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1. Introduction
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Diversity of first galaxies
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Motivation and Objective
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1 st Goal:

Construct a theoretical model of
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2. Method
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Calculation Method

12




13

Calculation Method

*W R " @ ~oN Y stars
° *%iﬁs :k
* %0 o
N
Gal §* *

Radiation from
stars and AGN

Radiation from

YW dust grain



14

Calculation Method

INPUT: Forever2?2

Dust grain
% *wvw‘ @ ~oN Sk stars
* § Radiation from
| % i * YW stars and AGN
* ¢ ’\N\[“(\N\P properties of gas

Radiative transfer:

ART?2
Radiation from
How does the surface of the VWU kars and AGN
galaxy appear In infrared? o Radiation from

dust grain
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Input: FOREVER22

"‘FORmation and EVolution of galaxies in Extremely overdense
Regions motivated by SSA22" (Yajima et al. 2022)
- A large-scale cosmological hydrodynamic simulation

. Proto-Cluster Region: V = (28.6 cMpc)”, mgpy = 4.1 x 10° M,

z=73

STEP1:Run a DM-only N-body simulation in the
parent box V = (714.2 cMpc)® from z,,,.. = 100
to Zend = 2

STEP2: Choose the top 10 most massive halos at
Zend = 2

STEP3: For each selected halo, perform a zoom-in
hydrodynamic simulation in V = (28.6 cMpc)’
centered on the halo, using a

(Springel
2005), evolving from z,,. =100 to z_ 4 =2 10 cMpc
X : massive halos with M, > 10'* M,

>




Code: ART2

"All-wavelength Radiative Transfer with Adaptive Refinement
Tree” (Yajima et al. 2012, Li et al. 2008)

Star . x t T,

* : scatter (random angle) X

. 7; (random) x

AGR absorption & reemission

N;: number of photon packets absorbed by i th grid cell
GT.4 _ I N, : total number of photon packet
I 4NyKP(Ti)mi L : total source Iumlnosny T;: temperature_
kp(T;) : Planck mean opacity m; : dust mass in the cell
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3. Results
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Spectral Energy Distribution
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Spectral Energy Distribution
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Halo Mass v.s. IR Luminosity
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Halo Mass v.s. IR
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Halo Mass v.s. IR Luminosity
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Halo Mass v.s. IR Luminosity
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Luminosity Function
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Luminosity Function
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Luminosity Function
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Number density of LIRG & ULIRG ;
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Number density of LIRG & ULIRG )
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Number density of LIRG & ULIRG .
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1st Goal

Construct a theoretical model of dust-obscured
high-z galaxies

2nd Goal

How far into the universe can the ATT12 J
observe?
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4. Discussion
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L, [erg/s/HZz]
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Estimating Dust Temperatures

v [Hz] (Wm ?Hz 'rad ?
1017 1016 1015 1014 1011 10]2
! | L | prrrrre T | ' i /l
—— star . _ 1000 K
1033 — AN & — 6, ID=1 10° BlaCk bOdyIO{Q’-‘K \
—_— I . 1
galaxy 104 | I{UK \ I,
- 10005 K- R
1072 ! 10075 K- /4
-~ 100000 K 7
= 0 10000 K- 7
1029_ )E; 10 8 6000 K , 7
& 1000 K - /4
10712} 100K \
1027_
10 16
- T
NPT R I Y ......:.l |1 |- 1024 L T l 1 l l |
10°3 1072 101 10° 101 102 103 104 10% 10° 102 106 10%

A [um]

IR emission from dust grain

~ Black body B(T)

) s 3 Gt 30 (Hz)

Wien's displacement law

Vieak = 5.879 x 10" T [Hz]



Dust Temperature
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T4 [K]

Dust Temperature
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Dust Temperature
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T4 [K]

Dust Temperature
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What Causes Hot Dust?

Dust temperature is determined by the balance between the
absorption of stellar radiation and the infrared emission
from dust grains.

L,
(Qu), 70" Jm dv =470 (Qy,), oT3 (@),

absorption IR emission a
LI/
1 <Qabs>* °
— 1/4 1/2
— e l6ro <Q > “al Q)
abs T, A

Suggests a relation with galaxy compactness
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Half-light Radius
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T4 [K]

Half-light Radius
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Half-light Radius Td=( : <Qabs>*\ LA R
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5. Summary
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Summary

(L) [Mpc—3dex™1]

Performed 3D Monte Carlo radiative transfer simulations
with ARTZ2 for ~1000 galaxies from the cosmological
simulation dataset FOREVER22

