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intermediate region af= (x,x,)%/? = 0.1~ 1.0fm. The infrared effective gluon mass is obtained
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expressions for the zero-spatial-momentum propadad(r), the effective masMes(t), and the
spectral functiorp(w) of the gluon field. Remarkably, the obtained gluon spectral fungii@o)
is almost negative definite, except for a positd«unctional peak ato = m. Since the Yukawa-
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of an effective dimensional reduction by generalized Parisi-Sourlas mechanism in a stochastic
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1. Introduction

The analysis of gluon properties is an important key point to clarify the nonperturbative aspects
of QCD [ 3. In particular, the gluon propagatae., the two-point Green function is one of the
most basic quantities in QCD, and has been investigated with much int&liddtE]. Dynamical
gluon-mass generation is also an important subject related to the infrared gluon propagation. While
gluons are perturbatively massless, they are conjectured to acquire a large effective mass as the
self-energy through their self-interaction in a nonperturbative ma@h&j.[ Actually, glueballs,
color-singlet bound states of gluons, are theoretically predicted to be fairly massivegbout
1.5GeV for the lowest 0" and about 2GeV for the lowest 2, in lattice QCD calculation$].

For the direct investigation of the gluon field, gauge fixing is to be done. Among gauges,
the Landau gauge is one of the most popular gauges in QCD, and it keeps Lorentz covariance and
global SUN;) symmetry. In Euclidean QCD, the Landau gauge has a global definition to minimize
the global quantitR = [ d*x Tr{A, (X)Au(X)} = %fd“xA";‘, (X)A%(x) by gauge transformation. The
local conditiond, A, (X) = 0 is derived from the minimization d®. The global quantityr can be
regarded as “total amount of the gluon-field fluctuation” in Euclidean space-time. In the global def-
inition, the Landau gauge has a clear physical interpretation that it maximally suppresses artificial
gauge-field fluctuations relating to gauge degrees of freeflhm [

In lattice QCD, the Landau gauge is defined by the maximizatidiaf= y, 5, ReTiJ (x),
with the link-variableU, (x) = g29%() (a: lattice spacingg: QCD gauge coupling). The gluon
field is defined as\,(x) = ng{u,l(x) —Uﬁ(x)} — (trace part. In the Landau gauge, the mini-
mization of gluon-field fluctuations justifies the expansion by small lattice spacilmgEuclidean
metric, the gluon propagator is defined by the two-point functioﬁx—y) = (A";‘,(x)AB(y)).

Here, owing to the symmetries and the transverse property, the color and Lorentz structure of the
gluon propagator is uniquely determined in the Landau gauge.

In this paper, using SU(3) lattice QCD Monte Carlo calculations, we study the functional
form of the Landau-gauge gluon propagatdfy) = W{DDfﬁ‘,(x) = W{MA% (x)A%(0)), as
a function of 4D Euclidean distange= (x,x,)2. We mainly deal with the coordinate-space
propagatoD(r) for the infrared and intermediate regionrof 0.1 ~ 1.0fm, which is relevant for
quark-hadron physics. Based on the obtained function form of the gluon propagator, we aim at a
nonperturbative description of gluon properties,

2. Functional form of Landau-gauge gluon propagator

The SU3) lattice QCD Monte Carlo calculations are performed at the quenched level using
the standard plaquette action wih= 2N./g?=5.7, 5.8, and 6.0, on the lattice size 0f1632,
20° x 32, and 32, respectively. The lattice spaciags found to bea = 0.186,0.152, and QL04fm,
atB =5.7, 5.8, and 6.0, respectively, when the scale is determined so as to reproduce the string
tension as,/o = 427MeV from the static Q potential [{]. Here, we choose the renormalization
scale afu = 4GeV forB = 6.0, and make corresponding rescaling 8+5.7 and 5.8[]].

