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Abstract

Comets are thought to be relics of our solar system, which have kept the
information on solar system formation. The solar system formed from a
collapsing molecular cloud. Many planetesimals formed first in the proto-
planetary disk around proto-Sun (called “solar nebula”). Typical dimen-
sions of the planetesimals were between a few hundreds meters and a few
kilometers. They accreted into planets and satellites, while some of them
remained as fragments of collisions which are asteroids, and the remnants
of icy planetesimals survived in outer solar system as comets or small icy
bodies. Therefore, studies on physical conditions of the solar nebula from a
viewpoint of comets are important for investigating the formation process
or circumstance of the solar system.

There are some primordial properties in comets, e.g, a chemical abun-
dance, isotopic ratios for various elements, and ortho-to-para ratios (OPRs)
of cometary materials. The OPR is an important character of cometary
molecules which have hydrogen atoms at symmetrical positions. A spin
temperature derived from OPR could reflect the conditions (especially, a
temperature) where the molecule formed. The spin temperature is thought
to indicate a temperature of grains in the solar nebula because the molecules
formed in the icy mantles on grains.

Among cometary species there are no reliable reports except water molecules,
of which the spin temperature has been derived as about 30 K for several
comets. This temperature is consistent with the temperature range inves-
tigated from deuterium-to-hydrogen (D/H) ratios of water and hydrogen
cyanide, and from abundances of argon and neon in comets. In this thesis,
a new method to investigate OPR of ammonia in comets, along with first
applications of this method to two Oort cloud comets, comet C/199954
(LINEAR) and comet C/2001A2 (LINEAR), is presented. Ammonia is
important as a product of nitrogen related chemical reactions in the solar
nebula, and as a reservoir of nitrogen atoms in comets. However, there are
only a few reports on the detection of cometary ammonia for bright comets
by radio observations, and no reports on OPR of cometary ammonia.

In this thesis, it is shown that the OPR of cometary ammonia can be also




determined from OPR of NH,, which is observable in the optical wavelength
region. NH, is thought to be a photodissociation product of cometary
ammonia, which is confirmed by the spatial distribution of NH; in the
coma of comet C/1996B2 (Hyakutake). In order to derive the OPR of
NH, from observed emission lines, the fluorescence excitation model is
established. As an application of this model to the high-dispersion optical
spectra taken by the high dispersion spectrograph (HDS) and the Subaru
telescope, the OPRs of NH; are derived as 3.3240.09 in comet C/199954
(LINEAR) and as 3.43+0.09 in comet C/2001A2 (LINEAR), respectively.
These values indicate OPRs of ammonia to be 1.16+0.05 and 1.2240.05 for
comet C/1999S4 (LINEAR) and comet C/2001A2 (LINEAR), respectively.

Derived spin temperatures of ammonia, 2873 K for comet C/199954
(LINEAR) and 267% K for comet C/2001A2 (LINEAR), are consistent with
temperature ranges investigated for the Oort cloud comets in the previous
studies. These results are indicative of grain processing for the formation
of cometary ammonia. The derived spin temperatures may indicate the
formation region between the orbit of Saturn to that of Uranus in the solar
nebula. These comets are thought to originate from Oort cloud concerning
their orbits. Based on statistical studies on orbital evolutions of comets
in the solar nebula, it is thought that Oort cloud comets formed between
the orbits of Jupiter and Neptune and then they were scattered by giant
planets into outer edge of the solar system. The result obtained in this
study is consistent with the statistical studies on orbital evolution of the
Oort cloud comets.

Further observations of OPR of cometary ammonia are required, espe-
cially, a comparison between Oort cloud comets and Kuiper belt comets
(which are thought to form further than the orbit of Neptune in the solar
nebula) is important for investigating origin of comets.



Chapter 1

General Introduction

Comet is a remnant of solar nebula (a protoplanetary disk around proto-
Sun) and it has kept the information on early solar system. Physical con-
ditions such as a temperature, a pressure, and a chemical composition of
our solar nebula, can be investigated from comets. Studies on formation
process of our solar system are important for investigations on the for-
mation of stars and planetary systems. Many stars with planets and the
protoplanetary disks around protostars have been discovered so far and
the formation process from a molecular cloud to a planetary system has
been investigated by many researchers (Shu et al. 1987, Marcy et al. 2000,
Aikawa et al. 2001, Irvine et al. 2000, and references therein).

In the solar nebula which consisted of gas and dust grains, many planetes-
imals formed from grains (or grains with icy mantles) at near equatorial
plane of solar nebula, and a typical size of planetesimals is thought to
be between a few hundreds meters and a few kilometers (cf. Crovisier &
Encrenaz 2000). These gas and dust grains originated from a pre-solar
molecular cloud. The planetesimals accreted into several planets and their
satellites in the solar system. Comets are thought to be remnants of icy
planetesimals formed apart from the central proto-Sun, and they have sur-
vived until now in the solar system. Therefore, the chemical composition
of a comet reflects the chemical composition and physical conditions in the
solar nebula, especially in the outer region. These remnants have been
reserved in the outer part of solar system for a long time (= 4.5 Gyr). One
reservoir is “Oort cloud” spherically distributed between 10* and 10° as-
tronomical units (AU) from the Sun, and the other is “Edgeworth-Kuiper
belt” (hereafter called “Kuiper belt” briefly) distributed beyond 30 AU
from the Sun nearly in the equatorial plane of the solar system (Weissman
1999, Trujillo & Brown 2001).

Usually comets come from these regions and form comae and tails due
to the solar irradiation within a few AU from the Sun (cf. Crovisier & En-
crenaz 2000). The coma spherically distributed around cometary nucleus,
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consists of both gaseous volatile species sublimated from the nucleus, and
dust grains ejected from the nucleus by an expanding gas flow. Some
kinds of molecules or atoms are generated through photodissociations of
cometary molecules by the solar ultraviolet radiation and through chemi-
cal reactions in the coma (chemical reactions can occur only in the inner
coma because the gas density is too low in the outer coma). There are
three types of cometary tails: a dust tail, an ion tail, and a sodium tail.
The dust tail consists of dust grains which are ejected from the cometary
nucleus by the expanding gas flow and accelerated by the solar radiation
pressure. The ion tail is formed by ions which are generated from neutral
molecules in the coma and accelerated by the solar wind. The sodium tail
is made from neutral sodium atoms which are accelerated by solar radia-
tion pressure (the atomic sodium is very sensitive to the solar radiation).
The sodium tail is discovered only in several bright comets (Cremonese
1999, Kawakita & Fujii 1998, Combi et al. 1997a).

Thus the materials of which a cometary nucleus consists can be easily
observed within a few AU from the Sun. Recent progress of modeling a
chemical evolution in a protoplanetary disk and in a molecular cloud can
allow us to relate the chemical composition of our solar nebula to those
of cometary nuclei. A chemical evolution in the protoplanetary disk is
sensitive to the temperature and other conditions (Aikawa et al. 1999).
A chemical abundance in cometary nucleus seems to be similar to that
in molecular clouds for some comets (Bockelée-Morvan et al. 2000). It
is thought that some materials might be incorporated into comets from
a molecular cloud without processing in the solar nebula. The deuterium
fractionation in cometary materials, e.g., water, hydrogen cyanide and etc.,
is also important key for the study on chemical evolution in the solar neb-
ula. The deuterium-to-hydrogen ratio (D/H ratio) is sensitive to the con-
ditions of solar nebula (Hersant et al. 2001, Aikawa & Herbst 1999). Of
course, other isotopic species are also important. The isotopic ratios in
carbon, oxygen, nitrogen, and sulfur are consistent with the solar abun-
dance, and this fact supports that the comets originated from the solar
nebula (Crovisier 1999).

Oh the other hand, the ortho-to-para ratio (OPR) of a cometary material
is also an important key to investigate the temperature of solar nebula.
For a molecule with hydrogen atoms at symmetrical positions, there are
different nuclear-spin species according to the relative orientations of the
spins of their protons. A situation is the same for a molecule with identical



atoms having non-zero nuclear spin at symmetrical positions. These species
are called “ortho” and “para” for molecules with two identical protons like
H,0, “A” and “E” (or “A”, “E”, and “F”) for molecules with three (or
four) identical protons. It is thought that the OPR (or E/A ratio) of the
molecules is characteristic of the formation conditions of the molecules and
it is one of primordial characters of comets (Mumma et al. 1993, Crovisier
1999, Irvine 1999) even though the possibility of ortho-para conversion in
the cometary environment can not be avoided and should be investigated
in the laboratory (Irvine et al. 2000).