Predicted luminosity functions at z =6 — 12

Simulations reproduce ALMA-observed hot-dust galaxies
with 7, > 80 K

High dust temperature mainly originates from compact
galaxy structure
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Data & Code

Forever22

"‘FORmation and EVolution of galaxies in Extremely overdense
Regions” (Yajima et al. 2022)

. A large-scale cosmological hydrodynamic simulation

. Proto-Cluster Region: V = (28.6 cMpc)?, mgpy = 4.1 X 10° M,

ART2

"All-wavelength Radiative Transfer with Adaptive Refinement Tree”

(Yajima et al. 2012, Li et al. 2008)

. A 3D Monte Carlo radiative transfer code

. Includes Ly a from recombination and collisional excitation, and
continuum absorption, scattering, and thermal emission

Simulation setup
10° photons, 1362 (948) halos in total, redshift: 6,8, 10, 12
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Input: FOREVER22

Modification to GADGET-3

. Update the star formation and supernova (SN) feedback
models (OWLS project, EAGLE project)

- Add formation of Pop lll stars, Lyman-Werner feedback
and non-equilibrium primordial chemistry (FIBY project)

. Consider metal line cooling based on the equilibrium state
with the UV background (FIBY project)

- NEW: Add models to calculate the radiative feedback from
young stars and kinetic feedback from massive black

holes and the growth/destruction of dust grains
(FOREVERZ2?Z2 project)



Input: FOREVER22

Table 1. Parameters of zoom-in cosmological hydrodynamic simulations: (1) My, is the halo mass at the final redshift (zenq). (2) mgas 18
the initial mass of gas particles. (3) mpy 1s the dark matter particle mass. (4) €nin 1S the gravitational softening length in comoving units.

Halo ID My Mg A1) at zeng (z =0, 3) Mgas Mo h™1)  mpy Mg h™1) €min (kpe A1) Zend

PCRO 1.9 x 101 (1.4 x 1015, 8.1 x 10'3) 2.9 x 10° 1.6 x 107 2.0 2

100 kpc,

|OgNgas[Mo/pC2] '-&_: * log Mstar[Mo/pc?]

1.0 15 2.0 25 -4 -3 -2 -1 0 00 05 1.0 15 20 25 3.0

Figure 2. Upper left-hand panel: The large scale structure of matter in the entire calculation box with L = 714 cMpc. Upper right-hand panel: 3D gas structure
of the PCRO region at z = 3. Lower panels: Gas column density (left-hand panel), density-weighted metallicity (middle), and stellar surface density (right-hand
panel) of the most massive halo in PCR0.
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Input: FOREVER22

Table 1. Parameters of zoom-in cosmological hydrodynamic simulations: (1) My, is the halo mass at the final redshift (zeng). (2) mgas 18
the initial mass of gas particles. (3) mpwm is the dark matter particle mass. (4) emin 1s the gravitational softening length in comoving units.

Halo ID My (Mg h™1) at zeng (z =0, 3) Mgas Mg h™ 1) mpm Mg h~1) €min (kpc A1) Zend
PCRO 1.9 x 10'* (1.4 x 101, 8.1 x 1013 2.9 x 10° 1.6 x 107 2.0 2
PCR1 1.5 x 10'* (1.2 x 101°, 5.9 x 10'3) 2.9 x 10° 1.6 x 107 2.0 2
PCR2 1.2 x 1014 (5.2 x 104, 5.6 x 10!3) 2.9 x 10° 1.6 x 107 2.0 2
PCR3 1.2 x 10 (8.1 x 10'%, 2.0 x 10'3) 2.9 x 10° 1.6 x 107 2.0 2
PCR4 1.1 x 10 (1.1 x 10, x 10'3) 2.9 x 10° 1.6 x 10’ 2.0 2
PCRS5 1.0 x 10'% (6.7 x 104, 3.5 x 1013) 2.9 x 10° 1.6 x 10’ 2.0 2
PCR6 9.9 x 1013 (5.9 x 104, 4.6 x 1013) 2.9 x 10° 1.6 x 107 2.0 2
PCR7 9.6 x 1013 (6.3 x 104, 3.3 x 1013) 2.9 x 106 1.6 x 107 2.0 2
PCRS 9.1 x 1013 (5.6 x 104, 5.1 x 10!3) 2.9 x 10° 1.6 x 107 2.0 2
PCR9 9.1 x 1013 (1.2 x 1015, 2.0 x 1013) 2.9 x 106 1.6 x 10’ 2.0 2



56

Code: ART2

"All-wavelength Radiative Transfer with Adaptive Refinement
Tree” (Yajima et al. 2012, Li et al. 2008)

hot, diffuse gas cold, dense cloud

(uniformly distributed)  (randomly embedded) ~ 09€ Of system

ith grid cell

> >
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T = Tiot T; > Tyt
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fesc = LUV, out / LUV, in
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Dust Temperature v.s. Galaxy Compactness

