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Cycle of matter (gas and dust) in gal

". | les
Interstellar Medium
Planetary NN

Molecular clouds #

Concept of cycle of matter

Past: Th eory/ models Protostars Asymptotlc Giant
Branch Stars

chemical evolution of galaxies
( 9 ) Red Giants |- 8(10?) Mg S )
. upernovae
P Red Supergiants :
Main Sequence ey >8(107) Mo
\Stars Q i
Current: measurements of dust : :

Can we account for ISM dust with
stellar dust?
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Shock destruction

Diffuse ISM

Stardust formation |

Elements synthesized
High gas density and
temperature

volution
Molecular clouds

My presentation: measurements of stardust

Are stardust important dust sources of ISM dust?
Can we account for ISM dust with stardust?



t production rates in the Milky WA

(1,2) Msun kpc? Myear-!
(3) 102 Msun yr-!

Tielens Dwek Gehrz
(2005) (1998) (1985)

AGB stars 8.0 6.5 .1-6.8 Low-and

Novae 0.3 <0006 0.0 intermediate-
mass stars

SN la 2.3 3.6

Red 0.2 0.02-0.5

supergiants High-mass stars

SN I 12 8.5 0.1-0.6
Wolf Rayet 0.06 0.02 0.0l
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* Global gas and dust budget
o Contribution of AGB stars
Milky VVay
Magellanic Clouds
> Metallicity effects

Mass
Implication for high-redshift galaxies
Grain property

> Supernova dust
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IRC+10216: |
C.f. ISM gas-to-dust ratio: 100-200
highly dust obscured carbon-rich AGB stars stars gas-to-cust ratio

Gas-to-dust ratio: 700
Oxygen-rich AGB stars No conclusion can be derived

Gas-to-dust ratio: 300 (Justtanont & Tielens 1992) about dust grains grows in the ISM

Herschel images of IRC + 10216
PACS 160 SPIRE 250 SPIRE 350

S.CE-4 0.0025% 0.0045 0.0 0.0010 0.0015 0.0025 0.0 0.0010 0.0015




/

Ishihara et al. (submitted)

Spec.

Band 9um | 8um

Point source map Spatial resolution 9.4”

Sensitivity (50)  50mJy 90mjy

Num. of 844,649 194,551
sources 870,973

Blue : 9um




Galactic ”bﬁlons of C rlch

O-rich AGB: inner galaxy
C-rich AGB: outer galaxy
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» Global gas and dust budget
o Contribution of AGB stars
Milky VVay
Magellanic Clouds
> Metallicity effects

Mass
Implication for high-redshift galaxies
Grain property

> Supernova dust
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Larse Magellanic Cloud (LMC '
m?{ge agellanic Cloud ( )

» One of the nearest galaxies 3.6 micron: blue
> 50 kpc 8.0 micron: green

24 micron: red

» Spitzer Space Telescope
observations

° Spectroscopic survey (Zijlstra et
al. 2006; Kemper et al. 2010)

> Photometric survey 3.6-160
micron (Meixner et al. 2006)

Entire census of AGB stars

o C.f. projection problem of the
Milky Way

Op.’_cical image

Spitzer image (SAGE)
Meixner et al. (2006)
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Dust (10> Dust species
Msun yr')

kY vyt AGB stars 2-4 5-11(total)

g (total)

% Carbon-rich 4-8 Amorphous carbon,

= SiC, (PAHs)

3

. Oxygen-rich 1.5-3 Silicate

.,@
AL
6.5 6.0 55 5.0 4.5 4.0 35
RA (J2000) in hour

Detecting dust-embedded AGB stars using Spitzer

Matsuura et al. (2009, MNRAS, 396, 918) + update




Gas fezdback in the LMC

¥ Total AGB mass-loss rate  2-4x10% Mg, yr-!

Oxygen-rich + carbon-rich AGB stars

¥ Type Il SNe 2-4x102 Mg yr!

® In the LMC, Type |l SNe and AGB stars are both important
gas sources

Type Il SNe
AGB 2-4x102Mg yr!

2-4x102 Mg yr!
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‘budget of the LMC

. o

e Star formation rate (SFR) > Gas injection rate from SNe and AGB stars
e LMC star formation depends on the large reservoir of existing ISM gas
 The LMC is getting gas poorer. The SFR is likely to be declining with time.

