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Comets
- primordial icy materials and refractory dust grains

cometary ices
- the oxidation environment in the early solar nebula
- link with interstellar ices

¥ snow line !
KB5 PUERE S

l ( Morbidelli & Levison 2003 )
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Comets
- primordial icy materials and refractory dust grains

cometary ices (H20, CO2, CO... )

- the oxidation environment in the early solar nebula

- link with interstellar ices

TABLE 1. Temperature regimes for onset of comet activity.

_ T (K) Process r (AU)
5 H, sublimation >3000
- e ——— NG SUBImaton 60
25 CO sublimation 120 |
1 CH, sublimation 30
l H-O CO. CO 35-80 Ice I,h anneals 60-10
i i 38-68 Lh converts to L] 55-15
I—— i 44 C,H, sublimation 40
C,H,, H,S sublimation 24
H,CO sublimation 20
l NH._sublimation 14
CO, sublimation, I,1 anneals 1 3_|
e L C o | 91 CH,CN sublimation 9
95 HCN sublimation 8
0 0 99 CH,OH sublimation 8
l PMESERE - ANERE | [ SeSRasam - s Anee 70120 Ice Ial anneals 18—
=u 90-160 Ice I,] — I, phase change 11-
c® O o & & e - 160 Ice I — I phase change
180 Ice 1. sublimation
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Cometary CO: and CO

X The most abundant species in
cometary ices after H20.

* While CO can be accessed in radio
and near-IR domains from the ground-
based observatories,
CO: cannot be observed due to the
severe absorption by the telluric
atmosphere.

% To detect cometary CO, directly,

observations from space
are needed !l

(Mumma+Charnley, ARAA, 2011)
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CO: is the main driving
force of comet activities!!

67P/CG by Rosetta (ESA)
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| AKARI Near-IR
Spectroscopic Survey |
} for CO, in Comets

l
4
H
. Ootsubo+ 2012, ApJ, 752, 15 |
‘\ Ootsubo+ 2010, ApJL, 717, 66 |
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T. Ootsubo, H. Kawakita,
S. Hamada, H. Kobayashi, M. Yamaguchi,
F. Usui, et al.
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Japanese infrared satellite

launched on Feb 22, 2006 (JST)

Two focal-plane instruments
- Far-Infrared Surveyor (FIS)
- Infrared Camera (IRC)

All-sky observations until
August 2007 ( > 1 year)

Near-IR spectroscopic
observations of comets were
conducted in Phase 3

phase 3: only near-IR
instrument is available.
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Object

19P/Borrelly
22P/Kopff
22P/Kopff
22P/Kopff
22P/Kopff
22P/Kopff
29P/S-W 1
29P/5-W 1
64P/S-G
64P/5S-G
67P/C-6
81P/Wild 2
81P/Wild 2
81P/Wild 2
88P/Howell
88P/Howell
116P/Wild 4
116P/Wild 4
118P/s-L 4
118P/s-L 4
144P/Kushida
144P/Kushida

157P/Tritton
157P/Tritton

Dec 30.1 2008
Apr 22.6 2009
Apr 22.6 2009
Dec 11.2 2009
Dec 11.5 2009
Dec 11.5 2009
Nov 18.5 2009
Nov 18.6 2009
Nov 23.1 2009
Nov 23.2 2009
Nov 2.4 2008
Dec 14.1 2009
Dev 14.2 2009
Dec 14.5 2009
Jul 3.1 2009

Jul 3.1 2009
May 15.6 2009

May 16.5 2009
Sep 8.7 2009
Sep 8.8 2009
Apr 18.5 2009
Apr 18.6 2009

Dec 30.1 2009
Neec 30 R 2000

(Jupiter-family or Ecliptic comets)

" UToore | | Alaul | Object | UTbawe | |ATAU)

2.19
1.61
1.61
2.42
2.43
2.43
6.17
6.18
2.27
2.27
1.84
1.74
1.74
1.74
1.74

1.73
2.22

2.22
2.18
2.22
1.70
1.70
1.48
148K

1.95
1.26
1.26
2.22
2.22
2.22
6.09
6.09
2.05
2.05
1.56
1.44
1.44
1.43
1.41
1.41
1.98
1.99
1.93
1.99
1.37
1.37
1.11
111

