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Gluon field distribution between three infinitely spaced quarks
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The gluon field distribution between three infinitely spaced quarks is obtained. The field distribution between
every pair is approximated by an infinite flux tube filled with a color longitudinal electric field. The origin of
the color electric field is a nonlinear term in the field strength of nonabelian gauge field. Such construction can
be considered as a rough model of three quarks in a nucleon.
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1 Introduction

Non-abelian gauge theories are central to our
current understanding of physical phenomena (ex-
cluding gravity). The perturbative analysis of such
theories is fairly well understood by now, having
been extensively developed over the last three dec-
ades. Many of the nonperturbative aspects are also
more or less understood at a qualitative level. How-
ever, it is fair to say that, as of now, we do not have
calculational techniques or detailed understanding
regarding nonperturbative phenomena in non-
Abelian gauge theories.

The perturbative description of elementary par-
ticles is essentially based on the field-particle duali-
ty which means that each field in a quantum field
theory is associated with a physical particle. On the
other hand, the situation in QCD is more compli-
cated, however. For a description of confinement of
quarks and gluons within the framework of local
quantum field theory, the elementary fields have to
be divorced completely from a particle interpreta-
tion[1].

Therefore, to study the infrared behavior of
QCD amplitudes non-perturbative methods are re-
quired. One promising approach to non-perturbative
phenomena in QCD is provided by studies of trun-
cated systems of its Dyson — Schwinger equations,
the equations of motion for QCD Green’s functions.
The underlying conjecture to justify such a trunca-
tion of the originally infinite set of Dyson -
Schwinger equations is that a successive inclusion
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of higher n-point functions in self-consistent calcu-
lations will not result in dramatic changes to pre-
viously obtained lower n-point functions. To
achieve this it is important to incorporate as much
independent information as possible in constructing
those n-point functions which close the system.

Usually the attempts to solve problems in QCD
are based on notion of gluon — a quantum of SU(3)
gauge field. Tacitly assuming that quantized field is
a cloud of quanta (gluons in QCD). But this is not
evident for a quantum field theory with strong inte-
raction where it is necessary to use a nonperturba-
tive quantum field theory. It is possible that strongly
interacting quantum fields more similar to a turbu-
lent fluid where is a preferred direction (for exam-
ple, it can be flux tube stretched between quark and
antiquark) and fluctuations around nonzero field
there exist. In standard quantum field theory the
interaction between quanta happens in a vertex. The
vertex is 0-dimensional object where 0-dimensional
objects -- particles do interact. All it gives rise to
the idea that strongly interacting quantum fields can
not be described on the language of particles --
quanta. Mathematically it means that in this case it
is not possible to use Feynman diagram technique to
the description of strongly interacting quantum
fields. The consequence of this statement is: if we
can not use Feynman diagram technique then we
can not use the notion of quanta for the description
of strongly interacting quantum fields. In other
words strongly interacting quantized fields do exist
but they do not formed with quanta. For example,
quantum gluon field does exist but gluons (in some
energy region) do not exist, for gravity this state-
ment is even more strict: quantum gravity does exist
but gravitons do not exist.
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One interesting problem in quantum chromody-
namics is the calculation of gluon distribution be-
tween quarks. If we calculate the field distribution
between two quarks we will obtain a hypothesized
flux tube that is the main point of the confinement
problem in quantum chromodynamics. The problem
is analogous to the calculation of a static electric
field between electron and positron in electrody-
namics with one essential difference. The field dis-
tribution between quarks and between electric
charges are essentially different: the gluon field be-
tween two quarks is confined into a tube but the
electric field is distributed in the whole space. If we
will calculate the field distribution between three
quarks we will obtain a gluon distribution between
quarks in a hadron. In electrodynamics we have not
any analogous problem because quarks may have
three different kind of charge: red, green and blue.
But the electric charge has not a color index.

Here we will calculate the gluon field distribu-
tion between three infinitely separated quarks. But
why infinitely separated? The answer is that we
have the field distribution between two quarks [2].
In this case in a first approximation we can obtain
the field distribution between three quarks as three
flux tubes connecting three infinitely spaced quarks.

