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= Present Approach and Problems

= What We Would Expect for Space IR"
Telescopes in 2015-2030
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— Parad|gm ana Open Gues’t"%ns——-: '

Protoplanetary disk
with gas and dust

What are the distributions of gas, dust, water ice and
organic materials: i.e., ingredients of planets & life?

o TR Dust settling (?)
How do the accumulation of dust and planetesimals
occur?
o at Is the \ g ST HUEUEtoN Of cores(?)
- E / 7N Gaseous accretion (?)

What are the population and diversity of exoplanetary
systems?
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----- —— Deteotlon and Studles of Exor Exoplaﬁgts_"_

= Radial-Velocity (RV) method

— More than 300 exoplanets discovered using this method

— Detection rates biased with the orbital radii, and spectral types
(masses) of the parent stars

Mayor & Queloz (1995) Udry et al. (2007)
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— Detection and Studies of Efopl?*fﬁ@ts—:— '

= Transiting planets

— Provide clues for size (thereby core mass), atmospheric
temperature and composition

— Only 10-20 exoplanets have been detected to date
— the number would dramatically increase by Corot, Kepler etc.
HD 149026b Composite Transit * Binod moda, watar + mothans + smmonia

June 29, July 2, de July5,20050T ; Binned modsl, water + mathane + carbon monaxida

Change in magnitude

-25 25
Minutes from transit center

(Sky & Telescope, July 2005) . .

Model, water + mathane

16 1.8 20

(Swain et al. R W



2. Present Aporozcn rid Proolerns

* =" Coronagraphy

— Has revealed a few candidates of exoplanets, more will be coming
soon (e.g., by Subaru-HiCIAQO)
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Copyright {€)2005 National Astronomical Observatory of Japan. Al rights reserved

(Kalas et al. 2008) (Itoh et al. 2005)



Crl 2lricl Proolans

— Coronagraphy
— Has revealed a few candidates of exoplanets, more will be coming
soon (e.g., by Subaru-HiCIAQO)
— Complement the detection by the RV method
cf.) applicable for planets with large orbital radir, and stars with any
spectral types

uld allows us to observe color and spectra thereby determlnmg_‘

ass, atmospheric temperature and! et N T ——
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— Protoplamnetary DISkS T
= SEDs

— Most classical parameters for studying planet forming regions
— Applied to many targets
— Large uncertainty due to many modeling parameters

— Confirmation required

to the observer

R (AU)

(D’Allesio et al. 2005) (Calvet et al. 2002)
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— Reveals detailed disk structures at optical-NIR
— Applicability limited due to bright stellar continuum (> 30 AU)

— The number of detection steady increases (cf. HICIAO) -
HD 142527 '-._ r AB Aur .. HD 141569A

Q b

Size of Neptune’s
Orbit

(Fukagawa et al. 2004) (Hubble Site)

200 AU

(Fukagawa et al. 2006)
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~=_Coronagraphy..

— Reveals detailed disk structures at optical-NIR
— Applicability limited due to bright stellar continuum (> 30 AU)

— The number of detection steady increases (cf. HICIAO)

HD 142527

-
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12 125Ky < (W} % %0 -

H20 ice absorption /

sufface brightness [mly/adssec?]

200 AU
Wavelength [pum]

Detection of Ice (Honda et al. 2009)

(Fukagawa et al. 20006)



~=Direct Imaging.

— We will' see dramatic advance with ALMA, which will allow us to
observe optically-thin thermal dust emission at AU scales

— MIR imaging works in limited cases

e [N _ "HD 142527

200 AU

Simulated Image for ALMA MIR Imaging without coronagraph
(Wolf et al. 2005) (Fujiwara et al. 2006)
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— — Protoplém'e‘tar_yTDisj(T— - =
=_Spectroscopy. (gas)

— Would allow us to study (1) geometry, (2) physical and chemical
conditions, and (3) dissipation timescale of the disks within 30 AU of the

star SR21 v=1-0
5
(Najita et al. E
2003) 100 © 100 200 =100 0O 100 200 =100 0O 100 200 =
— — Velocity (km s7) E
B mr—— ~
E ! 30 AU A ~ o
i %‘“ =
E OF = =~
= ] B
! ! (Goto et al. 30 20 -10 010
-40 - Velocity [km/s]
100 50 R 50 T 2007)
(Pontoppidan et al. 2008)

Offset [AU]
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' == Protoplém'e‘tary*Disﬂ(‘S— =
~= Spectroscopy (gas)

