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We consider the origins of the gluon chain model. The model serves as a realization of the dynamics of the
chromoelectric flux between static quark-antiquark sources. The derivation is based on the large-N¢ limit of
the Coulomb gauge Hamiltonian in the presence of a background field introduced to model magnetic charge

condensation inducing electric confinement.
I. INTRODUCTION

The gluon chain model of Greensite and Thorn [1-4] iden-
tifies the chromoelectric flux tube that exists between static
quark charges with a string of quasi particles, constituent glu-
ons. Through lattice simulations and phenomenological anal-
yses it is well established that the instantaneous, Coulomb po-
tential between static charges is confining [5-8]. Even though
it does not correspond to a physical observable, the static po-
tential does provide physical insight into the possible origins
of the confinement mechanism as illustrated by the Gribov-
Zwanzinger model [9, 10] and other, e.g. variational mod-
els [11-15]. Lattice simulations indicate that the correspond-
ing string tension is larger (by a factor of 2 to 3) as compared
to the string tension extracted from large, time-dependent Wil-
son loops. This is consistent with expectations of variational
analysis. At fixed quark-antiquark separation the Coulomb
potential corresponds to the energy of a quark-antiquark pair
in a vacuum state that is unmodified by the presence of the
pair while the energy extracted from the Wilson loop corre-
sponds to the energy of the exact QCD eigenstate in which
the quark-antiquark (QQ) pair polarizes the vacuum [16]. The
gluon chain model is a particular realization of the latter, i.e.,
the exact pair state. Confinement originates from the conden-
sation of chromomagnetic charges [17-20]. Formation of the
gluon chain should therefore also provide insights into the in-
terplay between constituent gluons and magnetic domains in
the vacuum.

In the Hamiltonian formulation the true QQ state is gen-
erated by the evolution operator limg_,..exp(—fBH) from the
unperturbed vacuum. This is because in a physical gauge the
Hamiltonian H contains all gluon interactions which also cou-
ple to the classical, external quark-antiquark color source. In
this paper we investigate if/how the gluon chain emerges from
the evolution operator. We follow a canonical formulation of
QCD in the Coulomb gauge since it contains only physical
degrees of freedom and these can be directly related to quasi
particles. The gluon field is decomposed into normal modes
representing particle excitations, and a physical state is repre-
sented as a superposition of multi-gluon states. Furthermore
the normal mode expansion is performed with respect to a
non-vanishing classical background. Such a background is in-

troduced to (phenomenologically) parametrize topologically
disconnected sectors of the vacuum. In terms of the path inte-
gral representation these sectors correspond to large field con-
figurations, i.e., field domains that cannot be smoothly con-
nected to the null field configuration [21].

The paper is organized as follows. In the next section we
review the structure of the Hamiltonian, introduce the particle
basis, and discuss the role of the individual interaction terms
in formation of the chain. In Sec. III we propose a simpli-
fied computational scheme for studying formation of the chain
state and discuss numerical results. A summary and outlook
are given in Section IV.

II. QCD HAMILTONIAN AND GLUONS

In the Coulomb gauge [22] the gluon field is described
by the vector potential, A?(x) that, for each color compo-
nent a = 1-~~Né — 1, satisfies the transversality condition,
V.A% = 0. In the Schrodinger representation the conju-
gate momenta, which are proportional to the electric field,
are given by IT?(x) = —i6/6A“%(x). The temporal compo-
nent of the gluon field is eliminated using Gauss’s law. This
leads to an instantaneous interaction between color charges.
The total color charge density has two components, p(X,a) =
pe(X,a) + py(x,a), corresponding to gluons and quarks, re-
spectively. In the following we ignore dynamical quarks, and
the only quark charge we consider is that of a static quark-
antiquark pair placed along the z-axis a distance R apart. The
corresponding density is therefore given by

Pq(x,a) = O] (X)THQ;(x) — O] (x)T4Q;(x). (1)

Here QIT (x)(Q;(x)) represents an operator that creates (anni-
hilates) a quark at x in a state with color i =1---N¢, and T*
are the SU(N¢) color matrices in the fundamental represen-
tation. We suppress the (irrelevant) spin indices. Similarly
Q_lT (x) and Q;(x) are the creation and annihilation operators
for antiquarks. A state with a static QQ pair is created by the
operator Q] (2R/ 2)Q_}(—2R /2). The gluon charge density is
given by

Pe(X,a) = fup-Al(x) - TI°(x), )



and the Hamiltonian takes the form
H = Hg +Hg+Hc (3

where the kinetic plus magnetic terms are given by

'AIT+B%), (@)

