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Importance of Dust
• Obscure the starlight (optical—UV) & Re-emit IR 

• Shape the SED

Hubblesite’s News Releases on Galaxies (ESA/HERSCHEL/PACS & SPIRE CONSORTIUM, O. KRAUSE, HSC, H. 



• Cosmic infrared background 

• ALMA starts to resolve the faint IR sources 

• history of obscured SFR

H. Dole et al., IAS  Fujimoto+ 2016



Motivation
• The nature of the faint IR galaxies 

• Evolution of dust in galaxies 

• The relation between dust and other galaxy properties statistically 

Implement all relevant processes driving dust 
evolution in cosmological simulation



Dust model + Simulation
• Smoothed Particle Hydrodynamic simulation ➝ GADGET 3 

• Springel 2005, modified 

• ΛCDM; Star formation & Stellar feedback 

• 503 (Mpc/h)3; 2 × 5123 particles 

• Dust and metal production are treated consistently with star formation 

• ISM processes: SN destruction, accretion, shattering and coagulation 

• Grain size distribution is represented by small and large grains (divided at 
∼0.03 µm; Hou+ 2017)
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• Agree with observations at 
Md ≲108 M⦿. 

• Excess in the high mass 
end -> A lack of AGN 
feedback 

• Observation data (Vlahakis+ 
2005, Dunne+ 2011, 
Clemens+ 2013 and Clark+ 
2015)

Dust Mass Function
z = 0



Dust and Metal relation
z = 0

Stellar dust 
production

D = Z• Condensation efficiency is 0.1 
in stellar yield 

• Low metallicity galaxies follow 
the stellar dust production 

• Most of metal condense into 
dust in high metallicity 
galaxies 

• Consistent with observation of 
nearby galaxies  
(Remy-Ruyer+ 2014)



Dust and Metal relation
z = 0• Condensation efficiency is 0.1 

in stellar yield 

• Low metallicity galaxies follow 
the stellar dust production 

• Most of metal condense into 
dust in high metallicity 
galaxies 

• Consistent with observation of 
nearby galaxies  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Redshift evolution
• Dust Mass Function up to  
z ~ 5 

• Galaxy number density 
increases from z ~ 5 to 2; 
decreases from z ~ 1 to 0 

• Astration and grain growth 
by accretion cause a bump. 

• Galaxies have the most 
abundant dust at z ~ 2 - 1



Stellar mass function Dust mass function

Redshift evolution
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Redshift evolution
• Dust and Metal relation 

• Balance between SF and 
accretion 

• Stronger SN destruction 
at higher redshift 

• Accretion turning point 
shift to higher metallicity



Redshift evolution
Mdust/Mstar — Z DSmall/DLarge — Z



Summary
• Perform the cosmological simulation with the dust enrichment model 

• Solving time evolution of dust formation and destruction together with gas 
dynamics.   

• Predicted dust abundances in galaxies up to z ~ 5 

• Produced the dust mass function 

• Reproduced the nonlinearity of the Dust-to-gas mass ratio and Metallicity relation  

• Predicted the redshift evolution of the relation between dust and galaxy 
quantities, e.g., Z, M to be tested by future observations



Thank you
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Dust abundances in the i-th particle from t to t + ∆t :



• Softening length : 5 kpc 

• Minimum gas smoothing is 0.1 softening length 

• Star formation efficiency : 0.05



Extinction curves Adapt silicate-graphite dust species model12 K. C. Hou et al.

Figure 17. Redshift evolution of extinction curves.

Figure 18. Metallicity and stellar mass relation at z = 0. Each point represent
a galaxy with a colour showing its stellar mass.

in Tremonti et al. (2004). At the high-mass end, we overproduce the
metallicity, which might be caused by the lack of AGN feedback.
Many studies pointed out that AGN feedback is important in repro-
ducing high-mass end of mass function (e.g. Di Matteo et al. 2005;
Springel et al. 2005; Booth & Schaye 2009; Harrison 2017). In this
work, AGN feedback is not included to avoid extra uncertainties and
concentrate on the dust evolution as a result of star formation and
stellar feedback. Without AGN feedback, chemical enrichment lasts
longer, so that metals and dust could be overproduced, especially
for massive galaxies. At the low Z and low M∗ side, the simulated
galaxies with M∗ ! 1010 M⊙ have lower Z than the observational

sample. Underproducing Z in low-mass galaxies is due to insuffi-
cient resolution of the simulation; that is, we are unable to resolve
dense gas, which leads to an underestimate of the cooling rate es-
pecially in low-mass galaxies and accordingly, to an underestimate
of star formation activity. Remedy of the above discrepancies by
tuning the star formation efficiency and including AGN feedback is
one of the main topics in cosmological galaxy evolution, but it is
out of the scope of this paper which focuses on the implementation
of dust evolution.

For Md/M∗, we predict a downturn at the high Z and high-
mass side, which is caused by astration (Section 3.3; Figs. 7 and 8).
As discussed above, Md/M∗ could be suppressed after including the
AGN feedback. At low mass, since metallicity is underestimated as
discussed above, dust abundance is suppressed. This explains our
simulation does not reproduce galaxies with high Md/M∗ at low
mass in Fig. 8. Calura et al. (2017) proposed, using their chemical
evolution model, that Md/M∗ strongly depends on the star formation
history: Galaxies with a constant star formation rate tend to have
a flat Md/M∗ trend across the stellar mass while starburst galaxies
increase Md/M∗ rapidly to the maximum level in the early stage,
and decrease it afterward. In the latter case, a large dispersion in
Md/M∗ is expected. Thus, the large dispersion in Md/M∗ at large
sSFR in Fig. 9 could be a natural consequence of their high star
formation activities. The observational sample adopted in Fig. 9
contains starburst galaxies and indeed shows a large dispersion in
Md/M∗. Our simulation does not cover the nearby galaxy sample
(SINGS, DGS and KINGFISH), which has low Md/M∗ in the in-
termediate stellar mass range in Fig. 8. This may indicate that our
star formation recipe somewhat underestimate the star formation ac-
tivity in the quiescent star formation mode, representative of those
nearby galaxies, perhaps because of the lack of the spatial resolu-
tion. Therefore, we should note that the dust-to-stellar mass ratio
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