Unfortunately, there are no reliable reports on OPR of cometary molecules
except water (Mumma et al. 1993, Crovisier 1999). Although Biver et
al. (1999) reported OPR of formaldehyde (H,CO) in comet C/1996B2
(Hyakutake), they noted that readers must be very careful for their result
because the calibration uncertainties were large due to low atmospheric
transmission for para-H,CO lines. As preliminary reports, Weaver et al.
(1997) reported E/A ratio of methane (CH,) in comet C/1996B2 (Hyaku-
take), and Womack et al. (1997) reported OPR of formaldehyde in comet
C/199501 (Hale-Bopp). However, there are no further reports for them in
detail.

Although ammonia is important as a product of nitrogen related chemi-
cal reactions in solar nebula and as a reservoir of nitrogen atoms in comets,
there are no reports on OPR of cometary ammonia so far. In this thesis
cometary ammonia is investigated from a viewpoint of its ortho-to-para
ratio (the nuclear-spin species of ammonia are usually called “ortho” and
“para” although ammonia molecule has three identical protons). Ammo-
nia with X = 3n (K: a quantum number of total angular momentum
projected to its molecular symmetric axis, and n is an integer) is called
“ortho” and the other is called “para” (Ho & Townes 1983). Because it
is difficult to determine the precise OPR of cometary ammonia directly
from observations of ammonia as described in Chapter 4, NH; is used to
probe the OPR of cometary ammonia in this thesis. Cometary ammonia is
photodissociated by solar ultraviolet radiation in the cometary coma and
makes NH; and H atom. NHj has two identical hydrogen atoms and there
are “ortho” and “para” species for NHy. The OPR. of NH, depends on the
OPR of ammonia. Thus the OPR of ammonia can be investigated from
NH; indirectly. The most important advantage of using NH, is that NH,
is usually seen in optical spectra of comets near 1 AU from the Sun, and a
high signal-to-noise (S/N) ratio can be achieved for NH» emission lines. On



the other hand, cometary ammonia could be detected only for a few bright
comets using existing facilities. These advantages make it easy to observe
many comets and to determine the OPR of ammonia in the comets. In
the future, a statistical study on OPR of cometary ammonia in various
comets will be possible based on the method provided in this thesis. It
is important for investigating the history of our solar system. The main
purposes of this thesis are to establish a new tool to investigate the OPR
of cometary ammonia and to introduce the first application of this method
to two comets.

In Chapter 2, the spatial distribution of NH; in comet C/1996B2 (Hyaku-
take) is compared with model results based on the Monte Carlo simulation,
in order to confirm that ammonia is a parent of NH, in comets.

In Chapter 3, the fluorescence excitation model of cometary NH; is con-
structed and the model results are shown. This model is necessary to de-
termine the OPR of NH; from a high-dispersion spectrum of comet. The
model results are discussed and compared with observational results.

In Chapter 4, OPRs of NH; are determined from the observed NH; emis-
sion spectra of comet C/1999S4 (LINEAR) and comet C/2001A2 (LIN-
EAR). Then OPRs of cometary ammonia are determined from the OPRs
of NH, for these comets. The derived OPRs of ammonia in these comets
are discussed and compared with other observations.



Chapter 2

Confirmation of NH> Production
through Photodissociation of
Ammonia

2.1 Introduction

Recently there are two comets which got very closer to the Earth before
comet C/1996B2 (Hyakutake), these comets are comet C/1983H1 (IRAS-
Araki-Alcock ) hereafter called comet IAA, and comet C/1983J1 (Sugano-
Saigusa-Fujikawa) hereafter called comet SSF. The researchers had the best
opportunities to observe the condition near the cometary nuclei in detail for
these comets. Comet IAA approached to the Earth up to A =0.03 AU in
May 1983, and comet SSF approached to the Earth up to A = 0.06 AU in
June 1983. Several new molecules were discovered at these comets via UV,
visible, infra-red and radio observations. Especially via radio observations,
some saturated molecules were discovered, which are thought to be released
from the nucleus directly.

The emission of NH; molecule caused by the photodissociation is shown
in the visible region from about 4000 A to 9000 A. Because these features
are, however, faint and contaminated with the other strong emission such
as the C,; Swan band sequence, the number of the researches on the NH,
molecules is relatively small. Furthermore, the surface brightness profile
near the nucleus (at some NH, emission band) should be used to determine
the lifetime of NH, parent molecule precisely. The spatial resolution should
be less than 10° km because the scale length of NH, parent based on
Haser’s model is about the same order. For comet IAA and SSF, however,
it was difficult to get high quality data (which has high S/N ratio and low
tracking error). The reasons were as follows; (1) the comets were diffused
and faint (especially for comet SSF), (2) because of its rapid motion it was
difficult to track the comet during sufficient exposure time (especially for
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comet IAA), (3) the CCD devices were not well developed at that time, so
longer exposure time was required for the photographic observation and the
accuracy of the photographic photometry is less than the CCD photometry.

On the other hand, comet C/1996B2 (Hyakutake) became bright and
CCD devices were well developed at that time, so it was not hard to obtain
excellent data in spite of its rapid motion. Comet C/1996B2 (Hyakutake)
approached to the Earth up to 0.10 AU in March 1996. The spectroscopic
observations in the visible region were performed using the long slit spec-
trograph on 1996 March 23, and 1-dimensional profile of the brightness
was obtained at the wavelength of NH, emission. The spatial resolution
of the observations was about 645 km and this value is sufficient to check
the lifetime of its parent molecule. The most reliable candidate of the NH,
parent molecule is the ammonia (NH;), which was securely detected for the
first time in comet C/1996B2 (Hyakutake) by radio observations (Bird et
al. 1997b). In this study, three possible parent of NH; radicals (including
NH;) are examined by comparing the observed surface brightness profile
with the calculations based on the collisional random walk model.

2.2 Observation of Comet C/1996B2 (Hyakutake)

The result in this chapter is derived from the observations carried out by
1.01m reflector (F/12, Folded-Cassegrain focus) at Bisei Astronomical Ob-
servatory (BAO), Okayama, Japan. The low-dispersion grating spectrom-
eter (the spectral resolution; FWHM = 12 A) was used with electronic
cooled CCD camera (ST-6, SBIG). The slit size is 25 mm x120 pm, cor-
responding to 425 arcsec x2 arcsec on the celestial sphere. The spatial
resolution is 1.9 arcsec pixel~! on the CCD chip.

Comet C/1996B2 (Hyakutake) was observed on 1996 March 23 (UT),
the heliocentric distance and the geocentric distance of the comet were
1.074 AU and 0.113 AU at the time, respectively. The slit was put on the
optical center of the coma, with the direction of north-south-ward. This
comet moved rapidly at the time because it was close to the Earth. The
telescope tracked automatically the comet during an exposure, the tracking
error for the comet is within 5 arcsec. The spatial resolution (including the
tracking error and the seeing size) is estimated to be about 645 km at the
comet. The spectrophotometric standard star (HR5191) was also observed
in order to correct for variations of instrumental sensitivity at the different
wavelengths used in the comet observation.
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To reduce and analyze the observations NOAO IRAF (Image Reduction
and Analysis Facility) software was used in this paper. The raw spectrum
image was bias-subtracted, and flat-fielded at the first, then the sky frame
was subtracted from the object frame. After sky-subtraction, the signal
from the comet (emission + continuum) was divided by the instrumen-
tal sensitivity function which was determined from the spectrum of the
spectrophotometric standard star.