H + Hp = %/dx(/*l[A]H/*

and

1
He =5 [ axdy 7~ Alp(x.a) 7 [AIK“(x.y. [ADp(v.a)
4)
represents the instantaneous Coulomb interaction between
color charges. Here #[A] = Det(—D-V) is the Faddeev-
Popov determinant, D = D, = V&, + g fuc»A€ is the covari-
ant derivative, and B = B¢ = V x A% + g f, A" x A°/2 is the
magnetic field. The non-abelian Coulomb kernel is formally
given by

K(x,y,[A])=(D-V)"'(~¢

The above describes the Hamiltonian in the Schrodinger rep-
resentation. The particle basis representation is obtained via
a canonical transformation from A,II to a set of operators
a’(k,A,a),0(k,A,a) representing creation and annihilation
of gluons with three-momentum k (k = |k|, [dk] = dk/(27)?),
helicity A, and color a

VHD-v)L o (©)

A“(x):/ ﬁZekl (k, 2, a)e™> + h.c]
°(x) = %/[dk] @[ Y e(k,A)a(k, A, a)e* — h.c].

A=+
)
Particle operators satisfy ladder algebra and generate a Fock

space labeled by the number of gluons, n;, occupying a state
of a given momentum, helicity and color, i = (k,A,a)

s, o) = (o) (@g)" o+ ()" +[0). (8)

]

The state with no gluons, |0) = |0,0, - -
annihilation operators ;.

-) is annihilated by all

A. The vacuum state

In the absence of quark sources, after normal-ordering the
gluon operators, the Hamiltonian

= (0|H|0)+ : H : )

contains an infinite number of terms that connect states with
any numbers of gluons [11]. The ground state, |Q), can there-
fore be formally written as

ny np

] lPﬂl,l‘lz,'-~|l/ll7’127'">' (10)

The non-uniqueness associated with the definition of a gluon
state, and thus the Hamiltonian in Eq. (9), arises from the ar-
bitrariness in the choice of the function (k) in Eq. (7). For
example the choice w(k) = k corresponds to a basis of non-
interacting particles which diagonalizes the free Hamiltonian
(i.e., for g = 0). Other proposals, based on the variational
principle, have been analyzed in [11-15]. These studies con-
sidered an optimal choice for the basis of states obtained with
(k) that approaches the free particle limit for large k& and
is large and possibly divergent in the infrared (IR), i.e., for
k — 0. This is because an IR enhanced @ (k) suppresses con-
tributions to vacuum expectation values (vev) from fields near
the Gribov horizon [23] and removes the Landau pole from the
Coulomb kernel (cf. Eq. (6)). With such an optimal choice the
vacuum in Eq. (10) is approximated by the state with a van-
ishing number of gluons', i.e., |Q) = |0), and the ground state
energy is therefore given by the first term in Eq. (9).

B. The variational Q0 state

We next consider a state containing the QQ pair. A vari-
R), which does not take into account the back
reaction of quarks on the vacuum can be defined as (in the
volume %)

R) =

1 R 3
5 2)10), (11)

TN

and it is normalized, (R|R) = 1. Even if |0) was the exact
ground state, this state would only be an approximation to
the exact QCD eigenstate containing the QQ pair. This is
because with p, # O the term in Hc proportional to p, X p,
does not conserve the gluon number. The expectation value
of the Hamiltonian in the variational QQ state defines the
Coulomb potential, V,.(R), which is proportional to the expec-
tation value of the Coulomb kernel in the variational vacuum,

Ve(R)84 = —(0|K“*(R)|0). (12)

Here K“’(R) is given by Eq. (6) evaluated at the positions of
the quark and the antiquark. The vacuum expectation value
may be computed by expanding the covariant derivatives in
powers of A (c¢f. Eq. (5)) and noticing that in the variational
vacuum,

OA“ AT O0)0) = 8 [ SR

where 07 (k) = ¥j—rei(k,A)ej(k,A) = & — kik;/k*. The
behavior of V.(R) at large-R is correlated with the IR behavior
of w(k). While early variational studies indicated that with a

! More accurate approximations, which take into account residual correla-
tions among the “optimal gluons,” can be constructed using the standard
many-body techniques of cluster expansion [24, 25].



proper choice of w(k) it would be possible to obtain a confin-
ing potential, more detailed analyses showed that all solutions
are massive, i.e., when transformed to momentum space V. (k)
is always finite in the limit k — 0, a.k.a. non-confining [15].
We now believe this is consistent with lattice results. As
shown in [5] the large-R strength of the Coulomb potential
originates from magnetic charges in the vacuum. These are
absent in the variational model calculation of Eq. (12) that is
driven by fields in the neighborhood of the A = 0 configura-
tion. Magnetic charges are topologically disconnected from
the first Gribov region where the expansion applies. Thus it
is likely that the string tension, o, of the variational model
V,(r) ~ o.r should at most only be a fraction of the Coulomb
string tension and, more likely, V. of the variational model
ought not to be confining. In the following we further explore
these scenarios.

