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Abstract Based on Dyson- Schwinger Equations of quark propagator, we calculate quark-gluon mixed vacuum condensates
{01 1G80,Gul’ 10) and quark vacuum condensates {0l : gg: 10) which are not only related to virtuality of quark in vacuum state
but also characterize the space width of quark distribution in the vacuum. The existence of these vacuum condensates reflects in a di-
rect way the non-perturbative structure of QCD vacuum. Our calculated results on the mixed condensates lead to quark virtualities of
A% 4=0.7GeV? for u,d quarks, and A2 = 1.6GeV? for s quark which are consistent with other’ s calculations using completely differ-

ent methods.
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In order to understand the non-perturbative structure of
the QCD vacuum, it is important to study various vacuum
condensates such as (0l:gq:10), (0l: G, G 10> and
0l 1 48:0,,6,4° 10). Among the various condensates, we

emphasize the importance of the quark-gluon mixed conden-

sate (01 148:0,6.4" 10) =<0l Izjgsa#,GZVA—;q! 10) . First,
the mixed condensate represents a direct correlation between
quarks and gluons in the QCD vacuum state. In this point, the
mixed condensate differs from (0| qq: 10) and (01 : GG 10)
even at the qualitative level. Second, this mixed condensate is
another chiral order parameter of the second lowest dimension,
because the chirality of the quark flips as {01 192,0,G,9" 0) =
1: ngs(o'wGw)qLi 10y + {01 I(ngs(JwG[ﬂ)qRi 10). Third,
the mixed condensate plays an important role in various QCD
sum rules, especially in the baryons[1’2] , the light heavy

mesons™ and the exotic mesonst*!. In particular, the ratio of
0l 1zjigsaw(}z,%q! 10%/{01:g¢:10) is closely related to the

virtuality of quark in vacuum state which reflects in a direct way
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the non-perturbative structure of QCD vacuum. Fourth, the
mixed condensate is one least known quantity in QCD sum rules
but it gives large contributions to QCD sum rule calculations for
mesons composed of one light and one heavy quark, and also it
is particularly important for the calculation of the ©IN sigma
term. Therefore, a calculation of (0] 1G8:0,,0," 10) on the ba-
sis of DSEs is urgently demanded.

We study the quark-gluon mixed vacuum condensates
from quark propagator, S;(p), which can be expressed in

Euclidean space[s] as

St'(p) = ip- ALp®) + B{p®) (D
in a covariant gauge. The propagator is renormalized at
space-like point 22 according to A;(z?) =1 and B(z*) =
my ;?2) with m( ;?2) being the current quark mass, which
produces a free quark propagator.

Except for the current quark mass and perturbative cor-
rections, the functions A p2) and B( p2) are non-perturba-
tive quantities, and must satisfy Dyson-Schwinger Equations

(DSEs) in the Feynman gauge[G]
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[4(p®) - 1]p* =

8 _‘L Af(qz) .

3 gSJ (4n)* (p - q) qZA%(qZ) + B?(qz)P q, (2)
f(Pz) =

16 L‘]_ Bf(qz)

3gsj (470)* (P_‘I) QZA%(q2)+B%(q2) . (3)

Given a gluon propagator D{(p — ¢ ), the coupled integral
equations of Eqs.(2,3) can be easily solved.

Since the fully dressed gluon propagator Dﬁ( g) is com-
pletely unknown at present, we use a phenomenological gluon
propagator. The Feynman-like gauge used in derivation of
Eqs.(2,3) leads us to the choice of the following empirical
form of the D/”j( q)[5_7]

D2%(q) =8%5,D(q) (4)
for the model gluon propagator. The function D(gq) is de-
fined usually by the following identity

47ta1(q2)
2

g:D(¢*) = (5)

where «;(¢?) is formulated phenomenally in terms of param-
eters X, A, A and ¢ as the following

2
X —s/A ©d
4A2e * In(s/A% + ¢) (©)

which determines the quark-quark interaction through a

a,(s) = 3zs

strength X and a range parameter A. The first term of
Eq. (6) simulates the infrared enhancement and confinement,
and the second term maiches the results of the leading log
renormalization group theory predictions[s] . The parameter ¢
can be varied in the range of 1.0 to 2.50. We take ¢ =2.0
from Ref.[9] in this calculations. In Eqgs. (2) and (3), the
integration over ¢ is cut off at ¢* = 4GeV?.