SNe +AGB
0.03-0.08 Mg yr-
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'_Gl'%bal dust budget in the Large
IMagellanic Cloud

Missing dust input problem in the LMC!
Current LMC dust mass: 2x10® Mg
> HI+H, gas mass (8x108 M) x dust-to-gas ratio (0.0025)
(>0.9x106 M; Meixner et al. 2010 from Herschel observations)
Dust injection rate from AGB stars: 5x10-> Mg yr-! (up to 11x10~> Mg yr')
> requires>20 Gyrs Lifetime of the LMC (~15 Gyrs)
Dust lifetime was estimated to be 4-8x108 yrs (Jones et al. 1994)
Dust deficit is short by a factor of 30

AGB dust
(2-9)x10* M,
over (4-8)x 08 years

Other dust sources are
needed

: ISM dust
/  2x10° Mo

A
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Cumulative Dust Mass-Loss Rate (Mg, yr')

— - S TR B
-_. D ”.,» N

mall-Magellanic Cloud
e e
* % B
10‘5 T T T T T T Tl GQI’don eta'l.
© il i Small Magellanic Cloud
10° 7 4x10° Msunyr! Boyer et al. in press
107 :,x":/’ ____________ _, AGB dust return:
A 20 4x10% Msun yr-!
10° ﬂgﬁ" N o (about 1/10%" of the LMC)
N 3 8 SMC stellar mass:
10 - t ————+——+ t 1 t :i::::l ~I/4th0fthe LMC
10°F a5 e Large Magellanic Cloud
16° 22 Srinivasan et al. (2009)
______ AGB dust treturn:
107 F 3x10~ Msun yr-!
10° E/7.
10° 10°

. . AGB mass-loss rate: more or less scale of stellar mass
AGB
Luminosity (Lsuw) (SMC is slightly less: starformation history?)



* Global gas and dust budget
> Contribution of AGB stars
Milky VVay
Magellanic Clouds
o Metallicity effects

Mass
Implication for high-redshift galaxies
Grain property

> Supernova dust
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1 d at low metallicities?

ronomical) metals!
BN o L

e Carbonaceous dust
> Graphite : C
> Amorphous : C

e Oxides
> Olivines : Mg, Fe; ,,, 510,

° Pyroxenes : Mg Fe, SiO; > Polycyclic aromatic hydrocarbons

(PAHSs)

2 6\"; £ [ 1

Dust mass :as a function of metallicity of galaxies
It has been suggested that it is difficult to form dust grains in stars
in low metallicity (Z<0.l Zg) galaxies

LS S S G W W - V- -

9 W N

But ... we found unexpected results
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Lhe Galaxies of the Local Group
LA,

Some galaxies have low metallicities

Sculptor dwarf spheroidal (dSph) galaxy
[Z/H]~-1.33

Fornax dwarf spheroidal galaxy
[Z/H]~-1.0
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0.015_
£ _
u’ 0.010 -
_ L Fornax 3-129
= Amorphous Carbon
modsl continuum ‘-'_? L
0.005 - —
= :Fornax6-13 ]
E )
o Mg dust 0000 %
4 6 8 10 12 14
* * Wavelength [um]
10 20 30
A {um)
Sculptor dSph galaxy [Z/H]~-1.33
SIoaI:\ Matsupurf ot a)ll [2/H] Fornax dSph galaxy [Z/H]~-1.0
’ ° Matsuura et al. (2007, MNRAS 382, 1889)

(2009, Science 323, 353)

Contrary to expectation, we detected dust at low metallicities
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O\ v metallicity

call
AGB stars
" We detected amorphous (+SiC) dust

e Dust formation process

around stars is affected

= Carbon atoms synthesized in AGB stars .
> not only by the metallicities of

\ morphous

darbon dust etc. the parent galaxies

o

° but also by elements formed

. do . : :
z inside stars, in particular,
=§ Amorphous carbon

_4;,‘ carbon dust

E fete > Amorphous carbon, PAHs
4 co

* Dust grains are formed

Carbon  Oxygen Carbon  Oxygen
around the first
Solar metallicity Low metallicity
(Our Galaxy) | (Fornax and Sculptor generation of AGB stars
dSph galaxies)

Matsuura et al. (2005 A&A 434, 691)



* Global gas and dust budget
> Contribution of AGB stars
Milky VVay
Magellanic Clouds
> Metallicity effects

Mass
Implication for high-redshift galaxies
Grain property

> Supernova dust
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(Before our study)

High-z galaxies

Dust sources:

SNe (>8 MSUH) AGB + SNe

il o high-z galaxies with

Galaxies in the Local Group

Dust sources:
AGB stars +

SNe

Assumed to be very low

Metallicity

> About solar metallicity

metallicity initially

¢ AGE

10-15 Gyrs
D y

z~6.4; ~0.4 Gyrs
(e.g. Bertoldi et al. 2003)

Sloan et al. (2009)
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7
6x10’M,,
6e+87

ust Hass,

Dust mass
D

‘Modeling evolution of dust mass’

Total dust mass’

Dust |
Intern
mass |

SN d

LowH
SER |

from
nediate-

ust

mass AGB
scaled)

1568

1 |
200 250 300
Tine, Hyrs
Time (Myrs)

356 4

400

« More realistic scenario — although still only producing 33% dust required
e Assuming M sn) ~ 0.02 Msun required
«Heavily depend on starformation history

J114816.64+5251
z = 6.4,age ~400 Myrs
Mdust = 2x108 Msun

100 0 —-100
R.A. offset [arcsec]

Bertoldi et al. (2003)

Stock et al. (in preparation)

C.f.Valiante et al. (2009)
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» Global gas and dust budget
o Contribution of AGB stars
Milky VVay
Magellanic Clouds
> Metallicity effects

Mass
Implication for high-redshift galaxies
Grain property

> Supernova dust
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m Oxygen-rich

m Silicates
(amorphous,
crystalline)

s CO,H,0,CO,
OH, SiO

m Carbon-rich

m  Amorphous
carbon, SiC, MgS?

s CO,C,H,, HCN,

Flux [Jy]

0.5

0.4

0.3

0.2

0.1

npositions of

LMC AGB stars / red-supergiants (RSGs)

AGB star

Amorphous
silicate

'Amorphou's
silicate

Crystalline Silicate

SiO | C,H,
C,H, (Amorphous carbon)
10 15 20 25 30 35
Wavelength [micron]

IRAS 05298-6957
Oxygen-rich AGB/RSG
| (scaled)

MSX LMC 947
Carbon-rich AGB

Data from SAGE-spec (Kemper et al. 2010, PASP 122, 683)



SiC and amorphous carbon ratio

Galactic stars SiC:10-15 %

LMC/SMC

Stronger SiC

—>

majority of carb
t.'!. {.prjpﬁ;:lsy/-: = : : a

Metallicities

Solar

on
¢ by

[6.4]-[9.3]

SiC:2-10 % /2 and 1/4 of the solar
0.6 | ' ' ' '
i o @ Blue Galactic sample
0.5 @ Red Galactic sample
I + SMC
- m LMC
g 0.4:— Typical variation —|—
2 .f° s
= 03[ O
5 e ®
L i 8] O
Q02 o o o ® aum @ OurGala
i \- .#+ ‘Fh m N .
' ae® ([ X
- n ®.LMC
0.0F
. . _SMC. .
0.0 0.5 1.0 1.5

Infrared Color




: . %‘t the end of AGB phz

Discovery of LMC AGB stars with very high mass-loss rate
SiC in absorption

Intensity vFv [W m?]

810
610
410™ |

210™

Mass-loss rate of 9x10~> M yr!

JO5 50 26.08 -69 56 03.1

CZHZ

=== |\l0del (amorphous and SiC)
== Spitzer spectrum

1 1 1 1
10 15 20 25
Wavelength [micron]

Gruend| et al. 2008, Ap) 688, L9

1
30

35

|5 % of dust is SiC (normally only 2-10
% in the LMC)

No such a strong SiC absorption is
found in Galactic AGB stars

Different condensation sequence in the
LMC, due to higher excess carbon.
Amorphous carbon condense earlier
phase of the stellar evolution.

At the end of the evolution, SiC
condenses

Frequent detection of SiC in planetary nebulae
(Bernard-Salas et al. 2009)



* Majorities of LMC O-rich
AGB: silicate band in
emission

* Only a few (~10) show
silicate in absorption

o C.f.~200 known in the Milky
Way (stellar mass is about 10
higher)

Flux [Jy]

0.5

* Not so much silicate dust
formed in oxygen-rich AGB
stars at lower metallicity
than the solar

in oxygen-rich AGB
e o A

LMC oxygen-rich AGB stars

15 |

Amorphous Crystalline Silicate

Amorphous ~ Silicate | |
silicate

IRAS 05298-6957

Oxygen-rich
AGB/RSG
MSX LMC 947
Oxygen-rich
. \ , \ ﬁM AGB
5 10 15 20 25 30 35

Wavelength [micron]

Data from SAGE-spec
(Kemper et al. 2010, PASP 122, 683)