It is straightforward to show that the expectation value of
the Hamiltonian in the variational QQ state is given in terms
of V. by

(R|H|R) — (0|H|0) = CrVc(R) = CpVe(0) (14

where the last term arises from self-energies of the two static
quarks (Cp = (N2 —1)/2Nc is the SU(Nc) color Casimir in
the fundamental representation). As already mentioned above
the Coulomb term, Hc, involves coupling between quark and
gluon charges. It seems reasonable to expect that this interac-
tion might be responsible for generating the gluon chain. In
the particle basis the gluon charge density is given by

pe(x.a) =Y pl(x.a)f 0+ Y (p7(x.a)e o] +h.c.). (15)
i ij

The first term is diagonal in the particle basis and because |0)
contains no gluons it vanishes when applied to the QQ state
defined by Eq. (11). The second term, however, changes the
number of gluons by two and thus could be generating the
chain. We will return to this possibility below. There are other,
more complicated interactions involving the quark charge and
gluon operators that change the number of gluons. They orig-
inate from the A-dependence of the Coulomb kernel. In the
particle basis, the Coulomb kernel can be written as

K®(R) = —V.(R)+: K*(R) : (16)
where the normal-ordered part is schematically given by

: K(R) = Z K"l-nzr--;nlhmz'-'(a;r)nl (a;)nz T a{nl Oénz "'
{n}{m}

a7)
Here Ky, () are the matrix elements of the full kernel eval-
uated between states containing {n} and {m} gluons, re-
spectively. Thus, when multiplied by p, the normal-ordered
Coulomb kernel mixes the variational QQ state with states
containing an arbitrary number of gluons. As shown in [26],
however, in the large-R limit the matrix elements K} (,n}
for {m},{n} # 0 are expected to be smaller than those for
{m} = {n} = 0. Therefore we expect that at large-R the dom-
inant interaction between quark sources and dynamical glu-
ons originates from the off-diagonal gluon charge density (c.f:
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FIG. 1. Interaction between quark charge (upper line) and the off-
diagonal gluon charge pizj which creates two gluons. The dashed
line represents the Coulomb potential given by the v.e.v of the fully
dressed Coulomb kernel.

Eq. (15)) coupled to the quark charge via V,, and is therefore
given by

- [axaypyx)Vi(ix—y) L P} (v-a)ofa] +he),  (18)
ij

and shown in Fig. (1). In Eq. (18) the gluon charge density
creates (annihilates) two constituent gluons in a color anti-
symmetric state. Thus the combined spin and spatial wave
function of the gluon pair also has to be antisymmetric. How-
ever, since Py is a scalar under rotations, the matrix element,
pl-zj is symmetric in spin and relative momentum. Thus the
above candidate operator for the gluon chain actually vanishes
identically.

The variational basis based on the mode expansion in
Eq. (7) seems incompatible with the gluon chain picture.
There is further evidence that a model in which the vacuum is
described solely in terms of fluctuations around the A =0 con-
figuration, as implied by Eq. (7), is inadequate. If V. is confin-
ing then the expectation value of H in a single gluon state is
infinite [27] at all temperatures, and the model fails to predict
the deconfinement phase transition [28]. It is well established
that confinement is related to the presence of magnetic do-
mains in the vacuum, and these are absent in the variational
vacuum state. One would expect that the magnetic term B?
plays an important role in confinement since even the classi-
cal Yang-Mills field equations have monopole solutions [29].

In presence of QCD instantons (a.k.a. monopoles) quanti-
zation has to be performed in each topological sector. In our
phenomenological approach we approximate this by general-
izing the mode expansion of Eq. (7) to describe field fluctua-
tions, Az, with respect to a classical background field, Ap.

