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A particular initial state for the construction of the perturbative expansion of QCD is investigated. It is
formed as a coherent superposition of zero momentum gluon pairs and shows Lorentz as well as gR)bal SU
symmetries. It follows that the gluon and ghost propagators determined by it coincide with the ones used in an
alternative of the usual perturbation theory proposed in a previous work. Therefore, the ability of such a
procedure to produce a finite gluon condensation parameter already in the first orders of perturbation theory is
naturally explained. It also follows that this state satisfies the physicality condition of the Becchi-Rouet-Stora-
Tyutin (BRST) procedure in its Kugo-Ojima formulation. The BRST quantization is done for the walue
=1 of the gauge parameter where the procedure is greatly simplified. Therefore, after assuming that the
adiabatic connection of the interaction does not take out the state from the interacting physical space, the
predictions of the perturbation expansion, at the vatuel, for the physical quantities should have meaning.

The validity of this conclusion solves the gauge dependence indeterminacy remaining in the proposed pertur-
bation expansion.

PACS numbe(s): 12.38.Bx, 11.15.Bt

I. INTRODUCTION ground statg5-7]. This state is imagined as a very dense
state of matter, composed of gluons and quarks interacting in

Quantum chromodynamid€CD) was discovered in the a complicated way. Its properties are not easily accessible in
1970s, and up to this time it has been considered the fundgxperiments, because quark and gluon fields cannot be di-
mental theory for strong interactions; as a consequence, fectly observed. Furthermore, the interactions between
has been extensively investigated-8]. quarks cannot be directly determined.

In one limit, the smallness of the coupling constant at It is already accepted that in QCD the zero-point oscilla-
high momentum(asymptotic freedommade possible the tions of the coupled modes produce a finite energy density
theoretical investigation of the so-called hard processes byhich is determined phenomenologically. The numerical es-
using familiar perturbative language. This so-called perturlimate of it is
bative QCD(PQCD was satisfactorily developed. However,
relevant phenomena associated with strongri)nteractions can- Evac=— f(0[(gG)?|0)=0.5 GeV/fn?,

not be described by the standard perturbative methods and

the development of the so-called nonperturbative QCD is a%;ereG tZTS jvo'c?rlllt? d q non dperntgrbﬁtl\r/]emglﬁo;’uci Cﬂnd?’nTa_te
the moment one of the challenges of this theory. (9G)°|0) was introduced and phenomenologically evalu

One of the most peculiar characteristics of strong interacfi.teOI by Shifman, Vainshtein, and Zakha{8y. The negative

tions is color confinement. According to this philosophy, col-S19N OfEysc Means that the nonperturbative vacuum energy is

ored objects, such as quarks and gluons, cannot be observlé)aver than the one associated to the perturbative vacuum.

as free patrticles in contrast with hadrons which are colorles Since a long time ago, one particular kind of model has

composite states and effectively detected. The physical n jeen shown to be ?ble to predict similar properties. Th's IS
t[he chromomagnetic vacuum approach, in which it is as-

ture of such a phenomenon remains unclear. Numerous & umed that a vacuum magnetic field is existing at all the
tempts to explain this property have been made, for example, . ; L2
b P property P points[9]. Concretely a constant magnetic Abelian fields

explicit calculations in which the theory is regularized on a med. A one-l lculation aiv the result the fol-
spatial lattice[2], and also through the construction of phe- assumed. A one-loop .ca culation gives as the resutt the 1o
lowing energy density:

nomenological models. In the so-called MIT bag mo&d|
it is assumed that a bag or a bubble is formed around the H2 ba? Y
objects having color in such a manner that they could not E(H)=—| 1+ 9 In(—)
escape from it, because their effective mass is smaller inside 2 1672 |\ A2
the bag volume and very high outside. Within the so-called
string model[4], which is based on the assumption that the This formula predicts negative values for the energy at
interaction forces between quarks and antiquarks grow whesmall fields, so the usual perturbative ground state \th
the distance increases, in such a way that the energy in=0 is unstable with respect to the formation of a state with a
creases linearly with the string lengB{L)=KkL. nonvanishing field intensity at which the energgH) has a

