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2



Outline
• Introduction
–Why	do	we	care	about	the	dust-obscured	part	of	
galaxy	formation	history?

– Roles	of	ALMA

• Quest	for	dusty	galaxies	using	ALMA
– Lessons	from	recent	ALMA	surveys	on	SXDF-UDS-
CANDELS	&	HUDF/GOODS-S	

– How	to	follow-up	dusty	(H-band-dropouts)	
sources?	Ultra-wideband	spectrograph	on	LMT
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Dust-enshrouded	star-formation	activities	in	
z>3-6	and	beyond	..?

• Herschel	wide	area	surveys	of	red	submm sources	è significant	
amount	of	dust-obscured	star	formation	up	to	z~6?

• An	ALMA	deep	survey	@HUDF(ASPECS):	Dust-observed	star-
formation	plays	minor	roles	on	the	rest-frame-UV-selected	galaxies

Constant?

Rowan-Robinson	et	al.	2016,	
MNRAS,	461,	1100

Bouwens et	al.	2016,	ApJ,	833,	id.	72
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Only ALMA can break the confusion limit 
of existing mm/submm deep surveys

Herschel Space 
Observatory 
+ SPIRE

D = 3.5m

θ ~36” 
@500µm



Science	Goals	of	ALMA	deep	surveys:	
uncovering	and	characterizing	
“sub-mJy” galaxy	population

• Types	of	galaxies	responsible	for	the	sub-mJy	
population

• Redshift	distribution	of	the	sub-mJy	population
• SMBH	growth	rates	in	the	sub-mJy	population
• mm-properties	of	various	classes	of	star-
forming	galaxies	via	stacking analysis

• Constraining	the	evolution	of	the	[CII]	and	CO	
luminosity	functions



ALMA	deep	surveys	@λ~1mm
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ASPECS
(cy5	large,	Walter)

HFFs
(cy1+,	Bauer)

ALCS
(cy6	large,	
Kohno)

← Alejandra’s	 talk
(yesterday)

ALCS:	
33	clusters
88	arcmin2
80	μJy (1σ)



ALMA	Lensing	Cluster	Survey	(cycle	6)



ALMA	deep	surveys	in	HUDF/GOODS-S	



ALMA	”wedding-cake”	deep	λ~1	mm	
surveys	in	HUDF	and	GOODS-S

GOODS-S	ALMA	– PI:	D.	Elbaz
68	arcmin2,	1	tuning	(256	GHz)
1σ	=	128	μJy/beam

JVLA-ALMA	(ASAGAO)	
– PI:	K.	Kohno
26	arcmin2,	2	tuning	(262	GHz	+	253	GHz)	
1σ	=	60	μJy/beam

HUDF	ALMA	– PI:	J.	Dunlop
4.5	arcmin2,	1	tuning	(220	GHz)
1σ	=	29	μJy/beam

HUDF	ASPECS	– PI:	F.	Walter
4.5	arcmin2,	8	tuning	(210	– 270	GHz)
1σ	=	13	μJy/beam

HUDF

Footprint:	 courtesy	of	Wiphu Rujopakarn
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ALMA	
(ASAGAO)

Footprint:	courtesy	of	Wiphu Rujopakarn



https://jwst-docs.stsci.edu/display/JSP/JWST+GTO+Observation+Specifications

Dunlop+,	ASPECS
ASAGAO
Elbaz+

ALMA	surveys



ALMA	”wedding-cake”	deep	λ~1	mm	
surveys	in	HUDF	and	GOODS-S

GOODS-S	ALMA	– PI:	D.	Elbaz
68	arcmin2,	1	tuning	(256	GHz)
1σ	=	128	μJy/beam

JVLA-ALMA	(ASAGAO)	
– PI:	K.	Kohno
26	arcmin2,	2	tuning	(262	GHz	+	253	GHz)	
1σ	=	60	μJy/beam

HUDF	ALMA	– PI:	J.	Dunlop
4.5	arcmin2,	1	tuning	(220	GHz)
1σ	=	29	μJy/beam

HUDF	ASPECS	– PI:	F.	Walter
4.5	arcmin2,	8	tuning	(210	– 270	GHz)
1σ	=	13	μJy/beam

HUDF

Footprint:	 courtesy	of	Wiphu Rujopakarn
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ALMA	twenty-Six	Arcmin2 survey	of	Goods-
south	At	One-millimetre (ASAGAO)

ASAGAO	=	Morning	glory

Ueda,	Hatsukade,	KK,	et	al.,	2018,	ApJ,	853,	id.	24	(X-ray	AGN	properties)
Fujimoto	S.,	Ouchi,	M.,	KK,	et	al.,	ApJ,	861,	id.	7	(submm source	sizes)
Hatsukade,	KK,	et	al.,	2018,	PASJ,	in	press.	(source	catalogue	and	number	counts)
Yamaguchi,	KK,	Hatsukade,	Wang,	T.,	Rujopakarn,	et	al.,	
submitted	to	ApJ (multi-wavelengths	IDs)

