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Binary systems composed of the stellar-mass black hole(BH) and the neutron star
radiate gravitational-waves(GWs) with a frequency of about fow ~ 10 — 103 Hz. Aiming
at this frequency range, ground-based laser interferometers such as LIGO were designed.
When the first GWs from a binary stellar-mass BH were detected in 2015, it became
possible to extract the physical information of compact stars from GWs. That was the
dawn of the GW astronomy.

As the research of astronomy has been extended from optical to other multiwavelength,
GWs with a frequency other than the frequency range of the LIGO have attracted much
interest. In a low-frequency range, stochastic GWs from supermassive black hole(SMBH)
binaries are reported. On the other hand, in a high-frequency range, there are
interesting predictions of GWs from the beyond standard model and primordial black
holes, etc.. Therefore, GWs not only provide information of compact stars but also give
the opportunity of testing various unconfirmed physics. Thus, it is worth realizing
multiwavelength GW observation in the future.

In this thesis, we focus on high-frequency GWs above 1014Hz. As for the detection of
GWs above 1014Hz, we can use existing axion detectors. In axion detection, we utilize
interaction between axion and photon. Under the existence of a background magnetic
field, axion and photon are mixed, and we can detect optical and X-ray signals arising
from the axion photon mixing by CCD camera. This is the idea of axion experiments
such as the CERN Axion Solar Telescope(CAST). Meanwhile, in a background
magnetic field, mixing between graviton also occurs, and it is possible to detect the
GWs above 1014Hz from space by converting it to visible light or X-ray as we do so in
axion experiments. Reinterpreting the results of axion experiments such as CAST,

A Ejilli et al.(2019) excluded the high-frequency GW with ~1018Hz down to h~10-27,
where h is the amplitude‘of GWs. To summarize, for the GWs above 1014Hz, one can
utilize the existing data of axion experiments to constrain the GW amplitude.

For the further progress of detecting GWs above 1014Hz, the existence of guaranteed
sources is essential. However, to the best of my knowledge, except for the solar core,
there are no guaranteed sources of GWs above 1014Hz. Also, note that the GW
amplitude from the solar core is not so large. In consideration of the above situation, it
1s natural to seek guaranteed sources for high-frequency GWs above 1014Hz. In our
research, we are aiming to propose a new guaranteed source of high-frequency GWs
above 1014Hz. Consequently, we proposed a new guaranteed source, namely a photon
sphere of a supermassive black hole which steadily emits high-frequency GWs through

the photon-graviton mixing(conversion). Assuming the hot accretion flow model, we
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find that the typical frequency of the GWs is 1019 — 1020 Hz. Since the frequency of the
GWs is not sensitive to the mass of the supermassive black hole, each signal cannot be
resolved and forms stochastic GWs background with 1019 — 1020 Hz. We find that its
density parameter becomes Qgpy~1071° at the maximum. We also discuss the possible
application of our graviton creation mechanism to other low-mass particle creation

near the photon sphere of supermassive black holes.

The structure of the thesis is as follows:

+ Chap.2(Review Part): Test Particle Motion around a BH
In this chapter, we discuss the trajectory of a freely moving test particle around the
Schwarzschild black hole for both massive and massless cases. Section 2.1 summarizes
the basics in preparation for the sections that follow. The definition of the action of a
freely moving particle in an arbitrary spacetime, the definitions of the Schwarzschild
coordinates, and the local observer's coordinates in the Schwarzschild spacetime were
given. Section 2.2 describes the geodesics of a massive particle. Its effective potential as
the function of the radial coordinate and the angular momentum is essential to
understand the qualitative nature of the accretion disk as discussed in Chapter 3.
Section 2.3 describes the geodesics of a massless particle. In this section, we introduce
the unstable circular orbit of massless particles called the photon sphere. In order to
estimate the conversion probability near the photon sphere of a BH, the propagation
length(in other words the orbiting time around the photon sphere) is essential. In

Section 2.4, we give the formula of orbiting time around the photon sphere of a BH.