Given A;and By, the vacuum condensates that we want
to calculate can be easily obtained because the self-energy
functions A; and By are closely related to QCD local vacuum
condensates which are vacuum matrix elements of various sin-

glet combinations of quark and gluon fields, i.e
01:q(x)q(0) :10), <01:646.:10),

01+ gig.[ 0,645 1g:10) -+ %)

The ¢(x) in Eq.(7) is the quark field, G, represents the glu-
on field strength tensor with @ being color index (e =1,--,8).

The nonzero local quark vacuum condensate (0l:
g(0)g(0):10) is responsible surely for the spontaneous

breakdown of chiral symmetry. The nonzero local gluon con-

densate {01: 6% G

0 Gl :10) defines the mass scale of hadrons

through trace anomaly[lo] .

The non-local vacuum condensates (01:G(x)¢q(0):10)

and (0l: G (x) G (0): [0) describe the distributions of
quarks and gluons in the non-perturbative QCD vacuum
states. Physically, this means that vacuum quarks and gluons
have a nonzero mean-square momentum called virtuality. In-
deed, the average virtualities of quarks and gluons are con-

(11]

nected with the vacuum expectation values*™”. For instance,

the quark average virtuality, A, is related, by the equation

of motion in the chiral limit, to the mixed quark-gluon local

[12]

vacuum condensate-'“" and the local quark vacuum condensate

as shown in the following equation

. A¢
{0l 1qig.o, G#,,—]q! 10)
242 = 2 (8)
a (01:gq:10)
Therefore, to obtain quark virtuality, )tﬁ, we have to

calculate the quark-gluon mixed local vacuum condensate

(01 1 qig.0,,Gp, 2 q 10) and the quark local vacuum con-
densate {01:gq:10).

To this end, we start again, in the way of the operator
product expansion, from quark propagator S;( x) which is
determined by various QCD vacuum condensates. We set up
first the relationship between the vacuum condensates and the
solutions of DSEs, A;and B, and then we use A;and By to
calculate the quark and quark-gluon mixed local vacuum con-
densates of QCD vacuum.

In the quantum field theory, the quark propagator,
Si(x), is given by 2-point Green function G,{x;,%,) =
{01 TL g{x,)G(x;)]10) because it represents a propagation
of the quark from #x; to x,(or vice versa). Accordingly, the
quark propagator in configuration space is defined by the
2-point Green function

S(x) = €01 TLq(x)q(0)] 10), 9
where T stands for the time-ordering operator. T[ g(x)q (0)]
can be easily calculated by Wick theorem.

The quark propagator Si(x) can be divided into two
parts: a perturbative part denoted by ST and a non-perturba-
tive part represented by SMT. Namely,

S(x) = 87T (x) + SF(x). (10)
The perturbative part, SfT(x), is given in the configuration
space by the Fourier transformation of the free quark propagator
of 8} p)=1/( p— m;) in momentum space with p= YPus
7 nzf 8% 4 - (11)

The non-perturbative part of

Py L o sab
St (x)_27t2x4y 209 -

where ¥ is Dirac matrix.

Eq.(10), S?W(x) ,can be written as5713]
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SI(x) = = 15140 1 g(x)q(0) :10) +

2,00 1: g(2)77q(0) :10)}. (12)
Evidently, if one wants to study the full non-perturbative part of
the quark propagator one must investigate both the scalar part
(01:¢(x)¢(0):10) and the vector part (01:g(x)7*q(0):10)
of Eq.(12). However, for our present purpose, only consider-
ing the scalar part 01:g(x)¢(0):10) of Eq.(12) is suffi-
ciently enough. The scalar part is givenm] by

01: g(x)q(0) :10) = <0 1: g(0)g(0) :10) -

’“f(o [: g(0)s + G(0)g(0) :10) +---, (13)

which can be found in many referencest® .

