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Dark cloud cores

VN

1 10000 AU
Gravitational collapse

c) t~104-105yr
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Protostar, embedded in

8000 AU envelope;
disk; outflow

d) t-~10°-100yr
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T Tauri star, disk, outflow

e) t~105- lo?yr
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100 AU

Pre-main-sequence star,
remnant disk

Hogerheijde (1998) after Shu et al. (1987)

f) t>10?yr

50 AU

Main-sequence star,
planetary system (7)
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Average molecular mixing ratios in comets from IR measurements.

Sublimation temperature (K)° Relative production rates (% with respect to H,0)*
H,0 CH,0H HCN NH; H,CO GH, CHg CHy4 co
152 99 95 78 64 54 44 31 24
Jupiter-family comets
2P/Encke 100 3.48 0.09 <013 <0.08 0.31 0.34 <177
6P/d’Arrest 100 28 0.03 0.52 0.36 <0.05 0.29
9P/Tempel 1 100 14 0.20 0.9 0.84 0.13 0.29 0.54 43
10P/Tempel 2 100 1.58 013 0.83 <011 <0.07 0.39
17P/Holmes 100 (41) (0.54) (<0.5) (0.34) (1.85)
21P/G-Z 100 122 <0.27 (< 0.8) <042 0.12 2.2
73P/SW3-B 100 0.54 0.29 <0.09 014 0.03 0.17 (<41) (<1.9)
73P/SW3-C 100 (0.49) (0.22) (<0.16) (0.12) (0.03) (0.11) <0.25 0.53
81P/Wild 2 100 0.9 0.27 0.6 0.22 0.15 0.45
103P/Hartley 2 100 195 0.24 0.66 0.13 0.10 0.75 <0.47 03
OORT cloud comets
8P[Tuttle 100 2.00 0.07 <0.04 0.04 0.26 0.37 0.40
153P/I-Z 100 29 0.21 0.83 0.21 0.57 0.50 5.7
C/1995 01 100 0.36 0.28 0.62 1.22 26.2
C/1996 B2 100 0.19 0.20 0.61 0.95 18.2
C/1999 H1 100 19 0.22 0.70 0.7 0.25 0.63 122 16
C/1999 S4 100 <02 0.09 <013 0.09 0.15 0.58
C/1999 T1 100 17 0.37 0.65 14 17
C/2000 WM, 100 0.95 0.14 0.20 <0.05 0.47 0.35 0.48
C/2001 A2 100 297 0.47 0.15 0.37 1.60 148 39
C/2002 T7 100 34 0.79 19
C/2003 K4 100 1.83 0.07 <0.55 <0.07 <0.04 041 0.86
C/2004 Q2 100 1.52 0.15 0.31 0.16 0.07 0.54 1.37 5.07
C/2006 M4 100 3.28 0.49 0.82 0.50
C/2006 P1 100 0.24 15 0.49 045 0.47 0.42 1.8
C/2007 N3 100 3.72 0.14 0.24 0.12 0.07 0.68 119 218
C/2007 W1 100 3.69 0.50 1.74 <0.12 0.29 197 1.57 4.50
C/2009 P1 100 2.74 0.25 0.48 0.09 0.07 0.82 0.95 8.9
C/2010 G2 100 (18) (1.3) (3.8) (9) (91)
C/2012 F6° 100 148 0.19 0.52 <0.12 <0.05 0.29
CJ2012 F64 100 0.54 0.67 4.03
C/2012 S1° 100 113 0.07 <0.95 0.16 0.11 0.27 0.32 137
CJ2012 S1f 100 0.28 3.63 11 0.24
C/2013 R1 100 229 0.25 0.10 <0.06 <0.07 0.59 0.92 113

3 Values in parentheses were not considered when determining averages for Table 4.
b Species listed by decreasing sublimation temperature. ~301 @ *D }#
¢ C/2012 F6 Lemmon measurements at R, > 1.20 AU. E >Z

d (/2012 F6 Lemmon measurements at Ry, = 0.75 AU.
€ (/2012 S1 ISON measurements at R, > 0.83 AU. Del |O RUSSO et a I . (20 -I 6)

' C/2012 S1 ISON measurements at R, < 0.59 AU.
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Hydrocarbon, CHzOH, and CO poor

1999 S4 DN Bt ;
73P/SW3-C J¥ = HCN typleal to rich, NHy poor
73P/SW3-BJF — | mconpin
2000 WM1 YL o |
2012 S1 (1) DN CHyOH und HON poor, H;CO typlcal |
2P/Encke JF 21 N ————
8P/ Tuttle fp < I
2003 K4 pN —————— |
2012 F6 OL : NIi3 typical mghcmorm;co
10P/Tempel 2 JF |
2004 Q2 YL I
2007 N3 DN
2006 M4 DN Ao O |
CH;0H poor Hydrocajbon near typical

81P/Wild 2 JF
103P/Hartley 2 JF CH;0H typical, CO poor Iﬁ and NH; typical

Dello Russo et al. (2

GP/d’Arl‘eSt JF Hydrocarbon and HCN r, §H;0H rich, H,CO and NH. cal
2012 Sl (2) DN Hydrocarbon, CHyOH and CO poor, HCN rich I
9P/Tempel 1 JF ——————— man mcoicmyon | NPamd BrCOwic
153P/1-Z o ——m8 Fiydrocarbonfand CO near typlcal
2006 P1 DN l_ |
1999 H1 YL |
2013 R1 01, —=2% I Hydrocyrbon and HON typleal H,CO poor
9 CH3OH rich
fgg 6 PB; z]: Hydrocarbon and HCN typical - =0
1995 01 OL Hydrocarbon ahd HCN rich |
1999 T1 YL —] |
17P/Holmes JF :| |
200 ] “\2 YL Hydrorartoq. CH3;O0H, and HCN rich, CO typical
2007 W1 DN smmsmcope: !
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BT UI—THE
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GROUP A: Hydrocarbon, CH3;OH, and CO poor
Subgroup |- Hydrocarbon, CHAOH, HON and CO poor