— Would allow us to study (1) geometry, (2) physical and chemical
conditions, and (3) dissipation timescale of the disks within 30 AU of the
star

. H,S(9) 4.7 pm

High ensitivitis & spectral resolution at MIR are
highly desired to study regions with spatial scales

S|m|Iar to our solar system (1-30 AU).
%ﬂ IR |

Wavelength (microns )
a Protoplanetary Disk  Spitzer Space Telescope IRS
esearc Labur—atnry]

Velocity (km s™'

Ground-Based High-Res. Spectroscopy Spitzer Spectra
(Bitner et al. 2008) (Press Release in 2008)



— Protoplamnetary DISkS —
= Spectroscopy. (Dust)

— Reveals silicate and PAH features on the disk atmosphere
— Few cases of observations for water ice associated with the disks

Sillicate
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(Honada et al. 2006) (Acke & van de Ancker 2004)
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= Protoplgﬁgfa_'Disks__—— —

= Spectroscopy. (Dust)
— Reveals silicate and PAH features on tl
— Few cases of observations for water ice

Observable as

emission from

Peak of 1000 K 300 K -
Black Body ‘ | the disk

Sublimation
Temperature
(~170 K)

sks

©O—H Bending mode (8.0 uaxg)

'avelengt.h: (pem)
(Smith et al. 1993)
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— Protoplanetary Disks — —
= Spectroscopy. (Dust)

— Reveals silicate and PAH features on the disk atmosphere
— Few cases of observations for water ice associated with the disks

( Ma/fa/t et a/ _7 999)



“ = Photometry at MIR-FIR

— Has revealed the presence of a number of disks

— Yet the sensitivity is far from detection for those with masses
comparable to the Kuiper belt in our Solar system

= |maging, Spectro-Imaging, Imaging Polarimetry

— |ntriguing, though so far applied to a very limited number of disks (i.e.,
arest and brightest disks)
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(Spitzer Newsroom) - (Okamoto et al. 2004)
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T Optica ——
— Revealed >1000 Trans-Neputunian objects (TNOs)

— Physical properties for most of the TNOs are not well known

= Thermal Imaging, photometry

— Would allow us to determine the sizes and albedos ofi TNOs

— AKARI < 15; Spitzer < 50 objects (detections at several bands
are much less)

B— . —

(Minor Planet Center)
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— Exoplanets —

- Coronagrap;\y

— Observations free from speckle noise, and at mid-IR (>3.5 um),
would provide crucial advantages in detection
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(Enya et al. 2007) " (Burrows et al. 2003)
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— Exoplanets —

= Coronagraphy
— Observations free from speckle noise, and at mid-IR (>3.5 um),
would provide crucial advantages in detection

— Observations of molecular bands (H,O, CH,, NH; etc.) woeuld
determine the atmospheric temperature and abundance

(Burrows et al. 2003)
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—E‘Xoplanets —

= Coronagraphy

— Observations free from speckle noise, and at mid-IR (>3.5 um),
would provide crucial advantages in detection

— Observations of molecular bands (H,O, CH,, NH; étc.) would
determine the atmospheric temperature and abundance

= Observations of Transiting Events

ﬂsuld allow for follow-up observation
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— — Protoplanetary' DISk

i Spectroscopy-(gas)
— Would allow us to observe a variety of emission lines associated with

regions at 1-30 AU from the star

Log Flux (Jy)

20 30
Wavelength (um)

(Optically Thin, 1000 K)

(Gorti & Hollenbach 2004)
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— — Protoplanetary Disks —
Spectroscopy-(gas)

— Would allow us to observe a variety of emission lines associated with
regions at 1-30 AU from the star

— Observations of their line profiles would even allow for probing disk
evolution due to planet formation

~d

(Bryden et a/- 1999) -*-'2-1,'1 l{mI gl




= Photometry, Imaging, Spectro-Imaging
— High-sensitivity at FIR would allow discoveries of a number of
debris disks with masses are comparable to Kuiper belt

— A combination of high-sensitivity and high angular. reselution at
MIR-FIR would allow systematic studies of their morphology,
distribution of ice and asteroid belts, thereby leading us to
understand their evolution and diversity

B S 2 T L |
—— Crystalline | —

g—’—_.- mode (3.1 sm)
O—H Bending mode (8.0 sam)
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Wavelength (um)
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— Solar System Small Bodies —

= Photometry, Spectroscopy

— Photometry at several bands with a wide coverage (30-300 um) would
allow us to measure the accurate SEDs, and derive the size, albedo,
and thermal inertia for a significant number of primitive objects in the

solar system.