Figure 2.1 shows the obtained spectrum, where several emission features
of NH,, i.e. NH,(0,7,0), (0,8,0) and (0,9,0) bands are recognized. These
features are weak relative to other strong emissions such as Co Swan band.
NH;(0,9,0) is contaminated with Cy(Av = —2) band (Brown et al. 1996).
Although NH,(0,8,0) band is also contaminated with [OI] (at 6300 A and
6364 A), the pure NH, emission between these [OI] lines can be extracted
because NH,(0,8,0) band has a peak at 6334 A. So the NH,(0,8,0) band
was measured as the surface brightness profile of NHs emission. Finally,
the continuum level at the NH2(0,8,0) band emission was linearly interpo-
lated using neighbor continuum levels (at 6250 A and 6400 A), and was
subtracted from the brightness profile. Thus, the NH»(0,8,0) band spatial
profile was obtained.

2.3 Haser’s Model Analysis

As a preliminary analysis, the profile calculated by Haser’s model has been
fitted to the obtained profile. The scale lengths used here, Ay = 5.10 x 10*
km for a daughter and )\, = 4.03 x 103 km for a parent at the observation,
are consistent with the typical scale lengths for NH, (Fink & Hicks 1996).
Figure 2.2 shows obtained NH, profile, the calculation based on Haser’s
model and the point spread function (PSF) representing the spatial er-
ror. The error bars of the surface brightness profile were estimated by the
following manner. At first, the profile of difference between the original
surface brightness profile and the profile which was moving averaged (the
window size is 5 pixel) was calculated. The standard deviation of points
within the local section is nearly constant everywhere on the slit for the
differential profile, so the standard deviation for all points along the slit is
calculated and shown in the Figure 2.2 as the error bars. In Figure 2.2, it
is found that the data where the nucleocentric distance is less than 10°° m
should be ignored because of the PSF (a half of FWHM of PSF is nearly
equal to 10°%° m ).
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Table 2.1: Observational parameters for C/1996B2 (Hyakutake)

Object Date Time Exp. Time
HR5191 1996 Mar 23 17:30(UT) 35 x 3
C/1996B2 (Hyakutake) 1996 Mar 23 18:40(UT) 60s x 3
Sky 1996 Mar 23 19:02(UT) 60 s x 2

However, because the density of the molecules is high in the inner coma
so that the mean free path of the molecule is shorter relative to the typ-
ical scale considered (which is the slit length in this case), the effect of
the collisions between the molecules should not be neglected in this case.
The Haser’s model can not deal with this collisional effect. The collision
zone radius, r., is defined as the nucleocentric distance at which the path
length between collisions is equal to the nucleocentric distance, and this is
represented by

_ Qo
=
where Q) denotes the water production rate, o denotes the collision cross
section and v denotes the gas outflow velocity (Tegler et al. 1992). The
water production rate, Q(H20), was determined directly from the emis-
sion of HoO in the infra-red region on 1996 March 23; Q(H,0) = 1.5 x 10%°
molecules s™! by Mumma et al. (1996). Tegler et al. (1992) used o =
5.0 x 10725 km? for H;O-H>O collisions and v = 1.0 km s~1. These val-
ues and above equation give r. = 6.0 x 10® km, so about 1/3 of the slit
length corresponds to the collisional zone (used slit length is 3.24 x 10*
km). Clearly the collisional effect can not be neglected in the calculation.
Although the result of Haser’s model fitting shown in Figure 2.2 seems to
be good at a glance, other model which can deal with the collisional effect
to determine the lifetime of NH; and its parent must be taken here.

Tc (2.1)

2.4 Collisional Random Walk Model for Inner Coma

Not only Haser’s model but also the vectorial model (which is more realistic
than Haser’s model, Festou 1981) can not deal with the collisions between
molecules, these models can be applied only out of collisional sphere. For
the analysis of the data, the random walk model which is based on the
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Figure 2.1: The spectrum of comet C/1996B2 (Hyakutake) observed on 1996 March 23.8
(UT). The flux is normalized to unity at the 6250 A continuum level. Cs(Av = —2), NH,
emissions and forbidden line of oxygen atom are shown.
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Figure 2.2: The surface brightness profile of NH,(0,8,0), where the error-bars indicate
1o error level. The dashed line is calculated by Haser’s model (see text). The dotted line
indicates the point spread function in this case.
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Monte Carlo simulation (Combi & Delsemme 1980) is taken here. In this
model the collisions can be dealt with easily. However, many particles
enough to achieve a quasi steady-state (10° particles in this paper) must
be traced, so it takes to calculate for a long time relative to Haser’s model.
The collisional random walk model presented here is based on the model
presented by Tegler et al. (1992). In the model it is assumed that the
parent of NH, is NH; and NHj is released from the nucleus directly, and
most of parameters necessary for the model are also referred from Tegler
et al. (1992). The other NH, parent molecules are also shown in the later
part.

Consider a time interval of length T'r, which start is represented as ¢ = 0
and the end of the interval is represented as ¢ = Tp. The parent molecule,
NHj, is released at t = ¢; (0 < ¢; < T¥), which is given by random number
between 0 and 1; R; and

t; = RTy. (2.2)

The velocity of released NHj is given as the vector sum of the radial bulk
outflow velocity and the randomized thermal component. The bulk outflow
velocity has the direction which is specified by spherical polar angles, ¢;
and #;, with origin at the nucleus of the comet. These angles are given by
new random numbers ( R; 5 and R;p ),

q‘bi = 27I'R,‘,¢ (23)

and

cosf; =1 — 2R;p. (2.4)

The bulk outflow velocity is assumed to be v = 1.0xr~%® km s~! (Wyckoff
et al. 1988, Tegler et al. 1992). The thermal velocity component has
randomized direction and it is assumed its velocity distribution is given by
the Maxwell-Boltzmann velocity distribution. A temperature of outflow
coma is T'= 30 K at 1 AU here (Hodges 1990).

The released parent molecule, NHj3, photodissociates at time (t; + tya,)
and typg, is given by

INFH, = TNH3T2 log(Rnm,), (2.5)

where 7npy, denotes the photodissociation time scale of NHs at 1 AU, r
denotes comet’s heliocentric distance and Rypg, is new random number.

16



The photodissociation time scale, 7y, = 7.7 X 10° s at 1 AU is assumed
here (Tegler et al. 1992).

The UV photon gives the photodissociation energy to the NH3 molecule,
and NH; photodissociates into NHy; and H. The excess of the photon en-
ergy over the photodissociation energy is imparted to the internal degrees
of freedom of the NHs molecule and the additional kinetic energy. The
velocity of NH; is given as the vector sum of the velocity of NH; and the
additional velocity caused by the excess of energy. This additional velocity
is assumed to be 0.8 km s™! and its direction is randomized (Tegler et al.
1992).

The NH, molecule also photodissociates at time (t; + txg, + tnvs,), and
tvh, is given by

tNHz = TNHz’!‘z log(RNgz), (2.6)

where Tyy, denotes the photodissociation time scale of NH; at 1 AU and
Rpypg, is new random number. The photodissociation time scale, Ty gy, =
3.3 x 10* s at 1 AU is assumed here (Tegler et al. 1992).

The collisions between the particle (NH3 or NH;) and the background
out-flowing coma gas has also been considered. The elastic molecule-
molecule collisions are assumed here. The dimensionless collision path
length; A(=I/ry), where I denotes the collision path length for a trajectory
starting at a nucleocentric distance rg, is determined from the following
integral equation and new random number R; (Combi et al. 1993);

Qo A vyferf(un)(1 4 1/(203) + exp(—v3) /(7 v\)] |,
_In(1-R;) = :
In( ) dmuryy Xj;) 1+ 2N cos© + A2 aA
(2.7)
where
A+ cos© 011
r =1 -2 /2 :
m
(8] Zk—T, (29)
v
= — 2.1
p=", (2.10)
v = ual/2, (2.11)



Table 2.2: Lifetimes and ejection velocities for three possible parents of NHy. These values
are referred from Krasnopolsky & Tkachuk (1991) except the lifetime of ammonia, which
is referred from Tegler et al. (1992).

Parent  Lifetime Ejection velocity
NH; 7.7x10°s 0.8 kms™!
N.H, 2.7x10%s 1.6 km s!

CHsNH, 3.8 x 10% s 1.8 km s~

In above equations, © denotes a particle direction angle relative to out-
ward radial, m is a mass of HoO molecule, £ is the Boltzmann’s con-
stant, u is a velocity of a particle (NH; or NHj3) and erf(vy) denotes
the error function. This integral equation can not be solved analytically
and inverted generally. However, the approximation which is a two-step
predictor-corrector type of solution can be available according to Combi et
al.(1993).

