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ABSTRACT

Comets are small bodies in the solar system that consist of icy and dusty
materials. The heart of the comet, called the cometary nucleus, is a remnant
of icy planetesimals formed in the solar nebula 4.6 Gyrs ago. Once the
cometary nuclei had formed, they were scattered into two current dynamical
reservoirs of comets (the Oort cloud and the Kuiper belt) and into other
places (inner and outer parts of the solar system) by the gravitational
scattering caused by the migration of planets in the early solar system. After
scattering to current dynamical reservoirs, comets have spent most of their
lifetime in low-temperature regions far from the sun, where no interior
modifications can occur. Therefore, comets are considered to contain
information about the solar system formation. However, their
physico—chemical properties (e.g., the chemistry of their icy materials, their
nuclear structure, and the mineralogy of their dust grains) have not been
definitively interpreted. Because the information of the previous formation
environment should be preserved in the abundance ratio of nuclear spin
isomers (or the ortho-to-para abundance ratio; OPR) and the isotopic ratios
of cometary volatiles, we study the OPRs and the nitrogen isotopic ratios of
the cometary volatiles, thereby reveal the physic—chemical conditions in the
solar nebula or in the presolar molecular cloud. Our scientific goal is to
understand the origin of cometary volatiles based on these properties.

We developed a method that estimates the OPRs of cometary ammonia
from the emission spectra of NHs more precisely than previous estimates
(Shinnaka et al., 2010) and increased the number of investigated comets by
three times or more, relative to the previous investigation (Shinnaka et al.,
2011). We obtained high-dispersion optical spectra of 18 comets using the
Subaru/HDS, VLT/UVES, and other telescopes/instruments. We also
developed another technique that estimates the OPRs of cometary water
from the emission spectra of water ions (Shinnaka et al., 2012). Moreover, we
reported the nitrogen isotopic ratio of ammonia in a single comet for the first
time (Shinnaka et al., 2014).

The OPRs of cometary water and ammonia in comets cluster around a
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value corresponding to the nuclear spin temperature of ~30 K. The OPRs of
cometary volatiles may not reflect their original formation conditions in the
solar nebula or in the interstellar molecular cloud but rather the
environment in the inner coma. Sole water molecules might chemically react
with the water clusters that formed during the expansion of ejected gas and
dust, accelerating the ortho—para conversion of water in the inner coma.

We found that the nitrogen isotopic ratios of the cometary ammonia from
two single comets were fractionated of >N by at least twice that of the
proto-solar ratio. 1>N-fractionations are very uncommon once the cometary
nucleus has formed, so the nitrogen isotope ratio conserves preformation
information. According to theoretical studies, °N-fractionation of cometary
molecules could arise by chemical reactions related to para-Hz under the
extremely low-temperature environments (~10 K) of dense cloud cores. This
suggests that cometary ammonia formed in the molecular clouds at ambient
temperatures around 10 K. This temperature is lower than previously
estimated from the OPRs ratios (~30 K).

We conclude that most cometary organics (at least ammonia molecule)
were formed in the natal molecular cloud at ~10 K, although cometary water

originates from both the molecular cloud and the solar nebula.
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1. GENERAL INTRODUCTION

1.1. SCIENTIFIC GOALS IN COMET SCIENCES

My scientific goal is to understand the formation environment of solar
system matters. The solar system is a star-and-planetary system whose
components (such as planets, satellites, asteroids, and comets) have been
investigated to high accuracy in in situ explorer observations. Moreover,
solar system objects have been extensively observed from space and
ground-based observatories. By understanding our solar system in detail, we
acquire a general understanding of how star-and-planetary systems form
and evolve. The conditions of the early solar system (such as temperature,
density, and composition) are especially important for understanding the
chemical evolutions therein.

The solar system formation process in molecular clouds was summarized

by Shu et al. (1987).

(1) Some 4.6 Gyrs ago, a region of relatively dense interstellar matter
(called the molecular cloud) formed under some gravitational
influences. The original matter may have been sourced from
supernova explosions, nova explosions, supply from AGB stars, etc.
Various chemical reactions occurred in the molecular cloud.

(2) Distributions of density, temperature, and ionization degrees in the
molecular cloud were inhomogeneous. The higher density regions are
known as the molecular cloud core.

(3) When the pressure at the molecular cloud core exceeded the critical
density (tss = 0 yrs; tss denotes the age of the solar system), the
proto—sun formed at the center of the molecular cloud core by
gravitational collapse (tgs = ~10% yrs). That is, the stages of a
molecular cloud and a molecular cloud core are before the star
formation (tgs <0 yrs).

(4) Governed by the angular momentum of the whole molecular cloud
core, gas and dust materials in the molecular cloud accreted around
the proto—sun, forming a disk (called the solar nebula; tss = 105-106

yrs). Many kinds of chemical reactions in the solar nebula were



2 \ Y. Shinnaka: Study of the origin of the cometary volatiles

proceeded, depending on the spatially and temporally varying
temperature, abundances, density, and ionization degree in the solar
nebula.

(5) The solid materials in the solar nebula aggregated into planetesimals,
the building blocks of planets (tgs = 104107 yrs). Rocky
planetesimals formed within the snowline (defined as the boundary
between the gaseous and solid phases) of water, whereas icy
planetesimals (including the icy and dust materials) formed far from
the snowline of water.

(6) Once the icy and rocky planetesimals had formed in the solar nebula,
the planetesimals continued to aggregate and eventually grew into
planets (tss <107 yrs). Planetesimals not captured by planetary
growth were scattered into the Oort cloud, Kuiper belt, and other
places (inner and outer parts of the solar system) by planetary
migration. Today’s cometary nuclei are the surviving icy
planetesimals that form the coma and the tail when approaching the
Sun.

(7) Stages (1)—(6) led to the establishment of the current solar system (tss
<109 yrs). Cometary nuclei spend much of their lifetimes far from the
Sun. In such low-temperature environments, comets undergo no
interior evolution, and therefore conserve the solar system’s

primordial properties.

Cometary nuclei retain pristine materials as mentioned above, providing
clues on the physical conditions of the early solar system. Rocky or icy
planetesimals formed in the solar nebula, depending on their distance from
the Sun. The icy planetesimals formed in the outer region (approximately 3
to 30 AU), beyond the snowline of water. It is thought that some of the icy
planetesimals scattered into the Kuiper belt (50—~300 AU) or the Oort cloud
(~104-10> AU) regions as cometary nuclei. Planetesimals and gases not
captured into planets were ejected into regions far from the Sun by close
encounters with giant migrating planets (Grand Tack model: Walsh et al.,

2011; and references therein, Nice model: Tsignis et al., 2005; and references
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therein). Since the temperature in these regions (<10 K) is below the
sublimation temperatures of the volatiles contained in the cometary nuclei,
chemical reactions are blocked in the nuclei interiors. Therefore, comets are
considered as the most pristine icy bodies in the solar system. The materials
of cometary ices can be investigated by observing the coma and tail formed
by the sublimated icy components as the cometary nucleus approaches the
Sun. However, the real meanings of some observed metrics are still being
debated.

The physical parameters related to the chemical reactions (such as
temperature, density, chemical abundance, and ionization degree) can be
inferred from observations of cometary volatiles. Temperature is the most
1mportant parameter because it controls the chemical reactions in the solar
nebula and/or the presolar molecular cloud. Note that the physico—chemical
properties of comets reflect their different environments. For example, the
chemical compositions of existing ices might reflect the chemical
compositions of the environment in which the cometary nuclei formed
(Muuma & Charnley, 2011 and references therein); the isotopic ratios of
cometary volatiles might reflect the temperature and number density of the
gas in which the molecules formed (Balsiger et al., 1995; Manfroid et al.,
2009; Lis et al., 2013; Rousselot et al., 2014; Shinnaka et al., 2014; and
references therein); the composition of the dust components might reflect the
temperature of the inner solar nebula and the strength of turbulent mixing
(in the radial and vertical directions) in the solar nebula (Wooden et al.,
1999; Gail et al., 2001; Bockelée—Morvan et al., 2002).

Moreover, our solar system is located ~8 kpc from the galactic center of
the Milky Way Galaxy. Its rotation period around the galactic center is ~2 x
108 years (Honma et al., 2012). Since the solar system formed from materials
~8 kpc distant from the galactic center, cometary materials provide
information on the intergalactic matter that existed 4.6 Gyrs ago.
Furthermore, the distribution of cometary orbits in the Oort cloud has been
affected by nearby attractors in the Galaxy, such as other stars and giant

molecular clouds that encounter the solar system.
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1.2. PREVIOUS STUDIES ABOUT COMETARY PRISTINE PROPERTIES

Here, we briefly summarize the progress made in comet science during

the last decades. Cometary studies can be classified into volatile and
refractory studies which investigate the volatile and dust cometary
materials, respectively.

To infer information of the early solar system, researchers focus on the

following properties of cometary volatiles:

(V.1) Chemical abundances of cometary ices (see Section 1.2.1).

(V.2) OPRs of the cometary volatiles (see Section 1.3).

(V.3) Isotopic ratios of the major elements in the cometary volatiles (such
as hydrogen, nitrogen, carbon, oxygen, and sulfur; see Section 1.2.2).

To investigate the physical condition in the early solar system, the

following properties of the dust components are investigated:

(D.1) The structures of cometary dust grains, such as the abundance
ratio of dust materials, size distributions, shapes, and fluffiness.
These parameters may be related to radial and vertical mixing and
the temperature distributions in the solar nebula.

(D.2) The crystalline-to-amorphous ratio of cometary silicates is related
to phenomena, such as radial mixing, dynamical evolution, and the
temperature distributions in the solar nebula. The existence of
crystalline silicate in a cometary nucleus is regarded as evidence of
large-scale radial mixing in the solar nebula. The abundance ratio of
crystalline to amorphous silicate grains is quite small in interstellar
matters (Waters et al., 1999; Justtanont et al., 1997; and references
therein). Amorphous silicate is crystallized by high-temperature >
1000 K) annealing close to the proto—sun, yet comets are formed far
from the Sun wunder low-temperature conditions (<150 K,
corresponding to the sublimation temperature of water).

The remainder of this thesis concentrates on the cometary volatiles, with

a view of understanding their chemical evolution and formation conditions in

the solar nebula and/or in the presolar molecular cloud.
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1.2.1. CHEMICAL ABUNDANCES

Active comets have been assigned to the Oort cloud, Kuiper belt, and
other reservoirs based on their orbital properties. However, dynamical
evolution models of planetesimals now suggest that these reservoirs formed
in a common region, or at least in overlapping regions (Walsh et al., 2011;
Tsignis et al., 2005). Moreover, a large fraction of the comets now occupying
the Oort cloud may have been captured from stars in the Sun’s birth cluster,
before the cleaning of gas in the molecular cloud that formed the Sun
(Levison et al., 2010).

Cometary volatiles (and their fragments and ions) are characterized by
their spectroscopic and photometric observations at UV to radio wavelengths.
Especially, optical observations have been performed since the earliest times
of the astronomical era. Rotational, vibrational, and electronic transitions
(collectively called “rovibronic” transitions) of daughter species resulting
from photodissociation of volatiles released directly from the nucleus (called
the “parent” species or “parent” molecules) predominantly emit at optical
wavelengths. Many volatiles (such as CN, Cg, Cs, CH, [OIl, NHg, and NH),
ions (such as CO*, H20*, COg'), and atoms (sodium, oxygen) have been
recognized in the optical wavelength region. A’'Hearn et al. (1995) reported
on 85 comets observed by optical spectrophotometry and found that Cq
and/or Cs are depleted relative to CN in short-period comets. Fink (2009)
also summarized a low-dispersion optical spectroscopic survey of 92 comets
and proposed four taxonomic classes based on the abundance ratios of
cometary Cq, NHs, and CN.

Infrared instruments developed in the first half of the 1990s enabled
high-dispersion spectroscopic observations in the near-infrared region by
several telescopes. In the 1990s, two bright comets (C/1996 B2 (Hyakutake)
and C/1995 O1 (Hale-Bopp)) approached the Sun, and their emission lines
associated with ro-vibrational transitions of HoO, HCN, CsHz2, CH4, C2Hs,
and CO were detected by the IRTF telescope installed with a CSHELL
spectrometer in L-band (~3 nm) and M-band (~5 num) (Greene et al., 1993).
Chemical compositions of these species relative to water were summarized
(DiSanti and Mumma, 2008; Mumma & Charnley, 2011; and references
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therein). Other telescopes/instruments, such as the Subaru/IRCS (Kobayashi
et al., 2000), Keck II/NIRSPEC (McLean et al., 1998), and VLT/CRIRES
(Kaufl et al., 2004), have also conducted cometary observations.

The transition between the hyperfine structure of OH (the socalled “18
cm line”), which emits at radio wavelengths, has been monitored by the
Nancay radio telescope (Crovisier et al., 2002 and references therein) and
has sometimes been observed by other radio telescopes. The Odin satellite
and the Herschel Space Telescope have proven useful for monitoring
cometary H20, H2180, and NHj3 in far-infrared or sub-mm regions (Biver et
al., 2007; Bockelée—-Morvan et al., 2012). Moreover, ground-based radio
telescopes can observe the emission lines of pure rotational transitions of CO,
CH30H, H2CO, HCN, HNC, and other complicated volatiles (e.g., Corivisier
et al., 2009) and also the inversion transitions of NHs (Bird et al., 1997).
Recently, the distributions of HCN, HNC, H2CO, and dust within the coma
have been observed at high spatial resolution by the Atacama Large
Millimeter/submillimeter Array (ALMA) (Cordiner et al., 2014).

In summary, multi-wavelength observations have revealed various
chemical species and compositions of cometary ices. The observed parent
volatiles and their abundances (relative to H2O) are summarized in Figure 4
of Mumma & Charnley (2011).

1.2.2. THE ISOTOPIC RATIOS OF COMETARY VOLATILES

The isotopic ratios in primary volatiles are considered as conserved
parameters of formation processes. This dissertation focuses on the
isotopologues of nitrogen (14N/15N) in cometary ammonia (see Section 1.4).
The nitrogen isotopic ratios have been determined in cometary CN and HCN
(Manfroid et al., 2009; Bockelée—Morvan et al., 2008). The isotopic ratios of
hydrogen (D/H), carbon (12C/13C), oxygen (160/180), and sulfur (328/34S) in
some primary volatiles are briefly described below. Observed cometary
isotopes are well summarized in Bockelée-Morvan et al. (2015).

Before 2011, the D/H ratio in the cometary water of seven comets had

been measured (six comets originating from the Oort cloud, one originating
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from the Kuiper belt). The average D/H ratio of the Oort cloud comets (~3.0 x
104) was double that of the Earth’s oceans (VSMOW, D/H = 1.56 X 104
Hartogh et al., 2011) and approximately 15 times the protosolar value ((2.1 +
0.5) x 105 Lellouch et al., 2001). In contrast, the D/H ratio of three
Jupiter-family comets ((1.61 + 0.24) x 104 for 103P/Hartley 2: Hartogh et al.,
2011; (<2 x 104 for 45P/Honda—Mrkos—Pajdusikova; Hartogh et al., 2011,
(5.3 £ 0.7) x 104 for 67P/Churymov—Gerasimenko; Altwegg et al., 2015)
might have large variation. This indicates that (relative to protosolar water)
cometary water has been largely fractionated into deuterium. The D/H ratios
of the six Oort cloud comets are similar, implying either that these comets
formed in a similar region of the solar nebula, or that the radial distribution
of the D/H ratios in the solar nebula ices was quite uniform over the range of
heliocentric distances that sourced most of the Oort cloud comets.

The cometary D/H ratio was first inferred from the mass-resolved ion
spectra of H3O* and H2:DO* in 1P/Halley, observed by the Ion Mass
Spectrometer (IMS) and Neutral Mass Spectrometer (NMS) instruments
onboard the Giotto spacecraft (IMS: Balsiger, Altwegg, & Geiss, 1995; NMS:
Eberhardt et al., 1995). Cemetary HDO was first detected in the 100—Ooo
rotational line emissions from C/1996 B2 (Hyakutake) and C/995 O1
(Hale-Bopp), recorded at 465 GHz by ground-based observatories
(Bockelée-Morvan et al., 1998; Meier et al., 1998). The derived D/H ratios
were consistent with those of 1P/Halley. The D/H ratio in cometary water
was also estimated from the optical spectra of OD and OH ((2.5 + 0.7) x 10-4;
Hutsemékers et al., 2008), the UV spectra of H and D ((4.6 + 1.4) x 104
Weaver et al., 2008), and the infrared spectra of H:O and HDO ((4.0 + 1.4) x
10-4; Villanueva et al., 2009). The D/H ratios obtained by these new methods
lie within the uncertainties of previous measurements of the same comets.
Assuming water formed in gas-phase chemistry, a formation temperature
can be estimated from a D/H ratio in water (Millar et al. 1989). The range of
water D/H ratio in comets corresponds to the temperatures from 28 K to 40 K
as formation temperature of cometary water. This 1s one possible

interpretation of observed water D/H ratios in comet. Grain surface
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chemistry and mixing of materials formed in low and high temperature
environments may lead to different conclusions (Cleeves et al., 2014).

Given that deuterium fractionation is precluded in the coma (Rodgers &
Charnley, 2002), the D/H ratios in volatiles other than H2O can uniquely
reveal the formation temperatures of cometary primary volatiles. For
instance, comet Hale—Bopp demonstrates higher deuterium enrichment of
HCN than of water (Meier et al., 1998b). The upper limit of D/H ratios of
other volatiles have also been reported for Hale—Bopp: H2CO (<2 x 10-2;
Balsiger et al., 1995), CH;0H (<~1 x 10-2; Eberhardt et al., 1994), NH; and
CH (NHs: <6 x 10-3; CH: <3 X 102 Meier et al., 1998¢c). For methane, the
first trial to detect a monodeuterio-methane (CH3D) in the comet
153P/Tkeya—Zhang obtained a 20 upper limit of the D/H ratio of <0.075
(Kawakita & Watanabe, 2003). Upper limits of the methane D/H ratios in
other comets were reported (C/2001 Q1 (NEAT): <0.01; Kawakita et al., 2005,
C/2004 Q2 (Machholz): <0.003 (3 o) and 0.005 (3 0 ); Kawakita & Kobayashi,
2009 and Bonev et al., 2009, respectively, C/2008 N3 (Lulin): <0.07 (3¢ );
Gibb et al., 2012). The predicted D/H ratio in cometary methane is obtained
as 0.1-0.2 by the theoretical calculation based on gas-phase chemical
reactions at 10 K by Aikawa & Herbst (1999). Meanwhile, an upper limit of
the D/H ratio in methane in the early solar nebular was inferred as ~3 X 10-*
from the methane D/H ratio observed in the atmosphere of Titan (Mousis et
al., 2002). Upper limits obtained in comets cannot be explained by the
deuteration in methane at such low temperatures, ~10 K.

The carbon isotopic ratios (12C/13C) of the cometary volatiles HCN, CN,
and Cz have been determined from 2, 21, and 4 samples, respectively (HCN:
Bockelée—Morvan et al., 2008; CN: Manfroid et al., 2009; Ca: Wyckoff et al.,
2000). The average carbon isotopic ratio of cometary CN (91.0 + 3.6) is
consistent with the telluric value (88.99; Anders & Grevesse, 1989) and with
the cosmic ratio in the solar neighborhood (70-90; Wilson & Rood, 1994;
Milam et al., 2005). In contrast, the nitrogen isotopic ratio in cometary CN
(147.8 + 5.7), reported by Manfroid et al. (2009), is almost one third the
protosolar value (441 + 5; Marty et al., 2011). Therefore, the origin of the

nitrogen isotopic ratio of cometary volatiles remains debatable.
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The oxygen isotopic anomaly in meteorites can be explained by several
scenarios (Busemann et al, 2006; Alexander et al., 2007). The most likely of
these scenarios could be elucidated from the oxygen isotopic ratios (160/180)
of cometary volatiles. Several 160/180 measurements have been performed on
the constituents of cometary water: H2O (520 + 25; Biver et al., 2007), OH
and HsO* (OH: 425 + 55; H30*: 425 + 55; Hutsemékers et al., 2008), and their
180 counterparts. However, the 160/180 values obtained by current methods
are too uncertain (typical errors are 10%) for understanding their significant
deviation from the VSMOW value of 498.7 (Hartogh et al., 2011). Some
comets are hypothesized to become depleted in 80 and enriched in other
cometary volatiles (Hutsemékers et al., 2008). More precise measurements
are needed to resolve these problems.

The sulfur isotopic ratios (328/34S) of various cometary volatiles have also
been measured: St (23 + 6; Altwegg, 1996), CS (27 + 3; Jewitt et al., 1997),
and HeS (17 + 4; Crivisier et al., 2004). These values are reasonably
consistent with the solar system ratio (22.5; Anders & Grevesse, 1989),
except for H2S. The marginal 34S enrichment in HsS, reported by Crovisier et
al. (2004), requires further confirmation. Meanwhile, the primitive matters
contained in IDPs and carbonaceous meteorites exhibit much smaller
anomalies in their sulfur isotopic compositions (Busemann et al., 2006; Floss
et al., 2006).

1.3. ORTHO-TO-PARA ABUNDANCE RATIOS OF COMETARY
VOLATILES
The OPR is useful for understanding the very low temperatures at which
cometary volatiles formed. Molecules with two or more hydrogen atoms
(fermions), such as H20 (water), NHs (ammonia), and CH4 (methane), can be
classified by the nuclear spin states of their hydrogen atoms (the socalled
nuclear spin isomers). The entire wave function of these volatiles should

change sign when equivalent hydrogen atoms are exchanged. For example,
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hydrogen exchange in an Hs molecule (the simplest volatile) causes the

entire wave function Wy of the Ho molecule to switch as:
Whe 2 —Wha.

The entire wave function of a general molecule (Wmolecule) can be
expressed wave function of each component by the Born—Oppenheimer

approximation:
II]molecule = qjtrans.qjelec.qjvib.quot.wns,

where Wians, Pelec, Pribr, Prot., and Wps denote the wave functions of the
translational motion, electronic state, vibration of the atomic nuclei,
molecular rotational motion, and the total nuclear spin state, respectively.
Moreover, the nuclear spin can be written as the product of the wave
functions of the nuclear spins of the individual atoms (e.g., the nuclear spin
of the H2O molecule can be expressed as Wns = W, (hydrogen) Wy
(hydrogen) Wy (oxygen)).

