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Our current understanding of galaxy formation
and evolution

Inflation = Tiny density Growth of dark Infall of baryons into dark
fluctuation matter halos matter halos = formation
& growth of galaxies

‘ Super- Gas plasma,
. ionized, neutral,
‘ ‘ massive , molecular, ..
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black holes
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A temperature map of cosmic

microwave background
(CMB) imaged by WMAP

redshift ~1100 (13.7 Gyr ago)

-most distant galaxy known: z ~ 11.09 (13.3 Gyr ago)
*re-ionization: z ~ 6-20 ? (12.8 — 13.5 Gyr ago ?)
-first stars: z ~ 30 7?7 (13.6 Gyr ago ??)
‘recombination, “transparent to radiation”: z ~ 1100

Simulation of dark matter & gas
temperature distribution with ACDM

http://www.illustris-project.org/media/



Star formation rate density
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Galaxies in their forming & evolving phases are
often heavily obscured by cosmic dust

(Young stars Obscured star formation )
—i ==) infrared
ultraviolet

\_ directly “visible” star formation
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More obscured star

forming activities in

earlier epoch of the
universe

>70% is obscured
@7.8 billion yrs ago

Takeuchi et al. 2005,
A&A, 440, L17

7.8 Gyr ago (Big Bang was ~13.7 Gyr ago)



What is the cosmological role of dusty
star-formation?

Rowan-Robinson et al. 2016,
OMNRAS, 461, 1100
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is dusty star-formation significantly contributing to star formation rate

density atz > 4?

— Lyman break galaxies (LBGs) at ALMA deep survey@HUDF =2 dusty star

formation is rather minor role (Bouwens et al.)
* Importance of shorter submm bands is emphasized

— Herschel-selected red sources = almost constant SFRD at least up to z~6 !?
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Strong negative K-correction @mm/submm gives a
uniform selection function for high-z dusty galaxies

Observed flux density "

Almost flat flux 1006 as a function of redshift =" |
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The cosmic infrared background (CIB)

 The infrared part of the extragalactic
background, the radlatlon content of the
Universe today, prcad nomi
;».v* Ji 3
Grb]e ts at aII rec

_—— ~ AKARI whole sky survey



CIB: what is the origin?

In contrast, the infrared output of galaxies at z=0 is only 1/3 of the optical output.
=>» infrared galaxies grow more luminous with increasing z faster than optical galaxies

Comparable !!!

The cosmic infrared y > The cosmic optical
background (CIB) Wavelonambimm background (COB)
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"Submm galaxies” are bright, but..
>l Hatsukade et al. 2011, MNRAS, 411, 102

Bright SMGs > a few mly @1mm
are ubiquitous, but
their contribution to EBL
is just ~10-20%

’ 0.4-0.8 mly(10)
+ 4 area ~0.25 deg?




Deep photometric survey strategy

Which is the most unique band in Antarctic
30-m telescope?

Do we really need blind surveys at short-
submm bands?

How many bands (colors) do we need?

Where is the right place for Antarctic 30-m
telescope deep survey?



confusion limits (50) of mm/submm telescopes

Unit: mly

CSO, ASTE,
GLT, Tsukuba

DishD 50m 45m 30m  25m 15m 12m  10m 10m*  3.5m
3.3mm 0.052 0.084 0.098 0.15 0.17 0.20 0.40
2.0mm 0.13 0.23 0.28 0.44 0.53 0.61 1.4? 1.22
1.3mm 0.29 0.58 0.72 1.2 1.5 1.7 2-4? 3.50
1.1mm 0.36 0.78 0.97 1.7 2.0 20,24 4.94
860um 0.42 1.02 1.3 2.3 2.9 3.4 7.36
750um 0.53 1.37 1.8 3.2 4.0 4.8 10.28
500um 30.5%
450pum 0.26 1.5 2.2 4.8 6.3 7.6 18.0
350pum 0.058 1.0 1.8 4.7 6.4 8.0 27.5%,20.7
200pum 0.0008 0.04 0.17 1.7 2.9 4.2 17

Bold font: based on the measured number counts #: Oliver et al. 2012, MNRAS, 424, 1614

