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BULGE-FORMING GALAXIES WITH AN EXTENDED ROTATING DISK AT z ~ 2
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Hubble sequence

bulge-dominated disk-dominated
n>2 n<2

NASA, ESA, M. Kornmesser




Galaxy evolution

disk-dominated
star-forming galaxies

bulge-dominated
quiescent galaxies




How did galaxies change morphologies?

Our approach:
Study the spatial distribution of star formation

4 If stars form in disks

Sy = <>

disk-dominated more disk-dominated

4 If stars form in central regions
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disk-dominated bulge-dominated




3"~24 kpc

Where do stars form®?

The most massive SFGs at z=2.5 (Tadaki+17)
HST (H-band) HST (I-band)

unobscured
star formation

v v

extended disk clumpy

stellar mass



Dust extinction problem

Mass-complete sample of galaxies at 0<z<2.5 (Whitaker+17)
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For the most massive star-forming galaxies
) IR light traces ~1009% of total star formation




3"~24 kpc

Where do stars form®?

The most massive SFGs at z=2.5 (Tadaki+17)
HST (H-band) HST (I-band) ALMA (870um)

unobscured dust-obscured
star formation star formation

v ¥

centrally-
concentrated

stellar mass
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ALMA & HST view

11.0 11.2 11.4
|Og M [Msolar]

» they have an extended, exponential disk
» star-forming regions are extremely compact

suggesting radial transport of gas



Conclusion

disk-dominated bulge-dominated

Massive SFGs are transforming through

compact dusty starbursts at z~2.5
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v Dust continuum distributions

v Gas mass measurements

v Fine structure lines



Dust continuum distributions

THE ASTROPHYSICAL JOURNAL, 799:81 (14pp), 2015 January 20 doi:10.1088/0004-637X/799/1/81

© 2015. The American Astronomical Society. All rights reserved.

THE SCUBA-2 COSMOLOGY LEGACY SURVEY: ALMA RESOLVES THE REST-FRAME
FAR-INFRARED EMISSION OF SUB-MILLIMETER GALAXIES

J. M. StmpsonN!, TaN SMAIL!, A. M. SWINBANK', O. ALMAINIZ, A. W. BLAIN?, M. N. BREMER?, S. C. CHAPMAN,
CHIAN-CHOU CHEN!, C. ConseLICE?, K. E. K. CopPin?, A. L. R. DaNIELsON', J. S. DunLoP’, A. C. EpGE', D. FARRAH?,
J. E. GEACH®, W. G. HARTLEY??, R. J. IvisoN’-10 A. Karim!!', C. Lant?, C.-J. MA!, R. MEUERINK'?' 13, M. J. MICHALOWSKI,

A. MortLock?7, D. Scort!4, C. J. StMpsoN'>, M. Spaans!?, A. P. THoMsoN!, E. VAN KAMPEN'?, AND P. P. VAN DER WERF'’

THE ASTROPHYSICAL JOURNAL, 810:133 (12pp), 2015 September 10 doi:10.1088/0004-637X/810/2/133

© 2015. The American Astronomical Society. All rights reserved.

COMPACT STARBURSTS IN z ~ 3-6 SUBMILLIMETER GALAXIES REVEALED BY ALMA

3
SoH IKARASHI'"> , R. J. IVISON1’4, KARINA I CAPUTI3, ITZIAR ARETXAGA’ , JAMES S. DUNLOP4, Bunyo HATSUKADE6,

Davip H. HUGHES® , DAISUKE IONO6’7, TAKUMA IZUMIZ, RYOHEI KAWABE2’6’7, KoTARO KOHNOZ’g, CLAuDIA D. P. LAGosl,
KENTARO MOTOHARAZ, KouicHIRO NAKANISHI6’7’9, Koun OHTAIO, YOICHI TAMURAZ, HIDEKI UMEHATAZ, GRANT W. WILSON“,
Kiyoto YABE6, AND MIN S. Yun'!!

THE ASTROPHYSICAL JOURNAL LETTERS, 827:L32 (7pp), 2016 August 20 doi:10.3847/2041-8205/827/2/1.32

© 2016. The American Astronomical Society. All rights reserved.

CrossMark
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Consensus: dust continuum is very compact
(Re=1-2 kpc)




Dust continuum distributions

Submillimeter galaxies at z~2.5 (Hodge+16)
SS 3.13 ALESS 005.1 $ALESS 009.1FALESS 010,17
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2SS 045.1% ALESS 067.1-

0.16"-resolution 3

on-source time: 3
8 min (cycle-2)

They have an exponential disk
median Sersic index of 0.9%0.2




Dust continuum distributions

The brightest submillimeter galaxy at z=4.3 (lono+16)

.