The Hz wave function switches sign under hydrogen atom exchange
because of the inverse of the signs between the rotational (W) and nuclear
spin (W,s) wave functions. Since the nuclear spin of hydrogen is +1/2 (a)
or—1/2 (B) and the atomic nuclei of hydrogen are numbered 1 and 2, there are

four possible wave functions of Hz nuclear spin:
Q) fa)p2) (C) H/~2(a()B2) + a(2) A1)
B) [a(2)B(1) (D) 1/42(a(D)BR) - a(2) 1))

Wave functions (A), (B), and (C) are invariable (symmetric) under hydrogen

atom exchange. On the other hand, wave function (D) changes sign under
hydrogen exchange (that is, (D) is antisymmetric). Molecules possessing
symmetric and antisymmetric nuclear spin wave functions are called
ortho-H2 and para-Hs molecules, respectively. Thus, the total nuclear spin of
hydrogen Iis 1 (11 or ||) if the Hs molecule is an ortho-species, and is 0 (1] or
1) if the molecule is a para- species. Here because the wave function of the
entire molecule switches sign when the hydrogen atoms are exchanged, W,

must be anti-symmetric (symmetric) when the molecule is symmetric

(anti-symmetric). Thus, ortho- and para-species are characterized by specific
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rotational states. In other words, the ortho- and para-species behave as
different molecules because ortho—para conversion is forbidden by radiative
and collisional transitions (Miani & Tennyson, 2004). Cometary volatiles
might retain their original ortho or para states over long periods (Mumma et
al., 1993 and references therein). If this is true, we could estimate the
formation temperatures of cometary volatiles (such as H2O, NH3;, and CH,)
from their observed OPRs. The OPR of water is 3.0 under high-temperature
conditions (>50 K). Similarly, the thermal equilibrium OPR of ammonia has
been determined as 1.0. At thermal equilibrium, the OPR of volatiles is a
function of temperature; thus, assuming that the species follow the
Boltzmann distribution, we can calculate the abundance ratios of the total

numbers of ortho- and para-species at a given temperature as follows:

E
QI +1) 3 Q2T +1) exp( )

OPR = Olevels. spin !
QL +1) Y Q2T +1) exp(- £ )
Plevels. kI‘?pin

where OPR, I, J, and F indicate the OPR, the total nuclear spin of the
hydrogen atoms (statistically weighted by 2Io + 1 for the ortho-species and
2Ip + 1 for the para-species), the rotational quantum number, and the energy
of each state, respectively. The subscripts “O” and “P” indicate the ortho- and
para-species, respectively. The temperature parameter that reproduces the
observed OPR, called the nuclear spin temperature (Tspin), possibly reflects
the formation temperature of the cometary volatiles (Mumma et al., 1993).
Therefore, the formation temperature of cometary volatiles should be
estimable from the observed OPRs of cometary volatiles.

Water molecules are the most important volatiles in comets because both
of their OPRs alter at around 10-50 K under the thermal equilibrium
condition (the estimated temperature range of the early solar system).
Moreover, water is the most abundant volatile in cometary nuclei (>80%).
Therefore, understanding the formation conditions of water is crucial to

understand the origin of icy materials in comets.
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The OPR of cometary water was first determined in the comet 1P/Halley
by the Kuiper Airborne Observatory in 1987 (Mumma et al., 1987). From the
obtained OPR of the cometary water (2.73 + 0.37), the Tiin of water was
estimated as 35 +9/-5 K. Until 1999, the OPRs of cometary water were
determined from the vi and vs fundamental bands of water, which appear
around 2.7 microns. These bands cannot be observed by ground-based
telescopes because they are heavily absorbed by telluric water vapor, which
severely limits their sampling size. Thus, to determine the OPRs of cometary
water by this technique, the telescope must be airborne or orbiting in space.
To remove this difficulty, Dello Russo et al. (2004) developed a method using
the water hot-band which is emitted at around 2.9 microns and hence
observable by ground-based observatories. In the second half of the 2000s,
ten or more samples of OPRs of cometary volatiles were obtained by this
method (based on high-dispersion near-infrared spectroscopic observations
of the water hot-band; Bonev et al., 2007). These previous results obtained
similar Tpins of cometary water (~30 K). However, only bright comets yield
sufficiently high-S/N spectra of water lines; moreover, to precisely measure
the OPR of cometary water, the radial velocity of the comet (relative to
Earth) should be needed (>20 km/s, corresponding to a spectral resolution of
20,000) to avoid the absorption of the cometary lines by the telluric
atmosphere. Therefore, an alternative technique is necessary to improve the
OPR sampling size of cometary volatiles.

Ammonia molecules are also important species of cometary volatiles
because both of their OPRs alter at around 10-50 K and ammonia is the
most abundant nitrogen-bearing volatile. However, the OPRs of cometary
ammonia are difficult to measure with high accuracy, because ammonia has
a narrow existence region in the cometary coma. On account of its short
lifetime, ammonia cannot be observed to the required spatial resolution by
current observational facilities. A method for estimating the OPRs of
cometary ammonia from the high-dispersion optical spectrum of NHz was
developed in 2001 (Kawakita et al., 2001). Most of the cometary ammonia
photodissociates into NHy under solar UV radiation (the branching ratio of
NH; is ~95 %; Huebner, 1992). Fortunately, we can easily obtain high-S/N



1. GENERAL INTRODUCTION | 13

spectra of NHs, because the ro-vibronic transitions of NHy strongly emit in
the optical; in addition, there are many high-resolution optical spectrographs
mounted on large telescopes across the world. To more accurately determine
the ammonia OPRs, the method could conceivably be improved by (1)
considering the influence of the telluric absorption lines, (2) removing the C2
Swan band lines that contaminate the NH lines, and (3) measuring multiple
vibronic bands of NHz. By correcting for these influences, Shinnaka et al.
(2010) successfully reduced the measurement errors in the OPRs of cometary
ammonia; typically by more than half for a given comet. However, the
statistical behavior of the OPR of cometary ammonia remained obscure
because insufficient samples had been recorded in 2010. Since then, we have
investigated the statistical behavior of OPRs of cometary ammonia. The
results are reported in Section 2 of this dissertation.

Moreover, 30 K is the approximate nuclear spin temperature, estimated
from the E:F'A ratios of CHs (Kawakita et al.,, 2006). The nuclear spin
temperatures of water, ammonia, and methane are nicely consistent in
comet C/2001 Q4 (NEAT) (Kawakita et al., 2006).

Although the OPRs of water have been determined in ten or more comets
(Bonev et al.,, 2007, cited in Mumma & Charnley, 2011), the OPRs of
cometary ammonia and methane have been sampled less frequently.
Furthermore, the real meaning of the OPRs of cometary volatiles is still
being debated (Bonev et al., 2009; Cacciani et al., 2009; Crovisier et al., 2008;
Dello Russo et al., 2005; Jehin et al., 2009; Kawakita et al., 2007; Kawakita
& Kobayashi, 2009; Shinnaka et al.,, 2011; Woodward et al., 2007; and

references therein).

1.4. NITROGEN ISOTOPIC RATIOS OF COMETARY VOLATILES

The nitrogen isotopic ratio is important for understanding the formation
conditions of cometary volatiles. In general, 15N-fractionation occurs in
chemical reactions under very low-temperature conditions because the
energy diagram of heavy isotopes (including 15N) is highly stable. Arpigny et
al. (2003) investigated the CN (0-0) band (around 388 nm) and reported a
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twofold enrichment of heavy nitrogen in cometary CN relative to the
protosolar value. Manfroid et al. (2009) extended the sampling size of the
nitrogen isotopic ratios of cometary CN to 23 comets and found that these
ratios were independent of heliocentric distance and dynamical class.
Previously, the nitrogen isotopic ratios of cometary volatiles have been
determined from the cometary HCN (Bockelée-Morvan et al., 2008, Lis et al.,
2013) and CN (dominant photodissociation product of HCN in the coma;
Arpigny et al., 2003, Manfroid et al., 2009). The transitions of HCN strongly
emit at submillimeter wavelengths (H2C14N: 265.9 GHz; H2C15N: 259.0
GHz), whereas CN exhibits a strong electronic band in the optical region (0-0
band around 388 nm). However, the nitrogen isotopic ratios of ammonia in
comets have not been previously reported, despite ammonia being the

dominant nitrogen-bearing volatile in comets (Section 4).

1.5. FORMATION PROCESSES OF WATER AND AMMONTIA

At very low-temperatures (<50 K), molecules may form by one of two
mechanisms.

Ion—molecule reactions dominate in low-gas-density environments, such
as molecular clouds and the outer regions of solar nebulae, because the
probability of collisions between molecules (or atoms) is very small. Under
such low-density conditions, molecules can form by gas-phase ion—molecule
reactions or by surface reactions on cold grains. Whereas water can form by
both reactions, ammonia is generally formed by grain surface reactions. The
gas-phase formation of ammonia 1s 1inefficient because it involves
endothermic processes.

In a gas-phase chemistry, Hs* ions are the most important volatiles for
chemical reactions under low-density conditions, because they are stable and
were abundant in the molecular cloud and the solar nebula. In the gas-phase,
water predominantly formed by the following reaction chain:

Hs*+ O > OH* + Ha,

OH* + Hs > H20* + H,

H20O* + Hs > H30* + H,
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H30* + e> H20 + H.
Similarly, ammonia in the gas-phase is predominantly formed as follows:
N++ Hs > NH* + H,
NH+*+ Hes > NHqo* + H,
NHq* + Hes > NHs* + H,
NHs* + Hs > NH4* + H,
NH4*+ e—> NHs + H.

When the density and temperature are both low (temperature <~30 K),
molecular formation also depends on the grain surface chemistry; first,
grains operate as a heat bath (that is, they absorb the heat generated by
exothermic reactions); second, grains easily collide because their collisional
cross-sections are much larger than those of molecules and atoms. The
hydrogen addition reaction on grain surfaces is especially efficient at 10 K
because of the high absorbance rate of hydrogen by the grain surface (Hama
et al., 2011). Thus, if water and ammonia were formed by the hydrogen
addition reaction on grain surfaces, we can infer the temperature of the
grain surfaces as <10 K.

Water is formed by the hydrogen addition reaction on low-temperature
grain surfaces as follows:

O+ H > OH,

OH + H > H0.

Similarly, ammonia is formed as follows:

N+ H > NH,

NH + H > NHoa,

NH: + H > NHs.

1.6. SCIENTIFIC GOALS IN THIS DISSERTATION

Section 1.3 highlighted several unclarified issues regarding the OPRs of
cometary volatiles. Accurate determination of the OPRs of water is
hampered by the limited number of suitable targets, and the OPRs of

cometary ammonia have been rarely sampled. Moreover, as mentioned in
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Section 1.4, the 4N/15N ratios in cometary ammonia have never been
sampled. The scientific goal of my dissertation is to resolve these issues and
thereby understand the origin of cometary volatiles. Section 2 summarizes
the ammonia OPRs in 18 comets and compares them with other primordial
cometary properties, such as the gas production rates of volatiles relative to
water (as abundance ratios of solid-phase into the cometary nucleus) and the
nitrogen isotopic ratios of CN. Section 3 describes the development of our
new technique by which we inferred the water OPR from the high-dispersion
optical spectra of water ions in three comets. Section 4 presents the first
measurement of the nitrogen isotopic ratio of ammonia, obtained from the
NH: in a single comet (comet C/2012 S1 (ISON)). In section 5, we discuss the
possibility of ortho—para conversion in the cometary coma and the formation
environments of cometary volatiles. This discussion is based on our own and
other recent results. Section 6 concludes my dissertation and suggests some

future directions of cometary studies.
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2. ORTHO-TO-PARA ABUNDANCE RATIO (OPR) OF AMMONIA
IN 18 COMETS: OPRS OF AMMONIA VERSUS 14N/15N RATIOS
IN CN

ABSTRACT

The Ortho—to—Para abundance Ratio (OPR) of cometary molecules is
considered to be one of the primordial characteristics of cometary ices. We
present OPRs of ammonia (NHs) in 18 comets based on optical
high—dispersion spectroscopic observations of NHz, which 1s a
photo—dissociation product of ammonia in the gaseous coma. The
observations were mainly carried out with the VLT/UVES. The OPR of
ammonia is estimated from the OPR of NHs based on the observations of the
NH: (0,9,0) vibronic band. The absorption lines by the telluric atmosphere
were corrected and the cometary C2 emission lines blended with NHy lines
were removed in our analysis. The ammonia OPRs show a cluster between
1.1 and 1.2 (this corresponds to a nuclear spin temperature of ~30 K) for all
comets in our sample except for 73P/Schwassmann—-Wachmann 3 (hereafter
73P/SW3). Comet 73P/SW3 (both B— and C—fragments) shows the OPR of
ammonia consistent with nuclear spin statistical weight ratio (1.0) that
indicates a high—temperature limit as nuclear spin temperature. We
compared the ammonia OPRs with other properties (14N/15N ratios in CN,
D/H ratios of water, and mixing ratios of volatiles). Comet 73P/SW3 is clearly
different from the other comets in the plot of ammonia OPRs versus 14N/15N
ratios in CN. The ammonia OPRs of 1.0 and lower 15N—fractionation of CN in
comet 73P/SW3 imply that icy materials in this comet formed under warmer
conditions than other comets. Comets may be classified into two groups in
the plot of ammonia OPRs against 14N/15N ratios in CN.

2.1. INTRODUCTION
Our solar system was formed from interstellar matter 4.6 Gyrs ago. After
the gravitational collapse of a molecular cloud core, the solar nebula

(protoplanetary disk of the Sun) was formed. The planetesimals of ~km size,
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the building blocks of the planets, were accreted as rocky small bodies in the
inner region of the solar nebula (asteroids) while they were mostly made of
ice (but with dust grains) in the outer region. Remnants of those icy
planetesimals are currently observed as comets.

Comets are defined as solar system small bodies that exhibit activities of
out—gassing and/or of mass loss (ejection of dust grains). The chemical
composition of the gaseous "coma" (expanding atmosphere formed by
sublimating ices from the nucleus) provides precious information to link the
interstellar matter and the formation of our solar system. Similarity in
chemistry between interstellar and cometary ices indicates that the comets
incorporated the interstellar ices without any significant (or with very small)
chemical alteration. However, the physical conditions of the pre—solar
molecular cloud and their evolution are unclear so far.

Like the chemical composition of the cometary ice (usually we refer to
relative abundances of molecular species with respect to water that is the
most abundant molecule in cometary ice), isotopic ratios and abundance
ratios of nuclear spin isomers for some molecular species also give
information about the formation conditions of the cometary molecules. In
this Section, we concentrate on the abundance ratios between nuclear spin
isomers of NH; in comets (ortho— and para—species for I=1/2 and I=3/2 where
I denotes the total nuclear spin of identical H-atoms).

Ortho to para abundance ratio (OPR) of ammonia (NHj) in comets, were
first measured in 2001. The OPR of water was determined from
near—infrared spectroscopic observations in 1986 in comet 1P/Halley
(Mumma et al., 1987) for the first time, the determination of OPR for NHj3
came later due to the difficulty of observing cometary NHs from
ground-based observatories (until 1990s, firm detections of NHj3 lines in the
radio range were reported in the case of two bright comets only, comet
Hyakutake and comet Hale—Bopp). Although NHj3 lines were also detected
by the near—infrared high—dispersion spectroscopic observations in this
decade, the S/N ratios of the measurements were not enough to determine
the meaningful OPR of NH3 in comets (Dello Russo et al., 2006). On the other
hand, Kawakita et al. (2001) developed the new method to estimate the OPR
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of NHs from the high—dispersion optical spectrum of NHz. Thereafter, our
group has reported the OPRs of NH; in several comets (Kawakita et al., 2001,
2002, 2004, 2006, 2007; Jehin et al., 2008, 2009a; Shinnaka et al., 2010).
However, the number of comets sampled was still small.

The statistical weight ratio for nuclear spin species is unity for NHs in

thermal equilibrium at the high temperature limit, but the OPR of cometary
NHs show a cluster between 1.1 and 1.2. The real meaning of the OPR of
NH; (as well as of water, methane, and other molecules) is still in debate
(e.g., Bockelée—Morvan et al., 2009; Bonev et al., 2007, 2009; Crovisier et al.,
2006, 2007, 2008; Cacciani et al., 2009; Dello Russo et al., 2005; Jehin et al.,
2008, 2009a, 2009b; Kawakita et al., 2002, 2004, 2005, 2006, 2007; Kawakita
& Kobayashi 2009; Pardanaud et al., 2007, Woodward et al., 2007). One
possible interpretation for the observed OPRs is "a nuclear spin
temperature" (Mumma et al., 1987). The nuclear spin temperature (Tipin)
and rotational excitation temperature (Tyot) can differ. A Tipin indicates the
relation of populations between spin ladders while 7. indicates the
populations within the ladders.
Most measurements of NHs OPR indicate ~30 K as nuclear spin
temperatures. Surprisingly, nuclear spin temperatures also cluster around
30 K in the case of water. This temperature, ~30 K, seems to be a critical
value for the formation of cometary molecules.

In this Section, we present a larger sample with the OPRs of NHs
measured in 18 comets. We corrected the spectra for the influence of telluric
transmittance (i.e., telluric absorption lines overlapped with the NH; lines)
and removed the contamination of NHz lines by the C2 Swan bands (such a
correction was not considered in previous works). We discuss the real
meaning of OPR based on the relationship between the OPRs and other

properties.

2.2. THE DATA MATERIALS
In order to determine the OPR of cometary NHs, we observe NHy lines in

the optical region and determine OPRs of NH2. The NHs radical is formed in
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the coma through the photo—dissociation of NHs by the solar UV radiation.
Since the NHy radical has strong rovibronic transitions in the optical region
(the A—X system) caused by the solar fluorescence excitation mechanism, it
is easy to obtain high signal-to—noise (S/N) ratio spectra of NHz in the coma.
Here we assume that NHj is the only parent of NHs in the coma (Kawakita &
Watanabe, 1998). Another possible parent of NHs (formamide (NH2CHO))
was discovered in comet Hale—Bopp but with an abundance of only 1% — 2%
relative to the NHs abundance (Bockelée—Morvan et al., 2000; Bird et al.,
1997). Hydrazine (N2H4) and Methylamine (CH3NHsz) may be other potential
parents. However, we do not consider these potential parents here because
these species have never been detected in cometary comae (Feldman et al.,
2004). We can then assume that its contribution to the NHs production is
negligible. In this case, the OPR value of NHs is related to that of NHs via
the nuclear spin selection rules that are applied to the photo—dissociation
reaction (Uy et al., 1997; Quack, 1977). Thus, we can determine OPRs of NH3
in comets from the observations of NHo.

The NHs (0,9,0)*1 band has been used to determine the OPR of NH: since
this band is the strongest in the optical region for comets around 1AU from
the Sun and since it is not significantly affected by telluric absorption lines.
Even though the NH; (0,9,0) band is partially overlapped with the C2 Swan
sequence (Av = —2), we can correct the contaminated NH; lines by using the
fluorescence model of Cz as demonstrated by Shinnaka et al. (2010). Detail of
the fluorescence excitation model of NH3 is described in Section 2.3.

High—dispersion spectroscopic observations in the optical region were
performed with different telescopes and instruments as follows:

(A) the Ultraviolet and Visual Echelle Spectrograph (UVES; Dekker et
al., 2000) mounted on the UT2 of the VLT at ESO Paranal, Chile,

(B) the High Dispersion Spectrograph (HDS; Noguchi et al., 1998)
mounted on the Subaru Telescope atop of Mauna Kea, Hawaii,

(C) the cross—dispersed echelle spectrograph SARG (Gratton et al., 2001)
mounted on the 3.5 m Telescopio Nazionale Galileo (TNG) at La
Palma, Canary Islands, and

(D) the Coudé Echelle Spectrograph (CES; Zhao & Li, 2001) mounted on
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the Xinglong 2.16 m Telescope at Beijing Astronomical Observatory.

The details of the various observing runs of the 15 comets discussed

here are summarized in Table 2.1.

Table 2.1: Observational log

Comets Telescope/ Number of R, [AU] A [AU]
Instruments | observations

C/1995 01 (Hale—Bopp)2 D 1 0.92 1.33
C/1999 S4 (LINEAR)® B 1 0.86 0.82
C/2001 A2 (LINEAR)¢ B 1 1.39 0.46
153P/Tkeya—Zhang1 C 1 0.89 0.43
C/2000 WM; (LINEAR)e A 8 1.08 — 1.34 1.24
C/2002 V1 (NEAT)f A 5 1.01-1.22 | 0.83-1.63
C/2002 X5 (Kudo—Fujikawa)f A 6 0.70—1.07 | 0.86-0.99
C/2002 Y1 (Juels—Holvorcem)t A 4 1.14-1.16 | 1.55—-1.56
88P/Howells A 11 0.89—1.44 | 1.62—1.68
C/2001 Q4 (NEAT)» A 10 0.97-0.98 | 0.32—0.32
C/2002 T7 (LINEAR)! A 3 0.68—-0.94 | 0.41—0.61
C/2003 K4 (LINEAR)! A 1 1.20 1.51
9P/Tempel 1i A 10 1.51 0.89 —0.94
73P-B/SW3i A 1 0.94 0.25
73P—-C/SW3i A 1 0.95 0.15
8P/Tuttlek A 3 1.03—1.04 | 0.36—0.62
103P/Hartley 2m B 1 1.07 0.12
C/2012 S1 (ISON)= B 1 0.60 0.90
C/2013 R1 (Lovejoy)™ B 1 1.07 0.41

References: 2aKawakita et al. (2004), PKawakita et al. (2001), cKawakita et al.
(2002), dCapria et al. (2002), eArpigny et al. (2003), Manfroid et al. (2009),
sHutsemékers et al. (2005), "Manfroid et al. (2005), iJehin et al. (2006),
iJehin et al. (2008), kJehin et al. (2009b), mThis work
Telescope/Instruments: A: VLT/UVES, B: Subaru/HDS, C: TNG/SARG, D:
Xinglong 2.16 m Telescope/CES
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2.3. ANALYSIS AND MODELS
2.3.1 FLUORESCENCE EXCITATION MODEL OF NH;

We used the fluorescence excitation model of NHa in the optical
(Kawakita, Ayani, & Kawabata, 2000; Kawakita et al., 2000, 2001, 2004,
2006) to derive OPRs of NHs in the comets from their spectra of the NHs
(0,9,0) band. In the model we take into account,

(1) the rovibronic transitions between A (0,v2',0) and X (0,0,0), vo’ =

1-18,
(2) the rovibrational transitions of X (0,v2,0) — X (0,0,0), vo’ = 813,
(3) the rovibrational transition of X (1,0,0)— X (0,0,0) and X (0,0,1) —
X (0,0,0),
(4) the pure rotational transitionsin X (0,0,0), and
(5) the fine structure of the energy levels (i.e., both F1 and F2 levels).
The fluorescence equilibrium is assumed for NHs. More detailed information
about the fluorescence excitation model of NHs is described in references
listed above. Regarding the vibronic and vibrational transition moments of
NH:, these were recently recalculated by Jensen, Kraemer, and Bunker
(2003), and updated in our model. The OPR of NHy is a free parameter in the
model, and is determined from a y’ fitting between observed and modeled

spectra.