- Chap.3(Review Part): Accretion Onto Black Holes
In order to estimate the graviton production rate around the photon sphere, the
magnetic field strength and plasma density around it are essential. These are
determined by the accretion disk theory. In this chapter, we review the accretion disks
from both observational and theoretical points of view. Firstly, in Section 3.1 we will
observe the spectrum of the active galactic nuclei(AGNs) and summarize the features
that accretion disk theory should reproduce. Section 3.2 provides a review of the oldest
accretion disk model, the standard disk theory. It describes the radiatively efficient and
cold accretion. A brief description of how accretion is caused by the viscosity is

available in Subsection 3.2.1. In Section 3.3, we discuss the optically thin, hot accretion
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theory so-called ADAF. The ADAF account for the observed X-ray emission from AGNs.
These two contrasting accretion disk theories discussed in Section 3.2 and Section 3.3
are expected to coexist in real AGNs. In Section 3.4, we introduce the hypothetical
model that most simply describes their coexistence and see that it reproduces the

observed spectra.

* Chap.4(Review Part): Photon Graviton Conversion
The aim of this Chapter is to derive the formula of conversion probability from photon
to graviton. In Section 4.1, we define the effective action of the electromagnetic field in
a curved spacetime and derive the Einstein equation and Maxwell equation. The action
we define here is the so-called Euler-Heisenberg action in the flat spacetime case,
which is the effective theory of the electromagnetic field that incorporates quantum
effect due to electron one-loops. We also discuss the cutoff scale of the effective theory.
In Section 4.2, we linearize the EoM obtained in Section 4.1. This leads to the coupled
EoM for photon and graviton, which are essential for describing the photon graviton
conversion. Note that in this section we consider the flat spacetime and an arbitrary
background electromagnetic field. In Section 4.3, we write down the EoM for plane
waves propagating in a transverse magnetic field. We decompose the linear EoM into
each polarization. Since we are interested in high-energy photons whose wavelength is
much shorter than the typical scale of variation of BHs, further simplification of EoM
1s possible by imposing the eikonal approximation. Section 4.4 implements this
approximation. In Section 4.5, we explore the photon graviton conversion in the case of
a uniform magnetic field with the EoM obtained in Section 4.4.. The formulae, which
are essential to calculate the frequency and the luminosity of GWs from the photon

sphere, are available in this section.

* Chap.5(Main chapter): High-frequency GWs from the Photon Sphere of SMBHs
The results of this chapter are based on our paper. In this Chapter, using the technique
developed in previous chapters, we estimate the frequency and luminosity of the GWs
from the photon sphere of SMBHs. In Section 5.1, assuming the simple accretion
geometry discussed in Section 3.4, we derive the typical frequency of the GWs.
In Section 5.3, we derive the luminosity of the GWs from the photon sphere of a single
SMBH with the aid of formulae derived in Section 5.2. Finally, in Section 5.4 we
estimate the energy density parameter of the stochastic GWs background formed by
the SMBHs in the universe.
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- Chap.6: Application to Axion Search

The interaction between photon and graviton has the same form as that of photon and
axion. Due to this duality, in the photon sphere of SMBHs, the photon axion conversion
also becomes efficient. The conversion causes the dimming of the photon sphere in a
certain frequency range by the number of photons that are converted into axions.
In this chapter, we propose the above idea as a new method for searching the axions.
As a trial, the dimming rate of the photon sphere of M87* is estimated using the
technique developed in Chapter 5.

- Chap.7: Conclusion

We draw our conclusion.

- Appendices
For a better understanding of the main part, we have included the following
appendices:
Appendices A.2 and A.3 provide the hydrodynamic and thermodynamic formulae
required to understand Chapter 3.
Appendices A.1 and A.4 provide the formulae used in Chapter 4.
Appendix A.5 is the derivation of the formula used in Chapter 5.
Appendix A.6 is the review of the axion photon conversion discussed in Chapter 6.

Appendix A.7 provides the unit conversion from natural units.
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