Figure 1(a) and (b) show the coordinate-space gluon propa@dtorand the momentum-
space gluon propagat@¥(p?) = [ d*x dP*D(r), respectively. Our lattice QCD result B p?) is
consistent with that obtained in previous lattice studies, although recent huge-volume lattice studies
[M] indicate a suppression of the gluon propagator in the Deep-IR regiend(5GeV).
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Figure 1: (a) Lattice QCD results (symbols) of the Landau-gauge gluon propaBétor= D;’j‘,";‘,(x)/24 in
coordinate space, and 4D Yukawa-type functi®fyawa(r) = Ame ™ /r (solid line) withm = 0.624GeV
andA = 0.162. The dash-dotted line denotes a typical example of the massive-vector profiagaton).

(b) The Landau-gauge gluon propagaﬁirpz) in the momentum space @, = —sm( L, £). The solid line

denotes 4D Fourier-transformed Yukawa-type propaga&arDyukawa( p2) = 42AM( p2 + mé)—3/2,

We find that the lattice gluon propagato(r) cannot be described by the free massive Eu-
clidean propagatddmasdr) = (‘2’”';’4e Ip- sz+mz 4n2 Ky (mr) (Ky(2): modified Bessel function)
[ in the whole region of = 0.1 ~ 1.0fm, as shown in Fig.1(a).

By the functional-form analysis, we find that the Landau-gauge gluon prope@étpm the
coordinate space is well described by the 4D Yukawa-type fundiion [

efmr

1
D(r) = o, Di(r) = Am—, (2.1

with m= 0.624(8)GeV andA = 0.162(2) in the range of = 0.1~ 1.0fm, as shown in Fig.1(a). The
gluon propagatoD(p?) in the momentum space is also well described by 4D Fourier-transformed
Yukawa-type function ab(p?) = 5,032 (p?) = % for 0.5GeV< p < 3GeV [J.

3. Analytical applications

In this section, as applications of the Yukawa-type gluon propagator, we derive analytical
expressions for the zero-spatial-momentum propadagh), the effective masMeg(t), and the
spectral functiorp(w) of the gluon field[[]. All the derivations can be analytically performed,
starting from the Yukawa-type gluon propaga®¥kawa(r). Although the real gluon propagator
has some deviation from the Yukawa-type in UV region, this method is found to be workable to
reproduce lattice QCD results, as shown below.

3.1 Zero-spatial-momentum propagator of gluons

First, we consider zero-momentum gluon propagBiit) = 2—14&<Aﬁ (X DAY (0,0)) = y4D(r),
wherer = /X2 4-t2 is the 4D Euclidean distance. For the simple argument, we here deal with the
continuum formalism with infinite space-time. Starting from the Yukawa-type gluon propagator
Dvukawa(r ), we derive the zero-spatial-momentum propagatdils [

2

/d X Dyukawa( V/ X2 +12) = 47TAm/ dx\/)(;(Te‘m“‘2th = 4mAtK (mt).  (3.1)
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Figure 2: (a) The zero-spatial-momentum propagddgft) of gluons in the Landau gauge. (b) The effective
massMeg(t) of gluons in the Landau gauge. The symbols are the lattice QCD datd@t32- 6.0, and the
solid line is the theoretical curve derived from 4D Yukawa-type propagatormmwith624GeV and\=0.162.

In Fig.2(a), we show the theoretical curve @f(t) in Eq.31) with m=0.624GeV and®=0.162,
together with the lattice QCD result 8f(t) in the Landau gauge. For the actual comparison with
the lattice data, we take account of the temporal periodiityThe lattice QCD data are found to
be well described by the theoretical curve, associated with the Yukawa-type gluon propagator.

3.2 Effective mass of gluons

Second, we investigate the effective md&s(t) of gluons. The effective mass plot is often
used for hadrons as a standard mass measurement in lattice QCD. For the simple notation, we use
the lattice unit ofa = 1 in this subsection. In the case of large temporal size, the effective mass is
defined adMef(t) = In{Do(t)/Do(t +1)}.

