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Scope of SPICA MRD

The MRD clarifies the objectives of the SPICA mission.

The objectives of the mission are more concretely expressed
by various scientific targets (plus also technical purposes).

Based on these targets, the mission requirements, such as
required specifications of the mission instrumentations,
scientific operations etc. are defined.

Also the success criteria, by which the evaluation of the
mission achievement will be addressed, are clearly described.

The mission requirements described here will give the
baseline of the study of the system requirements.

In the future, this document will also be used to confirm the
development status, system performance, and operational
results on orbit etc. are well in-line with the mission
requirements described in this document.

The description in this document may be updated depending
on the change in the stake-holder’s opinions or external
conditions, and in such case this document will be used as the
source and reference document to estimate the effects on the
mission achievement.



The SPICA Mission Requirement
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Major Objective [1]
0] D B A LEAE & FE 0D % B
Resolution of Birth and
Evolution of Galaxies
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Extragalactic Science : Objective #1

« Tl H# Objective

— SRAIDREDERAD-OICEBRZLGRATHAFHBEERIADIFFEEIIRXR
KI(E—HAKDE) DERHICHRE,

— We will discover “population I11” objects (first generation of stars) at re-
lonization epoch, which play an important role in the understanding of
galaxy formation processes.

o Rl HE Target
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— We will search for redshifted ionization lines (z>7) from low-metal
objects (less than 10-#4) with mid-IR spectroscopy, by which we intend
to prove the existence of population Il objects. We also investigate the
formation of population Il objects at z>3 through emission lines from
hydrogen molecules -- important cooling lines of primeval molecular
clouds -- using far-infrared spectrograph.

BENERSNEIRIE BLISS kAR -Eo#axkEkE MIRACLE




Ho at z>7 will be detectable
with MIRACLE/SPICA

Ho (A,=656.3nm) enters mid-IR
at 5.25um (z=7), 8.53um (z=12) 25" = 150 kpc
Emitter Search for z>7? <

Star-formation Rate? Dust Extinction (with H3)?

MIRACLE's FoV 6'x6’

T : , Lyman a blob @z=3.1
* Multi-slit + wide-field MIR SSA22 “Blobl” (Steidel et al. 2000,

Imager Matsuda et al. 2004)
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Extragalactic Science : Objective #2
« %= HH# Objective

FHEFRINRERBI D KRB ZEARAFIZHET LHEELIC, EZFRH
RE R DEMMBLOFDEFEZBHASNIT S,

We will resolve the cosmic far-infrared background light into individual
objects, and reveal the origin of the cosmic far-infrared background
fluctuations.

o FElZFHIE Target

FHERNMEE SRS Z. [HHY DB L EDZER S EREICKYERID
EIRTMRRRICDEET Do SOITERRAZERY BRD =R IMRE RS
WLEZFHEL . ZRRMBERITENSZDERIRZHERT S,

We will resolve the cosmic far-infrared background light into individual
far-infrared objects with 3 times or more higher spatial resolution than
that of AKARI. We then evaluate far-infrared background fluctuations
after removal of the individual objects, and reveal its origin through
detailed analysis such as multi-wavelength correlation.

RRERIRIBR - E DR DXERE MRACLE
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The near-infrared background (IRTS, COBE & AKARI)
. Proto gaIaX|es (e. g. pop- III stars mini-quasars) at z~10?
Spectrum of Pop-lll stars and remnants ?

1“‘:'.1 FPop-lll stars at z~10 7 J\
= | f‘" . Measure-e:[ CIB LB -...L',_..i'j.”j_:-]aﬁ-i J.{J _.-i'
i 1l -’ o™ s ’/\
g ml ! _,:;__—_'."L- — : H"‘Té-ff-_____ r 10 700 % [um]
£ | ' ' : | If substantial fraction of the energy of the NIR
& - background is converted to dust emissions (IGM
A = dusts, mini-quasars(AGN), etc.), it may form the
W ‘ o 1 el far-infrared background.
Wavelength [ um]
The far-infrared background measurement with SPICA
10 AKARI found :
- 1) Excess brightness around 100um
5‘"- Al Corresponding to
e >10710 gals/sr for S<100 uJdy
ﬁ Proto-galaxies?
g " AKARI - Spitzer 2) Large-scale fluctuations at 10’-30’
= o - ~5% of the mean CIRB level
dem MIPS24 :
T ool } Very red foreground galaxies?
? | (Matsuura et al. 2009)
30 50 100 200 300

wavelength [pm]



Extragalactic Science : Objective #3

« F=HBH# Objective
- EREDFZEZIELGEHELMIEL-2ZA T, EFIREDZHES XK
SOBFEZEIC, BEICBEON-ZARAOYIBILZZERT S,
— We will reveal physical & chemical condition of high-z galaxies with

precise correction for dust attenuation, based on understanding of
Interstellar environment and dust emission.
o Rl HE Target

— FARBIETORAICDONT, P -SEZHRINE
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B0 £>5I2EREQRIEE DR EHAL. R O (OB R E O
D ERFA DB FIREZHLHNIZT S,

— We will reveal interstellar environment and dust emission
characteristics of high-redshift galaxies out to z~3 through PAH
emission as well as atomic and molecular emission lines with broad-
band mid- & far-IR moderate resolution spectroscopy. These
observations allow us to reveal the physical & chemical conditions of
dusty galaxies in the early universe (up to 9 Gyr ago) with precise
correction for dust attenuation.

