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Re-ionization of the Universe

N-body + radiative transfer simulation of HI 21cm line 
brightness temperature fractuation by Iliev et al 2012brightness temperature fractuation by Iliev et al. 2012

Current observational challenges are to reveal…
• When ?
• What ?• What ?

• Galaxies or AGNs ? = stars or black holes ?
• Massive galaxies or less-massive galaxies ?

• How ?How ?
• Escape fraction of ionizing photons from galaxies
• Clumping factor of IGM



When ?

Observational constraints on 
the neutral fraction as a 
function of redshift.

Ouchi et al. 2010



When ?
Constraint on the neutral hydrogen fraction from the spectrum of z=6.3 GRB
(this case the cutoff is likely dominated by damped Ly-alpha absorption by its 
host galaxy and upper limit on the neutral fraction).

Totani et al. 2006



When ?
Sight lines to even higher redshifts available with GRBs. 

Tanvir et al. 2009
GRB 8 2GRB at z~8.2

Tanvir et al. 2009



When ?
The size of the ionized region around z~7 QSOs can also constrain IGM neutral 
fraction (this case again can be explained with damped Ly-alpha system with 
4x10^20cm2 in the line of sight).

Bl h i i i fTotani et al. 2006 Blue: sharp ionizing front at 
2.2Mpc with fHI=0.1, 0.5, 1.0

Green: DLA 2.6Mpc away.

Mortlock et al. 2011



When ?
Decrease of the fraction of strong Ly alpha emitting galaxies (LAE) among z~7Decrease of the fraction of strong Ly-alpha emitting galaxies (LAE) among z~7 
galaxies selected with “dropout” method (Lyman Break Galaxies) suggests that “the 
neutral fraction of the IGM significantly increases from z~6 to 7 (Ono et al. 2012, 
also Schenker et al. 2012).

UV-luminous

Less UV-luminousLess UV luminous

Ono et al. 2012



When ?

Ouchi et al. 2010



Who ?

S f i i i b diff h h h i i i h

Iliev et al. 2012

Structure of re-ionization can be different whether the ionizing photons 
are from galaxies associated with numerous low-mass halos (left) or 
rare high-mass halos (right).
(163Mpc box ~ 1deg scale)



Who ?
• Models of UV luminosity function of high-redshift galaxies suggests 

that contribution from numerous low-mass halo (= low-luminoisty
galaxies) is important.g ) p

Raicevis et al. 2010



Who ?
Observed UV luminosity functions of dropout galaxies show steep faint-
end slope and the numerous faint galaxies can ionize the universe.

Bouwens et al. 2012



How ?
• Observations of ionizing continuum photons from z~3 galaxies (Steidel et al. 

2001, Shapley et al. 2006, Iwata et al. 2009) suggest higher escape fraction 
(fesc~0.04-0.20) for galaxies at high-redshifts than for those for galaxies at ( ) g g g
intermediate redshifts. 

LBG

LAE

Iwata et al. 2009



How ?

LAE

LBG

Iwata et al. 2009

• Some Lyman Alpha Emitters show even 
stronger Lyman continuum emission (NB359) g y ( )
and have blue NB359-R color. 

• Such blue color cannot be explained with usual 
young stellar population (1/50 Zsoloar, 10-
100Myr). Very young (1Myr), very metal poor,

Black : LBG
Purple : LAE

Inoue et al. 2011 100Myr). Very young (1Myr), very metal poor, 
and massive (~100Msolar) stellar population 
may be necessary.



Re-ionization of the Universe

Understandings of the re-ionization of the universe;
• When ?
• Who ?

• Galaxies or AGNs ? = stars or black holes ?Galaxies or AGNs ? = stars or black holes ?
• Massive galaxies or less-massive galaxies ?

• How ?
• Escape fraction of ionizing photons from galaxies
• Relation with clumping factor of neutral gas distribution

Understanding of the physical conditions and processes of 
formations of stars and black holes in the early Universe.