C.E M. Gullieuszik’s talk



log M,

Dust mass

-7

-8

ilicon

c

0

Z=0.04 —
= o jé = i: = o i:
& & = & 5 = s &5 =

1.5 2

Initial stellar mass

3
M

#

”n
~1

Ferrarotti & Gail (2006)



A Tk _;'

g ‘_ | Zhukovska, Gail, Trieloff, (2008)

Evolution of the Milky Way dust
Grain compositions

3 F

e amorphous silicates

Dust fraction log (Z4, / Xgy)

amorphous carbon

crystalline silicates

SNII, Sil
.. SNIa, Fe

e SN, Be ISM grain composition
...................... SNII, SiC

TR (Tielens et al. 2005)

0 2 4 6 8 10 12 14
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» Global gas and dust budget
o Contribution of AGB stars
Milky VVay
Magellanic Clouds
> Metallicity effects

Mass
Implication for high-redshift galaxies
Grain property

o Supernova dust
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e Synthesized elements ¢ Measured dust mass: very
include O, Si, Fe uncertain

o Evolve faster -> short > 10* Msun (Meikle et al.2011)

time gain of dust in |SM © |O'2 Msun (Sugerman et al. 2006)
> (0.02 Msun (Rho et al. 2008)

> 0.4-4 Msun (Dunne et al. 2003)
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Supernova Remnant: Cas A

1600m

70um o
160 micro

10 arcmin

[0 arcmin 70 micron

390um
350 micro

200um

500 micro‘n

Dust mass ~0.075 Msun
(Barlow et al. 2010),
Herschel PACS & SPIRE

ISM dominant




e SNR:1E0102.2-7219
Dust mass ~3% 103

(Sandstrom et al. 2009)

10(

Wavelength (um)

Arcseconds

20.5 micron 22.3 micron

-30-15 0 15 380 -30-15 0 15 30
Arcseconds Arcseconds
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40

Log Luminosity (erg s )
()
©

38

I

llllllll

Theoretical light curve .
(**CO+>’CO decay only)

Observed light curve -

' R R N R R A B A

400

Dust extinction

Whitelock et al. (1989)

500 600 700 800 .

Days since JD 2446849.82



Heritage

HERschel Inventory of The Agents of Galaxy
Evolution: the Magellanic Cloud Survey

Meixner et al. (2010)
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Herschel detection of a large dust ™

;;r¢3érvnir in SN | G

| arcmin

Herschel 100 micron
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Dustin SN 1987A

HST optical

e T-ReCS 11.7 pm + HST F625W
i ejecta dust
| ring dust
=100 ¢ synchrotro
> -
>< B \
= - s
i R
10 F o
- . T-ReCS 11,7 ym + Chandra/ACIS
B 7 o) ACIS/11.7 um
@ e
]_ <>||||||| I | I e | L Loy
1 2 3
10 10 10 1

Wavelength (micron) |
Bouchet et al. (2006

Matsuura et al. (Science in press) Mikako Matsuura: Dust e




Flux [Jyl

-

tion time scale

Dust formation: instantly at around day 600 or growth in 20 years!?
Initially, the reported mass was >10-* Msun (Wooden et al. 1993) -> now 0.5-0.7 Msun

1608

18

Figure 3: Clumpy II, f=8.1

H93 — ]

H89 —+— ]

HB,.801Ho, fO.1 —— |
H8.81Ho, fB,1 — |

=, HB.1Mo, fO.1 ——

/r ‘ | Re-analysis of the observed data at day 600
/[ 's

l h | N L ! Near- and mid-IR data give lower dust mass
TAIRAN,

Wesson et al. (in preparation)

8.1

1 16 16e
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Modeling evolution of dust mass

S

redshift J114816.64+5251
z = 6.4,age ~400 Myrs
Mdust = 2x108 Msun

18 14 12 10 8 7 6.5

Mass (Mg)

Dec offset [arcs¢ :]

-100 NS

10%F AGB dust
L S S — 100 0 ~100
200 400 600 800 1000 R.A. offset [arcsec] .
time (Myr) Bertoldi et al. (2003)

Dwek & Cherchneff (2011)  Average of 0.15 Msun dust per SN

C.f. Michatowski et al. (2010)
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o Stellar dust

> Contributions of both AGB stars and SN dust need
to be considered

> Metallicity effects on dust
> A large dust mass in SN 1987A
° Important contribution to cosmic dust

Mikako Matsuura: Dust evolution in the ISM