2.3.2 FLUORESCENCE EXCITATION MODEL OF Cs

C2 1s one of the radicals that usually show prominent lines in the optical
spectra of comets. The Cs radical is a homo—nuclear diatomic molecule, and it
is considered to be a daughter species (a photo—dissociation product) of more
complex molecules (e.g., C2Hz, etc.). There are some strong emission bands
around 4000 — 6000 A (a.k.a., the Swan band sequences corresponding to the
d3IIg—a3Il, electric transition). The Cz Swan sequence (Av = —2) is recognized
in the NHs (0,9,0) band region (~6000 A). The contamination of NHj lines by
C2 lines should be removed to determine the OPR of NH2 more accurately
even if the Csz lines are much weaker than the NHs lines.

We used the fluorescence excitation model of Cz to remove the

contamination of the NHy lines by the Csz lines in the observed spectra. In
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this model, the Swan band sequences of d3Il—a3Il, are taken into account.
For simplicity we assume (1) the Boltzmann distribution at a given
temperature (Tiot) in the lower state (a3Ily), (2) the statistical equilibrium for
the fluorescence excitation from the lower to the upper state (d3IIy). Tyt is
determined by fitting the modeled spectra with the observations. The
fluorescence excitation model of C2 is also explained in Shinnaka et al.
(2010).

2.3.3. ANALYSIS

Data reduction was performed by the pipeline software customized for
the instrument (in the case of UVES) and/or by the IRAF software package
distributed from the NOAO™2. The details for the reduction and calibration of
the data obtained with VLT/UVES were described in Arpigny et al. (2003)
and Jehin et al. (2004). The details for the reductions and calibrations of the
data obtained with Subaru/HDS, TNG/SARG, and Xinglong 2.16 m
Telescope/CES were described in Kawakita et al. (2004). After the spectra
are calibrated, we have to subtract the continuum component (the sunlight
reflected by cometary dust grains) from the calibrated spectra. Since the
continuum component is convolved with the telluric absorption lines of the
atmosphere, we used the high—dispersion solar spectrum without telluric
absorption lines (Kurucz, 2005) and the synthesized telluric transmittance
spectrum calculated by the LBLRTM code (Clough & Iacono, 1995). We fitted
the modeled transmittance with the observed spectra in the wavelength
region where the continuum component is almost free from cometary lines.
The fully-resolved transmittance spectrum was convolved with a Gaussian
function as the instrumental profile. The modeled continuum (the solar
spectrum convolved with both the telluric transmittance and a reflectivity of
dust grains) was fitted with the observations and then was subtracted from
the observed spectrum.

We measured the emission flux of the NHz lines after removing all
contamination by the Cz lines based on the synthesized spectrum of the Cq
radical (Shinnaka et al., 2010) as described in the previous section. Then, we

corrected the NHz flux for the telluric transmittance at the wavelength
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where each NH: line was observed. Note that the NHz (0,9,0) band is not
severely affected by the telluric features. Figure 2.1 shows an example of
both observed and modeled (best—fit) spectra of NHs in the case of C/2001 Q4
(NEAT). Finally, the OPR of ammonia could be estimated from the OPR of
NH: determined from the comparison between observed and modeled spectra.
Details of the analysis are described elsewhere (Shinnaka et al., 2010;
Kawakita et al., 2006, 2004, 2002, 2001).

The OPRs of both NHs and NH3s determined from the observations are
listed in Table 2.2. The weighted mean value and estimated errors of OPRs

of NHs for each comet are given in Table 2.3.

[FOOTNOTES]

*1 The linear notation is employed for A state here.

*2 IRAF 1is distributed by the National Optical Astronomy Observatory,
which 1s operated by the Association of Universities for Research in
Astronomy (AURA) under cooperative agreement with the National

Science Foundation.
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Figure 2.1: Comparison between observed and modeled (best—fit) spectra of
NH: in C/2001 Q4 (NEAT). Observed and modeled spectra are with offsets of
1000 and 300, respectively. These spectra are in good agreement (the

residual spectrum between them is also plotted in the Figure). The ortho—

and para—NH_ lines are labeled in these spectra. Although the line intensity
of C2 Swan band (Av=—2) is much weaker than NHs lines in the (0,9,0) band,

many weak lines of Cs are recognized in the residual spectrum (not noise).



26 \ Y. Shinnaka: Study of the origin of the cometary volatiles

2.4. RESULTS
2.4.1. C/1995 O1 (HALE-BOPP)

The OPR of NH; in comet C/1995 O1 (Hale-Bopp) had already been
reported in our previous study (Kawakita et al., 2004). The previous OPR of
NHs was 1.21 £+ 0.15 while the revised value is 1.17 £ 0.13 in this work. The
small difference was caused by improvement in method for the data analysis.
In the case of C/1995 O1 (Hale—Bopp), the dust—to—gas ratio is very high and
the accuracy of the continuum subtraction is especially important for the
measurements of the emission lines. In our analysis the continuum
component is modeled by convolving the solar spectrum with the synthesized
telluric transmittance curve adjusted to the observational conditions. The
Tspin 1s derived to be 28 +12 / —4 K for NHs. This value is consistent with Tipin
of 28 + 2 K derived from water lines in the same comet reported in Crovisier
(1997).

2.4.2. C/1999 S4 (LINEAR)

Comet C/1999 S4 (LINEAR) broke into many fragments and disappeared
before its perihelion passage during the 2000 apparition (Weaver et al.,
2001). This comet was depleted in highly volatile species and it might have
formed in a warm region of the solar nebula, probably near Jupiter’s orbit
(Mumma et al., 2001a). Kawakita et al. (2001, 2004) had reported the OPR of
NHs in this comet as 1.19 = 0.06 while the revised value in this work is OPR
= 1.16 + 0.05 indicating a Tspin = 28 +3 / —2 K. This revised Tipin is consistent
with the lower limit of Tipin for water (30 K) reported by Dello Russo et al.
(2005). The depletion in highly volatile species in this comet might be the
signature for a formation in a warmer region than other typical comets.
However, the Tipin of NH3 determined in our study implies that the materials
in this comet formed at a similar environment as others (see discussion in
Section 2.5). The Tiin may indicate formation conditions corresponding to
the formation of molecules in the pre—solar molecular cloud while the
chemical abundance ratio of cometary volatiles reflects the temperature at

the accretion of cometary nuclei in the solar nebula.
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2.4.3. C/2001 A2 (LINEAR)

Comet C/2001 A2 (LINEAR) showed frequent outburst phenomena linked
to fragmentations (e.g., Jehin et al.,, 2002). Near—infrared spectroscopy
revealed that the comet was enriched in organics (Magee—Sauer et al., 2008).
We also reported the OPR of NH3 in this comet as 1.25 + 0.05 (Kawakita et
al., 2004) while the revised value is OPR = 1.24 + 0.06 corresponding to Tpin
= 25 + 2 K for NHs. The NHs Tipin in this comet is relatively lower than the
usual value of ~30 K and this conclusion is consistent with the water Tipin
derived by Dello Russo et al. (2005) as 23 +4 / —3 K. These lower Tipin may be
related to the organic-rich chemistry and frequent outbursts (with

fragmentations) in this comet.

2.4.4. 153P/IKEYA-ZHANG

Comet Ikeya—Zhang is now in a Halley—type orbit, and thus probably
originated in the Oort cloud. The OPR of NHs of this comet was reported to
be 1.11 + 0.06 (Kawakita et al., 2004) while the revised value is 1.14 + 0.05
(corresponding to Tepin = 29 +4 / —2 K) in NHs. Improvement in the method of
data analysis changes the results slightly but consistently with previous

result. Comet Ikeya—Zhang is a typical comet from the viewpoint of Tipin.

2.4.5. C/2000 WM (LINEAR)

OPRs of NH; in comet C/2000 WM; (LINEAR) were determined based on
multiple measurements of OPR of NH; (shown in Table 2.3). The weighted
mean of the NH3 OPR is 1.12 + 0.02 in this comet. The corresponding Tipin of
NHs is 30 £ 1 K. This is consistent with Tiin derived for water, OPR = 2.6 +
0.2 corresponding to Tipin ~31 K (28 — 38 K) (Radeva et al., 2010). This

comet 1is also typical in Tipin.

2.4.6. C/2002 V1 (NEAT)

In comet C/2002 V1 (NEAT), the weighted mean of the NHs OPR is 1.14 +
0.02 based on multiple observations of the comet (Table 2.3). The Tipin of NHs
1s 29 + 1 K like other comets typical in Tipin.
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2.4.7. C/2002 X5 (KUDO-FUJIKAWA)
Based on multiple observations of comet C/2002 X5 (Kudo—Fujikawa), we
derived the weighted mean of NH3 OPR to be 1.13 + 0.02 indicating Tspin = 30

+ 1 K for NHs. This comet is also normal in Tipin.

2.4.8. /2002 Y1 (JUELS-HOLVORCEM)

In comet C/2002 Y1 (Juels—Holvorcem), the weighted mean of NH; OPR
is 1.13 + 0.03 (corresponding to Tipin = 30 + 2 K) based on multiple
observations. The derived OPR of NH3 is in the typical range.

2.4.9. 88P/HOWELL

This comet belongs to the Jupiter family comets (JFCs). It was observed
at multiple epochs and the determinations of NHs OPR led to the weighted
mean value of OPR = 1.19 + 0.02 (Tiin = 27 = 1 K) for NH3. Since the Tipin of
this comet is similar to those for the Oort cloud comets (~30 K, see above), icy
materials incorporated in the comets now in different reservoirs (the Oort

cloud and the Kuiper belt) might be formed in similar environments.

2.4.10. C/2001 Q4 (NEAT)

Comet C/2001 Q4 (NEAT) was observed many times and we derived
OPRs of NH; for each observation. The weighted mean value of NHs OPR is
1.12 + 0.02 (Tpin = 30 = 1 K) based on the observations with VLT/UVES. In
our previous study (Kawakita et al., 2006), the NH3s OPR = 1.11 + 0.04 and
Tspin = 31 +4 / -2 K were derived from the Subaru/HDS observation. These
values have been revised recently by Shinnaka et al. (2010), as OPR =1.12 +
0.02 and Tipin = 30 £ 1 K. These OPRs of NHs using the Subaru/HDS
observations are consistent with the OPRs derived from the VLT/UVES
observations in this work. Furthermore, Tiin of water and methane were
also derived from the near—infrared high—dispersion spectrum (Kawakita et
al., 2005, 2006). All these Tipin values (31 +11 /-5 K for water, 30 +2 /-1 K
for NH3, and 33 +2 / —1 K for methane) are consistent with one another in

this comet.
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2.4.11. C/2002 T7 (LINEAR)

In the case of comet C/2002 T7 (LINEAR), we report the OPR of NH; as
1.13 + 0.03 corresponding to Tspin = 30 £ 2 K. This value seems typical of our
sample. In this comet, the D/H ratio in OH (photodissociation product of
H:0) is also measured and the typical D/H ratio in water was obtained (~3 x
10-4) by Hutsemékers et al. (2008).

2.4.12. C/2003 K4 (LINEAR)

The OPR of NH; in comet C/2003 K4 (LINEAR) is 1.16 + 0.04. The
resultant Tipin of NHs is 28 +3 / —2 K. This temperature is consistent with
Tspin in other comets and also consistent with the Tiin of water (28.5 +6.5 /
—3.5 K) derived by Woodward et al. (2007) based on infrared observations.

2.4.13. 9P/TEMPEL 1

Comet 9P/Tempel 1 is a JFC and was the target of NASA Deep Impact
mission (A'Hearn et al., 2005). Although the data were analyzed and already
published by Kawakita et al. (2007), we revisited the data and used the
improved method for this comet. Since this comet is dust rich in the optical
spectra, precise subtraction of the solar continuum would improve the
results. We report the OPR of NH3 as 1.14 + 0.02 (weighted mean of multiple
observations) that is lower than previous values. The Tipin of NH3is 29+ 1 K
for 9P/Tempel 1 while ~25 K in our previous report (Kawakita et al., 2007).
Relatively high dust—to—gas ratio in this comet would be the reason for this
change (see the case of C/Hale—Bopp). However, the basic conclusion has not
changed; namely, no significant change in OPR of NHs was found before and
after the Deep Impact on July 4, 2005 (see Figure 2.2). In Figure 2.2, we
plotted the obtained OPRs with random errors (not including systematic
ones) to check the change in OPR before and at the Deep Impact. Based on
this Figure, we conclude that the OPRs did not change after the Deep Impact
event with the confidence level of 95%. Anyway, comet 9P/Tempel 1 is
similar to Oort cloud comets (and also similar to 88P/Howell as a JFC) from

the viewpoint of Tipin In our sample.
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Figure 2.2: Temporal variation of OPRs of NHs in comet 9P/Tempel 1
before and after the Deep Impact. We plotted the NH3s OPRs with their
random errors in each measurement and the error bars correspond to + 1o
error levels. The dotted and dashed lines show a mean values and a 95 %
confidence levels of the mean for before and after the impact (1.130 + 0.022
and 1.147 + 0.014), respectively. These values overlap within their 95%
confidence levels. The disagreement between before and after impact is not

significant.

2.4.14. 73P/Schwassmann—-Wachmann 3 (B and C fragments)

Comet 73P/Schwassmann—-Wachmann 3 is a very peculiar comet that
showed fragmentation into many fragments. In the 2006 apparition, it was
expected that the fresh icy materials exposed on the new surface (formed by
the fragmentations) could be observed. Comparison in chemistry between
the main fragments B and C implies that the parent body was homogeneous
in chemistry (Biver et al., 2008; Villanueva et al., 2006; Dello Russo et al.,
2007; Kobayashi et al., 2007; Schleicher et al., 2008). Jehin et al. (2009a)
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pointed out that the parent comet is peculiar from the viewpoint of 14N/15N
ratio in CN and OPR of NHs. We reanalyzed the data and found OPR = 1.01
+0.03 and 1.02 £ 0.03 for the fragment —B and —C, respectively. These values
are far from the typical values in our sample and consistent with the
high—temperature limit (1.0) for NHs. The nuclear spin temperatures are
higher than 39 K and 37 K for the fragment—B and —C, respectively. These
signatures for high temperatures are consistent with the results derived for
water. The lower limits of Tipin of water are reported as 42 K and 37 K for B
and C fragments (Dello Russo et al., 2007). These results may be related to
the strong depletion in highly volatile species (Villanueva et al., 2006, Dello
Russo et al., 2007, Kobayashi et al., 2007). We will discuss the peculiarity of
73P/Schwassmann—Wachmann 3 in Section 2.5 and 5.3.

2.4.15. 8P/TUTTLE

Comet 8P/Tuttle is now classified as a Halley—type comet, and thus
probably coming from the Oort cloud. The weighted mean of OPR for NHs is
1.14 £ 0.02 (corresponding to 29 + 1 K). This is similar to the other
Halley—type comet in our sample, comet 153P/Ikeya—Zhang (and similar to
most comets in our database). Our determination of OPR of NHj indicates
that comet 8P/Tuttle is a typical comet. Near—infrared spectroscopic
observations revealed that the chemical composition of 8P/Tuttle is slightly
different from that of typical Oort cloud comets (Bonev et al.,, 2008a,
Kobayashi et al., 2010). However, the D/H ratio in water (considered as a
sensitive indicator of the temperatures where the molecules formed) is

similar to those found in other Oort cloud comets (Villanueva et al., 2008).

2.4.16. 103P/HARTLEY 2

Comet 103P/Hartley is classicied as JFC and the target of NASA’s EPOXI
mission (A’Hearn et al., 2011). Many kind of observation were carried out in
this comet from over the wide (Meech et al., 2011). The weighted mean of
OPR for NH; is 1.08 + 0.02 (corresponding to 34 +3 / —2 K as Tipin). This value
is consistent with the water Tipin derived by Bonev et al. (2013) as 37 +8 / —4
K. This comet may be little higher value in Tipin.
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2.4.17. C/2012 S1 (ISON)

Comet C/2012 S1 (ISON) is a sungrazer with its perihelion distance of
0.012 AU (~1,870,000 km) and a long period comet. This comet has
approached the Sun for the first time (dynamically new) and broke on the
way of approaching the Sun. Our data were taken with the Subaru/HDS 13
days before it broken. The obtained NHs OPR is 1.14 + 0.02 in this comet.
The corresponding Tspin of NHs is 29 + 1 K like other comets typical in Tspin.

2.4.18. C/2013 R1 (LOVEJOY)

Comet C/2013 R1 (Lovejoy) originate from the Oort cloud and is not
dynamically new comet (its period of ~12,000 year). The OPR of NHj3 in this
comet is 1.13 + 0.02. The resultant Tipin of NH3 1s 30 + 2 K. The obtained OPR
of NHs is in the typical range.

Table 2.2: OPR of NHs and NH;3 of all observations

Observational Observed Rn
Comets NH:; OPR NHs; OPR
UT Data [AU]

C/1995 O1 (Hale—Bopp) March 28th, 1997 0.92 3.33+0.26 | 1.17+0.13
C/1999 S4 (LINEAR) July 5th, 2000 0.86 3.31+0.10 | 1.16 £0.05
C/2001 A2 (LINEAR) July 27th, 2001 1.39 3.47+0.11 | 1.24+0.06
153P/Ikeya—Zhang April 20th, 2002 0.89 3.27+0.10 | 1.14+£0.05
C/2000 WM; (LINEAR) March 7th; 2002 1.08 3.25+0.07 | 1.13+0.04
March 7th, 2002 1.08 3.22+0.09 | 1.11+0.05

March 8th, 2002 1.10 3.19+0.10 | 1.10+0.05

March 8th, 2002 1.10 3.24+0.11 | 1.12+0.06

March 22nd, 2002 1.33 3.25+0.12 | 1.13+0.06

March 22nd, 2002 1.33 3.25+0.08 | 1.13+0.04

March 23rd, 2002 1.34 3.26+0.10 | 1.13+0.05

March 23rd, 2002 1.34 3.24+0.11 | 1.12+0.06

C/2002 V1 (NEAT) January 8th, 2003 1.22 3.30+0.08 | 1.15+0.04




2. SURVEY OF OPRs OF COMETARY AMMONIA | 33

January 8t 2003 1.22 3.25+£0.11 | 1.13+0.06

January 10, 2003 1.19 3.31+£0.10 | 1.16 £ 0.05

January 10, 2003 1.18 3.28+0.10 | 1.14+0.05

March 21st, 2003 1.01 3.25+£0.09 | 1.13+0.05

C/2002 X5 (Kudo—Fujikawa) February 19t, 2003 0.70 3.29+0.08 | 1.15+0.04
February 20, 2003 0.72 3.25+0.13 | 1.13+£0.07

February 20, 2003 0.72 3.22+0.14 | 1.11 £0.07

March 7th, 2003 1.06 3.27+£0.09 | 1.14+0.05

March 7th, 2003 1.07 3.21+0.10 | 1.11+£0.05

March 7th, 2003 1.07 3.28+0.09 | 1.14+£0.05

C/2002 Y1 (Juels—Holvorcem) May 29t 2003 1.14 3.25+0.10 | 1.13+£0.05
May 29t 2003 1.14 3.27+0.09 | 1.14+0.05

May 30th, 2003 1.16 3.24+0.12 | 1.12+0.06

May 30th, 2003 1.16 3.19+0.12 | 1.10+£0.06

88P/Howell April 18t 2004 1.37 3.39+£0.09 | 1.20+0.05
April 19th, 2004 1.37 3.42+0.09 | 1.21+0.05

April 20th, 2004 1.37 3.35+£0.06 | 1.18+0.03

April 22rd 2004 1.37 3.41+£0.09 | 1.21+0.05

May 2nd, 2004 1.39 3.41+0.11 | 1.21+0.06

May 3rd, 2004 1.39 3.37+0.08 | 1.19+£0.04

May 4th, 2004 1.39 3.31+0.10 | 1.16 £0.05

May 17th, 2004 1.42 3.45+0.10 | 1.23+0.05

May 21st, 2004 1.43 3.45+0.09 | 1.23+0.05

May 22rd, 2004 1.44 3.36 £0.08 | 1.18+0.04

May 24th, 2004 1.44 3.31+0.10 | 1.16 £ 0.05

C/2001 Q4 (NEAT) May 5th, 2004 0.98 3.25+0.06 | 1.13+0.03
May 5th, 2004 0.98 3.20+£0.06 | 1.10+0.03

May 5th, 2004 0.98 3.22+0.10 | 1.11+£0.05

May 5th, 2004 0.98 3.16£0.16 | 1.08 +£0.08

May 5th, 2004 0.98 3.17+0.14 | 1.09+0.07

May 5th, 2004 0.98 3.19+0.18 | 1.10+0.09

May 6th, 2004 0.98 3.27+0.10 | 1.14+0.05
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May 6th, 2004 0.98 3.24+0.17 | 1.12+0.09

May 6th, 2004 0.98 3.23+0.19 | 1.12+0.10

May 7th 2004 0.97 3.29+0.08 | 1.15+0.04

C/2002 T7 (LINEAR) May 6th, 2004 0.68 3.24+0.09 | 1.12+0.05
May 26th, 2004 0.94 3.25+0.11 | 1.13+0.06

May 27th, 2004 0.94 3.28+0.08 | 1.14+0.04

C/2003 K4 (LINEAR) November 20th, 2004 1.20 3.32+0.07 | 1.16 £ 0.04
9P/Tempel 1 July 2nd, 2005 1.51 3.25+0.08 | 1.13+0.04
July 3rd, 2005 1.51 3.25+0.08 | 1.13+0.04

