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® Introduction
- Cosmic reionization

- Galaxies in the epoch of reionization (EoR)
- Spectroscopy

® Rest-frame FIR properties at z > 7 with ALMA

- Case study:
properties of az=9.1 [Olll] 88um emitter
- Statistics:
High ratios of L[OIII] 88 um/L[CII] 158 um
in high-z LAEs/LBGs
® (Some thoughts on AAT)
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Cosmic Reionization

Years after the Big Bang
100 Myr 1 billion 13.8 billion
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Reionization: z~20-6 (t,,, 6 ~ 200 Myr -1 Gyr)
Hydrogen ionizing photon (LyC: A <912 A or E > 13.6 eV)

® Key questions
- What is the main driver of reionization?
- How, when and where reionization has processed ?



Cosmic Reionization
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Reionization: z~20-6 (t,,, 6 ~ 200 Myr -1 Gyr)
Hydrogen ionizing photon (LyC: A <912 A or E > 13.6 eV)
® Key questions

- What is the main driver of reionization? | cf., blue compact galaxies
= Recent consensus: abundant UV star-forming galaxies
are sufficient without demanding Pop lll stars (e.g., Robertson+15)




Cosmic Reionization

Years after the Big Bang
100 Myr 1 billion 13.8 billion
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® Reionization:z~20-6 (t,,,~ 200 Myr -1 Gyr)
® Hydrogen ionizing photon (LyC:A <912 A or E > 13.6 eV)
® Key questions

- How, when and where reionization has processed ?
—> future 21cm observations in the EoR (ZI| %)



Galaxies in the Epoch of Reionization

Years after the Big Bang
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® Galaxy candidatesatz=8-11 owing to HST and Spitzer
@® Statistical properties (UV LF, SFRD)



Galaxies in the Epoch of Reionization

Years after the Big Bang
100 Myr 1 billion 13.8 billion
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® Spectroscopic properties in the EoR are yet to be
constrained (redshift identification, Z, U, n )

® Galaxy formation and evolution
 Ancestors of present-day galaxies
* Origin of heavy elements (O, C, N etc.) and cosmic dust
e Star forming activity & ISM properties (e.g. f..., Z U, n,)



Spectroscopy atz > 7

® Lya is powerful at z up to ~ 7 (e.g. VLT/MUSE: Bacon+17, Hashimoto+17b)
® but strongly attenuated by the IGM at z > 7 (e.g. Stark+10, Pentericci+12)

= Alternative emission line is essential
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ALMA observations atz > 7

® Far-infrared fine structure lines are useful
* metallicity, U, n, (Nagao+12, Pereira-Santaella+18)
® Dust continuum can be simultaneously observed
e star-formation activity (dust production/growth/destruction)
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A traditional tool at high-z: [CI]] 158um

® ~20 [Cll] detections at z~ 5 - 7 galaxies (e.g. Carniani+17, Smit+18)
Many detections in high-z QSOs

® Non-detections are reported at z > 7 (Ouchi+13, Ota+14)
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[OIll] 88 um in the local Universe

® /SO metal rich spirals, Li,; = 0.5 X Ly (e.g. Malhotra+01, Brauher+08)
® Herschel dwarf galaxies, Lo, = 2 X L (e.g. Madden+12, Cormier+15)
Some objects have L,,,; = 10 x Li¢;

.g " local metal-poor dwarfs
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The first [Olll] 88 um detection in the EoR

® LAE at z,, = 7.21 with EW,(Lya) = 33 A (Shibuya+12)
 ALMA Band 8 follow-up observations (PI. A. K. Inoue)

Inoue, Tamura, Matsuo+16 Science Redshift
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® Band 6 [Cll] is undetected; L[OIII]/L[CII] > 12 (30: later discussion)
® This pioneering work opens a new window in studies of reionization



More than N > 15 [Olll] 88 um in the EoR

Inoue+16 Carniani+17 Laporte+17 Hashimoto+18
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also Harikane+19; Sunaga+ in prep.