A%(x) — A%(x) + Aj(x). (19)

This classical field mocks the nontrivial topological vacuum
and will be specified later. Thus Eq. (7) now applies to
Ay =A—Ap and Iy =II. Since Eq. (19) is a canonical
transformation the Hamiltonian can be obtained by substitu-
tion. Thus in the background field, at large-R, the dominant
contribution to the Coulomb interaction between quark and
gluon charges becomes,

He — Hyg+ Hoy + H + Hy, + Hyj. (20)



Here Hy, is the interaction between quark charges mediated
by the Coulomb potential,

Hyg = [ dxdyp,(x.a)Ve(lx=y)p(v.),  21)

Hf])g is the quark-gluon charge density interaction diagonal
with respect to the gluon number,

Hye =~ / dxdypy(x,a)Ve(x—y))pg (v.a)  (22)

with p? = ¥, p} (x,a)a s, and HD, is the normal-ordered,

diagonal interaction between gluon charge densities
1= —: [asvol xaVellx—yDpP ) (23

Finally the two terms proportional to Ap, ng and H%,
given by

Hp+ 1Y =~ [ dxdypf (x.a)Ve(x—y])pE (v.a).
(24)

are

with
pE(x,a) = furcAG(X)TI°(x) (25)

and describe the interaction of physical gluons with the back-
ground field and the gluon pair creation in the presence of
the background, respectively. Physical states should be color
neutral, thus creation or annihilation of a single gluon can be
neglected. In the presence of the background, the expectation
value of the charge operator

0% = fupe / dxAL (x)TT () (26)

in physical states vanishes. However, in a simple classical
model for the distribution of background fields, as described
in Appendix A, quantum charge fluctuations do not vanish,
i.e., Q0% = 0 even for color singlet states. We thus modify
the right hand side of Eq. (24) in such a way that these fluctu-
ations do not contribute to the energy, yielding

Hb+ Y =~ [ dxdypf (x.a)Ve(ix—y)p(y.0)

+ Ve(0)030%- 27

After normal-ordering, the term in Eq. (24) proportional to
ot o defines Hfb, and the term proportional to ofot +h.c.
gives Hé‘,’ﬁ. The difference between the gluon density-density
interaction and the normal ordered Hamiltonian of Eq. (23) is
proportional to either o & or et + h.c. These, together with
the kinetic and magnetic terms combine to [11] i) renormalize
o via a gap equation which eliminates terms proportional to
aa + h.c, and ii) modify the single gluon energy. Thus the
final Hamiltonian can be expressed in the form

H — H,+Hc
= Y Eio] o+ Hyy+ Ho, + HD + HY + HY, - (28)
i
where E; = E(k) is the single gluon energy in the presence of

the background field. The action of these operators on gluon
chain states is shown in Figs. (2), (3), (4), and (5).

Y

famt‘mw

-
<

FIG. 2. Illustration of the matrix element of the one-body operator
Hamiltonian, E; ' ;, in the gluon chain state with N = 1.
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FIG. 3. Part of the leading contribution at large-N¢ from Hy, which
corresponds to quark or antiquark self energy, shown here for the
N =1 gluon chain state.
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FIG. 4. Quark-gluon, Hq%, and gluon-gluon interaction, Hng, matrix
elements, for N = 1 and N = 2 chain states, respectively
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FIG. 5. Diagonal Hg% and off-diagonal Hg’g interactions between
quasi-gluons and the background field (shown as blobs), for N =3
gluon chain states.

C. The basis for the gluon chain

We define the chain in a large-N¢ limit by a model in which
the gluon chain state is a superposition of multi-gluon states,

|Q0,R) =Y an|N) (29)
N

with each state in the sum describing a product of N single
gluons ordered in color and space along a straight line be-



tween the quark-antiquark sources,
7N R/2

XN "X)
¥ \/N¢c R/2d /—R/z day-1 ~~-/_R/2dx1
. = R
x 0] (22) [G" () -+ G (1)1 0] (—22) 0).
(30)

IN) =

In the large-R limit the longitudinal, i.e., along the QQ axis,
and perpendicular motions of gluons factorize. The spatial
distribution of gluons in the plane perpendicular to the QQ
axis is given by a single-particle wave function, y(k,A) =
e*(k,A)y'(k_ ), which defines the gluon operators, G, in the
chain (x = (0,x))

Z/ [dk]a’ (k,A,a) Ty (k,A)e *5. (31)

The normalization constant Zy is obtained from (N|N) =
Z2(CFIR)N JT(N + 1) = 1 where I is the normalization inte-
gral for the spatial wave function, v, ([dk ] = d’k, /(27)?)

1= (viv) = [lak v kDS kWD), G2

In the large-N¢ limit, computation of the leading contributions
to the matrix elements of the effective Hamiltonian of Eq. (28)
in the basis of the gluon chain states, Eq. (30), is straightfor-
ward. The details and numerical results are presented in the
following section.