Once the particle considered here, NH; or NH; collides with H,O molecule
(here it is assumed that only HyO is the target of collisions because HyO
is the most rich component in the nucleus), the velocity of the particle is
changed. Combi & Smyth(1988) assumed that the relative velocity of the
particle is scattered isotropically in the center of mass system of the par-
ticle and H,O molecule, this assumption is accepted here. The velocity of
the target (H2O molecule) consists of the bulk outflow component and the
randomized thermal component (the procedure to determine the velocity
is basically same as that for NH3 molecule).

2.5 Results and Discussions

Although the ammonia molecule is considered as the parent of NH; in the
previous section, other molecules can be treated as the parent of NH; in the
collisional random walk model. To calculate the surface brightness profile
when other molecule is NH, parent, the lifetime and the ejection velocity
of the parent molecule should be known. Krasnopolsky & Tkachuk (1991)
suggested three possible parents of NHy, namely NH;, NoHy and CH3;NH,,
and the lifetimes and ejection velocities are listed for these possible parents.
The parameters are also listed in Table 2.2, where only the lifetime of NH3
is referred from Tegler et al. (1992).
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Figure 2.3 shows the surface brightness profile of NH; determined by
the collisional random walk model for three possible parents of NHs. The
result of Haser’s model calculation fitted to the observation is also shown
in Figure 2.3. Although Haser’s model is not realistic at all, this model
gives a good approximation for the observed surface brightness profile (of
course there isn’t much meaning physically in the scale lengths used for the
calculation). The rugged part in the calculation (the nucleocentric distance
is less than about 105 km) is caused by a lack of test particles, a quasi
steady-state is still not achieved for this region. The results considering
the collisions between molecules indicates that NH; is most likely to be
parent of NH; among three possible parent.

Here, the validity of the used model must be considered. First, in the
model the spherically symmetric coma for NH; is assumed. Regarding this
point, it is generally good approximation to deal with the coma formed
by molecular emissions as spherically symmetric. For example, Figure
2.4 shows the C, coma of comet C/1996B2 (Hyakutake) was spherically
symmetric. Next, it is assumed that the gas production rate was constant
in the model. However, it is observed that the water production rate of
comet C/1996B2 (Hyakutake) increased day-by-day around 1996 March
23. The influence of increasing water production rate must be considered.
The variation of the water production rate per day, AQ({H-0O) molecules
s ! day™!, was about 2.4 x 10?7 from 1996 March 4 to 1996 March 23
(Watanabe & the SWAT Team 1996). On the other hand, it takes about
3 hours for the molecules to travel from the nucleus to the end of slit at
the observation. This variation for 3 hours was less than 1 percent of the
water production rate at that time, so it is concluded the model used here
were appropriate.

The conclusion is also verified by comparing the ammonia abundance
inferred from the observation shown here with the ammonia abundance
determined from a radio observation directly. The production rate ratio of
ammonia to water, Q(NH;)/Q(H20), is determined to be about 0.5 per-
cent from the observation shown here based on Haser’s model (Fink 1994),
where it is assumed that Q(NH;) = 1.05 x Q(NH;) according to Magee-
Sauer et al. (1989). The production rate of NH; is derived from NH,(0,8,0)
emission band and the fluorescence efficiency calculated in Chapter 3 (Ta-
ble 3.1). The production rate of water is derived from [OI] emission at
6300 A which is emitted from O('D) atom generated from water according
to the following reactions:
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Figure 2.3: The spatial profiles of NH, are calculated for three possible candidates (NHj,
NoH4 and CH3NH,) based on the collisional random walk model. The solid line is best
fitted to the observed data using Haser’s model. This result indicates that NHy is most
likely to be parent of NH, among three possible parent.
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Figure 2.4: C; coma of comet C/1996B2 (Hyakutake) observed on April 5 - 6 at National
Astronomical Observatory Japan. A narrow-band filter set for C, (the emission band and

its continuum) was used to determine C; coma. This image corresponds to 2.6 x 108 km
x 1.7 x 108 km (Sekiguchi et al. 1996, Sekiguchi 1997).
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H,0 + hv = H, + O('D), (2.12)
H;0 + hv = OH +H, (2.13)
OH + hv = H + O('D). (2.14)

On the other hand, Bird et al. (1997b) reported Q(NHj3)/Q(H,O) was
equal to 0.6 percent, which was derived from the radio observation of am-
monia on March 23/24(UT). These results are consistent with each other,
and also support the conclusion that the NH; parent is NHj.

Festou et al. (1987), however, reported that the NH, parent has a fairly
short lifetime, of the order of a few hundred seconds at 1 AU (the ammonia
molecule doesn’t have such a short lifetime) in comet IRAS-Araki-Alcock.
Their results were derived from the spectra within the region of 1,500 km in
radius surrounding the nucleus. Several reasons are considered about this
inconsistency. In Festou et al. (1987) the instrumental transmission func-
tion was derived by adjusting the continuum emission due to the cometary
dust to a synthetic solar spectrum, so the subtraction of continuum emis-
sion within the emission band of NH, may be incomplete. Next, because
they measured the flux of the NH; (0,9,0) band, the short lifetime of NH,
parent may be caused by the contamination of C; (Av = —2) band with
NH2(0,9,0) band. This contamination is serious when the C, emission is
noticeable. For the surface brightness profile of the Cs emission, they also
reported that the one of parents (it is assumed that C; radicals have two
parents) has a short lifetime, which time scale is close to the lifetime of the
NH, parent they showed. Therefore, it is thought that the short lifetime
of NH, parent they reported may be corresponding to the short lifetime of
one of parents of C, radicals.

2.6 Summary

In this chapter, the parent molecule of NH, radicals is discussed via sur-
face brightness profile of NH; emission band. Because comet C/1996B2
(Hyakutake) had approached to the Earth very closely and became bright,
the surface brightness profile of NH; was obtained with small spatial error
from a low dispersion spectrum.

The NH, (0,8,0) band is selected here in order to avoid the contamination
of other strong emission bands such as C, Swan band sequences. In the
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observation the collisional effects between the molecules should be consid-
ered, so these effects are dealt by using the collisional random walk model
for NH,. Three possible parent of NH,, namely NHs, NoHy and CH3NHs,,
are considered here for the calculation. Among these candidates, it is found
that the ammonia molecules (NH3) are most likely to be the NH; parent
by comparing the observed brightness profile with the profile determined
from the collisional random walk model for each possible NH; parent. This
conclusion is also supported from the viewpoint of the production rate of
ammonia.
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Chapter 3

Fluorescence Excitation Model of
NH5 in Cometary Comae

3.1 Introduction

Emission bands of NH; A(0,04,0) — X(0,0,0) (hereafter called “(0,v5,0)
band” briefly) are usually recognized in optical cometary spectra when a
comet is near 1 AU from the Sun. NH; is thought to be a photodissociation
product of ammonia as shown in Chapter 2. Therefore, NH; is important
key to study properties of cometary ammonia. The Ortho-to-para ratio
(OPR) is one of primordial characters of a cometary molecule and it has
been derived precisely in a few comets for H;O only (Irvine et al. 2000,
Crovisier 1999, Mumma et al. 1987). Although the OPRs of H,CO and
CH, were reported as preliminary reports (Womack et al. 1997, Weaver et
al. 1997), there is no detailed information or report for them. The OPR
of cometary ammonia has never been derived so far.

Direct determination of OPR of ammonia in a comet is difficult because
(i) low S/N ratio even for brightest comets (e.g., comet C/199501 (Hale-
Bopp)) and (ii) difficulties for modeling emission spectrum of ammonia in
cometary coma due to collisions between molecules and optically thick con-
dition. In contrast with ammonia, it is easy to obtain high-S/N spectrum
of cometary NH, in the visible wavelength region, and to model an emission
spectrumn in cometary coma because NH; exists in relatively outer part of
coma where it is collision-less and optically thin. The OPR of ammonia can
be determined from the OPR of NH, derived from high-dispersion spec-
troscopic observations. The modeling to reproduce the observed rotational
structure in NH, emission bands is necessary for determining the OPR of
NH,.