July 4th, 2005 1.51 3.24+0.09 | 1.12+0.05

July 5th, 2005 1.51 3.32+0.11 | 1.16 £ 0.06

July 6th, 2005 1.51 3.31+0.09 | 1.16 £ 0.05

July 7th, 2005 1.51 3.27+0.10 | 1.14+0.05

July 8th, 2005 1.51 3.33+0.11 | 1.17+0.06

July 9th, 2005 1.51 3.27+0.10 | 1.14+0.05

July 10th, 2005 1.51 3.28+0.12 | 1.14 £ 0.06

July 11th, 2005 1.51 3.29+0.10 | 1.15+0.05

73P-C/SW3 May 27th, 2006 0.95 3.04+0.06 | 1.02+0.03
73P-B/SW3 June 12th, 2006 0.94 3.02+0.06 | 1.01+0.03
8P/Tuttle January 16th, 2008 1.04 3.29+0.06 | 1.15+0.03
January 28th, 2008 1.03 3.28+0.08 | 1.14+0.04

February 4th, 2008 1.03 3.26+0.09 | 1.13+0.05

103P/Hartley 2 October 18th, 2010 1.07 3.16+0.04 | 1.08 £0.02
C/2012 S1 (ISONO November 15t 2013 0.60 3.28+0.04 | 1.14+0.02
C/2013 R1 (Lovejoy) November 15th, 2013 1.07 3.26+0.05 | 1.13+0.02
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14N/15N
OPRs Tspin ) ) )
Comets Ratios Orbital period [yrs]
of NH3 of NH3 [K] )
in CN

C/1995 O1 (Hale—Bopp) 1.17+0.13 | 28+12/—4 | 143 +302 | 4000
C/1999 S4 (LINEAR) 1.16+£0.05 | 28+3/—2 | 150+ 50> | Dynamically new
C/2001 A2 (LINEAR) 1.24 + 0.06 25+ 2 >60° 40000
153P/Tkeya—Zhang 1.14+0.05 | 29+4/-2 | 140+ 504 | 365
C/2000 WM (LINEAR) 1.12 + 0.02 30+ 1 150 + 30¢ | Dynamically new
C/2002 V1 (NEAT) 1.14 £ 0.02 29+ 1 160 + 35¢ | Young Long Period,

37000
C/2002 X5 (Kudo—Fujikawa) 1.13 £ 0.02 30+1 130 £ 20¢ | Dynamically new
C/2002 Y1 (Juels—Holvorcem) 1.13+0.03 30+ 2 150 + 35¢ | Old Long Period
88P/Howell 1.19+ 0.02 27+ 1 140+ 20> | 5.5
C/2001 Q4 (NEAT) 1.12 + 0.02 30+1 135+ 202 | Dynamically new
C/2002 T7 (LINEAR) 1.13 +0.03 30+ 2 160 + 25¢ | Dynamically new
C/2003 K4 (LINEAR) 1.16 £ 0.04 | 28+3/-2 145 + 25¢ | Dynamically new
9P/Tempel 1 1.14+ 0.02 29+ 1 145+ 25f | 5.5
73P-B/SW3 1.01+0.03 >39 210+ 50¢ | 5.4
73P—-C/SW3 1.02 + 0.03 >37 220 + 40¢ | 5.4
8P/Tuttle 1.14 + 0.02 29+ 1 150 + 30" | 13.6
103P/Hartley 2 1.08+0.02 | 34+3/-2 | 155+251 |6.5
C/2012 S1 (ISON) 1.14 + 0.02 29+ 1 — Dynamically new
C/2013 R1 (Lovejoy) 1.13+0.02 30+ 2 144 + 37 | 12000

References: @aManfroid et al. (2005), PHutsemékers et al. (2005), cManfroid et
al. (2009), dJehin et al. (2004), eArpigny et al. (2003), fJehin et al. (2006),
eJehin et al. (2008), bJehin et al. (2009a), iMeech et al. (2011)
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Figure 2.3: Relationship between OPRs of NH3 and heliocentric distances
at the date of the observations. The weighted mean value of OPR of cometary
NH; in 15 comets is 1.13 + 0.02 (pink dot and dash lines). Black bar shows
the nuclear spin statistical weight ratio of ammonia (1.0). There is no
correlation between the NHs OPRs and heliocentric distances at the
observations. Therefore, OPRs may not be reflected the kinetic temperature

of NHs.



2. SURVEY OF OPRs OF COMETARY AMMONIA | 37

Summary of NH3s OPR

1.40 21
9P/T 1 C/1995 O1 C/2002 V1
88Pe/wgv?/ell C/1999 S4 C/2002 X5
135} 73P-B/SW3 —O— C/2000 WM/ C/2002 Y1
73P-C/SW3 C/2001 A2 —G— C/2003 K4
103P/Hartley 2 C/2001 Q4 C/2012 S1
1.30 8P/Tuttle C/2002 T7 C/2013 Ri 103
153P/H-Z —F—
125
c1.20f + 126 _
S %
(V)1 15 B cgz
T C} G
Z
110 131
1.05 |
1.00 (% fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff 4> 50
0.95 Jupiter Family Halley-type Oort Cloud comets
comets comets
0.90

Figure 2.4: OPRs of NH; in comets (if multiple observations were carried
out for a given comet. We show the weighted mean OPR). The dashed lines
and dotted lines are the weighted mean value and + 1 —o levels for all
measurements shown here. Both the OPRs and Tipin of ammonia shows a
cluster between 1.1 and 1.2 and 30K for all comets in our sample except for
73P/SW3, respectively. Comet 73P/SW3 (both B— and C—fragments) shows
the OPR of ammonia consistent with nuclear spin statistical weight ratio

(1.0) that indicates a high temperature limit as Tkpin.
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2.5. DISCUSSIONS AND CONCLUSIONS
2.5.1 ORTHO-TO-PARA ABUNDANCE RATIO (OPR) OF COMETARY
AMMONIA

Figures 2.3 and 2.4 summarize the results in this work. As clearly shown
in these Figures, the OPRs of NH3s show a cluster between 1.1 and 1.2 in our
dataset. These values correspond to ~30 K as Tipin. Note that the fragments
(=B and —C) of comet 73P/ Schwassmann—Wachmann 3 (hereafter, 73P/SW3)
seem to be peculiar objects showing OPRs consistent with the
high—temperature limit for NHj; (1.0). Their error—bars are small enough to
distinguish the comet 73P/SW3 from other comets. Comet 73P/SW3 is also
showing a peculiar 15N/14N ratio measured in the CN radical (Jehin et al.,
2008). We discuss the relationship between OPRs of NH; and '5N/14N ratios
later.

First of all, we checked the relationship between the OPRs of NHs and the
heliocentric distances when the comets were observed (Figure 2.3 and Table
2.2). Limbach et al. (2006) proposed that OPRs are diagnostic for the
temperatures of the surface of cometary nucleus based on their theoretical
studies. In this case, the OPRs should depend on the distances from the Sun
at the observations since the surface temperature depends on the distance
from the Sun (i.e., warmer when closer to the Sun). If we consider the
blackbody approximation for the surface temperature of the nucleus, the
temperature is expected to be 278/\/R_h [K] at R, [AU] from the Sun.
Temperatures could vary by a factor of ~1.5 within the range of heliocentric
distance from 0.7 to 1.5 AU. However, the OPRs determined in our dataset
did not depend on the heliocentric distances at the observations (at least, in
the range from 0.7 to 1.5 AU from the Sun) as shown in Figure 2.3. Such a
trend was also found in our previous study (Kawakita et al., 2004) and also
discussed by Crovisier (2006, 2007). Therefore, the OPRs probably don't
reflect the temperatures of the nucleus surface.

Cacciani et al. (2009) recently calculated the nuclear spin conversion rate
of NHs in the gas phase based on a quantum relaxation model (QRM). The
conversion between ortho and para species may also be possible by

proton—exchange reactions in the coma (Irvine et al., 2000). In such cases,
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the nuclear spin temperatures might equilibrate with the kinetic
temperatures of the gas in the coma. However, the OPRs determined in our
dataset are almost constant for the comets with different gas production
rates at different heliocentric distances. Since the kinetic temperature of gas
in the coma depends on both the heliocentric distance (i.e., the total energy
input to the comet from the Sun) and the total gas production rate (the gas in
the coma would be heated up by the hot photo—dissociation products of
parent molecules like water), our results imply that the OPRs are nearly
constant for different kinetic temperatures of the gas in the coma.
Furthermore, the OPRs of water and NH2 were observed to be constant with
distances from the nucleus in the coma for a few comets in the previous
studies (Kawakita et al., 2004; Bonev et al., 2007, 2008a). It is unlikely that
ortho and para species were interchanged in the coma.

The possibility that the OPRs of NHs equilibrated with the internal
temperatures of the cometary nuclei (Mumma et al., 1993) is re—examined
here. According to theoretical studies (e.g., Rosenberg & Prialnik, 2007;
Prialnik et al., 2004; Podolak & Prialnik, 1996) the internal temperature at a
depth of several meters or deeper is almost constant. Therefore, the OPR
might equilibrate with such internal temperature for a long time. Based on
Table 2.3, however, there is no clear relationship between OPRs and orbital
periods, as already pointed out in the previous studies (Irvine, 2000;
Kawakita et al., 2004; Crovisier, 2007). At least, it seems unlikely that all
comets discussed here (their orbital periods span the range from ~5 to longer
than 104 years) have internal temperatures near 30 K. Our results imply
that the OPRs are not related to the internal temperatures of the cometary
nuclei.

On the other hand, from the viewpoint of the dynamical origin of the
comets, the OPR of cometary NHs; doesn't depend on the dynamical
reservoirs of comets (the Oort cloud or the Kuiper belt) as shown in Figure
2.4. Different dynamical reservoirs originated in different regions in the
solar nebula (although the cometary birth places for the different reservoirs
might be partly overlapped with each other, as proposed by the Nice model,
see Morbidelli (2008)), and therefore, it appears that OPRs are not related to
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the physical conditions in the solar nebula.

If OPRs equilibrated with the temperatures where comets formed (from 5
to 30 AU from the Sun) in the solar nebula, the nuclear spin temperatures
would vary by a factor of ~2 or more based on the modeled temperature
profile of the solar nebula (Boss, 2001; Hersant et al., 2001; Jang—Condell,
2008; Willacy et al., 1998) while the obtained nuclear spin temperatures are
nearly constant, ~30 K. We then conclude that the OPR of NHj3 reflects an
old memory before cometary formation in the solar nebula (except for comet
73P/SW3). The OPRs of NH; probably reflect the processes and physical
conditions prevailing during the molecular formation in the pre—solar
molecular cloud. Cometary ammonia (and probably also water) formed on
cold grains at ~30 K in the pre—solar molecular cloud. The comet 73P/SW3

which is an exception for this scenario will be discussed in Subsection 2.5.3.

2.5.2 COMPARISON OF AMMONIA OPRs WITH OTHER PROPERTIES

The relationship between the OPRs of NHs and the 14N/!5N ratios in CN,
1s the most interesting result as shown in Figure 2.5 and Table 2.3. Most
comets show similar OPRs (1.1 — 1.2) and similar 4N/15N ratio (~140) except
for comet 73P/SW3. Comet 73P/SW3 is clearly distinguished in the plot of
the OPR of NH3s versus the 14N/!5N ratio in CN. Based on this result, there
may be some link between the OPR of NHs and the 4N/!N ratio in CN.
There may be two distinct groups of comets in the plot as shown in Figure 2.5.
Bonev et al. (2008a) also pointed out the existence of two groups based on
water OPRs. Such a classification is very curious for comet’s taxonomy.
Figure 2.5 may imply that the molecules in cometary ice formed in similar
environments for most comets. Since comet 73P/SW3 shows the NH3 OPRs of
1.0 (a high—temperature limit) and higher 4N/15N ratio in CN (lower
fractionation in 15N) than other comets, those facts indicate that the
materials incorporated in comet 73P/SW3 formed under relatively warmer
conditions than most comets.

Please note that it is hard to explain the observed 4N/15N ratios (~140)
under cold temperatures (~30 K) estimated from the observed OPRs of NHj
(1.1 - 1.2) as Tspin. The 14N/15N ratios in HCN (that is likely a major parent of
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CN in cometary coma) in the gaseous phase were determined to be in the
range 200 — 600 by radio observations of pre—protostellar cores with kinetic
temperatures of 6 — 10 K (Hily—Blant et al., 2010). These values are higher
than the 14N/15N ratios found in comets (~140). Such high fractionation of 15N
in comets is also found in interplanetary dust particles IDPs) in our Solar
system (Messenger et al., 2003). The model for 1>N—fractionation in nitriles
could explain the discrepancy by interstellar chemistry at low temperatures
proposed by Rodgers & Charnley (2008a). The authors claimed that the
super—fractionation for the solid—phase isotopologues of nitriles occurs under
low temperature conditions (~7 K). However, this temperature is
inconsistent with nuclear spin temperatures of NHs in comets.

This fact may indicate that (1) physical temperatures estimated as
nuclear spin temperatures are not appropriate, or (2) there might be other
mechanisms to achieve the fractionation of 15N in the parent molecules of CN
(HCN) under temperatures at ~30 K. Regarding case (1), we usually refer to
the rotational energy levels of isolated NHs in space. We may have to refer to
the rotational energy diagram of NHs on the grain where the molecules
formed and its OPR was fixed, as pointed out by Crovisier (2007). However,
the rotational energy structure for NH3 physisorbed on grain is expected to
be not so different from the case of isolated NHs. When we assume the
isolated molecules for the calculation of Tipin, water and methane as well as
ammonia indicate similar Tipin in each comet (Figure 2.6). This fact may
indicate that those molecules physisorbed on cold grains at their formation.

Furthermore, the temperature of grains might not be the same as the
temperature of surrounding gas in diffuse cloud environments (they might
not be in thermal equilibrium). NH; formed on cold grain surface efficiently
while HCN (as a parent of CN in cometary coma) could be formed in gas
phase efficiently (Rodgers & Charnley, 2008b). Therefore, both OPRs of NHj3
and N/!*N ratios in CN might not indicate the same temperature.
Otherwise, NH; and HCN formed at different epoch (e.g., at different
temperatures) even in the same molecular cloud or in the solar nebula. In
any case, future determination of 14N/15N in NHj is quite essential to get

more information on the relationship between OPRs and *N/15N in cometary
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materials (Charnley & Rodgers, 2008).

The D/H ratio in cometary molecules also reflects the conditions at the
time of molecular formation in the early solar system. The D/H ratio is a
powerful tool to investigate the formation temperature of molecules in the
pre—solar molecular cloud or the solar nebula, especially under low
temperature conditions. However, the number of comets in which the D/H
ratios of water were determined is quite limited. Note that the D/H ratio is
different for different molecular species; here we concentrate on the D/H
ratio in water. The D/H ratios in water is about the same in all the comets
observed so far, and the comets showing similar D/H ratios also show similar
OPRs of NHs, as shown in Figure 2.7. This result also supports the
hypothesis that the OPRs of NHs reflect primordial information. But we
clearly need more data for the D/H ratio in water to go further.

We also investigate the relationship between the mixing ratios of CO,
CH4, C2Hz, C2Hs, HCN, CH30H and NH;3 with respect to HoO and the OPRs
of NH3 in comets (Figures 2.8, 2.9, 2.10, 2.11, 2.12, 2.13 and 2.14). Especially,
the sublimation temperatures of CO and CH4 are around 30 K and their
mixing ratios may be related to the OPRs (Txpin ~ 30 K). The mixing ratios of
7 molecular species exhibit variety in chemistry of the comets although the
OPRs of NHs are almost constant in our samples. There are no clear
correlations in those Figures. The mixing ratios might reflect the
surrounding environment where planetesimals formed or where cometary
ices condensed from gas—phase in the solar nebula. Alternatively,
hyper—volatiles like CO and CH4 might sublimate from the icy grains and
these icy grains accreted to cometary nuclei under warmer conditions in the

solar nebula.

2.5.3 PECULIARITY OF COMET 73P/ SCHWASSMANN-WACHMANN 3
(B- AND C-FRAGMENTS)

We next consider the peculiar nature of comet 73P/SW3 in Figure 2.5. As
pointed out in previous studies, comet 73P/SW3 shows not only peculiar

OPRs of both HoO and NH3s but also peculiar chemical compositions of ice
(Bonev et al., 2008a; Dello Russo et al., 2007; Jehin et al., 2008; Kobayashi et
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al., 2007). The depletion in hyper—volatiles and the nuclear spin
temperatures of both HoO and NHs that are higher in the case of comet
73P/SW3 than in typical comets suggest that comet 73P/SW3 formed in a
warmer region of the solar nebula (Jehin et al., 2008; Kobayashi et al., 2007).
High 14N/15N ratio in CN also supports this hypothesis.

Several scenarios could be proposed for the peculiar OPRs in comet
73P/SW3. As a first scenario, comet 73P/SW3 might form from icy grains
re—condensed in a relatively warmer region of the solar nebula. The
temperatures in the solar nebula became colder as the mass—accretion rate
from the surrounding envelope of the solar nebula became smaller. Icy
grains falling onto the solar nebula were once evaporated by the infall-shock
in the inner region (within ~30 AU, Lunine et al.,, 1991) and chemical
reactions could occur in the gas—phase. OPRs of molecules could be modified
by those reactions (e.g., proton—exchange reactions). Thus, the re—condensed
icy grains from the chemically altered materials in the solar nebula may
indicate the signature of higher temperatures.

As a second scenario, the warming—up by radioactive—nuclel in the
interior of cometary materials may be another explanation for the
observational results. Since we observed the fragments of comet 73P/SW3,
fresh ices (typical of the nucleus interior) might be exposed on their surface
in this case. Because of the decay of 26Al (Grimm & McSween, 1993), the
interior was heated up after the comet formation and both the OPR and
14N/15N ratios might have been reset in the interior while icy materials were
not altered in other parts (near the surface) of the cometary nuclei. However,
we could not find any mechanisms to achieve such alternations of both OPR
and 14N/15N ratio. Observations of other break—up comets in the future might
support this scenario.

We would like to note the difference between comets C/1999 S4 (LINEAR)
and 73P/SW3. As we already discussed in subsection 2.4.2, comet C/1999 S4
(LINEAR) was depleted in organic volatiles but the Tipin of both HsO and
NHs is within the typical range as well as the 4N/!*N ratio in CN. On the
other hand, both the OPRs and the 1*N/!>N ratios are out of the typical range
in the case of comet 73P/SW3 (Figure 2.5), which is also depleted in the
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volatiles. This discrepancy may be explained by chemical alteration of
cometary materials in the warm region of the solar nebula. Most comets are
thought to consist of icy materials formed in the pre—solar molecular cloud.
Some highly volatile species might evaporate partially before the icy grains
were incorporated into the comet, modifying the chemical composition. In
addition, the icy materials incorporated into comet 73P/SW3 might have
condensed from the molecular gas in which gas—phase chemistry had
changed OPRs and “N/!5N ratios.

2.5.4 SUMMARY

We present OPRs of NHs in 15 comets based on high—dispersion spectra
of the NH: (0,9,0) band in the optical range. The NH3 OPR of comets in our
sample show a cluster between 1.1 and 1.2 (~30 K as Tipin) except for comet
73P/SW3. Both B— and C—fragments of this comet showed the ammonia
OPRs consistent with the nuclear spin statistical weight ratio (1.0) indicative
of the high—temperature limit. Comparisons between OPRs of NH3 and other
properties (14N/15N ratios in CN, D/H ratios of water, and mixing ratios of
volatiles) are explored.

In the plot of the OPRs of NH3 versus 4N/»N ratios in CN, we can find
that comet 73P/SW3 is clearly separated from the main group (normal). This
may indicate the existence of a 2nd group as pointed out by Bonev et al.
(2008a) based on the OPRs of water. Higher fractionation of 15N corresponds
to higher OPR (.e., lower Tipin) of NHj in the plot. Therefore, these facts also
support the hypothesis that the OPR of NHs is a primordial character of
cometary molecules. Although the D/H ratios of water had been obtained
only in a small number of comets, their values clustered around 3x10-* and
the comets showing similar D/H ratios also show similar OPRs of NH3. This
fact also supports the hypothesis that the OPR is one of the primordial
properties of cometary ices. The peculiar nature of comet 73P/SW3 could be
attributed to a different origin of icy materials in the solar nebula (e.g.,

difference in temperature, epoch, or chemical alterations).
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NHs OPR vs. Nitrogen Isotopic Ratio in CN
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Figure 2.5: Relationship between 14N/!*N ratios in CN and NHs OPRs.
Most comets show similar OPRs (1.1 — 1.2) and similar 4N/15N ratios (~140)
except for comet 73P/SW3. Comet 73P/SW3 is clearly distinguished from
other comets in this plot. Based on this Figure, it is likely that both the OPR
of NHs and the 4N/!5N ratio in CN reflect the same environment at
molecular formation. There may be two distinct groups of comets in this plot.
This figure is based on Table 2.3. The vertical dashed line indicates the
high—temperature limit of NHs OPR (1.0).
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NH3 Tspin vs. H20 Tspin
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Figure 2.6: Comparison among Tspin of H2O and NHs. Water and ammonia
indicate consistent Tipin in each comet. This fact may indicate that those
molecules equilibrated with cold grains at ~30 K. They might physisorb on
the cold grains at their formation (see text).

References.— C/1995 O1 (Crovisier et al., 1997), C/1999 S4 (Dello Russo et al.,
2005), C/2001 A2 (Dello Russo et al., 2005), C/2000 WM; (Radeva et al.,
2010), C/2004 Q2 (Bonev et al., 2007; Bonev et al., 2009; Kawakita &
Kobayashi, 2009), C/2001 Q4 (Kawakita et al., 2006), C/2003 K4 (Woodward
et al., 2007), 73P/SW3 —B and —C (Bonev et al., 2007)
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NHs OPR vs. Hydrogen Isotopic Ratio in H20
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Figure 2.7: Relationship between D/H ratios in water and NHs OPRs. The
D/H ratio in cometary molecules also reflects the conditions at the time of
molecular formation in the early solar system. The D/H ratios in water is
almost the same in all the comets observed so far, and the comets showing
similar D/H ratios also show similar OPRs of NH3s. This result also supports
the hypothesis that the OPRs of NH; reflect the primordial conditions in the
early solar system.