III. FORMATION OF THE GLUON CHAIN AT LARGE
00 SEPARATION

As discussed in Sec. II B one could consider two models for
V.(R). In what we refer to as model-I V,(r) will be linearly
confining and of the form

VI(r) = o.r+Ve(0), (33)

and in model-/I V, is asymptotically flat,

lim V1 (r) = V(o) < oo. (34)
r—soo
We concentrate on the interactions induced by the effective
Hamiltonian in the limit of large quark-antiquark separation.

A. Matrix elements of the effective Hamiltonian in the chain
basis space

The one body term, H,, in Eq. (28) acts independently on

individual gluons in the chain created by the operators G' (cf.
Eq. (31)). Using

[G(x),G"(y))ij = Cr{w|w)8(x—y) = CrI8(x—y), (35)

we find
H,|N) =Z%(C YWl / --/wdi
(N|H,|N) = Z3 (Cr{w|y)) Z R/2 & X
i "X
xCF(w\EW/)/ dx,-_1-~/ dx,
—R)2 —R)2
(WIE|y) N¢
=N—""—""""=N—[e—V,(0 36)
(yly) ~ N lem VOl
where

WIENW) = [lak B (k)Y ()8 (k) /(1) GT)

and to define e we subtracted from the single gluon energy in
Eq. (37) a constant proportional to the potential at the origin.
In color singlet states the total energy of the system should
be invariant under a constant shift [30, 31], which we now
demonstrate. The single gluon energy, E(k), contains self en-
ergies. In the variational approximation the component of the
self energy due to the Coulomb interaction is given by [11]

e 1+k-§q o(k)
X [dq]V.(k —q) ) @

Zc(k) = (38)

where V. is the Fourier transform of the Coulomb potential.
For a linearly rising, confining potential, e.g., model-/, the
low momentum singularity of V (k) is not integrable and the
resulting infinite self energy can be interpreted as a manifes-
tation of confinement of color charges. A finite self energy is
obtained by subtracting the IR singularity which leads to

Ne

- Ve(0) (39)

Xc(k) >

= %(k) -

with X(.(k) finite and given by

L e )
that follows from
V() = [laalVe(w). 1)

Even though for a confining potential the Fourier transform
is defined modulo a constant, it is expected that when all,
self and mutual, interactions between color charges are ac-
counted for the dependence on V,(0) disappears from color
singlet matrix elements. This will also be the case for the ma-
trix elements of the effective Hamiltonian in the chain basis
considered here. In anticipation of this result, in Eq. (36) we
defined an IR finite single particle energy e(k) by separating
the Coulomb self energy equal to —N,V,(0)/2. Thus, in the
last line of Eq. (36), e is finite, and the IR singularity of the
confining Coulomb potential is explicit in the term propor-
tional to V.(0). In the case of model-// with non-confining
interactions, self-energies are IR finite but we can perform the
subtractions nevertheless.

In absence of chained gluons, N = 0, the interaction be-
tween quark densities produces the Coulomb potential be-
tween quark charges (cf. Eq. (14)). With N gluons separating
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FIG. 6. A non-planar diagram, which we do not take into account,
representing direct Coulomb interaction between the quark and the
antiquark in the presence of 2 gluons.

the quark from the antiquark, the direct interaction between
quark charges is nonplanar (cf. Fig. (6)) and suppressed by a
power of N¢ compared to a successive Coulomb interaction
between the quark and the nearest gluon or the interaction be-
tween any two nearest-neighbor gluons in the chain. To lead-
ing order in N¢ the H,, contribution thus reduces to the quark
self energies,

N,
—CpV,(0) > — =X

(VIH,qIN) = .

V..(0). (42)

The quark gluon interaction, to leading order in N¢, couples
the quark (or the antiquark) to the nearest gluon in the chain.
For example, for the antiquark-gluon interaction we find

(N|HgIN) — Zy (Cr{yly))¥ !

R/2 X2 _ -
X / de~~-[R/zdx1CF<8Q|Hqg(xl)‘gQ>

“R/2

_ N R/2 R\"! <gQ|Hqg(x1)|gQ>
- W/—R/zdx1 (xl - 2) %
(43)

where

— _ N, ‘
<gQ‘H%’(x1)|gQ> = 7C /dzxi [k | [dql]g’(kL—‘h)'XL

L Jodk) | Jo(a.) X
XZ[\/‘”(|QL)+\/w(kL|)]VC< |XL2+|2—x1|2>

<y (k) [8r (k1 )7 (q.)) v (1)

(44)

In the limit R — oo where x| /R = O(1) this reduces to

(80 Hye 0150 = 0 (15 -l v 49)

Taking into account both quark and antiquark contributions,
for the H); matrix element we obtain

1/2 1 N—1 1
(N|HDN) = NNC/I/zdz<z+2) VC(R(z—Z)).
(46)

For the linearly rising potential of model-/ Eq. (46) yields

= Ne——— +NcV.(0). (47

N|HP |NY!
(N|Hgg|N) N+1

while in the case of model-// we find

(N|HgIN)Y!