The vibrational band structure of NHy was calculated by A’Hearn (1982)
for the first time. He calculated the fluorescence efficiencies of some bands
of NH; in optical region. Further study for vibrational structure of (0,v4,0)
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bands was performed by Tegler & Wyckoff (1989) based on calculations
by Jungen et al. (1980). In the calculation of Tegler & Wyckoff (1989),
only vibronic levels were considered (i.e., the rotational structure was ne-
glected). Arpigny (1994) pointed out that the fluorescence efficiencies
shown in Tegler and Wyckoff (1989) should be multiplied by 0.5 because
only half of NH; molecules contributes for each band when the rotational
structure is considered. However, Rauer et al. (1997a, 1997b) reported
that the flux ratio between even- and odd-v4 bands was different from that
expected from Tegler and Wyckoff (1989) for the comet C/1995 (Hale-
Bopp) far from the Sun (=~ 3 AU), and pointed out that the excitation
mechanism of NH, should be re-examined.

Concerning a rotational structure, the first attempt to reproduce a rota-
tional structure of a NH, (0,v3,0) band was shown in Combi & McCrosky
(1991) as a private communication from Wyckoff. The simple fluorescence
spectrum of NH; (0,8,0) band for rotational temperatures of 20, 60, 200K
were shown. These calculations are very simple because it is assumed that
only a flat continuum excitation source, rather than a true solar spectrum.
More detailed information is unknown for this calculation.

Recently, Glinski et al. (2001) demonstrated that their “photostationary
state model” (i.e., a fluorescence equilibrium model) can explain the fine
structure of the NH, (0,8,0) band for comet C/199501 (Hale-Bopp) at 1 AU
and 2.6 AU from the Sun. Their model could explain the anomalous band
ratio reported by Rauer et al. (1997a) qualitatively. In their model, the
transitions between A(0,5,0) and X (0,0,0), as well as the radiative cooling
in X (0,0,0) state, are considered. However, they calculated the populations
of the F) levels only, and assumed that the F, levels were equilibrated
(F1 and F; indicate the sub-levels corresponding to J = N +1/2, J =
N —1/2, respectively). Furthermore, the Swings effect (which is caused by
the Doppler shift of solar spectrum due to a cometary motion relative to
the Sun) was not considered in their model.

In this chapter, in order to determine the OPR of NH; precisely, more
sophisticated NHs model is presented. The model results will be compared
with the low-dispersion spectroscopic observation. Comparisons with a
high-dispersion spectrum of cometary NH; and the OPR of cometary NH,
will be shown in the next chapter.
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3.2 NH,; Excitation Model in Cometary Coma

The population distribution among energy levels is calculated assuming
fluorescence by solar radiation. Both Fy and F, components are included
in the model in contrast with Glinski et al. (2001). The NH, transitions
included in the model are;

(i) the ro-vibronic transitions: A(0,v},0)—X(0,v4,0),18 > v > 1, v =0
and 1 (Dressler & Ramsay 1959, Johns et al. 1976, Ross et al. 1988,
Huet et al. 1996, Hadj Bachir et al. 1999),

(ii) the ro-vibrational transitions of vibrational overtone and hot bands:
X(0,v5,0)—X(0,v5,0), 13 > v > 8, v§ = 0 and 1 (Ross et al. 1988,
Huet et al. 1996, Hadj Bachir et al. 1999),

(iii) the ro-vibrational transitions of vibrational fundamental bands: X(1,0,0)—
X(0,0,0) (»1), X(0,1,0)—X(0,0,0) (r2), and X (0,0,1)—X(0,0,0) (v3)
(Burkholder et al. 1988, McKellar et al. 1990), and

(iv) the pure rotational transitions in X (0,0,0) (Ross et al. 1988) .

The transitions of A(0,v5,0)—X(0,05”,0) occur according to the c-type se-
lection rule (AK,=1,3 and AK_.=0,2 are considered). The other transi-
tions except X(0,0,1)—X(0,0,0) occur according to the b-type selection
rule (AK,=1,3 and AK.,=1,3 are considered) while X(0,0,1)—X(0,0,0)
occur according to the a-type selection rule (AK,=0,2 and AK.=1,3 are
considered) (Townes & Schawlow 1975).

The Einstein “A” coeflicient related to a transition between an upper
level “2” and a lower level “1”, Aq4, can be given as

4,,3
627;;21 21 %, (3.1)
where h denotes Planck’s constant, ¢ the speed of light, 15, a frequency of
the emission, and y2; a matrix element of the transition moment (Herzberg
1950).

The preceding formula apply to the case of transitions between non-
degenerate levels only. In the case of a transition between two degenerate
levels of degeneracy dy and d;, the above formula should be replaced by

A21=
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64r'v3, T lpaal”
A21 = 3

3hc3 d2
where the summation should be done for all sublevels (Herzberg 1950).

The Einstein “B” coefficients between upper and lower levels are given
as

(3.2)

¢
By, = ——A .
21 = gk, A2 (3.3)
ds
Bir='Ba. (3.4)

The number of upward transition by solar radiation per cm?® per second
is given as Ny Bjap(v12) where N; is the number of molecules per ¢cm?® in
the lower level “1” and p(112) is a solar radiation density at frequency of
v12. The p(vy3) is expressed in terms of energy per cm® per unit frequency
interval.

A high-dispersion solar spectrum is necessary for calculating the solar
radiation density. The solar spectrum obtained by Kurucz et al. (1984)
and the spectrum calculated based on Kurucz (1992) are used for optical
and near-infrared region (from 296nm to 200um). The solar spectrum in
infrared region (from 200um to 1mm) is also used (Thekaekara 1974). The
Doppler shift caused by the cometary motion is considered in calculating
the solar radiation density. Any variations with solar activity are not
considered here. These effects should be less than 1 % because the solar
flux pumping the fluorescence is confined to wavelengths for which the solar
flux is almost insensitive to solar activity (A’Hearn et al. 1995).

The ps1 can be easily calculated for a diatomic or a linear poly-atomic
molecule, e.g., HCN, CO,, CO, C,, CN (Rohlfs & Wilson 1996). However,
NH, molecule is a bent, asymmetric top molecule. Therefore, the matrix
elements of the transition moment are calculated in the following manner.

Case (i): Electronic Transitions

The matrix element of transition moment can be expressed as the product
between the vibronic (“vibrational and electronic”) part and the rotational
part. The vibronic part is taken from the table 7 in Jungen et al. (1980).
The X, II, A, ®, and I" sub-bands are listed in the table. These sub-bands
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are included in the model. Using the value listed in the table, the electronic
transition moment of A-X system must be multiplied (Jungen et al. 1980).

The rotational part is calculated using ASYROT program code (Birss &
Ramsay 1984). The relative intensities of rotational lines can be calculated
by the ASYROT program under assumption that all rotational lines belong
to the same vibronic transition. The relative intensity is calculated by

Insyrot = g1 exp (—Ei/kT) Sy, (3.5)

where gr is a nuclear spin statistical weight, exp (— F;/kT') is a Boltzmann
factor, and S, is a rotational line strength.

The molecular constants of the upper electronic state A(0,v},0), the
ground state X(0,0,0), and X(0,1,0) used in the ASYROT calculation are
given in Dressler & Ramsay (1959), Johns et al. (1976), Ross et al. (1988),
Burkholder et al. (1988), Huet et al. (1996), and Miiller et al. (1999).
The correctness of the ASYROT calculation is confirmed in the case of
H,O" (Lew 1976) as well as that of pure rotational transitions (Townes
& Schawlow 1975). Please note that the calculation by ASYROT does
not take into account the electron spin structure. Regarding the line split-
ting caused by unpaired electron (S = 1/2) of NH, (the hyperfine splitting
caused by the nitrogen atom could not be resolved in the spectra shown
in this thesis), the relative intensities between the spin doublet lines are
calculated by a conventional expression (Sears 1984). Here, the table of
Appendix I in Townes & Schawlow (1975) was used for calculating relative
intensities of the spin doublet lines (in order to use this table, I, J, and F
should be replaced by S, N, and J, respectively).