Main Belt (Ceres)

=
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~ = Herschel (3.5-m, 60-672 um, launched in 2009)
— PACS (Camera & Spectrograph, 60-210 um, R=1700)
— SPIRE (Camera & Spectrograph, 194-672 um, R=20-1000) ~
— HIFI (Spectrometer, 157-625 um R=108-1107)

WS (615-m, 0:6-29 um, to be launched. in 20137?)
— NIRCami (Camera, 0.6-5 umj, 2.2x4°4) ‘_*—-
(Spectro-Imager, 1.6-4.9 um, 2°.2x2".2, R=100)

— NIRSpec (Spectrograph, 0.6-5 um, R=100/1000/2700)

— MIRI (Camera & Spectrograph, 5-29 um, R=3000)
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— Herschel, JWSTrand SPICA —-
= SRICA.(3.5-m, 4-200 um, launched in 2017)

Instruments Proposed for SPICA Mission

[nstrument Wavelength  Performance

(pm)
MIR Imager (MIRACLE) 4-40 6'< 6" FOV

-+ capability of grism spectroscopy
FIR Spectro-Imager (SAFARI)! BE 2'x2" FOV

with I? up to ~2000
Far-IR Spectrograph (BLISS) 38 200(430) R=700
MIR High-Resolution Spectrograph? : R~3x10!

MIR Medimm-Resolution Spectrograph ‘ R~ 1x10°

Coronagaphic Camera & Spectrograph® 3.5-27 dedicated coronagraphy

R=20-200 for spectroscopy
shi et al. 2008:° Enva et al. 2008

S
NIR Camera

U Swing




2l " Rolea of SPICA

dva_ntag_eé of SPICA

= Overwhelming Sensitivity at 20-200 um
(MIRACLE, MIRMES, SAFARI, BLISS)

= Capability of Spectro-Imaging at 40-200,um
(SAFARI)

= Overwhelming Spectral Resolution at 8-18 um

(MIRHES) - —a_*
igh=Coentiast' Coronagraphy & Its Capability of -
Spectroscopy .

(Coronagraph Camera & Spectrograph)
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= Summary. ofi This TaIk

Major Objective [3]
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-Thorough Understanding of
Planetary System Formation-




I Planetary Systems: Objective #1 I

5 B8] Purpose
- BRI AR R T

« 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.

HE H1E Target
— FE:EEOO/FZANEE O S PO EFEIRT A IZLY,. BMARE

RIS % & el T A5 B SRR LUF oA S0 HEE BES A
ﬁgﬂ Lh%ﬁmmﬁ%%ﬁz%ttﬁﬁ?%c_t[ I U, BEFROEEE

«  With the planetfs.tar contrast ratio of 1079 or better, we will directly detect gas exoplanets, and
performtheir spectroscopic observations to clarify the composition of the atmosphere.
Comparison with the results on our Solar System planets enables usto reveal the diversity of the
planetary systems.

_ k= biEE FI L4 ZLb) HERRUERE T L
%1$”Eﬁl5%ETJ@L~T[; & T A iy e A

* With the spectroscopic observations utilizing the transit method, we will try to detectthe
atmosphere of giant earth-like planets. We will also apply the same approach to gas giant planets
for detailed studies of their atmosphere.

bhREFEAIOFIT37 SCI
PRFEAEPIE S AFE MIRMES
HREFENEE A ARE MIRHES




I Planetary Systems: Objective #2 |

+ BlZFHAJPU rpg&e
- BTSRRI

* We reveal thefﬂrm atmn mechanism of gas giant planets and initial
condition of terrestrial planet formation, by observing the process and
timescale of dispersing gas in pmtﬂplane’[aw disks

. ﬂ-% %E Target
i E%&%@ ﬁ%ﬁfﬁ%@[ 5%@% zmgf&%b i%’j&}@j

. Wlth sensitive infrared spectroscopic observations, we will measure
the gas in proto-planetary disks, especially molecular h‘n_.fdmgens and resolve
the relation of gas mass with the age of primary stars.