Adopted number counts: Bethermin et al. (2012); definition of confusion: 30 beams per source



confusion limits (50) =» fraction of CIB resolved

Unit: mly

NRO IRAM JCMT | APEX | CSO, ASTE, Herschel

1 SST, ' GLT, Tsukuba

25m 15m 12m : 10m

!
. I | | |
DishD 50m  45m =30m = | 10m* | 3.5m :
I | I
3.3mm  19.3% | 105% 184% 44%  3.3% 1 2.6% : | 0.7% |
i ' I
2.0mm 34.3% 119.6% !158% 8.4%  63% 14.9% | 142 110y :
I I
1.3mm 51.1% | 30.7 | 2-42 | 2.0% :
| |
1.1mm 58.3% | 36.09 } | 2.4% !
I I
860um  70.2% | 45.39 | | 3.2% :
| |
750um  75.5% | 49.7% % 17.9% j 14.3% : | 3.5% !
i - I
500pum : : : : :
|
4m 9é4zo-----qué§% 414)- %CL%-ﬁ%4-7ﬁ-----ql-----+u§£%-\ :
0
'350um 99.2% 1863% | 77.6% 50.9% 40.6% |33 3% : lo3% ; !
|

\2'""'933‘7"""I'5557"'9%'2'%"5?3'37 x reras%"""l"""'ms/'

_---I ------------

Bold font: based on the measured number counts #: Oliver et al. 2012, MNRAS, 424, 1614
Adopted number counts: Bethermin et al. (2012); definition of confusion: 30 beams per source

‘\



confusion limits (50) =» fraction of CIB resolved

Unit: mly

APEX CSO, ASTE, Herschel

' GLT, Tsukuba

l 25m  15m  12m | 10m

) i i -
DishD 50m  45m =30m : | 10m* | 3.5m
i i
3.3mm  19.3% | 105% 184% 44%  3.3% 1 2.6% : | 0.7%
] !
2.0mm 34.3% : 19.6% l 15.8% 8.4% 6.3% 14.9% = 1.47? : 1.2%
i
1.3mm 51.1% :30.7° \.—4? : 2.0%
I
1.1mm 58.3% :36.0o : 2.4%
i
860um  70.2% : 45.39 | 3.2%
I
750pum 75.5% I49 7% : : 3.5%
i
500pum | E ! :
I
450um 95.4% :73.8% : 64.1% 39.2% 30.6% : : 6.4%
i
| 200pum 99.9% | 99.6% 1 98.2% 83.0% 72.6% ' 63 6% ! { 24.1% | :
_______________ b _—_—_—_—_‘_________________======='_______‘_—_—_—_ -
Bold font: based on the measured number counts #: Oliver et al. 2012, MNRAS, 424, 1614

Adopted number counts: Bethermin et al. (2012); definition of confusion: 30 beams per source

-------------



From Herschel to Antarctic 10m = 30m

terahertz telescope
* Herschel SPIRE (350 um) resolves (only) ~10%
of the cosmic infrared background
* =» Antarctic 10m surveys: ~30%
* =» Antarctic 30m surveys: ~90% (!)

Confusion-limited deep surveys using the
Antarctic 30m telescope will resolve most of

the cosmic infrared background at 350 um
into discrete sources for the first time




Why short-submm?

* A possible approach: do
unbiased survey at A ~850um —
1mm band, then do multi-
wavelength follow up (at
shorter wavelengths)

— An efficient way for ALMA

— 1mm band) surveys may be
biased to lower dust
temperature galaxies = do
unbiased surveys at both short-
and long-submm bands!

But such long-submm (~850um A
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10g(Mpear!! M)

Casay et al. 2013,
MNRAS, 436, 1919



How many colors (bands)?

* SPIRE (3 bands) = good estimate of
photometric redshifts

* “red SPIRE sources” =2 promising targets for z >
4 dusty starburst galaxies

HerMES 274 deg?
S500>5350>S250

50 cut-off: Sc,,>52 mly
=» 477 “red” sources

Asboth et al. 2016
MNRAS, 462, 1989
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How many colors (bands)?

