(1) In D = 3 (which will be considered elsewhere) a
self-consistent solution to the coupled Schwinger-
Dyson equations exists only for this critical value.

(i) Only the critical value produces an infrared di-
verging ghost form factor.

(iii) The diverging ghost form factor is in agreement
with our analytic studies of the infrared limit of
the Schwinger-Dyson equations considered in
Sec. V using the angular approximation (see
Egs. (151)).

(iv) The divergent ghost form factor gives rise to a
linear rising confining potential as will be shown

later on.
1000 T
— &= 000
- E=-0.50(u)
-- §=-1L0o()
100 |
<
=]
10
01,001 O,bl O‘,l i lb 160 1000
k/oo(p)
FIG. 8. Ghost form function d(k) for € = 0, —0.5 and —1.0.
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1000
100 ¢ E
£ 0k N 1
24 AN
e \\\\\
1 - .
— &= 000()
- E=-0.5 o)
-- £=-100()
0 1 Il Il Il Il Il
0,001 0,01 0,1 1 10 100 1000
Ko(w)
FIG. 9. Gap function @(k) for £ =0, —0.5 and —1.0.

The critical d(u) = d,, is defined by d~'(k — 0) — 0
which is referred to as ““horizon condition” [23]. At the
arbitrarily chosen (dimensionless) renormalization point
= 0.32 the critical renormalization constant is given
by d(ix) = 8.716. In all self-consistent solutions pre-
sented in this paper we have adopted this critical value.

We have also investigated the dependence of the self-
consistent solutions on the remaining renormalization
constants &€ and y(u) (recall, that d, @(k) are independent
of & and ¥(u)). We have found, that our self-consistent
solutions change by less than 0.001%, when y(w) is varied
in the interval [—1, 1]. Thus there is practically no de-
pendence of our results on y(w). We have therefore put
¥(w) = 01in all calculations.

Figs. 8 and 9 show the self-consistent solution for d(k)
and @(k) for £ =0, —0.5, —1.0. Both quantities show
only very slight variations with & up to a (dimensionless)
momentum of order one. The ultraviolet behavior is inde-
pendent of & and in agreement with our analytic results

0,7

0,6 i

0,5 i

04F 1

!
®
Q

&

03+ o A/B°| |

0.2+ -

0,1+ i

0 I I I I I

FIG. 10. A/B? and « in dependence of £.
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1000 T

— with curvature
--- curvature neglected in Coulomb term
-— without curvature

100 E

oo
S

0 1 Il Il Il Il Il
0,001 0,01 0,1 1 10 100 1000
k/o(u)
FIG. 11.  Consistent solution of the gap function @(k) for

different treatments of the curvature for & = 0.

obtained in Sec. V. Furthermore, also the infrared behav-
ior of d(k) and @(k) is independent of &.

Our analysis of the infrared behavior of the solutions to
the Schwinger-Dyson equations using the angular ap-
proximation given in Sec. V has revealed, that in this
approximation the critical exponents « and B and the
ratio A/B*> of the amplitudes of @(k) and d(k), see
Eq. (133), are independent of the renormalization con-
stants &, y(u). Our numerical solutions confirm this
result even without resorting to the angular approxima-
tion. Figure 10 shows these quantities A/B” and the in-
frared exponent (133) a as function of £. There is
practically no dependence. We will therefore put & = 0
in the further numerical calculations.

The obtained numerical results are all in qualitative
agreement with our previous analytic investigations. For
large k — oo the gluon energy w(k) ~ vk? is that of a
noninteracting boson and the curvature in orbit space

1000 T T T
— with curvature
--- curvature neglected in Coulomb term
-— without curvature
100
=2
=1
10
1 Il Il Il Il Il
0,001 0,01 0,1 1 10 100 1000
k/(p)
FIG. 12. Consistent solution of the ghost form function d(k)

for different treatments of the curvature for £ = 0.
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xk)/ w(k) ~ \/1“1’(7 vanishes asymptotically. This is in

agreement with the expectations of asymptotic freedom.

For k — 0 the gluon energy w(k) diverges reflecting the

absence of free gluons in the infrared, which is a mani-

festation of confinement. While the gluon propagator
1

a0 — 0 for k — 0 is suppressed in the infrared the ghost

propagator d(k)/k*> diverges for k — 0. It is worthwhile
noticing, that the same behavior of the gluon and ghost
propagators is obtained in covariant Schwinger-Dyson
equations, derived from the functional integral in
Landau gauge [29,30]. From Fig. 6 it is seen, that for k —
Ow(k) approaches y(k). As shown analytically in Sec. V
this is a generic feature of our gap equation and reflects
the nontrivial metric of the space of gauge orbits (given
by the Faddeev-Popov matrix). This nontrivial metric is
crucial for the infrared behavior of the theory and, in
particular, for the confinement. This can be seen from
Figs. 11 and 12, where we present the self-consistent
solutions for w(k) and d(k), when the curvature of the
gauge orbit space is neglected by putting y(k) = 0 as done
in [21] or when neglecting the curvature in the Coulomb
term as done in [22]. In these cases the infrared behavior
of w(k) is drastically different from the previous case,
although we have still chosen the horizon condition
d~'(k — 0) = 0 as renormalization condition (d(k) is still
infrared divergent as can be read off from Fig. 12). In
particular notice that w(k — 0) = const. when the curva-
ture y is completely neglected, i.e. « = 0 in Eq. (133).
From the two sum rules (144) for the infrared critical
exponents follows 8 = % and y = 0. Thus with the hori-
zon condition as renormalization the neglect of the cur-
vature in the Schwinger-Dyson equation yields d(k) ~ ﬁ,

w(k) = const. and y(k) = const. for k — 0.

