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mCEE A MeV-scale reheating temperature and thermalization of active and sterile neutrinos
in the early Universe (FMEBENR MeV A7 — LV OFHIEBI BT 2T 4 T RBAT T4
N=a— kY 7 DOEAL) |

Observations of light element abundances produced in the epoch of big-bang nuclosynthesis
(BBN) have a great capacity to study physical phenomena in the early Universe. In addition, we
can test underlying theories of cosmology and particle physics by comparing theoretical- and -
observed abundances of light elements. In this thesis, we especially focus on ai possibility of an
MeV-scale reheating temperature of the Universe, motivated by theories beyond the standard
model of barticlé physics which include long-lived massive particles with masses around the
weak scale ~ 0(100) GeV, decaying only. through grawtational mteractlon

The other main focus of this thesis is on neutrino physics. Neutrinos play important roles in
cosmological phenomena in the early Universe. This is because they are one of the most
abundant species in the early Universe and therefore closely related to an expansion history and
~dynamics of the Universe. For this reason, it is important to understand a property and a behavior
of neutrinos in extreme environments realized in the hot Big-Bang Universe. Apart from a
cosmo'logical interest, neutrinos physics have been drawing strong attention to many physicist
working in vast research fields such as the astrophysics, particle physics, nuclear physics,
astronomy, and cosmic ray physics. In order to provide a deep understanding and a verification
of physics related to the above fields, many observational- and experimental programs have been
performed in the past, e.g. neutrino oscillation experiments, neutrino-less double beta decay
experiments, neutrino mass measurements. Especially, a theoretical prediction of neutrino
oscillation, the transition from a state of one flavor to another, has been experimentally verified,
and many researchers currently believe that it should be a clear evidence of the physics beyond
the standard model of particle physics. In addition, a lot of future neutrino experiments are
planned. Relevant to neutrino physics, we also look into a possible existence of sterile neutrinos
with a wide range of masses, motivated by a long-standing problem present in the short-baseline
neutrino oscillation experiments and a possibility that sterile neutrinos constitute the dark matter.

This thesis is mainly based on our studies summarized in Refs. [1-2], both of which‘ focus on
the possibility of the MeV-scale reheating temperature, but their purposes are different; an aim
of Ref. [1] is to investigate a lower bound on the reheating temperature, and that of Ref. [2] is to
explore a possibility of sterile neutrinos with a wide range of masses in the range of O(eV) to
O(keV) from cosmologlcal point of view. o

In Ref. [I], we perform a numerlcal computatlon of the neutrino thermalization in the reheating

and evaluate its effects on production of light elements. As a result, we obtain the lower bound



on the reheating temperature TRY > 1.8 MeV when a massive particle X responsible for the
rcheating dominantly decays into radiation, namely photons or charged leptons. Meanwhile,

"we obtain TrH > 4 — 5 MeV when X dominantly decays into hadrons, namely quarks or gluons,
depending on the mass of X and the hadronic branching ratio of the decay. In addition, we find
that neutrino oscillation and neutrino sellf-integ'action increase the efficiency of-neutrino
thermalization and decrease the exchange rate between neutrons and protons, thereby enhancing
the theolretically expected abundances of helium, Yp, and deuterium, D/H. These effects increase
the minimum value of the reheating temperature at the level of 0(10)% in the case of the 100%

radiative decays and O(1)% in m_ost‘cases of hadronic decays.

In Ref. [2], we calculate a thermalization of sterile neutrinos and find that an existen_cé of eV-
scale sterile neutrinos, inferred from experiniental resuits of short-baseline neutrino oscillation
experiments, is consistent with cosmology if Tr# ~ O(1) MeV, in contrast to the case of the
‘standard big-bang model. Also, we show that an existence of keV-scale sterile neutrinos, which
is a plausible candidate of the dark matter, is still consistent with observations of X-rays, 'BBN,
and CMB even if they have an appreciable mixing with active neutrinos. This opens a new
window on directly detecting such sterile neutrinos in laboratory experiments such as KATRIN

and its upgraded version with TRISTAN detector.
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