… more	to	come!	e.g.,	Joint	analysis	with	rest-frame	optical	line	emitters	(Kodama+)
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ASAGAO+Dunlop+Elbaz (250kλ	taper)
(ASAGAO	area)

zp=	2.3768

zs=	2.582

zp=	2.9218

zp=	1.9367

zs=	2.225

zp=	2.4621

zp=	2.36

zp=	2.0108

>5σ sources

zp=	1.8787

zp=	1.6184
zp=	2.6573

zs=	1.998

zp=	1.6054

zp=	1.0713

zs=	2.593

zp=	2.603

Hatsukade,	B.,	
et	al.,	2018
PASJ,	in	press.



ASAGAO+Dunlop+Elbaz (250kλ	taper)
(ASAGAO	area)

• Positive	detection
– 25	(S/N	≥	5.0)
– 45	(S/N	≥	4.5)

• Negative	detection	
– 1	(S/N	≥	5.0)
– 9	(S/N	≥	4.5)

• ≥5σ continuum	sources
ASAGAO SXDS ASPECS HUDF

25 5 5 5
Hatsukade,	B.,	et	al.,	2018
PASJ,	in	press.
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SED	analysis
of	ASAGAO	
sources

Yamaguchi,	Y.,	KK,	et	al.,	
submitted	 to	ApJ

zp =	2.377

including	 deblended
SPIRE	fluxes	
(Wang,	T.,	et	al.,	in	prep.)

+	MAGPHYS	code



ASAGAO	sources	are	mostly	on	the	
main	sequence	at	z	=	1	- 4

Yamaguchi,	Y.,	KK,	et	al.,	
submitted	 to	ApJ
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Stellar	mass	vs	SFR

with	K-band
counterpart



IRX	=	LIR/LUV vs	stellar	mass

• ALMA	detected	sources	show	systematic	offsets	
from	IRX-M★ relation	of	UV-selected	sources	
obtained	by	Bouwens+16	(especially	z	>	1.5)

Yamaguchi,	Y.,	KK,	et	al.,	submitted	 to	ApJ



X-ray	AGNs	in	ASAGAO	(+	UDF)	sources	at	z	=	1.5	- 3

• Elevated	AGN	fraction	at	z	=	1.5	– 3	ULIRG-class	ALMA	(ASAGAO)	
sources,	up	to	90+8-19%	(!)	using	Chandra	7Ms	data
– At	X-ray	flux	limits	of	~5	x	10-17	erg	cm-2 s-1 @0.5	– 7	keV band
– Host	growth	first	è an	AGN-dominant	phase	follows	later?

Ueda,	Y.,	Hatsukade,	B.,	KK,	et	al.,	2018,	ApJ,	853,	id.	24	

ALESS	(Wang	et	al.	2013)

This	work	
(ASAGAO)

X-ray	detected	
but	non-AGN	
ALMA	source

ALESS	(Wang	et	al.	2013)

This	work	
(ASAGAO)
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• Only	an	IRAC	
counterpart		is	
visible	!	

• “K-Band	dropout”

A	heavily	obscured	and/or	high-redshift	dusty	
starburst	galaxy,	which	is	invisible	in	WFC3,	HAWK-I,	

and	shorter	wavebands?		

ALMA	1.2mm

JVLA	6cm

IRAC	4.5μm 3.6μm
HAWK-I
Ks-band

WFC3
F160W
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Yamaguchi,	Y.,	KK,	et	al.,	
submitted	 to	ApJ

5	such	sources	in	ASAGAO	field
to	be	followed	up	(ALMA	cy6)
by	Bunyo Hatsukade



An	obscured	ULIRG	at	z	>2	uncovered	
in	SXDF-ALMA	2	arcmin2 survey?

ALMA/B6
1.1mm

CANDELS
WFC3/F160W

1.6μm

HUGS
HAWK-I/Ks-band

2.1μm

SEDS
IRAC
3.6μm

SEDS
IRAC
4.5μm

10	arcsec

zphoto =	3.1+3.9-1.8	(Hyperz),	2.4 +2.5
-2.0	(EAZY)	

– One	L(IR)	=	(1+1-0.7)	×1012L¤ galaxy	in	the	
survey	volume	(2	arcmin2,	z	=	0.9	– 3.6)	

– è SFRD	=	(0.1	– 1)	×10-2 M¤/yr/Mpc3

– è 1	– 10%		contribution	to	the	IR	SFRD??
additional	 contributions	 to	the	SF	history	 from	faint	
submm galaxies,	not	fully	overlapped	with	UV/optical-
selected	galaxies	(e.g.,	Chen	et	al.	2014,	ApJ,	789,	12)

Kohno	et	al.	2016,	IAUS,	
319,	92	(arXiv:1601.00195)
Yamaguchi,	Tamura,	et	al.,	2016,	
PASJ,	68,	82

22



H-dropout	dusty	high-z	galaxies:	
Interesting,	but	not	easy	to	follow	up..
• Nothing	can	do	in	the	optical/near-infrared??
• We	can	do	ALMA	spectral	scans	(targeting	CO	
lines),	though	it	is	fairly	expensive;	[CII],	[OIII]	..	??