Outline

® Rest-frame FIR properties at z > 7 with ALMA

- Case study:
properties of a z=9.1 [Olll] 88um emitter



Zheng+17

 Alensed J-band dropout galaxy (zheng+12, Nature)
* Bright (H=25.7) with a magnification factor (u,) ~ 10

* One of the highest-z galaxy candidate accessible w. ALMA



HST and Spitzer/IRAC images of JD1
FA35W F606W F814W Optical

JD1 undetected

— JD1 detected

W. Zheng#+17 IRAC1 IRAC 2
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[Olll] 88um detection atz=9.11

* ALMABand7inCy3 T,,=8.7 hrs (Pl: A. K. Inoue)

* We covered the z,, range (9.0 — 9.8) with 4 ALMA tunings

. Redshift
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® 7, =9.1096 + 0.0006

® SED (K. Mawatari) analyses show
age=300Myratz=9-2>2z__ =15+2



Dust continuum is undetected in JD1
S, 90um < 5.3 x (10/p,) Wy/B (30)

MBB: S, ~ 177 /(exp(hv/kTgus)—1)
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L, (dust) =

® M. =~1x10°x(10/p,) Mg from SED-fit

® |og(M,-to-M.) <-4to-3 (30)forT,=60-30K (c.f., Popping+17)
cf., log(M-to-M.)=-4to-1@ M. =1x10°Mgatz=0

=» Useful constraint for theoretical dust models (e.g., Calura+17)



[CIl] 158 is undetected in MACS1149-JD1

® Deep follow-up observations for [CII] 158 pum (PI: N. Laporte)
® Similar beam size as used in [Olll] 88 um observations

, green - [Olll] 88 um
" blue - [CIl] 158 um

® L[Olll}/L[CII] > 18.5 (30; the highest ratio to date: later discussion)



Outline

® Rest-frame FIR properties at z > 7 with ALMA

- Statistics:
High ratios of L[OIII] 88 um/L[CIl] 158 um
in high-z LAEs/LBGs



[Ol11] 88/[CII] 158 luminosity ratio@z=6-9

10°
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highly-ionized ISM see also TH+19b

has a line high ratio 1072
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® Anti-correlation between [OlIl]/[Cll]] and L,



[Ol11] 88/[CII] 158 luminosity ratio@z=6-9

1JD1 LBG: MACS0416
LBG: A2744 YD4
LBG: MACS1149 JD1
¢ B14-65666
Y B14-65666 (clump A)
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SMG: Walter1l8

[on/ci
=
.

[Olll] 35 eV 100 =—============-= *_ ______ . For_LAEs/LB_Gs:
[CIl] 11 eV ] :;da—sss(t)meI?j_ 1.5
highly-ionized ISM 1 Bakx incl. TH+20 in prep +

has a line high ratio

100 108 102 10 10

Lbol. = (Lyv + LTir)[L o ]

® Anti-correlation between [Olll]/[Cll]] and L,



Ublqwtously high [OIII]/[CII] ratiosatz> 6

Laporte incl. TH+19 [ This_work(JD1)

- Inoue(2016) ,_I, | | :

— [ Carniani(2017) : D -

= Sheuatid N I 1 FHigh-z galaxies
L . : oL ]
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" O local galaxies
- @ Simulations 0 o
 (Lagache+18, 0.1Z,) © e
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® CMB supression on [ClI]?  “OCISFR (M,)] " _ 8u -T./T,

-Temg > 20K cf, [CII] T, =92 K (dashed-line: insufficient, "o 8l
® High-ionization parameter in the ISM? (Inoue+16, TH+19a)
- [ol] P, (35 eV) vs. [CHI] P, , (11 eV) => LyC escape ??
® Some clues on O/C? (need ionization correction)
=>» Detailed modeling will be performed (see also Harikane+19)

=> Initial results highlight the unusual ISM conditions in the EOR *



Ongoing Works of Our Team

@Morpho-kinematic propertiesatz=8-9
2 ALMA Cy6 projects with “A” (Pls: Hashimoto, Tamura)
- A reference study for future JWST and ELTs science

Tokuoka, TH+ in prep R

Combined data have intrinsic resolution of ~ 500 x 400 pc?

