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The University of Tokyo Atacama Observatory (TAO) 6.5m Telescope
http://www.ioa.s.u-tokyo.ac.jp/TAO/en/

o Atacama Obsegy,,
6.5 Meter Mirro, Ator,, &

oY

~.

6.5-m optical-IR telescope
at 5640m elevation



The major milestones in the evolution of the Universe

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern

375,000 yrs.

Dark Ages Development of
Galaxies, Planets, etc.
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1st Stars
about 400 million yrs.

Big Bang Expansion
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Our current understanding of galaxy formation and evolution

Inflation

=» Tiny density fluctuation

6~ 107

A temperature map of the cosmic
microwave background (CMB)
imaged using Planck @z~1100

400 thousand 0.1 billion

The Big Bang
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The Dark Age
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Fully ionized

Growth of dark
matter halos

Infall of baryons into dark
matter halos = formation &
growth of galaxies
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JWST+ALMA galaxy @z=16!? (but ..)

[O111]88um-detected galaxy @z=9.1
Most distant quasar (SMBH) @z=7.65

Gas plasma,
ionized, neutral,
molecular, ..

Stars

Supermassive

black holes Dust

Years after the Big Bang

Dark matter Gas temperature
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Outline of this talk

Setting the stage: general introduction

Topics 1: “Dark side” of galaxy evolution

— near-infrared invisible galaxies selected by ALMA

— The cosmic infrared extragalactic background light (CIB)
— The ALMA Lensing Cluster Survey

Topics 2: “Dark side” of supermassive blackhole (SMBH) growth

— ALMA observations of Subaru/HSC-selected “faint” quasars during the epoch of
reionization (EoR)

— A buried growing SMBH within a dust-enshrouded starburst at EOR?

Toward the future: Integrated Superconducting Spectrograph (ISS)
technology
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The cosmic infrared background (CIB)

* The infrared part of the isotropic extragalactic background, the radiation
content of the Universe today, produced by “astronomical objects at all
redshifts”. But what are they specifically?

optical infrared microwave

o b
‘s Discovered by the FIRAS spectrometer on COBE at long wavelengths
)\ > 200 “.m (PugEt et al. 1996, A&A, 308, LS) AKARI 90 um & 140 um two color composite image

https://www.u-tokyo.ac.jp/focus/ja/articles/a_00393.html



ALMA deep surveys of mm/submm continuum sources *

* One of the major breakthroughs by ALMA to beat the source confusion limit, which was
fatal in the pre-ALMA single-dish telescopes equipped with bolometer arrays

 Now ALMA surveys, which are perfectly confusion free, can resolve the majority (> 50%) of

the cosmic infrared background light (CIB) into discrete sources Hatsukade et al. 2013, Ap), 79, 127
. i 70 -- 100% lved? <= only 40% resolved?
* Next questlons. Fujimoto, S. et al. ;orli,sgp}’:zzz, 1; GonzaIEZ-Lgpez,J- etal. 2020,
. . ibi AplJ, 897, 91
— Can we fully resolve the CIB into discrete sources? non ey e A M el 2015 i

— What is the nature of such faint (“sub-mJy”) dusty galaxies? Their faintness hampers further follow-ups...
* |nvestigate such sources with a help of natural telescopes, i.e., gravitational lens = ALCS !!

1 lensing cluster
(~0.5-1.0 arcmin?)

UD};

(~2arcmin

107 -

HDF-N 5 sources
(GOODS-N) Gonzalez-Lopez, J.,

et al. 2020, ApJ,
897,91

==
—
—
o

105 flat countsi?

- Best-fit Franco et al. 2018
= Scheiber et al. 2017
== = Best fit Injected Distribution

dN/dS [m)y~! deg—2]

1 03 =| & Onoetal. 2014 (1.2mm)
® Carniani et al. 2015 (1.1mm)
& Carniani et al. 2015 (1.3mm)
¥ Karim et al. 2013 (870um)
® Hatsukade et al. 2016 (1.1mm)
@® Hatsukade et al. 2018 (1.2mm)

101 =1 @& Umehata etal. 2017 (1.1mm)
@® Fujimoto et al. 2016 (1.2mm)
@ Stach et al. 2018 (870um)

