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1-1. Introduction

O Supernovae (SNe) are major sources of dust?

4 _ ~
- abundant metal (metal : N > 5) - mass-loss winds
of AGB stars
- low temperature (T < ~2000 K) e et
- high density (ni > ~10% cm-3) - S?%al\le INng ejecta
\ J

- contribution of dust mass from AGB stars and SNe

N(SNe) / N(AGB stars) ~ 0.05-0.1 (Salpeter IMF)

Mdust = 0.01-0.05 Msun per AGB star (e.g., Zhukovska & Gail 2008)
Mdust = 0.1-1.0 Msun per SN (e.g., Nozawa+2003, 2007)

- huge amounts of dust grains (>108 Msun) at redshift z>5
=>» 0.1 Msun of dust per SN is needed to be ejected (Dwek+2007)

what composition, size, and mass of dust are ejected by SNe?




1-2. Summary of observed dust mass in CCSNe
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Far-IR to sub-mm observations are essential for revealing
the mass of dust grains produced in the ejecta of SNe




1-2. Summary of observed dust mass in CCSNe
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There are increasing pieces of evidence that massive
dust in excess of 0.1 Msun Is formed in the ejecta of SNe




1-3. Formation and processing of dust in SNe

Nozawa 2014, Astronomical Herald
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Destruction efficiency of dust grains by sputtering in the
reverse shocks depends on their initial size

The size of newly formed dust is determined by physical
condition (gas density and temperature) of SN ejecta




1-4. Achievement and issues on SN dust

O What we have understood is

Core-collapse supernovae can produce a large amount
of dust in excess of ~0.1 Msun in the expanding ejecta

-

O What we have not understood yet is

1) when the observed massive dust was formed?
=» Cause of difference in dust mass in MIR and FIR

2) What composition and size distribution of dust are?
=¥ Critical to the yield of dust finally ejected from SNe



2. Formation of dust in the ejecta
of supernovae



2-1. Dust formation in Type lI-P SNe

Nozawa+2003, ApJ, 598, 785
O SN model (Population Il SNe) (Umeda & Nomoto 2002)
- SNe Il : Mzams =13, 20, 25, 30 Msun (Eg;=1)
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- layered elemental distribution in the metal-rich He core
- no mixing of elements within the He-core
- gas density: p ~10-14-103¥g/cm3 =» n ~ 108-101° /cm3




2-2-1. Grain species considered in this study

O dust formation theory

Chemical reactions

- nucleation Dust species
' Fe() Fe(g) — Fe(s)
grain growth FeS) Fe(g) +S(g) — FeS¢y)
taking account of chemical %{(s) ?}(g) — ?'(S)
reaction at condensation V“S) © 7 e
(s) Vig = Vs
Crg) Crg — Cr)
Cog) Cog) — Cog)
Ni) Ni(g) — Ni)
# key species: Cug) Cugg) — Cugy)
gas species with the o - S0~ Co
e SiCy) Si(g) + C(g) — SiCg)
least collision frequency TiC T +Cin = TiCk
among reactants AlyOs) 2Al ) + 30 — AlO3¢)
MgSiOs(s) | Mg +SiO(g) +20() — MgSiOs)
key Species controls the Mg2SiOys) | 2Mg(g) + SiO(g) + 30(g) — MgaSiOys)
. . . SiOg(S) SiO(g) -+ O(g) — SiOQ(S)
kinetics of the nucleation MeO M 0 ,
. 180 18(g) + O(g) = MgOyy
and graln grOWth Fe,304(s) 3FC(g) 5 i 4O(g) — F€304(5)
FeO(s) Feg) + Ogg) — FeOyy)




2-2-2. Nucleation rate

Steady-state nucleation rate: Js

1

2 2 4 p?
J5(t) = a,f) ( ? ) [1c3(t) exp |i— a 2]
T 27 (In S)

