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1. The study of effective field theory provides a universal way to test theories of gravity in
various scales of our Universe.

2. The study of the wavefunction of the Universe leads us to understand the non-perturbative feature
that lies beyond our standard computation.

1. I successfully constructed a single effective description of black hole
perturbations with timelike scalar profile. This allows us to extract an interesting phenomena due
to modifications of gravity in the vicinity of black hole. This led to several publications.

2. | successfully computed the distribution function of a promordial field during inflation. This is
important for studying the formation of primordial blakc holes.

3. 1 successfully constructed a model, describing the resonant production of magnetic field in the

early universe. This explains the observed value of magnetic field on the intergalactic scales.
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The background and motivation of my research proposal can be explained as follows.
General relativity or GR is, of course, one of the most well-tested theories, which
describes how gravity behaves with respect to matter sources on large scales. Yet,
there are several mysteries in our Universe, that cannot be fully answered within GR,
e.g., dark energy, inflation, dark matter and so on. All these questions led many
cosmologists including myself to study physics beyond the standard understanding. With
that reasoning, therefore we aimed to explore any processes in our Universe that can
be used to probe a new physics. To pursue this research, the background knowledge is
the basic idea of various modified gravity theories as well as the background solutions
available in those theories. Moreover, it is necessary to study how to unify those
theories in a single framework, called the effective field theory (EFT). Thus, my aim
of this research is to unify all those models in the context of scalar—tensor theories
(one of the simplest modified gravity theories) on an arbitrary background geometry
and describe physics, e.g., gravity and other interactions, within a single EFT. This
EFT ultimately allows us to describe any phenomena happening in many modified gravity
theories with a finite number of parameters. Then, employing the experimental data
coming from detectors/observations such as LIGO/Virgo/KAGRA collaboration we will be
able to provide a constraint to those parameters. Putting a bound to the modified-
gravity parameters essentially tells us that on that scale of the experiment how much
the theories are deviated from that of GR. In other words, the constraints tell us how
the gravity behaves on the scales of the observations

Apart from the black hole regime, I aimed to study physics during inflation. I computed
the so—called wavefunction of the Universe. This allows to extract the information on
the distribution function of the field on the sky. Moreover, I planned to study a model
to generate a magnetic field during inflation. This model can be used to explain the

observed value of magnetic field on the intergalactic scales
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The purposes of this research are:

1. Construct an effective field theory to describe physics at both cosmological
and black hole regimes. Then, extract the observables such as the quasinormal-
mode frequencies or the Love number from such a system.

2. Compute the wavefunction of the Universe with features during inflation.

3. Construct a model to generate the magnetic field during inflation, that can be

used to explain the observed value of magnhetic on intergalactic scales
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The methods of my research can be divided as follows.

1. Effective field theory of Black hole
1.1 Study the effective field theory (EFT) constructed in the literature, as
well as study the modified gravity theories and their background solutions
1.2 Construct the EFT in a consistent way on an arbitrary background
1.3 Compute the observables such as the quasinormal-mode spectrum.

2. Wavefunction of the Universe
2.1 Study the formalism of the wavefunction of the Universe and its properties.
2.2 Consider a model with resonant features during inflation and compute the
wavefunction explicitly.
2.3 Discuss the non—perturbative features of such a wavefunction.

3. Magnetogenesis
3.1 Study models of magnetogenesis in literature
3.2 Construct our model, that can avoid all the problems such as the
backreaction problem.
3.3 Find a parameter space, in which our model can explain the observed value
of magnetic field on the intergalactic scale without encountering the

backreaction problem.
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The outcome of this research can be explained as follows.

1. Effective field theory of black hole
1.1 T successfully constructed a single framework for describing dynamics of
perturbations on an arbitrary background. This framework unifies all the known
scalar—tensor theories and describe those modified—-gravity effects using a
finite set of parameters
1.2 T extracted the quasinormal-mode spectrum of the odd—parity perturbations
This calculation shows a deviation from that of general relativity and can be
used to put a constraint on those parameters using the data from current
observatioins

I am planning to study further on the dynamics of even—parity perturbations as well as

extracting the so—called tidal Love number. This would provide a better understanding

of dynamics of perturbations around black holes

2. Wavefunction of the Universe. I successfully computed the wavefunction of the
Universe in inflation with resonant features. The result shows that when the field
value is very large compared to the typical value the wavefunction exhibits the non-—
perturbative behavior, which cannot be captured by any order in perturbation theory.

I am plaining to apply the same machinery to other models of inflation, especially
considering the slow—roll limit. This would shed light on how the wavefunction behaves
with respect to the slow-roll parameters

3. Magnetogenesis. I successfully constructed the model to generate a magnetic field
during inflation without encountering the backreaction problem. The model in fact
relies on the resonant production of magnetic field on the superhorizon scales. On
that scale, the energy density of rh magnetic field can complete with the expansion of
the Universe. Therefore, at the end, it can explain the late—time value of magnetic
field. I am planning to apply such a resonant mechanism to other periods in the early
Universe, for example, preheating or reheating. This would lead to an interesting
phenomena of the magnetic field in the early Universe
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