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““Mysteries of the 220nm hump
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Interplanetary Dust Particles
(IDPs)

GEMS (glass with
embedded metal sulfides)
an interstellar dust analogue?

organic

carbon\

EE A-II':"‘GEMS

100 nm

Bradley et al. (2005) Science 307, 244



Dust in Space

10

Magnitude
n
|

Normalized profile
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Energy loss (eV)

A, B: Observations

C, D: hydroxylated (OH-)
Mg silicates

E: organic C in IDP

F: GEMS in IDP

OH-silicate has a feature

at 220nm
(Steel & Duley 1987, ApJ, 315, 337)

Contribution of 2 components
(carbonaceous and silicate)
may account for the
non-correlation of Ao and vy



Observations of interstellar gas absorption
=> gas abundance in the ISM
[metal absorption lines are mostly in the UV]

Depletion = Log (gas abundance in the ISM
/reference abundance)

Reference abundance = generally solar abundance
Depleted elements are thought to reside in dust grains

> Elemental depletion indicates the dust composition
(associated with the uncertainty
in the reference abundance)



Observations
towards HD93521
HST/GHRS
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spectral
resolution to e
resolve velocity:
components £

Most metal lines
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== Interstellar Depletion

Depletion correlated
with condensation
Temperature T

temperature at
which a half of
the element in
question will be
condensed

Depletion = Log[ N/ Nsolar]

Savage & Sembach
(1996) ARAA, 34, 279
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--=X-ray observations of interstellar dust 6

4

X-ray halo (angular scale ~1')

Forward scattering by interstellar dust
produces a halo around the X-ray source

e.g. Hayakawa (1970) Prog. Theor. Phys. 43, 1224
Mauche & Gorenstein (1986) ApJ, 302, 371
Predehl & Klose (1996) A&A, 306, 283

(2) X-ray spectroscopy of absorption edge
& X-ray Absorption Fine Structure (XAFS)
(AE £ 10eV)

Abundance estimate of elements in gas and solid
phases without the reference abundance uncertainty
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X-ray Halo \

Forward scattering dominant

0
X-ray sourlcfe X Observer
esca ~ eobs * Y/(I-X), eobs = Y/X
= [1/(1-x)] 6,
r Emax a(max) f (X)
(,5s) =FN, [dES(E) | da n(a) j dx—(em) :
Emin a(min) (1 i X)

Fx: source flux, n(a): size dlsTrlbu’rnon
f(x): spatial distribution;
c(0): scattering cross-section;
S(E): source spectrum



#=_7F  Scattering cross-section N

2 , > 4
d—a_l 1x10~ (ZZ) ( P j ( a J (F(E)j exp[— 0 2]cm2
dQ 3gcm” 0.1um Z 2A'
2 4 2 2
o 63X1011(2zj£ 0 M a Mlkevj (F(E)j 2
3gcm- 0.1um = Z

A'=10.4 (1 keV/E) (0.1um/a) arcmin
Im-1| «1, 2ra|m-1|/A << 1; Rayleigh-Gans approximation
[valid for E>1-2KeV]

F(E): atomic scattering factor ~ Z far from abs. edge
Mauche & Gorenstein (1986) ApJ, 302, 371

Ogeq ~ Q% p2/E2 ~ M2/a?/E? (p o< M/a3)
Larger dust dominates in X-ray halo scattering
X-ray halo decreases with E-2
Porous dust has less scattering per mass
-> information on the dust porosity/size
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Dust in Space
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KKKKKKKK - Observations of X-ray
Absorption edge

Dispersion relation for fi<->f, (F = f; +if, )

e f (5)
f,(E) =2+
(E) I =
Absorption edge
L K
C 0.28 keV
O 0.53 keV

Mg ~0.05keV 1.3 keV
Si 0.1 keV 1.8 keV
Fe ~ 0.7 keV 7.1 keV



~=. Absorption edge of Fe (9
o Absorption edge

12 R — 30 |
a 1 L ° f_zh___; 3P.T3d — i =
= j | F S N
l : ,.-'--""'JPH hh"x f f5 N \\ LE
: \ 10
l:IIEJTZEI 200 v 500 1000 2000 “‘36 100 £ (eV) 1000 10,00¢
. Henke 1982 Atomic Data and
fl bZCOmZS a dlp Nuclear Data Tables 27, 1