- 3. 2% 22 3 - Muroz-Arancibia et al. 2018 (1.1mm)
Hughes’ D. H.’ Pk R e oy @ Franco et al. 2018 (1.1mm)
- S PE LD ol 1 @ ASPECS-LP
L R O] -1 _
450 l.l.ly (10) et al 1998 beam , »93 lJ,Jy (10) 10 — T TTTTI T T T T T 1T
. Y o y

103 1072 1071 100 101!
S2426Hz M)y

Nature, 394, 241 1”75x1”0% 0 @1.2mm
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ALMA Lensing Cluster Survey

A 96-hr ALMA large program in cycle 6 (PI: K. Kohno)

e To search for intrinsically faint continuum sources and line emitters with
the assistance of massive galaxy clusters as “natural telescopes in space”

* 33 |ensing clusters from HST treasury programs, i.e., CLASH, HFF & RELICS
e covering 2 133 arcmin? (PB>0.3), with a depth of 88 ~60 Wy (1.2 mm, 10)
* 2 frequency tunings with a 15-GHz-wide spectral scan

* vielding 180 continuum source detections in total

— Blind approach: 141 continuum detections with S/N = 5.0 in the native resolution
(~1”) images and S/N = 4.5 in the tapered images (~2” resolution)

— Prior-based approach: 39 continuum sources with S/N =4 — 5 which have IRAC
counterparts



Survey depth (1o) [uly/beam]

ALMA deep Surveys @}\Nlmm ~60 wy (10)@ A1.2 mm

~133 arcmin? (PB>0.3)

200 ——— ALCS (33 lensing clusters, observed) (ﬂ
——- ALCS (33 lensing clusters, corr. z = 2) \be&ofe co
GOODS-ALMA — ALCS (33 lensing clusters, corr. z=6)  \|.CO
100 =— ASPECS (Gonzalez-Lpez+20)

(cy3, Elbaz) - GOODS-ALMA v2.0 (Gémez-Gujarro+21)
. B MORA (Casey+21)

[S—
)

ADF22 r\T | — HFF-ALMA Mufoz-Arancibiat22) [ oocommmmme
100 SXDE-ALMA (cy2, Umehata) HFFs 1 §= | Fujimoto, S., et al.
(cyl, Kohno) B —> 0 (o1, Baver) [l — S submitted ’P\\}l\
AsAGAO  ALCS | g ﬁ‘
N (cy3, Kohno)  €Y6 large o
(pilot) HUDF (cy5, Umehata) i
ASPECS (cyl1, Dunlop) =
2
=
N

(cy2, Afave”a> ASPECS-large

(cy5 large, Walter) B 1.1mm
\‘ B 1.2mm
B 1.3 mm

. ] ] K /
Olll 1 1 lllllll 1 lllllll

1 10 100 0.01 0.1 1.0
Survey area [arcmin?] S1.2mm, limit [mJy]
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GOODS-ALMA 2.0
MORA
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Sun, F., et al. 2022,
Apl, 973,77

Fujimoto, S., et al.
submitted

Follow-up observations
including ALMA band-3/4
spectral scans (Tsujita et
al., to be submitted)

Similar to H-band dropouts

in COSMOS, GOODS-S, etc.
Franco et al. 2018, A&A, 620, A152
Wang, T., et al., 2019, Nature, 572, 211
Yamaguchi, Y., et al. 2019, ApJ, 878, 73
Gruppioni et al. 2020, A&A, 643, A8
and more ..



Why do we need to care “near-infrared-dark” or
H-band dropout, faint ALMA sources?

HST Fogigpets | o plelent | BAL Tk | 100 ST | -
1.6um | IR e e T,
(H-band) e : =
® S
~.
Spitzer ©r. @ A @ @ EO e
45pum  [mcsse iy - e - §
ALMA TRl 3| 2 4
@ @@ @O
870um | . s
. o | 2l % s
L E
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w 1 10 1 104 1 10- 1 1OM 1 10

observed wavelength [um)

Current state-of-the-art galaxy formation models can’t reproduce their (too) high abundance !