Finally, the square of matrix element of transition moment is obtained
as

21]* = |57 > Srar, (3.6)
where p$%¥7°™ is a vibronic transition moment determined above according
to Jungen et al. (1980) and S, should be corrected for the electron spin
structure as described above.

Case (ii): Overtone Vibrational Transitions

The calculation of transition moment for X (0,v4,0)—X(0,v%,0) where 13
> vy > 8, v4 = 0 and 1, is basically same for the case (i) described above.
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The matrix element of transition moment can be expressed as the product
between the vibrational part and the rotational part. The vibrational part
is taken from the table 7 in Jungen et al. (1980) where these values were
normalized by the electric dipole moment. Therefore, the value listed in
the table should be multiplied by the electric dipole moment in X state
(Buenker et al. 1981). The rotational part can be determined by ASYROT
program. The molecular constants for ASYROT are given in Dressler &
Ramsay (1959), Johns et al. (1976), Ross et al. (1988), Burkholder et al.
(1988), Huet et al. (1996), and Miiller et al. (1999).

Case (iii): Fundamental Vibrational Transitions

For the vibrational fundamental bands of NH,, the matrix element of tran-
sition moment is divided into the vibrational part and the rotational part.
The vibrational transition moment is determined by ab initio calculations
using MOLPRO2000 and SURVIBTM program (Ermler et al. 1988) for
the 11 and 1, fundamental bands. The vibrational transition moment of
the 13 fundamental band is determined under the assumption that the ra-
tio of vibrational transition moments between v, and v is equal to about 4
(Amano et al. 1982). The rotational part can be determined by ASYROT
program. The molecular constants for ASYROT are given in Burkholder
et al. (1988), McKellar et al. (1990), and Miiller et al. (1999).

Case (iv): Rotational Transitions

The rotational transition moment u}% is determined from the equation,

|51
Srot = (2J + 1) 2 (3.7)
where J is a quantum number of total angular momentum and u is a
relevant electric dipole moment (Townes & Schawlow 1975).

The permanent dipole moment u is determined from ab ¢nitio calcula-
tions using GAUSSIAN98, 1.81 Debye. This value is consistent with the
experimental value of 1.82+0.05 Debye for NHD (Brown et al. 1979).
The S, is calculated by ASYROT program using molecular constants of

~

X(0,0,0) (Miiller et al. 1999).

The rotational levels with V < 4 are included, since Tegler & Wyckoff
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(1989) mentioned that the NH, rovibronic lines for N > 4 were usually
not recognized in the cometary spectra. Thus, the 818 levels and 8473
transitions are included in the model calculation here.

The excitation mechanism for observed NH, emission bands in opti-
cal cometary spectra is dominated by resonance fluorescence as Tegler &
Wyckoff (1989) demonstrated. They showed that the fluorescence excita-
tion rate for each NHy molecule in a ground state to upper vibronic state
is ~ 4 x 1073 5! for a typical NH; (A-X) band at 1 AU from the Sun.
This value corresponds to & 3 minutes. On the other hand, NHs molecules
excited into vibronic state are produced through the photodissociation of
ammonia as follows (Biesner et al. 1989, Tegler & Wyckoff 1989);

NH; + hy(\ < 20604) — NH,(A%A4)) + H. (3.8)

The photodissociation rate of ammonia at 1 AU from the Sun is estimated
as 1.70 — 1.87x10* s7! (Huebner et al. 1992) and the branching ratio
or fractional yield into NH,y(A%A,) state is about 0.1 (Suto & Lee 1983).
Thus the rate of prompt emission from NHy(A%A4,) produced from above
reaction is about 1.8 x107% s7!, corresponding to = 14 hr (Tegler & Wyckoff
1989). It is clearly shown that fluorescence dominates prompt emission as
an excitation mechanism in a comet.

The typical life time of upper A state of NH, is = 10 us and is negligible
in comparison with the time scale of absorption of solar photon, 175 s
at 1 AU. Thus almost cometary NH; are in their electronic ground state
(Tegler & Wyckoff 1989). Since the photodissociation rate of NHj is 2.15 —
3.40x107% 57! (Huebner et al. 1992) and the ratio of the fluorescence rate
relative to the photodissociation rate of NH; is & 1000, namely about 1000
upward transitions occur for each NH; molecule before its dissociation. A
fluorescence equilibrium for NH; molecules can be assumed in a cometary
coma.

The population distribution of NH, is determined by solving fluorescence
equilibrium equations assuming an optically thin condition in cometary
coma (A’Hearn 1978). The fluorescence equilibrium equations are the same
as the equation (1) in A’Hearn (1978),

wi[g‘(fhj + Bijp(vij))] = %j_[xj(A,-,; + Bjip(vi))], (3.9)
J1Fe 17#1
where z; is a population of level “i”, A;; and B;; are Einstein coefficients

for the transition from “¢” to “j”, and p(v;;) is a solar radiation density at
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frequency of v;; corresponding to the transition.

For the NH, case, two sets of equations are obtained according to the
equation (3.9). One set is for ortho-NH, and the other is for para-NH,. In
each set of equations one equation is redundant and it must be replaced
with a normalization equation for the fractional populations,

Yai=1 (3.10)

The equations are solved numerically by the singular value decomposition
method (Press et al. 1992). The abundance ratio of ortho-NH, to para-
NH; is a free parameter for synthesizing NH, emission spectrum.

3.3 Model Results and Discussions

Figure 3.1 shows the comparison between an observed cometary spectrum
and a modeled spectrum of NH,. The cometary spectrum is of comet
C/2001A2 (LINEAR) taken by 65cm telescope and a low dispersion spec-
trograph (A/AA=500) on 2001 July 12 (UT). The heliocentric and geo-
centric distance of the comet were 1.2 AU and 0.3 AU at the observation,
respectively. The slit was put on the optical center of coma. The C; emis-
sion (Swan) bands and the forbidden emission lines of atomic oxygen as
well as NH; emission bands are shown in the observed spectrum. The
modeled spectrum of NH, emission bands can reproduce the observation
well for this case.

The fluorescence efficiencies of NHy are calculated and listed in Table
3.1. The heliocentric radial velocity is assumed to be 0 km s~! and the
ortho-to-para ratio of NH, is assumed to be 3 in this calculation (the
ratio of statistical weights between ortho- and para-NH; is 3). Please note
that the model results are multiplied by (A4, o + Au 1)/ Ttor anl v Avger)
calculated from the table 7 in Jungen et al.(1980) because the transitions
of A(0,v5,0)—X(0,u4,0), v4 >2, are not considered in the model calculation.
The values in the table have been already corrected.

In Chapter 2, it is shown that the ammonia abundance, Q(NH;)/Q(H;0),
determined from NH; using the value in Table 3.1 is consistent with that
determined directly from the radio observation of ammonia in the case
of C/1996B2 (Hyakutake). This fact supports the validity of the model
calculations.
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Figure 3.1: The comparison between a low dispersion cometary spectrum and a modeled
NH, spectrum. The cometary spectrum is of comet C/2001A2 (LINEAR) on 2001 July
12 (UT) taken by 65cm telescope and a low dispersion spectrograph (A/AA=500). The
modeled spectrum is calculated for the comet and the spectral resolution is adjusted to
be the same as the observed spectrum. The emission bands of C, and forbidden emission
lines of atomic oxygen as well as NH; emission bands are recognized in observed spectrum.

32



The validity of the revised NH, fluorescence efficiencies can be also con-
firmed by comparing ammonia abundance determined from NH; and that
from in situ observation in the case of comet 1P/Halley. Ammonia abun-
dance in comet 1P/Halley can be re-determined from the observation of
Wiyckoff et al. (1991), and it should be compared with that estimated
from Giotto mass spectrometer measurements (Meier et al. 1994), 1.570>
%. The revised NH; fluorescence efficiency leads to the ammonia abun-
dance of 0.75+0.18 %, which is consistent with in situ measurements. The
ammonia abundance estimated from UV spectra of NH radical was 0.44 —
0.94 % (Feldman et al. 1993), which is also consistent with above values.

Figure 3.2 shows the variation of fluorescence efliciencies with respect to
a heliocentric distance. The dependency on a heliocentric distance is dif-
ferent between even- and odd-v bands. Furthermore, these dependencies
are different from R;? (hereafter, R, denotes a heliocentric distance) as
assumed in Tegler & Wyckoff (1989) and the other studies.

