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® Introduction

® Submillimeter observations reveal "dirty" (!?) universe in the EoR

® Case study with ALMA (Tamura+)

® Metal/dust enrichment in the EoR: [Olll] and dust in LBG atz = 8.3

® Future galaxy survey in the submillimeter

® Simulation: Cross-correlation between 21cm vs. galaxies (Moriwaki+)
® Technical challenge in submillimeter facilities

® Large Submillimeter Telescope (LST) and synergy with SKA
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Far-IR Emission as Important Coolant
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Properties of FIR Fine Structure Lines
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[C 1] 158 um: Star-formation indicator

[CII] on IRAS Far-IR

HIl /starburst

LINER

Best fit (HIl/starburst)

Best fit (HIl/starburst+LINER)

log L_[CII] (erg/s)

SFR — L_[CII] correlation (De Looze+2011)

ISO/LWS [CII] image of M31
(Rodriguez--Fernandez+2006)



[C 1] 158 pm: Important coolant
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Suppressed C+ and dust in young galaxies?

® Many ALMA non-detections of z > 6 LAEs/LBGs in
[CII]158um and submm continuum have been reported.

® \Walter+2012, Kaneker+2012, Quchi+2013, Ota+2014, Maiolino+2015,
Inoue+2016

® Something different from post EoR seems to happen...!
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Strong [Olll] 88 um in a local HIl region

® ISO LWS observations of eta Car (Mizutani, Onaka & Shibai
2002)

M. Mizutani et al.: Detection of highly-ionized diffuse gas
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Herschel Dwart Galaxy Survey  .qdens2013, cormier+2015)

® Local dwartfs as low-z analogs of typical SF galaxies at high-z.

@ [Ol11]88 is the brightest
® L [Oll88/L_[ClI]158 > 1 (up to ~10).
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High-z [Olll] 88um detections thus tar

® Two ZEUS/CSO [OlIl]88 detections (Ferkinhoff+2010)
® detectionsinaz = 3.9 QSO and az = 2.8 SMG

® Only limited to lensed dusty sources

APM 08279+5255

[on @ z=3.91 SMM J02399-0136

[Oll] @ z = 2.8076

Flux Density (10 W/m?/bin)
Flux Density (10-'® W/m2/bin)

-2000 0 2000 -3000 -1500 0 1500 3000
v (km/sec) v (km/sec)

Figure 1. ZEUS/CSO detection of the [Om] 88um line from Figure 2. ZEUS/CSO detection of the [Om] 88um line from
APM 08279+5255. Velocity is referenced to z = 3.911. The continuum emission SMM J02399-0136. Velocity is referenced to z = 2.8076. The continuum

has been subtracted off. emission has been subtracted off.

Ferkinhoff+2010

12



s [Olll] 88um detection teasible?

® Simulation where [OIlll]88 luminosities are scaled by SFR.

® ALMA will detect[OIlll]88 atz > 7!
[Olll] Emissivity
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First detection of [O I1ll] in the reionization era

SXDF-NB1006-2 at z = 7.215 Inoue A. K, YT, et al. (2016) Science, 352, 1559

! Rest—frame wavelength [um]
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® Young star-forming metal-poor galaxy

® Age < 30 Myr, SFR ~ 300 Mo/yr, Z = 0.05-1 Zo

® No dust and [C |l] emission were found.
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Furthest detection of [O lll] atz = 9.1096

MACS1149-4D1 Hashimoto, incl. YT et al. (2018) Nature, 557, 392

Redshift
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® Low-mass star-forming galaxy
® Age = 290 Myr, SFR ~ 4 (ug/10)~" Mo/yr, Z = 0.05-1 Zo

® No dust emission




Early dust production

® Diversity in dust contents in EoR

® Small dust mass in LAEs (e.g. Ouchi+13, Ota+14, Inoue+16, )
® Large dust mass of ~10°A7 M@ in LBGs (Watson+15, Laporte+17)

® Dust budget crisis: How galaxies got dust so quickly?

® Type |l SNe is the major contributors to dust mass at z > 8
® Grain growth in dense ISM plays an important role?
I

7541 (ULAS J1342+0928)

1) o - °

56GHz

z ~ 7.5 (A1689-zD1)

Watson+2015, Nature Laporte+2017 Venemans+2017
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Redshift Record
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Case Study w




Motivations

Key questions:
® Can submillimeter telescopes serve as “z-
machine” at z > 87
® How and when metal enrichment happened?
® Why dust exists in the earliest universe?

-

Purpose:
® ALMA observations of a galaxy at EoR

® SED modeling with [Olll] + dust
® Dust mass evolution modeling
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Target: Frontier Field candidate LBG "MACS0416_Y1"

® The best among > 100 LBGs at z > 8

® Bright (H1¢0 = 26.0 AB, pg = 1.4) MACS. J0416-24
® Well-constrained redshitt (z_ph ~ 8.3= 8& « g\ .., Critical line
. - i\ forz=9
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ALMA + [Olll] reveals a spectroscopic redshitt
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Dust detection at S/N = 7.6

® Sccond detection of dust atz > 8
®5_850um =137 % 26 ply

A BRI g ' b g el
i O Contours: 850 um continuum
! Background: HST/F160W |

® Spatially resolved
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[O Ill]-to-IR Luminosity Ratio

SXDF-NB1006-2
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® MACS0416_Y1 is a scale-up version of local dwarfs.