Supersaturation ratio: S

_ ™ L. . P1
nS=In|{— ) =——1(gs — -|—]ﬂ(_)
<p1> A R s

o, : sticking probability of key species (a5 = 1, in the calculations)

Q) : volume of the condensate per key species (2 = 4mwa3/3)
o : surface energy of the condensate

my : mass of key species

¢1(t) : number density of key species

p: = 4mwao /kT ; energy barrier for nucleation



2-2-3. Basic equations for dust formation

* Equation of mass conservation

Tt 2 !
t. t
T

0 Ay
- Equation of grain growth
1
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Growth rate is independent of grain radius




2-3. Dust formed in Type [I-P SNe
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2-4. Size distribution of newly formed dust
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> —
S 10 ' PTTTQ I 2 IIIIII : : lll] ! SRR 10 1 E_ LI lllllll LI lllll]l T ll[lllll LI} IIIIIII LI llll'g
% 108 20M, (unmixed) F at the time of dust formation =
_2 B -
=t 107 \ a=-3.5 f(r)‘xra 10 E A1203 C E
g 6 \ . : ) 5 G Fe -
-] 10 E. 10_3 - 3 \ ), . _
3 10 S E o . o3
0 o a n
2 10 & 1074 L 4
3 e =
g 10 S ;o5 ]
5 107 F 3 3
= 1 «© B L~ 3
&5 10 10~8
2]
£ F * 3
q) 10_1 z il |||||| 2 p . 111111 . , |1|| 10_7 4I-.l/IIIIII 3I LAl IIlI 1 llllllll‘ 1 lI. 1111 L L1111l
E 1074 1073 0.01 1 10 10 0.01 0.1 1 10
grain radius; a (um) grain radius (um)

- C, Si02, and Fe grains have lognormal-like size distribution,
while the other grains have power-law size distribution

- Size distribution summed up over all grain species is roughly
described by a broken power-law with the index of -2.5 and -3.5

- Size distribution of dust in mass has a peak around 0.1-1 pm




3. Destruction of dust grains by

SN reverse shocks

He core

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




3-1-1. Time evolution of SNRs

e Basic equations (spherical symmetry)

O 10, , .
dt s r28’r(r ) = 4
G, 10, , oP

— —_— 2 —_—
dt('ov) L r2 87“<T pv) or

o [ pv? P 10 ( ,[pv? ~P
a(7+m>+ﬁ5;(r [—2“*7_1 v

= —(nenuAgas(T) + Aic(T) + Aa(nu, T))
Agas(T') : cooling function of gas by the atomic process
(Sutherland & Dopita 1993; Smith et al. 2001)
Aie(T') = inverse Compton cooling (Ikeuchi & Ostriker 1986)
Aie(T) = 5.41 x10732(14-2)*n(T/10* K) (we adopt z = 20)

Ag(ng, T') : cooling of gas through thermal emission of dust

- numerical code : flux splitting method (van Albada et al. 1982)



3-1-2. Dynamics of dust

e deceleration of dust due to drag force (Baines et al. 1965)

dZd = }:j;:g = —stfj Z A;Gi(s;) (wq : relative velocity)
Fie — e d:; d_ —ra’ Z n; (vimiv; cos #) o
% = _ii"rr;r Emf.rm Z A; (vimgvi cosf)
an
4{1;; Ty AG,
Gi(s;) ~ 38;7_ (1 + 9192> (Draine & Salpeter 1979)

where s? = m;w3/2kT



3-1-3. Erosion rate of dust by sputtering

e dust destructio % F 096)
P N
T & 8 e o e - s o o o/
Y,(E) = 2] }ZZZZZ T
d aVy Eﬂfﬂ, ,,-ﬂl:'m,ﬁ
—, T 4Ta—— = —Tma- T T}i}}i-
ff;i dt 3 Z ( ) 1
- rate a 1 S Taken
— = —{In A; (v;Y;
acco df 4 HZ (i)
R da Mgy Z A, 8kT L2 s} Xi(e)de
o —n N
di — 2pq . :'rma 253-
1
X fle ‘i sinh(2s;e: }Y”{ i Jdle;