The interaction between two nearby gluons in the chain given
by Hgg is also straightforward to compute, and passing di-
rectly to the R — oo limit we find,

= NcVe(0). (48)

R/2
(NIHEIN) = Z3(Cr (wly)) 2 2 [ e

Xit2 Xit+1 N, 2
></ dxi+1/ dx;Cr <C> Ve(xier —x:) (w|y)?
—R/2 —R/2 2
X X2
X/ dxi,1 / dx1
—R/2

/11//22 Z/jl/de (AQC)ZVC(R(Z_W))W.

(49)
For the linear potential of Eq. (33), to leading order in N¢ this
yields

NV lor+ Xev_1v0) (50

NHP|NY = —=—
(N[Hgg[N)" = 5 1 OcR+ 5

and for the asymptotically constant potential

N
=5 (V= 1)Ve(e0). (51)

(N|HgIN)"

Since all terms in the effective Hamiltonian (including the self

energies) are O(g?), and limNC_mNcg2 = O(1), at large N¢

all matrix elements are finite when expressed in terms of e =

Nce/3, 6. = Nco,/3 for model-I and V(o) = NcV,(e0)/3,
Ve(0) = NcV,(0) /3 for model-11, respectively.

Adding all diagonal contributions of the effective Hamilto-

nian matrix that are independent of the background field, we
thus find,

(N|H|N)! = %Né—l— %GCR (52)
and
(NHIN)" = IN&+ 3 (N -+ 1) (Ve(er) ~ :(0))
= %ng +c (53)

for model-/ and model-/1I, respectively. For N = O this agrees
with Eq. (14), while, for N > 1, eigenstates of Eq. (52) or (53)
represent a tower of chain states with energies proportional to
the number of gluons in the chain. Clearly the lowest energy
state of the diagonal part of the Hamiltonian is the variational
QO state, with N = 0 gluons. The genuine chain contribution
to the lowest energy state must therefore originate from the
terms in the Hamiltonian which couple the constituent gluons
to the background field. The interaction of physical gluons
with the background is given by



W) = Z Gt T [ e [
X;
b N (Cr(y|y)) R/2 R/2 +1
Xit-1 i X2
/ Yi/ dxiFB(b’i*xiD/ dx;_ / dx
R/2 —R/2 —R/2 —R/2
(54)
where
Nc
Fp(ly =) = S rly =z (Ve(ly—2) = Ve(0)),  (55)

and

Y= /dedYL [dk |[dq. ]/ ok, )o(q)e arxitkiys

" [w(q1)8r (Q))'GY (xi —y1.y—2)[w(ki)dr (k)
(vlw) '

The correlation function G, is given by the density of the vac-
uum fields

(56)

(Al (x|, x)AY (y1,y)) .

57
v (57)

Gij(XL —Yi.x—y) =

Here the expectation value is taken with respect to the dis-
tribution of sources of the background field. These might ef-
fectively describe monopole-antimonopole pairs in 3D, vortex
surfaces in 4D, merons, efc.. A simple model is considered in
the Appendix. Since it is these background fields that are re-
sponsible for confinement in the first place, i.e. generation
of the Coulomb potential V.(R), we assume that the density
of the underlying magnetic sources is approximately uniform
over the quark-antiquark separation. So for [x —y| <R we
expect that in general

GY(x; —y ,x—y)~GY(x; —y.), (58)

and therefore y in Eq. (55) reduces to a constant of O(Agcp),
i.e. it is independent of the longitudinal distribution of gluons
along the chain.

For model-I evaluation of the integrals in Eq. (56) then
yields

s N—1

(N|HE|NY = NeN! Nl ooerr—3— N1 s
8 VTN 3o TP r o) ot
(59)
while for model-/1 we find
(NHBINY = 3yRE L (7, (e0) = V2(0)).  (60)
gb N T v

Finally we consider the components of the interaction be-
tween physical gluons and the background that changes the
gluon number. From Eq. (24) we find (for N > 2)

(N —2|Hg|N) = (N|Hyg

—2) =ZnZy o (Cr{w|y)" !