(Oort cloud comets)

C/2006 OF2 (Broughton)
C/2006 OF2 (Broughton)
C/2006 Q1 (McNaught)
C/2006 Ql (McNaught)
C/2006 W3 (Christensen)
C/2006 W3 (Christensen)
C/2007 G1 (LINEAR)
C/2007 N3 (Luliny

C/2007 N3 (Lulin)

Cc/2007 Q3 (siding Spring)
C/2008 Q3 (Garrad)
C/2008 Q3 (Garrad)
C/2008 Q3 (6arrad)

18 comets

37 detections in Phase 3
- IRCZ4 NG(b;Np) only here

Sep 16.7 2008
Mar 28.1
Jun 3.6 2008
Feb 23.8 2009
Dec 21.1 2008
Jun 16.8 2009
Aug 20.2 2008
Feb 5.6 2009
Mar 30.7
2009
Mar 3.3 2009
Jul 5.6 2009
Jul 6.5 2009
Jan 3.1 2010

2008 Jun. -- 2010 Jan.

2.43
3.20
2.78
3.64
3.66
3.13
2.80
1.28

1.70

3.29
1.81
1.81
2.96

2.21
3.04
2.59
3.50
3.52
2.96
2.62
0.80

1.36

3.14
1.48
1.50
2.78
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We assume optically thin conditions

Observed flux of molecule "X"(H20, CO., CO) is proportinal to the product of the
g-factors (fluorescence efficiency) and the column density integrated within the

aperture.
Fobs_x — g-faCtOI’x * Nx

Column density of X is calculated by integrating below number
density along the line-of-sight. Number density of the molecule
X (n, [/km?3]) is written as follow;

nx(p) = QX) 5 exp <— A )

471'1-"'0)(;) P Uexp Tx

- | nx(p)

Q, : production rate of the molecule X [molecules/s]
Vexp - €Xpansion velocity of the gas (0.8 x r, "% [km/s])

p : hucleocentric distance [km]
T, : photo-dissociation lifetime of the molecule X [s]



We assume optically thin conditions

Fobs_x — g-faCtOI’x * Nx

g-factor:
gx — (1/87Th0-xa)x) Ax,OJ(O-x)

(Crovisier+ 1987)

J(oy) : Solar field density at the band wavenumber
wy: the band degeneracy
Ax0: the equivalent Einstein coefficient



g-factor:
2.6e-3 /sec (4.26 4m, quiet Sun at lau)

photodissociation rate:

2.0e-6 /sec (quiet Sun at lau)
6.5e-10 — 1.4e-9 /sec (interstellar)

CcO

g-factor:
2.6e-4 /sec (4.67 £ m, quiet Sun at lau)

photodissociation rate:

7.5e-7 — 1.2e-6 /sec (quiet Sun at lau)
1.8e-10 /sec (interstellar)
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Abundance Medians and Lower and Upper Quartile Values of
Ices with Respect to Water ice (Oberg et al. 2011)

[ce Feature Low Mass High Mass
H>O 100 100
CO 385, (29) 1357
CO; 2953 133

COH0 = 1% 24% Clonien = 178) ]
- '__“or' AKARI come’r samples )

Come'rs < Iow -mass pro?osfar's

Comets ~ high mass protostars .
| Cometary ices were altered in the early solar nebula? |
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KWe Observed 18 comets in near-IR (2.5-5 1m) with AKARI/IRC.

X*The largest homogenous database of cometary CO; obtained so far.
KAKARI/IRC detected cometary H20, CO2 and CO simultaneously.
CO:
detected in 17 out of the 18 samples (except 29P/SW1 at 6 AU)
CO2/H20 ratios show < 4--30 % in our samples
cO

detected in only 3 comets (29P, C/2006 W3, C/2008 Q3)
only upper limits of CO/H20 ratios in most of our samples

* CO.>/H:0 ratio in comets is

- consistent with comets observed previously
- more depleted and diverse than low-mass protostellar ices
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IMid-IR observations of comets

Sciengg

AYAAAS

SUBARU/COMICS -21hr 51min

13/11/26 21:54
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9 (X2 E=E=+COMICS

NEXTICERAULESE
Oort cloud comets

C/2001 Q4, C/2002 V1 (NEAT)
C/2001 RX14 (LINEAR)
C/2004 Q2 (Machholz)