Heating rate of dust grain by absorption of radiation:

dE u,dv ,
— = J X cXhv X Qyu(v)ma
dt abs

hv

udv/hy © number density of photons with frequencies in

v, v+ dU]

0. (v)za* : absorption cross section of dust grain

d
Let <Qabs>* = J vty Quns(®) U, = deu*y then

Uy

dE
<E> b — <Qabs>*ﬂa2M*C



Dust Temperature v.s. Galaxy Compactness

Rate of lost energy of dust grain by infrared radiation:
dr = | dv 47zB(T)C = 47a? T
E | — vV an 1/( d) abs(y) — and <Qabs>Td0 d

dvB (T
(Qus) = | B0 : Planck-averaged emission

deBy(T )

efficiency



Dust Temperature v.s. Galaxy Compactness

Heating rate of dust grain by absorption of radiation:

dE
(E) b — <Qabs>*7z'a2u*c

Rate of lost energy of dust grain by infrared radiation:
dr = | dv 4nB (T,)C = 4xa? T3
E | — vV arn 1/( d) abs(y)_ nd <Qabs>Td6 d

Dust temperature Is determined by the balance between the
heating and cooling:

(Qups) , 7a’uyc = 41’ <QabS>Td oT;

1 <Qabs>*

— T = cu, (u, Is radiation energy per unit volume)

- 4o <Qabs>Td




Dust Temperature v.s. Galaxy Compactness

1 <Qab8>*
4o <Qabs>Td

4
Td

cu,

Since cu, 1s radiation energy per unit time and unit area,

cu. = j Ay Lz/ _ Lbol
* 4nR?  4rnR?
N T4 1 <Qabs>* LbOl

d = 1670 <QabS>T R?
d

T, = [ I <Qabs>*] [ 14 p-1/2

1670 < O, > . bol




Observation (MACS0416 Y1)

Table 3. The fitting parameters of the tested single-temperature spectrum fits.

B=15 B =20 =25
uIR nIR

T,—o wIR luminosity x?2 UMust T,—o luminosity x2 UMaust T,—o luminosity x?2 UMust
X) (10" Lo) = (1°Mp)  (K) (10" Lo) - (10°Mp)  (K) (10" Lg) - (10° M)
30 0.31 18.9 11 - 0.49 15.8 5.1 - 0.76 12.2 2.28
50 1.34 10.3 3.0 - 2.21 6.79 1.2 - 3.56 3.88 0.47
70 4.53 6.15 1.6 - 8.11 3.40 0.6 - 14.4 1.51 0.22
90 12.2 4.15 1.1 - 23.8 2.00 0.4 - 46.4 0.64 0.14
110 28.5 3.07 0.8 - 59.8 1.30 0.3 - 126.8 0.23 0.10
130 59.2 2.42 0.7 - 133.4 0.90 0.2 - 310.8 0.019 0.085
121 46.0 2.7(90% ) 0.74 80 15.9 2.7(90% ) 0.5 60 8.95 2.7(90% ) 0.35

Notes: for each value of g, reading from the left, the columns are: Column 1 — CMB-corrected dust temperature; Column 2 — FIR luminosity, not corrected
for magnification, p; Column 3 — X2 value, measuring quality of fit; and Column 4 — dust mass, not corrected for magnification. The bottom row (bold text)
shows the 90 per cent lower limit on the dust temperature, FIR luminosity, and dust mass for each 8, found by interpolating the x? to a value of 2.7 (Avni
1976).

1072 -

3 4

1.5 < B <2.0(LBG, z=8.3)
2.0 < B < 2.5 (LBG, z=8.3)
~i— A2744 YDA (LBG, z=8.4)
B14-65666 (LBG, z=7.2)
® Carniani+2018 (SFGs, z=5.1-17.2)
# Dusty SFGs (z=2.1—-6.4)
e Low-z LIRGs
. ¢ Dwarf Galaxies

Liem/Leir X (Tqust/40K)?