N-1 (R/2 "Xig ] X
X Z / de--~/ dxiFB(x,-H —x,~)--~/ dx1
: —R/2 J—R/2 J—R/2

(61)

which gives

3 /NN—1) _

M _ Mar AN _ 2
(N —=2|Hgp,|N)" = (N|Hg,|N —2)" = INNTT) YG.R".
(62)
and
(N —=2|Hgp|N)!" = (N|Hgg|N —2)"" =
3 N—-1,_ _
= SR\ (V) Vel0)). (63)

for the two models, respectively. Collecting all the terms,
Egs. (52),(59),(62) for model-I and Egs. (53),(60),(63) for
model-//, we find the following expression for the matrix ele-
ments of the Hamiltonian in the gluon chain basis for large-N,

R
(N'|H|N) = ;NéSN/N—l— %R&c (1 + ry) Swin
3 R
+ 2700 Réy N_2+ = YGC R5N' v (64)
3 3 _ _
(N'|HIN)"" = EngSN’N‘i‘ EWR(Vc(“’) —Ve(0))Onry
3 _ _
+ EVR(Vc(‘”) —Ve(0))(8y n—2+ O —2n)
(65)

Here r is the ratio of the diagonal to off-diagonal matrix ele-
ments in the limit of large-R. The specific value r = 2 follows
from the fact that in the two models both terms originate from
the same interaction cf. Eq. (27). Below, while presenting nu-
merical result, we also discuss the dependence of the lowest
eigenvalues on this ratio.

B. Numerical Results

Before analyzing the spectra of the effective chain model
Hamiltonians we consider the large-R limit of the matrix

(N'[HIN) = R(8y y—2 + S —2.n)- (66)

It is straightforward to show that the ground state energy of H

for large-R approaches —2R. For the Hamiltonian of model-/

this implies that if the kinetic term (proportional to Né) was

ignored, the lowest eigenvalue of H' for large-R would behave
as

3o (140, RY 3. - R 3 . 3 2R2
EYGC ( +1’<N>) - E'YO'CW = EYGC +§7’0'C(V— )M

(67)
The special role of the value r = 2 is now transparent. At
r = 2 the quadratic term vanishes and the lowest chain state
energy grows linearly with R. If » >> 2 the lowest eigenvalue



is dominated by the diagonal term. In this case the expectation
value of N,

) ZaNw) P
ylwo(NV)[>
where Y is the wave function of the lowest energy chain state,

can be determined by minimizing the diagonal part with re-
spect to N. This gives

(63)

2—YR (69)

Wy =12

and the ground state energy approaches

3
E} =3R\/ry6cé + SRac. (70)

Thus for r > 2 the energy of the chain is higher than the en-
ergy of the bare state, |0). If » < 2 the off-diagonal term dom-
inates and the ground state energy becomes negative and pro-
portional to —R? while the average number of gluons in the
chain (N) = O(1). However, when the kinetic term is included
in the critical case r = 2 the lowest energy of the chain state
no longer increases linearly with R. After numerical diagonal-
ization we find

(NY! o (R GeV)P623+0004 GE(I)V oc (R GeV)OT8T0.006 (71
(¢}

for a reasonable set of parameters ¢ = 600 MeV, y =1 GeV
and 6¢ = 0.1 GeV2. We also find weak dependence of the
exponents on these parameters. That is, for the chain model-1/,
we find that the lowest energy chain state has higher energy
than the bare state. In the critical case the energy increases
less rapidly than the length of the chain, R, and is proportional
to R? for r > 2. The average number of gluons grows weakly
with R. The results are summarized in Figs. (7), (8) .

In the case of model-I/ for r > 2, one easily finds,

e AR AG)

<N>II o R1/3 (72)

while for r < 2 with the off-diagonal term dominating,
3 . -
Efl = =5 (r=DYR[Ve() = Ve(0)]. (73)

Finally for the critical choice » = 2 numerical digitalization
yields

Lg o (R GeV)037920.005 (74
"GeV
for the set of parameters, m, = 600 MeV, 6¢c =0.1 GeVz, and
y=1GeV, V.(c0) —V.(0) = 1 GeV, with the results shown in
Figs. (8), (9).

In model-/I as R-increases at some point the energy of the
ground state chain increases less than the Coulomb potential.
The chain state, however, has energy which is higher than
that of the bare state, with the latter approaching a constant
at large-R. Thus in both models interactions among the chain
increase the energy of the QQ pair as compared to the state
with no gluons.

<N>11 o (R Gev)0.338i0.005
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FIG. 7. Ground state energy (solid line) of the chain Hamiltonian in
model-I. A power law fit yields E} = 0.984(RGeV)*78GeV. The
dashed line gives the energy of the bare state using for the string
tension 6¢ = 0.1 GeV?2.
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FIG. 8. Expectation value of the the number of gluons in the

chain as a function of QQ separation, R. A power law fit
gives (N)! = 0.985(R GeV)*6%3 and (N)!! = 0.984(R GeV)*"87 for
model-I (solid line) and model-1I (dashed line), respectively.

