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Cosmic Reionization Revealed by Distant Galaxies and Role of
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The cosmic reionization started at about 0.2 billion vrs after the Big Bang is one of the
major unresolved astrophysical phenomena in the early Universe, Revealing how and
when this key event started and ended is crucially important for understanding the
phase change in the intergalactic medium and the physical processes of formation of
the first stars and galaxies. However, the detailed reionizing process remains unclear,
even with remarkable improvements in observational instruments during the past few
decades. To obtain new knowledge on cosmic reionization, we took two observational
approaches by probing distant galaxies. One is the direct survey for distant galaxies
during reionization, another is to investigate the galactic-scale outflow, which is directly
linked to the photon emissivity of distant galaxies,

The Lya emission from galaxies in the reionizing epoch is absorbed and scattered by
remaining neutral hydrogen gas, thereby its flux decreases and the number density of
observable galaxies decreases accordingly. The number count of distant galaxies
therefore tells us the average lonized fraction of neutral hydrogen atoms in the
surveyed volume.

One of the uncertainty of the photon budget is the degree of lonizing photon emissivity
of these galaxies. Galactic wind and the dust attenuation of the galaxy are the possible
physical processes that directly affect ionizing photon emissivity. The galactic wind is
expected to help ionizing photons escape from the galaxy by sweeping away many
interstellar absorbers. Hence, the detailed process of reionization ¢an be unveiled by
taking this effect into account when estimating the ionizing photon budget. In this
thesis, we report the survey for galaxies at z~7.3 and investigate the effect of the

outflow from a galaxy at z~4 using various powerful instruments on the Subaru

telescope.

First, we have performed deep imaging surveys for LAEs at redshift ~7.3 in two blank
fields, the Subaru Deep Field (SDF) and the Subaru/XMM-Newton Deep survey Field
(8XDF), using the Subaru/Suprime-Cam equipped with new red-sensitive CCDs and a
new narrow-band filter, NB1006. This target redshift is the highest among the LAE
survey using the Suprime-Cam. We identified four objects as z~7.3 LAE candidates that
exhibit luminosity excess in NB1006. By carrying out deep follow-up spectroscopy for
three of them, a definitively asymmetric emission line, typical for high redshift LAE,
was detected for one of them, SXDF-NB1006-2, Assuming this line is Lya, this object is
at z=7.215 with Lya luminosity of I{Lya)=1.2+1.5 -0.6x1043 erg s-1. Another object,
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SDF-NB1006-2, shows photometrical variability and is thus probably a QSO or an
active galactic nucleus. It shows an asymmetric emission line at 10076 A, which may
be due to either Ly « at 2=7.288 or [O 1I] at z=1.703. The third object, SDF-NB1006-1,
is likely a galaxy with temporal luminosity enhancement associated with a supernova
explosion, as the brightness of this object significantly varies during the observed
epochs. Its spectrum does not show any emission lines. We conclude SXDF-NB1006-2 as
a real z~7.3 LAR, and compare the LAE number density at z~7.3 with those at lowerz.
The inferred decrease in the number density of LAEs toward higher redshift is nlya
z=7.3mlya 7z=5.7 = 0.05+0.11 -0.05 from z=5.7 to 7.3 down to L{Lyw=1.0x1043 erg s-1.
The present result is consistent with the interpretation in previous studies (Ouchi et al.
2010, Kashikawa et al. 2006, 2011) that the neutral hydrogen fraction is rapidly
inereasing from z=5.7 to 7.0, and this study, for the first time, confirmed that the trend
continues up to z=7.3,

Second, we conducted deep spectroscopy for a gravitationally lensed Lyman Break
Galaxy (LBG), A1689_1, at z~3.77 with the Laser Guide Star Adaptive Optics (LGSAQ)
system on the Subaru Telescope. We successfully detected a [O III] doublet from the
galaxy. Compared with the redshift of [O III}, which traces the systemic velocity of the
galaxy, the interstellar absorption lines are blueshifted to 464480 km/s. This large
velocity offset indicates the presence of a strong gaseous outflow from the galaxy. The
dynamical mass of the galaxy was estimated by the [O TII} line width to be 2.84+15.4
-2.84x108 Me®, which is the lowest mass among the galaxies whose outflow is detected in
the previous studies, taking advantages of the combination of gravitational lensing and
LGBAQ. Compilation of the ddtasets of galaxies with outflow measurements, allows us
to investigaﬁé the correlation between the galactic properties and outflow speed at
high-z. The strongest correlation between the velocity offset and the dynamical mass is
’f;mnd out of all physical quantities, suggesting that the speed of outflow becomes faster
for lower mass galaxies. This correlation is consistent with the idea that the shallower
gravitational potential makes the gaseous outflow easier. We also found a possible
redshift evolution of galactic outflow, implying that the velocity offset becomes larger
toward higher-z. This may result from the dynamical mass evolution of galaxies, as

found in the negative correlation between the outflow and the dynamical mass.

If low mass galaxies have efficient outfiow, the escape of the Lyman Continuum (LyC)
ionizing photon is expected to be enhanced by their outflow, meaning that numerous
less massive objects at high-z may well contribute to ionize the IGM hydrogen.
Motivated by this, we reconsidered the photon budget required for reionization in the
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z=7 Universe by adapting the differential LyC escape fraction as a function of UV
magnitude, f LyC esc(MUV). Using the possible correlation between f LyC esc and
outflow measured in the local Universe, we derived a relation between f LyC esc and the
dynamical mass. The LyC escape fraction could be enhanced from 0.05 up to ~0.3 in low
mass galaxies. However, the revised photon budget was found to be still insufficient,
even if we adopt the differential f LyC esc(MUV). This requires a high-z relation

between the LyC escape and outflow for more robust assessment.
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