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Model

e The NEW numerical galaxy catalog (v GC; Makiya et al 2015 in prep.)
® “‘Semi-analytical model”

- =7 =% =D LIZ N-body simulation Til% (Ishiyama et al.
2015)

- N F VRIS @EATEYE 7L TRE < (gas cooling, star formation,

feedback, metal enrichment...)

- local DIEEEEA%X, HI mass function 1259 X 9 12287 X — ¥ H5E

o LA kot A

- HREKEED Y — 7 < ¥ —D N-body simulation

- AGN feedback
- UV feedback
- MCMC fitting
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Cosmological dark matter simulation (Ishiyama et al. 2015)

e o s / 1.6 Gpc %

Merger tree

(Galacticus blog &£ 0)
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VIGC ICR T BIRIAELETR D B H DR
galaxy
disk
l coolin
[disk star } star formation [ cold gas}< “—— hot gas
SNe feedback
major )nger accretion
starburst/ accretion| AGN feedback
bulge ¥ J dark halo
/
[ bulge star [ SMBH ]
hot gas
*galaxy = disk + bulge i
disk = disk star + cold gas |
bulge = bulge star + black hole galaxy

* hot gas ; diffuse gas, virial temperature

X714 R bylES A
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® gas cooling

SH
{m

i )

Baryon physics

EE, U ABEDOREE L T cooling rate %z af-HL

H A DI

® star formation and supernova feedback

BIER T A LA — VIR D dynamical time D B4

BIEAIL U T

e B e 13 2 70 \»

HiEfk, ¥ A R b2

SN feedback T cold gas Z M Z RILT

/INZWOERTNZE & feedback 23 & < %f <

2 )i (Mdust « Mgas x Zcold)
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Baryon physics

® galaxy merger

- satellite galaxy 23 JJ2ARVEEEECTHULICYE D central galaxy & &4

- ok 2N OE & DR D512 13 major merger 258 X 5

=> starburst + bulge formation

e SMBH evolution / AGN feedback

- 2 TCOHEANL seed black hole Z Ff>

- major merger DFRIZ, —EDHIE T cold gas B3 central SMBH | [§75
=> SMBH ¢& bulge DAL

- SMBH 239 % £ AGN IZ X © T gas cooling 23] S 1%
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&

J \\

INT X —F =

best-fit lo error meaning
Olstar -1.178 0.163 star formation-related
Estar 0.170 0.011 star formation-related
Qhot 2.996 0.168 SN feedback-related
Viot (km/s) 171.23 7.561 SN feedback-related
Qeool 6.110 0.250 AGN feedback-related
logo(esmBH) -0.240 0.157  AGN feedback-related
Meeq (M) 10° (fix) — seed blackhole mass
fBu 0.01 (fix) — fraction of the mass accreted onto SMBH during major merger
VO 2.5e5 (fix) — coefficient of dust extinction
Joulge 0.1 (fix) — major/minor merger criterion
Jmrg 0.7 (fix) — coefficient of dynamical friction timescale
Jdiss 1.0 (fix) — energy loss fraction
0 0.0 (fix) — redshift dependence of disk size
y 1.0 (fix) — redshift dependence of dust optical depth

Table 2. PARAMETERS

o NIRX—FDHRDJT

- Markov-Chain Monte Carlo =% H\» 4

- local D r-band X Tf K-band JEEEEI%L, HI B 2RI GHE 5
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local LFs and HI mass function
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Cold gas mass relative to r-band mag
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Haynes et al. 2010
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BOIRMCTH A ZMRILT L EHE ?
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local SMBHs

le+11 T T 101 | | | | |
' Shanker+ 2004
_ DSF —— |
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107
— 1e09 | P
= - S
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Mbuige-MBH relation SMBH mass function
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S1ze and rotation velocity of galaxy disk

Courteau et al. 2008 ] i Coﬁrteau et elll. 2007 | -
DSF —»— ] I DSF —x— |
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E
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Tully-Fisher relation S1ze-magnitude relation

o ¥ —7 <% —,"U—0 virial size & circular velocity 2>
S HED Y A X L [B[HREE 2 e

o JIFEINVEICX BV 4 XEILHEE
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S1ze and velocity dispersion of bulge
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® major merger B2 D T 2 )L X —{R{FD 6 A R EHE % 5T
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156 B4HAEH



12+1log,,(0O/H)

-

8.