IV. SUMMARY AND OUTLOOK

We investigated microscopic origins of the gluon chain
model. By analyzing the physical gauge interactions among
constituent gluons, we found a scenario for generating a chain.
In this scenario a state with a number of gluons in the chain
that is increasing with the separation between the QQ source
emerges from interactions of dynamical gluons with the back-
ground field. The background field is necessary in a phe-
nomenological model of confinement if the latter is to orig-



T
model-II

0 ’ L L L L
0 20 40 60 80 100

R[GeV ]

FIG. 9. Ground state energy (solid line) of the chain Hamiltonian in
model-/I. A power law fit yields Ef = 1.867(RGeV)%3""GeV. The
dashed line gives the energy of the bare state using for the string
tension 6¢ = 0.1 GeV2.

inate from condensation of chromomagnetic charges. These
interactions introduce off-diagonal elements into the effective
Hamiltonian, which is one of the main differences between
this and the chain model where the pair-production is absent.
We have shown that the resulting ground state energy is con-
vex [32] but the two models considered are still too simplistic
to generate the linearly rising potential. While this deficiency
can potentially be improved by considering more sophisti-
cated models for the background field we found it difficult to
reproduce the Zwanziger conjecture of “’no-confinement with-
out Coulomb confinement” [16]. The result of [16] states that
the expectation value of the Coulomb kernel in the QCD vac-
uum state is confining (if the exact QQ potential is confining)
with a string tension which is not less than that of the exact
potential. Our results in the model considered (c.f. Fig. 7)
indicate the opposite. We find the energy of the chain state,
which is supposed to represent the exact QQ state to be higher
then that of the bare one, defined as the expectation value of
the Coulomb kernel in a state with no-backward reaction from
the sources on the vacuum.

We find it interesting that a such a reasonable and sim-
ple model does not comply with the exact expectations from
QCD. There clearly must exist other non-diagonal interactions
which are important. It was proposed that triple-gluon interac-
tions could play an important role [33]. Such interactions may
originate from the magnetic, B? term, but since it does not
depend explicitly on the separation between sources it most
likely is not significant at large separations. Other three-gluon
interactions could originate from the Coulomb kernel, if the
background field in the true (chain) state is polarized. This
would lead to a non-vanishing three-gluon coupling mediated
by the Coulomb interaction and thus R-dependent Finally it
is possible that a resolution of this problem requires renor-
malization for the single-gluon energies in the presence of the

chain so that effectively e decreases with the number of glu-
ons. We leave these questions for future investigations.
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Appendix A: Background field model

The correlation function G defined in Eq. (57) is computed
using a classical distribution of sources of the background
field. For example if these are monopole- antimonopole pairs
the density py(c;¢;) depends on the locations of the N pairs.
The expectation value of a function of A, is computed from

_ Z[AA ]

(ALY = “ 1 (A

where
ZI0A)) =Y / dn* / MVdedep(ec)OA]  (A2)
N

and the background field is given by

o=

Il
—

AL(x)=n") [An(xL—ci;) —An(xs—CL;)]  (A3)

1

where A,, is the abelian monopole field, and n¢ represents the
(common) orientation of monopoles in the SU(Nc¢) algebra.
For a uniform distribution of monopole-antimonopole pairs
along the QQ-axis (Z-axis) with the density given by
N

- P N ok snaR A
p(ci &) = WHZ‘:IB(E - |CiZ|)9(§ —ciz]) (A4)
the background field is approximately constant along the QQ
axis. In Eq. (A4) p is the density of monopoles which is equal

to the density of antimonopoles

pL(NZ—1)

R (A5)

p:

For the correlation function G(x_ ,x) we then obtain

G(XL,X) = G(Xl) =pL [/dClAm(XL *CL)Am(CL)

— %/dCLdClAm(CL)Am(CIL) .
(A6)

The last term originates from the charge neutrality of the
monopole-antimonopole distribution.  If the core of the



monopole field is smoothed out over a distance scale a =

O(AééD) then

|§*|XL||

G(x1) ~ pylog (A7)

where the logR dependence comes from cutting off the long

10

range integral over the transverse plane. This is the standard
expression for the correlation function of a pair of 2D vor-
tices separated by a distance R. The 2D reduction originates
from the assumption the monopoles are uniformly distributed,
Eq. (A5), along the direction of the QQ separation.
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