-

H-dropouts
P R e

All LBGs

Massive H

Al 8|
SM( A
| \l Massive
= N LBGs
A
M(star)
y L] 2>2x10"° Mg
0 4 6 8
Redshift

Existing HST/WFC3 near-infrared deep surveys may miss massive galaxies in their growing forming phase

But they are intrinsically faint..

Wang, T., Elbaz, D., KK, et al. 2019, Nature, 572, 211
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ALMA + Multi-wavelength mosaics and photometric catalogs by

reprocessing of archival data from Hubble & Spitzer Space Telescopes
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HST + Spitzer: 218,000 sources over 690 arcmin?
A robust internal alignment of HST and IRAC images using Gaia DR2 reference frame
Consistent photometry across all 33 ALCS fields, SED fitting using EAZY

Kokorev, V., Brammer, G., et al. 2022, ApJS, 263, 38

P

Fujimoto, S., et al. AplJS,

Submitted



Reliability of the Number counts at 1.2mm

faint-end counts  1¢?

® Gonzalez-Lopez+20 %impsloiﬁZO
_ ® Stach+18 no+ .
N=5/8are 10° $ s
spectroscopically Hatsukade18 Francor 18
. 1 07 Béthermin+20 Muiioz-Arancibia+18
confirmed _
@\
I 106 @ Blind, MC corr. (ALCS)
S S e—— el
o X |
- 105 P(D) in ASPECS N
| S
> M
H N
e 10 o
72!
< 10°
Z
102
Consistent over ~2 dex \
!mpc.)rta.nt 10! & exploring the faintest end )
implications Not supporting the flattening at ~ 0.1 mJy
for deeper ceadl PR
ALMA surveys ! 0.01 0.1 1.0

S1.2mm [mJ}’]

Fujimoto et al.,
submitted



ALCS resolves ~80% of the Cosmic Infrared Background Light [k ()6

Integrated S [Jy deg=2]

R L L L i
S~ Planck (Odegard+19) -
20k T~ 80 % ]
Sturn/flat '
~0.2 ulJy + Stimit, ALCS
10 ~TuJy -
- Turnover or flattening should
- be taking place at ~1-2 dex
fainter regime, 1f any
1 | -

0001 001 01 10
Stimit [MJy]

Fujimoto et al.,
submitted



Cosmic SFRD at z~1-8: Roles of dust-enshrouded
star formation in galaxies

a .
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© = 10-3 Casey+18 Dust-Rich N Aia3] — g

1 O y = = Madau & Dickinson 2014

é a —==- Casey+18 Dust-Poor 3 ; 10 2 Bouwens+20 (UV, w/o dust corr.)

...9 QKL}E SHARK ] Q i Bouwens+20 (UV, w/ dust corr.)

- | |

& o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8

redshift redshift

* Falling between Dust-rich & poor scenarios in Casey+18, consistent with SHARK
 Little difference with the integration range Fujimoto et al.,
* 140 + 60% of previous measurements at z>4. submitted

Potential contributions (~40%) from NIR-dark objects at z > 4.



*

L

".. ,::’.‘. L
' "



ALMA already suggests significant star formation atz > 12 — 157

Years after the Big Bang

400 thousand 0.1 billion 1 billien 4 billion 8 billion 13.8 billion

: , , * Detection of candidate Balmer break
The Big Bang M N : galaxies at z~6 & absence of ALMA
[Olll] 88 L continuum detection = Further evidence for
ALMA " s <. the significant star formation at z > 14 1?
- . (Mawatari, Inoue et al. 2020, ApJ, 889, 137)

-~
303[qo |esiwouo.ise

The Dark Age

. 15114 40 uoRWIOY
& . i » .

il . : Reionization o
Fully ionized [eutralized J— ==& » Fully ionized
- V Redshift

