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In 2016, Laser Interferometer Gravitational-Wave Observatory (LIGO) in USA has succeeded in
the direct detection of gravitational waves for the first time. The gravitational waves will enable us
to "see" the early Universe and the core of supernovae in the future. However, the quantum effects
of the gravitational waves themselves have neither been well understood theoretically, nor they
have been observed experimentally so far. In this work, we showed that the gravitational waves
(gravitons) have a Berry curvature in momentum space due to their helicity. We then wrote down
the semi-classical equations of motion for gravitons by taking into account the Berry curvature. We
found that this quantum correction leads to the splitting of the trajectories of right- and left-handed
gravitational waves in a gravitational field, which we call the "spin Hall effect of gravitational
waves." Possible future observations of the spin Hall effect of gravitational waves can potentially
test the quantum nature of gravitons beyond the classical general relativity.

We also formulated and studied the magneto-hydrodynamics for chiral matter that is expected to
be realized in the early Universe and at the core of supernovae. As a result, we found that the
chiral matter shows the turbulent inverse cascade where the energy is transferred from small to
larger scales, in contrast to the turbulent direct cascade of the usual three-dimensional matter. This
new feature may be important for the origin of supernova explosions.

Furthermore, we analyzed the phase structure of high-density matter under extreme conditions
such as a strong magnetic field and/or a fast rotation. According to our previous research, it has
already been found that high-density nuclear matter in strong magnetic fields becomes a one-
dimensional lattice of topological solitons that breaks the parity symmetry, called the "chiral soliton
lattice." This state may be realized inside neutron stars with gigantic magnetic fields like
magnetars. Here we analytically showed that high-density nuclear matter becomes the chiral
soliton lattice under a fast rotation instead of a strong magnetic field. We expect that, if such a
state is indeed realized in nature, the gravitational waves emitted from there should also break
parity symmetry.
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New physics of supernova explosions and the early Universe explored from gravitational waves
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In 2016, Laser Interferometer Gravitational-Wave Observatory (LIGO) in USA has succeeded in the direct detection of gravitational
waves for the first time. The gravitational waves will enable us to “see” the early Universe and the core of supernovae in the future.
However, the quantum effects of the gravitational waves themselves have neither been well understood theoretically, nor they have
been observed experimentally so far. In this work, we showed that the gravitational waves (gravitons) have a Berry curvature in
momentum space due to their helicity. We then wrote down the semi—classical equations of motion for gravitons by taking into
account the Berry curvature. We found that this quantum correction leads to the splitting of the trajectories of right— and left—handed
gravitational waves in a gravitational field, which we call the “spin Hall effect of gravitational waves.” Possible future observations of
the spin Hall effect of gravitational waves can potentially test the quantum nature of gravitons beyond the classical general relativity.

We also formulated and studied the magneto—hydrodynamics for chiral matter that is expected to be realized in the early Universe
and at the core of supernovae. As a result, we found that the chiral matter shows the turbulent inverse cascade where the energy is
transferred from small to larger scales, in contrast to the turbulent direct cascade of the usual three—dimensional matter. This new
feature may be important for the origin of supernova explosions.

Furthermore, we analyzed the phase structure of high—density matter under extreme conditions such as a strong magnetic field
and/or a fast rotation. According to our previous research, it has already been found that high—density nuclear matter in strong
magnetic fields becomes a one—dimensional lattice of topological solitons that breaks the parity symmetry, called the “chiral soliton
lattice.” This state may be realized inside neutron stars with gigantic magnetic fields like magnetars. Here we analytically showed that
high—density nuclear matter becomes the chiral soliton lattice under a fast rotation instead of a strong magnetic field. We expect that,
if such a state is indeed realized in nature, the gravitational waves emitted from there should also break parity symmetry.
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