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Confronting the instanton calculus in Yang—Mills theories to

the lattice
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Summary (Abstract) of doctoral thesis contents

The Standard Model (SM) in the elementary particle physics describes the fundamen-
tal physical law in nature and, in principle, provides us infinitely accurate
predictions, which are consistent with most of the currently available experimental
measurements. The CP is not a symmetry of the SM. The weak interaction has the
source of the CP- violating effects, while there is no experimental indication for the
CP violation in the electromagnetic interaction and the strong interaction. However,
the QCD Lagrangian, in general, includes the CP-violating term OF*F. The neutron
electric dipole moment bounds |0| < O(10-10), which mean that CP is a symmetry or
an approximate symmetry of QCD. Also, due to the U (1)A rotation of the quark fields,
the 8 parameter is related to the phase of the quark mass. Thus the suppression of
the CP-violating term 1is equivalent to the fine-tuning problem in the QCD
Lagrangian without any reason, which is called the strong CP problem. There are
several ways to solve this problem, which are realized within the SM or require some
extension to the SM. The best-motivated solution is to deal with the coupling 6 as a
dynamical axion field a(x), whose potential has a minimum at 6 = 0 due to the
non-perturbative topological fluctuation of the gluon fields called the QCD instanton.
The axion solution is attractive because it also provides a candidate for the dark
matter of the universe through the misalignment mechanism for the axion
generation.

The QCD topological susceptibility at high temperature, xt (T ), provides an essential
input for the estimate of the axion abundance in the present universe. Since the
axion potential is induced by the fluctuation of the instanton, its mass is directly
related to the topological fluctuation xt (T ) which, in the path integral formalism, is
dominated by the non-perturbative instanton configuration. The instanton gas
approximation to the analytic calculation of xt (T ) is applicable in the
high-temperature limit and is not justified at the low temperature where the strong
coupling is not small, for instance at the temperature at which the axion starts to
oscillate in the early universe. Al- though the model-independent determination of xt
(T ) should be possible from the first principles using lattice QCD, the existing
method has a statistical disadvantage in the high-temperature region. This is not
only because the probability for generating the configuration with non-trivial
topological charge in the Monte-Carlo process decreases but also because the
auto-correlation time increases. We propose a novel method to calculate the
temperature dependence of topological susceptibility at high temperature. We test the
feasibility of this method on a small lattice in the quenched approximation, and the
results are compared to the prediction of the dilute instanton gas approximation. It is

found that the method works well at a very high temperature and the result is
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consistent with the instanton calculus down to T ~ 2Tc within the statistical
uncertainty.

The instanton is the non-perturbative topological fluctuation of the gluon, which is
physically essential not only as one of the sources of non-perturbative dynamics in
QCD but also the foundation of the solutions for the strong CP problem. In spite of its
relevance, the understanding of the role of the instanton based on the QCD
Lagrangian is still poor since it is based on the semi-classical approximation and the
notorious in- frared divergence happens at zero temperature. Only at high
temperature, the instanton picture is applicable. In the SU(N ) Yang-Mills theory, the
topological susceptibility xt (T ) at high temperature is numerically consistent with
the instanton calculus. How- ever, we need more precise information to conclude the
instanton calculus determines non-perturbative dynamics related to the topology.
Also, it is still unclear that this pic- ture applies the local observables, by which the
information of the instanton density n(p) can be extracted. Besides, it is also unclear
that how the picture disappears as temperature decreases. To better understand the
role played by the instantons behind the QCD topology, we investigate the instanton
contribution to the gluonic two-point correlation functions in the SU(N ) Yang-Mills
theory to explore the distribution of the instanton size. The CP-violating gluonic
correlator is an excellent laboratory to inves- tigate the instanton effects in the local
observable, since, in the lattice calculation, the instanton contribution would
dominate the perturbative contribution. In this work, the pseudoscalar-scalar gluonic
correlation functions are calculated on the lattice at various temperatures and
compared with the instanton calculus. In the semi-classical instanton calculus, we
use the regularized thermal instanton to avoid the singularity at the instanton
position in the usual thermal instanton. In the lattice calculation, we use the
gradient flow with large flow time to reduce the quantum fluctuation around the
classical solution. Under the procedure, the instanton size is untouched since the
gradient flow does not change the classical solution. Then, the instanton-size distri-
bution n(p) generated by the Monte-Carlo process survives even after the large flow
time. Comparing the numerical and analytic calculation, we find at high temperature
the CP-violating correlator calculated on lattice behaves consistently with the semi-
classical calculation in the single instanton background. At low temperature, we find

the larger size instanton dominate than what the instanton calculus predicts.
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