.5

5

8

Mstar-Zcold relation
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Cosmic star formation history
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UV and IR luminosity density
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J-
FED
e Jocal LF % cosmic SFR density evolution (S48

® *ﬁ@/ﬁ FtﬁiEFIE

- O ERW T cold gas 232 72 s

- MZ relation
- LTS

- FANAERFTA b B

o AN TIFTIAELL, HARXY LY R MTIELFE
DS H o
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Table 1. Details of the ¥2GC simulations. N is the number of simulated particles, L is the comoving box size, m is the particle mass resolution
M nin 1s the mass of the smallest halos, the total number of halos, and Mp,ax 1s the mass of the largest halo in each simulations. The smalles
halos consist of 40 particles. In the last two columns, values at z=0 are presented except for the ¥2GC-H3 simulation, which was stopped at z = 4

Name N  L(h~*Mpc) m(h™"Mg) Mupin(h™"Mg) #Halos Mpax(h™ M)
2GC-L  8192° 1120.0 2.20 x 103 8.79 x 10? 421,801,565 4.11 x 10"
2GC-M 40963 560.0 2.20 x 108 8.79 x 107 52,701,925 2.67 x 10%°
2GC-S 20483 280.0 2.20 x 108 8.79 x 107 6,575,486 1.56 x 1015
2GC-SS 5123 70.0 2.20 x 103 8.79 x 10° 103,630 6.58 x 1014
V2GC-H1 20483 140.0 2.75 x 107 1.10 x 10° 5,467,200 4.81 x 10
2GC-H2 20483 70.0 3.44 x 106 1.37 x 108 4,600,746 4.00 x 10
>’GC-H3 40963 140.0 3.44 % 10° 1.37 x 108 44,679,543(z =4) 1.15x103(2 =4)

156 B4HAEH



Stellar mass functions

¢ [Mpc™ mag’']

¢ [Mpc™ mag™']

-26

-23 -22
My [AB mag] My [AB mag]

156 B4HAEH



1) [Mpc_3 dex_l]

) [Mpc_3 dex

TIR luminosity functions
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Why?

o BN DZERITIEREDFE ?

o HMT—XIIEBDY —AZ2FELEDTHTNSE?
o AGNDEH 5. ?

o T NICITFEAZ ATV

e ULIRG HY7% K4 1% AGN dominated

® top-heavy IME?
e SFR ZZ 2§ IZ UV photon % ¥+ %
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TIR luminosity functions
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Number count of 1.1mm sources
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Number count of 1.1mm sources

Hatsukade+13 —f—
Karim+13 ——>&—

Model .

N(>S) [deg’]

—l- . e . A M
0.1 1 10

S(l.1lmm) [mdy]

R LR 2P T2M5I1C L CEME
- o720 &9 ==SEDmodel IZEX %9

156 B4HAEH



Evolution of disk size and L-T4ust relation

e At fixed SFR:
- large size => low tdustand
low L1ir
o At fixed L1r
- large size => low Tqust and
high submm flux
o cffective radius of L ~ L+
galaxies scales as
r < (1+z)! (e.g., Ono+ 2013)
o T7ILHYIZ[FAIL Lr TYH

high-z 1% &4 2 FREDE
iz %

log,, vL, [W / (H atom)]

—3R -31 —30 —_29 —_28 —_7

—33

Physical dust model by Draine & L1 (2007)
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Ltir-Taust relation for SMGs and local SF galaxies

Hwang et al. (2010)

eLocal SDSS Galaxies

60E oAGN (This Study) o
.IRGs (D00) A .