[O11] 88 um
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Ongoing Works of Our Team

@[OIII] 88 um for five z ~ 10 candidates
2 ALMA Cy7 projects with “A”-33hrs (Pls: Hashimoto, Tamura)

- HST + Spitzer THRLNABRERED YU TIL

- 2 supplementary VLT observations ongoing (Pl: Hashimoto)
rest-frame UV lines

= If confirmed, strong(est) JWST and ELT targets

@Multiple line study for “Big Three Dragons” atz=7.15
[Olll] 52, [NIl] 122, CO(7-6) & CO(6-5) & [CI](2-1)
3 ALMA Cy7 projects “B” (Pls: Matsuo, Inoue, Hashimoto)

= A comprehensive understanding of ISM in the EoR
critical density; nitrogen abundance, metallicity, gas properties



Outline

® Some thoughts on AAT



Dust emission in the EoR

z = 6.90 lensed SMG(s) Marrone+18 Nature
Originally discovered as a bright 2.0 and 1.4 mm source

by the 2500 deg? SPT survey
AAT <5 SPT

1R [T ==
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® Observed fluxes
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Combination of AAT & SPT can find such extremely dusty galaxies in the EoR

Toward a complete picture (UV+IR) of SFRD evolution (Madau&Dickinson 2014)



Dust emission in the EoR
z = 6.90 lensed SMG(s) Marrone+18 Nature

ALMA follow-up observations targeting dust, [CIl] 158, [OlIl] 88
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Dust emission in the EoR

ALMA 356GHz

[O 1] 88 um / F160W

® 4 (normal) star-forming galaxies (i.e., LBGs) with dust continuum
beyond redshift z=7 up to z = 8.3 all achieved with ALMA!

A1689-zD1

B14-65666

A2744 _YD4

MACS0416-Y1

~7.5

7.15

8.38

8.31

90
160

90
160

90
160

90
160

1670 £ 360
560 + 100

470 +128
130 + 25

99 + 23
<11 (30)

137 + 26
<18 (30)

Inoue & Hashimoto+20 subm.
Watson+15 Nature

Hashimoto+19a

Laporte+17
Laporte incl. TH+19

Tamura, Mawatari, TH+19
Bakx, Tamura, incl. TH+20



High T, in high-z star-forming galaxies?

A1689-zD1 ~7.5 63-92K Watson+15
Inoue & Hashimoto+20
B14-65666 7.21 50-60K Bowler+18
Hashimoto+19a
A2744 YDA 8.38 60 - 100 K Behrens+18
MACS0416-Y1 8.31 > 90 K Bakx, Tamura, incl. TH+20

® A larger sample is crucial for a defitnive conclusion
® High T, due to compact star-formation, strong UV radiation (e.g., Inoue&TH+20)
® Partly resolve the IRX-B,, and dust mass budget problems (Faisst+17, Behrens+18)

® High T, leads to a dust peak at higher frequency (shorter wavelength) = strategy



2020 - 2030 [ZM T T
0 LERMMDEENBHTEE

® Subaru/HSC (< 0.6 um) + WFIRST (mid 2020: 0.6-2um)
20003 -

NASA 2020 decadal survey

® WISH (Inoue, Kodama, lwata+) §# 123 2-5 um
1005 & 27.5 mag (50) cf., JWST [ZfREF/],

® AAT 200 um - 1.5mm : [GIREF (1A E)
RIIEE (> 100 £ AHE) OFEEEEHAEE (£h)




2020 - 2030 IZmI [T T
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Lyman-break at (1+15) * 1216 A ~ 20000 A = 2 um

0.8 T I T | T |

I I I I | I I I |
SBAD G L RIS NI -

o
o

|3"|||||||||||||
2

]

(\o)

e

Transmission
o
NN

0.2
0.0 ] . X , L
4000 6000 8000 10000 12000
Wavelength [A]
H(X. 2um FCRALGLVKE

(FWRBHZEREET AT —R(LRE... HSC + WFIRST)

® WISH (2-5um) T § L RT1R
z =15 LBGHLZEIRAIEEIZH S



2020 - 2030 IZmI [T T
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® AAT (200 um - 1.5mm) TRELIERBRIFRS: - ZEIRIMHE (13-94 um)
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