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Probing the primordial universe with black holes and gravitational waves
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Purpose and Background of the Research
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The purpose of this research is to understand the state of our
universe around 14 billion years ago. Thanks to the progress in
physics over the past few centuries, it has been established that
the universe after a few minutes since its beginning was in a hot
and dense state, a period called the big bang. Despite this great
scientific achievement, however, further exploration into the era
preceding the big bang is yet halfway. A convincing hypothesis
suggests that the universe before the big bang had undergone a
period of an exponentially accelerated expansion called cosmic

inflation, and many theoretical arguments imply that the laws of
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nature, especially gravity, at work then were necessarily modified
with respect to the known ones. Testing these hypotheses for the
primordial universe is one of the frontiers in modern physics.

In this series of studies, we elaborated on search strategies for two
hypothetical "fossils" of the primordial universe, viz. black holes
formed during the big bang (Primordial Black Holes; PBHs) and
gravitational waves generated from quantum fluctuations during
or before cosmic inflation (Primordial Gravitational Waves;
PGWs). The statistical properties of these objects serve as unique
and crucial probes to the early universe, since the environment of
the universe at around the moments of their production is
encoded therein. Indeed, since a representative source of PBHs is
the density fluctuations seeded by inflation, their abundance
should bring us important information about the dynamics of
inflation; PGWs are expected to be produced from quantum
mechanical fluctuation of space-time in an accelerated phase, so
its existence, if confirmed, should serve as direct evidence of the

occurrence of cosmic inflation.
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Research Results
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Through the investigations of PBHs and PGWs, we have reached
several conclusions as outlined below.

PBHs: Assuming PBHs are distributed in the dark-matter halo
surrounding our Galaxy, we calculated the intensity map of

gamma-rays due to Hawking radiation of those PBHs and



compared it with the actual observations in search of any
signature of PBHs. We found no evidence for their existence and
placed the severest constraint on the abundance of PBHs with
mass around 5 times 10" grams. Though undiscovered, in this
way, PBHs play a unique role as a probe into the fluctuations on
smallest scales generated by inflation.

PGWs: We explored methodology to probe the expansion law of
the universe before inflation through as yet unachieved
observations of the PGWs. Our method, in principle, allows one
to search for evidence of the existence of an era before inflation,
which is arguably characterised by anisotropic expansion, in the
all-sky intensity map of the PGWs expected to become available
in the future. Another subject is the law of gravity at work during
inflation. We considered two gravity theories with
Weyl-curvature corrections to general relativity and showed that
the PGWs in those gravity theories exhibit extra polarisations or

changes in the amplitude.
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Future Prospects
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Anisotropy of PGWs from a pre-inflationary phase.
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We plan to contribute to revealing the mechanism of inflation as
well as the nature of dark matter by performing more thorough
searches for PBHs using diverse and precise observational data
from multi-messenger astronomy. Further developments in
theoretical studies on PGWs are also projected as a viable
approach to the true origin of the universe and ultimate physical

laws.
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Left:Hawking radiation from a
black hole.
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Right:PBHs in the dark-matter halo
of our Galaxy.
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Waveform of PGW in Einstein—Weyl gravity.



