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1. Introduction



1-1. Cosmic dust

O #AL : FHERMPICEET SEFMHLF
SRR DA Xk graphite&silicate grains

n(a) = f(a)da = a3 da (0.001~1 um)

Mgust / Mgas ~ 1 / 140

- END DA S - AR ZRIL . F-TRILF—Z 2085

ELT(FRMRT) IMHT S

Y

- S ZND R BIE R
BEhERTE,. KR (T<~2000K). &2ZE( >

— AGBZE )mass-loss wind

108 cm3)

m

— ENBRREBNERERICRHSNDARA

— #HE. . FEEE. RRABREE. 7 FE ..



1-2. Dust In the early universe

O

>
>
E
=
=
n
=
©
a
x
a
=

ShRASRBEOF AFDERA
- 2> 6 (< 1Gyr) OFHAHAICHEKRE (>108 M) DR ALEHERR

(Bertoldi et al. 2003; Robson et al. 2004; Beelen et al. 2006)

- FHOHOTACOBREL, BAROZDEENLDEERAE>TING ?

Rest wavelength, um 3,000 2,500

100

100 1000
Observed Wavelength, um

1/ Apggg ()

QSO SDSS J1148+52 at z=6.4 .
(Robson et al. 2004) (Maiolino et al. 2004)



1-3. Role of dust in the early universe

O FEHYHOARFDEZE
- FUAMDSSFRWIMFEHEE S ARICAKELEZEXRITT
- EVERAIOR - EERICEELGREZR-T

— 2ERIEBPOIRILT—/\T X EH1H
— FALDERELETOD (KR) B FDRK
— metal-poorFIRIETIRE = Z D kT B

Population Il stars : >100 M
Population |l stars : ~ 1 Mg

critical metallicity Z_;
Zi=10%-10° Z, for fye, =0
Zi=10°-10% Z for fy,, = 0.2

(faep = Maust/ Mmetar ; depletion factor)

(Schneider et al. 2006)



1-4. Motivation

FANMZEBDIDRYL - ZAEREGT DN (L, ERIZERIP(Z
FHETHFANDIEFROY A X FHEEICKEKREFET S

S EOHICE R R ORADEIEEET B3, THAH
D ADHEEEBESMNT S ENBERTR !

O FHUHDARALDELE | L .
+ Type Il SNe (SNe II)
;M,,=8-40 Mg,

- pair-instability SNe (PISNe) | IS N —
;|\/|pr2140—260 Mg =

......
.......

(Heger et al. 2003)



1-5. Aim of our study

FHIOIBDF XD

faRELTRCHBHERFERFICHH SN Sejectad

- BT ERAERICR A

= B RISFTIE. REEZEDEIED

SNI=F AT ERZERFISHRESN

B . ejectath Z{nik 9 Breverse shocklZ kYIRS S
FRANDEIENZRITIF ALDIEFFOY A X(IKTFT S

l

FANDE B EBIED R BIEFTESBIIZERY KLY,
FTHAOHOEHEFEREFICEMZTER PIZEIASN

BHEANDIEFEPHAX . EZHLMNZTS
AR E(TBIF 2R (SNR) DERI D LEE N SBHE2IFERFTDS X

DR ESNREB DA R

FOYEELBIEZBALCNICTHLTHLEE



2. Dust formation Iin the ejecta of
Population Il supernovae



2-1. Dust formation in the ejecta of SNe

at ~1 days

-envelope

He—layer (C>0)

O—-Ne-Mg layer
Dust formation

%it-Sﬂ@y@éar;
_lteyigxpigsion



2-2-1. Calculations of dust formation

O FRAMRIEEE (Kozasa & Hasegawa 1987)
AR DIEERLZTEEL-. - LRE

s
=P

Table 2. Grain species considered in the calculations

» lEy SpsEiEs
-~ Fe) — Fe
)iﬁf\'d—%)%?(fj\%) O)j't_) : Fe(g)jF()S(g)—f(P?eS(s)
RUEREENEOESWHEHD - el

Ti(g) — Ti)
Vg — V)
Cr) — Crg
Cog) — Cos)
Ni(g) — Nig)