Figure 3.3 shows the variation of a ratio between fluorescence efficiencies
with respect to heliocentric distances. Glinski et al. (2001) demonstrated
that a larger ratio of the population in even-Ka" (related to even-v;, bands)
exists relative to that in odd-Ka" (related to odd-v; bands) for a larger he-
liocentric distance because of the low rotational temperature in the ground
state X (0,0,0), and they pointed out that this behavior was consistent
with the flux ratio anomaly between the even- and odd-v5 bands in comet
C/199501 (Hale-Bopp) at =~ 3 AU from the Sun (Rauer et al. 1997a).
Such behavior is also shown in the present model results. The ratio of the
fluorescence efficiencies between the even- and odd-v, bands depends on
the heliocentric distance as shown in Figure 3.3. Note that the ratio given
by Tegler and Wyckoff (1989) is constant with respect to the heliocentric
distance. That is, for a larger heliocentric distance, the ratio of the even-v,
band relative to the odd-v5 band becomes larger, which is consistent with
the observation of Rauer et al. (1997a).

Figure 3.4 - 3.7 show the model results assuming OPR of NH; to be 3,
a heliocentric distance of 1 AU, a heliocentric radial velocity of 0 km s~!.
A spectral resolution (A/A\) is assumed to be 30000. Figure 3.4 - 3.7
correspond to NH; (0,10,0), (0,9,0), (0,8,0), and (0,7,0) band, respectively.
These bands are strong and thought to be easy to extract from a cometary
spectrum because there are no significant contaminations by other strong
emission bands (e.g., C2 Swan band). For (0,8,0) band, it is difficult to
discriminate only para-NHj lines because ortho- and para-lines mixed each

33



-
o

(0,6,0) %

(017!0) - +

(0,8,0) -3
e (0,9.0) -0
T S (0,10,0) -m-

o
—_—

Fluorescence efficiency [107-3 photon / s/ molecule]

0.01 .
0.5 1 2 3

Heliocentric distance [AU]

Figure 3.2: The variation of NH, fluorescence efficiencies for several bands {from Table
3.1). Note that the dependency with respect to a heliocentric distance is different between
even- and odd-v} bands. These dependency is different from R;® as assumed by Tegler

& Wyckoff (1989).

34



10

(0,6,0/(0,8,0) ~X—
(0,7,0)/(0,8,0) - +
(0,9,0/(0,8,0) - %
(0,10,0)/(0,8,0) O~

Ratio between fluorescence efficiencies

1£- Sl L - O--—- O--—--1]
R I
X X *— — WX
: *
+.
0.1 - T
0.5 1 2 3

Figure 3.3: The variation of the rat

Heliocentric distance [AU]

10 of NH; fluorescence efficiencies. Note that the

ratio between even- and odd-v; bands depends on a heliocentric distance while the ratio

between even-v;, bands or between od

d-v; bands is near constant.

35



Table 3.1: NH, fluorescence efficiencies for various heliocentric distances.®

NH; band 05AU 1AU 15AU 2AU 2.5 AU 3 AU Ry, AUP

A(0,6,0)1  1.20 0.390 0.220  0.147 0.106 8.00x10°% 0.92 R;?
A(0,7,00T  2.37 0.561  0.206 9.24x10"2  4.73x107% 2.63x10"% 2.04 R *
A(0,8,00TT  3.30 1.07  0.594  0.394 0.283 0.213 2.48 R;?
A(0,9,0)C  3.33 0.790  0.290 0.130 6.63x1072  3.69x10"2  3.00 R;®
A(0,10,0)I1  3.39 1.06 0575  0.373 0.266 0.199 2.65 R”

S Units: x10~3 photons s~! molecule™!. It is assumed that the heliocentric velocity is 0 km s™!

and the ortho-to-para ratio of NHy is 3 (see text). ® Tegler & Wyckoff (1989), Arpigny (1994).

other in the assumed spectral resolution. In order to fit the model results
with observed spectra to determine OPR of NH,, the NHy; bands where
the strong ortho- and para- lines exist apart from each other are better.
For (0,10,0) band, it is also difficult to extract only para-NHj; lines, and
it is known that there are perturbations for levels related to (0,10,0) band
(Ross et al. 1988). Thus, (0,8,0) and (0,10,0) bands are not suitable for a
determination of OPR value, at least for the spectral resolution of 30000.
NH; (0,9,0) and (0,7,0) bands are suitable for fitting between model result
and observations to determine an OPR value.

3.4 Summary

In this chapter, sophisticated NH; excitation model is introduced. The
model includes the electronic, vibrational, rotational, and electron spin
structure of NH, (818 levels and 8473 transitions were considered). The
Swings effect is also considered. The NH; emission lines for various helio-
centric distances can be determined based on the excitation model assum-
ing the fluorescence equilibrium.

The present model can reproduce the low dispersion NH; spectrum at
near 1 AU from the Sun. The flux ratio between different NH, A — X
bands can be calculated. The NH, band flux anomaly observed in comet
C/199501 (Hale-Bopp) by Rauer et al. (1997a) can be explained well by
the model described here.

The fluorescence efficiencies of NH; are revised based on the present
model, and they are useful for the determination of ammonia abundance
in comets. The ammonia abundance determined from NHj; using the re-
vised fluorescence efliciency is consistent with that determined by radio
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observations of ammonia directly in the case of C/1996B2 (Hyakutake)
as shown in Chapter 2. The validity of revised fluorescence efficiencies is
also confirmed in the case of 1P/Halley by comparing ammonia abundance
among that determined from NH,, NH, and in situ measurements of NH;
by Giotto spacecraft.

Thus, it is ready to determine OPR of NH; from an actual or observed
high-dispersion cometary spectrum based on the NH, excitation model.
From a viewpoint of contaminations by other strong molecular bands and
a separation between ortho- and para-lines, NH, (0,9,0) and (0,7,0) bands
are suitable for fitting calculated NH, spectra to observed spectra in order
to determine its OPR value.
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Chapter 4

Ortho to Para Ratio of Cometary
Ammonia

4.1 Introduction

Comets are thought to be precious relics preserving information on the
early solar nebula. In order to investigate the physical conditions of the
solar nebula, one important line of inquiry is to study the chemical com-
position of comets. Recent progress in modeling chemical evolution of the
solar nebula allows us to compare the model results with the observed
chemical composition of comets (Aikawa et al. 1999, Bockelée-Morvan et
al. 2000). A second line of inquiry involves the isotopic composition of
comets, especially the deuterium-to-hydrogen (D/H) ratio of water (H,0)
and hydrogen cyanide (HCN) that have been investigated in the recent
studies (Mousis et al. 2000, Aikawa & Herbst 1999, Blake et al. 1999,
Meier et al. 1998a, 1998b).

Another important key to understanding conditions of the early solar
system is the ortho-to-para ratio (OPR). The spin temperature determined
from the OPR is believed to be primordial because the spin conversions
between the ortho and para species through non-destructive collisions and
radiative transitions are strictly forbidden (Irvine et al. 2000).

The first determination of the OPR of a cometary molecule was per-
formed for water in comet 1P/Halley (Mumma et al. 1987) and has been
subsequently determined in only three other comets; C/1986P1 (Wilson),
C/199501 (Hale-Bopp), and 103P/Hartley 2 (Crovisier 1999, Mumma et
al. 1993). The observations must be performed from an airplane or a
satellite (e.g., Kuiper Airborne Observatory, or Infrared Space Observa-
tory) to avoid the influence of telluric water vapor. Three of these comets
(1P/Halley, C/199501 (Hale-Bopp), and 103P/Hartley 2) showed that
the spin temperature of water was about 256 — 35 K. However, comet
C/1986P1 (Wilson) showed the spin temperature higher than 50 K. Irvine
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et al. (2000) pointed out that the determination for comets 1P/Halley
and C/1986 (Wilson) was hampered by the difficulty in modeling opacity
effects and because only part of the v3 vibrational band of water was ob-
served. In contrast, the full band of water v vibrational transitions was
observed and the opacity was found to be moderate in ISO observations
for C/199501 (Hale-Bopp) and 103P/Hartley 2. It is thought that the
spin temperature of about 30 K for the comets may reflect the formation
temperature of cometary water (Mumma et al. 1993). This temperature
range is consistent with that determined from D/H ratios in comets.