X
Q 0.31"x0.31"

on-source time: ~20 min (cycle-1)

dust emission Is very compact
Re ~ 1 kpc




Dust continuum distributions

The brightest submillimeter galaxy at z=4.3
resolution: 0.07"x0.063" 0.31"x0.31"
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on-source time: ~30 min (cycle-3)

dust emission Is very compact
Re ~ 1 kpc



Dust continuum distributions

The brightest submillimeter galaxy at z=4.3
resolution: 0.07"x0.063" 0.048"x0.039"
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Dust continuum distributions

The brightest submillimeter galaxy at z=4.3

resolution: 0.07"x0.063" 0.048"x0.039" 0.026"x0.018"
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o  extended disk
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on-source time: ~30 min (cycle-3)

Dual cores +

extended disk + clumpy structure
3-4 kpc 200-300 pc



v Dust continuum distributions

v Gas mass measurements

v Fine structure lines



Gas mass measurements

1. Dust continuum
2. CO line
3. Cl line

Scoville’s recipe (Scoville+15,16.17)
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Gas mass measurements

1. Dust continuum
2. CO line
3. CIl line

A guiescent galaxy at z=3.7 (Glazebrook+17, Nature) Dust cont. detection
e y Hp (Simpson+17)
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on-source time: 1.4 hours (cycle-4)




Gas mass measurements

1. Dust continuum
2. CO line
3. Cl line

Large molecular gas reservoirs in quenched galaxies at z=0.7 (Suess+17)

B SDSIS JO|912 2 I Star-forlming mainI sequenc:eI (Whitakerl-l-12) |

'A' type post-starburst, z ~ 0.7
Y% ALMA targets

N
o

RN
o

O
o

O
o)

o
N

~~
>
=
S
>
=
n
c
)
O
X
=
LL

I
N

O
o

-1000 0 1000
Velocity (km/s)

_ _ 106 108 11.0 112 114 116
on-source time: 100 min (cycle-5) logio(M, [Mg])




Gas mass measurements

1. Dust continuum
2. CO line
3. Cl line

Ancestors of MW-mass galaxies (z=1.2-1.3, Papovich+16)
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Gas mass measurements

1. Dust continuum
2. CO line
3. Cl line

A massive cluster at z=1.5 (Hayashi+17)
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ISM mass measurements

1. Dust continuum
2. CO line
3. Cl line

CO-dark gas (Bisbas+17)
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Gas mass measurements

1. Dust continuum
2. CO line
3. Cl line

A massive star-forming galaxy at z=2.2 (Popping+17)
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Gas mass measurements

fast uncertain

1. Dust continuum

2. CO line

3. Cl line

time-consuming reliable

Also need to check dynamical mass



v Dust continuum distributions

v Gas mass measurements

¥ Fine structure lines



Fine structure line studies

Spinoglio+09
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[CII]158um detections before ALMA

A galaxy at z=6.4 (Walter+13, Nature

a b c

' " D Y T
| Continuum emission 1 [C 1] emission Red- and blueshifted [C 1]

52°51'51.0"f

Declination (J2000)

49.5"|

| T | el
11h 48 min 16.65s 16.60s 16.55s

Right ascension (J2000)

Flux density (mJy per beam)

Velocity offset (km s)




[CII] 158um detections in ALMA era

A galaxy at z=6.8 (Bradac+17 Four galaxies at z=6.6-7.2
(Pentericci+17)
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[CII] 158um detections in ALMA era

A galaxy at z=6.6 (Matthee+17) Two galaxies at z=6.8-6.9
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[CII]158um non-detections
A galaxy at z=6.6 (Ouchi+13 A galaxy at z=7.0 (Ota+14)
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What is the difference between
detections and non-detections?



What is the difference?

Compling [CIl] sample (Harikane+17)

20 . _q

Fiducial model 22 Metal—rich Strong [CII]
Low 5'1011

%024
= 2

I | i r Weak [CII]

26

- y
28 1J esc Metal—poor
nghl gion |

10° T 10°
Wavelength [A]

1. more metal poor
2. higher ionizing photon
production efficiency

Galaxies in the very early stage are likely to have a weak [CII] line
[CII] line may not be a good probe of z=7-9 galaxies?




[OIII]88um line

alaxy at z=7.2 (Inoue+16, Science
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[OIII]88um line

A galaxy at z=7.1 (Carnlan|+17) A galaxy at z=8.4 (Laporte+17)
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Hot topics in high-z galaxy science

o o
redshift
v It is now possible to measure gas masses even for

quiescent galaxies or low stellar mass galaxies at z~1 § z~1
through CO observations.

v 0.1-0.3” resolution observation revealed that the dust
continuum emission is very compact for dusty star-
forming galaxies at z=1-5. But higher resolution
observations show more complex morphologies.

z=1-5

v [Olll]88um line will open the way for z>8 metal-poor
galaxies. [ClI]158um line is still useful for studying
more metal-rich galaxies at z~6.

Z=6-9

If you want to make creative works,
following these trends is not a good way.



Thank you for your attention