How does "dust" coexist with UV SED?

® PANHIT (Mawatari+2019, in prep.)

® Stellar population synthesis analysis

with Rest-frame UV-optical and FIR [Olll] + dust continuum

® SED components

® Stellar: Bruzual & Charlot 2003 (BCO3)

® Nebular: SFR -> N_ion -> HP -> Nebular (Inoue+11)
SFR + Z -> [OIll1]88 (Inoue+14)

® Dust (FIR): Local LIRGs (Rieke+09)

® Three extinction curves are usec

Fitting parameters

Dust attenuation Ay (mag)
Age Tage (Myr)

SFH gy (Gyr™)

Metallicity Z (Z¢)

#

LyC escape fraction fesc
Stellar mass Mgtar (10°Mg)
SFR, (Mg yr— 1)

Lir (10" Lg)’

® Calzetti, Milky Way (MW), Small Magellanic Cloud (SMC)

® 2175 A bump (carbon) is evident in the MW law
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SED Fits: Results

® UV-bright stellar component can co-exist with luminous

dust component if the dust mass pre-exists.

® Favors a young, but moderately metal-enriched solution

® Age ~ 4 Myr, metallicity = 0.2 Z_Sun
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SED Fits: Results

® UV-bright stellar component can co-exist with luminous

dust component if the dust mass pre-exists.

® Favors a young, but moderately metal-enriched solution

® Age ~ 4 Myr, metallicity = 0.2 Z_Sun
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Flux density [udy]

SED Fits: Results

® UV-bright stellar component can co-exist with luminous

dust component if the dust mass pre-exists.

® Favors a young, but moderately metal-enriched solution
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Dust mass evolution model (Asano & Takeuchi+13)

® Dust budget crisis: How did a galaxy get dust so quickly?

® Can our current understanding of dust evolution explain the observed

M_dust?

@ Setup
® SF timescale tau_SF = 0.3 Gyr

® Roughly scaled so that
predicted M_star and SFR
match the observed ones

2 Growth of Dust Grains in the ISM: Asano Model

atoms, destruction
molecules (SN shocks)

/// g

® shattering
AGB stars, SNe 11 o —> 'L
o

~— e ®

coagulation

astration

We have developed a theoretical framework to explain this
relation (Asano et al. 2013a, b, 2014; Nozawa et al. 2015).

Credit: Tsutomu T. Takeuchi
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Dust and metallicity cannot be reproduced...!

e 0]
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® More massive (~1e9 M_Sun), mature (~0.1 Gyr) stellar

component is required to reproduce My, ~ 4 X 10° M




Underlying massive, mature stellar component

O BestfitTotal —— |
[ Used phidest—i
- (Qd appgonent=>—
A ! Used phot m
60 Mo/yr , 2 1F 20 upper =
° [T : 2
S | 2
S : 2 0.1
o : s |
LI— |
N | a
: T 00
| > :
, (z = 8.3) 1 >0
Time (Myr) Observed wavelength (um)

® A mature component (3x107 Me, age = 0.1 Gyr) as the

origin of dust can coexist with the young component.




What we learned from submm + NIR observations

/.... ..

Supernovae
as origins of dust
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® Futre prospects
® Sub-kpc ALMA imaging of multi-phase ISM in dust (MCs), [CII] (PDRs) and [OIl1] (HI1)

® JWST/WFIRST search for "past star-formation" components
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Future Galaxy Survey in the Submillimeter
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Far-Infrared Fine-Structure Lines

® Reach z = 20. Competitive with JWST/NIRSpec C 111]1909A

MACSJ0416_Y1
(z = 8.3)

ALMA 3 hr integration
10 sensitivity @100 km/s resolution

400 600
Frequency (GHz)
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Line Emission from HiII

50h-1 cMpc
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- Each star particle forms a Hll region.
- Density in HIl region is constant and
scales with surrounding gas density.

ng = Knglobal

(U) = 3oy <3QnH>1/3

 A4e 47

Lline — Cline
Moriwaki+ (incl. YT) 2018 -

(Z,n,U) x L§seP

CLOUDY output

star particle
M* ~ 106 Mo




[OIlll] 88um (L)

Properties of high-z [Olll] emitter
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e well-established star forming
galaxies are selectively observed

e Louss is higher than expected from the
local relation: high ionization

parameter & moderate metallicity
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L [Mpc]|

‘Kana Moriwaki-san (UTokyo)
Cross-correlation: 21cm vs galaxies

Frequency [MHz|
200 190 [ R0 170 16O 150 [ 40 130 120 110 100 90 S0 70
300 -

200 -

Reionization

100 -

30) -

6 7 8 9 10 11 12 13 14 16 18 20
redshift Park+ 2018

- 21-cm observation:

WFA, LOFAR, PAPER, HERA, SKA
Only statistical information: power spectrum

Foreground (synchrotron) should be excluded.