ﬁ‘/‘( D JT % ff‘ﬂ E,E Cél(g) =3 gws)
HRADEBE - ZEORREL ; Sigg + Cig — SiC

Tig) + C) — TiCyy
l 2Alg) +30(g) — AlOs)
' Mg(g) + 5iOg) + 20(g) — MgSiOs(s)
2Mg(g) + SiO(g) + 30(g) — MgaSiOy)

ﬁ?lﬂi?’é’)‘f)’( D 'U' ’(Z\"bﬁ ' SiO(g) + O(g) — SiOq)
sh == Mg(g) + O(g) — MgOg)
%EJEIE 3Fe(g) + 40(g) — Fe3Oy

Feg) + Oy — FeOyy)




2-2-2. Calculations of dust formation

Steady-state nucleation rate

;s : sticking probability of key species (s = 1, in the calculations)
() : volume of the condensate per key species

o : surface energy of the condensate

m1 : mass of key species

c1 : number density of key species

w: = 4maio /kT ; energy barrier for nucleation




2-2-3. Calculations of dust formation

Equation of conservation for key species

t LAt
= _y.=/ J
s, te C15(t')

- the number density of dust grains, ng,
-:7_?/g_r — /t {(t/) dt/
C1 (t) to Cl(tl>
- the radius of dust grain nucleated at ¢y and measured at ¢

¢ 1
’I“(t,to) = a0+/

300 (t')dt
to




2-2-4. Calculations of dust formation

O Pop Il SNe DE T JL (Umeda & Nomoto 2002)
— SNe ll : M, =13, 20, 25, 30 Mg
— PISNe : M, =150, 170, 200 M,

O He-core D tHEHARK
— TERDEENEI-TULVELEE (unmixed case)
— He-coreR TH—([JRESE=1Z S (mixed case)

O CO, SiIOnFDRRK
— C/O<L1 > §RTOHCHCOIZ
— C/IO>1 = §RTDHOACOIC
— SiI0<1 = §RTDHSIHASIOIZ



éOMGkuﬁnﬁxea)‘ - § 1071
5 \ 1072

vond oo vond ol /l'lm‘ vod vl 3ol vound 3o 3od
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T T TTTTIT
L1111
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g C25 (unmixed) "3/25"'\10‘13 3 -

3 E — 3

g — 170 (unmixed) }0 ; ]
= — P200 (unmixed) o il ]

& - 10 — —

. ] k7 E =

E" = a C §

) C ]

S 108 b i : i H25 1

n C E 10 = 3

s : ‘: ] JJ ﬂ

102 - l 1 | 1 | 1 | L 10_16 | L | L | L
0 200 400 600 800 0.4 0.6 0.8
days Mr/MHe—core




2-3. Dust formation in the unmixed ejecta

—_
o
-

T T y ¥ L I X ? v ' I J J ! v
20M, (unmixed)

|
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- He-core DT R DEIIGL T, SEI 4584
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- A ZANEIEFH%300-600H TR b




2-4. Dust formed In the unmixed ejecta
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2-5. Dust formed in the mixed ejecta
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2-6. Total mass of dust formed

. SNelll | | | PISNe

| myue/M,=0.02~0.1

[ m, _/M_=0.07~0.3
mmetal/Mpr=0.05~O.25 I dust/ “pr

M, a1/ My =0.46~0.54

200

progenitor mass; Mpr(MO) progenitor mass; M, (M)

- FALNDEEEIL, FIBREDEENIEMIT HIZEEMT S
SNe Il : My =0.1-2 Mo PISNe : My, = 10-60 Mo
TTRDERZH—ITZEBZEDAEN. TREDEGHZEL
iﬁé‘é:b)#s’sl Ar=[FEZEL




2-7. Summary of dust formation

O BEHEndFA+DIELE

- unmixed case

C, Si, Fe, FeS, Al,O4, MgSIO4, Mg,SI10,, SIO,, MgO
- mixed case

MgSiO;, Mg,SIiO,, SIO,, Fe;0,, Al,O,

O BEHENAF XD A X

- FEREAMED YA X5, lognormalhpower-laws %
- A XANERLELE YA X2 flL, broken power-law

O RSN DFALDE

- QIERENEBEEMNENT HIEEEF R NEITIEMT S
SNe Il : Mdust = 0.1-2 Mo
PISNe : Mdust = 10-60 Mo



