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Rapid formation of a central bulge in massive
galaxies at z~2: from Subaru to ALMA
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A modern version of the Hubble sequence

disk-dominated (n~1)
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Inside-out growth of galaxies

*.size plot (van del Wel et al. 2014)

size compariosn (Nelson et al. 2016)
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In an early evolutionary stage of star-forming galaxies,

- galaxies grow iIn size with increasing stellar mass

- they are forming stars in larger disks than stellar continuum (inside-out growth)
- they never form a bulge component!

At some point (probably around the Schechter mass),
- star-forming region should become more compact than stellar continuum




Inside-out quenching of galaxies

Massive star-forming galaxies at z~2 Massive star-forming galaxies at z~1

(Tacchella et al. 2015) (Nelson et al. 2016)
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In a late evolutionary stage of star-forming galaxies,

(after a dense core is formed)

- central region has lower specific star formation rates

- the suppression is more significant in galaxies below the main-sequence
- star formation is likely quenched from the inside out
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Sample and data in SXDF-UDS (CANDELS/3D-HST)

Subaru/ . _ MAHALO-Subaru Narrow-band filter

MOIRCS L GG e Tl (Tadaki+13, Kodama+13) | lo trace Ha emission at 2=2.19

e kinematics of ionized gas KMOS®b

KMOS (Wisnioski+15)

HST/ _ CANDELS/3D-HST
WEC3 optical morphology (Skelton+14, Grogin+11,
Koekemoer+11)

Transmission

ALMA/ GRACIAS-ALMA
band7 FIR morphology (Tadaki+16)
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Why ALMA?

Galaxy properties of Ha-selected SFGs at z~2
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- what we want to know is the spatial distribution of star formation within galaxies
- UV/Ha light is strongly attenuated by dust extinction for massive galaxies

== we need to spatially resolve the dust emission

Tadaki et al. 2016, arXiv:1608.05412



Why ALMA?

ALMA is the most powerful tool for resolving dust emission

MIPS/24um PACS/160um ALMA/870um

Tadaki et al. 2016, arXiv:1608.05412



ALMA Band-7 observations

25 SFGs on main-sequence at z~2
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Tadaki et al. 2016, arXiv:1608.05412



Size measurements of 870 ym emission

Baseline distribution

Our data is sensitive to emission in uv the range of 100-900 kA

//ll/I % /' L the best configuration to identify dust emission with r12=1-2 kpc
00 === T T T ||=7|
° _ visibility plane:
point source kg
exponential disks (r12=0.8 kpc) | | g(u) = S %
— e . model
? exponential disks (r12=3.5 kpc) | | ( ) (u2 + k%)?’/ 2
e 1 | ]
3 _ l 2D Fourier transform
< .
image plane:
ol f(R) — GXp(—1678R/R1/2)
0 500 600 900 1200 1500 1800 |
UV Distance [k\] max. baseline=1600m

(baseline) corresponding to ~1840 kA

min. baseline=20m
corresponding to 23 kA
32~49 antennas

»

credit: ALMA(ESO/NAOJ/NRAO)

Tadaki et al. 2016, arXiv:1608.05412



Why not size measurements in image plane?

V(u,v) amplitude V(u,v) phase

only short baseline data only long baseline data

T —

A talk slide by David, J. Wilner in 15th Synthesis Imaging Workshop



Size measurements of 870 ym emission
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Bulge-forming galaxies with an extended disk

M--size plot
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- They have an extended, exponential disk (R12~3 kpc, n~1)
- Star-forming regions are extremely compact (R12<1.5kpc)

Tadaki et al. 2016, arXiv:1608.05412




When are bulges formed?

HST map: stellar mass surface density within a central 1 kpc (XM, 1xpc)
ALMA map: SFR surface density within a central 1 kpc (XSFR1kpc)
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dense core is formed

- they can complete bulge formation by z~2
- it does not necessarily require additional gas accretion
- they can naturally quench star formation soon after the

Tadaki et al. 2016, arXiv:1608.05412



Sample bias

- recent ALMA works for high-resolution dust continuum observations
Simpson+15, Hodge+16: pick up only submme-bright galaxies

Barro+16: mainly compact galaxies

Tadaki+16: on main sequence (+0.3 dex), no selection on optical size

blue circles: representative sample of star-forming galaxies at z~2 Zgrism=1.4 (Momcheva et al. 2016)
(BD-HST; Skelton et al. 2014; Momcheva et al. 2016) Zphot=2.5 (Barro et al. 2015)
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massive star-forming galaxies are commonly form stars in the central compact region

Tadaki et al. 2016, arXiv:1608.05412



lonized gas kinematics with VLT/KMOS

The KMOS?®D survey (Wisnioski+2015)
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- they are all rotation-dominated

- their angular momenta are broadly
consistent with those of mass-limited
galaxies in the KMODS3P sample

Disk angular momentum (Burkert+2016)
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Summary

2. extreme starburst!

preferred for

(1) morphological transformation from n=1 to n=4
(2) BH growth?

(3) bottom heavy IMF in local ellipticals?

(4) enhanced a/Fe in local ellipticals?

3. inside-out quenching

T T T T T L LR
— 2y

el g, E
L g, == ISR :
g . ;
O] 3
E : l”+l“*“l r E
?

10° _ suppressed SF

EW [A]

100

Ne/éon ét al.'201 6

main sequence

formation of high central
stellar mass densities
through ‘compaction’

star formation
at all radii

quenching 0 - ds a typical quenched
inside-out Y

in the center, outskirts
still forming stars

~M* galax

' i
Y - above
* b ® - AC) 2 10 below
i 107 T B | I ! L, v ke , , . : ;

" 0.5 1 2 5 10

2 4 6 8 10
Hiso 870um r [kpc] r [kpc]
Redshift z~2
tuniverse 3.3 Gyr
—(®)— (@) — (@ —

Tacchella et al. 2015

1. inside-out growth
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