1074 A

Bakx et al. 2020 Dust Temperature [K]

Figure 8. The temperature-corrected [C 1I] to FIR luminosity ratio is shown as a function of the dust temperature. We compare a range of temperatures and
Bs of MACS0416_Y1 against high-redshift LBGs, high-redshift DSFGs, low-redshift galaxies, and nearby dwarf galaxies. MACS0416_Y1 appears to have a
similar ratio as the other sources, regardless of the dust temperature, and the ratio is only mildly dependent on 8.
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Hl57-—4 (Fuiimoto+2024)

Table 7
ALCS IR LFs

log(®)[Mpc~!dex ™)
0.6<z<1.0 10<z2<20 20<z<3.0 30<z2<40 40<z2<6.0 60<z<75

9.9-10.4 : ~0.85°032 ~2.49753%
10.4-10.9 -3. 72*5913 —1 93’0 34 ~1.9479 :4 —3.24:&-5;(2,

10.9-11.4 -2.13793, ~2.54703, -2. 86*8 3 -2.9670%

11.4-11.9 ~3.387033 ~2.957013 ~3.05501, ~3.98703¢ ~3.78793%3

11.9-12.2 ~3.597031 ~3.1670 1 ~3.597012 ~3.68702, ~4.3703,

12.2-12.6 ~4.28795%3 ~3.6203, ~3.9170% ~3.9350% ~4.517031

12.6-12.9 ~4.597055 ~4.59705%5 ~-4.277031

12.9-13.2 —4.5+032 —4.52+3%2
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Figure 15. ALCS IR LF measurements at 7 < 0.6-7.5. The red-filled circles represent our ALCS sources comected from the MC simulations that implement all

relevant uncertaimtics, such as redshift, magnificanon, and flux densaty measurements, where the eror bars indacate the 16-84th percentile in the 1000 MC realizanons - . . .

(see Section 5.1). Previous IR LF measurements with Herschel (Gruppions et . 2013, M 1li et al. 2013; Wang et al. 2019a) and ALMA(+SCUBA2) are presented Flgure 16- EVO]U[IOD Of ]R LFS based on our best’ﬁl DPL funCllOI‘lb pl‘esenled
in gray and colored symbols, respectively. The red line presents the best-fit DPL functions, where we include ose measurements and other ALMA blind survey resulis . . ., .
(Koprowski et al. 2017; Hasukade et al. 2018) in the fiming. The other color lines show the predictions from simelations (Lagos ¢t al. 2020; Trayfoed ¢t al. 2020, m Flgure 15 . We ﬁnd [he Overall [l'endS CharaClel’lLed by '.he pOSlllVC
Beshermin et al. 2022; Vijayan et al. 2022) and an empanically calibrated model (Zavala et al. 2021).

luminosity evolution coupled with the negative density evolution.
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REBELS: the infrared luminosity functionatz ~7 3929
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Figure 3. Infrared luminosity function (IRLF) at z ~ 7 for the REBELS sample (red dots and lines) compared with simulations (dashed lines) and observations
(solid lines). The IRLF was calculated both only using the galaxies with dust continuum detections (16 galaxies, empty dots) and using the full sample including
upper limits (42 galaxies, filled red dots). The red line shows the Schechter (1976) fit for the total sample. The shaded arca shows the uncertainty of the
luminosity function (LF) Schechter function fit with the total sample that is larger at the low-luminosity end due to the lack of data. The rest of the lines show
both theoretical and observational IRLF studies in several fields. Our study is in agreement with Li et al. (in preparation, dark purple line) that predict a similar
number of dusty galaxies in a broad range of luminositics. The dark grey line is the IRLF at z ~ 7 from Zavala et al. (2021) and predicts a larger number of
galaxies than our study for the bright end with luminosities (12.5 < log(Lir/Lc < 13), whereas our LF does not predict a significant number of galaxies at z ~
7 with log(Lig/Le = 12.5). TNG simulations at z ~ 6 from Shen et al. (2022) show a systematic shift with respect to our fitting, but consistent in shape (blue
dashed line). Dayal et al. (2022) and Lagos ct al. (2020) simulations at z ~ 7 (light blue and grey line, respectively) present a 1 dex difference in the lower
luminosity with our result in between them. The yellow line and dots indicate the IRLF at 7 ~ 5.25 predicted by the serendipitous galaxies found in the ALPINE
survey presented in Gruppioni et al. (2020), whereas the orange symbols show Wang et al. (2019a) results at similar redshift.
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A&A 643, A8 (2020)
Table 4. ALPINE total IR LF.
log(Lir/Ls) log(¢/Mpc— dex™") [No;]
05<z<1.5 1.5<z<25 25<z<35 35<z<45 45<z<6.0
No [C II] emitters All