3. Dust evolution in Population Il
supernova remnants



3-1. Dust evolution in a SN remnant

T = (1-2) x10% K
n,=0.1-1cm3




3-2-1. Time evolution of shock wave

e Basic equations (spherical symmetry)

dp 19,
dt +7“2(97°<

0 L@, 5 5 ' OP
EE(PU)JFEE;(T pv°) = B

o [ pv? B 10 (,[pv? AP
a('TH—_f)*ﬁa(?‘ [TH_l v

ripv) =0

= —(nenuAgas(T) + Aie(T) 4+ Ad(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) = 5.41x107%%(1+2)*n.(T/10* K) (we adopt z = 20)

Aq(nm, T) : cooling of gas through thermal emission of dust

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



3-2-2. Initial condition for shock wave

O SN ejecta model (Umeda & Nomoto 2002)
- SNe Il : M, =13, 20, 25, 30 M, (E,=1)
- PISNe : M,,=170 (E5,=20), 200 M, (E,=28)
— He-coreF DA RIE. ODHMB1ESHERTE

O The ambient medium
- primordial composition (uniform)
- gas temperature ; T =104 K

* gas density ; n,,= 0.1,1, and 10 cm™
(e.g., Kitayama et al. 2004; Machida et al. 2005)

The calculation is performed from 10 yr up to ~10° yr



3-3. Dynamics of dust

- A ZANIERFZEL . test particle&EL THRS
s ST W EREL, FRAMDEFRORIZERT S

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

dwd Fdrag BTLHICT Z
— — — AZGZ(S

wy : relative velocit
dt maq Zapd ( . y)

pq ; bulk density of a grain

A; ; the number abundance of gas species ¢ normarized by nyg

1
!
Gi(si) ~ S (1 + %82) (Draine & Salpeter 1979)

3/

where s? = muw3/2kT




3-4-1. Erosion rate of dust by sputterin

e dust destruction by sputtering (e.g., Dwek, Foster & Vancura 1996)

da My
dt B 471'&2,0(1

Y;(E) = 2Y'(E) ; the angle-averaged sputtering yield

msp ; average mass of the sputtered atoms

- rate equation over a modified Maxwellian distribution of gas taken

account of relative velocity of dust to gas (e.g., Shull 1978)

/\/Ee_esinh(QSi\/E)Xi(e)de

mwmy; 28@

-
R(Xi(e)) = nudima’ (8”) ;

where e = E/kT



3-4-2. Erosion rate of dust by sputtering

projectile ; primordial composition gas projectile ; oxygen ions

wy=0 km/s
- ——-w,y=100 km/s

£
5
X0
g
3
m
=
.
3
<
N
S
ot
T
m
g

nH_l(da/dt) (ecm®um/yr)

7 8
10 10 107 108 10° 160

temperature (K) gas temperature (K)

» sputteringlZ &k 4erosion ratelf, 105K AoEGEIZIEmML .,
10" KM 5108 K TE—9%+HD

-da/dt~ 10°n, umyr?! forT > 10°K



3-5. Temperature and density of gas
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3-6. Evolution of dust In SNRS

Model : M,,=20 My, (E5;=1)
Nyo= 1lcm?

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 um (dotted lines)
=> completely destroyed

a= 0.1 um (solid lines)
=> trapped in the shell

a,= 1 ym (dashed lines)
=> injected into the ISM




3-7. Size distribution of surviving dust

size distribution spectrum; fj(a)

T T e e o T T T T T
T T T

10% [
(b) after destruction
10°%* §
0Bk
22 f
10% 20M,, .
1031 unmixed case |

_ -3
Ny o= 1 cm

107 [
10t°
108
104"

size distribution spectrum; fj(a)

1016

L |

1015 |

0.01 107% 1078 0.01 0.1

grain radius (um) grain radius (um)

The size distribution of surviving dust is greatly deficient in
small-sized grains, compared with that at its formation

=> Dust in the early universe is dominated by large-sized grains

The evolution of dust within SNRs is almost independent on
the progenitor mass as long as explosion energy Is the same.