The analytical calculations of the gluon field
distribution between quarks can not be carried out
in the consequence of missing of a nonperturbative
calculation technique in quantum field theory.
There exist calculations of the field distribution be-
tween quarks on lattice, see for example, Ref. [3].
The lattice calculations allow us to investigate a
gauge field distribution between quarks. But the
problem in lattice calculations is that we have not
any analytical expression for investigated quantities
such as: fields; potentials; energy, action, monopole
densities and so on. Another problem is that we are
not self-confident yet that there exists a limit when
a grid size of lattice tends zero.

Our calculations are following: (a) we will re-
call how one can obtain the flux tube following to
Ref. [2], (b) we will clarify what is the origin of a
color electric field in the flux tube and (c) we will
connect three infinitely spaces quarks with these
flux tubes filled with color electric fields.

2 Flux tube

Nonperturbative quantization is unresolved
problem in modern theoretical physics. Here for the
calculations in quantum chromodynamics we use

following approximate method [4]: we calculate
SU(3) gluon condensate (ﬁBWﬁﬁ) which up to a
sign is the quantum averaged SU(3) Lagrangian
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where T#% = O#Aff - 6VA5 + ngCDAﬁAf,’ is the
field strength; B,C,D =1, ...,8 are the SU(3) color
indices; g is the coupling constant; fB¢P are the
structure constants for the SU(3) gauge group and g
is the coupling constant. In Ref. [2] it is shown that
using some assumptions and approximations one
can reduce SU(3) Lagrangian (1) to an effective
Lagrangian
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where ¢ is a complex scalar field describing
quantum fluctuations of A;* € SU(3)/SU(2) gauge
field components; ¢, and m, are some parameters.

In order to obtain effective Lagrangian (2) we
have used following assumptions:

* The first assumption is that the SU(3) gauge
potential A} € SU(3),B=1,2,-+,8 can be
separated on two parts:

- the first one is the gauge components Ay €
SU(2) c SU(3) which is in a classical state;

- the second one is A' € SU(3)/SU(2) and it
is in a quantum state.

One can say that Ay is in an ordered phase and
Ap is in a disordered phase.

* The second assumption is that the 2-point
Green's function of color quantum field can be
approximately presented as the product of scalar
fields with some coefficients having color and
Lorentzian indices.

* The third assumption is that the 4-point
Green's function can be decomposed as the product
of two 2-point Green's functions.

The second and third assumptions gives rise to
the fact that 2 and 4-point Green's functions are
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The field equations for the Lagrangian (2) are
s DUF = (162 = m)Ac,

no summation over a, ®)]
H —
q)u -

In Ref. [2] the index a = 1,2,3, i.e. the SU(2)
subgroup on generators A;,3 is spanned (A are
Gell-Mann matrices that are SU(3) generators). But
it is not necessary: the index acan be the index of
anySU(2) c SU(3) subgroup. For example, it can
be:

—A(1? — $Z) + AfA . (6)

a=(1,2,3); (1,47);(1,56); (2,4,6); (2,5,7);
(3.4,5); (3.6,7).

It follows form the fact there are following SU(3)
structure constants

fizz =1,
f1a7 = —f1s6 = faa6 = f257 = f3as = —f367 =% (7

that describe SU(2) subgroups SU(2) c SU(3).
This difference is unessential because we can
redefine coupling constant g in such a way that to
kill the factor f,;,. = 1/2.

If we choose SU(2) subgroup spanned on SU(3)
generators A, 4 ; then the solution one can search in
the following form

At(p) = f(p); Az(p) =v(p); d(p) =dlp) (8)

here z, p, ¢ are cylindrical coordinate system. The
substitution into equations (5)(6) gives us

el = @ +vi-md), ©)
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here we redefined gd/d(0) - b, f/d(0) = f,
v/$0) > v, gdu/P(0) >, gmy,/$(0)
my 5, py $(0) = x.The color electric and magnetic
fields are
Fip =—f', Ep=—v, F,=fv (12)

The most important here is that the color
longitudinal electric field F/, is not a gradient of a
gauge potential but is the consequence of a
nonlinear term in the definition of the field tensor
E4.

For the numerical calculations we choose the
following parameters values

2=01, $0)=1, v(0)=05 f(0)=0.2.(13)

The numerical values of these parameters are
not unique but qualitative behavior of the functions
f(),v(r), d(r) are the same. The solution of Eq's
(9)-(11) with parameters (13) is presented in
figures1 and 2.
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Figure 1 — The profiles of functions f*(x), v*(x), d (x).
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Figure 2 — The profiles of color fields Fi,(x) = —f', F5(x) = —=v', FL(x) = f(x)v(x).