(1) (2) 3) 4) (5) (7

10.75 - 11.25 (—3.96’:8;?2 [1])
+0.56 +0.53 +0.55 +0.55

11.00-11.50 (=3.60" ¢ [2]) (=3.647,% [2]) (=3.93%,32 [1]) (=3.96 32 [1])
11.25 - 11.75 -3.50" 3;‘3 [3] —3.67’:8:23 [2] (—3.66j3:§; [2]) -3.9340>3 —3.961‘8:2;‘; (1]
11.50 - 12.00 ~3.46"00 [4] —3.64’:3:?‘; [3] —3.43%0% [4] —3.37704 [2] -3.57+032 —3.60‘_‘3:;‘; [2]
11.75 - 12.25 —3.54’:{;:32 [3] -3.60" gfj [5] —3.68:“8:‘;2 [4] —3.37j8:‘§g [2] -3.57*03% —3.601‘8:;; [2]
12.00-12.50  —4.41*3%8 [1] -3.59°03% (7]  -3.84703 [5]  -4.1070% [1] —4.09%038 [1] 412702 [1]
12.25 - 12.75 —3.99f8;3§ [2] —3.84ﬁ8:2§ 4] —3.47’:8:;8 [9] —4.10“_'8:33 [1] -4.09038 —4.121‘3:?,3 [1]
12.50 - 13.00 ~-3.97%035 [2] —3.611“3:3}5 [6] 4177032 [1]
12.75 - 13.25 —4.36j8;§,2 [1] —3.95j8;2§ [2] —3.871“3:2 [2]
13.00 - 13.50 -3. 95j8:§3 [2] —4.1 71‘8:32 [1]

1

Notes. The bold (or alternatively italic) fonts denote independent luminosity bins. Values in parentheses correspond to luminosity bins that might
be affected by incompleteness due to survey limits.
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Table 2. Rest-frame 250-um LFs.

log(Lasp/W Hz™"

05<:z<1.5

log(®/Mpc™
15<z<25

248
25.0
25.6
25.7
25.8
259
26.0
26.1
26.2
26.3

423 +0.08
4.68 £ 0.11
514 £0.13
542+ 0.16
6.11 £ 0.30

281 +0.16
3.204+0.23
3.86 4+ 0.05
4.17 £0.05
442 +0.06
4.76 £ 0.07
518 +0.11
5.834+0.20
6.31 +0.30

Tdex™ 1)
25<z<35 35<z<45
4404 0.08 447 4+0.12
456 £ 0.08 5.27 £ 0.18
458 £ 0.07 493 4+0.11
505+£009 5374+£0.14
546 +0.14 549 4+ 0.15
5834+£020 5.97 4£0.23
631 4£0.30
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Figure 3. The far-IR (rest-frame 250-pum) galaxy LFs for the four redshift bins studied in this work. The points with error bars show the LF values determined
using the 1/V,,, method. The two faintest points in the 1.5 < z < 2.5 redshift bin depict the LF values found using the ALMA data. These allowed us to
determine the faint-end slope a = —0.4, which was then adopted for the other redshift bins. The coloured solid lines show the best-fitting Schechter functions
to these data points. The black solid lines (almost perfectly aligned with the coloured solid lines) depict the results of the maximum-likelihood method, with
the derived uncertainty indicated by the shaded grey region.
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Table 6. IR luminosity functions.

4 (Hatsukade+2018) )

log (Lir/Lg)* N log (®/Mpc—? dex 1)
1.0<z<2.0

11.86 4 ~3.89+0-22

12.46 2 ~4.3440-27
1.5<2z<2.5

11.91 6 ~3.6610-29

12.44 3 _4'2508:;2
20<z<3.0

11.94 7 ~3.05%03;

12.57 6 ~3.97402)

*Weighted-mean luminosity in each bin.
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Fig. 18. IR luminosity functions constructed from the ASAGAO sources at 1.0 < z < 2.0 (left), 1.5 < z < 2.5 (middle), and 2.0 < z < 3.0 (right). We plot
luminosity functions obtained in Koprowski et al. (2017) (K17) by using 1.3 mm sources from the ALMA HUDF survey and 850 m sources from the
SCUBA-2 Cosmology Legacy Survey. The dashed curve and shaded area represent the best-fitting functions and 1o error of Koprowski et al. (2017).
At 1.5 < z < 2.5, we plot their data points derived from the Vihax method and the best-fitting function. At 1.0 < z < 2.0 and 2.0 < z < 3.0, we plot
their functional form of the redshift evolution of the LF derived from the maximum-likelihood method, adopting the mean redshifts of the ASAGAO
sources in each redshift bin (z= 1.55 and z = 2.49, respectively). The results of Herschel observations by Magnelli et al. (2013) (M13) and Gruppioni
et al. (2013) (G13) are also compared. The solid curve and shaded area represent the the best-fitting Schechter function and 1o error fitted to the
results of ASAGAO and Koprowski et al. (2017) at 1.5 < z < 2.5. (Color online)
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