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Abstract

The ortho-to-para abundance ratio (OPR) of cometary molecules has been considered to be one of the primordial characteristics of cometary ices. We present OPRs of water 1n five comets
based on our high-resolution optical emission spectra of water 1on (H,O™) which 1s a dominant photo-ionization product of water in the cometary coma. Those spectra were taken by the
HDS mounted on the Subaru telescope (Hawail). We discuss about interpretations of OPR of cometary water based on our and previous observational results and recent laboratory studies.

Background
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Comets as remnants of primordial icy small bodies formed in the solar nebula give us the information about the solar system formation. It is Wl € ., —
considered that the ortho-to-para abundance ratio (OPR) of cometary molecules 1s one of the primordial characteristics of comets. Usually Lo i 1 —
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observed OPRs are interpreted as nuclear spin temperatures (7,,, defined as an excitation temperature that reproduces the observed OPR in § 1 = Cno%9sa
thermal equilibrium). The OPRs of water (H,O) as the most dominant species in cometary volatiles, were slightly smaller than the high- & *°T ¥ P 200182
temperature limit (3.0 for water) and indicative ot ~30 K as 7 ;, [MCII]. In the case of ammonia (NH;) as the dominant N-bearing molecules 3 15¢ %E??W?E -
in comet, OPR can be estimated from the high-resolution optical spectrum of NH, that is a dominant photo-dissociation product of ammonia by & 10| i s
the solar UV radiation. Our early survey for OPRs of ammonia (through NH,) also showed 7,;, of ~30 K [Sh11]. os | OPR: H;0 ]

Here we present our survey of OPR of H,O™ and discuss about the interpretation of OPRs based on Fig. 1. Relationships between OPR and o | | | | |
recent laboratory studies about the OPR of water and nuclear spin conversion processes in the coma. T pin for H,O and NH; [MC11]. o " N Tooin Hig) or NH: O N N
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Discussion & Conclusions
Recent laboratory eXperlmentS relevant to OPR Of water Inner coma (7, > 35 K) Available area of the ortho-para % Outer coma (T, > 35 K)
— Photo-desorbed water molecules formed on cold substrate at 10 K (Amorphous Solid QoI i o (g, < 35 KN
Water: ASW) show a statistical value of OPR (3.0 as a high-temperature limit) [H16]. %; M
o nucleus c e ﬂ """ 7 H0
— Thermally desorbed (>150 K) water molecules originally formed at ~8K on the cold _i Q-7 9 and OH, H, O
substrate show a statistical value of OPR (3.0) [H11]. T, of thermally desorbed water ~ By, 1 ' ( 9, HO (monomer)
molecule does not reflect the formation temperature of water. The water (OPR=3) - NSt 5T i é
deposited on cold substrate at ~8 K (but relatively short duration in solid) also does not o (iJce) H,O (monomer) e % Hucleocentric
show the OPR corresponding to temperature of ices (~8 K). | 2 1e|+1 1e|+2 % 1ei+5 distance (km)
— Nuclear spin conversion of water occurs rapidly in water cluster and ice (<100 us) | F >
[S111]. Thus, the ortho-para conversion of water 1s possible in coma, 1f water clusters CIFR = 20 OPR =3.0 UM = 20 = 2.8 OPR ~2.5
: . : (Ts m>50K) (Ts in>50K) (Ts m:20_36K) (Ts inN3OK)
formed and iteract with water molecules 1n coma. P P P P

Fig. 4. Schematic of the ortho-para conversion of water in the inner coma. The nuclear spin

— OPR of water relaxes with translational and rotational temperatures of water monomer . , 2 ,
conversion can occur in the limited region (blue and red hatches).

in supersonic expansion gas at 20-30 K when MN(water cluster)/M(water monomer)

exceeded the threshold value of unity [T13]. Nis number density. 1o T T water dmor —— | 20— 0
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We calculate the number density of water monomer and water dimers with a steady | dimer by the unimolecular g = 1 N(HO)+N(water dimer) _|
: . . 1 0e+04 F dissociation theory (UDT;  J 2 — Tys (K) lel5
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1. Three-body collision: 3H,0 = (H,0);* = (H,0), + H,O 21,0640 [-o-i-omsooeee o e % 100k 1e10
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1. Thermal sublimation: the unimolecular dissociation theory (UDT) (see Fig. 5) aaad .+ cluster temperature (K % 501 ~ 1es
2. COIIISIOH Wlth HzO: (H20)2 + Hzo % 3H20 1.0e-06 [ ] 5 : ---------------- —
3. Photo-ionization: (H,O), + hv 2 2H,0  0e.08 - 12 T !
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RESULTS Fig. 5 (left). The lifetime of water dimer calculated by UDT (1/kpy7). At ~<30 K, water dimer can
In the limited region of the coma (at ~30—120 km from the nucleus), the conditions survive only at low temperatures of < ~30 K.
for ortho-para conversion and relaxation by reactions with water clusters are satistied. Fig. 6 (right). Number densities of H,O (red) water dimer (blue), a fraction of water monomer

Interpretation Of OPRS Of water and ammonia (orange), and a gas kinetic temperature (K) by [BC87] (black) 1in coma.

— We should carefully interpret the observed OPRs of water in comets because the laboratory studies imply that (1) waters formed 1n/on surface of cold materials has the OPR of high-
temperature limit (3.0) and the ortho-para conversion and relaxation in water clusters or ices rapidly occur 1n the inner coma.

— Since NH; can easily interact with water cluster (due to the intra-molecular force between H,O and NH; as hydrogen-bonding), the OPR of NH; may be converted rapidly by such
interactions with water clusters. Observed correlation between T, s of water and ammonia may indicate the interactions between them in terms of nuclear spin conversion. Nuclear-
spin selective chemical reactions between NH; with water-group ions (e.g., H;O", H,O%, etc.); e.g., NH; + H;O" - NH,"+ H,O , and NH,"+ e = NH; + H [Recycling of NH; in
coma], may also play an important role for the nuclear spin conversion of NH; in the inner coma.

— Further studies about the inner-coma chemistry in the consideration of nuclear spin states (including the mteractions with water clusters) are strongly encouraged.
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