Scattering cross-section decreases
at the absorption edge
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Absorptlon Features In o
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Counts /chiRs / bir

Sigmo

Jauan

Observatlons of C

g-2

i

compound

AY

| | | | 1
I 3’2 L i 24

Wavelength (A)

- L

Chandra

| observations

of Cyg X-2
around
oxygen
K-edge

Can be
accounted
for by
a 3-edge
model

Takei et al.
(2002)
ApJ, 581, 307



Spectrum can be interpreted by lines of O* and O*
(Juett et al. 2004, ApJ, 612, 308)

Need observational data of better statistics

& laboratory data of compounds
(Costantini et al. 2005, A&A, 444, 187)
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Freray (kev) (Costantini et al. 2005, A&A, 444, 187)

Dips due to O, Mg, and Si edges are seen in the halo
spectrum, indicating the presence of O-contained dust
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i X-ray absorption fine structure O
(XAFS)

Absorption edge in solids has fine structures
depending on chemical bonds and compositions
Absorption edge energy of solid is different from gas
Distinguishable from gas absorption,
providing a new method to estimate dust composition,
chemical state, and abundance

X-ray Absorption Near-Edge Structures
(XANES); AE £ 10-20 eV
Extended X-ray Absorption Fine Structures
(EXAFS); AE 2 10-20 eV
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Infrared emission comes from warm objects

Dust grains are heated by stellar radiation
and become warm in the ISM



Infrared observations of dust grains

Energy bala%e of dusT grains

Jo(h,a)J,dAr= [ o(i,a) B,(T)d A
absorption = radiation
cs(?» a)i absorption cross-section of the gr'am
J,: incident radiation

’ For m’rer ar rad\%ion field
J, ~ITW, -i W.~10-13~20-14 :dilution factor

o'

F: swam - 7500, 4000, 3000K, +

athis et al. (1983) A&A, 128, 212)

T ~ 20K
Orion@140um by AKARI ®JAXA
http://www.ir.isas. Jaanp/ASTRO F/Outreach/results/results.html#1119



Dust in Space
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e Galaxy at optical O
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& 2000, Axel Mellinger

Credit & Copyright Axel Mellinger
Absorption by dust grains appears as dark lanes
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Dust in Space

alaxy at 1.2pm \

SRS L7 T "CoBE@NASA
In near-infrared, most light comes from old
stars (red giants) with less extinction
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Galaxy at 12um

_original schematics

--'_.__,.u-'-'-'

Diffuse emission Edm dust grains (~200-
300K) in our solar system dominates in mid-IR
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Galaxy at 140um

original schematics

Diffuse emission from interstellar dust (~20K)
dominates in FIR, well tracing ISM distribution
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““Mass estimate from FIR observations &
FIR Emission: I(A) =1 B,(T) (optically thin case)

t=NC,.=Mk/D?,
(for a << A, a: dust size, C . o< volume)
N: column density, M: total dust mass, D: distance
k: mass absorption coefficient of dust (cm4/qg)
(= Cyps/volume/p; p: specific weight of dust)

k is independent of a, for a«i
From I(A) with k, T, & D, M can be estimated
(typical k ~ 0.1 cm?/g @250um)
Hildebrand (1983) QTRAS, 24, 267

Be aware of the assumptions behind the formula:
optically thin, single temperature, k, ...



Why do we observe in IR?

Orlgm of our Universe
Remote galﬁaes are red-shifted into IR

§earch f*' m’rezrr'es’rmal lnfe
a re brightand

r"'con’fmc’r against thedsi

a bZT
» ' |
Less extinctio
forming Fegions peaks in THe-FERY |
~ ISM can befstudied most efflcuen’rly ms MIR to FIR,
.mcludmg stae- for'mlng regions in our Galaxy & galaxies

fionin The IR and The emjis '

- | IC1386@9+18.m by AKART
h’r:rp //www ir. lsas .jaxa.jp/ ASTRO- F/Ou’rreach/resul’rs/resul‘rs html#1101 - .