VIIL. THE COULOMB POTENTIAL

The vacuum expectation value of the Coulomb term of
the Yang-Mills Hamiltonian can be interpreted as inter-
action potential between static color charge densities
p°(x). The static quark potential can therefore be ex-
tracted from this term by taking the vacuum expectation
value and assuming that the color charge density p“(x)
describes two static infinitely heavy color charges

p(x) = gq(6(x = x(1)) + 89(,)6(x — X))  (174)

located at x(;y and X(y) and separated a distance X(j) —
X(y) = r apart. This yields

Ec = EY + EQ + qf, VP (x(), X0))gly,  (175)

where Eg’z) are the (divergent) self-energies of the two

separate static quarks and

Vab(x1), X)) = gXw|F*(x(1), X))l @) (176)
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25 T T T

[VO)-V(D)o(p)

50 100 150 200

ro(u)

FIG. 13.  Coulomb Potential for £ = 0 with (full line) and
without inclusion of the curvature (dashed line).

is the static quark potential, with F%(x, x’) being the
Coulomb propagator defined by Eq. (17). In the above
considered one-loop approximation the potential is color
diagonal V¢ = §%V and, with the explicit form of the
Coulomb propagator, is given by

3 2 3
@k dRZIE) e _ [ LE ey,

Vi) = Pr=E

Qm)? kK
(177)

Performing the integral over the polar angle, one finds

sin(kr)

— (178)

Vi) = -1 f dkd (k)2 (k)
27 Jo

Before presenting the numerical result for the Coulomb
potential let us consider its asymptotic behavior for k — 0
and k— oo, In Sec. VB we have found the infrared
behavior f(k— 0) = const. and d(k— 0)~+. This
yields precisely a linearly rising Coulomb potential
V(k) ~ 1/k*. Furthermore for k — oo the ghost form
factor was found to behave as (see Eq. (120) d(k) ~

1

A/Ink/
Coulomb form factor (see Eq. (73) and Fig. 3) f(k) = 1

we find

. Adopting the leading order expression for the

1

kKV(k) ~ ———,
(k) Ink/ u

179)
This is precisely the behavior found in Ref. [31] in one-
loop perturbation theory.

The Coulomb potential calculated from the numerical
solution to the coupled Schwinger-Dyson equations is
shown in Fig. 13. At small distance it is dominated by
an ordinary ~% potential, while at large distances it
raises almost linearly. The numerical analysis shows,

that its Fourier transform behaves for k — 0 like 1/k37,

PHYSICAL REVIEW D 70 105021

while a strictly linearizing potential would require a 1/k*
dependence (In Ref. [32] the power 1/k*® was found).
When the curvature is neglected the gluon energy be-
comes infrared finite and the Coulomb potential ap-
proaches a constant at r — co. Thus both quark and
gluon confinement is lost when the curvature of the space
of gauge orbits is discarded.

IX. SUMMARY AND CONCLUSIONS

In this paper we have solved the Yang-Mills
Schrodinger equation for the vacuum in Coulomb gauge
by the variational principle using a trial wave function
for the Yang-Mills vacuum, which is strongly peaked
at the Gribov horizon. Such a wave functional is recom-
mended by the fact, that the dominant infrared field
configurations lie on the Gribov horizon. Such field
configurations include, in particular, the center vortices,
which have been identified as the confiner of the theory.
With this trial wave function the vacuum energy has been
evaluated to one-loop order. Minimization of the vacuum
energy has led to a system of coupled Schwinger-Dyson
equations for the gluon energy, the ghost and Coulomb
form factor and for the curvature in orbit space. Using
the angular approximation these Schwinger-Dyson equa-
tions have been solved analytically in both, the infrared
and the ultraviolet regime. In the latter case, we have
found the familiar perturbative asymptotic behaviors.
In the infrared the gluon energy diverges indicating
the absence of free gluons at low energies, which is
a manifestation of confinement. The ghost form factor
is infrared diverging and gives rise to a linear rising static
quark potential. The asymptotic analytic solutions
for both k — 0 and k — oo are reasonably well repro-
duced by the full numerical solutions of the coupled
Schwinger-Dyson equations. Our investigations show,
that the inclusion of the curvature, i.e., the proper metric
of orbit space, given by the Faddeev-Popov determinant is
crucial in order to obtain the confinement properties of
the theory. When the curvature is discarded (using a flat
space of gauge connections) free gluons exist even for
k— 0 and the static quark potential is no longer
confining.

The results obtained in the present paper are quite
encouraging and call for further studies. In a subsequent
paper we will investigate along the same lines the 2 +
1-dimensional Yang-Mills theory, which (up to a Higgs
field) can be considered as the high temperature limit of
the 3 + 1-dimensional theory. It would be also interesting
to calculate the spatial Wilson loop in order to check
whether the relation o, = 30 found on the lattice [11]
is reproduced. Furthermore, the spatial t"Hooft loop
should be calculated using the continuum representation
derived in [33]. Eventually one should include dynamical
quarks, since the ultimate goal should be the description
of the physical hadrons.
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