References.— C/1995 O1 (Meier et al., 1998), 153P/Ikeya—Zhang (Biver et al.,
2006), C/2001 Q4 (Weaver et al., 2008), C/2002 T7 (Hutsemékers et al., 2009),
8P/Tuttle (Villanueva et al., 2009)
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NHs OPR vs. CO/H20 abundance ratio
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Figure 2.8: Relationship between NH; OPRs and CO mixing ratios (the
sublimation temperature Tsu = 25 K in the early solar nebula: Meech &
Svoren 2004). Note that Tiun is close to Tipin of NHs obtained for many
comets (~30 K). The CO mixing ratios exhibit variety in chemistry of the
comets although the OPRs of NH3 are nearly constant in our samples. The
CO mixing ratios probably reflect different environments (and /or different
epochs) from that reflected by the OPR of NHs;. Otherwise, CO mixing ratio
might be very sensitive to the temperature at the ice formation in the early
solar nebula.

References.— C/1995 O1 (DiSanti et al., 2001), C/1999 S4 (Mumma et al.,
2003), C/2001 A2 (Magee—Sauer et al., 2008), 153P/Tkeya—Zhang (Mumma et
al., 2003), C/2000 WM (Radeva et al., 2010), C/2001 Q4 (Combi et al., 2009),
9P/Tempel 1 (Mumma et al., 2005), 73P/SW3—-C (DiSanti et al., 2007),
8P/Tuttle (Bshnhardt et al., 2008)
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NHs OPR vs. CH4/H20 abundance ratio
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Figure 2.9: Relationship between NH3; OPRs and CH4 mixing ratios (Tsun =
31 K). The CH4 mixing ratios also exhibit variety in chemistry of the comets
although the OPRs of NH3 are nearly constant in our samples. As in the case
of CO mixing ratio, different environments might be reflected by CH4 mixing
ratios and OPR of NHs.

References.— C/1995 O1 (Mumma et al., 2003), C/1999 S4 (Mumma et al.,
2005), C/2001 A2 (Magee—Sauer et al., 2008), 153P/Ikeya—Zhang (Kawakita
et al., 2003), C/2000 WM; (Radeva et al., 2010), C/2001 Q4 (Onishi et al.,
2008), 9P/Tempel 1 (Mumma et al., 2005), 73P/SW3-C (Villanueva et al.,
2006), 8P/Tuttle (Bohnhardt et al., 2008; Bonev et al., 2008)
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NHs OPR vs. C2Hs/H20 abundance ratio
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Figure 2.10: Relationship between NH3s OPRs and CsHg mixing ratios (Tiubl
= 44 K). Since he T is higher than Tipin obtained for the comets (~30 K)
and OPRs of NHs are nearly constant in our sample, little variation in
mixing ratios of CsHg relative to H2O are expected if Tipin indicates the
temperature condition at the ice formation in the early solar nebula. The
C2He mixing ratios, however, also exhibit variety in chemistry of the comets
although the OPRs of NHs are nearly constant in our samples. No clear
correlation is found between them.

References.— C/1995 O1 (Dello Russo et al., 2001), C/1999 S4 (Mumma et al.,
2003), C/2001 A2 (Magee—Sauer et al., 2008), 153P/Ikeya—Zhang (Kawakita
et al., 2003), C/2000 WM; (Radeva et al., 2010), C/2001 Q4 (Onishi et al.,
2008), 9P/Tempel 1 (DiSanti et al., 2007), 73P/SW3-B and —C (Dello Russo et
al., 2007), 8P/Tuttle (Kobayashi et al., 2010)



2. SURVEY OF OPRs OF COMETARY AMMONIA | 51

NH3s OPR vs. C2H2/H20 abundance ratio
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Figure 2.11: Same as Figure 2.10, but of C2Hz2 mixing ratios (Teun = 57 K).
References.— C/1995 O1 (Magee—Sauer et al., 2001), C/1999 S4 (Mumma et
al., 2003), C/2001 A2 (Magee—Sauer et al., 2008), 153P/Ikeya—Zhang
(Mumma et al., 2003), C/2000 WM; (Radeva et al., 2010), C/2001 Q4 (Onishi
et al., 2008), 9P/Tempel 1 (Mumma et al., 2005), 73P/SW3-B and —C (Dello
Russo et al., 2007), 8P/Tuttle (Kobayashi et al., 2010)



52 \ Y. Shinnaka: Study of the origin of the cometary volatiles

NHs OPR vs. HCN/H20 abundance ratio
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Figure 2.12: Same as Figure 2.10, but of HCN mixing ratios (Tsun = 95 K).
References.— C/1995 O1 (Magee—Sauer et al., 2001), C/1999 S4 (Mumma et
al., 2001b), C/2001 A2 (Magee—Sauer et al.,, 2008), 153P/Tkeya—Zhang
(Magee—Sauer et al., 2002), C/2000 WM; (Radeva et al., 2010), C/2001 Q4
(Onishi et al., 2008), 9P/Tempel 1 (Mumma et al., 2005), 73P/SW3-B and —C
(Dello Russo et al., 2007), 8P/Tuttle (Kobayashi et al., 2010)
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NHs OPR vs. CH3OH/H20 abundance ratio
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Figure 2.13: Same as Figure 2.10, but of CH3OH mixing ratios (T = 99
K.

References.— C/1995 O1 (Biver et al., 1999), C/1999 S4 (Mumma et al., 2003),
C/2001 A2 (Magee—Sauer et al., 2008), 153P/Tkeya—Zhang (Mumma et al.,
2003), C/2000 WM; (Radeva et al., 2010), C/2001 Q4 (Onishi et al., 2008),
9P/Tempel 1 (Mumma et al., 2005), 73P/SW3-B and —C (Dello Russo et al.,
2007), 8P/Tuttle (Kobayashi et al., 2010)
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NHs OPR vs. NHs3/H20 abundance ratio
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Figure 2.14: Same as Figure 2.10, but of NH3 mixing ratios (Tt = 78 K).
The NHs; mixing ratios are estimated from NHo/H2O ratios obtained in
optical spectroscopic observations (Fink 2009) based on the photodissociation
branching ratio of NHs to NHz (0.95). In this plot, there may be the

correlation between OPRs of NHs and NH3 mixing ratios.



3. NEW ETHOD TO ESTIMATE THE OPR OF
COMETARY WATER FROM THAT OF WATER ION

3. ORTHO-TO-PARA ABUNDANCE RATIO OF WATER ION IN
COMET C/2001 Q4 (NEAT): IMPLICATION FOR ORTHO-TO-
PARA ABUNDANCE RATIO OF WATER

ABSTRACT

The ortho-to-para abundance ratio (OPR) of cometary molecules is
considered to be one of the primordial characteristics of cometary ices, and
contains information concerning their formation. Water is the most
abundant species in cometary ices, and OPRs of water in comets have been
determined from infrared spectroscopic observations of H2O rovibrational
transitions so far. In this paper, we present a new method to derive OPR of
water in comets from the high-dispersion spectrum of the rovibronic
emission of HoO* in the optical wavelength region. Other molecular emission
lines sometimes contaminate the rovibronic emission line of H2O* but they
are not affected seriously by telluric absorption compared with near-infrared
observations. Since H20* ions are mainly produced from H>O by
photoionization in the coma, the OPR of H2O* is considered to be equal to
that of water based on the nuclear spin conservation through the reaction.
We have developed a fluorescence excitation model of H2O* and applied it to
the spectrum of comet C/2001 Q4 (NEAT). The derived OPR of water is 2.54
+0.32 / —0.25, which corresponds to a nuclear spin temperature (Tpin) of 30
+10 / —4 K. This is consistent with the previous value determined in the
near-infrared for the same comet (OPR =2.6 = 0.3, Tspin = 31 +11 / -5 K).

3.1. INTRODUCTION

Comets are small icy bodies that consist of both dust and icy materials.
They formed from materials that existed in the solar nebula 4.6 Gyr ago.
Those materials probably formed in the presolar molecular cloud and were
chemically processed in the solar nebula. Comets have conserved the
information about physical and chemical conditions in the early solar system

because they have spent a long time in a cold region far from the Sun (such

55



56 \ Y. Shinnaka: Study of the origin of the cometary volatiles

as the Oort Cloud or Kuiper Belt) after their formation. Thus, comets are
considered to be the most pristine objects in the solar system.

Some primordial characteristics of comets have been used to investigate
the physico-chemical conditions of the early solar system. Ortho-to-para
abundance ratios (OPRs) of cometary molecules such as water are one of the
interesting quantities considered as cosmogonic. OPRs seem to reflect the
temperatures of molecular formation in the solar nebula or the pre- solar
molecular cloud. However, their real meaning 1is still in debate
(Bockelée-Morvan et al., 2009; Bonev et al., 2007, 2008, 2009; Cacciani et al.,
2009; Crovisier 2006, 2007; Crovisier et al., 2008; Dello Russo et al., 2005;
Jehin et al., 2008, 2009; Kawakita and Watanabe 2002; Kawakita et al.,
2004, 2005, 2006, 2007; Kawakita & Kobayashi 2009; Pardanaud et al.,
2007; Woodward et al., 2007, and references therein). The nuclear spin
temperature (Tkpin, defined as the rotational excitation temperature that can
reproduce a given OPR under thermal equilibrium conditions) is one possible
interpretation for the OPR. The OPRs of H2O, NH3, and CH4 in comets
observed so far indicate Tspin ~30 K except for a few samples (Shinnaka et al.,
2010, 2011).

The OPR of water that is the most abundant species in cometary ices has
been determined from vibrational transitions in the infrared: vi and vs
fundamental bands around 2.7um (Mumma et al., 1987; Crovisier et al.,
1997) and hot bands around 2.9 pm (e.g., Dello Russo et al., 2005; Kawakita
et al.,, 2006; Bonev et al., 2007, 2008; Kawakita & Kobayashi 2009;
Kobayashi et al., 2010) as well as the v2 fundamental band around 6 pm
(Woodward et al., 2007; Bockelée-Morvan et al., 2009). Recent progress of
near-infrared, high-dispersion spec- troscopy allows us to determine the OPR
of water routinely from ground-based observatories through the hot-band
emission lines. However, serious absorption by the telluric atmosphere
sometimes prevents accurate determination of OPRs of water through the
hot-band emission lines around 2.9 pm.

Here we present a new method to derive OPRs of water in comets from a

high-dispersion, rovibronic emission spectrum of H20* in the optical. The
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optical spectrum of H2O* is not affected seriously by telluric absorption
compared with near- infrared observations. Moreover, our new method
allows us to derive OPRs of water for comets observed in the past since many
high-dispersion spectra of H2O* in comets have been reported. We should

increase the number of samples for OPRs of water in comets.

3.2. DETERMINATION OF OPR OF WATER FROM THAT OF H.0+
3.2.1. PRODUCTION OF H20* IN THE COMA

Tonized water (H20%) can be produced by the photoionization reaction in
the coma: HoO + hv — Hs0* + e (Huebner et al., 1992). Based on our
chemical model in the coma (Schmidt et al., 1988; Huebner et al., 1991; Boice
et al., 1995; Helbert et al., 2005; Boice & Wegmann 2007; Boice & Martinez
2010, and references therein), the contribution of other reactions to form
H20* in the inner coma is not significant compared with the photoionization
of water. These include charge exchange of water with other water-group
ions (OH*, O%), COz*, CO*, and protons (see below). Our previous coma
models (Boice & Martinez 2010) show that these reactions contribute less
than ~20% to the formation of HoO* at 1000—10,000 km from the nucleus
(where the number density of HoO* ions is the highest in cometary coma and
most significantly contributes to the observed flux). The main chemical
reactions related to HoO* at 1000-10,000 km from the nucleus are shown in
Figure 3.1. Possible reactions to form H20*, their reaction rates and OPRs of
H20* are as follows (Wegmann et al., 1999):

1. Photoionization (H:O + hv — H2O* + e): the reaction rate due to
photoionization at 1 AU from the Sun is 0.334 X 107¢ s . The
resultant OPR of H20" is the same as the OPR of water in this case
based on the nuclear spin selection rules (Oka, 2004; Quack, 1977).

2. Charge exchange ionization with an ion (H2O + X+ & He0* + X; X
designates a reaction partner with H20): The charge exchange
ionizations with a water-group ion (OH*, H* or O*) are considered as

the most important since these ions can be produced from abundant
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water in coma. Its reaction rate can be represented as qvini [s1]; that
is proportional to the velocity (v3) and the number density of the ions
(). The cross section g depends on the energy of the ions. The
reaction rates are usually smaller than the photoionization rate in
the coma. Charge exchange reactions with other ions (COg* or CO*)
are not negligible compared with water-group ions but are still less
than photoionization.

Regarding the OPR of H20*, results depend on the partners of
charge exchange reaction of water. Since 12C and %0 atoms do not
have any nuclear spins (.e., I=0), the OPRs of H2O* formed by the
charge exchange ionization reactions with COz*, O, and CO* are the
same as the OPR of water. In the case of charge exchange reaction
with H* or OH*, the OPR of H20* is considered equal to the OPR of
water if H* or OH* could remove an electron from H20 without
exchanging protons between HoO and H* or OH*. For the simplicity
we take this assumption. On the other hand, if we assume “complete
scrambling of protons” (which means that three protons are
indistinguishable from one another in the intermediate complex
state, e.g., H2O + H* = (H30%)* &> H20* + H) during the reaction as
an extreme case, the OPR of H2O* is not the same as but slightly
higher than the OPR of water. However, such complete scrambling of
protons is not assumed in some studies about interstellar chemistry
(Park et al., 2006; Morisawa et al., 2006). We will discuss about the
influence caused by the complete scrambling of protons in the
reaction later (in Section 4).

3. Electron impact ionization (HzO + e = H20* + 2e): The reaction rate
for electron impact ionization (H20 + e = H20* + 2e) represented as
kne is proportional to the density of the electrons (n.). The rate
coefficient k is calculated from the electron temperature 7. by the
Arrhenius formula; 4=a(7/300)"exp(-c/7) . The endothermic
process consumes a certain energy e. The coefficients of a, b, ¢, and e
are 1.58x109 s1, 0.5, 1.45x105 K, and -12.6 eV, respectively. If we

consider the conditions for a comet with @(H20) = 1029 molecules s,
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the resultant reaction rate for electron impact ionization can be
negligible compared with the photoionization rate of H2O. This is
consistent with the findings of Bhardwaj (2003) for low to moderate
production rate comets. Only for comets with Q greater than about
103% molecules s are electron impact reactions of significance in the
formation of the water ion. The OPR of HoO* formed by the electron
impact ionization reaction is considered as the same as that of water

based on the nuclear spin selection rules.

Therefore, we can consider that the OPR of H2O" is the same as that of
water in cometary coma even though the different processes listed above can
contribute to the HoO* formation in the coma. The determination of the OPR
of HoO* from optical high-dispersion spectra is a key task to obtain the OPR
of water. However, a line-by-line fluorescence excitation model of cometary
H20* in the optical (useful to derive OPR of H2O*) has never been proposed
although the band g-factors of relevant vibronic transition were reported by
Lutz (1987).

3.2.2. THE LINE-BY-LINE FLUORESCENCE EXCITATION MODEL OF
H20* IN COMETS
We developed a line-by-line fluorescence excitation model of H20* in
comets to derive the OPRs of H2O* from their high-dispersion spectra in the
optical. In the model, we take the followings into account;
1. the rovibronic transitions between A (0,v2',0) and .t (0,0,0) where vo’ =
6—17,
2. the pure rotational transition in ¥ (0,0,0) to concern radiative cooling
in the ground state,
3. the fine structure of energy levels, i.e., split to F1 and F2 levels, and
4. the Swings effect (which is caused by the Doppler shift of the solar
spectrum due to a cometary motion relative to the Sun) by using the

high-dispersion spectrum of the Sun.
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The fluorescence equilibrium condition is assumed for HO*. The
wavelengths of the rovibronic transitions and term values of the fine
structure of the energy levels were taken from tables in Lew (1976), Huet et
al. (1997), and Wu et al. (2003). The permanent electric dipole moment of the
vibronic ground state is calculated as 2.370 Debye for HoO* by Wu et al.
(2004). Note that Wu et al. (2004) mistakenly listed the dipole moment in
atomic units as Gerin et al. (2010) pointed out. The molecular constants
reported by Lew (1976) and vibronic transition moments calculated by Wu et
al. (2004) are also used to evaluate transition probabilities for the rovibronic
transitions. The 385 levels and 2208 transitions are included in our model
calculation. The high-dispersion solar spectrum by Kurucz (2005) is used in
the optical wavelength region. In the far-infrared region (from 200 um to 1
mm) responsible for the pure rotational transitions, we used the values
reported by Thekaekara (1974). Temporal variation of the solar spectrum
with solar activity is not considered here since the variation is less than 1%
in the optical region (Learn 2001).

The population distribution of HoO* is determined by solving equations
assuming fluorescence equilibrium. For the i-th energy level in the excited
electronic state, the condition of detailed balance (i.e., a balance between

outgoing and incoming rates for the level) becomes
m, 2 (A4, + B,p(3))= X (7,8,0(4,))
7 J

where n; is the population in the i-th energy level and r is the energy density
of the solar radiation at a given heliocentric distance. The 1; is the
wavelength corresponding to the transition between the i-th and the j-th
energy levels (the j-th energy levels are in the ground state) while A;; and B;
are Einstein A and B coefficients between the 1-th and the j-th energy levels,
respectively. The optically thin condition in the coma is assumed to calculate
the strength of the emission line. Therefore, the emission line strength is

proportional to g, = n,Ay.(i.e., the line g-factor). The OPR of HzO" is a free

parameter in the model.
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3.3. OBASERVATIONAL MATERIALS AND DATA ANALYSIS

In order to demonstrate our new method to determine OPR of water in
comets from the optical spectrum of H20*, we apply our fluorescence
excitation model of H2O* to the high-dispersion spectrum of comet C/2001 Q4
(NEAT) observed by the High Dispersion Spectrograph (HDS; Noguchi et al.,
1998) mounted on the Subaru Telescope atop Mauna Kea, Hawaii (Kawakita
et al., 2006). We could recognize HoO* emission lines in the spectra.

As we discussed in the previous section, we can estimate the OPR of
water from the OPR of H2O* that can be determined by comparing the
observed spectrum with the modeled spectrum.

Although the H20* ions have rovibronic transitions in the optical region
(the A — ¥ system) caused by the solar fluorescence excitation mechanism,
the emission line intensities of HoO* in the optical are usually weaker than
those of NHz and Cg (Figure 3.2) in the inner coma. We chose the H2O*
(0,10,0) band to measure the emission lines of H20* and to determine the
OPR of H20" since this band is the strongest band in the optical region for
comets around 1AU from the Sun (based on our calculation) and there is no
serious contamination of HsO* by other species (Figure 3.3). Furthermore,
the telluric absorption lines do not significantly affect this wavelength region
(Figure 3.2). We detected the H2O* emission lines belonging to the (0,11,0),
(0,10,0), and (0,9,0) vibronic bands for comet C/2001 Q4 (NEAT) in the
optical wavelength region (Figure 3.3). However, not only H2O+ bands but
also C2 Swan bands, NH2 vibronic bands, and many emission lines of other
species are present in the spectra. The H2O* (0,10,0) band is the strongest
H20* band in optical wavelength region and this band is almost free from the
contamination by other molecular emission lines in the longer wavelength
part of (0,10,0) band although this band is strongly contaminated by the C2
Swan band in its shorter wavelength part (Figures 3.2 and 3.3 (B)).
Therefore, we use the longer wavelength region of the (0,10,0) band of H2O*
to determine the OPR of H2O*. On the other hand, emission lines in other
bands of H2O* are hard to measure accurately because of contamination by
other strong emission lines and/or severe telluric absorption lines. We need

higher spectral resolving power to distinguish them. Figure 3.3
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demonstrates that our fluorescence excitation model of H2O* in comets
reproduces the observed spectrum. However, these emission lines are
thought to be contaminated significantly by other molecular lines.

Detailed information about the data reduction is described in Shinnaka
et al. (2010) and Kawakita et al. (2006). We used the high-dispersion solar
spectrum convolved with telluric transmittance curve at the solar continuum
subtraction for the comet. Telluric transmittance is considered for the
measured flux in order to get the flux value at the top of the telluric
atmosphere. Thus, the OPR of H2O* is finally obtained by comparing the
observation with the calculations based on the y’-fitting technique. Table
3.1 list the measurements of H2O* used here. We use both the pure and
blended lines of ortho- and para-H20* to determine the H20* OPR. The
best-fit OPR is 2.54 + 0.22 (error corresponds to = 1 0 level).
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Figure 3.2: Cometary spectra in the optical wavelength region. The top
(red) spectrum is the observed spectrum of comet C/2001 Q4 (NEAT). The
second (pink), third (green) and fourth (blue) spectra are the modeled spectra
of HoO* (x 20), C2 and NHz, respectively. The bottom (sky blue) spectrum is
the absorption by the telluric atmosphere. Although the band intensity of
H20% is much weaker than other species (Iike a NHz, C2 and so on.) in optical
wavelength region, we can obtain the OPR of water from the H20* (0,10,0)
band because there is both no serious contamination of HoO* by other species

and no severe telluric absorption in this region.