fEFA R MAkERE MIRMES Sm#ssammEE MRACLE
BN RIBERSHRE SAFAR  BEHRS RS IE BLISS




Interstellar dust in distant galaxies

UIR band spectra at z=0.2,1,2,5

toon E=032 —— Moderate resolution
100 =2 e Spectroscopy with SPICA
=3 e (hr, 5sigma)
10 F - -
o SAFARI - MIRACLE R~50
= s MIRMES R~700
ol il Pa— SAFARI Ao=1cm-1,
0.0l | ¥ \RACLE :?ﬂ" S Spectroscopic Diagnostics of
a0l | “ a.f | Interstellar gas & dust
' & NGC6240 out to z~3!
o.noot, 20 40 60 20 100

Wawvelength (pm)

UIR band features at 3.3, 6.2, 7.6-7.8, 8.6, 11.2, 12.7um

atomic ionic lines; [ArITII]at 8.99um (27.63eV, n¢,=4.8-10°)
[SIV] at 10.51um (34.83eV, n¢,=5.6-10%)
[NeII]at 12.81um (21.56eV, n¢,=5.4-105)



Numerous Atomic/lonic Fine-structure Lines

critical density (cm-3)

__exist in the Mid- to Far-infrared

1000 104 108 108 107 108

100

Diagnostic tool to study the
Stellar/HIl Physical/Chemical Condition
Regions without sufering from dust extinction

10 100
ionization potential (eV)



Extragalactic Science : Objective #4

« FlZFEHM Objective

— SRAIDEICHE T DEERT SV IR— IV *DEENEHEAET 510, LDFET
[TEAARHEEREICHIENBRPDEERTSVIR—ILZ, AIHFHE
[ZWV=5FETEERET 5,

KABOREREIHETLIEENHAHAEEOLNEGTSVIHR—IL

— In order to understand the role of supper-massive black holes (SMBHS) in
the galaxy evolution, we will make a survey for the forming SMBHSs, that
may not be observed easily in other methods due to the obscuration by dust,
from the present to the early universe.

« FH=FHE Target

- EREDEZEEZITEVFRINRIRE - 7 ABAIICKY, O FETEIERANE
HOEMEICRFENEAFDEBERTSVIR—ILZ, REDFEIN LY
FHI-E5E CLUFAEL. TBDEDY L TILEHES b, onk. BAMAE
gﬁéﬁlgﬁgt%(&&bﬁt A DELICHITHEBEXRI VI R—ILDKRE

2 o

— We will make infrared imaging & spectroscopic observations of TBD number
of the forming super-massive black holes (SMBHS), that can not be
observed easily in other methods due to the obscuration of dust, from the
present to the early universe. Supplementing these results with the results of
observations for the galaxy formation history, we will understand the role of
SMBHs in the galaxy evolution.

RS EIRE - EaE2xEE MIRACLE
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With Spitzer & AKARI, only 24 micron—-very-bright ULIRGs (biased sample)
could be studied at z > 1: SPICA enables us to go to z > 3 and to
general ULIRGs atz> 1 !



Evolution of galaxies and the growth
of supper massive blackholes

z=0.7-1.0

z=0.2-0.7

2=1.0-1.5_

s

-

N
th

25 -

1.5

=
in

4000A break strength

1 1 1 L | I i L 1 ! I' 1 1 1
B a2 10 11 12 a8 1] 10 11 12 ] 1] 10 i1 12
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Contours : the galaxy distribution in SXDF
Blue filled (spec-z) and open (phot-z) circles : X-ray sources (AGN)

At z=1.0-1.5, AGN are associated with massive star-forming galaxies, while at z=0.2-0.7,
the AGN number associated with massive red galaxies increases.

—->Do some X-ray AGN follow the track from star-forming to red, passive galaxies (and
their activities are going to turn off)? How about dusty obscured AGN?.

- SPICA/SAFARI low-resolution spectrophotometric imaging survey over ~100 sq.
deg!!

Subaru XMM deep survey field (SXDS) (Akiyama et al. XXX H#;2008% 185 )




Extragalactic Science : Objective #5

- %= H# Objective
- RAIDER AL - BESEITEZE. SR P KRIREED R OEIE LR
EE~NDEELOBHYDHR T, BRI 5,
— We will reveal the star-formation & mass assembly history of galaxies
In relation to the forming processes of the galaxy clusters and the
large scale structures, as well as the environmental effect on the
galaxy evolution.

« FZFH1E Target

- Eﬁ/m,ﬁﬂ@t —4(70— 100 R, z=1~-2)h’H o=, DEFERDF
HIZBWLWT, AT RILT— 75\5'?75‘1}%%%( =Ry MR TR T, KIRERE
EERL—RTEBIEE D EVKE, (~3004H 78—t 21 L) EH—~ AL,
SRS O KIS A E BT 5, CnIckY, THEMRE -HEEHSE
BEUSREIE IS ¢ SRS RERBET D,

— In the early universe where the star forming activities was at a peak,
we will undertake imaging wide-area survey and observe the galaxy
clusters and the large scale structures at infrared wavelength, to which
the redshifted emitting energy shifts. The large survey area
(corresponding to ~300 Mpc) can trace the large scale structures, and
we will reveal the star formation history in the early universe (up to 9
Gyr ago) as well as the mass assembly history and its environmental
effect on the galaxy evolution.

