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High-z universe

The study of the highest-z (z>6) galaxies probes:
1 The epoch of first generation of galaxies
1 Early star formation history
1 Initial structure formation
1 History of cosmic reionization
1 When did the reionization take place ?
1 What ionized the universe ?
1 How was the reionization process ?
1 Complement to QSO / WMAP / GRB / 21cm...



Lyman Break Galaxy(LBG)
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Spectroscopic confirmations of LBGs
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Lyman alpha emission
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LBG/LAE®D:ELNZDUNVT

1 Stellar mass
: > 1019Mo (Shapley+ 01),
: 5 x 108Mo (z=3.1 Gawiser+ 06), a few x 108Mo (z=4.1:
Overzier+ 06), 5-10 x 108Me (z=7: Egami+ 05)
1 Age
: > 10%yr (Shapley+ 01)
: ~108yr (Gawiser+ 06)
1 Av
<1
: <0.1 (but see Finkelstein+ 07)

= IZHERT I EELF AR D ELTELY,
1 Dark halo mass

: 1011-12Me (NK+ 06, Ouchi+ 04)
: 1011-12Me?2? (Hamana+ 05), f=1LAEHEKRELY,



40 years ago...

Partridge & Peebles (1966) “Are young galaxies visible?”

“...most of the radiation from young galaxies would arrive at
wavelengths of 1-3u where detection is difficult. However, it
seems possible that the Lyman-a line might be detected if it is
a strong feature of the spectra of young galaxies.”



Reionization proved by LAEs

1 Lyman a emitters (LAES)

1 High-z star-forming galaxies, and would dominant at the
faint end of LF of ionizing sources in reionization era

1 Easy to detect w/ narrow-band filter
1 Neutral IGM would change its line property

A




Lya emission
line profile

Optical depth
distribution

Lya photon

Reionization proved by LAEs

Av=300 km/s

ObservedfLyA emission

M.=9 M yr-!
Ry;=0.45 Mpc

C=10
log—normal dp/dp

.. Red damping wing

Haiman+ 02
Hiitbubble
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Reionization proved by LAEs
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Reionization

1 Significant decline of LAE-LF suggests IGM attenuation
(Haiman & Spaans 99, Malhotra & Rhoads 04)

I Advantages 1 Disadvantages
1 Sensitive at x,,<103(<GP test) % Hard to distinguish w/ LAE evolution
1 Statistical estimate (¢ GRB) 1 Hard to distinguish internal attenuation



Lya LF at 3<2<5.7

1 Lya LF at 3<z<5.7

No evolution

1 Systematic LAE survey at
z=3.1/3.7/5.7
1 1sqdeg survey
1 Contrary to LBG evolution
1 See also
Dawson+ 07
Gronwall+ 07
van Breukelen+
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Theoretical predictions

I Model predictions on Lya LF
1 Bright LAE — easy to observe, Faint LAE — difficult to observe

1 The amplitude of LF decreases according to x,,, irrespective of L
(or mass).

1 See also Haiman & Cen 05, Le Delliou+ 05, Dijkstra+ 06, Mesinger &
Furlanetto 07

McQuinn+ 07
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Subaru Deep Fleld (SDF*),'

I Subaru Deep Fle|d (SDF) '- v
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http://soaps.naoj.org/sdf/

Panoramic view is required !! — scale of reionization

I Cosmological HIl region ~ 0.45pMpc ~1.3'@ z=6.5 (Haiman 02)
1 Overlapped HIl region ~8.6pMpc ~24'@z=6 (Wyithe & Loeb 04)
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Thumbnails of z=6.5LAE in the SDF

I'J

NB816

“ru .;"ﬁ"? *

1

# N\.

NB921




LAEs at z=5.7, 6.5, & 7.0 in the SDF

1 SDF LLAE sample
(Kodaira 02, Taniguchi 05, Shimasaku 06, NK 06, Iye 07, Ota07)
1 7=5.7: 89 photometric sample, 36 spec. confirmed
I 7=6.5: 58 photometric sample, 34 spec. confirmed
1 2=7.0: 2 photometric sample, 1 spec. confirmed




The Lya LF of z=6.5LAEs in the SDF

1 Apparent deficit
compared w/ z=5.7

Z=6.5 .bhott..\

1 Based on large volume, f
homogeneous sample _
: . Z=6.5 sp
In a general field 10

1 Almost all of bright
LAEs have been spec.
identified.

1 L(LyA) of z=6.5LAEs In
other fields w/o grav.L

-Kurk 04 1.1x10%erg/s
-Rhoads 04 1.1x1043
-Stern 05 1.04x1043 ergs s-!

— consistent w/ our NK+ 06 updated
bright end




The Lya LF of z=6.5LAEs in the SDF

1 Apparent deficit
compared w/ z=5.7

I Relonization has not
completed at z=6.5
1 L*=0.75 mag difference

—X,<0.45 at z=6.5
(Santos 04)

—X,,=0.30 at z=6.5
(Kobayashi+ 07)

—X;,<0.50 (Dijkstra+ 07)
—X;,<0.38 (McQuinn+ 07)

1 Faint end slope cannot
be determined g

— photon budget for NK+ 06 updated
reijonization




Follow-up spec. status at 2008 Sep.

1 2007: 3nights: Subaru/FOCAS --- cloudy/TOO
17 new data

1 2008: 2nights: Keck/DEIMOS --- cloudy
No new data

120097



Significance of the LF difference

1 Error contours of Schechter parameters (¢",L")
1 The LF difference is 3-sigma significance
1 The cosmic variance (Somerville+ 04) ~30% reduces the

significance to 2-sigma
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The rest-UV LF of z=6.5LAEs

1 LyA LF difference is
caused by

IGM attenuation ?
VS.
galaxy evolution ?

