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Abstract:

The dark matter problem is clearly one of the most important issues in
modern cosmology. Recently, motivated by string theory, an ultralight
scalar dark matter has been intensively studied. In particular, an
ultralight scalar field with mass 10~23 &V can behave like the cold dark
matter (CDM) on cosmological scales and resolve a core-cusp problem.
In this thesis, we call it simply the fuzzy dark matter (FDM). The FDM
can be treated as a classical scalar field because the occupation number
of the FDM accounting for the energy density of the dark matter is very
large. The main difference between FDM and CDM is that the pressure
of the FDM is coherently oscillating, while that of CDM almost
vanishes. Khmelnitsky and Rubakov have pointed out that the effect of
oscillating pressure might be detected with the pulsar timing arrays
(PTAs). Indeed, the oscillation of the pressure induces the oscillation of
the gravitational potential, and as a result, it induces the oscillation of the
arrival time of the pulse passing through the gravitational potential.

Nowadays, the PTAs are most sensitive to the gravitational effects with
a few nanohertz frequency. There are three major pulsar timing projects:
the European Pulsar Timing Array (EPTA), the North American
Nanohertz Observatory for Gravitational Waves (NANOGrav), and the
Parkes Pulsar Timing Array (PPTA). The collaboration of the three
projects is called the International Pulsar Timing Array (IPTA).
Furthermore, observations of the pulsars have started by Five-hundred-
meter Aperture Spherical Telescope (FAST) in China and MeerKAT in
South Africa. From 2020 year, the Square Kilometre Array (SKA) will
begin observations which is the next generation telescope. There are
many projects observing the pulsars, therefore, the PTA is currently
receiving much interest.
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Porayko and Postnov gave upper limits for the FDM with the Bayesian
analysis using the NANOGrav 5-year Data Set. Moreover, Porayko et al.
gave upper limits for the FDM with the Bayesian and the Frequentist
analyses using the PPTA 12-year Data Set. Following the previous
articles, we search for the FDM by the Bayesian analysis in the time
domain using the NANOGrav 11-year Data Set. We quantitatively
investigate whether the ultralight scalar dark matter is detectable or not
using the Bayesian model selection approach. We clarify the prior
dependence of constraints on the amplitude of the FDM signal and
obtain three times stronger constraints on the amplitude of the FDM
signal in the frequency range from 107834to 10-8-1° Hz. We also discuss
how the results of Bayesian analysis depend on the the solar system
ephemeris noise in the model describing the observation data.

We use the Bayesian statistics instead of frequentist statistics, and we
use the data in the time domain. We explain a little about why such an
analysis is performed.

First, in the pulsar timing array, the number of parameters for
parameter estimation is very large, and the likelihood function is
multimodal. Therefore, it is more reasonable to estimate the likelihood
function rather than to derive an analytical (or numerical) solution for
the parameter that maximizes the likelihood function. In the Bayesian, a
method for estimating the posterior distribution obtained by multiplying
the likelihood function by the prior distribution is known, which is called
Markov chain Monte Carlo method (MCMC). Therefore, we will use the
Bayesian statistics instead of frequentist statistics.

Second The data used in the pulsar timing array is obtained by irregular
observation intervals. The Fourier transform assumes uniform sampling,
so the nature of the observation data in the Fourier domain of PTA is not
well understood. In a pulsar timing array, it would be natural to handle
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data in the time domain. Therefore, we will use the data in the time
domain.

This thesis is organized as follows

Chapter2: We review the axion which is a candidate for the FDM and
review the quantum behavior of the axion. Then we show that FDM
behaves as dark energy in the early expanding universe and dark matter -
in later expanding universe. Finally we derive the time oscillation of the
arrival time of the pulse which induced by the FDM. The time oscillation
of the arrival time can be detected by the pulse timing array.

Chapter3: This section describes the pulsar timing array. First, we will
explain a number of pulsar timing array projects. We will also explain
how to remove known noise from fluctuations in pulse arrival time. The
pulsar timing array analyzes whether there is an FDM signal in the
residual after performing this operation.

Chapterd: We explain the data D, the model M, and the parameter 0 used
in Bayesian analysis, and define the posterior probability distribution
p(6ID, M), the likelihood function p(DI6, M), and the prior probability
distribution p(6IM). Then we briefly describe the MCMC simulation an
explain the analysis before the main analysis.

Chapter5: We describe the upper limits on the amplitude of the FDM
signal. This upper limits are our main result. We quantitatively
investigate whether the ultralight scalar dark matter is detectable or not
using the Bayes factor. We obtain three times stronger constraints on the
amplitude of the FDM signal in the frequency range from 107834 to
107319 Hz. The upper limit on the energy density was lower than 7
GeV/cm?® in the range from 107855 to 107891 Hz where we analyze. In
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particular, at a frequency of 10328 Hz, we obtained the strongest upper
limit 2 GeV/cm®. Finally, we show the analysis depend on the the solar
system ephemeris noise.

Chapter6: We summarise this thesis and conclude our study.
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