PEIFENFERTE MRACLE SAFARI
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A Massive Cluster (6 X10 Mg), 20X 20Mpc? (co-moving) Yahagi et al. (2005)




Environmental e1rect 1n distant
Cluster revealed with AKARI| &
Subaru
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Understanding the Cosmic Star-Formation History Obscured by

(Mgyrt Mpé:'? )

EXREZE Star formation rate density

0.01

Dust
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_ . o~
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% With extinction correction
I b X
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IR redshift

Blain et al. 2002



Major Objective (2]
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The Transmigration of Dust
In the Universe




Life Cycle of Dust

HST/WFC image of
the active galactic nuclei of NGC 4261
~agasa d dust disk

AKARI 9um image of . ; - 4
Hickson Compact Group 31 - . VLA image of J1148+5251
~ the site of 3 L = ~the most distant quasar at z~6.4
galaxy interactions 9 d - . A One of the most interesting object to discuss
and the Formation of . = the evolution of dust in the early universe
Tidal Dwarf Galaxies . (CREDIT: ESA and NASA)

Muolecular 5 L l,.-’
Cloud .-"'-
B 7 Black Hole

HCG31 members

e ISMW i\
\ tidal dwarf galaxy

Tyc 04758 355 1 N  ebary -Ev,olu‘rion"
._-L = ‘. 1‘ e * -.. U
tidal debris - o

G ;
+» s rotostar Super Nova (CREDIT: NRAO/AUI/NSF)

Destruc - .
Matn Sea ==, () rea drormation

-- where the dust is formed
-- how they are ejected into the interstellar space
-- how they evolve in the interstellar space in a galaxy
-- where and how the dust is destroyed
-- how they enrich the universe




Life Cycle of dust: Objective #1
-  FlZB# Objective
- REEEREOFAMEABREZHFZAL. MHAFHEOY ANERTIRD,
— The dust formation scenarios by massive stars are examined to explore the
origin of interstellar dust in the early universe.
¢ FlFBHZ Target
— 25MpclAI DT EEERIAI N THREC 54 AMNER D KIEMN R o S E (~5E L
E)ZDOWT @BREN 1 ~2FMICHEHBEOT —2REEITI. iKY,
MEREARADNLF RO I-ITEHET 28T, F-. TNoLRFEODEFT X
FOEEFBEK)ICHADBEDFEFRNAARINVELZRR . BFE
ejectatf TSN HF ALDIK. YA XD m. BEEZXFHHMICHIER I 5,
— Observations of several (>~5) dust-forming supernovae in nearby (<25Mpc) galaxies
are required several times within 1-2 years after the explosion. Changings in mid-
infrared spectra of the supernova during the processes in which the dust is newly
condensed in the SN ejecta gas and then it is cooled down to the temperature of

circumstellar pre-existing dust (~ a few hundred K) are examined to specify its
composition, its size distribution and its total mass.

FEFRINERESF I E MIRACLE haEia%iRE MRMES
BEHRNMRDHMRIRE SAFARI




Dust formation process by massive stars

SCIENTIFIC BACKGROUND

* Dust Formation in the ejecta of core-collapse supernovae (SNe)

-> Important to explore the origin of dust in the early universe
e.g., The amount of 0.IM_,,,. dust formation is needed for a core-collapse supernova
to account for the dust content of high red-shift galaxies (Morgan & Edmunds 2003).
The dust condensation in the ejecta of core-collapse SNe is theoretically suggested
(Kozasa et al.1991; Todini & Ferrera 2001).
Observational Evidence for the dust formation in SN ejecta
- Type IT SN2003gd; 0.02M,,,. (Sugerman et al. 2006)
-> 4x10°M,,,,- (Meikle et al. 2007)
- Type IT SN1987A ; 7.5x10*M,,,. (Ercolano et al.2007)
-Cas A ; 0.003M,,, (Hines et al. 2004) or 0.02-0.054M,,,,- (Rho et al. 2004)
-~ much smaller amount of dust formation

A gap still remains in produced dust mass in core-collapse SN ejecta between those
observational results and theoretical prediction of 0.1 - IM_,,,. (Nozawa et al. 2003)

ISSUES TO BE SOLVED

-- Dust formation mechanisms in the SN ejecta

-Processes of transitions among SN ejecta gas, precursor molecules and SN dust

Geometry of the newly condensed dust; newly formed dust forms in clumpy structures?

-- Relation between the SN types and dust formation.

-Differences in compositions and size distributions of newly condensed dust in the SN ejecta.
*How much fraction of dust formed in SN ejecta can survive to become the interstellar dust.




Dust formation process by massive stars
Example of the Latest Results on the Dust Formation by Core-collapse SNe

(a) Infrared
(measured by AKARI satellite in Apr. 2007)

10 thousand light years

Galaxy UGC4904

"

Supernova 2006jc

10

(b) AKARI/IRC observations of SN2006ijc

=}

flux density (mJy)

0.01

10 12 14

0 ) 2 4 6 8
Wavelength (um)

Observed Results

[Model Calculation Results

—8— MAGNUM telescope
NIR photometric data

—a— AKARI satellite
NIR/MIR photometric data total

—— AKARI satellite
NIR spectroscopic data

300K amorphous carbon
- - - 800K amorphous carbon

(a) Three false-colors composite image of
the SN2006jc on epoch 220 days and the
host galaxy UGC4904 taken with AKARI/IRC

[Bum(blue), 7um(green) & 11um(red)]

(b) Near- to mid-infrared spectral energy
distribution of SN2006jc on epoch 220 days.
The gray solid line shows the result of model
calculation for dust thermal radiation. This
reveals that 300K amorphous carbon dust
(green solid line) exists in addition to 800K
amorphous carbon dust (red dotted line).
(see Sakon et al. 2009)

—> Dust condensation not only in the SN ejecta itself but also in the mass loss wind associated
with the prior events to the SN explosion could make a significant contribution to the dust
formation by a massive star in its whole evolutional history (Sakon et al. 2009).

Excellent sensitivity (>10 times better than AKARI/IRC) and wider wavelength coverage
In the mid-infrared (5-40um) achieved by MIRACLE low-resolution spectroscopy enable
us to detect 10-°M, of dust which is cooled down to a few hundred Kelvin even at the

distance of 25Mpc.