Subgroup 2 vdrocarbo H4OH, and CO poor, H>CO and HON typica

GROUP B: Hydrocarbon, HCN, H,CO, and CO poor to typical, NHj typical
subgroup 3: Hydrocarbon, CHA,OI, and HICN poor, 11,CO typical

Subgroup 4. Hydrocarbon, HCN and H>CO poor, CH;OH typical

Subgroup 5: Hydrocarbon, CH:OH, HCN, NH5, H5CO, and CO near typical
Subgroup 6: Hydrocarbon, HCN, NHy, and H>CO typical, CO poor

Subgroup 7: Hydrocarbon and HCN poor, CH3OH rich, NH3 and H,CO typical

GROUP C: NHy and H,CO rich, Hydrocarbon and CO poor to typical, CH3OH and HCN typical
Subgroup 8: Hydrocarbon, CH30H, and CO poor, HCN, NH;, and H,CO rich
Subgroup 9: Hydrocarbon and CO typical, NH3 and HyCO rich

GROUP D: Hydrocarbon, CH3OH, HCN, and CO typical to rich
Subgroup 10: Hydrocarbon, CH;0OH, and HCN typical to rich, CO rich
Subgroup 11: Hydrocarbon, CH;OH, and HCN rich, CO typical
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Comet Hartley-2 Comet Garradd Comet Lulin

B Carbon Dioxide (CO)
™ Carbon Monoxide (CO)

Overall Comet é y B Formaldehyde (H;CO)
Content . A B Methanol (CH0H)

f

W Water () = o “ B Hydrocarhons (CH,, CoHg, CoHy)
M Hydrogen Cyanide (HCN)
B Ammonia (NH,)

M Other Ices

Mumma (private comm.)
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CO&CO, DR & [RIGAIGRAEANDEEXFRIZFT ?

73P/SW3-B. C;
Dello Russo et al. (2007)
CO <2%
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Comet 73P/Schwassmann\Wachmann 3 Spitzer Space Telescope * MIPS
NASA / JPL-Caltech / W. Rcach (SSC/Caltech)

103P/Hartley 2; A’Hearn et al. (2011)
CO, ~20 - 10%, CO ~0.5%
2 DMDcometesimalhMiE s ?

OP/Tempel 1; Feaga et al. (2007)
Belton et al. (2007)
CO, ~7%, CO 4~7%
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CO&CO, DM & [RIBARIZRABRDEERANIHF ?
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3. 4 9P/Tempel 1 12. @ C/1995 O1 Hale-Bopp
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15. O C/1999 S4 LINEAR 25. A C/2007 W1 Boattini
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17. <> C/2000 WM 1 LINEAR 27. x C/2010 G2 Hill

8. & 81P/Wild 2 18. % C/2001 A2 LINEAR
9. ¥ 103P/Hartley 2 19. M C/2002 T7 LINEAR

Dello Russo et al. (2016)

20. & C/2003 K4 LINEAR
21. A C/2004 Q2 Machholz
22. 0 C/2006 M4 SWAN
23. ¢ C/2006 P1 McNaught
24. 0 C/2007 N3 Lulin
6. % 21P/G-Z
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Cometary ice in O, 7
H,00 S RY—AICRF=NTWLWSB? (Mousis et al. 2016)

2H20 + CR — 2H2 + 02
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List of Spin SpeCieS - Nuclear Spin Isomers (':r(:;lr::)

Water (H,O)

Ammonia (NH;)

Methanol (CH;OH)

E, symmetry

Ethane (C,Hg)

A, symmetry

A symmetries

Methane (CH,) F symmetries

E symmetries

Villanueva (2017)
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Ortho/para ratio
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Nuclear spin statistics for HO in 12 comets
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H,O REMPI signal (arb. units)
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H,OD ALY /IS B (D FAERBCRE & BFRDR L)
(Hama et al., 2016; 2018)

H,O formation @10K

B H,O desorbed fromin situ-producedH,0Oice at 10 K

C Simulation with T, = T, = 200K OPR = 3
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Para-H,O @11K
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(b) Simulation with T, = T, = 150 K
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ZFDMICH, . Combi et al. (2005)(
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- TR ([X]/[H,0] : X ﬁ! N, C,H,, CH,, C,Hq -
= BEEROTBIRIEDRE PRIBRY kD —2 (CHIFE

- [ RFRERRAEVEMMARLE (LY /INSEL)
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= ALY /ISR XD FERIRIBE ICIRTE ?
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46P/Wirtanen

D/H ratios of water in Jupiter-family comets - case of comet

ABSTRACT [~ Comet for Windows - [XE4FS5 1]

We propose HDO observations of a Jupiter-family comet 46P/Wirtanen to investigate
Jupiter-family comets. D/H ratios of water depend on their formation temperatures an
history of formation and modification of water by comparing D/H ratios in multiple ob 9
planetary system formation. In particular, cometary D/H ratios are precious clues to fi
evolution in early phase of solar system formation. The cometary D/H ratios are deter
distributed among the samples. However, it is difficult to evaluate the taxonomy or g
comets because of lack of samples. Our goal is to determine the D/H ratio in Jupiter-f
(HDO) collaborating with Subaru/IRCS, Keck2/NIRSPEC and IRTF/iSHELL data (H20). 1
sample-return mission target with high priority. The success of our observations provi
evolution in proto-planetary disk of solar system.
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