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Dark matter is a massive and invisible piece in the Universe. In chapter 2, we review
observational evidences of dark matter at several scales and then summarize the
general properties which dark matter candidates should have. Although dark matter
1s account for 26% energy of the Universe, we have not known what it really is. Several
dark matter candidates have been discussed for a long time, including weakly
interacting massive particles, primordial black holes, axions and so on. They have been
investigated in cosmology, astrophysics, and particle physics. Especially, the QCD
axion is a dark matter candidate also motivated as a solution to so-called strong CP
problem. Axion-like particles are a kind of its generalization. The mass and coupling
of the axion-like particles have no relation as opposed to the QCD axion. Models beyond
the standard model often predict the existence of axion-like particles. The axions have
been explored in several ways. Photons are one of the important probes and have the
interaction with axions. This motivated us to search axions with magnetic field in the

laboratory and in the Universe.

For example, axion helioscopes are trying to detect solar axions produced by the
Primakoff process by imposing magnetic fields in laboratories. Axion haloscopes are
searching axion dark matter in galactic halo with their cavity. So-called light shining
through a wall experiments are on-going although their constraints are generically
weaker than those by the helioscopes and the haloscopes. Observations of celestial
objects are also one of ways to search axions, as discussed in Chapter 3. If there exist
axions in the Universe, gamma-ray spectra can be distorted through the axion-photon
conversion under magnetic fields in the Universe. Astrophysical sources have magnetic
fields stronger than ones on the ground and are distant from the Earth, meaning that
we naively expect relatively strong signatures from their observations. Actually,
astrophysics have given us stronger constraints for lighter axions than the helioscopes.
For example, gamma rays from extragalactic sources can indicate axion-induced
signals in their spectra which gave us the constraints, in some axion mass range,
exceeding ones by the CERN Axion Solar Telescope which is a helioscope. However, we
should carefully take into account uncertainties arising from modeling of sources in
astrophysics. Otherwise, such uncertainties can change significantly resulting

constraints and make these results too optimistic or unreliable.



Axions have also been explored with gamma rays emitted by galactic sources such as
supernova remnants and pulsar wind nebulae. For example, the Crab Nebula was used
to constrain axions but an important piece was missing in reference: the magnetic field
in the Crab Nebula. In Chapter 4 we consider the effects of magnetic fields in the Crab
Nebula on axion search with gamma rays, and investigated possibilities that modeling
of the magnetic fields should be cared. In reference, models of electromagnetic wave's
emission have been developed for the Crab Nebula thanks to observational data sets
from radio to gamma rays. The emission can be explained well using SSC emission
model where synchrotron photons are radiated under magnetic fields of the Crab

Nebula and kicked up by high-energy electrons in the Crab Nebula.

In this thesis, we discuss the axion search with the gamma-ray observations of the
Crab Nebula. We considered the model of the variable magnetic field around the Crab
Nebula. The magnetic fields are important not only for the SSC process but also the
axion-photon conversion when axion-photon beams propagate through the Universe.
This effect has not been taken into account in axion searches with gamma rays from
the Crab Nebula so far. By considering the magnetic fields of the Crab Nebula, we
obtain new constraints and exceeding the constraints by CAST in part of the axion
mass range. This consideration can be applicable to other galactic sources. The analysis
in this thesis will be a step forward to more precise constraints on axions with gamma

rays.
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