A fundamental problem in QCD is the nature of the minimum[9]. Many physical problems related with the had-
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ron structure, confinement problem, etc., have been investtum gluon and ghost pairs. Therefore, this structure gives an
gated using the Savvidy model. Nevertheless, after somexplanation for the ability of the expansion being investi-
time its intense study was abandoned. The main reasorgated to produce nonzero values of the gluon condensation in
were(1) The perturbative relation giving,,. would only be  the first orders of perturbation theory. The fact that the ef-
valid if the second order in the expansion in powers of thefective action also shows a minimum for nonvanishing val-
Planck constant is relatively small2) The specific spatial Ues of the condensation parameter also support the idea that
direction and the color direction of the magnetic field breaktn® considered state improves the perturbative expansion. It
the now seemingly indispensable Lorentz andBUnvari- 'S glso shown that the_ state satlsf|e§ the linear condmon
ance of the ground staté3) The magnetic moment of the WhICh defines the physical subspace in the BRST quantiza-
vector particle(gluon) is such that its energy in the presence lon for the a=1 value of the gauge parameter. Thus, the
of the field has a negative eigenvalue, which also makes th@definiteness in the appropriate value of this parameter to be
homogeneous magnetic fiell unstable. used which remained in the former work is resolved opening
Before presenting the objectives of the present work ithe way for the study of the predictions of the proposed
should be stressed that the perturbative quantization of QCBXPansion. _ o
is realized in the same way as that in QED. The quadratic 't Should mentioned that a similar idea as the one ad-
field terms of the QCD Lagrangian have the same form ay@nced in[10] was afterwards considered 1. In that
the ones corresponding to the electrons and photons in QEMCTK, gluon and quark condensation in a range of momenta
However, in connection with the interaction, there appears &f the order ofAq¢q have been considered with the similar
substantial difference due to the coupling of the gluon to@iM Of constructiong an alternative perturbative theory for
itself. In addition, it is a general fact that a perturbative ex-QCD. However, in our view, that construction should break
pansion has some freedom in dependence on the initial cof?€ Lorentz invariance because the condensates are expected
ditions att— = or what is the same, from the states in [0 show a nonvanishing energy density. If this limitation is

which the expansion is based. Moreover, as was express&@t at work their proposed mechanism could be worth con-

before, the exact ground state has a nontrivial structure ass8ldering as an alternative possibility.
ciated with a gluon condensate. The exposition will be organized as follows: In Sec. I,

Then, given the above remarks, it is not unreasonable t§¢ BRST operational quantization method for gauge fields
expect that the true vacuum state could be well describefl€Veloped by Kugo and Ojima is reviewed. Starting from i,
through a modified Feynman expansion perturbatively deln Sec. Il the ansatz for the Fock's space state which gen-
scribing a gluon condensate. Such a perturbative condensgfEates the wanted form of the perturbative expansion is in-
could generate all the low-energy physical observabledroduced. The proof that the state satisfies the physical state

which in the standard expansion could require an infinitecondition is also given in this section. Then, in Sec. IV it is .
number of terms of the series. shown that the proposed state can generate the wanted modi-

In a previous work, one of the authofa.C.) [10], fol- fication of the propagator by a proper selection of the param-

lowing the above idea, proposed a modified perturbatiorfters at hand. The modification of the propagator for the
theory for QCD. This expansion retains the main invariancéghost p_art|cles is also considered in this section. Finally, the
of the theory[the Lorentz and S(®) oned, and is also able evaluation of the gluon condensation parameter dorjéGh
to reproduce the main physical predictions of the chromolS reviewed in order to illustrate the ability of the procedure
magnetic field models. It seems possible to us that this proi© Predict a main property of the real QCD ground state.

cedure could produce a reasonable if not good description of
the low-energy physics. If this is the case, then, the low- and- REVIEW OF THE KO QUANTIZATION PROCEDURE

high-energy descriptions of QCD would be unified in a com- |, the present section the operator formalism developed
mon perturbative framework. In particular,[ib0] the results by Kugo and Ojima(KO) [12—15 is reviewed and, after
had the interesting outcome of producing a nonvanishingeciajized to the noninteracting limit of gluodynamics
mean value for the relevant quanti¢$®). In addition the  (Gp) This formulation makes use of the invariance of the
effective potential for the condensation parameter in the f'rStLagrangian under a global symmetry operation called the
order approximation shows a minimum at nonvanishing valgrg ransformatiofil6]. We will consider the construction
ues of that parameter. Therefore, the procedure is able g 4 yelativistic invariant initial state in the noninteracting
reproduce at least some central predictions of the chromq;yit of QCD. The BRST physical state condition in the non-
magnetic models and general QCD analysis. The main Ohperacting limit will be also imposed. As explained before,
jective of the present work consists in investigating the founyne moivation is that we think that this state has the possi-
dations of the mentioned perturbation theory. The concretgjjin, o furish the gluodynamics ground state under the
aim is to find a state in the Fock’s space of the noninteracting,giahatic connection of the interaction. In what follows we
theory being able to generate that expansion by also satisfygj york in Minkowski space with the conventions defined
ing the physicality condition of the Becchi-Rouet-Stora- 5o\
Tyutin (BRST) ngnhzatpn apprt_)ach_ Let G be a compact group antl any matrix in the adjoint