64 \ Y. Shinnaka: Study of the origin of the cometary volatiles

] 1 T T T 1 1 T ]
(A)
40 1 7
Observed spectrum of C/2001 Q4 (NEAT)
30r -
oy
=]
8
5
o 20
b= Modeled spectrum of H20*
K (OPR =2.54)
AL A P A
0 ot Ly
Modeled spectra of NH2 and C2
(NH2: OPR = 3.23, C2: Trot= 3500K)
1 1 1 L L 1 1 L L
5780 5800 5820 5840 5860 5880 5900 5920 5940
Wavelength (Angstrom)
40 T T T T T T T T T
(B)
35T Observed spectrum of C/2001 Q4 (NEAT) 7
30 h
25 h
=y
g 20
S Modeled spectrum of H20 *
(9]
OPR =2.54
8 15 ( 4 -
. I
10—l k Iy Lk I I
Modeled spectra of NH2 and C2
5r (NH2: OPR = 3.23, C2: Trot = 3500K) 7
|
o L bbbl ud bl bbbk LR g0 vdh a1 M i Il
-5 1 L L 1 1 1 1 1 L
6130 6140 6150 6160 6170 6180 6190 6200 6210 6220 6230

Wavelength (Angstrom)



3. NEW ETHOD TO ESTIMATE THE OPR OF
COMETARY WATER FROM THAT OF WATER ION

Q " 2 % N \NE: T T
©)
40 r i
N\ Observed spectrum of
C/2001 Q4 (NEAT)

30
oy
|
2
= l
5 20
=
E Modeled spectrum of H20 *
& (OPR = 2.54)
10 Y T
Modeled spectra of
NH2 and C2

(NH2: OPR =3.23,
Ca: Trot = 3500K)
|

A

° N

6530 6540 6550 6560 6570 6580 6590 6600
Wavelength (Angstrom)

Figure 3. 3: (A) Not only H2O* (0,11,0) band but also C2 Swan band (Av =
—2), NH; (0,10,0) and (0,9,0) bands as well as many unidentified lines are

present in this wavelength region. It is impossible to remove the

contamination of H2O* by unidentified lines. Therefore, we do not use this
band to determine the OPR of H2O*. (B) This panel shows the H20* (0,10,0)
band. In this wavelength region, not only HoO* band but also C2 Swan band
(Av = —2) and NHx (0,8,0) are present. Although the H2O* emission lines were
strongly contaminated by the C2 Swan band at shorter wavelength region of
this band, the longer wavelength part 1s almost free from those
contaminations. Therefore, we use this region to determine the OPR of H2O".
(C) Not only H20* (0,9,0) band but also NHz (0,7,0) band and many other
molecular lines (including unidentified lines) are there in this region. In this
wavelength region, flux-calibration and continuum-subtraction were not
perfect because of deep and wide absorption of H-alpha in the solar spectrum
at ~6560 A (shown as grey region in the panel). In addition to this issue,
H20* lines are so weak that we do not use this band to determine the OPR of
H20".
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Figure 3.4: Comparison between the observed (upper) and modeled spectra
(lower) of the H20* (0,10,0) band. For the modeled spectra we use OPR = 2.00
2.54 (best-fit), and 3.00 (high-temperature limit). The ortho- and para-H20*
lines are labeled in these spectra. The para-H2O* lines are sensitive to
determine the OPR of H2O* (see insets A and B). This figure shows that our

emission models of H20* reproduced the observed spectrum well. The

obtained OPR of HoO* in comet C/NEAT is 2.54 + 0.22.
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Table 3.1: Measured line flux of the HoO* (0,10,0) band.

Wavelength [A] | Line assignment Ortho/Para | Relative intensity™
(N'kake — N'Ea'Ke?)”
6198.75 110220 F1 Ortho 12.39+0.31
6199.41 110—220 F1-2 Ortho 5.73 £ 2.58
111—291 F2 + Para
6200.03 110—220 F2 Ortho 6.84 + 0.30
6200.54 111—221 F2 Para 1.91 £ 0.49
6209.42 211—-321 F1 Para 2.08 +0.38
6210.33 211—321 F2 Para 2.60 +0.39
6210.87 212-322 F'1 Ortho 4.56 £ 0.35
6211.59 219—322 F2 Ortho 3.33 £ 0.30
6221.77 312—492 F1 Ortho 3.21+0.37
6222.28 312—422 F2 Ortho 1.63 £ 0.37

* All lines belong to the HoO+ A (0,10,00 —.¥ (0,0,0) band. N denotes the
quantum number of the total angular momentum of HsO* without
electron spin while K, and K. are the quantum numbers representing the

angular momentum along a- and c-axes of asymmetric top. F1 and F2

indicate /=AW +; and J=/VN- %, respectively. F1-2 denotes a transition

from the F1 to F2 states.
** At the top of the atmosphere, in arbitrary units.
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3. 4. RESULTS AND DISCUSSIONS

Figure 3.4 shows the comparison between the observed and modeled
spectra of H2O* in the case of C/2001 Q4 (NEAT). The OPR of H20* is
obtained as 2.54 + 0.22 by the least y’-fitting. As we discussed in Section 2,
the OPR of water is considered to be the same as the OPR of HoO*. Therefore,
the Tspin of water is derived to be 30 +6 / —4 K in this work.

The OPR of water in comet C/2001 Q4 (NEAT) had already been reported
in our previous study by the near-infrared spectroscopic observations of
water (Kawakita et al., 2006). The OPRs of water determined through the
hot-band emission lines of water in 2.9 pm region was 2.6 + 0.3 and this
value is consistent with the OPR of water based determined from H2O" in
this work. This excellent agreement supports the soundness of our new
method to derive the OPR of water from H20O* for comets.

Finally, we should consider the charge exchange ionization reaction of
water with H* or OH*, again (see Section 2). If we assume complete
scrambling of protons during the reaction, the OPR of H20* is slightly higher
than that of water. By applying the nuclear spin selection rule to the
reactions we obtain the following relation (Oka, 2004):

_4xOPRH,0)
OPR(H,0) +3

OPR(H,0")

In this case, the obtained OPR of H20* is higher than that of water (where
0< OPR(H,0) =< 3). If we assume a typical OPR of water in comet (~2.5), the
resultant OPR of H20* is larger by about 10% than that of water. The larger
contribution to the H2O* production by these charge exchange ionization
reactions will lead to higher OPR of water (closer to but not larger than 3.0).
Obtained OPR in this work (2.54 + 0.22) is consistent with a previous study
(2.6 £ 0.3) by Kawakita et al. (2006). This result may indicate that the
complete scrambling of protons during the charge exchange ionization
reaction with H* or OH* can be neglected to estimate the OPR of water from
that of HoO*. The electron of H2O could be removed by collision with H* or
OH* without the exchange of protons between H2O and H* or OH*.
Otherwise, the charge exchange ionization reaction by H* or OH* could not

play an important role for the ionization of H20 in the coma (the



3. NEW ETHOD TO ESTIMATE THE OPR OF
COMETARY WATER FROM THAT OF WATER ION

photo-ionization of H2O may be much more important). These ionization
reactions by H* and OH* contribute less than ~20% to the formation of H2O*
in cometary coma based on our previous coma models (Boice & Martinez,
2010). As a result, the OPR of H20* would be different from the OPR of H20
by less than ~5% for OPRs of H20 from 2.0 to 3.0 (smaller differences for
OPRs of H20 closer to 3.0) although the charge exchange ionization reaction
of H20 with H* and OH* occurred with the complete scrambling of protons.

The OPR of water in Comet C/2001 Q4 (NEAT) can be also compared with
the other observations. As already discussed in our previous study
(Kawakita et al., 2006), the Tipin of H2O, NH3 and CH4 were all consistent in
comet C/2001 Q4 (NEAT) (see Table 3.2). Even though the real meanings of
the OPR and Tsin are still in debate, this consistency supports the
hypothesis that all of these molecules formed (or equilibrated) with the same
temperature conditions, probably on cold dust grains.

In any event, our new method will allow us to measure the OPR of water
in the optical for many comets in the future and also will allow us to
determine the OPR of water in the comets already observed, increasing the

number of samples for the OPRs of water in comets.
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Table 3.2: Comparison by Tspin of 3 species.

Molecules Tepin (K) Reference

H20 30 +6/—4 | Shinnaka et al. (2012) (from H20+)
31+11/-5 | Kawakita et al. (2006) (from H30 hot-band)

NH3 30+ 1 Shinnaka et al. (2010)

CH,4 33+2/-1 Kawakita et al. (2005)

Table 3.3: Summary of Tsin of water estimated from that of HoO* comets.

Comets OPR Tepin (K)
C/2001 Q4 (NEAT) 2.6+0.3 30 +6 / —4
103P/Hartley 2 2.14 +0.76 / —0.46 | 34 +19/—4
C/2002 T7 (LINEAR) 2.31+0.30 26 +6 /-3
C/2013 R1 (Lovejoy) 2.45 +0.20 29 +4 /-3
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4. 14NH2/15NH2 RATIO IN COMETS C/2012 S1 (ISON) OBSERVED
DURING ITS OUTBURST IN 2013 NOVEMBER

ABSTRACT

We performed high—dispersion optical spectroscopic observations of
comet C/2012 S1 (ISON) using the High Dispersion Spectrograph (R =
72,000) at the Subaru Telescope on UT 2013 November 15.6, during an
outburst that started on UT 2013 November 14. Due to the high
gas—production rate of NHs during the outburst, we successfully detected
weak emission lines of 1’NHs and many strong emission lines of 14NHs in the
optical wavelength region from 5500 to 8200 A. The ratio of ’NH/15NH; is
derived to be 139 £ 38 in comet C/2012 S1 (ISON). This ratio is close to that
recently revealed based on the averaged spectrum of 12 comets, ~130. This
is also comparable to the typical cometary isotopic ratio of CN (12C14N/12C15N,
observed in optical) and HCN (H12C14N/ H12C15N, observed in radio), ~150.
However, these ratios are much smaller than the protosolar value, 1*N/1°N =
441 + 5. Because NH3 is considered to be a photodissociation product of NHs
In cometary coma, our result implies the occurrence of 1>N—fractionation of

NH; in the solar nebula or in the presolar molecular cloud.

4.1. INTRODUCTION

Isotope ratios of cometary molecules are diagnostic tools to investigate
the physicochemical evolution in the presolar molecular cloud and solar
nebula. Deuterium—to—hydrogen (D/H) ratios in cometary water show water
D—fractionation during the early stages of solar system formation (Lis et al.,
2013; Mumma & Charnley, 2011) and are indicative of low temperature
conditions. Combined with D/H ratios in water and hydrogen cyanide in
comet C/1995 O1 (Hale—Bopp), temperatures where the D—fractionation
occurred have been estimated to be ~30 K based on chemical reaction
network models (Mumma & Charnley, 2011 and references therein). In

contrast to the D/H ratio, the 1“N/15N ratio in comets is not well understood.
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The C14N/CI15N ratio was obtained in many comets through optical
high—dispersion spectroscopy (Manfroid et al., 2009). In the case of HCN
(which photodissociates into CN through solar UV radiation in the cometary
coma), the HC“N/HCI5N ratio was obtained in comets C/1995 O1
(Hale-Bopp) and 17P/Holmes (Bockelée—Morvan et al., 2008). These ratios
are consistent with ~150 for those comets and are significantly smaller than
the protosolar value, 441 + 5 (Marty et al., 2011). The 15N—fractionation in
cometary molecules is an unsolved issue in comet science at present and the
key parameter for understanding >N—fractionation in comets is considered
to be the 14N/15N ratio in cometary ammonia (Mumma & Charnley, 2011).

Rousselot et al. (2014) recently derived the “NHs/15NH2 ratio in comets
for the first time. They experimentally determined accurate line positions of
15NHs and successfully detected seven emission lines in a single combined
spectrum of 12 comets with the best signal-to—noise ratios (S/Ns). Because
ammonia is considered to be the sole parent of NHsz in the coma (Kawakita &
Mumma, 2011; Kawakita & Watanabe, 1998), the 1*NHs/15NH; ratio of ~130
obtained by Rousselot et al. (2014) is considered to be close to the 4N/15N
ratio in cometary ammonia. However, the diversity in the *NH2/’»NH3 ratio
has never been investigated due to the lack of high S/N observations for an
individual comet.

In this Section, we report the 4N/15N ratio in comet C/2012 S1 (ISON)
(hereafter ISON). This is the first report on the clear detection of 5NHj lines
in a spectrum of a single comet. Comet ISON was on its near—parabolic orbit
(with 111the perihelion distance of 0.0124 AU) and it is considered to have
originated in the Oort Cloud. Although this comet was expected to be
spectacularly bright near its perihelion passage, it disintegrated at
perihelion (Battams, 2013; Knight, 2013; Nakano, 2013). Fortunately, we
observed the comet before perihelion passage at 0.6 AU from the Sun during
an outburst in the middle of 2013 November (Combi et al., 2013).
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4.2. OBSERVATIONS AND DATA REDUCTION

On UT 2013 November 15.6, high—dispersion optical spectroscopic
observations of comet ISON were conducted with the High Dispersion
Spectrograph (HDS; Noguchi et al., 2002) mounted at the Nasmyth focus of
the Subaru Telescope on top of Mauna Kea, Hawaii. Its heliocentric and
geocentric distances were 0.601 AU and 0.898 AU, respectively. We put the
optical center of the comet on the slit and integrated the comet for 1,200 s.
The obtained spectrum covers the wavelength region from 5500 to 8300 A
with R = VAN = 72,000 for the slit size of 0".5 by 9".0 on the sky. A
multitude of gas emission lines of molecules and atoms (such as CN, Cs, NHo,
H20*, Na D-lines, and [O1] forbidden lines at 5577, 6300, and 6364 A) were
detected in our spectrum.

Data reduction was accomplished using standard IRAF software routines
distributed by NOAO. Details for the reduction and calibration of the data
obtained by the Subaru Telescope with the HDS are described at the Subaru
Telescope’s home page.4 We used the spectra of a Th-Ar lamp for
wavelength calibration and also observed spectrophotometric standard stars
(HR 718, HR 1544, and HR 3454) for sensitivity correction.

Once we obtained the calibrated one—dimensional spectrum of the comet,
we subtracted the continuum component (which was the sunlight reflected
by the cometary dust grains in the coma) from the calibrated spectrum. For
this continuum subtraction, we modeled the reflected sunlight as the product
between the high—dispersion solar spectrum (Kurucz 2005) and the
reflectivity spectrum of cometary dust grains. We used a quadratic function
to approximate the reflectivity spectrum. The modeled spectrum of reflected
sunlight was convolved with both the telluric transmittance spectrum
calculated by the LBLRTM code (Clough & Iacono, 1995) and the
instrumental profile approximated by the Gaussian function. Finally, we
fitted the modeled continuum spectrum to the observed cometary spectrum
within the wavelength windows where there are no significant emission lines

from the comet (Figure 4.1).
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Figure 4.1. Example of continuum subtraction for the calibrated spectrum.
The solid line shows the observed spectrum, the dashed line shows the
modeled continuum, and the dotted line shows the residual (cometary and

telluric emission lines).

Table 1. Emission Lines of 1*NHs Measured in Our Spectrum

Transition in 15NHs 14NHs
A-X Wavelength ) Wavelength )

. Relative flux . Relative flux
(0,10, 0) band (A) (A)
1ii—1o1 (Fo—F2) 5710.94 3.3+0.7 5700.75 507.6 + 0.8
1i—1o1 (Fi—=F;) 5711.29 8.3+0.7 5701.00 1006 £ 0.8
110202 (Fo—F2) 5723.83 41+0.8 5713.79 415.3+0.8

319—499 (F1—F7)

5763.02 124+ 1.0 5752.78 2874+ 1.0
319—499 (Fo—FY)




Relative flux [in arbitrary units]

Relative flux [in arbitrary units]
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Figure 4.2. Three panels show the 1NHy emission lines detected in our
spectrum. The dashed lines indicate the +10 error levels. In the top panel,
the thick dotted line indicates the result of ad hoc fitting for unidentified
components around 5711 A. All 15NH; emission lines shown above are for the
(0, 10, 0) band. The labeled wavelengths for 15NH: are taken from Table 2 of
Rousselot et al. (2014).
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4.3. RESULTS AND DISCUSSIONS

Figure 4.2 shows the spectra for the emission lines of the 15NHs (0, 10, 0)
band. We searched for the lines listed in Table 2 of Rousselot et al. (2014).
For the measurements of the 111—101 (F2-F2) and (F1-F1) line fluxes of
15NHs we used an ad hoc fitting routine for unidentified lines close to the
15NH; lines of Rousselot et al. (2014) as shown in Figure 4.2. We fixed the
FWHM of the 1’NH; line as 0.085 A (determined from the high S/N emission
line of “NHa, 111 —101 ) in each transition. Table 1 shows the measurements
for the emission lines. The difference in wavelength between our
measurements and those listed in Table 2 of Rousselot et al. (2014) is smaller
than 0.02 A and 0.01 A for the 15NHs and 14NH; lines, respectively.

In order to estimate the 15N/15N ratio in ammonia, Rousselot et al. (2014)
assumed (1) a similar photodissociation efficiency for “NHj; and 1NHj to
produce NH: and !»NHs, respectively, and (2) similar transition
probabilities for both “NHs and NHs. Based on these assumptions, the
intensity ratio between the “NH; and »NH; emission lines (with the same
line assignment) is equal to the 14NHy/15NH; ratio and also close to the
15N/15N ratio in ammonia. We estimate the uncertainty of the *NHz/1>NHs
ratio in the comet considering random errors in the flux measurements of
NH: and systematic errors as follows: (1) the difference in photodissociation
rates from ammonia to NH: between ammonia isotopologues, (2) the
difference in transition probabilities (Einstein A and B X psun) for the
transitions with the same line assignment (rovibronic quanta) for the
isotopologues, and (3) the uncertainty in measured flux caused by the
continuum subtraction. The uncertainty of (1) is probably about 10% (Suto &
Lee, 1983; Liang et al., 2007) or less while we consider the uncertainties for
(2) and (3) to total about ~25% (individual mean ratios listed in Table 2 of
Rousselot et al. (2014) are scattered ~25% around the weighted mean, ~130).
Thus, we estimate the 14NHs/!>NHg ratio to be 139 + 38 for comet ISON.

The obtained ratio of 1*NH2/15NH> for comet ISON is consistent with the
result determined by Rousselot et al. (2014) based on the averaged spectrum

for 12 comets. Comet ISON seems to be typical from the viewpoint of the
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14NHo/!NHs ratio. The observed *NH2/’*NH3 ratio is considered close to the
14N/15N ratio of ammonia in cometary ices. Rousselot et al. (2014) proposed
the hypothesis that there were two distinct nitrogen reservoirs in the solar
nebula: (1) primordial N2 gas with 14N/15N ~ 441 (protosolar value) and (2)
less volatile molecules (probably in solids) such as NHs and HCN enriched in
15N, which were incorporated into comets. Our result supports this
hypothesis.

On the other hand, Hily—Blant et al. (2013a, 2013b) proposed the
hypothesis that there are two distinct reservoirs for nitrogen with different
14N/15N ratios: the molecules carrying the nitrile—functional group and the
molecules carrying the amine—functional group. They considered that the
former family (e.g., HCN) derives from atomic nitrogen while the latter (e.g.,
NHs) are formed from N+, which is the product of N2 dissociative ionization.
Indeed, amines and nitriles have been separated in the gas—phase chemical
reaction network as proposed by Hily—Blant et al. (2013a). This might
explain the observations for some dense cloud cores, in which the
nitrile—bearing molecules like HCN are enriched in 1N (~150) even though
the amine—bearing molecules like NH3 are not (~300), as summarized in
Table 2. However, recent observations in comets have revealed the high
15N—fractionation in cometary ammonia (~140) comparable to that for HCN
in comets (~150), as reported by Rousselot et al. (2014) and this study. Thus,
the hypothesis proposed by Hily—Blant et al. (2013a, 2013b) does not seem to
be appropriate for cometary ices.

The differences in processing time and epoch between the cometary and
interstellar molecules might cause the different *N/15N ratios of ammonia
(but similar for HCN) between these two sources. The 14N/!5N ratio varies
with time in a molecular cloud, and different molecular species show
different 14N/15N ratios as demonstrated by Rodgers & Charnley (2008). In
their models, the 15N—fractionation occurred for NHs in a relatively later
stage than HCN (after ~10% yr for NHs). However, more sophisticated
treatment for the model requires accurate rate coefficients for key reactions

(Rodgers & Charnley, 2008). The observational constraints for the nitrogen
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1sotopic ratios in cometary molecules will improve the models of chemical
evolution from the presolar molecular cloud to the early solar system.

The alternative explanation for the comparable #N/!*N ratios of
ammonia and HCN in cometary ices is based on grain—surface chemistry.
Note that the 14N/*>N ratios of NHs and HCN in comets are for the molecules
in cometary ices (solid) while the observations of dense molecular cloud cores
revealed the 14N/!5N ratio of the molecules in gas. As listed in Table 2,
ammonia in the gas phase shows a mild enrichment in 1N (14N/15N ~ 300)
while HCN in the gas phase shows larger enrichment in N (14N/15N ~ 150)
than ammonia. Here the key species to understand the chemical pathways to
ammonia is NoH*, which is an intermediate product for the chemical reaction
network from N3 to NHs in gas—phase chemistry. The gas—phase NeH™ is not
enriched in N compared to HCN in dense molecular cloud cores, 14N/15N ~
400 or higher (Table 2). Ammonia produced by gas—phase chemistry from Ny
might not be enriched in »N. However, an alternative process to produce
ammonia is grain—surface chemaistry.