“7.“Material evolution in the ISM ()




"""" ~Infrared Observations from Space

1.0 j“_rl_‘? LT ——
: VF41km Iﬂlﬂ :L .

J'{r ’M yrindl

Only a limited range
of IR can be observed
from ground

Transmission

Emission from
terrestrial
atmosphere disturbs
sensitive IR
observations

-—

m Sr

EmiSSi'ﬂ'iW 'Wln-zl—:

Cooled telescopes in
space provide ideal
facilities for IR

observations 0100 600
Wavelength (um)




Cooled Infrared Telescope in Space

Space mission has a stringent constraint on the weight

Laun'ching conditions are not friendly for telescopes

Cryogenic distortion has to be carefully taken care of

Light-weight, ﬂ)ng, and small thermal distortion
mirrors are required for cooled telescope systems

Keeping a telescope cold on the orbit
requires new technology development
(space ciyogenics)

IC4954/4955@9+18um by AKARI
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‘‘‘‘‘‘‘‘‘‘ Infrared Astronomical Satellite

(IRAS)
First IR satellite mission by USA, UK, & NL
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P A I

el L
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et |/ | Sun-synchronous
ROl O.r‘bjT,;.__ /

All-sky survey .
" 12, 25, 60, & 160(}52

‘A4 |+ spectroscopy
ey - . cpd

o , ' e = 10 mo Ob serv GT| on
S @ | L with 5001 LHe

@NASA

http://coolcosmos.ipac.caltech.edu/image_galleries/IRAS/iras2.html



... All-sky observations of IRAS

Observmg the sky in the direction opposite to
earth center; In6 __monThs, all-sky can be observed

- ®D. Ishihara



~o.+. IR satellites after IRAS
COBE/ .  MSX1996

(NASA)
18cm Al

(NASA)

+ NASA) 85cm Be

FerTule ¥
__"‘

ISO 1995
(ESA+
ISAS+NASA) 3
60cm fused 0V ; |

/0cm SiC

= |\ Survey; Observatory;
Survey + observatory
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70cm SiC mirror

Hw
180L LHe + cryocoolers l;f}i [k
enabled T
18 month cold mission f 7!
(2006.2-2007.8)

JAXA mission with
participation of ESA,
collaboration with UK, NL,
& Korea

All-sky survey surpasses
IRAS database
==
Pointing observations
of imaging and
spectroscopy
in 2-180um



“77AKARI SiC light-weight mirror ~ ©
Porous SiC core
CVD (Chemical Vapor Deposition) SiC coat