The local (x =0) quark and quark-gluon mixed vacuum

condensates in Eq. (13) are related to the solutions of DSEs,
[5,14]

Af(s) and B;(s),via the following identities , Tespec-
tively
©1:¢(0)q(0) :10) :_ﬁtzjo ds - ssA%(sB)f(-:)B%(s)’
(14)
and
{01: g(0)goG(0)g(0) :10) =
ijds s SBf(S)[Z - Af(S):|+
477 sA%(s) + B%(s)
81 - Bi(s){2s4(s)[A(s) - 1] + B?(S)F]_ (15)
160 sA(s) + Bi(s)]

Eq. (15) has a global sign ( — ) difference with Ref. [15] but is
consistent with many other’s calculations such as Ref.[16]. Tt
should be noticed that Eq.(14) is obtained in the “rainbow”
approximation, [V = »*, of fully dressed quark propagator.
However, the expression for the quark-gluon mixed vacuum con-
densate, Fq.(15), is derived in a 1/ N expansion of the glu-
on two-point function'™ .

Using Egs. (14,15), we make our theoretical predic-
tions for the local quark vacuum condensate at the QCD scale
parameter of A = 0.2GeV, the range parameter A =
0.4GeV?, the strength parameter ¥ = 1.84GeV, and the in-
tegral cut-off parameter . = 1GeV?L13:16) | For three flavors
Ny=3,d =12/(33 — 2N;) = 12/27. These parameters are
used by most authors like in Refs.[7—16]. The results are
shown as follows

(01:4(0)g(0):10),,4= - (218MeV)>,  (16)
for u and d quarks. And for s quark
{01:4(0) q(0):10),= — (360MeV)>. a7

The predicted results obtained here for local quark-gluon

mixed vacuum condensates with the same parameters are also
given in the following
(01:3(0)[ 256(0)1g(0): 10), 4= - (1.016GeV)?,
(18)
(01:4(0)[ goG(0)1¢(0):10),= - (0.684GeV)°.
(19)
Accordingly, substituting these predictions of our local quark
and quark-gluon mixed vacuum condensates into Eq.(8)
gives rise to the nonzero mean-square momentum of quarks in

vacuum state as the following

| (01:9(0)ign, 625 19(0): 10)
2 {01:4(0)4(0):10)

ALg= =0.70GeV2,

(20)
for u, d quarks, which is in the acceptable rangem] of "‘121,(1
between 0.4—1.0GeV?. The standard QCD sum rule estima-
tion"”! gives A2 4 =0.4 £0.1GeV?, the QCD sum rule anal-
ysis of pion form factor™®) produces A2 4 =0.7GeV* and lat-
tice QCD calculations! ™! ;‘121,(1 =0.55GeV?. And for s quark,

01:q(0)[ig,0,6,519(0): 10)

1
2 (01:¢(0)q(0):10) =1.60GeV>.

(21)

The predicted value of A% is somewhat larger than that for u,

Al=

d quarks but consistent with the predictions of laitice
QCDDQ] ,A2=2.5GeV* and instanton model predictionm] s
A% =1.4GeV?. The reason for large A% is due to the large cur-
rent mass of strange quark. This is an evident indication of chi-
ral symmetry breakdown and SU(3) flavor symmetry breaking.
In summary, based on Dyson-Schwinger Equations in
rainbow approximation, we study the local quark-gluon mixed
vacuum condensate and the vacuum condensate of quark with
a phenomenological gluon propagator which simulates the in-
frared enhancement, confinement, and matches the results
predicted by the leading log renormalization group theory.
The local quark-gluon mixed vacuum condensate, the local
vacuum condensate of light quarks and then the quark virtual-
ity are numerically predicted in this work. Our theoretical re-
sults for the various condensates are consistent with those em-
pirical values used commonly in QCD sum rules, and also in
agreement with lattice QCD calculations. The mixed quark-
gluon local vacuum condensates, which give large contribu-
tions to QCD sum rules for mesons composed of one light and
one heavy quark, represent a direct correlation between
quarks and gluons in the QCD vacuum states, and are partic-

ularly important for the calculation of the w/V sigma term. Not
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only do they characterize the space width of quark distribution
in QCD vacuum , by the equation of motion in the chiral lim-
it, they are also closely related to the quark virtuality in QCD
vacuum state.

The QCD vacuum state is densely populated by long-

wave fluctuations of quark and gluon fields. The order param-

eters of this complicated vacuum state are characterized by a
variety of local vacuum condensates which are vacuum matrix
elements of various singlet combinations of quark and gluon
fields. The existence of QCD vacuum condensates reflects in
a direct way the non-perturbative structure of the QCD vacu-

um which needs to be studied.
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