- galaxy survey/intensity mapping:
LAE (HSC), [CII] (CONCERT, TIME), CO (COMAP), [Olll] (SPHEREX?)

- Foreground contamination is excluded in cross-correlation signal



Cross-correlation

Cross-Power Spectrum [A]2
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Result: Ideal 3D Cross-Power Spectrum
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‘Kana Moriwaki-san (UTokyo)

Result: Ideal 3D Cross-Power Spectrum
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When only some bright

Cross-Power Spectrum [A]2

0.2}

Cross-correlation
Coefficient
> o = o

=
o
T

galaxies can be detected

ro1.011(k) =

Ps1 omi(k)

V/ Pa1(k

)Pori (k)

10"

10°

k (h Mpc-1)

10*

o
ALMA FoV

z=17.5, <xui> = 0.46

20cMpc/h -

L_[OIll]88 > 3e7 L®

No turnover can be seen: observed galaxies reside in large Hll bubble.
— |t is better to focus on large-scale power spectrum (at least for a while).



New discovery space?

Depth
Spectral N |
coverage Spegita
resolution
Cosmological _ Angular
volume & time resolution

Wide fieid Polarization

42



_ ” HerMES Lockman Hole
& "M © HerMES / ESA
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e Large aperture (D = 50 m)

e Wide field of view (> 0.5 deg)

e Long-submm/mm frequency band / §
".

e Survey-oriented

Y =lJEILV-
DESHIMA

Deep Spectroscopic High-z Mapper
(Endo et al. 2011)

«<— ¢4-inch holder — Filterbank
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SKA Design Studies — Virtual Hydrogen Cone

Molecular/ Atomic Hydrogen =
7 Gpe N =S T TR A
0 1 2 RS N ER N T :
e ,:?.
. 1 Gpe 4 3
()(ipi) s R Tl
z=0 R e G ¢
T

University of Oxford, D. Obreschkow et al., April 2009

: ¢ O F R R e T ST » # ke ; ; :
SR ' R . ¥’ .
. ) z=4 i o e
: z=5 — B B
Based on the Millennium simulation (Springel et al. 2005) and a z=6 z=7 7=38 1
z=10

semi-analytic galaxy simulation (Croton et al. 2006, De Lucia et al. 2007)

CO/[CII})/[Olll] Tomography

Cloverleaf QSO at z=2.6
(Bradford et al. 2009, ApJ, 705, 112.)

SKA Design Studies —~ Line Simulation at z= |

Arp 220 at z=5

CO in SMGs w/ NRO45m l | ‘

(lono et al. 2012, PAS)) “

| ] cI] /
| : s e
| v -
; = f —ALMA
% 0.01 F .
............. E - ]
e ST Arp 220 model -
(Carilli et al. 2011, Astron. Nachrichten.) 1
0.0001 el Y Y
1 10 100 1000

Frequency (GHz)

CO/[ClI]: representative emission lines in mm-FIR.

B Asomic Hydrogen (yperfine cnmoson-bne ot 1.4 Gz oo frame

Benefit from negative k-correction of CO ladder and FIR lines. I Coon oo 10 il 113 Gl e e
Overcome the confusion problem:s.
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sitivity-Limited Survey with LST

The depth achieved in the 2 deg? survey is comparable to that obtained
in a 10-hr ALMA observation, but the survey area is ~13000 times larger
than the ALMA FoV at 3 mm.

® The survey can detect the MW-like galaxies at z ~ 2.

»
1.0 | | | | | |
S | H | |
> 0.5} h i
N > ol M(H>) ~ 1e9 Mo [OlI]88 j\ J‘J \
y km/s - o :
3 _os) | |- (Muv ~ -) . -
- o ALMA “J W
0.1Jykm/s = @ -1.0f 10 hr 9 8
% -15} Z = 15 12 10 |
0.01 Jykm/s > E -2.0f LST 2 deg? survey-
B _osl \ (R = 1000, i.e., Av = 300 km/s) _
T ' M(H5) ~ 1e9 Mo: S3-SAX model limitation
g %0 100 150 200 250 300 350 200

Frequency (GHz)
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SKA Design Studies — Virtual Hydrogen Cone

; B C
Molecular/ Atomic Hydrogen 8 Gpe T RO 7l
!

RS D Redshift Space Distortion

CO/[CI I]/[OI I I] Verify GR by estimating the growth rate

of structure, dark energy problem

Tomog ra phy LSS Cosmic Large-Scale Structure

Investigate the correlation between dark
and baryonic matters from clustering
analysis, dark matter problem

CS F H Cosmic Star-formation History

Investigate mass/luminosity function of
molecular gas as a function of redshift,
“hidden” history of baryonic matter

EO R Epoch of Reionization

Search for earliest “hidden” galaxies,
first generation galaxies

Evolution of Ga‘aX|eS

.. and serendipitous discoveries
Cosmic evolution of galaxies proved

through properties of interstellar medium Line emitters, transient and variables, ...
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Summary
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