3 The sources of longitudinal electric field at
the end of the flux tube

Now we would like to discuss what is the
source of the above mentioned longitudinal electric
field F/,. Firstly we would like to calculate the flux
of the chromoelectric field F/,

® =2 [ pFidp # 0. (14)

It is nonzero and consequently at the ends of the
color flux tube should be color sources of this color
field. For the determination of the color sources we
will remind the SU(3) Lagrangian with quarks

1 —_—
Locp = =2 FPWEE + 3 (p, + 24527y (15)

here we follow to [5]; AB/2 are the SU(3)
generators; spinor 1 describe quarks

Yy
Y=Yy
Yy

where spinors v, ;;, describe red, green and blue
quarks correspondingly. The term PAB1 describes
the source for the £, field.

In our case we have F/,(x). Consequently the

source of the color nonabelian longitudinal electric
field has the form

(16)
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Thus at the ends of this flux tube there are

quarks (wr, wg,lpb)T and g4, components
generate the green/blue color longitudinal electric

field F7,(x).

4 Flux tubes between three quarks spaced at
the infinity

Now is the time to discuss the simplest model of
gluon field distribution between three quarks. We
simplify such model moving off the quarks to the
infinity. In this case we can use the flux tube
obtained in the section 3. Let us consider three
quarks Q4 , 3 in figure 3.

Let us assume that the flux tube with F/(x)
longitudinal electric field is stretched between Q,
and Q, quarks.

Now we change SU(2) subgroup spanned on
A147 on the SU(2) subgroup spanned on A;s5g.
Then one can use ansatz

At(p) = f(p) Az(p) =v(p); d(p) = b(p)-(18)
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Flux tubes

Figure 3 — Three infinitely spaced quarks connected with color flux tubes.

For such choice the color electric and magnetic
fields will be

Fip=—f, Ep=-v, Fy=fv. (19)

Consequently the source of the color longitudinal
electric has the form

0 0 —i "
- == =~[0 0 0 "
1P)L5lp = (lﬁr,lpg,lpb) i 0 0 (lpg> =
by
= i(l/_)blpr - 1l_)rlpb)'
Thus at the ends of this flux tube there are quarks

Q23 = (lpr,lpg,lpb)T and their ,., Y, components
generate the red/blue color longitudinal electric
field F3,(x).

In the same way one can choose the SU(2)
subgroup spanned on SU(3) generators A, ¢ ,. Then

At(p) = f(p); A(p) =v(p); &(p) = d(p).(21)

For such choice the color electric and magnetic
fields will be

(20)

Ff =—f'", ES=—v, F;=fv. (22)
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Consequently the source of the color
longitudinal electric has the form
0 —i 0 l,l)
oo (7 7 7y[i 0 0 "\
T (0775 | B <¢g>—
142
i(l/;glljr - l/jrlpg)- (23)

Thus at the ends of this flux tube there are quarks

Q13 = (wr,lpg,lpb)T and their ., 1, components
generate the red/green color longitudinal electric
field FZ (x).

Finally, connecting three quarks Q.3 with
corresponding color flux tubes we will obtain the
construction from three quarks presented in fig. 3.

5 Conclusions and discussion

Thus we have obtained the field distribution of
the SU(3) gauge field between three infinitely
spaced quarks, see fig. 3. In order to obtain such
distribution we have used the flux tube solution ob-
tained by a nonperturbative quantization method
[4].

The problem of obtaining the field distribution be-
tween three color charges has not any analogy to a simi-
lar problem in electrodynamics. The point is that the
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color charges have additional degrees of freedom: color
indices and this fact gives rise to principal difference
between nonabelian and abelian gauge fields. The dif-
ference can be illustrated for the field distribution for
three SU(3) color charges - 1, g, b quarks. Let us con-
sider fig. 3. For every pair Q;, Q; the gluon field is con-
centrated in a tube (in the first approximation). A color
longitudinal electric field is created from the pair either
1, gor g,borr, b quark degrees of freedom. It allows us
to construct field distribution between three quarks sim-
ilar to the fig. 3.

The construction of the field distribution of a
nonabelian gauge fields between three quarks pre-

sented here is approximate one. More exact descrip-
tion one can obtain considering the quarks spaced at
a finite distance. Such construction can be consi-
dered as a model of a nucleon filled with three
quarks. The model considered here is a rough ap-
proximation for nucleon.
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