It follows that it is possible to find the sought for state andrepresentation of its associated Lie Algebra. The matrix

it turns out to be an exponential of a product of two gluon 4 e represented as a linear combination of the form
and ghost creation operators. That is, it can be interpreted as

a coherent superposition of states with many zero momen- A=A3T?, D
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where T? are the generatorsa& 1, ...,DimG=n) which
are chosen as Hermitian ones, satisfying
[Ta,TP]=ifabere, (2

The variation of the fields under infinitesimal gauge trans-

formations are given by

SAAZ(X)=3,A%(x) +gTAPAS (X)AP(X) = D3 (X)A®,
()

D2P(x)=d,,6%°+ g faAS(x). (4)

The metricg,,, is diagonal and taken in the convention

Ooo=—0ii=1 for i=1,2,3. )

PHYSICAL REVIEW D62 074018

The physical state conditions in the BRST proceddig

18] are given by

wit
The complete GD Lagrangian to be considered is the one

employed in the operator quantization approachlaf. Its
explicit form is given by

L=Lym+ Lert Lep, (6)

1
‘CYM:_ ZFiV(X)FMV'a(X)i (7)
Lor=— "BA)AR(X) + %Ba(x)Ba(x), )
Lep=—i3"c3(x)D2P(X)c(x). 9)

The field strength is

F2,(0) = d,A%(X) = 3,A%(x) +gfaPA> (X)AS(x).
(10

Relation (7) defines the Yang-MillfYM) standard La-
grangian, Eq(8) is the gauge fixindGF) term and Eq(9) is

Qg|®)=0, (11)
Qc|®)=0, (12)
where
Qg= f d3x| B3(x) Voc?(x) +gB(x) F2P°A8(x)c%(x)
+2070(EH (500 |, a3
f(X)Vog(x)=1(X)dog(x) — do(f(x)g(x). (14

The BRST charge is conserved as a consequence of the
BRST symmetry of the Lagrangiai®). The also conserved
chargeQc is given by

Qc=i f d*X[c3(x) Voc?(x) +gc*(x) F2P°AG(x)c(x)],
(15

where conservation comes from the Noether theorem due to
the invariance of Lagrangiai®) under the phase transforma-

tion c—e’c,c—e’c. This charge defines the so-called
"ghost number” as the difference between the numbec of

andc ghosts.

Our interest will be centered here in the Yang-Mills
theory without spontaneous breaking of the gauge symmetry
in the limit of no interaction. The quantization of the theory
defined by the Lagrangiaf®), to be considered after in the

the Lagrangian which describes the dynamics of the unphysinteraction free limitg— 0, leads to the following commuta-

cal Faddeev-PopotP) ghost fields.

tion relations for the free fields:

[A2(x),ANy)]= 8" —ig,,D(x—y)+i(1-a)d,d,E(x—y)],

[AL(x),B"(y)]= 6" ~i9,D(x=y)],

[B3(x),B%(y)]={c?x),cP(y)}={c(x),c"(y)} =0,

{c3(x),cP(y)}=—D(x—y).

The equations of motion for the noninteracting fields

takes the simple form
OA%(X)—(1—a@)d,B¥(x)=0, ()

9*A%(x)+ aBA(X) =0, (18)

(16)

