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Motivation and Introduction
Dynamical chiral symmetry breaking in
QCD is associated with the low lying
spectral modes of the Dirac operator [1].
In a series of papers [2, 3, 4] it was
emphasized that low modes saturate the
pseudoscalar and axial vector correla-
tors at large distances and do not af-
fect the part where high-lying states ap-
pear. In [4, 5] low mode saturation and
also effects of low mode removal for
mesons were studied for quenched con-
figurations with the overlap Dirac oper-
ator [6, 7].

A complementary question is how im-
portant the low mode sector is for
confinement and mass generation of
hadrons. Here we study what happens,
if one removes up to 512 low lying
modes from the valence quark sector.
We compute propagators of the pion and
other mesons and determine the effect of
this removal on the mass spectrum. This
way we want to shed light on the role
of the condensate related to the spec-
tral part of the Dirac operator in confine-
ment and chiral symmetry breaking.

Reduced Dirac operator
We want to construct meson correlators
from quark propagators which exclude
the lowest part of the Dirac spectrum.
There are two alternative definitions of
reduction: based on eigenmodes ofD or
based on eigenmodes of the hermitian
Dirac operator D5 ≡ γ5D. We intro-

duce the reduced quark propagator via
the spectral representation of D5,

Sred5(k) ≡ S −
∑
i≤k

µ−1i |vi〉〈vi|γ5

and in this study we will concentrate on
our results from the above definition of
the reduced quark propagator.

Chiral symmetry and its breaking
Neglecting the masses of the u and d

quarks the QCD Lagrangian is invariant
under the symmetry group

SU(2)L × SU(2)R × U(1)V × U(1)A .

The chiral symmetry SU(2)L × SU(2)R
consists of independent transformations
in the isospin space for the left- and
right-handed quark fields and can be
represented equivalently by indepen-
dent isospin and axial rotations for the
combined quark fields.
The non-degenerate masses of parity
partners indicate the dynamical (sponta-
neous) breaking of this chiral symmetry
with the order parameter 〈ψψ〉, the chi-
ral condensate.
The flavor singlet axial transformation
symmetry U(1)A is broken explicitly

due to the non-invariance of the fermion
integration measure, the so-called axial
anomaly. In addition to the anomaly
also the chiral condensate breaks this
symmetry.
Both symmetry breaking signals are re-
lated to low lying modes of the Dirac
operator. The axial anomaly involves
the topological charge of the gauge con-
figuration, which is proportional to the
net number of exactly chiral (zero-)
modes via the Atiyah-Singer index the-
orem [9]. The chiral condensate is asso-
ciated with the density of the Dirac op-
erator’s low lying (but non-zero) modes
[1]. The non-vanishing quark conden-
sate indicates breaking of both symme-
tries.

Gauge configurations
The following setup has been used: 161
configurations [10, 11] of size 163 × 32

(lattice spacing a = 0.144(1) fm) in-
cluding two degenerate flavors of light
fermions with a corresponding pion
mass of mπ = 322(5)MeV.
For the dynamical quarks of the con-
figurations as well as for the valence
quarks the so-called Chirally Improved

Dirac operator [12, 13] has been used.
This operator is an approximate solu-
tion to the Ginsparg–Wilson equation
and therefore exhibits better chiral prop-
erties than the simpler Wilson Dirac op-
erator while being less expensive by an
order of magnitude in comparison to the
chirally exact overlap operator.

Mesons
We restrict ourselves to the study of
isovectors, in particular the chiral part-
ners:

•The vector mesons ρ (JPC = 1−−)

with interpolating fields u(x)γid(x)

and u(x)γ4γid(x) and a1 (JPC = 1++)

with interpolating field u(x)γiγ5d(x);
in a chirally symmetric world the vec-
tor and the axial vector interpolator
get mixed via the isospin axial trans-
formations.