C/2007 N3 (Lulin)

Ecliptic comets

2P/Encke, 78P/Gehrels
9P/Tempel — Deep Impact
21P/Giacobini-Zinner
73P/Schwassmann-Wachmann

PREIRNMREDEIDIE (8-13 um; R~250)

C/2012 S1 (ISON)

C/2013 R1 (Lovejoy)

C/2012 X1 (LINEAR)

C/2011 L4, C/2012 K1 (PanSTARRS)

4P/Faye, 17P/Holmes, 8P/Tuttle
144P/Kushida
10P/Tempel, 103P/Hartley
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17P/Holmes
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Comet

17P/Holmes

9P/Tempel 1

73P-B/ISW3
73P-C/SW3
C/1995 O1

C/2001 Q4

C/2002 V1
C/2007 N3

Crystalline fraction

UT Date L

(au)

Weighted mean 2.45

2007 Oct 25
2007 Oct 26
2007 Oct 27
2007 Oct 28

2.44
2.45
2.45
2.45

2005 Jul 4 (+1.0 h) 1,51
2005 Jul 4 (+1.8 h) 1,51

2005 Jul 4 (+3.5 h) 1,51

2006 Apr 29
2006 Apr 30

1.11
1.09

1996 Oct 11-14 2.8
1997 Feb 14-15

1997 Apr 11

1997 Jun 24-25

2004 May 11
2004 Jun 4
2003 Jan 10
2009 Mar 3

D

ap (Hm)

0.10 *001_g 4o
0.10 *0-03 g
0.10 *012L_g 4,
0.10 *0-14_p o9

0.3

0.5

0.4

0.5

0.3

0.2

0.2

0.2

0.2

0.3

0.2

0.5

0.9

N

3.34 *0.09_ 1.
3.07 *014 03
2.93 *0.441_ 1,
3.00 *0-18_g )

3.7

3.7

3.6

3.4

3.4

3.4

3.7

3.7

3.7

3.7

3.6

3.5

4.2

fcry

0.31£0.03
0.28 £0.04
0.30 0129 49
0.44 *013_y g
0.37 *0-98/ g o7
0.13™
0.36™
0.83£0.10
0.45 £ 0.21
0.52%0.13
0.53 £0.04
0.47 £ 0.01
0.62 £ 0.02
0.56 £ 0.04
0.70°
0.717
0.66
0.43 £0.15

fop

1.20 *018] g 4,
1.21 1020y 45
1.73 *075) g 53
0.93 *0-29/_g ¢
1.95 *063) 4 47
0927
7.227
6.5+1.9
0.2510.16
>17
2.65+0.51
1.55 % 0.07
2.26 £ 0.17
1.57 £0.08
3.577
6.887
2,637
0.35+0.11

(Shinnaka+ 2018, AJ, 156, 242)
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Crystalline fraction
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Silicate grains in debris disks

P Pictoris - young (10--20 Myr), Main sequence star (A6V)
Debris disk (Exo-Zodi?) - dust rings?
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Zodil and Exo-Zodi

P Pictoris

young (10--20 Myr)

Main sequence star (A6V)

Debris disk (Exo-Zodi?)
33, 69 um silicate feature
comet-like dust grains?

22 24 26 28 30 32 34
Wavelength {um)

St Sy
Beta Pictoris HST « WFPC2 « STIS
PRCS8-03 « January 8, 1998 » ST Scl OPO

A. Schultz (Computer Scences Corp.), S. Heap (NASA Goddard Space Fight Center) and NASA

Planetesimal belts




69 um silicate feature
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Future space missions in IR after AKARI

e JWST (202x --) NIR+MIR
 NIRcam, NIRspec: 0.6--5 um
e MIRI: 5-28 um

e SPICA (late 2020s --) MIR+FIR
e SMI: 12-36 um (Higr-res at 12-18 pm)
e CO;, 15um, silicate features

e 20, 30 um band silicate features
e SAFARI: 34-230 um

We don’t have CO, observations for more than 10 years after
AKARI




Summary for cometary ice and dust

X HEDIKIX H,0, COz, CO rich (COTRED R \WEE T cO/CO, ~ 1.0)
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B LR, fery ~ 0.3-0.7
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