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Outline

✓LAEs, LBGs@z=2-8 (LABs→Matsuda-san?)

✓IGM / CGM
✓Cosmic Reionization

Focus mainly on 



High-z: Open Questions
✓How did reionization occur?

✓Properties of low-mass galaxies

✓Physical state of CGM/IGM

✓Abundance of low-mass (high Lyα EW) galaxies 
at z≧7



High-z: Open Questions
✓How did reionization occur?
→Simple spec follow-up for z~7 galaxies
✓Properties of low-mass galaxies
→Kinematics, metallicity, ionization state
✓Physical state of CGM/IGM
→Lyα halo at z≧7

✓Abundance of low-mass (high Lyα EW) galaxies 
at z≧7

→Deep spec-imaging survey
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Will be done in 2019(?)
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Simple Spec follow-up for z≧7
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Konno+14
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✓HSC+NB101
✓39 LAEs@z=7.3 

✓≦ 1 LAE in Φ13”.5 FoV



Simple Spec follow-up for z≧7
Lyα of LBGs

Ono+12

✓HSC, z-dropouts
✓→700 LBGs@z~7 (UD)
✓→~8 LBGs in Φ13”.5 FoV
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Dan Stark’s slide

New Probe of z≧6 Galaxies
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✓NIR spec. for CIII] z~6-7
✓Ionization parameter 
✓Chemical abundance
✓Systemic redshift



Summary of §1

✓Subaru’s unique high-z samples
Advantage

✓A handful of LAEs(1)/LBGs(8) in Φ13.5 FoV

✓Small galaxy-size→(Basically) No need for IFU

✓MOSFIRE can also do. (will work better?)

Disadvantage



Low-mass Galaxies

Hashimoto+13

Nakajima+14

Song+14

Metallicity

Ionization state
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Small ΔvLyα in LAEs
Lyα

Galaxy

Outflow
HI gas

Hα etc.

IS absorption lines

In the case of outflow, 

vsys

Lyα

Redshift
Hα etc.

Abs. line

Blueshift

ΔvLyαΔvIS

Why small ΔvLyα in LAEs?

Need to measure more directly 
outflow velocity in LAEs

✓Outflow velocity
✓HI column density ΔvLyα

both
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UV abs lines of LAEs
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✓Keck/LRIS long obs.
✓Detect many IS abs lines 

from NB-selected objects

✓Abs lines are blueshifted

Shibuya+14b
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Outflow Velocity of LAEs

Shibuya+14b

Similar ΔvIS
→ Small NHI？



Covering Fraction, fc
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Why small ΔvLyα in LAEs?
~ NHI

LAEs

→ Low HI column density (NHI) in LAEs

Small  
NHI

Large  
NHI

Shibuya+14b



Dual IFU Observation
Opt IFU (or MOS Spec.) NIR IFU

✓VLT/MUSE (AO)
✓Keck/KCWI
✓LRIS, DEIMOS...

✓ULTIMATE-Subaru

Spatially-resolved
[OII], [OIII], Hβ

(Spatially-resolved) 
Lyα, IS abs. lines

✓→4000 LAEs@z=2.2 (UD) 
✓→~50 LAEs in Φ13”.5 FoV

For example, 

Spat.-resolved
✓ΔvLyα, IS

✓EW(IS)
✓metallicity 
✓ionization



Summary of §2

✓Subaru’s unique high-z samples
✓Multi- IFU spec. (~50 z~2 LAEs in FoV)

Advantage

Disadvantage

✓Depend on optical IFU/MOS obs. for Lyα/abs lines
✓Already been started by MOSFIRE (e.g., Erb+in prep.) 
✓Small galaxy-size of low-M & high Lyα EW galaxies 
→ (Basically) no need for IFU?



