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1. Observations of dust at high-z



1-1. Discovery of large amounts of dustatz>5

 The submm observations have confirmed the presence
of dust in excess of 1078 Msun in 30% of z > 5 quasars
-> We see warm dust grains heated by absorbing
stellar lights in the host galaxies of the quasars
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1-2. What are sources of dust in z =6.4 quasar?

= Supernovae (Type Il SNe)

=> ~0.1 Msun per SN is sufficient
(Morgan & Edmunds 2003; Maiolino+06; Li+08)

=> > 1 Msun per SN (Dwek+07)

- AGB stars + SNe
(Valiante+09; Gall+10; Dwek & Cherchneff 2011)

=>» 0.01-0.05 Msun per AGB (zhukovska & Gail 2008)
=> 0.01-1 Msun per SN

= Grain growth in the ISM + AGB stars + SNe
(Draine 2009; Michalowski+10; Pipino+11)

=> Tgrowth ~ 1077 (Z / Zsun) yr

* Quasar outflow (Elvis+02)




1-3. Sources of dustin5<2<6.4
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Fig. 1. Dust yields per AGB star (top) or per SN (bottom) required to explain dust in the z > 5 QS80s. For reasonable
assumptions on the dust properties, AGB stars are not efficient enough and SNe would need to be unfeasibly efficient to
form dust in these sources suggesting rapid grain grown in the ISM is likely to be responsible for the large dust masses.
Circles: the hest estimates of the required dust yields with error bars reflecting the uncertainty of 8 and M,. Numbers
indicate the QS0s as in Tab. 1. Arrows: strict and unlikely lower limits with very high Ty, and 8 shown where data
allow it (Tab. 1). Gray symbels indicate that a top-heavy IMF was adopted. Dashed line and dingonal lines: the dust
yields derived for Cassiopeia A, Kepler (~ 1 M) and other SN remnants (~ 1079-107% M), respectively. Green area:
theoretical dust yields for AGB stars (< 4- 1072 Mg). Light blue and blue areas: theoretical SN dust yields without
(= 1.32 M) and with dust destruction implemented (< 0.1 Mg), respectively.

Grain growth in the ISM is required
for at least 3out of 9 QSOs at z>5
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Fig. 2. The relation of the required dust vields per AGB
star and per SN for different fractions of dust formed by
SNe (shown as dotled lines). This is a combination of pan-
els in Fig. 1 relaxing the assumption that only AGB stars
or only SNe produced dust in the z > 5 QS0s. The theoret-
ically allowed regions of dust yields are shown as in Fig 1.
Hashed region outlined by the dashed line corresponds to
the the allowed region, where the dust yields for both AGB
gtars and SNe are within theoretical limits (with the dust
destruction implemented). The solid lines correspond to the
z > 5 Q80s numbered as in Tab. 1. If higher fraction of dust
iz attributed to SNe then the QS0s move towards bottom-
right corner. The combined effort of AGB stars and SNe
can explain dust in QS0 2 and 8, but not in QS0 1, 4 and
6. Dust in Q50s 3, 5, 7 and 9 may have been formed by
these stellar sources, but only if little dust is destroved in
SN shocks and that SN account for more than 50-75% of
dust in these Q80s.



1-4. Extinction curves at high-z quasars
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1-5. Other examples of high-z dust extinction
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2. Formation and evolution of
dust in Population Il SNe



2-1. Dust Formation in Pop lll SNe

at ~1 days
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2-1-1. Dust formation in primordial SNe
Nozawa+03, ApJ, 598, 785
O Population Ill SNe model (Umeda & Nomoto 2002)
+ SNe II-P : Mzaws =13, 20, 25, 30 Msun (Eg;=1)
- PISNe : Mzamvs = 170 Msun (E5;=20), 200 Msun (E5;=28)
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* nucleation and grain growth theory (Kozasa & Hasegawa 1988)
* no mixing of elements within the He-core
- complete formation of CO and SiO, sticking probability=1




2-1-2. Size distribution of newly formed dust

Ol 0 101L\Iozawa+03, ApJd, 598, 785
- 10 T T T T T INT T T T ||||II T T lfllll S T T T |||| T T T |!|||| T T T Illlll T T T 11118
*-J .
= 108 20M, (unmixed) S 1010 A 170M, (unmixed)
< 107 o=—35 f(r)e<r® 100 o=—3.5 f(r)ocr®
s 6 I E 8 | — ALO
5 10 3 E 10 gy
~
S 10° 5 10°
) & 6
2 10% 2 10
g 10° g 10°
5 107 g 10*
= 1 Lo 108
5 10 2 =
2 2 10
o 5 o
()] 10_1 Lol WANEEEET p 9 T 1Y11 h ()] 101 T
N = E N —a
= 1074 1072 0.01 1 g 10
grain radius; a (um) grain radius; a (um)