Sy
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Vibration test
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Dust in Space

~~~Cryo telescope test chamber

Cooling with
LHe

measures
distortion
with cooling
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~“Infrared Observations of interstellary
dust grains

E& & AR 2009,
AX A=, 102, 103

AKART 9/18um all-sky map
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Emission
Diffuse IR  E 14
emission spectra E 121
of the c |
Galactic Plane = 'f
> 08
"Unidentified S

Emission Bands" g 06
GT(3 3) 62 77.:04:_

—b=1-2
—b=2-3
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8.6, & 11. 3um 5
202
(+ more) 37
Onaka et al. 1996 \g 0
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UIR band carriers N
(organlc: compounds In the ISM)

C-H stretch 3.3 um
C-C bend 6.2 um
C-C 7.7 um

-H bend (in plane) 8.6 um
C-H bend (out of plane)
11.2 um
enhanced by ionization

Observed bands can be attributed to vibrations of
Polycyclic aromatic hydrocarbon (PAHSs)
But exact nature of the carriers remains unclear

Relative band ratios should depend on physical
conditions (e.g., ionization) of the band carriers



““Correlation of UIR bands with total )

FIR Intensity
Total FIR intensity is a product of the dust column
density and the incident radiation intensity
FIR = 1, ] (Ay/A)B B, (T) dA
= <T,,> GoXGo /4n

Go: radiation intensity in units of solar
neighborhood value Go (= 1.6 x 10-®* Wm-2)

Stochastic heating or IR fluorescence model predicts
UIR band intensity is also a product of the column
density and the radiation intensity

UIR band strength « t Go « FIR
[Go oc THP | <1y >/1100,m = 700 -> GO]
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“UIR bands in ionized reglons

10
ISO observations ;
of Carina & S171
regions
& 102F
(L
N
N
N
oY
S 30 T
10 Carina region
UIRs weaken p Oph region
in ionized regions °
Onaka et al. (2000) 10104 B 103 N "1'(')'-'2 101

ESA SP-456, 55

[OITT]88um/FIR
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+30, £60
&b=0, £l
(49 quiet e
regions) of*

Surface Brightness
(10-* W m—~2 mm-1 sr)

Kahanpdd et al.
(2003) A&A 405, 999 Wavelength (um)
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“~N/ariations in the UIR bands ©
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507 UIR bands in galaxies ~ ©
Emission from the Galactic plane shows tiny variations
External galaxies provide extreme conditions

Major UIR bands are at 3.3, 6.2,7,7, 8.6, 11.2um
ubiquitously seen in spiral & starburst galaxies
The variations seen among normal galaxies are small
based on ISO observations

(oY)
o

- AKART IRC
- spectrum

N
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n
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Surface brightness (MJy/sr)
o G

original schematics
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Surface Brightness (MJy/sr)
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Wavelength (um)
Kaneda et al. (2005) ApJL 632, L83

IRS spec‘rrum NGC2974 | |

j1o[
10 20 ;

70

\A/e’avelerfgfh (ilom)
Kaneda (2007) ApJL, 666, L21

11.3 and 17um complex are clearly detected
6.2,7.7, & 8.6um are very weak

No detection of 3.3um in NGC 1316 suggests
dominance of large & neutral PAHs



A : P ' O
o pm/11.3um band ratio variation in 6

@

10 .
Raneda et al (2008) ApT 684 270 .
Gneae ;, ___________ p ____________________________ Ellipticals (M) or
e | e R ! galaxies with AGN
ff ] (V) show lower
S % | 7.7/11.3um ratios
= — 1T
~ TT# cf. AGN activity
[ v Low-luminosity AGN " "T'N&C1316 |n NGC1316 Cedsed
0.1 - ® Ellipticals " “ . IOON\YI" 090,
R : 1 suggesting effects
[NeIII]/[NeIT] other than AGN also
Smith et al. (2007) ApJ 656, 770 l |
Kaneda et al. (2008) ApJ 684 270 play arole

Dwarf (young) galaxies (high [NeIII]/[NeII]) do not
show any systematic difference in the band ratio



" AKARI observations of NGC6946
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Interarm region
has a lower 7.7/11.3
ratio than arm region

Sakon et al. (2007)
PASJ, 59, 5483
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UIR band'variations seen in galaxiesg

(6.2, 7.7)/11.3um band ratio decreases