b 159.17 9.15 913 911 909 907

1000 10

1+Redshif e OIII 88 / F1 60W ‘:
Credit: NAO) * (Ol 83y E [ [O111] 88um > 893um (1) |
Redshift 1.0— zZ = 9 1096 —_
850 m continuum / F160W [O 1) 88 pm / F160W 5 13.3 13.2 3 +0.0006
24°05°35.0" p_— T 1 T T T T T T T 1 T 1 T T T T 1 T 1 1 \E/ r
3 [Olll] @z = 8.312 = - | [OI11]88um? ' 2 o1
< EOf HIMNPT NI
§ > = o.o: JI
£ LS\
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HS‘, LETTER spectroscoplc redshlft |
_ 3 -1 e 335 TR
*16™09.48* 09.46° 0944* 09.42° 0940 0938" 0936 0948 09 't:;lghof .}{;Consi;’;n (Ojégoo}ﬁﬂw 09.36” h‘ 4 . . Observed frequenCy (GHZ) -
M(star) =5 x 10° Mg TR T B — T first star formation @Z = 1517 -
M(dust) = (4-8) x 105 M Vobs |GHZ] The onset of star formation 250 million years after
— — @ B

the Big Bang

Takuya Hashimoto'?*, Nicolas Laporte®*, Ken Mawatari!, Richard S. Ellis?, Akio K. Inoue!, Erik Zackrisson®,
Guido Roberts-Borsani®, Wei Zheng®, Yoichi Tamura’, Franz E. Bauer®®'°, Thomas Fletcher?, Yuichi Harikane'"'2,

Ta mu ra’ Y., et a I ) 20 1 9’ Ap_] ) 8 74’ 2 7 H a rI ka ne et a | . 202 2’ A p_] ) 9 2 9’ 1 Bunyo Hat:sukade“, Ngtsuki H. Hayatsu'>14, \'(ui.chi Mzttsuq;lzf's, Hi'roshi .Matsgozvlé, Takashi Okamoto“’, Masami Ou'c}}i“'”,

Roser Pell6*, Claes-Erik Rydberg!®, Ikkoh Shimizu'?, Yoshiaki Taniguchi?’, Hideki Umehata'®?*?! & Naoki Yoshida!>"
Bakx, T., et al. 2020, MNRAS, 493, 4294 Hashimoto, T., TY, et al. 2018, Nature, 557, 392

Liomgs = 1.2 x 10° Lg H-dropout galaxy @ z =13.3 1?
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Candidate z~12-17 galaxies using JWST  * e

e atension with the A-CDM !? (or inappropriate

stellar mass estimates for z>10-ish galaxies?)
—24 e T ES AL RARAY LA LARL T
3 HD2 HDI E the maximum halo mass
.HST-Selected GN-z11 ] with Mstf"/Mhalo =0.1and
=22 o < n ‘—: 9 the maximum Mstar/Mhalo Tacchella+22
B o " o SI0F H value at each redshift in A=850.7 o3
E E - S Behroozi et al. (2020) ; B -/aremin
4 — L 1 7 8 9 10 11 12
1 < sl . z
. = 10 2 1 Harikane et al 2023,
: _z E A E ApJS, 265, 5 Lok med(M;,,,) *==s» 10
_17..... . . Tl b b b Ly |||‘|4?‘1|||1||||| fi:l' +30 —=- 20
6 7 8 9 10 11 12 13 14 15 16 17 108 9 10 11 12 13 14 15 16 17 11 - = 30

Redshift z Redshift z et |

0037 A BT MR B BN Saadnaaassssss as > \%\\

S N B SR S : S T

B T T T 3 1sk 5 Extreme value statistics (EVS):a & | e e s-
a0 “VF R‘%&J% - X ] test of the underlying cosmology < 91 - 9.
g 275 7= 1645755 (¢ =5.0) J o f ] from the observation of a single S e T
& F =195 (P =248) T 1 ><10F - : g S R
< 28F = = = . ] extreme object ! T 8] L e
] e s = sk 3 _
S L b - ; : : Lovell, C., etal., |+ Harikane+225
E I 1 1 1 1 I I I I I E O-I 111 I 1111 I 1111 I 111 I- 2023’ IVINRAS’ A=2l3 deg
0.5 1.0 2.0 30 40 5.0 0 5 10 15 20 J : '

Wavelength [pm)] Redshift z 518, 2511 ig il G2 is 14215 16 17 18 19



NIRCam/F200W drop source: a z~18 candidate !