Successive hydrogenation reactions of atomic nitrogen with atomic
hydrogen on cold grains can also produce ammonia under low temperature
conditions (Hiraoka et al., 1995). Most of the ammonia formed on cold grains
may remain solid if the temperatures are cold enough, and some fraction of
ammonia may desorb by thermal or non-thermal processes (e.g.,
photosputtering) into the gas phase. The point of this hypothesis is ammonia
can be formed from atomic nitrogen (not from the primordial molecular
nitrogen that has a 14N/15N ratio of protosolar value). Since HCN can also be
formed by gas—phase chemistry from atomic nitrogen, ammonia formed by
the grain surface chemistry (from atomic nitrogen) may have 14N/15N ratios
comparable to HCN. Atomic nitrogen in the gas phase might be enriched in
15N through the photodissociation of N2 and NN by the interstellar UV
radiation field G.e., the self-shielding effects for N2 and 5NN are different).
Since NN can be dissociated much further into the cloud, the atomic
nitrogen may be fractionated in 15N for the deeper region of the molecular

cloud.
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Finally, we discuss about the possibility of 15’N—fractionation of cometary
volatiles in the coma because the nitrogen isotopic ratios of volatiles not
reflect the past information if nitrogen exchange reactions in nucleus or
coma were happen easily. NHs and HCN might be contributed those
reactions because these volatiles are abundant nitrogen—bearing molecules
in cometary volatiles. In the ice of nucleus, the 1N—fractionation was hard to
occur because the abundances of nitrogen—bearing molecules were less than
several percentages (> 80 % was water in ice) and molecules could not move
freely in the ice. In general, in gas—phase chemistry, the exchange of
nitrogen of a nitrogen—bearing polyatomic molecule was difficult since
nitrogen usually bonded with other atoms strongly in contrast with hydrogen.
Moreover, collision rate between nitrogen—bearing molecules in the coma
were small because both the abundances of these molecules is less than
several percent relative to water. Other candidate for the nitrogen exchange
is the nitrogen molecule (N2) because the Ng greatly contributes to
15 N—fractionation of NHs and HCN through the gas—phase chemical
reactions in a dense molecular cloud (Wirstrém et al., 2012, Rodgers &
Charnley, 2008). However, there is no report to clear detection of the
nitrogen molecules in comet (Cochran & Cochran, 2000). Nz might not be
captured to the cometary nucleus. Other possibility is the reactions with
nitrogen—bearing molecules released from collapse of cometary dusts in coma.
However, there is no repot what molecules were released from dusts in the
coma. If the production of N-bearing molecules and the nitrogen exchange
reactions in coma occurred, the nitrogen isotopic ratios of cometary volatiles
change depending on the distance from the nucleus surface. There is no
report on the heliocentric and nucleocentric distances dependence on the
nitrogen isotopic ratio in cometary volatiles. The spatial resolved
determination of the nitrogen isotopic ratios is essentially important to
investigate this possibility. Therefore, it is considered that the nitrogen
1sotope exchange in cometary ice and coma was hard to occur and it is likely
that the nitrogen isotopic ratios of cometary volatiles reflect the interstellar

environment.
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Future measurements of 14“NHy/15NHs in individual comets (especially,
we would like to obtain the Jupiter—family comets because these is no
sample) are essential to reveal the diversity of the 5N—fractionation in
cometary ammonia as in the case of HCN (which shows small variations for
different comets). Since 4N and N atoms are not easily exchangeable,
unlike protons that easily exchange with ice after the molecular formation
(Hily—Blant et al., 2013a), 1N/15N ratios might be chemically unaltered in
the cometary the solar nebula. It is likely that the 1*N/15N ratio in cometary
ammonia also shows small variations for comets that formed at different
conditions in the solar nebula. Thus, the *N/!5N ratios in comets may be
more pristine than D/H ratios of cometary molecules and more useful in

probing the physicochemical conditions in the presolar molecular cloud.

Table 4.2. Isotopic Ratios of Nitrogen in the Interstellar Medium

Probe Source X—14N/X-15N References
NH; Barnard 1 300 +55 / —40 (1)
NH:D Barnard 1 230 +105/ —55 (1)
HCN L1521E ~150 2
HCN 1183 140 — 250 (3)
HCN L1544 140 — 360 (3)
HCN Barnard 1 165 +30 / —25 (1)
NoH* L1544 446 + 71 (4)
400 +100 / —65 for N15NH*
NoH+ Barnard 1 (1)
> 600 for IINNH*
CN L1498 476 + 70 (5)
CN L1544 510 + 70 (5)

References. (1) Daniel et al. (2013); (2) Ikeda et al. (2002); (3) Hily—Blant et
al. (2013a); (4) Bizzocchi et al. (2010); (5) Hily—Blant et al. (2013b)



82 \ Y. Shinnaka: Study of the origin of the cometary volatiles



5. GENERAL DISCUSSIONS | 83

5. GENERAL DISCUSSIONS

This section discusses the origin of cometary volatiles based on the
discussions in the previous sections and on recent related studies. We first
summarize the results of the previous sections, in which we obtained the
OPRs of cometary volatiles (ammonia and water) and the nitrogen isotopic
ratios in cometary ammonia.

The OPRs of cometary ammonia were very similar (~1.13) and
corresponded to a nuclear spin temperature of ~30 K (see Section 2). The
OPRs of cometary water were also clustered and consistent with the nuclear
spin temperature of ammonia (see Section 3). Therefore, the OPRs of
cometary volatiles might reflect the temperature of the molecular cloud that
sourced the solar system. Given the fact that cometary ammonia and water
yielded similar nuclear spin temperatures, the temperature of the molecular
cloud was probably around 30 K (Sections 2 and 3; see also Bonev et al.,
2007; Mumma et al., 1987; and references therein). If the OPRs of cometary
volatiles reflect the temperature of the solar nebula, the nuclear spin
temperatures should exhibit greater diversity than observed, because the
temperature in the solar nebula within the cometary formation region is
widely variable (10 K to ~150 K; see Hersant et al., 2001).

On the other hand, the »N-fractionation in cometary volatiles (HCN, CN,
and ammonia) was determined as “N/15N~150. According to theoretical
models, this ratio is possible only under low-temperature conditions (around
10 K) (Wirstréom et al., 2012; Rodgers & Charnley, 2008). Present models of
15N-fractionation in the molecular cloud are based on isotopic exchange
during chemical reactions and the selective photodissociation of volatiles
(especially of molecular nitrogen, Ng). Therefore, if the volatiles actually
formed at ~30 K, the nitrogen isotopic ratios observed in the comets demand
alternative fractionation mechanisms in the molecular cloud or the solar
nebula. Moreover, the average nitrogen isotopic ratio in individual young
stellar objects (YSOs) is observationally correlated with the temperature of
their outer envelopes at the projected beam radius (Wampfler et al., 2014).

The YSOs with similar nitrogen isotopic ratios to that of the cometary
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volatiles have temperatures of 15 K or lower (Wampfler et al., 2014).

Thus, the temperatures estimated from OPRs of water and ammonia (~30
K) contradict those estimated from the nitrogen isotopic ratios in cometary
volatiles (~10 K). The estimated OPRs and “N/15N of ammonia yielded
different temperatures for the same molecular species. Indeed, the nitrogen
1sotopic ratio might better reflect the molecular formation environment than
the OPR, because it is determined by the chemical reactions at the molecular
formation stage. Once incorporated into cometary nuclei, these ratios are not
readily modified, as discussed in Section 4. On the other hand, the OPR
might equilibrate with the surrounding temperatures by undetermined
processes after the volatiles have formed. Therefore, the OPRs of volatiles
might not reflect their molecular formation environment.

There are several possible scenarios for the OPRs of ammonia and water,
depending on the timescale of the ortho—para conversion. Here, we consider
the three scenarios listed below:

(1) the timescale of the ortho—para conversion is very long (>10? years),

(2) the timescale is long but shorter than 109 years,

(3) the timescale is very short (within several seconds).
Note that the intrinsic OPR of cometary ammonia might be changed by
chemical reactions between NH3 and water-group ions (e.g., H3O+ and H20%)
in the cometary coma. Once NH4* is formed by proton transfer between the
NHsz and a water-group ion, it reverts to NHs by recombining with the
liberated electron (.e., NHz + H3O* > NH4* + H20 and NH4* + e- > NHj).
Since the coma gas is chiefly water (>80%), with lower proton affinity than
NHs, this refresh cycle of NHs could reset the OPR of NHs. If so, the
resultant OPR of NH3 would depend on the OPRs of H3O* and other species,
themselves dependent on the OPR of H20. Although the ammonia OPR
indicated a temperature of <~15 K in the molecular cloud, the refresh
mechanism might shift the nuclear spin temperature inferred from the OPR
of ammonia in the coma to Tspin = 20—45 K. Therefore, untangling the real
meaning of the OPR of cometary water is especially important.

In Scenario (1), the OPRs of both ammonia and water reflect the

molecular formation environment of the volatiles and indicate warm
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formation conditions in the molecular cloud. If the timescale largely differed
between H2O and NHs formation, both volatiles would undoubtedly yield
different temperatures, because their temperature environments would vary
according to the stage and evolutionary age of the solar system. Another
possibility is that cometary water constitutes an arbitrary ratio of materials
formed at ~15 K in the molecular cloud and at >50 K in the solar nebula.
Scenario (1) is dismissed for ammonia because the nitrogen isotopic ratio in
ammonia is probably long-term stable, and the temperature derived from the
OPR (~30 K) differs from that of the nitrogen isotopic ratio (<~15 K).
Meanwhile, the OPR of water should exhibit large diversity, because it
depends on the formation position of icy planetesimals in the solar nebula
and the mixture ratio of water formed in the molecular cloud and in the solar
nebula.

In Scenario (2), the OPRs of both ammonia and water equilibrate with
the interiors of the cometary nuclei, reflecting the temperatures of those
nuclear interiors. Assuming that the temperature of the nucleus is
determined by the solar radiation (278/ vV R., where Ry denotes the
heliocentric distance of the comet) and the cosmic microwave background
(~2.7 K), the interior temperature of the nucleus should range from ~2.7 K
(outer position of the Oort cloud) to ~40 K (inner region of the Kuiper belt).
However, the obtained OPRs of the cometary water and ammonia yielded
similar temperature regions with small variations. Therefore, Scenario (2) is
also dismissed.

In Scenario (3), the water OPR would be determined immediately after its
sublimation from the cometary nucleus and would therefore be equilibrated
with the sublimation temperature (~150 K). In this case, the water OPR
would correspond to the high-temperature limit (3.0) just after sublimation
from the nucleus. Since the observed water OPRs yield temperatures below
the high-temperature limit, if this scenario is correct, ortho—para conversion
processes must be occurring in the coma. Namely, in Scenario (3), the OPRs
of cometary water reflect the coma environment. In the next subsection, we
discuss whether ortho—para conversion in the coma is consistent with recent

laboratory and theoretical studies.
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5.1. SUMMARY OF RECENT LABORATORY EXPERIMENTS AND

THEORETICAL STUDIES

Laboratory experiments are important for interpreting the observed
OPRs of cometary volatiles. Recently, some important laboratory
experiments on the grain surface chemistry and theoretical studies related
to H20 molecules have been reported. Here we briefly summarize the results
of these studies.

By combining temperature-programmed desorption and
resonance-enhanced multi-photon ionization (REMPI), Hama et al. (2011)
investigated the nuclear spin conversion in solid phase. They sublimated
amorphous water ice (Amorphous Solid Water: ASW) formed on a cold
substrate (~8 K) in a vacuum chamber and thereby measured the OPR of
water in the gas phase. The surface temperature of ASW (~8 K) was
unrelated to the measured nuclear spin temperature of HoO (>50 K). The
nuclear spin temperature of gaseous H2O molecules desorbed from ASW may
not reflect the surface temperature of ASW under laboratory conditions for
two reasons: either nuclear spin conversion is inefficient in/on water ice at 8
K or nuclear spin conversion occurs on/in water ice but immediately
reequilibrates the OPR of H20 during thermal desorption. As these
laboratory results are inconsistent with the observed OPRs from cometary
volatiles (in gas phase), Hama et al. (2011) proposed that both ortho—para
conversion in the coma and the desorption temperature of volatiles from
cometary ice are relevant. Namely, OPRs equilibrated under the sublimation
condition might reach the high-temperature limit (3.0) immediately
following sublimation from ice, regardless of their values in the ices of the
cometary nuclear interior.

The next of important laboratory experiments was conducted by Sliter et
al. (2011). Adopting the matrix deposition method, they identified fast
nuclear spin conversion in water clusters and ices. They isolated a single
para-H20 molecule in a solid argon matrix at 4 K and subsequently heated
the copper IR cell containing a solid sample to T'= 250 K. The intensities of
ortho- and para-H20 molecules were measured from their ro-vibrational

transitions observed by Fourier transform infrared spectroscopy (FTIR).
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Measurements were conducted in the regions of the three rotational modes
(v1, v2, and vs) of H2O. The nuclear spin relaxation is mediated by spin—spin
Interactions. In the water dimers, the nuclear spin relaxation was
determined as within 100 us by model calculations. This result indicates that
ortho—para conversion is feasible in the coma (even in the gas phase) if water
clusters and ices formed therein.

One of the most important laboratory experiments concerns the nuclear
spin symmetry conversion and relaxation in gas-phase water (Tanner et al.,
2011, 2013). Tanner and colleagues measured the OPRs in H20 using cavity
ring-down spectroscopy. In H20 supersonically expanded with argon gas, the
ortho lines (221—110 and 321—212) and the para line (220—111) were consistent
with temperatures of 20-30 K (before the expansion, the water temperature
was ~300 K). At the lowest relative water concentration in the H2O/Ar gas
mixture (0.3%; gas pressure below 1.6 kPa), the OPR appeared to remain at
its statistical weight value (3.0). On the other hand, at the highest relative
water concentration (1.6%; gas pressure above 1.8 kPa), the measured OPRs
were consistent with the nuclear spin temperatures under low-temperature
thermal equilibrium conditions, to within several hundred ps. Tanner et al.
suggested that reactive exchange occurs during collisions with water clusters,
or that intermolecular interconversion occurs within an intermediate cluster
with a high density of states or accidental degeneracy. Their result can be
explained by two sequential mechanisms. First, larger water clusters could
form by runaway growth of small clusters when the water density exceeds
some threshold density (possibly when the relative proportion of monomer
water molecules n(H2Omonomers)/n(H2Oxota) reaches ~0.5). In this expression,
n(H2Omonomers) and n(HsOtota) indicate the number densities of the water
monomers and total water structures (monomers and clusters), respectively.
The second mechanism is fast ortho—para conversion in the water clusters.

The final important report is a theoretical study of ortho—para conversion
based on the spontaneous transitions of water ions (H2O*) (Tanaka et al.,
2013). These authors theoretically calculated the spontaneous emission
lifetimes of H2O* ions transiting between the ortho- and para-levels. The

electron spin—nuclear interaction term mixes the ortho- and para-levels into
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a “forbidden” ortho- to para-transition (|AI| = 1). The mixing term is four
orders of magnitude higher for HoO* than for its neutral counterpart H20, in
which the magnetic field interacts with the proton spins by molecular
rotation rather than with free electrons. Although the spontaneous emission
lifetime of the vibronic transitions of water ions has not been calculated,
spontaneous emissions of HoO* from the coma are probably hard to detect
because the lifetime between the ortho- and para-levels is very long;
consequently, the H20* emission lines should be very weak. Hydrogen
exchange reactions of H2O in the coma (H2O + H20* > H20 + H20+, H20 +
H3;0* & H20 + H30+*...) might contribute to cometary ortho—para conversion
because they involve water ions, which exist in the coma and ion tail (where
they comprise ~3% of the water content).

Finally, we compare the temperatures inferred from the water OPRs and
the D/H ratios in water. We focus on the water D/H ratio as a primordial
property of cometary volatiles. Recently, cometary water ice has been
hypothesized to include the water formed in both the molecular cloud and
the solar nebula (Cleeves et al., 2014; Furuya et al., 2013). Therefore, by
determining the D/H ratio in cometary water, we could estimate the mixing
ratio of the water sourced from these two bodies. If the deuterated water
formed in the solar nebula can be assumed negligible (Cleeves et al., 2014),
the water fraction f, in a solar system body X (where X denotes a comet,
asteroid, or planet) and interstellar materials (ISM) can be estimated by the
following formula (Cleeves et al., 2014):

D/H, -DH_,
D/H,,, - D/H

fISM =

M
sun

where D/Hx refers to the D/H ratio of the water in a solar system body X,
D/Hgun = 2 X 10-5 (Yan et al., 2011) and D/Hism = (2.95-9.50) x 10 (Lowe &
Thorneley, 1984). According to this analysis, the interstellar water content of
comets should exceed 14%. Next, we estimate the expected OPR of cometary
water, assuming molecular cloud and solar nebula temperatures of ~15 K
and >50 K, respectively. Thus, the OPRs of the water formed in the
interstellar matter and in the solar nebula are estimated as 0.4 and 3.0,

respectively (corresponding to nuclear spin temperatures of 15 K and >50 K,
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respectively). If we accept the mixing ratios inferred from the observed D/H
ratios, the expected OPR of water in the coma is below 1.57, inconsistent
with the observed OPRs in comets. Therefore, the temperature of the
molecular cloud either differs from ~15 K, or the OPR of the cometary water
reflects a temperature environment other than that of the molecular cloud.
This result rejects Scenario (1) which posits long timescales of the
ortho—para conversion in water.

Chemical reactions play an important role in forming water dimers in the
inner coma, as first pointed out by Murad & Bochsler (1987) and further
demonstrated by Korth et al. (1989) and Marconi et al. (1989). However, in a
theoretical study, the estimated fraction of water dimers (relative to all
water) was below 10-5 everywhere in the coma (Crifo & Slanina, 1991). The
same calculation can yield large water clusters in the coma (up to 260
molecules/cluster). Moreover, water dimers comprise less than 6% of the
water production rate in comet C/1995 O1 (Hale—Bopp), according to radio
observations by the MPIfR 100 m telescope, the NRAO 12 m telescope, and
the IRAM 30 m telescope (Scherer et al., 1998). However, the error in these
observations (~6%) is larger than the abundance ratios of most species
(relative to water). Because of the low S/N ratio and low spatial resolution of
existing observational equipment, water dimers and clusters have not been
clearly detected in comets. According to our calculated number density of
water dimers in the coma, water clusters larger than dimers might form in

regions of abundant water dimers (relative to HoO monomers).

5.2. ORTHO-PARA CONVERSION OF WATER IN THE COMETARY
COMA BY CHEMICAL REACTIONS WITH WATER CLUSTERS
From recent observational, experimental, and theoretical studies, we
propose a scenario for ortho—para conversion in cometary comas.
1. The OPR of immediately sublimated cometary water (in gas phase)
was 3.0, different from the water OPRs observed in cometary ices. It
appears that prior to sublimation from the cometary nucleus,

cometary water takes an arbitrary OPR value, which is lost at the
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moment of sublimation.

2. Relaxation of OPRs of water with the surrounding temperature occurs
by interaction of water molecules with water clusters formed in the
inner coma. Finally, the OPR of water equilibrates with that of water
clusters in the expanding gas flow. The gas temperature initially
drops under the adiabatic expansion and later increases by
photodissociative heating (mainly contributed by photodissociation of
water to OH). On the other hand, the water clusters in the cometary
coma sublimed at ~30 K because their evaporation rate follows the
unimolecular dissociation theory (UDT) which predicts that (kupr)
rapidly increases around 30 K (see Figure 5.1 of Bormer et al., 2013).
The UDT evaporation rate is expressed as follows:

kypr = nz/aszo exp(%),
where n and W wu20 denote the cluster size and the vibrational
frequency of a water molecule within the cluster, respectively (the
latter was proposed as 2.68 X 1012 /s by Oka & Hara, 2007). Hy is the
latent heat of vaporization of a water cluster (equal to 1.46, 2.17, 1.619,
1.44, 2.13, and 2.02 X 10-20 J for n= 2, 3, 4, 6, 8, and 10, respectively),
and k and 7. are the Boltzmann constant and cluster temperature (K),
respectively. Fast ortho—para conversion can occur in the cometary
coma under the following conditions; a high proportion of water
molecules in the clusters (>~0.5 of total H20) and temperatures below
~35 K. Water dimers, assumed as the major cluster components, are
considered to form by three-body collisional reactions among the
waters and by ion—molecular reactions between H3O* and water. The
number density of the water dimers (cluster size of n = 2) can be

calculated by the following system of equations:

kypr RQN[(H,0),] = qHZO—H2OOH2O—H20VthermaI,H2OdHZOlH20N [H20]2
+ kLangevinCZHZO—H3O+N [H,O"]N[H,0] ,(4)
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N[(HZO) total ] =

O[H,0] (
4mr v

nc” exp.,H20

t ) =NIH.O1+2N[(H,0),] (g

H20

where N [(H20)2], N [H20], N [H30*], and N [H20totall denote the
number densities of water dimers ((H202)), H2O monomers, HsO* ions,
and total H2O (= N [(H20)2] + N[H20]), respectively. Note that the
total HoO number density excludes N [H30*], because the absolute
number density of HsO* is much smaller than that of H2O. In equation
(A), the parameter guso-nzo is the formation rate of water dimers by
collisional reactions with the reaction intermediate (H20)2* and H2O
monomers (0 < gu20-H20 < 1),0H20-H20 1s the collisional crosssection
between waters [/m2], VihermalHzo denotes the mean velocity of water in
thermodynamic equilibrium [m/s], du20 is the geometric radius of the
water monomer [m], Inz0 is the mean free path of water in
thermodynamic equilibrium [m], Kkiangevin 1s the Langevin rate
coefficient, corresponding to the reaction rate of the ion—molecular
chemistry [m3/s], and gu20-nso+ denotes the formation rate of water
dimers by reactions between H3;O* ions and free electrons (0 < gq
m20-u30+ < 1). In equation (B), the parameter @ [H20] denotes the
water production rate [/s], mc is the nucleocentric distance [ml, Vexp. H20
is the expansion velocity of water [m/s], tis the lifetime of water [s]
(determined as 4.5 x 104 s by Huebner et al., 1992), and ¢t = r/ Vexp.H20
is the time elapsed since water sublimed from the surface of the
cometary nucleus [s].

In general, the region of ortho—para conversion in the coma is
limited to the region of the contained water clusters. Its extent
depends on the temperature distribution in the coma (and on other
factors such as water production rate and heliocentric distance).

. Ortho—para conversion requires the presence of water clusters (once
the gas temperature in the expanding coma has increased to above
~35 K by the solar radiations). The OPR observed in the cometary
water reflects the temperature range over which water clusters are

destroyed. Namely, the observed OPRs of cometary water reflect the
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evaporation temperature of the water clusters in the inner coma (~30
K), not the sublimation temperature of water in the cometary nucleus
(~150 K). If no region of the cometary coma is below ~30 K (i.e., no
ortho—para conversion occurs in the coma), the OPR of cometary water

should be 3.0 (the high-temperature limit).

Figure 5.2 presents the calculated spatial distributions of water dimers,
assuming a water production rate of 1.0 X 103° /s and a heliocentric distance
of 1.0 AU. Also plotted are the spatial distributions of HsO* in 1P/Halley,
obtained from the radial variations of the number density measured by the
Giotto spacecraft (Ip, 1989). The calculation is detailed in Appendix C.

Figure 5.2 shows that ortho—para conversion can occur within a limited
area (30-100 km from the nucleus) where the relative proportion of
monomer water is below ~50 %. The OPRs of cometary water may also
reflect the sublimation and/or dissociation temperature of water dimers to
monomers in the coma. The second of these is feasible because the relaxation
time of water is very short (within several micro seconds; Sliter et al., 2011;
Tanner et al., 2013). Within the conversion area, (H20): formed at a rate
exceeding 4 X 1016 /s/m3, implying a coma temperature below 28 K.

