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Redshift z~1100

- When and how did the first generations of galaxies form?
- How have galaxies and structures evolved from the past to present?

- When did cosmic reionization start and end? |
- How had reionization progressed in time and space?
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1. When and how did the first generations of galaxies form?
2. How have galaxies evolved from the past to present?

Observing distant galaxies = Observing the past galaxies

1: first galaxies = oldest galaxies = detecting most distant galaxies

2: Tracing galaxy evolution = Comparing galaxies at different redshifts



Method to detect distant galaxies Q)

Detectmg UV contlnuum wnth Broadband F|Iters (Az~ 1)
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Method to detect distant galaxies @
Detectmg Lya line with Narrowband Filters (Az ~ 0.1-0. 2)
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Detecting UV continuum with Broadband Filters §

revolutionized detections of
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| Candida’tes for 2~7-12 galaxies

z ~ 10 galaxy candidates (Bouwens+2011)
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Spectroscopy has been successful to

8m Very Large Telescope
(VLT)

2D spectra of z~7 galaxies
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confirm real gaIaX|es uptoz~7

Pentericci et al.2011
1D spectra of z"‘7 galames
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One claim to have confirmed az ~ 8.6 galaxy,
but it was refuted later e

tehnert et al.2010 claimed
confirmation of a z ~ 8.6 galaxy.

8m Very Large Telescope , ©
(VLT) S

Bunker et al. 2012 refuted this.
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Detecting Lya line with Narrowband Filters (I and collaborator’s approach)

GaIaX\é

Discovery of the MOST DISTANT (as of 2006-2011) galaxy at z=6.96

Formation was already under way just 750 Myr after the
ing Bang (only 6% of the present age of the Universe)

lye, Ota & Kashikawa et al. 2006, Nature, 443, 186
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Imaging & spectroscopy of z=7 Lya was very difficult due
to a sharp drop in CCD sensitivity & dense night skylines.
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Dlscovery of a z=7.215 galaxy
~ " Shibuya, Kashikawa, Ota et al. 2012
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Fig: History of the Universe (Robeﬁsén+10)

0.37Myr ~0.1-0.5Gyr
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Redshift z~1100

@ Observing distant galaxies <|:

Gala)iy Formation and Evolution

State of Cosmic Reionization

3. When d|d reionization start.and end?

4. How had relonlzatlon progressed in time and space?
. J N\
3: Finding epoch where neutral hydrogen fraction =2 0% and ~ 100%

4: Tracing how neutral hydrogen fraction changes with redshift and space



WMAP satellite
constrained

Free electrons ionized from neutral hydrogen scatters
photons of Cosmic Microwave Background (CMB)

= Polarization of CMB
Dark Energy

Accelerated Expansion

Afterglow Light

Pattern  Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

©NASA

NASA/WMAP Science Team

Komatsu et al. 2011



Spectral absorption of distant Quasars can constrain

lonized H  Neutral H&lonized H  Neutral H
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- - .

lonized H bubbles : :
3 i i Lya  Spectrum of
P distant quasar
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Quasar = lonized H bubble = still opaque neutral H



Strong absorption was observed at z > 6
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Cosmic Reionization History: Early vs. Late
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Lya em"itting' galaxies can be a probe of cosmic reionization

~ 0.37Myr ~0.1-0.5Gyr

Pk Cosmic Corr Ietel el
8 £ o Dark Age | p y .
s BT C>; nare Sources ruim s ¥ Y A ") ' "’ - l
= lonized Bubbles\ , D s A Galayi E ol d Y
O o _ . o S alaxies Evolve >
= K5 b o 4 & - .©
5T : ..  .fonzdBubbles’ Struciure Formed 2
‘g’ F”St #*Over 1p P : ‘ - & 5
E .8_ Stars / ‘ ” v = ‘ i QRS : 1’\ 7—‘@
{ e &, ;%Dbnse, N wtral Pockets ‘

Redshift 2z~1100
1.2

0 /
Fig: Ro

ertson et al.(2010
Average spectra of dozens of i

1.0 Lya emitting galaxies

Neutral hydrogen absorbs
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Lya is attenuated
byHlatz>6 fluxes of galaxies are attenuated.
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‘Constraint on Cosmic Reionization from Galaxies

| found that the observed number density of Lya
emitting galaxies decreases with redshlft atz>6.
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First constraint on reionization stateatz =7

3 7 ray burst >=6.6
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Another Independent Survey to confirm the result

Independent observation of z=7 Lya emitting galaxies in a different sky field to the deeper

detection limit => | again confirmed that the Universe is partly neutral at z =7.
i’  NB816 z' NB921 NB973

Subaru/XMM-Newton
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BB and NB filter images of z=7 galaxy candidates
Ota et al. 20104, ApJ, 722, 803
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Dlscovery of a z=7.215 galaxy
~ " Shibuya, Kashikawa, Ota et al. 2012

B V R 1 NB816 7z  NB921 NB9T: 3 NB1006 oJ
3 B1006-2] = . Pl S A TR L
il s R R T RIS
o} g : O B ke @ KT, o BITATH |
: $ La'l; R , ? 1L; -tu¥L'Q ﬂﬁé};ﬂif{ﬁ
Imaging observation - : .
8m Subaru Telescope A spectrum of a z=7.215 *

Lya emitting galaxy

Ad["]

g |

S |
|

=]

erg s cm

fy [107"°

=3
9900 9950 10000

"\0 bs [‘\]




Constraint on reionization stateatz=7.2
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Large Scale Structure of the Universe
inhomogeneous spatial distribution of galaxies

"




Millennium Run:|
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ICluster of Galaxies
seenin
he present-day Universe

Galaxy Cluster Abell 1689
Hubble Space Telescope * Advanced Camera for Surveys

NASA, N. Benitez (JHU), T. Broadhurst (The Hebrew University), H. Ford (JHU), M. Clampin(STScl),
G. Hartig (STScl), G. lllingworth (UCO/Lick Observatory), the ACS Science Team and ESA
STScl-PRC03-01a



Progenitor of cluster of galaxies

= Protocluster in the early Universe
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We discovered the most distant protocluster of galaxies at z~6
“Large Scale structure was forming just 1Gyr after the Big Bang
 Cosmic reionization might have progressed inhomogeneously

(1) Ota et al.(2008) identified the overdensity region and
spectroscopically confirmed four z~6 Lya emitting galaxies.
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- Conclusion/ Summary

Science Objectives

(1) Study: galaxy/structure formation/evolution
(2) Study cosmic reionization

Recent Progress in the Fields

(1) Galaxy candidates have been detected up to z ~ 7-12,
but real ones have been confirmeduptoz~7

| (2) WMAP, quasars & y-ray bursts imply reionization started at z~ 10 and
ended at z ™~ 6, but this idea lacked the data at 6.5<z< 10
(3) Protoclusters were observed up toz~ 5.7

Our Results

j (1) We confirmed galaxy formationat z~ 7 and 7.2 Universe

(2) Neutral fraction at z~ 7 and 7.2 connects WMAP, quasars & y-ray
bursts results about reionization.

(3) We found protocluster at z~ 6, implying structure formation just 1 Gyr
after the Big bang and spatially inhomogeneous reionization.