—> providing strong constraints on the composition and the mass of newly formed dust
in the ejecta of various types of SNe in nearby galaxies



Dust formation process by massive stars

Understanding transitions among the SNe ejecta gas, precursory molecules
and Newly Formed Dust

IR lines including a population of silicate particle * Important molepules
[FIV] 25.83um o | | | formed in the ejecta

SNEEY (N I

o chmrraly 3
2 g &

[OIV] * 25.89um = nl : SiO (8.1~8.6um:; 28Sj160 1-0)
[Sill] * 34.82um E (MgSiO,, Mg,SiO, and SiO.,)
[Ne”] 128].Lm N,E ""\Ill\"u'\' ‘||'|‘\‘IM”|”HH.‘| ' “\“' H “H “"'“"u' : |'|||| ll'é (SChnelder et al 2004)

[Fell] * 25.99um ] Precursor of silicate dust
[Nelll] 15.5um = % s = = CO (4.74um 1-0 P(8))

Spitzer LH spectrumm g)f SN1287A anrjound ; : :
[Olll] 51.8um the [Fell] 25.99um line. [OIV] 25.89um C is bounded in CO if C<O
[NI] 57.3um and [Fell] 25.99um are not well resolved (Clayton et al. 1999)
[PlI] 60.6um due to the contribution of [FIV] 25.83um.
[OI] 63.2um (Bouchet et al. 2006) [Fell], [Sill] ;
[Olll] 88.4um = R>1000 is required to decompose Vaporization of pre-existing
[NI] 121.9um the lines of [FIV], [OIV] and [Fell] silicate dust is indicated
[Cll] 157.7um _ :
[O] 145.5um [Oll] / [Ol] ; the density and temperature of

(from Reach et al. 2000) the emitting region is constrained

High-dispersion (R>1000) spectroscopic abilities in the mid- infrared (10-36um)
with MIRMES and in the far-infrared (35-200um) with SAFARI is indispensable for
demonstrating the transitions from the SN ejecta gas to the SN dust.



Life Cycle of dust: Objective #2

« ¥ B #J Objective
- INEEEICKEF AMEBBREZHEBAL. XOJIERAFDOF A BILHEDTFH
DEALDERIZEITH2H/NEEZEDKRENZIRSD
—The dust formation processes by low- to intermediate-mass stars are examined
to explore the origin of dust in the Milky Way and, thus, in the current universe.

« Bl HE Target
~-Z2A. RV ESVEFDAGBE ., RENKEE. HTELGEEEL-F/NEEEHI0
BEDERDFELGF AN I EZERINEL., REFEBRMIACBEDEERHES X
EHOBRERARSL, F-ERDHDF -2 A TIILOFBHRNEFND T —4
Mo, B F-FRANZIILDHBEZEFRR., MEHRANSHEEINTI=F XD HE %R
95,

— Spatially well-resolved observations of faint dust shells around ~30 low- to intermediate-
mass evolved stars (e.g., AGB stars, planetary nebulae, novae etc) in the Milky Way and in
the Magellanic clouds are required to investigate their mass-loss histories and the dust-
formation processes. Mid- to far-infrared spectra of spatially-resolved molecular and dust
shell are obtained to identify the constituents of the molecular/dust shells and the
properties of dust formed in the mass-loss gas.

chR Ry 2B EET MIRACLE ooyl MIRMES
hEFNBEIHSEE HRES BEFRAEDLIBRIRIE SAFARI




Dust formation process
by low—to intermediate mass stars

SCIENTIFIC BACKGROUND

Chemical evolution models for dust budgets in the Milky Way (Dwek 1998)
Silicate dust; Type Il SNe, red supergiants, O-rich AGB stars
Carbonaceous dust; mainly in low-mass (2-5M) C-rich AGB star

Metalic iron; Type la SNe

Observations (Waters 2004; Cohen & Barkiw 2005)

Asymptotic Giant Branch (AGB) stars with C/O<1 in their envelope
- - -presense of several silicate dust species
Asymptotic Giant Branch (AGB) stars with C/O>1 in their envelope
- = *presense of amorphous carbon, SiC, MgS, and in some cases PAHS

PAH features in the mid-infrared appear after the AGB phase and are observed in
C-rich Planetary Nebulae

ISSUES TO BE SOLVED

-- Identifying some of the molecules in the MOLsphere (Tsuji 2000) of redgiants
to explore the driving force of mass ejection and to understand the formation
process of MOLsphere.

-- Demonstrating how the dust is formed around the AGB stars and how it is
ejected into the ISM at the evolutionary end phase of the AGB stars




Dust formation process
by low—to intermediate—mass stars

High spatial resolution (~0.37") and excellent sensitivity in the mid-infrared (5-40um)
achieved by MIRACLE multi-band imaging enable us to examine the detailed structure
of the circumstellar dust shells around the evolved low- to intermediate-mass stars.

- Possible dust shell around the
AGB stars are quite faint due to
the deficiency of ultra-violet
photons from the central star.

-Only a few bright PNe have
ever been spatially resolved in
the mid- to far-infrared using
ground-based facilities.

—->High spatial resolution and
high sensitivity in the mid- to
far-infrared with MIRACLE
AKARI 90um image of a Subaru COMICS 11.7um and SAFARI can demonstrate
far:nodus rgd-g?]ianthullHydra. imggle oé S;(I)i(;tgcsglalnetary the dynamical and chemical
The dust in the shell was nebula . Image . : :

formed about 10* years ago. size is 10”.64 x 10".64. ° process in which circumstellar

(ISAS/JAXA) (Matsumoto et al. 2008) dust is ejected into the inter-
stellar space.




Dust formation process

by low—to 1ntermed1ate mass stars

UIR bands in the ISO SWS spectrum of carbon-rich 1o
AGB star TU Tauri (Boersma et al. 2006) “

i E I T i i 5

monton e g ol =

AF, (amn..y)

TU Tauri has, so far, been the only AGB star that is known
to have PAHSs; the presence of the UIR bands in TU Tau is
attributed to UV photons originating from the A2 companion

Excellent sensitivity (>10 times of AKARI/IRC) and wide wavelength coverage in the

mid-infrared (5-40um) achieved by MIRACLE low-resolution spectroscopy are quite

useful to detect the faint dust features dominantly powered by soft optical radiations in

the circumstellar dust shells around the AGB stars.

