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1. Introduction



1-1. Discovery of massive dustatz >5

The far-infrared and submm observations have confirmed the
presence of dust in excess of 108 Msun in 30% of z > 5 quasars
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- cosmic age : 890 Myr

- stellar mass : ~1011 Msun

- SFR : ~3000 Msun/yr (Salpeter IMF)

- gas mass : ~3x101° Msun (walter+2004)
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- IR luminosity : (1-3)x1023 Lsun Srssion - o emission

- dust mass : (2-7)x108 Msun
- dust-to-gas mass ratio : ~0.01
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- dust-to-metal mass ratio : ~0.5 Rest Wavelength (um)
Leipski+2010, A&A, 518, L34



1-2. What are dust sources in high-z quasars?

= Type Il supernovae (SNe lI)

- dust evolution model: >0.1-1 Msun per SN
(Morgan & Edmunds 2003; Maiolino+2006; Dwek+2007)

- theoretical studies of dust formation: ~0.1-1.0 Msun per SN
(Todini & Ferrara 2001; Nozawa+2003, 2007; Bianchi & Schneider 2007)
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» AGB stars + SNe

- AGB stars supply more dust grains than ‘
SNe Il (valiante+2009; Dwek & Cherchneff 2011) ?
- dust formation calculation: 0.01-0.05 Msun . o %
per AGB star (zhukovska & Gail 2008) wl
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## no efficient dust formation in metal-poor AGB stars (Di Criscienzo+2013)

= Grain growth in molecular clouds + AGB stars + SNe
(Draine 2009; Michalowski+2010; Gall+2011a, 11b; Pipino+2011;
Mattsson+2011; Valiante+2011; Inoue 2011; Kuo & Hirshita 2012)




1-3. Sources of dustin5<2<6.4
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Rapid grain growth is required for at least 3 out of 9 quasars atz>5

Mdust =
= 1.5x108 Msun (Mstar / 10t Msun) (fsN/ 0.3) (Ydust / 0.005)

0.3 for Salpeter IMF
Mdust / MSN ~ 0.005 for mdust=0.1 Msun for msSN=20 Msun

Mstar X fSN X Ydust

fSN = MSN / Mstar ~
Ydust =




1-4. Extinction curves for z=6.4 quasars
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=> different dust properties from
those at low redshift



1-5. Extinction curves at 3.9<z<6.4
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1-6. Summary of Introduction

- There is clear evidence for a huge amount of dust grains at z > 5,
but the main sources of such massive dust remain to be specified

=> SNe Il evolving from short-lived massive stars must be sources
of dust at the very early times of galaxy evolution

=>» grain growth in molecular clouds seems to be needed to explain
the dust content observed for high-z quasars

- Extinction curves at high z are different from those at low z

-> properties (composition & size) of dust at z > 4 are likely to be
different from those at low z

=> high-z quasars and GRB afterglows are good targets to probe
the extinction curves in their host galaxies

## there might be possibility that we are seeing the properties of
## dust in local environments around the quasars and GRBs



2. Properties of dust ejected from
Population Il SNe Il and PISNe



Dust Formation in the ejecta of SNe

at ~1 days

-envelope

He-layer (C>0)
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2-1. Dust formation in primordial SNe

Nozawa+2003, ApJ, 598, 785
O Population Il SNe model umeda & Nomoto 2002)

Number Abundance (normalized)

- SNe Il : Mzawms = 13, 20, 25, 30 Msun (Eg,=1)
- PISNe : Mzams = 170 Msun (E51—20) 200 Msun (Es;,=28)
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- nucleation and grain growth theory (Kozasa & Hasegawa 1987)
- no mixing of elements within the He-core
- complete formation of CO and SiO




2-2. Dust formed in T\Lpe lI-P SNe
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- avariety of grain species can
condense according to elemental
composition in each layer

- condensation time:
300-600d after explosion

- average grain radii: >~0.01 pm
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2-3. Size distribution of newly formed dust

Nozawa+2003, ApJ, 598, 785
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- C, Si02, and Fe grains have lognormal-like size distribution,
while the other grains have power-law size distribution

- The composition and size distribution of dust formed are almost
independent of types of supernova

## average grain radius is smaller for PISNe than SNe II-P




2-4. Total mass of dust formed in the ejecta
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- Total mass of dust is higher for a higher progenitor mass (MzAMS)

- almost all Fe, Mg, and Si are locked up in dust grains, while
most of C and O remain in the gas-phase (such as CO)

SNe Il

: Mdust = 0.1-1.5 Msun, mdust / mmetal = 0.2-0.3

PISNe : mdust = 10-30 Msun, mdust / mmetal = 0.3-0.4

=>» dust-to-metal mass ratio is not high for SNe Il




Evolution of dust in SN remnants

He core

T = (1-2)x10* K
Nyo=0.1-1cm?