3-8. Total mass fraction of surviving dust

ERZEMPDEENKRENEL,
HERLHFAMDEEIX/DEL

STERICHIESN ST ALDMEA A X
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- PISNe T2l =4 XFIESNe lI&YEEEESN AT LY



. Total mass of surviving dust
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progenitor mass; Mpr (Mg) progenitor mass; M., (M)

Total mass of dust surviving the destruction for Type |l SNRs;
0.01-0.8 Mg, for the unmixed grain model (ny, = 0.1-10 cm™3)
0.001-0.7 M, for the mixed grain model (n, , = 0.1-1 cm=)

0.1-1 Mg, for SNe Il and n,; = 0.1 cm’3

=> high enough to explain the content of dust at high-z galaxies
(Morgan & Edmunds 2003, Maiolino et al. 2004; Dwek et al. 2007)




3-10. Summary of dust evolution iIn SNRs

- B ERBZRNDOARMDEIL T A AN EIH A X
[CKREEKRFET S

- BRIBE DA ADEE (n,,=0.1-10 cm3 ) [T{&FL T, 0.01-
0.2 ym KYH A XD /NEWF X Esputteringl 2k YRR S,
RO A XDKENT AMENZEMIZHEIESND

- RIEEINBA XD mass fractionlE. BIEOHADZREMN
REWFE BREOIRILT—HDKREVNFERSES

- B EEXEKICHESNITANDEE
for ng o =1-0.1 cm3
SNe Il & M, = 0.01-0.8 M, (0.001-0.8 M,,)

PISNe & My, = 0.1-15 M
for ngo =10 cm=, My, < 0.1 Mg (<0.01 M)




4. Influence of dust on the elemental
composition of the 2nd-generation
stars



4-1. Abundance patterns of EMP stars

EMP stars ; [Fe/H] < —3
(extremely metal-poor stars)

UMP stars ; [Fe/H] < —4
(ultra metal-poor stars)

HMP stars ; [Fe/H] < —5
(hyper metal-poor stars)

[A/B] = 109;o(NA/Ng) —
109;0(Na/Ng) o

Venkatesan et al. (20006)

- large overabundance of C, N, and O in HMP stars

- modest enhancement of Mg and Si in HMP stars



4-2. Origin of HMP stars

- mixing fallback in a core-collapse SN
(Umeda & Nomoto 2005; lwamoto et al. 2005, Tominaga et al. 2006)

- nucleosynthesis and mass transfer in a first generation
binary star (Suda et al. 2004, Komiya et al. 2006)

- external pollution of gas with heavy elements
(Shigeyama et al. 2003)

* dust transport scenario (Venkatesan et al. 2006)

— HMP stars are the second-generation stars formed in
the shell of Pop IIl SNRs

— Their abundance patterns are determined by the
transport of newly formed dust driven by the UV
radiation field



4-3. Elemental abundance In the shell (1)

dust grains surviving the destruction but not injected into the
ambient medium are piled up in the dense shell in 10°-10° yr

!

- the elemental composition of these piled-up grains
= the elemental abundance of Population I1.5 stars

- dust in the shell may enable the formation of stars with solar

mass scales through thermal emission if -6< log(Z/Z) <-4
(Omukai et al. 2005; Schneider et al. 2006; Tsuribe & Omukai 2006)

!

metallicity and metal abundance patterns in the shell
comparing with observations of HMP and UMP stars



4-4. Elemental abundance in the shell

[O/Fe] [Mg/Fe] jiintnt et

critical metallicity
nao = 0.1c — -6_1N-4

—0.699 _ —0.230 ZSE 1OH.W10 UE,@

0.117 —0.595 0.034  0.410 | —1.97 0.242

1.11  —1.42 —-0.500 —0.552] —0.563 0.242

0.566  —0.043 0.739 0.866 0.905 0.242
3

ngo =1 cm™
1.11  —-0.555 —0.459 1.01 —2.18
0.992  0.585 1.16 1.87 0.200
1.09 —0412  0.407 0.989 0.241
0.797  0.242 1.09 1.26 0.242
Ne: o — 10 c10—
[Fe/H] = -5.62 (HE0107-5240; Collet et al. 2006)
[Fe/H] = -5.96 (HE1327-2326; Frebel et al. 2008)
[Fe/H] = -4.75 (HE0557-4840; Noris et al. 2007)
: 3-D corrected




4-5. Elemental abundance in the shell (3)