= grain radii range from afew Aup to 1 ym
= average dust radius is smaller for PISNe than SNe II-P

amount of newly formed dust grains
SNe lI-P: Mdust = 0.1-1 Msun, fdep = Mdust/ Mmetal = 0.2-0.3
PISNe : Mdust =20-40 Msun, fdep = Mdust / Mmetal = 0.3-0.4




2-2. Dust Evolution in SNRs

He core

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




2-2-1. Temperature and density of gas in SNRs
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Nozawa+07, ApJ, 666, 955

Model : M= 20 Msun (E5;=1)
Nyo= lcm3
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2-2-2. Evolution of dust in SNRs

107 ¢

He core 3

distance (pc)
5!-

— — 1 um
—— 0.1 pum ]
..... 0.01 um|

E m— — — — — — — — .

\ N e B e e e — — -

0.1 um

Nozawa+07, ApJ, 666, 955

Model : M= 20 Msun (E5;=1)
Nyo= lcm3
Dust grains in the He core collide
with reverse shock at (3-13)x103 yr

The evolution of dust heavily
depends on the initial radius
and composition

a;,i= 0.01 ym (dotted lines)
=> completely destroyed
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=> trapped in the shell
a;,i= 1 um (dashed lines)
=> injected into the ISM




2-2-3. Total mass and size of surviving dust
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2-3. Flattened extinction curves at high-z

Hirashita, TN,+08, MNRAS,
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3. Formation and evolution of
dust in various types of SNe



3-1-1. Dust formation in Type llb SN

Nozawa+10, ApJ, 713, 356
O SN IIb model (SN1993J-like model)
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3-1-2. Dependence of dust radii on SN type
Nozawa+10 ApJ 713 356
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3-1-3. Destruction of dust in Type Illb SNR
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Nozawa+10, ApJ,
713, 356

nH,1 = 30, 120, 200 /cc
= dM/dt = 2.0, 8.0, 13x10°> Msun/yr for vw=10 km/s

Almost all newly formed grains are destroyed in shocked
gas within the SNR for CSM gas density of nH>0.1/cc
=>» small radius of newly formed dust
=> early arrival of the reverse shock at the He core




3-1-4. Dust in Cassiopeia A
Nozawa+10 ApJ 713 356
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3-2-1. Dust formation in Type la SN : W7 model

Nozawa+11l, to be submitted

O Type la SN model

W7 model (C-deflagration) (Nomoto+84; Thielemann+86)
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3-2-2. Dust formation and evolution in SNe la
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 condensation time :
100-300 days

= average radius of dust :
aave <~ 0.01 MM

* total dust mass :
Mdust — 01-02 Msun

Nozawa+11l, to be submitted
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4. Missing-dust problem in SNe



4-1. SNe are important sources of dust?

 Theoretical studies

— before destruction : ~0.1-1 Msun in Type II-P SNe
(Nozawa+03; Todini & Ferrara 2001; Cherchneff & Dwek 2010)

— after destruction by reverse shock
0.08-0.8 Msun (Nozawa+07)
0.01-0.1 Msun (Bianchi & Schneider 2007)

= Observational works

— IR observations of dust-forming SNe : < 10-3 Msun
(e.g., Meikle+07; Sakon+09; Kotak+09)

— submm observations of SNRs : ~1 Msun
(Dunne+03; Morgan+03; Dunne+09)

— FIR observation of Cas A : 0.02-0.075 Msun
(Rho+08; Sibthorpe+09; Barlow+10)




4-2. Dust mass estimated from observations
Tanaka, TN, +11, submitted
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supernova remnants: Rho+08, Sibthorpe+ 10, Barlew+ 10, Neozawa+10, Mortent+Q/, Green+04,
Temim+06, Rho+09, Sandstrom+09, Williams+08, Temim+ 10




4-3. Dust in middle-aged core-collapse SNe

Tanaka, TN, +11, submitted
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4-4. Promising targets for SPICA
Tanaka, TN, +11, submitted
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SPICA will give the answer to the question whether
SNe can produce dust in the early universe
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* Imaging observations of nearby galaxies
* Coverage from MIR and FIR is essential
- ~10 targets at <~ 5 Mpc




5. Conclusion remarks



5-1. Implication on evolution history of dust (1)

O metal-poor (high-z or starbust) galaxies

* massive stars (SNe) are dominate
= mass loss of massive stars would be less efficient

=> Type II-P SNe might be major sources of dust

- average radius of dust is relatively large (> 0.01 pm)
= grain growth makes grain size larger

=> dust extinction curve might be gray
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5-2. Implication on evolution history of dust (2)

O metal-rich (low-z or Milky Way) gaFﬂvme
* low-mass stars are dominate

 mass loss of massive stars would be

=> SNe (llb, Ib/c, Ia) might be minor sour

 dust from AGB stars may also be larg _gge,
-> How are small dust grains produced? g

grain shattering Dust size distribution at =5 Myr (nH=1 /cc)
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