OB¥(x)=0c?(x)=0c?(x)=0. (19
These equations can be solved for arbitrary valuea.of
However, as it was said before, the discussion will be re-

stricted to the case=1 which corresponds to the situation
in which all the gluon components satisfy the D’Alambert
equation. This selection, as considered in the framework of
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the usual perturbative expansion, implies that you are nowvhere H.c. represents the Hermitian conjugate of the first
able to check ther independence of the physical quantities.term. In order to satisfy the commutation relaticd$) the
However in the present discussion the aim is to construct areation and annihilation operator associated with the Fourier
perturbative state that satisfies the BRST physicality condicomponents of the fields should obey

tion, in order to connect adiabatically the interaction. Then,
the physical character of all the predictions will follow
whenever the former assumption that the adiabatic connec-
tion does not take the state out of the physical subspace at
any intermediate state is valid. Clearly, the consideration of
different values ofe, would also be a convenient recourse
for checking thea independent perturbative expansion.
However, at this stage it is preferred to delay the more tech-

[Aka'! ']:_6aa 6|2|2’7/(r(r’ ’
{cf.cp V=10 g

{cd.cp " =—i0" oz (27)

nical issue of implementing the BRST quantization for anyand all the others vanishy,, =€

value of « for future work.
In that way the field equations in the=1 gauge will be

OA%(x)=0, (20)
I*AL(X) +B3(x) =0, (21
OB?(x) = 0c?(x)=c?(x)=0. (22)

The solutions of the s€R0)—(22) can be written as

A% ()= Z [AR fi 00+ AT T (X)],
Ba<x>=§ [BRgk(X)+Bi* gy (x)],
=§ [c2gk(X)+CE* gr (X)],

= ; [cBau(x) +CcE* gf (X)]. (23)

The wave packets for nonmassive scalar and vector fields a

taken as
) 1 )
o(x)= Wexp(—l X),
ftr (X)= ! e’ (k)exp —ikx). (24
k,o /_2V| o

As can be seen from E1) the fiveAf , andBg modes
are not all independent. Indeed, it follows from EZ1) that

Bi=AR=AY, (25)

Then, the expansion of the free Heisenberg fields take

the form

Ai(X)ZEK (U_leAka b0 FAL LX)

+Bgfy s (X)tH.C.|, (26)

The above commutation rules’Mand equations of motion
define the quantized noninteracting limit of GD. It is possible
now to start defining the alternative interaction free ground
state to be considered for the adiabatic connection of the
interaction. As discussed before, the expectation is that the
physics of the perturbation theory being investigated is able
to furnish a helpful description of low-energy physical ef-
fects.

IIl. THE ALTERNATIVE INITIAL STATE

After beginning to work in the KO formalism some indi-
cations were found, specifically that the appropriate state
vector obeying the physical condition in this procedure could
have the general structure

|p)= ex@ [C1(p)AZL AR +Cy(p)ATLAL, + Cy(p)

X(Ba+AL a++lca+ a+)]|0> (28)

wherep=(|p|,p) is an auxiliary null four-momentum, and

|§| is chosen as one of the few smallest values of the modu-
lus of the spatial momentum of the quantized theory in a
ffhite volumeV. This value will be taken later in the limit
V— oo for recovering the Lorentz invariance. From here the
sum on the color indexa will be explicit. The parameters
Ci(p) will be fixed below from the condition that the free
propagator associated with a state satisfying the BRST
physical state condition, coincides with the one proposed in
the previous worK10]. The solution of this problem, would
then give a foundation to the physical implications of the
discussion in that work.

It should also be noticed that the states defined by Eq.
(28) have some similarity with coherent stateld]. How-
ever, in the present case, the creation operators appear in
squares. Thus, the argument of the exponential creates pairs
of physical and nonphysical particles. An important property
gf this function is that its construction in terms of pairs of
Creation operators determines that the mean value of an odd
number of field operator vanishes. This is at variance with
the standard coherent state, in that the mean values of the
fields are nonzero. The vanishing of the mean field is a prop-
erty in common with the standard perturbative vacuum,
which Lorentz invariance could be broken by any nonzero
expectation value of the four-vector of the gauge field. It
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should be also stressed that this state, as formed by the su- The expressions of the charges in the interaction free limit
perposition of states of pairs of gluons, suggests a connectidd 7] are
with some recent work in the literature that consider the for-
mation of gluon pairs due to color interactions. Qg=i> (c2"B—B"cd), (31)
Let us argue below that the sta@8) satisfies the BRST k
physical conditions

Qg|P)=0, (29 Qc:ikza (c} cR+ci ). (32)
Qcl®)=0. (30 Consider first the action dDg
|
Qg|®) =i exp{E ca<p>A3t,ASt,}(exp{2 Ca(p) lca*ca*} keXp{E Ca(p)B3 A"
+ exp{g cg(p)B;*A;’a*]kE BD*cP exp{Z Cs(p)icd” a+])|o>=o, (33)

where the identity

BP ,expé Ca(p)B3TAL2"