" B

PRFEAE PR ARE MIRMES
TRFENME SIS ERE MIRHES
R ENEDLIRMRTE SAFARI




I Planetary Systems: Objective #2 |

. ﬂ% E El’] Purpgie -
T SR R R D TR

H, 3R, ’%’L‘ﬂ%llﬁlr‘):: YDA RN DRETDBANKEL
BIREICEY 55, (HERREDERMY LTI T hHnIE.,
AT SIS M EIMEIFIZERRE, )

Blue ' H, 1-0 S{1) 2.12 um
Contour: [Fe [l] 1.64 um

SPICAEITEE 5
(20 um)

0

East-West (arcsec)

(Takami et al. | 400"
2007, 2002)



I Planetary Systems: Objective #3 I

+ El=H 8 Purpose

- OXERERFODEBRAT—ILT. RERE
ﬁﬁiﬁﬁ:ﬂ)ﬁﬂu,_i$ﬂﬂ’“b*td}$?h ’%{IZL)‘CL%\/JJ‘*?&
J‘_'l:

* We will reveal the evolution of planet forming regions in

protoplanetary disks at a spatial scale comparable to our Solar
system.

¢ BElZ=HE Target

- BEIBBERABO B S TS KB LY. 12
DET X L73 HE A D IB IS LA K. hc %D
= HEOEHEE MRRE CFRRO 5 FEH5D

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

PEFENE ST EEE MIRHES




I Planetary Systems: Objective #4 I

.+ B HHJPurpose

- ZHOETRINEFDOEBHBOSE ALY MERODEENM
HLUZHMNEEETD,

* We reveal the similarity or diversity of extrasolar systems by observing a number
of debris disks, which are much more easily observable than exoplanets.

+ Bl H1E Target

- 1 HPUILUEIBLIL ERWZER BRI 10B LI TN
BECLY, REEREBEBREEDELIGVLHBEZTHROL., ™
ExrEMHBESHERARTEIATS,

* 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.

BHEMEDLIEMRTE SAFARI




I Planetary Systems: Objective #5 I

R - = B8 Purpose
- ﬁ%f . “5 }(@ n l )_—_E @ifﬁii—jf ;}JE%.W%
| z G}fﬁ% fﬁmgﬁﬂﬂ% AR ?

* We will revealthe role ufu:e for planet formation, and how the elements for
originating and sustaining life could be supplied to terrestrial protoplanets.

» BIFEHIET rget
— ) =X =)
e e

+ ‘We will apply high-contrast IR corpnagraphy to protoplanetary disks and debris disks,
observe theirstructures, and understand their relationship for disk evolution.

- E$§| EOEAEE [Hirl) JUE3ELELEREL ZERS EFRE THRst-
%ﬁ%ﬂ gfﬁifl-’ﬁf’f FH OB LU RE T O IR

. Thmugh 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.

hRFEAIOFITF7 SCI
PRFEARIRR-EIEIAFRE MIRACLE
B ENEDAIRMRTIE SAFARI
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-40 =20 O

SPICAM 2281 5 i# B2 @40-60 um

(Swinyard et al. 2008)
40 20 0 -20 -40
[arcsec]

- ERIZDEAET, [Hirv) & YOS LLERL Y ZEES AR Tonot
2 %ﬁgﬂ g%%f‘f FH OB LU RE T O IR

* Throughinfrared 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.

hRFEAIOFITF7 SCI
PRFEARIRR-EIEIAFRE MIRACLE
B ENEDAIRMRTIE SAFARI




I Planetary Systems : Objective #6 I

+ Fl=HB9 Purpose

a
— B2 OAFEHROLZEIIL . HFERI L SRS FR E O ER S
F AL SBERERE RS 5, KB FRMN OlsR K ED
PBE IR A PSR INGEIE THRE T 2.
— Inorder to reveal the whole picture of the solar system, we will survey
physical information for primordial objects in the solar system.

« #=B1Z Target
- St LUB10BLl ETCHIc BEIZL Y, T RSFHRAEEFIED T )L
AP = - BVEH RN RS RIS TIRE T 2.
— 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.

B EINEDLIBRFIE SAFARI
PRFENMRIER-EIEDARE MIRACLE
hRFENEREDADLE®E MIRHES
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= HiCIAO-SEEDs (2009-2014)
= >10-30AU . A AFEEED R E DS E 2

OEDDEHARE. VEDNDERIETE TR
TAHDIEAAE—Z AN ANV E
BMEREICKBALAL—TOTSLEHLI LD
IRELTLESCEICKY, SPICALDERTIF (T
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= TMT (2077-)
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