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Observable?

Motivation and Objective

Antarctica 12-m THz Telescope (ATT12) 
• Observing frequencies：200 GHz - 1.5 THz 

• Field of view：～1° 

• Survey observations covering the entire southern 
sky, approximately 10,000 square degrees 

• Scheduled for operation from 2033 © slide from Hisano-san

ATT12

2nd Goal: 
How far into the universe 
can the ATT12 observe?
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Calculation Method
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Radiation from 
dust grain

Radiative transfer: 
ART2

Radiation from 
stars and AGN

Stars

Radiation from 
stars and AGN

INPUT: Forever22
AGN

properties of gas

How does the surface of the 
galaxy appear in infrared?

Dust grain



“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)3 mSPH = 4.1 × 106 M⊙

Input: FOREVER22
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Run a DM-only N-body simulation in the 
parent box  from  
to  
Choose the top 10 most massive halos at 

 
For each selected halo, perform a zoom-in 
hydrodynamic simulation in  
centered on the halo, using a modified 
SPH code based on GADGET-3 (Springel 
2005), evolving from  to 

V = (714.2 cMpc)3 zstart = 100
zend = 2

zend = 2

V = (28.6 cMpc)3

zstart = 100 zend = 2

STEP1: 

STEP2: 

STEP3: 

z = 3

10 cMpc
: massive halos with Mh ≥ 1012 M⊙



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

Code: ART2
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σT4
i = NiL

4NγκP(Ti)mi

 
 

　　  
　　

Ni :  number of photon packets absorbed by i th grid cell 
Nγ : total number of photon packet
L :  total source luminosity Ti :  temperature 
κP(Ti) :  Planck mean opacity mi :  dust mass in the cell 

τi

absorption & reemission

scatter (random angle)

photon packet: equal energy, monochromatic, same direction

 (random)τi τi

τiτi

AGN

random frequencies 
consistent with SED

Star

new frequency Bν(Ti)
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Spectral Energy Distribution
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Spectral Energy Distribution
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Spectral Energy Distribution
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Absorption IR emission
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Performed the same calculation for 
~1000 halos
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Halo Mass v.s. IR Luminosity
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GOAL：Luminosity function ϕ(LIR)

Halo Mass v.s. IR Luminosity
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Fitting function LIR(Mhalo)

Halo Mass v.s. IR Luminosity



25

Luminosity 
function ϕ(LIR)Halo mass function  

(Sheth & Tormen 1999)
ϕ(Mhalo)

Fitting function LIR(Mhalo)

Halo Mass v.s. IR Luminosity
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Luminosity Function
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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 
observe?
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z = 6, ID = 1

λpeak

Estimating Dust Temperatures

IR emission from dust grain 
≃ Black body Bν(T )

Wien's displacement law 

νpeak = 5.879 × 1010 T [Hz]

Black body
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Dust Temperature
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Dust Temperature
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Dust Temperature
β = 1.5

β = 2.0

β = 2.5

Galaxies at higher redshift have 
higher dust temperatures
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Dust Temperature
β = 1.5

β = 2.0

β = 2.5

Galaxies at higher redshift have 
higher dust temperatures

agrees with ALMA observation



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

 

absorption　    IR emission 

→   

⟨Qabs⟩⋆ πa2 ∫
Lν

4πR2 dν = 4πa2 ⟨Qabs⟩Td
σT4

d

Td = 1
16πσ

⟨Qabs⟩⋆

⟨Qabs⟩Td

L 1/4
bol R−1/2

What Causes Hot Dust?
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Suggests a relation with galaxy compactness

 :  spectrum-averaged 
absorption cross section 
 :  radius of dust grain 
 :  stellar luminosity per unit 

frequency 
 :  Stefan‒Boltzmann constant 

 :  Planck-averaged 
emission efficiency

⟨Qabs⟩⋆

a

Lν

σ

⟨Qabs⟩Td
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Half-light Radius

Td = 1
16πσ
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L 1/4
bol R−1/2
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Half-light Radius

Td = 1
16πσ

⟨Qabs⟩⋆
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Galaxies with higher dust 
temperatures are more compact
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Half-light Radius Td = 1
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Compact galaxies have 
higher dust temperature
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Half-light Radius Td = 1
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Half-light Radius Td = 1
16πσ

⟨Qabs⟩⋆

⟨Qabs⟩Td

L 1/4
bol R−1/2

Galaxies with higher SFR have 
higher dust temperature
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Half-light Radius Td = 1
16πσ

⟨Qabs⟩⋆

⟨Qabs⟩Td

L 1/4
bol R−1/2
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• Performed 3D Monte Carlo radiative transfer simulations 
with ART2 for ~1000 galaxies from the cosmological 
simulation dataset FOREVER22 

• Predicted luminosity functions at  
• Simulations reproduce ALMA-observed hot-dust galaxies 
with  