In inter arm regions
Elliptical galaxies associated with hot plasma
(indicated by X-ray emission)
have extremely weak 6.2 & 7.7um bands

Tonization effects or rier processing
in plasma e s?

F

UIR bands in extended structures of galaxies
(halo, jets, ..) associated with ionized gas ?



M82 seen by AKARI
L 32pm Zum 15

>,

441“'“ - 1lum

Jected by superwind

original schematics §j



UIR bands in M82 filaments
Red: Ho, Green: 7um 3.2um (B)+ 7 (G) + 15um (R)

'I'

gy '8 20 16 Ay '8 20
Engelbracht et al. (2006) ApJL, 642, L127

UIR band detected in filamentary structures
seen in 7-15um extended over Ho features
PAHs survive in suberwind?

I
16




Dust in Space

it f? \\\
“UIR band ratio variation in M82 \

D”I_M ?2: Loan tot ‘F‘: [ppl6.2)/Tpul(11.3) |Splmi 62, 77, & 86Hm
are well correlated
e 6.2 (7.7)/11.3um is low
P SN 4
B piuarns E o outside the galactic plane
) ( C% <é}¥ 9 p

~ A similar trend seen
y < in the interarm

/f regions of NGC6946
)\@) and the outer region of

o O our Galaxy
;9."
i | A -
oh 56™ 0% 55™ 55° 50° 455
%12000

Galliano et al. (2008) ApJ 679, 310



ST NGC1569 seen by AKARI
Nearby starburst dwarf (12+log(O/H)=8.13)
Several filaments produced by galactic winds

2 __3.2um 7um 15um




Dust in Space

7 UIR band associated with filaments

Ha (6) + 7um (R) 4um (B) + 7um (6) + 15um (R)

Matsumoto et al. (2009) Proc. of’L AU 251, 249

7um emission well correlated with Ha filaments

Band carriers present in filaments of ~106yr old,

where destruction should be very fast (~1000yr)
Produced from fragmentation in the shocked region?
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=== AKARI Spectroscopy of @
a filament of NGC1569
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IRC spectrum M 17 IRS spectrum of
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Matsumoto et al. (2009) Proc. of IAU 251, 249
7.7/11.3um ratio is smaller in the filament than in disk
7. 7um band seems to be narrower



t Internac

“““““Comparison of band ratio
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<+« Disk
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| ® Ellipticals O
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01 1 10
[NeIII]/[NeIl]
Kaneda et al. (2008) ApJ 684 270
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a large range of -
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Gordon et al. 2098 ApJ, 682, 336
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normalized AF ECQW

_Z% 7 UIR band equivalent width vs N

metalhmty & |on|zat|on

100¢ T :
10 - + E = :_gj
.D‘-lﬁ.'ﬂ I afz E-i} H | BIG i E-IE | . l1l ”—II D —CIIE:. | -,_.iul a I._,-,,_rl a l1,ID 5
N\ZTC:“iéiTy Gordon et al. 2008 ApJ, 682, 336 IOHIZGTiOH
UIR band decreases
No clear correlation in highly ionized regions,
with metallicity indicating the decrease

of the band carriers 2
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Gordon et al. 2008 ApJ, 682, 336

6.2/11.3 & 7.7/11.3 are expected to increase with the
lonization parameter,
but no systematic trend is seen in M101 HIT regions
A trend of band carrier processing seen so far is
only the 6.2/11.3 & 7.7/11.3 decrease in hot plasmaga
environments (halo, jet, elliptical galaxies) &=
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-~ IR spectroscopy for the study of )
gas abundance

Forbidden lines have negligible coupling with radiation
and are excited exclusively by collisions
Intensity is a function of local temperature

qnd.densify of ‘rhe"‘collision parther

Less affec’red by extinction
AE < kTe; insensitive to Te
Intensity is a function of density only

IR spectroscopy provides a unique opportunity to
study elemental abundance in dense
star-forming regions
All Sky Map@9um by AKART
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~““Large Si abundance in active regions @

[SITI]35um 2.5 10—
ISO observations of

Carina region
(Mizutani et al. 2004, A&A,
423, 579)

5171 & pOph regions
(Okada et al. 2003, A&A,
412, 199; Onaka et al. 2006,
A&A, 640, 383)

>10-25% Si in gas

phase even in high-
density regions

(S ~5% in ISM) .

Large amount of Siin ¥, N

volatile grains other 0 510° 1107 15107 2107 2510 3107