-> Possible detection of PAHs features in the envelope of AGB stars, which should be
the first direct observational evidence for the formation of PAHs in the AGB phase

High-dispersion (R>10000) spectroscopic abilities in the mid-infrared (4-20um) with
MIRHES is crucial to examine the properties of molecules in MOLsphere of redgiants.

Moderate-dispersion (R>600~1000) spectroscopic abilities in the mid-infrared (10-
36um) with MIRMES and in the far-infrared (35-200um) with SAFARI is crucial to
examine the physical conditions and chemical composition of the circumstellar gas,
molecules and dust grains around the evolved low- to intermediate-mass stars.



Life Cycle of dust: Objective #3
-  FlZB# Objective

- EEEEENFEPICETAXI AN -BEDBEZES,

— Dust formation and grain growth in the cold dense molecular clouds are
examined.

« F=EH#ZE Target

- RADOENEERNET Scold dense molecular clouds® FhfE~E IR 44 53 S £881
[Z& > Tiron sulphide® FR4+ /A &R H L. Inter planetary Dust Particles
(IDPs)#[Z B 515 Glass with Embedded Metals and Sulfides (GEMS)é&
Interstellar dustDBEEZ#ZAT S, CNICK > TR ESFZES FEPIZHETS
FAMIFDEREDFIVFERD,

— Mid- to Far-infrared spectroscopic observations of cold dense molecular
clouds with embedded young stellar objects in the Milky Way are required to
detect the infrared bands of iron sulphide grains and to demonstrate the link
between the Glass with Embedded Metals and Sulfides (GEMS) in
Interplanetary Dust Particles (IDPs) and the interstellar grains. Then the
grain growth scenario in cold dense molecular clouds are explored.

R ARE MIRMES FREFHEED I HLRE HRES
BEHRNED A MBIRE SAFARI




Detection of iron sulphide grains
in cold dense molecular clouds

A Linkage between the Glass with Embedded Metals
and Sulfides (GEMS) in Interplanetary Dust Particles
(IDPs) and the interstellar silicate grains

' N ¢
> Relict FeS

Relict Forsterite

Glass with Embedded Metals and Sulfides (GEMS)
in IDPs (Bradley et al. 1999)

M

kot Ny
HD163296 i !V""\ u@

Intensity (arbitrary units)

U2012A-2J

0 ‘I:} {0 1|5 2|0 2‘5 30
Wavelength (um)
Infrared spectra of troilite (FeS) and
sulphide-rich IDPs compared to “23.5um”
feature in ISO SWS spectra of two young
stars AB Aurigae, HD163296 after
subtracting the model spectra composed
of amorphous silicates, metallic Fe and
carbonaceous materials and water ice.

(Keller et al. 2002, Science, 417, 148)



The theory of Superparamagnetic (SPM)
grain alignment

Superparamagnetic (SPM) hypothesis;
Grains can align sufficiently quickly if the imaginary part of the magnetic susceptibility is greatly
enhanced over that found in paramagnetic materials (Jones & Spitzer 1967)

The required enhancement can be provided quite easily by the presence of small clusters or
inclusions of ferromagnetic materials such as metallic iron and iron oxides and sulphides.

— The spacing of embedded “superparamagnetic”
}:Lh (SPM) inclusions in GEMS patrticles in IDPs;
/—:T—— - =+ the spatial frequency of ~0.1um

[ (Goodman & Whittet et al. 1995)

-
|
b s e e
|

- | —> consistent with the Mathis’s “cutoff size” of
[0 SPM inclusions | a'~0.09um, below which no grains are aligned

If the resemblance between the infrared spectroscopic properties of the GEMS in IDPs and
those of interstellar metal sulphides obtained in the spectra of cold dense molecular clouds,
the “superparamagnetic” inclusions in particles of GEMS in IDPs are expected to be
preserved for interstellar grains.

—> dust formation and grain growth in cold dense molecular clouds are suggested.



Dust formation and grain growth
INn the cold dense molecular clouds are examined.

Enhanced depletion of sulphur in cold dense molecular clouds (Joseph et al. 1986)

—> cold dense molecular clouds with embedded young stellar objects in the Milky

Way are favorable places to look for iron sulphide grains.

PyriteJU_/\
Pyrrhclﬁtj_—//\

Troilite

AF, (shifted)

Absorbance
(arbitrary units)

10 20 30
Wavelength (um)

Wavelength (um)

40

(left panel) The 1ISO/SWS mid-infrared
spectra of young stars AB Aurigae,
HD163296, and the evolved star M2-43
after subtracting the model spectra
composed of amorphous silicates,
metallic Fe and carbonaceous materials.

(right panel) Infrared spectra of troilite
(FeS) and of pyrite (FeS,) calculated
from oprical constants, and of pyrrhotite
(Fe,,S) from laboratory measurements.

(Keller et al. 2002, Science, 417, 148)

Moderate-dispersion (R>~1000) spectroscopic abilities in the mid-infrared (10-36um)
with MIRMES and in the far-infrared (35-200um) with SAFARI are crucial to identify
the mid-infrared features of iron sulphide grains at 23.5, 34, 38 and 44um.