2-5. Evolution of dust in SNRs

Nozawa+07, ApJ, 666, 955
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2-6. Dust mass and size ejected from SN II-P
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2-7. Summary of dust production in Pop lll SNe

- Various grain species can condense in the ejecta
=>» almost all Fe, Mg, and Si are locked up in grains

- The fate of newly formed dust within SNRs strongly
depends on the initial radii and compositions

- The size distribution of dust surviving the destruction
In SNRs Is weighted to relatively large size (> 0.01 pym).

- The total mass of dust injected into the ISM decreases
with increasing the ambient gas density

for ny,=0.1-1cm=
SNe II-P =>» Mdust = 0.1-0.8 Msun
=> significant contribution to dust budget at high z



3. Extinction curves expected In
high-z galaxies



3-1. Flattened extinction curves at high-z

Hirashita, TN+08, MNRAS, 384, 1725
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3-2. Discussion on high-z extinction curves

average radii of dust grains ejected from SNe are large (~=0.1 ym)

- extinction curve expected from SN dust is flat
- consistent with a tendency that the extinction curves observed
for high-z objects are flat

=>» these seem to support the idea that SNe Il are the main dust
sources in the early universe

O concerns and guestions

- too flat extinction curves, compared with the observations?
- only SN dust can explain a massive amount of dust observed
at high redshifts?

- grain growth is needed? (which enhances the size of grains)

=> extinction curves become much flatter?
=> grain growth can take place efficiently in such an early epoch?



3-3. Rapid grain growth at high-z objects?

## grain growth : accretion of gas-phase metals onto pre-existing dust,
#it which works more efficiently in denser molecular clouds

O timescale of grain growth (gas accretion timescale onto dust)

Tacc = [ (L/a)(da/dt) ]2 =[ (1/a) as nmetal Vo <v> ]2
~5x107 yr (as/0.2)1 (a/0.01um) (Z/0.02)1 (ngas / 30cm-3)-1

=>» grain growth is more efficient for higher metallicity and
smaller grains

O high-z quasars (age: ~0.5 Gyr)

- metallicity ~ solar
- average radius of SN dust ~ 0.1 pm

Tacc ~ 5x108 yr =» grain growth is not effective??



3-4. Effect of size distribution on grain growth
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3-5. Evolution of extinction curves in galaxies
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- early phase : formation of dust in SNe Il and AGB stars
-> large grains (~0.1 pm) are dominant = flat extinction curve

- middle phase : shattering, grain growth due to accretion of gas metal
-> small grains (< 0.03 ym) are produced => steep extinction curve

- late phase : coagulation of small grains
=> shift of peak of size distribution = making extinction curve flatter




3-6. Reproducing the MW extinction curve

. . . 8"'|"'|"'|"'|
Steep extinction curve is due to the T 0.1GYr \WNM=0.5
] e Gy .
presence of too much small grains - ---56yr  CNM=0.3
6 - 10Gyr —
10 {1l '1l:=-I grain IJ.’.r't:l"l'lhl ' 1 10° i} rlulgrﬁin I_E',"-:Jw'.r; ) [ MC 02
gl — Total ] /-/’,'l-'ld-i‘- shape
Carben o 10t i
=
- &l Zilicate _E _
f} * MW E 10k
- _ e
= 4 o0T—— Tatal
= ) - Carbon
© 10 Silicale
Fidueial
10°¢ R | -
10 4 10 3 10 2 10 1 lﬂl(} ].Dl O 2 4 6_1 8 10
1/h [p:.m'l] grain radius [,u,m] 1/)\ [[J,m ]
) 10 [ T T T T T
10 [ii} :iLlr::lng L-;:lap,JIi-'.ll.n:ln 10 {ii) 5'.Ir'nn|;', r:::nﬂp,ulaz‘iun ) I
o | A gl 016 WNM=0.1
Bl earban T 10°f ] S 0.56yr  MC=0.9
[ -~ Silicale -g < ’ === 1Gyr ]
2 10t : < Of ]
" —— Tatal \ <t F 1
_;_; 10°} Carbon :-._: - 4 i ’__
10_2 PR | il I..I.faL“.n...l :.EE'. .!Ilj. 2- r)"v’\\\“-._— '.::"(, -
107" 107* 107% 107" 10° 10° i ==
grain radius [um] OK.II

Asano, Takeuchi, Hirashita, TN+14 1 /X [wm™]



3-7. Summary of dust properties at high z

- Large grains (~0.1 um) that are supplied by SNe Il can produce flat
extinction curves as observed for high-z quasars
=> but, it seems only the contribution from SNe Il cannot explain
a large amount of dust grains observed for high-z quasars
=> growth of large grains is inefficient

- Shattering + grain growth can produce the dust mass as high as
observed for high-z quasars
=> but, the expected extinction curves are too steep

- The dust model which can explain the dust mass and extinction
curve simultaneously is necessary

If coagulation of dust works very efficiently, it is likely that the
extinction curves in both MW and high-z can be explained