—6 < [Fe/H] <—5

0 < [Mg, Si/lFe] < 2
l

Elemental composition of

dust piled up in the shell

can reproduce abundance

patterns in HMP stars

10

atomic number

The transport of dust segregated from metal-rich gas can be
responsible for the abundance patterns in HMP and UMP stars

more than 100 times excesses of C and O as observed in HMP
and UMP stars cannot be reproduced



4-6. Elemental abundance in the shell (3)

We assume that the gas

outside the innermost Fe

layer in the ejecta is

Incorporated into the shell
l

reproducing the extreme

overabundance of C and O

leading to more than 100
atomic number time excesses of Mg and Si

It might be possible to reproduce the elemental abundances of HMP stars
If Si-Mg-rich layer is not mixed into the shell

The transport of the newly formed dust within SNRs can be
an important process to determine the metal abundance of
the second generation stars formed in the Pop Ill SN shell



5. Extinction curves in the early
universe



5-1. Flattened extinction curves (1

A [um A |um
1005 08 08015 0.2 1005 08 B oas 0.2
(a) — Si0, — MgSi0, --- Mg,Sio0,] F(b) - C -0, eeslg
. —: L - -~ Mg,Si0, — Si0, - Mg0

Total

8
1/X\ [pm™]

A m N -
1.00.5 0.3 [)’L.Lz ]0.15 0.12 1.00.5 0.3 [{‘2 ]0_15 0.12
I (CI) _I Slogl R I\I/IgSIOZ;I === Mlg28i04' L (dl) 7VI7 C ! T T T

] 3 3 - - - Mg,Si0, — Si0, ----- Mg0

Total

Hitashita, T. N. et al. (2008, 384, 1725, MNRAS)




. [pum]

T
=1cm™®

= 0.1 cm™®

destruction

5-2. Flattened extinction curves (2

A [um]

0.2

-3
=1 cm

0.1 cm™®

destruction

A [pm A |pm
0.3 0.2 Lpzwm] ) ; 0.2 Lem]
[y = 1 & ] :

3 P
. 1 [ =1cm™
“ny = 0.1 em = 0.1 em™®

F----no destruction destruction

3 4 5 6
1/ [pm™]

Hitashita, T. N. et al. (2008, 384, 1725, MNRAS)




5-3. Extinction In z=6.4 quasars
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QSO SDSS J1148+52 at z=6.4 Maiolino et al.

Robson et al. (2004, A&A, 420, 889)
(2004, MNRAS, 351, L29)



5-4. High-z quasars

Name BI(CIV)® E(B - V)
SDSSJ075618.14+410408.6 270 + 607 e
SDSSJ103027.10+052455.0 0.001
SDSSJ104433.04-012502.2 1950 + 2507 0.001
SDSSJ104845.05+463718.3 6500 + 11007 |
SDSSJ114816.64+525150.3

SDSSJ130608.26+035626.3

SDSSJ160501.21-011220.6 9300 + 20007
SDSSI173744.88+582829.6

Maiolino et al. (2004, A&A, 420, 889)

Source z Mp S350 p,m/Sl.me S50 Hm/5350 pm t(o0) — 1(2) My M . (min) Lrr My, Maee ;
Gy  (108Mg) Mgeyr™") (10° Le) (10°Mp) Mg yr")
e)) @ O 4) 5) ©) (7N &) ©) (10) (1
SDSS J1048+4637 6.23 —28.15 <3.4 - 0.94 <4.6 <50 <0.9 6.0 130
SDSS J1148+5251 6.43 —28.42 16173 3.2%2 0.90 5.3 60 1.1 7.7 170
“SDSS J1630+4012 6.05 —26.71 = - 097 =4.5 =45 =00 T6 35
Mean quasar 6.24 —27.76 2.13 1.65 0.94 = = - 4.2 90

Robson et al. (2004, MNRAS, 351, L29)
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5-6. Extinction curves from GRBS
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5-7. Extinction curves from GRBS
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5-8. Extinction curves of AGNs

Gaskell et al. (2004, ApJ, 616, 147)

-1

A

Fic. 6—AGN extinction curves (squares) plotted together with a model
curve derived from Mie theory computations (dotted line; see § 6.2) and the
analytical fit given in the Appendix (solid line). Units are as in Fig. 1.




5-9. Extinction curves of AGNs
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