=~ Ca(p)By G pexp X Ca(P)BY A" (34)
was used. In Eq(34) the Kronecker delta is defined as
Sk p=1 for .5=|2,

Sxp=0 for p#k. (35

For the action ofQ. on the considered state we have

Qcl®)=i exp[Ea ColPIAG At 2 cs<p>Bg+A;’a+] 2, o' el 1+ 2 iCy(p)cy ¢y
+% creh 1+§ icg(p)E;;*cg*) |0y=0, (36)

which vanishes due to the commutation rules of the ghost operators.
Next, the evaluation of the norm of the proposed state is considered. Due to the commutation properties of the operators,
it can be written as

@)= TT | TT (OlewCE (9143 A3, JexsiC.p)A3 A0

X (0|exp(C (p) AL 2Balexp(Ca(p)B3 AL 2¥1|0)(0|(1—iC% (p)cicd) (L +iC4(p)Cca caNI0).  (37)

For the product of the factors associated with transverse modes and the eight values of the color index, after expanding the
exponential in series it follows that

[(0lexp{C7(P)A] AL 1 exp(C,(P)A] AL H0)T?

p,o” 'p,o p,o” 'p,o
(Aa U)Zm(AaJ:T) m 8
<0|2 CE(P)Cy(p) —2 (m!);" |o>]
- (2m)! ]®
_ 2m
—Liolcg(p)l —(m!)zl, (39)

where we used the identity
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(O[(A ,)2M(AZ )2 0)=(2m)!. (39

The factors linked with the scalar and longitudinal modes can be transformed as follows:

[(Olexp{C3 (p)A;*Btexp{Cs(p)BE Ay 10)]°

( AL-aga m(Ba+ALa+) 8
=[<0| > C5(p)Cs(p) - |0>]
m=0 ( !)
© 8 8

- C 2m} :[—] for |C <1, (40)

LE_OI 3(p)| PTG |Ca(p)]

|

in which the relation (D|D)=1. (45)

<O| AL aBa)m( Ba+AL a+ m|o> (m| )2 (41)
Note that, as should be expected, the norm is not depen-
was employed. dent on theC5(p) parameter which defines the nonphysical
Finally, the factor connected with the ghost fields can beparticle operators entering in the definition of the state.
evaluated to be

[ 0 (1—iC*(p)Ca?j‘)(l-f-iC3(p)§1+Ca+) 0 ]3 IV. GLUON AND GHOST MODIFIED PROPAGATORS
3 p p

Let us consider the determination of the form of the main

:[1+|C3(D)|2<0|CSCECS+CH|0>]:[1_|C3(p)|2]8- elements of perturbation theory, which is the free particle
(42) propagators. It will be seen that the propagators associated
with the considered state have the same form as proposed in
After substituting all the calculated factors, the norm of[10] under a proper selection of the parameters. Consider the

the state can be written as generating functional of the free-particle Green’s functions
as given by
o0 8
(2m)!
N=(@|o)=1 | X [CpIP"——|. 43
o=12|m=0 (mtl)
_| & ; 4 0 e
Therefore, it is possible to define the normalized state Z(J)_<CD T exp{|f d™xIA (X)] ‘(D> (46)
|;13>: —|®), (44) As a consequence of Wick’s theorem the generating func-
JN tional can be written in the forrf20]
Z(J)E<&> exp{iJ d4xJ(x)A°‘(x)}exp[if d4yJ(y)A°+(x)] <”13>
xena| [ty [ dtxatyo—xo) I 3000 00,47 1. @7
Therefore, the sought-for modification to the free propagator is completely determined by the term
11 <ff> exp[ fd“xJ“ A(X)AL (x)}exp{ Jd“xJ“ a(x)A“(x)” > (48)
a=1,...,
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where all the color-dependent operators are decoupled thanks A ot eon Lot en
to the commutation relations. A, (X):Ek leAk,o k()AL LX)
The annihilation and creation parts of the field operators 7

in this expression are given by
+ Bﬁﬂﬁyw(x)) . (50)
ALTO0=20 | 2 AR TEL00 T AR i u(0)
+ Bﬁ‘fk’s#(x)» (49 For each color the following terms should be calculated:

o=1,2

exp[if d4xJ“'a(x)AZ+(x)}|<I>)= exw'if d“xJ“'a(x); ( > A2, {ZM(X)+At'afk,L’M(x)+Bﬁfkysﬂ(x))]
X exp{C1(p)ASL ALY + Co(p)AT5AY,+ Cy(p) (BAT AR +ic3"ca™)}10). (51)

