K 4 W HL

FAL(REE Sy ) R ()

E A VA =S M H 1904 5

ENR R AR TR 294E3 H 24 H

AL G OB WEL R A SER R CR A
AL HR I EE 6 % 5 1 THR% Y

A Em SCRE H The Forming Galaxy Clusters at the Cosmic Noon

mXEALZAE & e am &
HHR FES KIr
WH K Eiar
Bh#e WA 5% AbiiEiE K
i KHE HFEl mHEKF




(GekR= 2)
(Separate Form 2)

i L D H
Summary (Abstract) of doctoral thesis contents

Galaxy protoclusters at the peak epoch of cosmic star formation (z = 2—-3) are ideal
test-beds to characterise how the present-day cluster galaxies have been formed.
These massive systems can directly tell us what physical mechanisms are responsible
for the galaxy diversity that is strongly dependent on the surrounding environment

as clearly seen in the present-day Universe.

In this Thesis, we have conducted and presented very deep H-Alpha line imaging
observations of the two known richest protoclusters (PKS 1138 at z = 2.2 and USS
1558 at z = 2.5) with the Multi-Object InfraRed Camera and Spectrograph (MOIRCS)
on the Subaru Telescope. In addition, we have carried out a panoramic Ly-Alpha line
imaging for one of the target protoclusters, USS 1558, using the Suprime-Cam on
Subaru, which is the first systematic dual H-Alpha and Ly-Alpha lines survey for a
young protocluster field at high redshift.

Based on the improved technique of the traditional narrowband selection, we have
successfully identified in total 249 H-Alpha emitters (HAEs) associated with the two
protoclusters, down to the stellar mass of 1E8 Msun and star formation rate (SFR) of
2 Msun/yr. Such a large number of HAEs can trace a wide range of environmental
dependence of the physical properties of galaxies in detail even on the sub-structure

or group scale (< 300 physical kiloparsec scale).

Narrowband observation especially has a great advantage as it can sample less
massive active star-forming objects whose stellar continua are very faint but
emission lines are strong enough to be detected. Deep H-Alpha line imaging have
identified 54 low-mass HAEs with stellar mass lower than 1E9 Msun. Some of those
show remarkably high star-forming activities higher than (0.1 Gyr)*—1 in specific
SFR, and significantly deviate from the typical star-forming main sequence. While
such very active star-forming activities do not involve dusty star-bursts, they have
surprisingly high H-Alpha/UV luminosity ratios. This may suggest that they have

exceptionally hard ionisation fields due to their young ages and low metallicities.

This work has found that the protocluster’s dense cores tend to have larger numbers
of more massive and/or more active star-forming galaxies, and yet they are not
significantly deviated from the star-forming main sequence on the stellar mass
versus SFR diagram. On the other hand, dependencies of the physical properties on

the environment are diverse among different cluster/group structures. This may
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suggest that the environmental effects on galaxy formation depend on the stage of

cluster formation and evolution in the course of the cosmic mass-assembly history.

We also find that the large-scale structures traced by Ly-Alpha emitters (LAEs)
around the protocluster core nicely follow the overdensities of HAEs on a large scale.
The peak of LAE number density corresponds to a four sigma overdesnsity which
coincides to the core of the USS 1558 protocluster on a large scale. On a smaller scale,
however, we do not see any excess of number density of LAEs in the densest groups of
HAEs within the protocluster. Rather, LAEs are remarkably missing in those very
dense regions. The fraction of Ly-Alpha emitting HAEs among the entire HAE sample
is only one percent in the high-density regions, which is an order of magnitude lower
than that in low-density regions (~ ten percent. This is consistent with the LAE
fraction in the general field). This sampling effect cautions that the past protocluster
surveys using LAEs as tracers would miss the densest structures where we can
expect any important environmental dependence may be occurring. Moreover, the
stacking analyses suggest that HAEs in high density regions have a lower escape
fraction of Ly-Alpha photons than those in low-density regions. These phenomena
suggest that denser circumgalactic/intergalactic matters associated with protocluster
cores may deplete the Ly-Alpha emission lines from star-forming galaxies in the

dense groups of the protocluster.

Based on all these results, this Thesis concludes that massive structures at high
redshift can establish very massive systems expected to grow into the passive
early-type galaxies at the bright end of the red sequence seen in present-day massive
galaxy clusters. Such phenomena could be supported by the cold-mode stream
scenario as predicted by the modern cosmological simulations, which is also inferred
from the depletion of Ly-Alpha emission line in the protocluster cores by our dual
H-Alpha and Ly-Alpha narrowband study. This first result combining with H-Alpha
and Ly-Alpha line imaging for the protocluster environments have succeeded in
providing the unique insights into the physical mechanisms in the early phase of

galaxy cluster formation at the peak epoch of cosmic star formation.
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