In Fig.2(b), we show the lattice result Met(t), where we take account of the temporal peri-
odicity. The effective gluon mass exhibits a significant scale-dependence, and it takes a small value
at short distances. Quantitatively, the effective gluon mass is estimated to be abeué@0MeV
in the infrared region of about 1fdd][. This value seems consistent with the gluon mass suggested
by Cornwall 3], from a systematic analysis of nonperturbative QCD phenomena.

Now, we consider the consequence of 4D Yukawa-type propaBatRswa(r) of gluons. For
simplicity, we here treat the three-dimensional space as a continuous infinite-volume space, while
the temporal variableis discrete. We obtain an analytical expression of the effective fhss [

Do(t) tKl(mt)

Mer ) =1 Bt 1) =" e DRe(mit+ 1)) 52

when the temporal periodicity can be neglected. In Fig.2(b), we add by the solid line the theoretical
curve of Meg(t) in Eq.B2) with m=0.624GeV. The lattice QCD data def(t) are found to be

well described by the theoretical curve derived from the Yukawa-type gluon propagator. From the
asymptotic formKy(z) 0 z ¥/2e 2, the effective mass of gluons is approximatedBs |

1 1 1
Me(t) ~ m— §|n (l—l—f) ~ m_Z

: (for large t). (3.3)
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This functional form indicates th&let(t) is an increasing function and approachegom below,
ast increases. Then, the mass parameter 600MeV in the Yukawa-type gluon propagator has a
definite physical meaning of the effective gluon mass in the infrared region.

Note that the simple analytical expression reproduces the anomalous “increasing behavior” of
the effective masMes(t) of gluons. Thus, this framework with the Yukawa-type gluon propagator
gives an analytical and quantitative method, and is found to well reproduce lattice QCD results.

3.3 Spectral function of gluons in the Landau gauge

As a general argument, an increasing behavior of the effective Mag$) means that the
spectral function is not positive-definif@, [3]. More precisely, the increasing property M(t)
can be realized, only when there is some suitable coexistence of positive- and negative-value re-
gions in the spectral functiop(w) [A]. However, the functional form of the spectral function of
the gluon field is not yet known.

The relation between the spectral functijofw) and the zero-spatial-momentum propagator
Do(t) is given by the Laplace transformatiddg(t) = J;° dw p(w) e **. When the spectral func-
tion is given by ad-function such ap(w) ~ &(w — wp), which corresponds to a single mass
spectrum, one finds a familiar relation Bf(t) ~ e~“t. For the physical state, the spectral func-
tion p(w) gives a probability factor, and is non-negative definite in the whole regian. of his
property is related to the unitarity of the S-matrix.

From the analytical expression of the zero-spatial-momentum propd@#to = 417AtK; (mt),
we can derive the spectral functipriw) of the gluon field, associated with the Yukawa-type gluon
propagator[]]. For simplicity, we take continuum formalism with infinite space-time. Using the
inverse Laplace transformation of the modified Bessel function, we derive the spectral function
p(w) of the gluon field ad]]

ATIA 4TA/+/2m
p(w):—wz_mT)we(w—m—s)Jr((Z_/m)l;zé(w—m—e), (3.4)

with an infinitesimal positivee, which is introduced for a regularization. Hera,~ 600MeV is

the mass parameter in the Yukawa-type function for the Landau-gauge gluon propagator. The first
term expresses a negative continuum spectrum, and the second defumetional peak with the
residue including a positive infinite factor as¥/2 at w = m+ .

We show in Fig.3 the spectral functign(w) of the gluon field. As a remarkable fact, the
obtained gluon spectral function(w) is negative-definite for all the region @ > m, except
for the positived-functional peak ato = m. The negative property of the spectral function in
coexistence with the positive peak leads to the anomalous “increasing behavior” of the effective
massMef(t) of gluons [[. Actually, Eq.B.4) leads to Eq.2), which well describes the lattice
result of the effective madde(t), as shown in Fig.2(b).