After a systematic use of the commutation relations among the annihilation and creation operators, the exponential opera-
tors can be decomposed in products of the exponential for each space-time mode. This fact allows us to perform the calculation
for each kind of wave independently. The transverse components are obtained as

exq’i J d*xJ-3(x) >, A Zﬂ(x)]exp[cg(p)AgfrAngHO) for 0=1,2
= Aok, P,

2
] |0). (52)

N ex"{ C,(p)| AL +i f A% I 207 (%)

The expressions for the longitudinal and scalars can be evaluated in a similar manner and are found to be

exp[if d4xJ“*a(x)§k: Bﬁfk,s,ﬂ(x)}exp‘iJ' d“xJ“'a(x)}k: Ak'afk,L’M(x)Jexp[Cg,(p)BfA'F;'a*HO)

= exp{ Cs(p) B;‘*—iJ' d*xJ*2(x) L k(%) (At‘”—if d*xJ*2(x)f 5 .(X) ]|0). (53)

Here it should be noticed that the sign difference is produced by the commutation relations.
For the calculation of the total modificatiqd8), we need to evaluate
+

<CI>|exp{i f d4xJM'a(x)Az(x)]:(ex%—i f d4xJ“*a(x)Ai*(X)]|®>) (54)

which may be easily obtained by conjugating the result for the left-hand side of Eljsand (52).
In what follows the following notation will be employed:

5= DX jea06,(p) (59
pi— m € .(P).

After forming the scalar product of Eq&2) and(53) the following factors are obtained for each color value:

(O T exp(CL(p)(A7 ,~135.,)1expIColP) (AT, ~135, ) BH0)(Olexp(C5 (p) (A *+135 9 (B3 +135 )
X exp(Ca(p) (B} —i35,1)(AF™" =135 }{0)(0]exp{C3 (p)(—icie)exp(Cap)icy " c5 )} 0). (56
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where the parts of the expression associated with each spaders at the right of the scalar products in Ef6) in a con-
time mode are also decoupled. stant being linear in the sourcdsFurther, the same proce-

In evaluating these matrix elements the idea was the foldure can be performed to act with the exponential factor
lowing. First, we expand the exponents of the exponentia hich can be also extracted from the new exponential opera-

. : or acting on the vacuum at the right. Now its action on the
operators being at the left of the scalar products in &6) operators at the left of the scalar prod6) reduces again

by factorizing the exponential operator having an exponeny 5 shift in a constant in the annihilation fields defining this
being linear in the sources After that, taking into account gperator. In such a way it is possible to arrive at a recurrence
that the inverse of this linear operator is annihilating therelation which can be proven by mathematical induction.
vacuum, it follows that the net effect of this linear operatoris  The recurrence relation obtained aftesteps in the case

to shift the creation fields entering in the exponential operaof the transverse modes takes the form

2 Nn
> [42m(ICa(p)|2)2m+42m+1(ICU(p)Iz)zm”]}}

m=0

1
exr{ —(JS,,,>2[C§<p>+4ca<p>( CiP+3

* a 2 in3+2n7a a * n+1 n+1 * 1
X(0lexp{CF (p) (AR ;) texpy —i277 25 JAS (CT(p)™ HCo(p))™ | CT(P) + 5

X exp{C,(p)(A},)%}0). (57)
|
After restricting the possible values df, to satisfy Therefore, after collecting the contributions of all the
|C,(p)|<3, the linear part of the operators in the exponentmodes and substitutin@;i , by also assuming @;(p)
is multiplied by a quantity tending to zero in the limit =2C,(p)=Cj(p) (which follows necessarily in order to ob-

=o and it can be omitted in such a limit. By also using thetain the Lorentz invariangeand using the properties of the
formula for the geometrical series the following expressiondefined vectors basis, the modification to the propagator be-

can be obtained for Eq57): comes
1 [ d*xdty Ao
exp{ —(32,)3 CX(p)+4C,(p) e Ef 2pov Y8
x 1) 1 x| C3(p)+C (p)(C*(p)+1)2;H-
) C"(pH?) [1—<2lca<p)l>2]] R [171C(PIF]