sgF ®SMGs (C05, K06) :
«ULIRGs (Y07, Y09)

e
*\**
*
n [ ] *
® e
o
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII’

el
30 &
20 "
10 L Lo vl sl r sl el
10° 10'° 10! 10'? 10"
LIR (LQ)

Figure 3. Tyt vs. Lg for galaxies in SDSS. Galaxies hosting AGN are indicated by yellow symbols. The thick dashed line is a smoothed
median trend of Ty, for local SDSS galaxies by excluding those with AGN, and the dot-dashed lines are its envelope that includes
90% of the galaxies above and below the median. The known local infrared galaxies (IRGs) (D00: Dunne et al. 2000), SMGs (C05:
Chapman et al. 2005, K06: Kovacs et al. 2006) and ULIRGs (Y07: Yang et al. 2007, Y09: Younger et al. 2009) are plotted with triangles,
squares and star symbols, respectively Among the SMGs in common between this study and C05, those having no neighbouring sources
(clean) are denoted by large filled circles, while those possibly contaminated by neighbouring sources (blended) are denoted by large
open circles.

SMGs are systematically cold?
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Si1ze of SMGs

(lono et al. 2009)

100 e 100 v
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° o o ; gl(/ILGIRG . i ® LA B Quasar | |
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0'11011 I — I”.III(I)'IZ I — "-'1613 I — III.IIIO14 011011 I — I”.III(I)'IZ I — "11'613 I — III.IIIO14
FIR |:LSUN:| I_FIR |:LSUN:|

Figure 4. Left: the CO (3-2) size plotted against the FIR luminosities. The CO (3-2) minor axis was used for all sources. We note that some of the LIRGs (especially
the low luminosity ones) are widely separated merging pairs, and here we have used the source sizes of each CO (3—-2) component. Typical error bars are ~0.1 kpc
for the U/LIRGs and ~2 kpc for the high-redshift sources. We also plot the separation of the widely separated pairs for LIRGs (+) and SMGs (x). Right: same as left
but with the galaxies with only upper limits to the source size included for completeness.

e SMGs have ~10kpc star forming region?
e ALESS sources are < 10kpc (Hodge et al. 2013)
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Number count of 1.1mm sources (no size-evo. model)
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SMGs size estimated by ALMA

*
i z~2-2.5 cSFGs T
NIR size
n - : —
> Barro et al. 2014
Q.
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g z=3 SMGs
- e L .”. t -
’g ~ - ; millimeter size i
- This work
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o
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(@]
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Fig. 4.— Relationship between redshift and sizes for z 2 3 SMGs, z ~ 2 cQGs and z ~ 2-2.5 ¢SFGs. We plot
the 1100-pum size — that of the starburst nuclei — for z 2 3 SMGs (this work). We plot the NIR size — that of the
stellar component — for cQGs (Krogager et al. 2013) and cSFGs (Barro et al. 2014). Color images of a SMG and a
cQGs are taken from Toft et al. (2014); that of a ¢SFG is from Nelson et al. (2014). This plot illustrates that z 2 3
SMGs have a compact starburst region which could generate the compact, high-density stellar components of cQGs
or cSFGs. Errors in the measured sizes of cSFGs are small (~ 0.05kpc) (Barro et al. 2014). (Ikarashi et al. 2015)

ALMA TH. % £ SMGs (Z/NE W (& 7IVERM & [FFEE)
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Summary

o SUTUARE 700 1C 8 A | HOH B 2 ML AR A 72

o & FLEITIZ AT C TIRLF 2 HBTE ¥

- Cosmic SFR density % SMF (3 KIEG > T 5
-SFR %2 & & ~fFHE T 2

- IMF % top heavy IZ L C UV photon 72 \F 59 ?

® SMGs DY A X Taust DIE(LIZ number count D FAEH I BH
= I B e RO
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SHNCHRF 95 2 &

® AGN & SF O] ) 4517
® galaxy merger & AGN activity D B4R

N B B "g,ﬂﬁ
® 57 B = 1

® Mdust / Mgas ratio ? redshift #E{t. 25 H, 72 \»

o JRAMTHI 5 IR D A X HEAL,
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