Frontier of Subaru (-related) studies

z=7.3 LAE
Subaru Scam(red-sensitive CCD) z=7 2 LBGSubaru Scam(red sensitive CCD) 

NB1006, 22h exp. 
FWHM 0.98”

24.83mag (5sigma) 

z=7.2 LBG 
Keck DEIMOS, 11h exp. 
fLya=2.5e-17 erg/s/cm2

Llya=1 5e+43 erg/sg ( g )
(Shibuya et al. 2012)

Llya=1.5e+43 erg/s
(Ono et al. 2012)



Tomorrow and the day after tomorrow

• Probing at z~7 with better statistics with large and deep 
imaging surveys with Hyper Suprime-Camimaging surveys with Hyper Suprime Cam.

From Subaru webpage
Commissioning run stars 

this fall

• Probing at higher redshifts by wide-field NIR imager with 
Ground-layer AO !
• Subaruʼs studies on GLAO systems and feasibility of probing 

galaxies at higher redshifts (z>7).g g ( )
• Results are applicable to GLAO system on Gemini.



GLAO simulation summary
Simulations suggest…Simulations suggest
• Relatively good image size can be obtained even in short wavelength range 

(~8000A). No significant halo component expected ? 
• High throughput can be achieved even with small apertures; typically we can g g p p ; yp y

half the slit width (MOIRCS w/o AO 0.8” to 0.4”). 4 times smaller 
background expected.

FWHM
Blue: 10ʼ

Green: 15ʼ
Red: 20ʼ

Ensquared E.
blue: 0 24”blue: 0.24

green: 0.36”
red: 0.48”

By Shin Oya
(Subaru, NAOJ)



Survey comparison
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Calculations conducted by Ikuru Iwata (Subaru, NAOJ) based on Shin Oya
(Subaru, NAOJ) GLAO simulated PSF

Mirror [m] Pix scale [“/pix] FoV [arcmin2]

Subaru / MOIRCS 8.2m 0.117 28

Subaru / GLAO+WFI 8.2m 0.117 177Subaru / GLAO WFI 8.2m 0.117 177

JWST / NIRCam 6.5m 0.0317 9.68

WISH 1.5m 0.155 840

For Subaru GLAO+WFI, three narrow band filters are assumed, 
NB106 10600A with top‐hat filter with d=150A targetting LAEs @ z=7.7 

Co moving volume: 5 0e+3 Mpc^3 / fovCo‐moving volume: 5.0e+3 Mpc^3 / fov
NB134 13400A with top‐hat filter with d=190A targetting LAEs @ z=10.0

Co‐moving volume: 4.0e+3 Mpc^3 / fov
NB155 15500A with top‐hat filter with d=220A targetting LAEs @ z=11 8NB155 15500A with top‐hat filter with d=220A targetting LAEs @ z=11.8

Co‐moving volume: 3.4e+3 Mpc^3 / fov

JWST has narrow‐band filter above 16000AJWST has narrow band filter above 16000A

WISH is a wide‐field IR imaging survey satellite proposed by T. Yamada et al. (Tohoku Univ.)



Broad-band limiting magnitude
(5sigma AB) with 10^4s exp(5sigma, AB) with 10 4s exp.

For broad‐band imaging, observation from space can achieve much deeper flux 
limit thanks to low‐background level or no OH line. (Ground‐based observations 
have advantage in the size of FoV.)

By I.Iwata



NBF limiting magnitude (10sigma, AB) with 10h exp.
If b d b ti i b t t OH li i d dIf narrow‐band observation in between strong OH lines is assumed, ground‐
based observation can reach similar depth to the observation from space.
So continuum selections (like dropout) is better from space, but line selections 
(like Ly alpha emitter) can be done efficiently from ground(like Ly‐alpha emitter) can be done efficiently from ground. 