1 The rest UV (1255A)
flux Is not sensitive to
neutral IGM

1 The rest-UV LF of LAE
at z=6.5 agrees w/

LAESs at z=5.7 &

I-dropouts at z~6
(Bouwens+ 06)
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Spatial distribution of z=6.5 LAEs

I 3 independent tests
1 ACF
1 VPF
1 2d-KS test

1 LAE at z=6.5 has a
homogeneous distribution
~40Mpc

1 Spatial homogeneous also
In LyA luminosity/ EW

1 In general, low-z LAEs are
sensitive to LSS

(Shimasaku+03, Ouchi+ 05,
Malhotra+ 05)

I Cosmic variance ?
see Hu+ in prep.




composite spectrum of z=6.5 LAEs

rest A[A
1 composite spectrum ha T =D 1220
an apparent red wing 0 B E
5 - -
0 - -
I Reionization model % 20 & E
I red damping wing B 155 E
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s O E
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I double gaussian comp ?g - core i
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FAQ

1 Lya-LFDZ AL (X R E 1L TERBA TE S D TIE ? (Dijkstra+,
McQuinn+)

1z=3-6 CHEEIL, z2>6 TRIZHEIE?
1 UV-LF [£2=5.7£6.5TZEH ALY,
1 @hotra & Rhoads, @u et al.LITFEEHIESILv A
| T—ROF)TANERED,
1 LFEEH DA EITIRS TN,
1 Cosmic varianceU®7il D ?

1 T2,
1 {Z4Ef97CDM Tl cosmic variancel£30%—Lya LFDEL &
ERBATELY,

1 731 FLERMIZIE— R BEE 7' 0+ X Tcosmic variance
MNTETLNBADO M,

1 £ &L VVEEI, low-zD ERRIASIAE




A LAE at z=6.96 in the SDF
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The Madau plot of LAEs

I The only one galaxy at z=7 hardly
constrain the LyA-LF,

but...
1 The LAE number density at

high-L end decreases:

1.00 —» 0.24 — 0.04

(z=5.7 z=6.5 z=7.0)

1 The LyA luminosity
density

(L>1x10%3erg/s)

of LAEs gradually
decreases

from z=5.7t0 7.0

Dawson 07
van Breukelen 05
O Ouchi 07
Shimasaku 06
@® Kashikawa 06
@ Ota 07
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Rapid evolution of the ionizing state?

High-z galaxy IGM
Structure formation “ Neutral fraction
Early star formation Clumpiness

L Feedback J

Radiative transfer



Uncertainties of Lya-test ... too many

1 Intrinsic properties of LAES
1 Does LAE really have no LF evolution ?
1 Does LAE trace large-scale structure ?
11s L(LyA) of LAE proportional to its mass ?
1 How large the effect of dust is ?
1 What is the escape mechanism of LyA photons ?
1 Internal structure of LAE
1 How internal density profile of HI does LAE have ?
1 Does LAE have galactic wind ?
1 IGM physics
1 How large the typical density of IGM ?
1 How large the clumping factor of IGM ?
1 Does LAE really have cosmological HIl region ?

1 cosmic variance



Lya-test: Future

1 LF
1 Higher-z — Lya-LF is sensitive in early reionization
w/ on-going NIR survey, JWST, TMT
1 Spatial distribution
1 Correlation function
w/ HSC, JWST
1 Counts-in-cell (Mesinger&Furlanetto 07)
w/ JWST
1 Line profile
1w/ TMT (Haiman+ 02, Dijkstra+ 07)
1 Correlation w/ 21-cm HI emission
1w/ MWA-LFD, LOFAR (Wyithe&Loeb 07)

1 Pop-lll candidates
1 LAEs w/ large EW — HellA1640A detection (Shaerer+ 03)
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Shaerer+ 02,03

I Low-metal Z<10Zoe High effective temperature, hard SED
1 Large EW of Lya+ HellA1640A emission

1 Feedback from poplll will have strong impact on initial galaxy formation
and the subsequent SFH+ IGM evolution (Ciardi+ 07)




PopIIl candidate with EW=800!

B v A i’ NB816 z’ NBG21

1 SDF-poplll-1
1 2=6.545 LAE
1 Continuum flux is detected (28mag)
1 EW=406"8 4, A (rest)
1 Intrinsic EW~800A
1 Need NIR spec. to detect Hell emission NI =" N
1 See aISO; Naga0+ 08 0 100 I;}'];}T[;;-j}_“ 100 500
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Subaru’s next step: Hyper Suprime-Cam

1 HSCAM ’ - ‘
12.00eg0 [ am—
1 120~180 CCDs . NEisih,,

(1.0~1.4 Gpixels)
10".16 / pixel
I Red-sensitive CCDs
~1.1ym

125 Mpc/h

1 Powerful tool for
I Larger sample
of high-z LAEs

1 Spatial distribution

I Patchy reionization
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Summary

1 Reionization has not completed at z=7.0-6.5
1x,=0.52 at z=7.0, x,,=0.30 at z=6.5 (exc. galactic evolution)

1 Galaxy evolution?
1 Abrupt Lya-LF evolution at z~6 ??

1 The UV-LF has almost unchanged: LAEs might have little
Intrinsic evolution from z=7.0t0 5.7

1 Cosmic variance?
1 Larger cosmic variance in LAEs than general population ?
1 Inhomogeneous reionization / High clumping factor of IGM ?