• High dust temperature mainly originates from compact 
galaxy structure

z = 6 − 12

Td ≳ 80 K

Summary
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Forever22 
“FORmation and EVolution of galaxies in Extremely overdense 
Regions” (Yajima et al. 2022) 
• A large-scale cosmological hydrodynamic simulation 
• Proto-Cluster Region: ,  

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 Lyα from recombination and collisional excitation, and 
continuum absorption, scattering, and thermal emission 

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

V = (28.6 cMpc)3 mSPH = 4.1 × 106 M⊙

106

Data & Code
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• Update the star formation and supernova (SN) feedback 
models (OWLS project, EAGLE project) 

• Add formation of Pop III 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 
(FOREVER22 project)

Modification to GADGET-3

53

Input: FOREVER22



Input: FOREVER22
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Input: FOREVER22
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“All-wavelength Radiative Transfer with Adaptive Refinement 
Tree” (Yajima et al. 2012, Li et al. 2008)
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edge of system

τi τi τi

τi > τtot τi < τtot τi = τtot τi > τtot
τtot

interaction

hot, diffuse gas 
(uniformly distributed)

cold, dense cloud 
(randomly embedded)

th grid celli

Code: ART2



Luminosity v.s. Halo Mass
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Luminosity v.s. Halo Mass
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Dust Temperature v.s. IR Luminosity
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707 halos 488 halos

474 halos



Dust Temperature v.s. IR Luminosity
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364 halos

158 halos

631 halos

214 halos



61

Dust Temperature v.s. SFR
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Dust Temperature v.s. SFR
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Half-light Radius
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Half-light Radius
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Half-light Radius
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Half-light Radius
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Half-light Radius
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IR Luminosity v.s. SFR
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IR Luminosity v.s. SFR



Escape Fraction
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Escape Fraction v.s. Halo Mass 
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Escape Fraction v.s. Halo Mass 
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Heating rate of dust grain by absorption of radiation:  

 

：number density of photons with frequencies in 
 

：absorption cross section of dust grain 

Let  ,  then 

( dE
dt )

abs
= ∫

uνdν
hν

× c × hν × Qabs(ν)πa2

uνdν/hν

[ν, ν + dν]

Qabs(ν)πa2

⟨Qabs⟩⋆ ≡
∫ dνu⋆νQabs(ν)

u⋆
u⋆ ≡ ∫ dνu⋆ν

( dE
dt )

abs
= ⟨Qabs⟩⋆ πa2u⋆c

Dust Temperature v.s. Galaxy Compactness
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Rate of lost energy of dust grain by infrared radiation: 

 

 : Planck-averaged emission 

efficiency

( dE
dt )

emiss.
= ∫ dν 4πBν(Td)Cabs(ν) = 4πa2 ⟨Qabs⟩Td

σT4
d

⟨Qabs⟩T
≡

∫ dνBν(T )Qabs(ν)
∫ dνBν(T )

75
Dust Temperature v.s. Galaxy Compactness



Heating rate of dust grain by absorption of radiation:  

 

Rate of lost energy of dust grain by infrared radiation: 

 

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

 

→ 　　(  is radiation energy per unit volume)

( dE
dt )

abs
= ⟨Qabs⟩⋆ πa2u⋆c

( dE
dt )

emiss.
= ∫ dν 4πBν(Td)Cabs(ν) = 4πa2 ⟨Qabs⟩Td

σT4
d

⟨Qabs⟩⋆ πa2u⋆c = 4πa2 ⟨Qabs⟩Td
σT4

d

T4
d = 1

4σ
⟨Qabs⟩⋆

⟨Qabs⟩Td

cu⋆ u⋆

76
Dust Temperature v.s. Galaxy Compactness



 

Since  is radiation energy per unit time and unit area,  

 

→  

T4
d = 1

4σ
⟨Qabs⟩⋆

⟨Qabs⟩Td

cu⋆

cu⋆

cu⋆ = ∫ dν
Lν

4πR2 = Lbol
4πR2

T4
d = 1

16πσ
⟨Qabs⟩⋆

⟨Qabs⟩Td

Lbol
R2

Td = 1
16πσ

⟨Qabs⟩⋆

⟨Qabs⟩Td

L 1/4
bol R−1/2

77
Dust Temperature v.s. Galaxy Compactness



Observation (MACS0416_Y1)
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Bakx et al. 2020
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観測データ (Fujimoto+2024)
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観測データ (Barrufet+2023)



観測データ (Gruppioni+2020)
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観測データ (Koprowski+2017)
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観測データ (Hatsukade+2018)
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のluminosity functionΔL = 10 L⊙

 

Error bar:  = 統計誤差

ϕ(L) = Number of galaxies/(28.6 cMpc)3

N /(28.6 cMpc)3
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SED (z=8,  photons)105
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SED (z=10,  photons)105
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SED (z=12,  photons)105
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SED (z=14,  photons)105
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Half-Light Radius (z=6)
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Half-Light Radius (z=8)
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Half-Light Radius (z=10)
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Half-Light Radius (z=12)
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Previous Study
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Arata et al. 2019