®

~
$850 =37.4 £3.8

-
"
* e -

$500/5350 = 1.5 4

L
<4 {
. 2 \.’
lvison et al. 2016, |BANDFLAG =1 |S500/5250 = 2.5
ApJ, 832,78 250um 350um
NGP-190387 11 T
ALESS SED template )
Leg = 3.0x10° Lg 1.0} Z?”ﬂ‘ggése
10°F o ]
%\
£
w . . . . .
40 42 44 46 48 -
thot
Zopec = 4.42
10 :

}"obs / “m

10*

500um 850um (SCUBA2)

 Adding longer
wavelength bands =
more sensitive for
higher redshift dusty
galaxies + better
redshift constraints

Recommendation:
4 bands @230um,

350um, 460pm, and
850um




Last question:
where is the right place for Antarctic
30-m telescope deep survey?
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T I S t | P I https://indico.cern.ch/event/432527/contributions/1072083/attachments/1321207/1981378/2016_08_06_ICHEP_SPT_Benson.| pdf

10-meter sub-mm quality
wavelength telescope

100, 150, 220 GHz and
1.6, 1.2, 1.0 arcmin resolution

2007: SPT-SZ
960 detectors
100,150,220 GHz

2012: SPTpol
1600 detectors
100,150 GHz
+Polarization

2016: SPT-3G
~16,200 detectors
100,150,220 GHz
+Polarization




SPT 2500 deg? (~6% of sky) survey

AzTEC/ASTE
1.1mm survey:
30” FWHM

0.4-2mly(1lo)

[deg2]

SPT-SZ 2o0e " | SPTpol | 2772 = | SPT3G | 2015
band uK- RMS uK- RMS uK- RMS
[mml ['1] arcmin | ™Vbeam 1 aremin | ™yReam | aremin | ™Ybeam | aremin | mJy/beam
3.0 1.7 42 2.0 42 201 651 03] 42 | 0.2
2.0 1.2 18 1.3 13 091451 03] 25| 0.2
1.4 1.0 85 6.8 35 3.0 -- -- 40| 04
v 2500 200 600 2500

http://www.astro.caltech.edu/~vieira/spt_smg_Caltech_public_redacted.pdf







¥
SPTpol
150 GHz. b R
950 deg?

«
-

Ac.ve galac.c nuclei, and the most
distant, star---forrﬁing galaxies

SPT 0538-50

>







“Wedding-cake” survey strategy

* Widest (and
shallowest) survey: [EFfEoH
SPT 2500 deg? area

* Deep survey: SPT-
deep 500 deg? area

e Ultra-deep survey:
~10 deg? area?
(where? = targeting
SZ-selected clusters?)




Adding SPT bands?

Adding longer
wavelength bands =»
more sensitive for
higher redshift dusty
galaxies + better
redshift constraints

Better characterization

of “850um riser”!1?

But 1’ beam...

> N 0ok
o wo

—
C o ot
=

Asboth et al. 2016
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850um
750pum
460um
350um
230um
200um

Expected mapping speeds

http://www.px.tsukuba.ac.jp/~nakai/astroobs/pdf/antarctic30m-spec.pdf
FA Al 30m 7 7~V LmdE — T —

(2015.11.2)

ORkIE%

(1) Efe B (E 1)

(&2 5B0%LL@F F—A%L)

JE BT & B Borms) (o =F{oHERH) Ay | B Mapping speed
t =60sec | 1 hour 10 hours | confusion | fi#HE [deg2 hr'l mJy2
350GHz | 0.80mdy | 0.10mdy | 0.033mdy | 0.22 mdy | 7.17 4800X2 | 44X2
400 1.12 0.15 0.046 0.20 6.27 6300 X2 | 22X2
650 1.68 0.22 0.069 0.052 3.8" | 16600X3 | 9.8X3
850 2.45 0.32 0.10 0.011 2.9” | 27000X2 44X2
1300 13.6 1.76 0.56 0.00035 1.97 | 10800X2 0.024 X2 (¥ 3)
1500 46.4 5.99 1.89 0.00009 1.77 | 14400X 3 0.0022 X 3 ([a])

EL ARZBRLELEXDT7T v 7 ABETORE, BREXYVr iChfild 3,

(¥ 2: Confusion limit | Blain+2002 Z# ciZ:RKH 5)
(£ 3: A—rZ2HERTE)




500 deg? deep survey plan

56 1 mly@850um
850 jum: 44 deg?/hr/mly?x Tunit 3 -3 lses o200
=> 0.2 mly (10) in 280 hrs — confusion limited pEryy—
460 pm: 9.8 deg?/hr/mly? x 1 unit E:jv”egjfm'

=>» 0.3 mly (10) in 1260 hrs — confusion limited
350 um: 4.4 deg?/hr/mly? x 1 unit
=>» 0.2 mly (10) in 2840 hrs — confusion limited
230 um: 0.024 deg?/hr/mly? x 4 unit RUEEINEEELEEEREA-IEE

may be considered to equalize

= 1.2 mly (10) in 2890 hrs mapping speeds among 4 bands
— Not confusion limited, but ~50% (?) of the CIB will be resolved

3000 hrs deep survey plan:
- High cadence 850um survey

(10 confusion-limited maps will
be obtained after the survey) =
search for time variable sources




Exposure (h deg™?)