Fujimoto et al. (submitted) arXiv:2211.03896
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ALMA detects a line! Good, then

Fujimoto et al. (submitted)

e Likely [Olll] 52 um @z = 16.009, but .. arXiv:2211.03896

gbrammer @gbrammer - 34

) . .
® — e Below are simple cutouts from the full-frame #NIRSpec exposure files.
u I I | Z ° S O u I O n S I re I I I The top is the z=16 candidate---CEERS-1749 from Naidu et al.---the

middle two are nearby neighbors, and the last is "Maisie's galaxy" found
by @astrosteven and @ceers_jwst. (3/8)

=>» See tweets by Gabe Brammer yesterday
: ! I
’ — R,( . . i . . : ' - 7~ 5)
ALMHBa]d ﬁ Line feature (~50) [CIT]1580m at 7=4.6112, T ——
866 T at ~338. 7 GHz [O1I1]52Um at z=16.009? T T—————— T —
JF = o ==L
" Q - ¥ } T ! . b #2763 Another neighbor ].Oll
’ ~ SE
riat } x D _ i ES . 35 S
'S ""/\ “‘ L O a T 10 QO = i 7693 & L
4.0 J ; gbrammer @gbrammer - 3[4
’ ALMA Band 7 ~ 24-GHz width spectrum Centr Even without wave calib. this appears to beautifully and robustly confirm
3.0 ] @Rohan_Naidu's hypothesis that CEERS-1749 is not at z>16, but rather it
F 1) has strong emission lines at lower-z that mimic a continuum break in
2.0 the photometry 2) is part of a z~5 group/protocluster (4/8)
» ﬂ il ! N '
L} Ilh| l}l I[ I‘ ”‘| l” il I Im} HJ Ml ol ‘l‘\ ‘“ IH iLIH l|' I” l”“l H
Lok ‘H fﬂ’]l I "H“' MT i “I "V l' ‘W |
. . 1 Lo SF

334 336 338 340 342 344 346 348 350 352 354 356 358
Frequency (observed) [GHz] -_
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A part of “ultra-high-z candidates” = “H-dropout” 1?

“H-dropouts” (HST WFC3/F160W drop ALMA sources): dust-
enshrouded forming massive galaxies at z ~3-67

“ultra-high-z candidates” (JWST NIRCAM/F200W drop mid-IR
sources): two solutions remain: z~12-17 less dusty galaxies or
z ~5-ish dusty forming galaxies?

ultra-high-z
candidates

2~5-ish
dust-enshrouded
galaxies?

H-dropout

sources Genuine z ~12—17 galaxies
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1010
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106 1 111

10}

® (lassical bulges

E_ ® Ellipticals

109 1010
Mbulge/MO

I\/IBH/IVIbnge ~1/500

Intimate connection between
SMBHs and galaxies

1 » More massive SMBHs reside in

more massive host galaxies

1 » The mass ratio: typically 0.5%
] « Ranging from 0.1% to 1.8%
1 » Exceptions up to 14% - 17%

(NGC 4486B and NGC 1277,
respectively)

M. _ (O 49_{_0.09) Mbulge 1.1740.08
10°M, V0 005\ 1ot M

% Why do they know each other
i despite ~10 orders of magnitude
difference 1n spatial scale..?

Kormendy & Ho 2013, ARAA, 51, 511



Necessity of negative feedback from growing SMBHs

log,o N (Mpc3 Mg3')

-10

-15

-20

Measured *E., _
baryonic
mass function

Read & Trentham (2005):
— Elliptical galaxies
=2 All galaxies

—— Weller et al. (2005)
----- Bell et al. (2003)

6 8 10
log,0 (M/Mg)

e Low-mass end: SN feedback
makes SF efficiency smaller

* High-mass end: what makes
high-mass cut-off of baryonic
mass function?

 =» negative feedback from
growing SMBHs (AGNs) I?