High-dispersion (R>10000) spectroscopic abilities in the mid-infrared (4-20um) with
MIRHES is crucial to examine the properties of molecules in cold dense molecular
clouds with embedded young stellar objects in the Milky Way



Life Cycle of dust: Objective #4

« FlZB# Objective
— RATMEEILL~ADBHREDEZE  HICF AR KRRV EEROZRFY
ENDIRIILF—HGBIEZHALNT D
— Elucidate the effects of supernovae on the material evolution; the

formation and destruction of dust grains, and energy supply processes to
the ISM
« FZFHZE Target

— INFTHFIMRTRESNTW DB E R (KRR HHETHIS0E) 2D
LVT, 51300 B5fE(TBD)D HE TSR ZFRIVRA A—D DI 1TU R
A2, BEBIRDEZE  ISMADFZEFEFH X5, Objective#5THREH
SMNI=SNRIZDWTE EIFR D eF#AER AIE,175 ($9100-200 B fdl)

— About 30 SNRs so far detected in the infrared as well as those detected
In Objective #3 will be observed with Imaging spectroscopy in the mid-to

far-infrared to investigate the composition/amount of formed dust, shock
effects, and effects on the ISM (In total about 400 to 500 hours).

R FRAREI DR MIRACLE Fai#a3k3E MIRMES
BEN BB IER SAFARI (low-res. & high-res.)




Supernovae In infrared

Information on the formation and destruction of dust by SNe as well as the
interaction with the ISM can most effectively obtained in infrared observations

SNRs in our Galaxy are located mostly on the Galactic plane, where the confusion
on the line-of-sight is significant. SNRs in external galaxies provide a better
situation with respect to the confusion, but they are smaller in size and thus

requires high-spatial resolution observations, particularly in the far-infrared, which is
significant in the estimate of mass of the dust grains associated with SNRs.

g
0509-67.5 ) - 3 -_t'_l_i-iH-'?i.}.-i SNI1987TA

SNRs in the
LMC of AKARI
7,11, & 15um
color images
(Seok et al.
2008, PASJ,
60, S453)




Supernovae — place for fast dust
production in the Universe

Despite the significance of supernovae for dust formation, the composition and amount
of dust formed is not yet fully understood. This largely owes to the poor spatial
resolution of current facilities in mid-to far-infrared. It is indispensable for the study of
SNRs to separate individual components (ejecta and circumstellar matter).

Because of emission lines and multi-component
nature a wide range spectroscopy is important

AKARI Observations of G292.0+1.8 (L) 7, 15,
24um color (R) 15/24 ratio (Lee et al. submitted)
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Spitzer IRS spectra of G292.0+1.8
(Ghavamian et al. ApJ in press)
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Signature of dust formed in SNe

Infrared spectra have so far been obtained for only a handful of SNRs, most of which
indicate the presence of a broad hump around 15 — 25um, depending of objects.
The diversity may indicate the evolution of dust grains.

Emission lines provide information on the physical conditions and abundance
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Life Cycle of dust: Objective #5

« FZ H#m Objective
— RN DOMEDTNTIEA . TRAIRT—ILTYEDEILTERET S,

— We understand the physical processing and chemical evolution of the
ISM in galactic scales in view of material circulation for nearby galaxies.

o FElZFHIE Target

— [HHY 15T ILEEEERAIS0E 23T L. §T6008FE D HfE - = FRSMERA A—

ORHICKY | HREET ARV R)ERRZIT, SNR, HIMEE ., EX%
. SAFb N\O—GE MEDERR - HIRIGFTEZER S HEL. KEX

BIREERAINgradientZiE 2 5. TN B TEIR D F MBI R (#1-#4) EFEHERI,

— By mid- to far-infrared imaging spectroscopy (600 hrs in total), we
spectrally decompose and spatially resolve emission from the ISM in 50
nearby galaxies of our AKARI sample, to track galactic-scale material
circulation from sources to sinks of the ISM in galaxies, which
complements the objectives #1-#4.

hEFENREIB2NEE MIRACLE Foi#iatiEE MIRMES
BN B > IBEIEE SAFARI (low-res. & high-res.)




3-D picture of ISM distributions in various gas

(a) 9um MIRAPLQ%%%JSARI (low-res.) enable spatially-
resolved spectroscopic studies of dust and gas
In disks & haloes for face-on & edge-on galaxies.

Example: NGC253
(a) AKARI 9um (PAH+old stars) (b) 18um (warm dust)
(c) VLA 20 cm continuum
— discrete radio sources: SNRs? Hll regions?
(d) AKARI 90um in color, ROSAT X-ray in contours
— dust outflow entrained by X-ray superwinds

I
I~ NGC253

L ) ] - _|
Ulvestad 2000 3
0045 15 10 05 00 4455
RIGHT ASCENSION (B1950)




Galactic nuclel & Influence of their activities on

MIRMES & SAFARI (high-res.) prolo§ Ic\élntral regions of galaxies by detailed
gas line diagnostics, even revealing the kinematics of material circulation flow.

Example: (left) NGC1316: AKARI/FIS images overlaid on AKARI 11um image.
— Energy feedback outflow from a central dust reservoir (?)

(right) NGC1052: a LINER elliptical. .- AKARI
- Spitzer

»
»

A

Flux density (Jy)

oY - The spectral gap
\ ¢/ filled by SPICA

100

10
Wavelength (um)

Ll Ll o 'i_"'/-'-'%_'fl.‘?!?um!14ﬂu|n

__contours: 80% - 10%




Why SPICA?

» Low FIR background thanks to the cold telescope enables faint extended
emission to be detected from nearby galaxies, which Herschel cannot detect.

« Small and simple PSFs in the MIR-FIR thanks to the monolithic 3.5m mirror
can reliably resolve various dust and gas components in nearby galaxies.

Requirements for SPICA

(1) MIR-FIR continuous spectral coverage is crucial for dust physics, maximizing
outputs from the cold telescope; this would make SPICA unrivalled.

(2) MIR-FIR spectroscopic imaging capability with low - moderate spectral
resolution is essential for spatially-resolved studies of nearby galaxies.