than silicates? NIT]122um intensity (Wm-3sr!
Then how is Fe? [ ezp Y ( )

Mizutani et al. 2004, A&A, 423, 579]
2107 _
1.5 10} _
110°%F _

5107k ——b50% Si relative to solar.
Xy & n, < 50cm-3 '

IT]35um intensity (Wm-2sr-1)




~'Si & Fe gas abundance in HIl regions @

Fe*/S*

.

001} — } "
- T
0001 L . 1. Y

0.1

| Large gas

Siis
common
in HIT
regions
Fe is in

la differen
| component

from
volatile Si

|
Si*/ S+ Okada et al. 2008, ApJ, 682, 416

IR spectroscopy is efficient for the study ﬁ

of gas abundance in dense active regions



Observations of a Supernova

with AKARI
Suﬂrnovae are p%‘ren‘rially an important dust supplier

Previous obsenyationsiindicate a significantly small

AKARI observa‘rlons were carried out with IRC
~200 days after explosion (29 lpml 2007)

SNR B0104-72.3 in SMC @AKARI 4,7, & 11um (Kﬂal. 2007, PASJ, 59, 5455)
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= AKARI observations of SN2006jc @

3-7-11um color ” Prism spectrum
(2-5um)
- &
UGC4904 4w
: =

SN2006jc

Strong emission in MIR detected
I. Sakon et al. (2009) ApJ in press
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""""""" = Strong MIR emission from

circumstellar dust

Best fit: Hot (~800K: SN dust) and
warm (~300K curcums’rellar) carbon dust

—h
e

' mqlunr.q W& cands (28=29 April 2007) |
AHARLIRG NFAHA, T =5 -"-z- WSTT (P Annl 2000
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AKARIIRS imaging banz flux (¢, aaleulat ed for the medzkes ssoatr.m e

— |_T1.-:__:d_ ¥ ; &
/" Warm dust ~ 3x10-3Mo
1 E | lL' | |5 | é | | |

10 12 4
Wavelength (micror) L. Sakon et al. (2009) ApJ in press

Few (<104Mo)
dust grains

:(ho’r component)

formed
in SN 2006 ¢

Dust formation

in SNe is
inefficient?




"""""""""""""" —DPust associated with SN remnants &)
SNe are a source of dust and also destroy IS dust~

Observagtions of SNRs in our Galaxy are difficult
because of confusion -> Go4to Lar'ge ‘Magellanic Cloud

WOQ 67.5 0519-69.0 - —~..\0548 70.4 SNI1987A

SRS in the LMC by A
(Seok et al. 2008, PASJ, 60, S453)

LMC@AKARI 9, 18, 65, 90, &140um



Dust

AKARI L15/1L24
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e e fwf\\
~Multi- -component spectrum of SNRs
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II]

Seok et al.

1.0
Spitzer 24/70 um

2008 PASJ 60, 5453

24 and 70um flux is well
fit by dust destruction
model of SNR shocks

(Borkowski et al. 2006, ApJ, 642, L141;
Williams et al. 2006, ApJ, 652, L33)

15, 24, & 70um flux can
not be fit with a single
temperature gray body,
suggesting a cold dust

component of large mass

More dust associated
with SNRs in LMC,
indicating less efficient
dust destruction in SNRs
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Rho et al. 2008, ApJ,. 673, 271 original schematics

SNR spectra have dust features + line emission
cannot be fit by a single temperature gray body

Spectroscopic study is important ﬁ



Dust prCIﬁ'l 0 ¢ '1 in the ISM

Variati hs of LR bands provide significant
‘n 1for ’rhe ISM process: ‘}
A sysTi

Role of SIX Ust suf ion =
5 ye#”#o D estigate® | |
Spectroscopic obseryations a ispenisable to

correctly unders‘rg
IR line spectroscop

"-,.‘.. .

gas abur
Cyg X @AKART 90 & 140um
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~7“- AKARI All-Sky Survey o
9um source (~700,000) 90um source (~60,000)
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AKAR' All-Sky Survey Performance
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B & A7 2009, XX A#k, 102, 103

Higher sensitivity in 9-18um than IRAS
Higher spatial resolution than IRAS

Point Source Catalogues will be released )
to the public in 2009 @
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=+ Herschel & Planck (ESA)
(2009)

Herschel (3.5m) (65-672um)  Planck (1.5m) (350um - 9mm)
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.....Space Infrared Telescope for N
Cosmology and Astrophysics (SPICA)

SPICA 3.5m ISAS/JAXA
Cooled telescope by
mechanical coolers

for wavelengths 5 -200um

Approved to
phase-A study by JAXA
ESA contribution approved
aiming at 2017 launch

http://www.ir.isas.jaxa.jp/SPICA/index.html
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