Sharp drop of

stellar (baryonic)
mass function

at the high-mass end

Read & Trentham 2005,
Philisophical Transactions of
The Royal Society A, 363, p. 2693

Kormendy & Ho, 2013,
ARAA, 51, 511
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Large-scale feedback seen as a [Cll] 158 um outflow in a low-
luminosity quasar at z = 7.07 uncovered by Subaru/HSC (SHELLQs)

Rest—frame wavelength (A) bosar=t
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* OQutflow velocity v,,, = 500 &= 110 km/s 8
=9
= 2

* Outflow extent R ,; < 1.3 kpc
* Outflow timescale t ,; < (2.6 = 0.6) x 10° yr

(=

236.25

235.75

* Mass outflow rate dM/dt(atomic) > 450140 Mg/yr ~ 240 2478 2500 2825 2950 6575 2000
=>» dM/dt(total) > 1400 My/yr >> host SFR =310 — 740 Mg/yr lzumi, T, et al. 2021, ApJ, 914, 36



Does M(SMBH)-M(host) relation
already exist at z > 6-7 ??
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SMBH Mass (M ¢ )
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lzumi, T., et al. See also

28 2021, Apl, 914, 36

Izumi, T., Onoue, M., et al.
2019, PASJ, 71, 111

ALMA [CII]158um observations of low-luminosity quasars uncovered by Subaru/HSC

surveys (SHELLQs) =@ less biased view of the M(SMBH)-M(host) relation at z>6-7

M(dyn) contains molecular gas mass, which can be M(gas) < 2.5 x 10'° Msun (from M(dust) by assuming
Mgas/Mdust <100) = M(star) = M(dyn) — M(gas) ~ (5-7) x 10° Msun = M(bulge) = (3.3 £ 0.2) x 10%° Msun

0
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What is the intrinsic “abundance” of quasars?

Comparison of the predicted, intrinsic ultra-violet (UV)-band luminosity of quasars from
the BLUETIDES simulations at z = 7.0 and observed luminosity functions (UV, hard X-ray)

Dust-extincted UV luminosity function is about 1.5 dex lower than the intrinsic LF,
implying that more than 99 % of the z = 7 AGNs are heavily dust extincted and therefore
would be missed by the rest-ultra-violet band observations

10-5 L , — BT.intrinsic ) Gray shaded area: the range of
g —— BT, intrinsic&outshi .. . . .
e P e realizations with respect to different lines
! QQjny - ’ . . . .
“Yon g, —— BT.outshine&extincted of sight (along 972 different directions)
C
I@ 10—7 -
m -
mE
I& 3 € X-ray luminosity functionatz=7
% _— = extrapolated from z =4 AGN population
? RGSZL \\\\ "~.. .
i Wang+19 Us s ; (Vito et al. 2018, MNRAS, 473, 2378)
[ oeeees Jiang+16 P o
: XLF,Vito+14,+18 “~._ | € Observed quasar luminosity functions
s Nt Maticka e X including SHELLQs by Matsuoka et al.

=22 =23 =24 =25 =260 —2F —28
Muv Ni et al. 2020, MNRAS, 495, 2135



Can we recognize dust-

obscured, growing SMBHs?

High quantum number (J) CO lines (e.g.,
J=17->16) are expected to be drastically
bright in X-ray dominated regions (XDRs)

® J1148

H0 M82

15

© NGC6240

Y NGC1068
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Gallerani et al. 2014, MNRAS, 445, 2848
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Vallini et al.
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A sighature of an obscured, growing SMBH within dust-
enshrouded starburst galaxy at the epoch of reionization
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Very compact (compared with [Olll] 88
um and [NII] 205 um) & high excitation

= Buried heating source other
than star formation !?
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We then need a redshift measurement machine:
DESHIMAZ2.0 based on Integrated Superconducting

Spectrometer (ISS) technology will be a game changer
[CIl] 158 um redshift z=3.3 - 7.6 in one-shot

Silicon lens Filterbank and MKIDs
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Taniguchi, A., et al. 2022, J. Low Temp. Phys., 209, pp. 278



Drastic growth of ISS technology: DESHIMA to TIFUUN
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Kohno et al. 2020,

Proc. SPIE 11453
(doi: 10.1117/12.2561238)
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Summary and outlook Q y
O

* Dark-side of galaxy evolution ALMA

— HST/Near-infrared dropout faint ALMA galaxies: A newly |dent|f|ed cIass of dusty
galaxies, based on serendipitous ALMA detections

 ALMA Lensing Cluster Survey (ALCS)

— Resolving ~“80% of the cosmic infrared background (CIB) light into discrete
sources

— Steady increase of the number counts down to ~0.01 mly (no flattenlng yet) |
~ — Near-infrared da rk ALMA sources contribute ~40% of cosmic SFR density at z >