(3) For efficient mapping, we need the capability of raster mapping with variable
Integration time at different positions.

(4) For better calibration of extended sources, [Sill] 34.8 um line should be
observed by both SAFARI and MIR instruments with matched spectral
capabilities. Two different modes are compared imaging FTS and long-slit
spectral mapping. '

AKARI MIR images



Life Cycle of dust : Objective #6

FFBH) Objective
RKDNRARDEZE D, FAMHGER . T AMDTZEBHLHICL. KEWGEHERIRZRS,

Census of red clump giants, dust producing objects, and dust extinction in the Galactic plane to
explore the global dust circulation in the Galaxy.

El==B4E Target

KDINEEMZRD., RFFE—90° Hi5+90° | ERiE—2° Hhio+2° DEHE (L\HhpHERAIME)ZT-
HEFRIMRE CTIRIBES D ENSHBEMIEERT S, LYEISUTE, REAPEALZEICKLYIER
AIRPIDEFBA CHRARABRIORGAINmETCRAST LT, SBARABREOEEEENTE
B85, T FAMERETHSEVEEREEEZTRTREXRKOL 1. ERF AR HEEFD,
NbIZkY, SRAIRHNOYMERIRDEARNIEEBREEFED,

A complete survey of objects lying in the Galactic plane area of —90d < | < 90d and -2 < b < 2d in
the near— and mid-infrared range will be performed in both mult—-band imaging and low—resolution
spectroscopic modes. The Galactic plane will be looked through by red clump giants and long period
variables to the other end of the Galactic disk, which allows to examine the stellar mass distribution
in the disk. The distributions of all kinds of objects will be revealed that supply abundant dust
grains into the ISM. Also, dust grain distribution in the Galaxy will be examined. Life cycle of dust
in the Galaxy will be depicted based on these results.

ELmEEhAS FPC-S

P EI HEEMIRMES




Global dust circulation in the Galaxy

Scientific Backgrounds

Global dust grain circulation in the Galaxy not well understood
... Need knowledge on the gravitational potential in the Galaxy
The Galaxy is a spiral galaxy with a bar structure in the center
... Spiral pattern still not well defined
... Bar structure not confirmed yet in the far-side
The central structure may have substructures
... The substructure still controversial
Many high mass-loss stars are found near the center of the Galaxy
... They dominate mass and dust return rates in the local space

Issues to be solved
-- Stellar mass distribution in the Galaxy
- Shapes of the bulge, bar, arms, and disk.
-- Distributions of high mass-loss objects in the Galaxy
- Dominant contributor to the interstellar dust recycling
-- Dust distribution in the Galaxy
- Ejected dust grains accumulated over their life cycle




Global dust C|rculat|on |n the Galaxy
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Spitzer GLIMPSE ( 0.6"/pixel,10” grid ) Galactic Plane near G. C. @3.6um

High resolution (PSF~0.7") and high sensitivity imaging with FPC-S and MIRACLE is
essential for further resolving and measuring faint crowded stars in the Galactic plane.



Iobal dust C|rculat|on in theGaIax
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-
Spitzer IRAC 5.8um
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L and M band imaging with FPC-S and MIRACLE is indispensable for detecting stars with

thick circumstellar dust shells as indicated by blue circles.
Low resolution spectroscopic survey with MIRACLE is unique and powerful to characterize

the sources seen in the imaging survey.



Major Objective [3]

R ERTBRIED RS ERE
-Thorough Understanding of
Planetary System Formation-
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-Thorough Understanding of Planetary System Formation-
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Open Questions

Protoplanetary disk
with gas and dust

How do the accumulation of dust and planetesimals occur?
What is the role of gas for the formation of planets?

Fomation of cores(?)
Gaseous accretion (?)

Planetary systems (?)




Planetary Systems:ODbjective #1

= B # Objective
- BEZOSHUEMBOLD. ABRNBEQEZRHEREXTHEROH
HZE . RLEBMNICERNGRECTHAFIMRERICB UL THEKT 5,
* To understand the diversity of the planetary systems, we will attempt to directly detect
exoplanets and to measure their atmospheric composition in the infrared wavelengths.

ElZ= H4Z Target
- X2 REQIVNSAMME10 U LOBMERRTHLICLY, RIARE
AREFERICRET OLRBIC. AR EYZOXRDBHEHHH
295,  NEERADKRGEROZRERELRTIHIILICLY. RERDESHKME
ZfEAT D,

» With the planet/star contrast ratio of 10-® or better, we will directly detect gas exoplanets,
and perform their spectroscopic observations to clarify the composition of the atmosphere.
Comparison with the results on our Solar System planets enables us to reveal the
diversity of the planetary systems.

— RSUSREERIALESRBAICLY . EXBREEE DA SREERA
%%HT_%J%E&;:%EI:OL\T(& ZHOFNDFNFDOEBZELRSHERE
E 1y :EE & o)
» With the spectroscopic observations utilizing the transit method, we will try to detect the

atmosphere of giant earth-like planets. We will also apply the same approach to gas giant
planets for detailed studies of their atmosphere.

PREFEAIOFIS57 SCI
RREFRARPDRIDLITE MIRMES
FREBNERD I LRE  MIRHES
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Planetary Systems:ODbjective #2

- ElZHH# Objective
— JRIp K 3?:Hﬁﬁd)ﬁ‘xm’*&‘%@&?ﬁ:z}%&i&ﬁﬁyx — )L
£ % 28 8 D HAFI= R I B RO HDER A 2 0
AT e
« We reveal the formation mechanism of gas giant planets and initial

condition of terrestrial planet formation, by observing the process and
timescale of dispersing gas in protoplanetary disks

e Bl HE Target

- FHEEREEDONR BISERSTHEAES THRESR
NEEREEA - LR, B RO BERD. TED
%\%Eﬁé‘@ﬁaﬂ plhts = =

* With sensitive infrared spectroscopic observations, we will
measure the gas in proto-planetary disks, espec;lall%/ molecular
hydrogens, and resolve the relation of gas mass with the age of
primary stars.