(60)
x(0lexp(C7(P)(A] ,)?texp(C,(P) (A7 ;) %}0).
(58 Now it is possible to perform the limit proceﬁs—>0. In
doing this limit, it is considered that each component of the
linear momentunp is related with the quantization volume

In a similar manner for the factors in E¢h6) correspond- by

ing to longitudinal and scalar modes, the following can be
obtained:

1 1 1
Px~g Py P g V=abc~E.

ex _Ja a C*
’{ va‘]PvL( 3(P) SinceC3(p)<1 then it follows that

1
+C3(p)(C5(p)+ 1)2—) ] c* c? 8
[1—]C3(p)|?] lim 4;(5)~Iim ‘"":s)p =0. (61)
X (0|exp{C% (p) AL B2} exp{C4(p) B2 AL21}|0). pro TR e
(59 For the other limit it follows that
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Co(P)(C(P)+ 17 T T

[1-[Cy(p)P] |

. 2 | =
TRY 2 Im 4po 2027
(63)

whereC is an arbitrary constant determined by the also ar-
o ) bitrary factorx. An analysis of its properties has been done
Then, after fixing a dependence of the arbitrary constanfyhich shows thaC can take only real and positive values.
C; of the form|C5(p)|~(1— kp?),xk>0,yC3(0)# —1 the Therefore, the total modification to the propagator includ-
limit (62) becomes ing all color values turns out to be

lim
p—0

exp[i f d“xJ“*a(x)AfL(x)]exp{i J d4xJ“’a(x)AZ+(x)]fI3>

2(27)4}. (64)

= ex;Jl > d*xd*y J*2(x)3"%(y)g .,
a 8

Co

posed initial state can be written in the form
(2m)*

> f d*xd?y £3(x) €3(y)
8

Also, the generating functional associated with the pro-
expl —
a=1,...,

] . (69

Z[J]= eXp[I— > f d*xd%y J“2(x)
2 ap=T.. .8 where in this cas€g is an arbitrary constant which can be
greater or equal than zero. It will be equal to zero if taking
x'f)i?,(x—y).J"'b(y)], (65) C3(0) real and tending to one. This selection causes the
result to coincide with the one in R€f10] where the ghost
propagator was not modified.
where The expression of the generating functional for the ghost

particles takes the form

~ d*k
Db (x— :f 5°°g,,,

x exp{—ik(x—y)}, (66)

1

e iCa(k)

Zo[€,€]= exp|i d*xd*y€3(x)
a,b=1 8

which shoyvs that the gluon propagator has the same form xbéb(x_y)gb(y)], (69)
proposed in10], for the selected gauge parameter vadue
=1 (which corresponds ta=—1 in that reference
Finally, let us consider the possible modifications of the
ghost propagator which can be produced by the new initiaf'nere
state. Now, it is necessary to evaluate the expression

3 Z = Dab(x— —f d% ool D sk
a=H__,8<(D exp[ifd4x[ga(x)ca-(x)+ca—(x)ga(x)]] G (X—y)= 2m) 2 co(k)
_ _ 5 Xexp —ik(x—y)}. (70
Xexp[if d4x[§a(x)ca+(x)+ca*(x)§a(x)]]’<D>,
(67) Finally, in order to illustrate one of the main properties of

the proposed modified perturbation expansion, let us review
In this case the calculation is simpler because the fermihere the calculation given if10] of the gluon condensation
onic character of the ghost makes only two nonvanishingparameter, that is, the mean valueGs in the ground state.
terms exist in the series expansion of the exponential. Therdn the simplest approximation, that is, the mean valu&btf
fore, here it is unnecessary to employ recurrence relationsn the interaction free initial state, it corresponds to evaluat-
The following result for Eq(67) is obtained: ing
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1 52 1 58 cal one, leads one to expect that the final wave function after
(OIS4[A]|0)=1 |58} ==+ 7Sk =i 5 the adiabatic connection of the interaction will also satisfy
2 Y ojio); 3! 0]i 6]k . " ) : .
the physical state condition for the interacting theory. If this
1 &t i assumption is correct, the results of the calculations of tran-
+ ﬂslgjkl m exp — 3! iDijlj | sition amplitudes and the values of physical quantities should