•The pseudoscalar π (JPC = 0−+) with
interpolating fields u(x) (γ4) γ5d(x)

and the scalar a0 (JPC = 0++) with
u(x)d(x).

We compute from the quark propaga-
tors meson propagators, projected to
vanishing momentum and determine the
hadron masses from a range of Eu-
clidean time values where the correla-
tion function exhibits exponential de-
cay.

Results: Removing the low mode sector
Fig. 1 shows the meson propagators for
various stages of low mode removal, al-
ways in comparison with the full prop-
agator and Fig. 2 combines the corre-
sponding mass fits to the regions of ex-
ponential behavior.
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Figure 1: Correlation functions for the re-
duced interpolators as compared to the correla-
tors from full propagators. Top: JPC = 0−+

with interpolators (a) uγ5d, (b) uγ4γ5d. Mid-
dle: JPC = 1−− with (c) uγid, (d) uγ4γid.
Bottom: Reduced (e) JPC = 0++ (ud) and (f)
JPC = 1++ (uγiγ5d).
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Figure 2: The masses of all considered mesons
as a function of the reduced spectrum, subtract-
ing the 0–512 lowest modes of D5.

The range of exponential behavior of the
correlators shrinks, as can be seen in the
log-plots in Fig. 1.
In [14] the parity-chiral group and the
effect of symmetry breaking on the

meson spectrum is discussed. E.g.,
whereas the U(1)A breaking lifts the
degeneracy between pion and a0, the
breaking of the chiral SU(2)L × SU(2)R
symmetry is related to the mass differ-
ences of pion and f0 (and a0 and η).
At low truncation levels the a0-mass
rapidly drops; it does not drop down to
the pion mass value. This might indicate
some remnant of the anomaly breaking
for the J = 0 states.
The pion interpolators exhibit a puz-
zling behavior. The classical pion in-
terpolator uγ5d quickly looses its ex-
ponential behavior at larger (Euclidean)
distances; only a more massive decay
signal is observed at smaller distances
(Fig. 1) which is the mass shown in
Fig. 2. That mass approaches the
mass value from the second interpolator
uγ4γ5d with the pion quantum numbers.
Its mass signal becomes separated from
the other “state”. Only at higher trun-
cation levels the mass values approach
each other.
For the JPC = 1−− vector meson
ρ there are two chiral representations,
which correspond to the vector interpo-
lator uγid and (Dirac-)tensor interpola-
tor uγ4γid. Their chiral partners [14]
are the a1 and the h1 mesons, respec-
tively. There is no noticeable splitting
between the two ρ-interpolators for all
stages of truncation. We do find, how-
ever intriguing behavior comparing the
ρ-mass with the a1 result. The masses
approach each other and are compati-
ble with each other from truncation level
8 onwards. This indicates restoration
of the SU(2)L × SU(2)R symmetry for
J = 1 states.

Conclusions
We have computed hadron propagators
while removing increasingly more of
the low lying eigenmodes of the Dirac
operator. This allows us to study their
influence on certain hadron masses.
Due to the relationship of the low eigen-
sector with chiral symmetry breaking,
this amounts to partially restoring chiral
symmetry (in the valence quarks).
We find drastic behavior for some me-
son interpolators when starting to re-
move low eigenmodes. At truncation
level 16 the behavior saturates and then
the mass values rise uniformly with
roughly parallel slopes. The confine-
ment properties remain intact, i.e., we
still observe clear bound states for most

of the studied isovector (scalar, vector
and axial vector) mesons. An exception
is the pion, where no clear exponential
decay of the correlation function is seen
in the uγ5d interpolator, but a massive
state is seen in the uγ4γ5d interpolator.
The mass values of the vector meson
chiral partners a1 and ρ approach each
other rapidly when 8 or more low modes
are removed.
We conclude that essential confinement
properties remain intact, even when the
low eigenmodes of the Dirac opera-
tor are removed in the valence sector.
Restoration of chiral symmetry is ob-
served in that approximation.
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