RREFRIMRP AR D KHRE MRMES
RRERNEBDRIDHLFRE MIRHES
BRAERD MK ITE SAFARI
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Planetary Systems:Objective #3

- ®=H# Objective

—bhbh@ﬁﬁﬁ%tﬂﬁd)wfﬁz’r JLT, REXRT
gigﬂ%:_%ﬁtl mERABRNEDLSITEILTUODE
=

« We will reveal the evolution of planet forming regions in
protoplanetary disks at a spatial scale comparable to our
Solar system.

o #=H1E Target

~ RIERERF ﬁ%@%ﬁﬁ&é‘ﬁ%% SHBAIKY,  HR
@éiéi&a_rﬂiﬁa\@%@ﬁﬁﬁfitt RO, THISED
%j_"%xd)""’&ﬁ*ﬁa_x MIRIREE (L FHB D 2 ZEALH

 We will elucidate the geometric, physical and chemical
structure of proto-planetary disks by measuring the motion of
gas with high-dispersion infrared spectroscopy.

pﬁ
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Planetary Systems:Objective #4

« FlZHH# Objective

- ZHOERINZRYDEMABOHALY. RERDEE
MERLUVUEHRMEEZERET S,

« We reveal the similarity or diversity of extrasolar systems by observing a

number of debris disks, which are much more easily observable than
exoplanets.

o #FH4ZE Target

- MY IKYELIE LU ERNERM S AEREE10ELULETC *LT*
RREICKY, kﬁﬁ%tﬂhrwﬁﬁbh\ﬁb\ IREFTREL.
ERCEMBRLIAEERERET 5.

« With the help of 3 times or more higher spatial resolution and 10 times or
more higher sensitivity than AKARI, we will detect a number of disks
whose amount of dust of even comparable to our solar system, leading us

to understand relationship with planetary systems observed using the
other methods.

Xa

PREIFNRIBMRICIE MIRACLE PRFEAIOFIF7 SCI
BEHRAERDEMRIE  SAFARI




FRIZEZDEMABDRAE

Dust Disks around the Main-Sequence Stars
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Planetary Systems: Objective #5

« F=HBH# Objective

- BERMABEICHTHKOREL. EROERIZOLABEEKY
BEOHGREZ#HIFAT S,
» We will reveal the role of ice for planet formation, and how the elements for
originating and sustaining life could be supplied to terrestrial protoplanets.

o FElFHIE Target

- RS SRV TR ERARELUERIIZENDEMBRORE
REFBZITV. ZTOE/LMBEREZHLNIT S,
» We will apply high-contrast IR corpnagraphy to protoplanetary disks and debris

disks, observe their structures, and understand their relationship for disk
evolution.

- IRIEQEMBE. [HNYILYH3MELLEBVERSEEETHR
R EAIL EARYE. FIKBIUM/NRE T D57 HLHEK
REZEALMNMZT D,

« Through infrared spectroscopic observations with 3 times or higher spatial
resolution than AKARI, We will reveal distribution and physical state of solid

materials, particularly ice, in proto-planetary disks and dust disks in the main-
sequence stars.

FEFENIOFT757 SCI hEFEsSemexE MRACLE
BIRIME D EIRIRICIE SAFARI
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The CSO SHARCII 350um image of Vega ISO spectrum of dust and ice features
(Marsh et al.) with SAFARI pixel scale at 43-62um associated with a young cirurumcstellar
overlaid. Spatial resolution equivalent to ~23 AU disk in HD 141517 (Malfeit et al. 1999)

will be enough for observing the snow-line predicted at 42 AU.



Planetary Systems: Objective #6

« %= HH# Objective
— ZRDODKGEZRDZZRFEICL, FERICIOIKRBERRADEAFBRE
AXFHFEICFSIZRERBFABRZRS A KBERADIRRERXED
MEBRHRZE KERINEEFTHAET 5,

— In order to reveal the whole picture of the solar system, we will
survey physical information for primordial objects in the solar system.

o FFHIE Target
— THMYIKYLI0E L ETCH-RREIZKY  KIERAREXADTIL
Nk YA X -BEME - T KGRV GEETRAET S,
— With the help of 10 times or more higher sensitivity than AKARI, we

will make an unprecedented survey of albedo, size, thermal inertia,
and surface composition for primitive objects in the solar system.

BRI MRRE SAFARI
FRIFINERBE - B ERE MRACLE
PRI EE DD XRE MRHES




ABERIDIRIEDERE

Survey of Our Solar System

® Establishment of comprehensive SAFARI/SPICA will detect most
catalogue of albedo, size, and discovered outer SSOs (and the
thermal inertia for primitive objects SSOs which will be discovered in the
in the solar system (SSOs); future) by photometric-mode and half
* near-Earth objects, main-belt asteroids, of discovered outer SSOs by

Jovian Trojans, Centaurs, Trans-

Neptunian objects, comets (photometry Spectroscopy.
with MIRACLE & SAFARI) s p—r
—26pum 160pum
- :igﬁm e Outer SSOs
® Systematic search of surface . 1000 Photometry
materaial for SSOs (spectroscopy = = Vs St 202001
with MIRHES & SAFARI) © 52100
 Determination of size distribution of aTs |
NEAs, MBAs (>0.1km in diameter), L= GE) 0l
Jovian Trojans (>0.3km), and TNOs 558 |
(>30km) £ 2
 Study of correlation among the physical =g 1}
and dynamical properties for SSOs 838 :
c O
& Olig
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heliocentric distance [AU]
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‘Photometry
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SSOs in diameter [km]
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