Comparison with previous surveys

0.1
250 | | | | | | 460 g
[ m . k-
: i Stripe-82g  @HeLMS —{40 5
= HerMES AKARI-NEPg @SPT-Deep {30 €
1F HLS AKARL-South s ELAIS-N1 o S
t -

- H-ATLAS 527 Clusterse dpecs  MALAS 1 @
E GOODS-H ' p'.zéros. FLOLHgLH T
10f Other FNorth ' Vbe®Bo 8CDFS I
' cBrse oEcLélsSMS(;s =
I GOODS'N“Q Clusters 115 2
: A2218 @GOODS-S E
102E CANDELS.UDS® o Proposed deep survey =
- . . )
| CANDELS-COSMOs GOODS-N using Antarctic 30m o
@ 44 Clusters * -g
- o

03 = | | | | | |

0.001 0.01 0.1 1 10 100 1,000

Area (deg?)
Lutz 2014, ARAA, 52, 373



Conclusions (for a deep photometric survey plan)

Antarctic 30-m terahertz telescope, equipped with 350
GHz, 650 GHz, 850 GHz & 1.3 THz bands (850 pum, 460
um, 350 pm & 230 um) =2 a ~3,000 hrs deep survey at
“SPT-deep 500 deg? area”

— Following successful multi-band approach by SPIRE 3 colors
+ 1 longer photometric point (e.g., SCUBA2 etc.)

— and deeper than Herschel surveys by a factor of ~30 |

— Mitigating “low dust temperature bias” of 850 um —1 mm
single band surveys

— 350um band is really unique for a 30-m telescope; the
cosmic infrared background at 350um will be fully resolved

into discrete sources for the first time

— A high cadence (~10 times during the survey period) 850 pum
confusion-limited-depth photometric survey will also be
implemented automatically.



ChETORE - SHUETAIENFEORE

FELFRDRFAN—ELDHEF, BEELGDI AT UXI(TR
HEMEIME, F-=IZE-Eiwm. LT,
L\<07b\0)1l?e$ﬁ(:m?if®;%;

— E%}LJ’X" L AERAIER %}%) Y 22> 47 B A A&7
FANMIBEINT-E2RBUEHNEFS. (2) AGNIZEITS
DEERE/ERTIY 1T

e THz/subTHz/\> R TITHOEZEIL?
 Confusion limitMZE>BYLE=HFHEIL?

— Redshifted H,

o FELHITOHEHLLY, TH, TRV avIEZITELOGHEE N HN
[XESD? Intensity mappingl ?
— Fine structure linesIZ& 5% AMZI[ZEN-tBl TOEEE 2T

L TD
SEA A

o FLEHFYRETTSTULVELMEMIL?

— HEINAT ATELRERA[$EE = [Cll] or [OllI] tomography !7?
— OH P-Cyg profileD R KBS E = AGN feedback

— CH* absorption® R R BI7ZEEE = large scale turbulence =
(caused by what??)






N(>S) (deg™®)

Consistency with measured number counts:
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- @ AzTEC 1.lmm (This| work) 3 in 1 deg?
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LST Number counts at 1.1mm:

Tamura et al. 2014, submitted
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Fine structure lines

FHB30m?

[Ol]52um | SAFARI (up to 230 um) | z<3.4 B10 B9
[NHI]S7pm z<3.0 B10 B9
[O111]88um 2<16° ["g10 B9 B~
<
[NII]121um 2<09 o] [Tee B8/B7/B6~
0 1 2 .3 4 3 6 7 8
redshift S = A A —
«  Combination of SAFARI/SPICA and ALMA ==
band 10 allows us to calibrate the z 10 F E
proposed metallicity indicator >
([011152um/[NII]57um ratio) by adding ™ Nagao et al 2011
[O111]88um line at z~3. © | ARAS26,Al47 ]
* Italso gives a basis for extension of the D ogneto 0TI legtmTES
method to galaxies at z~5 and beyond. N i D E R
S 0.1 1