Larger clusters (n >3) facilitate the ortho—para conversion of water
because the hyperfine interactions of ortho—para mixing are more easily
accomplished in large clusters than in dimers. The total crosssections of
large clusters are much larger than those of water dimers. However, ionic
water clusters can collide more easily than neutral clusters.

Unless all of the water in the coma can undergo ortho—para conversion,
the observed OPRs of water are contributed by water that is equilibrated
with the sublimation temperature of cometary nuclear water (OPR = 3.0; the
high-temperature limit) and by water that is converted in the coma (OPR =
2.2, corresponding to Tipin = 25 K). If these waters are mixed in the coma, the
observed OPRs of water should widely vary.

In this study, the number density of water dimer in the coma is
calculated in a steady state condition. However, the number density of water

dimer in the actual coma might become smaller than our calculation because
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the realistic expanding coma might not be in a steady state condition.
Therefore, to check the temporal evolution of the number density of water
cluster in the coma, we require very highly spatially resolved observations of
water dimer at infrared wavelengths from space, monitoring observations of
H20 OPR during a outburst of comets with a short time-dependent, and
development of time integration calculation of number density of water
clusters in the coma.

We assume that ammonia undergoes similarly fast ortho—para
conversion by sublimation from the nucleus. Immediately after sublimation
from the cometary nucleus, we expect that the ammonia OPR is balanced
with the sublimation temperature of cometary ices at ~150 K (the
sublimation temperature of water, which comprises most of the cometary
nucleus). The observed OPRs of ammonia were shifted from their
equilibrium value of 1.0, indicating that ortho—para relaxation occurs in the
coma under low-temperature conditions. Although ammonia clusters
((NH3)n) could conceivably form in the coma, ammonia—ammonia collisions
are much rarer than H2O-H20 collisions because the abundance ratio of
ammonia 1s only ~1% that of water. Therefore, we suggest that ammonia
collides and chemically reacts with both water-group species (e.g., H;O* and
H20%) and water clusters (e.g., (H20), n is integers more than 2). These
collisions and reactions might enable ortho—para conversion of ammonia.

Thus, because the OPR of water is probably relaxed in the coma based on
our simple calculation of number density water dimer in the coma, OPRs of
cometary volatiles are not suitable as the physics parameter to obtain

information before the cometary nuclei formed.

5.3. PECULIAR COMET: 73P/ SCHWASSMANN-WACHMANN 3

Finally, we discuss the anomalous properties of the peculiar comet named
73P/Schwassmann—Wachmann 3 (hereafter 73P/SW3). Not only are the
OPRs of 1its cometary ammonia and water consistent with the
high-temperature limit values (being equal to 3.0 and 1.0, respectively) but

also is the nitrogen isotopic ratio in its cometary CN (14N/15N ~ 220; see
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Section 2). The temperature in the coma of Comet 73P/SW3 is everywhere
above 30 K, because the comet is disintegrated into many small nuclei rather
than containing a single large nucleus (that is, the sources are distributed
throughout the coma). Consequently, unlike other comets whose intact
cometary nuclei are cooled below 30 K, Comet 73P/SW3 contains multiple
small nuclei that have remained relatively warm. Other features of this
comet include (1) poor abundances of organic molecules (Kobayashi et al.,
2007), (2) typical abundances of crystalline silicates in the cometary dust
grains (Harker et al., 2011), and (3) low 15N-fractionation in CN (Manfroid et
al., 2009). These features were revealed in observational studies. From our
own and previous studies of Comet 73P/SW3, we infer that the formation
region of the cometary nucleus was similar to other comets, although
numerous ices recondensed from the gas-phase had been formed in relatively
warmer regions. Such peculiar comets might form in the subnebulae of giant
planets, such as dJupiter. Alternatively, Comet 73P/SW3 might be an
extrasolar comet. However, the orbital evolution of an object from hyperbolic
to elliptical is energetically unfavorable because orbital evolution necessarily
loses potential energy of the object. The orbit of an object should evolve to the
Kuiper belt or the Oort cloud when an object passes over the inner solar

system captured by the solar system
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Figure 5.1 Lifetimes of water clusters (twc (n); n = 2, 3, 4, 6, 8, and 10)
calculated from the UDT evaporation rate formula: kupr (twe (n) = 1/kupr ().
The lifetime rapidly increases below ~40 K at some cluster sizes (n= 2, 4, 6)
and below 55 K at others (n= 3, 8, 10).
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Figure 5.2 Spatial distribution of water dimers in the coma. The water
production rate is 1x 10" /s and the heliocentric distance is 1.0 AU. Water
dimers are formed by three-body Hs2O collisions (formation rate = 10-3) and
by recombination of (H20)s* and electrons (recombination rate = 10-3). Red,
blue, green, gray, and orange lines denote the number densities of water
monomers [/m3] (left axis), water dimers [/m3] (left axis), and H3O* ions [/m?]
(left axis), the gas temperature in the coma [K] (right axis), and the relative
proportion of monomer water [%] (right axis), respectively. Ortho—para
conversion can occur within a small area (30-100 km from the nucleus). The
OPRs of cometary water may reflect the sublimation and/or dissociation

temperatures of water dimers in the coma.
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6. CONCLUSIONS AND FUTURE DIRECTIONS

Ortho—para conversion of cometary water can occur by chemical reactions
with water clusters in a limited region of the coma. Within this region, the
relative proportion of monomer water is below ~0.5 and the surrounding gas
temperature is lower than ~30 K (both parameters are considered to control
ortho—para conversion in the coma). The observed nuclear spin temperatures
of cometary water (~30 K) reflect the evaporation temperature of the water
clusters in the coma. To confirm our hypothesis that water clusters of
reasonable amount are formed in a steady state coma, we require (1) very
highly spatially resolved observations of water dimer at infrared
wavelengths from space, (2) monitoring observations of HoO OPR during a
outburst of comets with a short time interval, and (3) development of a
time-dependent model of number density of water clusters in the coma.

The nitrogen isotopic ratios in cometary volatiles, such as ammonia, HCN,
and CN may retain their memory of molecular formation, being consistent
with formation at low temperatures (~10 K). Because the nitrogen isotopic
ratios of cometary volatiles (at least those of CN) are largely consistent, they
apparently reflect the temperature of the molecular cloud that sourced the
solar system, which was probably around 10 K. On the other hand, ammonia,
NCN, and CN might have undergone 5N-fractionation slowly by chemical
reactions with N fractionated nitrogen molecules (14N15N and *N15N) in
the solar nebula or the interior of the nucleus. Therefore, we hope to
determine the nitrogen isotopic ratios of cometary nitrogen molecules. To
this end, we must first detect the nitrogen molecules in comets, which have
not been reported to date.

Cometary water comprise water formed in the interstellar environment
(very low-temperature conditions of ~10 K) and in the solar nebular (warmer
temperatures of >30 K) because the D/H enrichments of cometary water
cannot be explain only by chemical reactions in the solar nebula (Cleeves et
al., 2014). The disk parameters (such as turbulent viscosity coefficient and
mass accretion rate) that can explain the observed D/H ratio in cometary

water can be obtained by comparing the observational results with results of



98 \ Y. Shinnaka: Study of the origin of the cometary volatiles

a disk model for the solar nebula. To confirm the validity of these disk
parameters, we need to check the soundness of the disk model (.e., we
should confirm whether other physical parameters can be explained by the
same disk parameters).

One of a key volatile is CH3sD to measure the D/H ratio in methane (CH,).
This value will give us strong constraints for chemical evolution models in
the solar nebular and in the presolar molecular cloud. A key point is the
difference of the sublimation temperatures between methane (~30 K) and
water (~150 K). Methane can be in solid-phase in the presolar molecular
cloud at 10 K. Methane ice formed in the interstellar space does not
sublimate under higher temperature environments, i.e., higher than the
sublimation temperature of methane and lower than that of water, (e.g., in
the solar nebula) because these methane molecules are trapped in water ice
that is dominated volatile in interstellar ices in general. Only in limited
areas of the solar nebula (further than 13 AU from the Sun, based on a
temperature distribution of the normal solar nebula model, Hersant et al.,
2001), methane can exist in solid-phase. Then, the D/H ratio observed in
cometary methane is probably influenced by the radial and vertical mixing
in the solar nebula.

However, in current theoretical deuteration model of methane in the
solar nebula (Aikawa & Herbst, 1999), the mixing in the solar nebula has
never been considered. To reproduce not only the D/H ratio in water but also
that of methane, an inflexible constraint to the disk parameters is required.

Finally, quantitative evaluation of the effect of the mixing in the solar
nebula on cometary physical parameters is essentially important to clarify
an interpretation of the cometary physical parameters (such as OPRs of
water and ammonia, isotopic ratios in volatiles, mixing ratios relative to
water in each volatile). To clarify the effect of the mixing in the solar nebular
to cometary physical parameters, we should reveal a statistical relationship
between a crystalline-to-amorphous ratio (CAR) of cometary silicate grain
and the physical parameters because the CARs of the silicate grain probably

reflect the strength of radial mixing in the solar nebula.
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APPENDIXES
APPENDIX A: DATA REDUCTION OF HDS

In this Appendix, I describe the data reduction procedures and
calibration of the observational data obtained by the Subaru Telescope with
the HDS. This material is based on the Subaru Telescope’s homepage (¥).
Below is a brief summary of each item.

(*) http://www.naoj.org/Observing/Instruments/HDS/hdsql-e.html

A.1. OVERSCAN

The HDS has two CCDs (RED and BLUE) and readout was carried out at
two points for each CCD. Independent bias frames are not subtracted:
instead, the “over scan region” at the center of the frame is averaged, and the
average count is then subtracted from the object frames. This correction is
handled by the “overscan” task prepared in the HDS. The overscan task
calculates the average ADU in the scan regions in each frame and subtracts
this value from the entire image. This process is very similar to bias
subtraction. At the same time, it changes the counts in the frame from ADU

to electron numbers through a conversion factor (number of electrons = 1.7 x
ADU).

A.2. BIAS AND/OR DARK SUBTRACTIONS

This step subtracts the Bias, Dark, or both from the object frames and is
followed by another step that masks bad pixels. The BIAS does not need to
be subtracted from the target frames. The dark counts are automatically

scaled referring to the exposure times of the dark and target frames.

A.3. MASKING BAD PIXELS
Some bad columns exist in each CCD of HDS. These bad columns corrupt

the scientific data, and the affected regions must be corrected.

A.4. LINEARITY CORRECTION OF HDS’S CCDs
Significant nonlinearity was found in the CCDs of HDS at higher electron
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numbers (>10000 e-; Tajitsu et al., 2010). This nonlinearity is corrected by
the “hdslinear” task.

A.5. COSMIC-RAY REJECTION

During long-term exposure, counts originating from cosmic rays are
collected. The effect of cosmic rays is rejected by the “wacosm11” task which
applies a median filter to the object frame at first out-stand pixels, then,
replace counts of these pixels with extrapolated values. The important
parameter of this task is the baseline count “cr_base”. This should be similar
to the peak count of the object frame. Smaller value is better to find
cosmic-ray hits. But it 1is afraid that smaller value can lead

misunderstanding real count as cosmic ray hits.

A.6. SCATTERED LIGHT SUBTRACTION
I obtained a curved surface by interpolating the gaps between traced
orders and subtracting the fitted result from all frames. This step uses the

“apscatter” task.

A.7. FLAT FIELDING

Flat fielding simultaneously corrects for nonuniformities of the
transmittance and reflectance of the optical elements, the varying
pixel-to-pixel sensitivities of the CCDs, and the fringe patterns appearing on
the detector.

To correct for these effects, I constructed a flat fielding frame from

instrumental flat images.

A.8. APERTURE EXTRACTION
I extracted 11-32 spectral images from each CCD at different grating

settings, using “aptrace” and “apall” tasks includes the IRAF software.

A.9. WAVELENGTH CALIBRATION
I calibrated only the wavelength of the HDS (not the spatial direction)
because the spatial direction on the CCD is parallel to the lines of the CCD.
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The wavelength accuracy of the final spectra is better than +0.01 A in all

wavelength regions.

A.10. SENSITIVITY CALIBRATION

I calibrated the flux using a standard star taken in a very close area of
the sky. This method conserves the flux information of the target. In HDS,
the blaze function of the echelle orders might be relatively unstable and
sensitive to the telescope position and/or focus offsets. Therefore, as
calibrators, I used both spectrophotometric standard stars and some normal
Early type star (earlier than A-type stars) and a spectrum-type and the
magnitude are well-known objects as normal stars.

Flux calibration of object frames needs a three-step process. First, the
flux of the standard stars is measured using the “standard” task. Second, a
sensitivity function is created by the “sensfunc” task. Finally, the intensity is

calibrated from electron number to flux using the “calibrate” task.

A.11. MAKING A COMBINED SPECTRUM

I combined all orders of the target using the “scombine” task.
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APPENDIX B: DATA ANALYSIS OF HIGH-DISPERSION
OPTICAL SPECTRA IN COMET

In this Appendix, I explain the data analysis of high-dispersion spectra
(after calibration). Calibrated spectra taken by ground-based telescopes
include the cometary gas (emissions of volatiles) and dust (reflected sunlight
by the cometary dust particle in the coma) components, the absorptions by
the telluric atmosphere, and the incident light to the instrument, which is
blurred thorough the optical pass of the instrument (called the instrumental
profile). As I am studying cometary volatiles, I am interested in the gas
component. Therefore, I remove the continuum components (the sunlight
reflected by the cometary dust particles and absorption lines introduced by
the telluric atmosphere) from the calibrated comet spectra. These unwanted

continuum components are removed by the following steps.

B.1. CONTINUUM SUBTRACTION

For continuum subtraction from the cometary spectra, I modeled the
reflected sunlight between the high-dispersion solar spectrum (Kurucz,
2005) and the color spectrum of cometary dust grains at different
wavelengths. The modeled spectrum of reflected sunlight was convolved with
both the telluric transmittance spectrum calculated by the Line-By-Line
Radiative Transfer Model (LBLRTM; Clough & Iacono, 1995) and the
instrumental profile approximated by a Gaussian function, using the “gauss”
task of IRAF software (see Figure B.2).

B.1.1. SYNTHESIZED SPECTRUM OF SUN

As the solar spectrum, I employed the high resolution Kitt Peak
Irradiance Atlas from 300 to 1000 nm with the telluric lines removed (Figure
B.1; Kurucz, 2005). High-resolution solar spectra (S/N ratio=10% resolving
power=106) were taken by J. Brault and L. Testerman at the Kitt Peak
Observatory. Wavelength coverage is 300 to 1000 nm. Although the flux
spectrum from 300 to 1300 nm has been already published as the Solar Flux
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Atlas (Kurucz et al., 1984), it includes broad Oz and Oz dimer (or [O2l2)
features, and telluric absorptions have been removed. Therefore, the
spectrum of the telluric absorptions was computed using HITRAN (Rothman
et al., 2005) and other line data for H20, Oz, and COs. The line parameters
were adjusted to approximately match the observed spectra (Kurucz, 2005).
For the solar spectrum, I shifted to the cometary center wavelengths (or
to any other wavelength of the gas emission) corresponding to the relative
velocity between the comet and the Sun and approximated the instrumental

profile by the Gaussian function using the “gauss” task of IRAF software.

B.1.2. SYNTHESIZED SPECTRUM OF TELLURIC ABSORPTION

The LBLRTM code is an accurate line-by-line model that calculates the
spectral transmittance and radiance with efficiency and high flexibility.
Detailed information is provided on the Web page of Atmospheric and
Environmental Research (¥1). I calculated an arbitrary spectrum by
specifying arbitrary observational and atmospheric conditions (such as the
observatory location, zenith angle of the observation, temperature, pressure,
and humidity at the Earth’s surface) in arbitrary wavelength regions.

For the telluric absorption spectrum, I also shifted to the cometary center
wavelengths corresponding to the relative velocity between the comet and
the Earth. The instrumental profile is again approximated by the Gaussian
function using the “gauss” task of IRAF software.

*1: http://rtweb.aer.com/lblrtm.html

B.1.3. ESTIMATION OF THE COLOR SPECTRUM OF DUST GRAINS
The color spectrum of cometary dust grains was estimated from the
divided spectrum (the calibrated spectrum divided by the convolved

spectrum of the solar and telluric lines spectra) using the “background” task
of IRAF software.
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Figure B.1 A high-resolution Kitt Peak Irradiance Atlas from 300 to 1000

nm with the telluric lines removed (Kurucz, 2005).
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Figure B.2 Synthesized spectrum of the telluric transmittance of comet
C/2012 S1 (ISON), calculated by the LBLERTM code.
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APPENDIX C: CALCULATION OF NUMBER DENSITY
DISTRIBUTION OF WATER DIMERS IN THE COMA

In this Appendix, I explain the method for calculating the number density
of water dimers in the coma at each nucleocentric radius. The calculation
proceeds through the following steps. The formation processes of water
dimers in the coma are neutral-neutral three-body reactions of water and
ion—molecule reactions with HsO*, and the dissociation process is thermal
evaporation under thermal equilibrium conditions. Formation process
should release the excess energy of the formation reaction of water dimers

because the bonding energy of water cluster is weak.

C.1. FORMATION PROCESSES OF WATER DIMERS
As mentioned above, water dimers form by (1) neutral-neutral
three-body reactions of water and (2) ion—molecule reactions with H3O*.
First, the number of water dimers [/s/m3] produced by the neutral-
—neutral three-body reactions of water is calculated by the following formula.
This formula is based on three-body collisions between molecules of the same
type (in this case, H2O molecules).

d
NI(H,0),1 = 412012004120 120V thermat 1120 N [H20]2 , (C.1)

lH2O

where

NI(H20):] is the production number of (H20) 2 dimers [/s/m3],

NIH:0] is the number density of water [/m3],

qu20-H20 1s the rate of water dimers formed by collisional reactions
with the reaction intermediate (H20)2* and H2O monomers (0
< qu20-H20< 1),

O H20-H20 is the collisional crosssection between waters (7 dugo?2 = 7 (1
X 10-19)2 [/m2]),

Vihermal, H20 18 the mean velocity of water in thermodynamic equilibrium
[m/s],

du20 is the geometric radius of a water monomer [m], and

Ii2o0 1s the mean free path of water under the thermodynamic
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equilibrium condition [m].
The mean velocity of water monomer is calculated under the thermal

equilibrium condition:

/Sk T
vthermal.,HZO = KBa (02)

where
kg, denotes the Boltzmann constant (1.380658 x 10-26 J/K),
T denotes the gas temperature [K], and
m is mean molecular mass (the mass of H2O, computed as <mean
molecular mass> X <unified atomic mass unit>, is 16 X 1.6605 x
10-27 ~2.6568 x 1026 kg)).
Moreover, from the molecular diameter and the mean free path of two-body
collisions, we can estimate the number ratio of three-body collisions to
two-body collisions (assuming identical molecules).
Next, I discuss the ion—molecule reactions with H3zO*. A production

number of water dimers can estimate from follows formula:

N[(Hzo)z] = kLangevinQHzo-H3o+N[H3O+]N[H20] ) (C.3)

where
NI(H20):] is the production number of (H20) 2 dimers [/s/m3],
NI[H:0] is the number density of water [/m3]
NIH;0%] is the number density of HsO* [/m3]
Kiangevin 18 the Langevin rate coefficient, corresponding to the reaction
rate of the ion—molecular chemistry [m3/s]
qu20-H30+ 1s the formation rate of water dimers by the reaction of HsO*
and free electrons (0 < gu20-H30+ < 1).
Here, the Langevin rate coefficient corresponds to the crosssection between
two molecules times the mean velocity of the colliders. The Langevin rate

coefficient is independent of temperature.

C.2. DISSOCIATION PROCESSES OF WATER DIMERS

Water dimers are considered to dissociate by thermal evaporation. The
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evaporation rate of the water clusters, determined by the unimolecular

dissociation theory (UDT) (kupr), increases rapidly around 30 K (see Figure

5.1 of Bormer et al., 2013). The UDT evaporation rate is expressed as follows:
HV

kypr(n) = n?’w 0 exp(k—T), (C.4)

c

where

n1s the cluster size,

ou20 1s the wvibrational frequency of a water molecule within the
cluster (proposed as 2.68 x 1012 /s by Oka & Hara, 2007),

H;, is the latent heat of vaporization of water clusters (equal to 1.46,
2.17,1.619, 1.44, 2.13, and 2.02 X 1020 J for n= 2, 3, 4, 6, 8, and 10
molecules, respectively),

k is the Boltzmann constant, and

Tt 1s the cluster temperature.

Water clusters are very sensitive to temperature because they are weakly

bound and thus easily separated.

C.3. COMA ENVIRONMENT

To calculate the number density of water dimers in the coma, we require
certain parameters, such as the temperature distributions (which depend on
the water production rate and heliocentric distance) and the spatial
distributions of H3O* ions in the coma.

For the gas temperatures as a function of radial distance from the
nucleus, I adopted the gas temperature distributions in the coma estimated
from the water production rates of 1027, 1028, 1029 and 1030 /s
(Bockelée—Morvan and Crovisier 1987). Once released from the nucleus, the
gas temperature immediately decreases under adiabatic expansion because
solar radiation exerts little effect (t>1) in the inner coma. Relatively far from
the nucleus (~100 km), the gas is heated by solar radiation.

I used the spatial distribution of HsO* in comet 1P/Halley observed by the
Giotto spacecraft (Ip, 1989). Based on these data, the observed water
production rate in 1P/Halley is approximately 1030 /s.
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C.4. CALCULATION OF NUMBER DENSITY OF WATER DIMERS
The formation number of water dimers is assumed to be balanced with
the dissociation number of dimers in a given region. The number density of

water dimers is calculated by the following system of equations:

d
kypr )NIH,0),1 = Gipro-1200120-120V thermatno 5 NIH 0T

lH2O 5 (05)
+ kLangevian2O—H3O+N[H30+]N[HZO]

Agory = N[H,0]+2N[(H,0),], (C.6)

exp.,.H,O

H.,O
NI(H,0),,,] = Mexp(—

Th,0

Solving the above equations, I obtainl solve the above system of equations.

2
{qHZO—HZOGHZO—HZOVlhermal,H2O }N [H,0]

o1
+{kLangevian20—H3O+N [H,07]+ EkUDT (2)}N[H20] - - (C

1
_E kUDT (2)N[(H20)tolal]
=0

(C.7) is a quadratic equation that can be solved for N[(H20)s].