Subaru
MOIRCS

Subaru
GLAO+WFI

By I.Iwata



Detection limit with 10h exp.
Current limit @ z~7.2

LAE LF @ z=5 7

LAE LF @ z=6.5

LAE LF @ z=5.7

@z=10.0

@z=7.7

Observed LAE LF from 
Kashikawa et al. 2010

Subaru GLAO+WFI 10h limit
@z=7.7 @z=10.0



Detection limit with 10h exp.

Semi-analytic models of LAE 
and LBG number counts 
(Kobayashi et al. 2010)



Expected number per FoV with 10h exp.

0.4

0.03

Subaru
GLAO+WFI

Subaru
GLAO+WFIGLAO+WFI GLAO+WFI

By I.Iwata

• The number density of LAEs brighter than L* can be constrained up to z~10. 
• Good constraints on the ionized fraction in the redshift range.
• Further studies (Ly-alpha line profile, stellar population) can be done with 

>30m telescopes.



Wide field of view is crucial…
Galaxies@z~6 show strong clustering in 100Mpc (~0.7deg) scale.

Di ib i f 5 7 LAE d diDistribution of z~5.7 LAEs and discovery 
of a proto-cluster 

(Ouchi et al. 2005)



Wide field of view is crucial…
Galaxies@z~6 show strong clustering in 100Mpc (~0 7deg) scaleGalaxies@z 6 show strong clustering in 100Mpc ( 0.7deg) scale.

Distribution of z~6 LBGs and discovery of 
a proto-cluster at z=6

(Toshikawa et al. 2012)



High Strehl Ratio is not crucial…

• Average sizes of galaxies at high-redshifts are ~0.2”, GLAO-like 
correction is sufficient to improve the detection limit. 

0 22”0.22  
0.19”

0 17”0.17

Bouwens et al. 2004, ApJ, 611, L1



AO: feedback
• GLAO system with wide field camera on 8m-class telescope can conduct 

narrow-band survey for Lyman Alpha Emitters at even higher redshifts.
 Field of view should be as wide as possible. 
 AO-correction with FWHM~0.2” is sufficient.
 AO-correction in relatively short wavelength (z, Y, J-bands) range is 

important.
• High-throughput (in z, Y, J-band = in the middle of CCD and IR-detectors) 

and large sky coverage AO-supported (single object) spectrograph is 
necessary for the spectroscopic follow-ups. AO-correction like LGS+P1 mode 
on Gemini sounds promisingon Gemini sounds promising.

From Gemini web-site



What’s your favorite AO flavor ?
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My summary from Subaru NGAO WS (2010/09)

Deep observation of an individual object: Good synergy with HSC database
Spectroscopic follow-up of high-redshift galaxies: Lya emitter @ z=7p p p g g y @
High-SN, medium-resolution spec.：Gun-Peterson trough of z=6-7 QSOs

High-SR (0.6-0.7 @ K-band) Direction 1
= Shorter wavelength range (~9000A) 
High sky coverage (>50%：GS:R=18mag,60”,1GS )

Deep obse ation of m ltiple objects E tending FMOS MOIRCS e p

~ Keck-NGAO
~ Gemini-GEMS

Deep observation of multiple objects: Extending FMOS,MOIRCS exp.
Search for galaxines in the early Universe.        Good synergy with TMT
Spectroscopic follow-up of red-galaxies: Galaxies, AGNs @ z=1-3Spectroscopic follow up of red galaxies: Galaxies, AGNs @ z 1 3

Moderate SR (0.1-0.3 @ K-band ~ 100 elements) 
Wide fov (5-10ʼ scale)

Direction 2

High spacial obs. of an individual object (w/o bright NGS): Real frontier ?
Resolving crowded region in near-by galaxies: AGN, stellar pops in local galaxies

Wavelength as short as possible
Resolution better than HST

Direction 3



Who ?

Santos et al. 2004