Zgos / ZO



ALMA [Olll] 88um detection at z=7.21

Inoue, A., Tamura, Y., KK et al. 2016,

f(obs) =413 GHz (Band8), 41 antennas, 2 hours (on-source)

Redshift
7.21

7.22 7.23

0.45” x 0.38” resolution (NA)

2
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- 2
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g 2
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w0 ‘;
5 %
~ n
= § @
o
E-—a
]
E
o-
¢ 2

-1
Offset (arcsecond)

|
[

Velocity (km/s)

Figure 1: [O 1] 88 xm and Ly« emission images and spectra of SXDF-NB1006-2. (A)
The ALMA [O 111] 88 pm image (contours) overlaid on the Subaru narrow-band Ly« image
(offsets from the position listed in Table 1). Contours are drawn at (—2, 2, 3, 4, 5) xo, where
o = 0.0636 Jy beam~! km s~'. Negative contours are shown by the dotted line. The ellipse at
the bottom-left corner represents the synthesized beam size of ALMA. (B) The ALMA [O 111]
88 um spectrum with a 20 km s~ resolution shown against the relative velocity with respect to
the redshift 2 = 7.2120 (blue dashed line). The r.m.s. noise level is shown by the dotted line.
(C) The Lya spectrum (/7) shown as a function of the relative velocity compared to the [O I11]
88 ym line. The flux density is normalized by a unit of 10~'® erg s~ cm—2 A—!. The sky level
on an arbitrary scale is shown by the dotted line. The velocity intervals where OH air-glow lines
severely contaminate the spectrum are flagged (hatched boxes). The Ly« line shows a velocity
shift Av = +111 km s~ ! relative to the [O 111] line (red dashed line).
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Figure 3: Comparisons of SXDF-NB1006-2 and nearby galaxies. The horizontal axis g i
represents the oxygen abundance relative to the Sun on a logarithmic scale: [O/H] = 8o s
log;g(no/nu) — log;o(no/nu)e, where ne and ny are the number density of oxygen and hy-  © -
drogen atoms and the Solar abundance is assumed to be 12 + log;,(no/nu)e = 8.69 (30). -3.0 T B
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Relative intensity

http://hubblesite.org/gallery/album/exotic/black_hole/pr2015031h

Detection of molecular outflows
in the local quasar Mrk 231
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AGN feedback via OH absorption lines
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CH*: a unique tracer of 1o

dissipative processes @835.056h2

* Fast destruction by collisions with H and H,

* Once formed, its lifetime is short: t~ 1 yr (!)
— Forn,=50cm?3, f,, =1

« [2HIH BT KIFZUEEDCcold diffuse gasT
T2 (7T0FE K Dpuzzle?)
— UV-driven chemistry TIX1#T L E B Y7L

— (fast destruction[Z#T5 53 DIZIJ) supra-thermal
processes|Zd&Hdwarm chemistryH Wr?Z8
— Shocks and/or intense velocity shears[Z& %

turbulence@_ﬁ&ﬁ?ﬁ@i% (turbulent energy flux®
102~103F2E TR D)

Falgarone et al. 2015, ASP Conf. Sor, Vol. 499



CH+ @SDP17b (z=2.305)
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velocity (km s'1)

Figure 2. (Left) ALMA A 350um lensed continuum image of SDP17b, (Right)
2CH*(1-0) spectrum integrated over the fraction of the continuum size where emis-
sion is the brightest. Gaussian fits to the emission and absorption lines are shown.
The fit residuals are displayed in the bottom frame. The velocity scale is centered at
z=2.3051. The observation frequency was v = 252.66133GHz.

Falgarone et al. 2015, ASP Conf. Sor, Vol. 499



CH+ @SDP17b (z=2.305)

Dark matter halo

Figure 1.  Sketch of the regions discussed
in the text, superposed on cold gas surface
densities drawn from the numerical simula-
tions of Gabor et al. (2014): the dark mat-
ter (DM) halo filled with hot gas, infalling
cold streams, the star-forming galaxy (SFG)
disk and the large turbulent interaction re-
gion. In the case of SDP17b, the galaxy disk
radius is ri;y = 3kpc. The CH™ absorption
line against the dust continuum emission of the
SFG probes the front part of the turbulent re-
gion (TR), along the narrow solid angle sus-
tended by ry ;.

Falgarone et al. 2015, ASP Conf. Sor, Vol. 499
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