Lyα Halo

UV

Lyα

z=3.1 LAEs

r [kpc]

z=2.1 LBGs w/ zspec Steidel+11
92 obj stacking

Matsuda+12

20”~150 kpc 20”~160 kpc

Ly
α

U
V

Steidel+11
100-1000 obj stacking

✓→ Diffuse spatially-extended Lyα emission around galaxies
✓Very diffuse. 
✓Can be detected in stacked NB images
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Radius [arcsec]

Ionized

Neutral

Lyα halo is more extended in the neutral Universe
→ z-evolution of Lyα halo size

Reionization Probed by Lyα Halo
Jeeson-Daniel+12

IonizedNeutral

Size up
Lyα is scattered

 by surrounding IGM

0 0.5 0.89



Subaru’s Large LAE Sample
Momose+14

Feldmeier+13
Jiang+13

Steidel+11 (LBGs)

~4500 LAEsMatsuda-san studied δ-dependence 
using ~2000 LAEs at z~3.1 

Matsuda+12
(in a subsample)



Lyα Halo Size
UV

Lyα

PSF
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z=2.2 3.1 5.7 6.6

z=2.2

✓Detect Lyα halo@z=2.2-6.6 

✓Fit by SLyα ∝ exp(-r / rn)

✓Compare rn b/w z=2.2-6.6

Momose+14
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Size up at z≧6 ? But, large error
Momose+14 incl TS

?
Reion.

Resonant scattering
 in neutral IGM?



Causes for Large Error@z≧6
Small sample@z=6.6

Only 
~100 obj NB trans.

 curve

Kashikawa+11

Spec.-
identified 

LAEs

z-distribution

Wavelength [Å]

3.1
5.7

6.6
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Lyα Halo @z≧7

Subaru/HSC+NB and/or MUSE

U-Subaru

Stacking of IFU images

✓HSC dropout & NB samples
✓700 LBGs @z~7
✓39 LAEs @z~7.3

Sample

Shibuya+14b Stark+in prep.

IS abs. lines
Nebular lines@rest-UV ✓Lyα halo size

✓IS abs. & nebular emi. 
in stacked spectra
✓→ Detailed kinematics 

of Lyα halo@z~7

IFU obs.
✓~10 bundles/obj 
✓Lyα EW & mag cuts for 

fair comparison

~15”



Summary of §3

✓Subaru’s unique high-z samples
✓Can detect Lya halo in stacked IFU data
✓Difficult to be achieved by other next-
generation instruments

Advantage

✓Minimum separation < 10” Very difficult?

Requirement

→ A key project in z≧7 science cases of 
(Fiber IFU+GLAO) ULTIMATE-SUBARU (?)



U-Subaru Deep Field

Φ=22’
75 IFUs
optical 9.2 m HET

HETDEXULTIMATE-Subaru
Φ=13’.5

30~100 IFUs
NIR (+GLAO) 8.2 m Subaru

Similar spec.

420 deg2

Surveys for LAEs w/ a high Lyα EW
HETDEX MUSE U-SubaruGuiderdoni’s slide

z=1-3

~1’

z=3-7

z=7-8

?

§4

High line EW galaxies



Summary

Picture: Subaru Next-Generation AO Working Group, Science Report

✓How did reionization occur?
→Simple spec follow-up for z~7 galaxies
✓Physical properties of low-mass galaxies
→Kinematics, metallicity, ionization state
✓Physical state of CGM/IGM
→Lyα halo at z≧7

✓Abundance of low-mass (high Lyα EW) galaxies 
at z≧7

→Deep spec-imaging survey ?

Requirement:
      Min. sep. <10”



My Answers to Questions
Follow-up low-M Lyα Halo Deep Field

Q1 Config2 Config2 Config2 Config2

Q2 >8 >50 50-100 ~70

Q3 J J, H J J

Q4 ~2000 ~2000 ~2000 ~2000

Q5 - - - -

Q6 - - - -

Q7 - - - -

Q8 See slide See slide See slide See slide

Q9 No No See slide See slide