3-2. Temperature and density of gas in SNRs
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Nozawa+07, ApJ, 666, 955

Model : M= 20 Msun (E5;=1)
Nho= 1cm

Downward-pointing arrows:
forward shock in upper panel
reverse shock in lower panel
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i| Dust grains residing in the

shocked hot gas are eroded
by sputtering




3-3. Evolution of dust in SNRs
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The evolution of dust heavily
depends on the initial radius
and composition

a;,i = 0.01 ym (dotted lines)
->» completely destroyed

a;ni = 0.1 pm (solid lines)
=> trapped in the shell

a;,i= 1 um (dashed lines)
=> injected into the ISM

Nozawa+07, ApJ, 666, 955




3-4. Dust mass and size ejected from SNe Il

> Nozawa+07, ApJ, 666, 955
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3-5. Conclusions from theoretical works

1) When the observed massive dust was formed?
=» within 3 years after SN explosion

2) What composition and size distribution of dust are?

- composition: carbon, silicate, oxide, pure iron ...

- size (distribution)
- at the formation =» a few A to ~1 pum (broken power-law)
- after destruction =» biased to larger than ~0.1 um

- dust mass
- at the formation: 0.1-1.3 Msun
-» after destruction: 0.07-0.8 Msun



4. Formation and survival of
presolar grains



4-1. No formation of SiC in the calculations
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The earlier formation of C grains
prevents condensation of SiC




4-2. Isotopic composition of presolar oxides

O Oxygen isotopic composition of presolar oxide grains

107

presolar Al203 grains Red Giant .Group 1
Group 2 Dredg g

AGB stars f

s Group 3/4
® Corundum A .

A Spinel unspecified
O Hibonite or SNe?
® Silicates :

Choi+1998

A few particles 105
of presolar Al203 107 10
grains with radii > 0.25 pm

are believed to have been produced in the ejecta of SNe
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4-3. Why we focus on presolar Al203 grains?

O Evidence for Al203 formation in SNe

- Infrared spectra of Cassiopeia A (Cas A) SNR
=» Al203 is one of the main grain species

(Douvion et al. 2001; Rho et al. 2008) .
O Dust formation calculations
- the first condensate among oxide | :
=» sizes of Al203 grains : <~0.03 pm E /| bouvion+2001 |
(e.g., Nozawa+2003; Todini & Ferrara+2001) ¢ e - ® 2
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4-4. Formation condition of presolar Al203

101

Nozawa+2015, ApJ, 811, L39

1D Type P
supernovae

density of Al atoms at dust
; formation must be > ~10°cm=3
E -» at least 10 times higher gas
density than those predicted
4 by 1-D SN models
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Submicron-sized presolar Al203 grains identified as
SN-origin were formed in dense clumps in the ejecta




4-5. Newly formed grains can survive in SNR?
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Evolution of dust in SNRs
depends on the initial radii

-3, < 0.01 ym
=> completely destroyed

-0.02um<ag,;; <0.1 pym
=>» eroded in dense shell

-3, > 0.1 pm
=> injected into the ISM




4-6. Lifetimes of presolar grains in the ISM

O Lifetimes of large grains against
shattering in the ISM

grain j (projectile)

grain & (target) |
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4-7. Summary

1) SiC grains cannot form in the calculations because
earlier formation of C grains consumes up the carbon
atoms available for the formation of SiC.

2) Presolar Al203 grains with radii above 0.25 um can be
formed only in the gas with more than 10 times higher

density than those estimated by 1-D SN models.
=¥ indicating the presence of dense clumps in the SN ejecta

3) Lifetimes (shatterring timescale) of SiC grains above
0.1 um in the ISM are longer than 10”8 year.

## The measured sizes of presolar grains are powerful
probes for constraining the physical conditions and
processes in which they experienced.