also be physically meaningful. In the future, a quantization
where, using the DeWitt notation, the symi&®§ | repre- ~ procedure for arbitrary values efwill be also considered. It
sents the functional derivative of the acti8hover a number IS expected that with its help the gauge parameter indepen-

of source argument§® (x;), jaj_(xj) ... andj¥(x). As dence of th_e physical quantities C(_)uld be imple_ment_ed. It
i “ al seems possible that the results of this generalization will lead

usual in this convention, the equality of two of compact in-, ,_dependent polarizations for gluons and ghosts and their
dicesi,j ...l means the sum over the color and Lorentz egnective propagators, which however, could produce
indices and the subsequent integration over the spacetime independent results for the physical quantities. However,

coordinates. The symbd@;; is just the kernel of the gluon  {his more involved discussion will be delayed for future con-
propagator(66). The first and second terms in the squaredgjqeration.

brackets have zero contribution as evaluated in dimensional It is important to mention now a result obtained during the

regularization at zero value of the sources. On the otheggculation of the modification to the gluon propagator, in

hand, the last terms corresponding with quartic gluon selfy,g chosen regularization. It is that the arbitrary cons@ist
interaction gives a nonvanishing addition to the gluon coneiermined here to be real and positive. This outcome re-
densation parameter precisely due to the condensate term Wcs an existing arbitrariness in the discussion given in the

the propagator. previous work. As this quantitg is also determining the
The contribution can be evaluated to be square of the generated gluon mass as positive or negative,
7292C2 real or imaginary, therefore it seems very congruent to arrive
2m) J dx, at a definite prediction o€ as real and positive.

The modification to the standard free ghost propagator
which, in the present approximation, corresponds with introduced by the proposed initial state of the noninteracting
gluon condensation parameter given by

(0lSy[ ¢1]0) =~

heory was also calculated. Moreover, after considering the
free parameter in the proposed trial state as real, which
&y2c? seems the most natural assumption, the ghost propagator is
& not modified. This unaltered free one-particle Green’s func-
(2m) tion was assumed ifL0], as a possible variant suggested by

Therefore, it turns out that the procedure is able to predithe fact that the modifications do not contribute in the one-

. ) o oop calculation of the gluon self-energy.
the gluon condensation at the most simple approximation. Some tasks which can be addressed in future works are:

The study of the applicability of the Gell-Mann—Low theo-
V. SUMMARY rem with respect to the adiabatic connection of the interac-
By using the operational formulation of the quantumt?ons_v starting from th(_a he_re-proposed initial state; the inves-
gauge fields theory developed by Kugo and Ojima, a particutigation of the quantization of zero modéthat is gluon
lar state vector of QCD in the noninteracting limit which States with exact vanishing four momentyrthe ability to
obeys the BRST physical state condition was constructectonsider them with success would allow a formally cleaner
The general motivation for looking for this wave function is definition of the proposed state, by excluding the auxiliary
to search for a reasonably good description of low-energynomentump recursively used in the construction carried
QCD properties, through giving a foundation to the pertur-out; finally, the application of the proposed perturbation
bative expansion proposed [10]. The high-energy QCD theory in the study of some problems linked with confine-
description should not be affected by the modified perturbament and the hadron structure.
tive initial state. In addition, it can be expected that the adia-
batic connection of the color interaction starting with the
initial condition, generates at the end, the true QCD interact-
ing ground state. In the case having the above properties, the The authors would like to acknowledge the helpful com-
analysis would allow one to understand the real vacuum as ments and suggestions of A. Gonzalez, F. Guzman, P. Fi-
superposition of an infinite number of soft gluon pairs. leviez, D. Bessis, G. Japaridze, C. Handy A. Mueller, E.
It has been checked that by properly fixing the free paWWeinberg, and J. Lowenstein. A.C.M. is grateful for the gen-
rameters in the constructed state, the perturbation expansi@nal support of the Abdus Salam ICTP and its Associate-
proposed in the former work is reproduced for the speciaMembership Scheme during his stay in which this work was
valuea=1 of the gauge constant. Therefore, the appropriat@repared. The support of the Center of Theoretical Studies of
gauge is determined for which the expansion introduced irPhysical Systems of the Clark Atlanta University and the
that article is produced by an initial state, satisfying theChristopher Reynolds Foundation, allowing the visit to
physical state condition for the BRST quantization proce-U.S.A. in which the results were discussed with various col-
dure. The fact that the noninteracting initial state is a physi{eagues, is also greatly appreciated.
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