We note that the gluon spectral functipiiw) is divergent atw = m+ ¢, and there aréwo
divergence structures: @functional peak with a positive infinite residue and a negative wider
power-damping peak. On finite-volume lattices, these singularities are to be smeargdaand
is expected to take a finite value everywherecon On the lattice, the spectral functign w)
is conjectured to include a narrow “positive-valued peak” stemming frondthenction in the
vicinity of w = m(+¢) and a wider “negative-valued peak” near- min the region ofw > m[IJ.
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Figure 3: The spectral functiop(w) of the gluon field, associated with the Yukawa-type propagator. The
unit is normalized by the mass parameter 600MeV. p(w) shows anomalous behaviors: it has a positive
d-functional peak with the residue afo at w = m, and takes negative values for all the regiormuof m.

In this way, the Yukawa-type gluon propagator indicates an extremely anomalous spectral
function of the gluon field in the Landau gauge. The obtained gluon spectral furmtionis
negative almost everywhere, and includes a complicated divergence structure near the “anomalous
threshold”,w = m (+¢). Thus, this framework with the Yukawa-type gluon propagator gives an
analytical and concrete expression for the gluon spectral funptiar).

4. Effective dimensional reduction in gluonic vacuum by Parisi-Sourlas mechanism

We discuss the Yukawa-type gluon propagation and a possible dimensional reduction due to
the stochastic behavior of the gluon field in the infrared redinAs shown before, the Landau-
gauge gluon propagator is well described by the Yukawa functidaurdimensional Euclidean
space-time. However, the Yukawa functieri™ /r is a natural form irthree-dimensional Euclidean
space-time, since it is obtained by the three-dimensional Fourier transformation of the ordinary
massive propagatdp? 4 n?)~1. In fact, the Yukawa-type propagator has a “three-dimensional”
property. In this sense, as an interesting possibility, we propose to interpret this Yukawa-type
behavior of the gluon propagation as an “effective reduction of the space-time dimension”.

Such a “dimensional reduction” sometimes occurs in stochastic systems, as Parisi and Sourlas
pointed out for the spin system in a random magnetic fi@d ln fact, on the infrared dominant
diagrams, thé-dimensional system coupled to the Gaussian-random external field is equivalent
to the(D — 2)-dimensional system without the external field, due to a hidden SUSY structure.

We note that the gluon propagation in the QCD vacuum resembles the situation of the system
coupled to the stochastic external field. Actually, as is indicated by a large positive value of the
gluon condensatéGﬁvGé“’> = 2(H2—E2) > 0 in the Minkowski space, the QCD vacuum is filled
with a strong color-magnetic fiel@{], which can contribute spontaneous chiral-symmetry break-
ing [17], and the color-magnetic field is considered to be highly random at the infrared scale. Since
gluons interact with each other, the propagating gluon is violently scattered by the other gluons in
the randomly-oriented color-magnetic fields of the infrared QCD vacuum, as shown in Fig.4.

Actually at the infrared scale, the gluon field shows a strong randomness due to the strong
interaction, and this infrared strong randomness is considered to be responsible for color confine-
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color-magnetic fields propagating gluon

Figure 4: A schematic figure for a propagating gluon. The QCD vacuum is filled with color-magnetic fields
which are stochastic at an infrared scale, and the gluon propagates in the random color-magnetic fields.

ment, as is indicated in strong-coupling lattice QCD. Even after the removal of fake gauge degrees
of freedom by gauge fixing, the gluon field exhibits a strong randomness accompanying a quite
large fluctuation at the infrared scale.

As a generalization of the Parisi-Sourlas mechanism, we conjecture that the infrared structure
of a theory in the presence of quasi-random external fields in higher-dimensional space-time has
a similarity to the theory without the external field in lower-dimensional space-fifpeHrom
this point of view, the Yukawa-type propagation of gluons may indicate an “effective reduction of
space-time dimension” by one, reflecting the interaction between the propagating gluon and the
other gluons in randomly-oriented color-magnetic fields in the infrared QCD vacuum.

In any case, it is an interesting and important subject to clarify the nonperturbative QCD
vacuum structure in terms of gluonic propertigsipcluding the gluon propagatiof].
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