• JWST and	SPICA for	mid-infrared	spectroscopy	
using	PAH features?	
– 3.3μm	for	JWST,	6.2μm,	7.7μm,	etc.	for	SPICA

CO(5-4)@z=3.24	or	CO(4-3)@z=2.18?

Yamaguchi,	KK,	et	al.,	in	prep.
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SXDF-ALMA3
SXDF-ALMA3

1.1mm						H-band			Ks-band			3.6um							4.5um



Ultra-wideband	Spectrograph	on	LMT	50m
• Led	by	Netherlands	(TU.	Delft	&	SRON)	and	Japan	(Nagoya	
Univ.,	NAOJ,	Saitama	U.,	&	U.	Tokyo)	+	LMT	(INAOE+UMASS)

• Instantaneous	frequency	coverage:	185	– 365	GHz	(covering	
180	GHz	width	in	one	shot!è [CII]	z	=	4.2	– 8.7)

• With	a	coarse	resolution	R	=	f/df ~500	(dv	~600	km/s)
• 5	x	5	=	25	spatial	pixels
• The	proposed	target	year	of	installation:	2020
• Suited	for	follow-up	of	AzTEC,	MUSCAT,	&	Toltec	(and	other	
bright	submm)	sources

• Even	without	beam	steering	functions,	25-beam	
DESHIMA/MOSAIC	on	LMT	is	>10	times	more	efficient	than	
ALMA in	blind	search	for	mm	line	emitting	galaxies
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On-chip	superconducting	spectrograph	
DESHIMA	(does	already	exist!)

Evaluation	@TU	Delft

Endo	et	al.	2012,	JLTP,	167,	341

25Small	!!	è large	format	multi-beam



DESHIMA	on	ASTE	campaign	
(Oct.	– Dec.	2017)

26

2017	Oct.
ASTE	10m,	Chile
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2017	Oct.
ASTE	10m,	Chile



The	first	proof	of	concept:	
on-chip	super-conducting	filter-

bank	array	DESHIMA	on	ASTE	10m

Endo,	Tamura,	et	al.,	in	prep.

ASTE	10m

November	2017,	Atacama,	Chile



Detectability	of	fine	structure	lines
29

L(FIR)	=	5	x	1013 L¤

[CII]	158μm

[OIII]	88μm
z	=	9z	=	10

z	=	5
z	=	4

z	=	9

z	=	7

10-20 W/m2 è 3	mJy @300GHz,	df=300	km/s

DESHIMA2	on	ASTE10m

MOSAIC
on	LMT50m

just	~a	few	minutes	per	source
è large	spectroscopy	surveys!

Sensitivity:	Jochem Baselmans
Line	flux:	Yoichi	Tamura



Detectability	of	fine	structure	lines
30

L(FIR)	=	5	x	1012 L¤

[CII]	158μm

[OIII]	88μm
z	=	9

z	=	10

z	=	5

z	=	4

z	=	9

z	=	7

[CII]	in	1	x	1012 L¤ class	
ULIRGs	should	
be	still	easy	!	(<1	hr)

10-20 W/m2 è 3	mJy @300GHz,	df=300	km/s

DESHIMA2	on	ASTE10m

MOSAIC	on	LMT50m

Sensitivity:	Jochem Baselmans
Line	flux:	Yoichi	Tamura



Summary
• Roles	of	dusty	star-formation	are	still	not	yet	understood	
especially	for	z>3	Universe

• ALMA	deep	surveys	in	GOODS-S/HUDF
– ASAGAO:	26	arcmin2 survey	with	a	depth	of	60	μJy
– Capturing	obscured	(high	IRX)	star-forming	activities	on	typical	
star-forming	galaxies	(“main-sequence	galaxies”)	at	each	epoch

– Co-growth	of	super	massive	black	holes	among	these	dusty	star-
forming	main-sequence	galaxies

– ALMA	starts	to	capture	very	dusty	high-z	population,	which	is	
invisible	in	the	existing	rest-UV/optical	deep	surveys

• ALMA	Lensing	Cluster	Survey	(cycle	6,	large	program)	
• How	to	spectroscopically	follow-up	such	dusty	galaxies
– Synergy	with	JWST	and	SPICA
– crucial	to	study	the	early	dust	production
– Ultra-wideband	imaging	spectrograph	DESHIMA/MOSAIC	on	LMT	
50m	è large	spectroscopic	surveys	of	dusty	galaxies
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