In comet C/1996B2 (Hyakutake), Biver et al. (1999) reported OPR of
formaldehyde (H,CO), 1.740.3 (corresponding to the spin temperature of
11 K), from radio observations. Derived spin temperature of HoCO is
much lower than the spin temperatures of water ever determined. How-
ever, they noted that readers must be very careful for their result because
the calibration uncertainties were large due to low atmospheric transmis-
sion for para-H;CO lines. Furthermore, the collision cross sections for the
transitions of HoCO are poorly known. This situation makes it difficult
to calculate emission strengths of rotational transitions. There is also a
preliminary report on OPR of H,CO in comet C/199501 (Hale-Bopp) by
Womack et al. (1997). However their result depends strongly on the popu-
lation in unobserved levels. More sophisticated investigation is required for
this case. A preliminary report on the ratio between nuclear spin species
of methane (CHy) in comet C/1996B2 (Hyakutake) existed (Weaver et al.
1997), and the spin temperature > 50 K was shown, but there is no detailed
information. Thus, no reliable spin temperature of cometary material has
been estimated except water so far. In this chapter, the first determination
of the OPR of NH,, which is thought to be produced from ammonia, is
reported.

Ammonia (NH;) is important in comets as a reservoir of nitrogen atoms
and is a key product in the network of chemical reactions related to the
nitrogen atoms in the solar nebula (Aikawa et al. 1999). The OPR of
cometary ammonia is important for investigations on the chemical evo-
lution and physical conditions in the early solar system. However, the
OPR of cometary ammonia has never been determined although ammonia
has been detected for a few comets (Bird et al. 1997a, 1997b). Because
ammonia exists only near the nucleus where collisions between molecules
are dominant, the collisional excitation and de-excitation of the ammonia
molecule must be considered to calculate its emission spectrum in the coma.
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Although collisions between ammonia and water is especially important in
the coma, the precise collision cross section is not known. Furthermore, op-
tically thick conditions near the nucleus requires detailed radiative transfer
calculations in the coma to determine the OPR of ammonia.

These conditions make it difficult to calculate accurately the strength
of emission from the ammonia molecules in the coma as pointed out by
Mumma et al. (1993). Moreover, it is difficult to obtain the ammonia spec-
tra with a high S/N ratio using the existing facilities. Even for the brightest
comet in the past decade, C/199501 (Hale-Bopp), the obtained spectra of
ammonia (e.g., Bird et al. 1997a) did not have sufficient S/N ratio to de-
termine an accurate OPR. The OPR of ammonia can be determined from
the data of Bird et al. (1997a) assuming Boltzmann distribution among
energy levels of ammonia. In their data there were four measurements of
para lines and one measurement of ortho line in comet Hale-Bopp. The
excitation temperature of para-ammonia could be determined from these
data. Assuming the excitation temperature of ortho-ammonia is equal to
that of para-ammonia, the OPR of ammonia could be derived as 0.6 —
1.8 for comet Hale-Bopp. This result can give just lower limit of spin tem-
perature only (> 17 K). It should be note that the measurement of OPR
is dificult because it usually involves assumptions about the population of
unobserved levels and often involves the calibration uncertainties associ-
ated with observing at different frequencies and different times as pointed
out by Irvin (1999).

On the other hand, most of the NHs molecules in comets are thought to be
photodissociation products of ammonia as shown in Chapter 2 (Kawakita &
Watanabe 1998, Tegler et al. 1992, Fink et al. 1991). Although NH,CHO
which is an other possible parent of NH, was detected in C/199501 (Hale-
Bopp) for the first time, its abundance was less than 1/50 that of ammonia
(Bockelée-Morvan et al. 2000). Therefore, it is assumed that all NH, is
produced from ammonia through photodissociation by solar UV radiation
in this study. The OPR of ammonia can be calculated from the observed
OPR of NH; assuming photodissociation of ammonia to NH,. The advan-
tages for using NH; are;

(a) the strong NH; emission bands usually recognized in visible spectra
for a comet at around 1 astronomical units (AU) from the Sun,

(b) NH; molecules mainly exist further from the nucleus than ammonia
where the coma is optically thin, and
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Table 4.1: Relevant observational parameters.

C/199984 (LINEAR) C/2001A2 (LINEAR)
Date (UT) 2000 July 5.58 2001 July 27.56
Heliocentric distance 0.863 AU 1.402 AU
Heliocentric velocity —15.3 km s~} 23.7 km s~}
Geocentric distance 0.823 AU 0.467 AU
Geocentric velocity —63.3 km s™! 23.5 km s~!
Total exposure time 1200 s 3600 s
Slit size 8.0 arcsec x 1.2 arcsec *! 7.0 arcsec x 1.0 arcsec *!
Spectral resolution (A/AX) 30000 36000
Wavelength coverage 5100 — 7800 A 5100 — 7800 A

*1 The slit was put on the optical center of the comet.

(c) collisions between NH; and water can be neglected in the outer part
of coma.

The first advantage leads to high S/N spectra of NH; while the last two
simplify modeling the emission from NH; in the coma and translating the
observed emission line strengths into the OPR.

4.2 Observations of Comet C/199954 (LINEAR) and
Comet C/2001A2 (LINEAR)

In order to obtain high S/N emission lines of NH;, my colleagues and
I observed comet C/199954 (LINEAR) and comet C/2001A2 (LINEAR)
with the Subaru telescope and the High Dispersion Spectrograph (HDS)
(Noguchi et al. 1998). Observational parameters for these comets are listed
in Table 4.1.

Both comets were discovered by the Lincoln Near Earth Asteroid Re-
search (LINEAR) program (Stokes et al. 2000). It is thought that these
comets came from the Oort cloud from the viewpoint of their orbits. These
comets became bright near the perihelion passages and it was easy to get
high-S/N spectra for the comets. C/1999S4 (LINEAR) approached its
perihelion in late July 2000 and then disintegrated into many fragments
(Weaver et al. 2001). This event was a precious chance to get the informa-
tion of interior of the comet. Our observation was performed in early July
2000 before the disintegration occurred. On the other hand, C/2001A2
(LINEAR) showed a dramatic outburst of about 4 magnitudes at 1.3 AU
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inbound. Our observation was performed when the comet was at 1.4 AU
in post perihelion passage. Because this comet had a very high gas-to-dust
ratio, high S/N spectra of gaseous emission lines could be obtained due to
less influence by reflected sunlight caused by cometary dust grains. Thus,
the cometary spectra at 0.86 AU and 1.40 AU from the Sun are available
for the study. The spectra at different heliocentric distance can be used
to check the validity of model calculations. Since the input solar flux is
proportional to Rj %, the pumping rate from the ground state to upper elec-
tronic states is about 3 times larger in the case of C/199954 (LINEAR)
than that in the case of C/2001A2 (LINEAR). As pointed out by Glinski
et al. (2001), the population distribution in the ground state X(0,0,0) is
controlled by a balance between the pumping rate from the ground state
to upper excited states and a radiative cooling rate in X (0,0,0). The sig-
nificant change in the input solar flux gives a severe examination for the
model.

The NOAO IRAF software package with the standard reduction proce-
dures was used here. The sensitivity calibration for instrument was per-
formed as follows. The cometary spectrum was normalized by the con-
tinuum (which is reflected sunlight by cometary dust grains). Then the
normalized spectrum was divided by normalized solar spectrum (Kurucz
et al. 1984). The result was multiplied by the product of the solar spec-
trum and the albedo of the dust grains determined from the low dispersion
spectra.

The albedo of cometary dust grains is typically about 10 % / 10004,
and there are variations in it (Jewitt & Meech 1986). For C/1999S4 (LIN-
EAR) the albedo of dust grains is assumed to be 15 % / 1000A which is
determined from a low dispersion spectroscopic observation carried out on
6 July 2000 (UT) by Fujii (2000). For C/2001A2 (LINEAR), the albedo is
determined from a low dispersion spectrum taken on 12 July 2001 (UT) by
65cm telescope and the low dispersion spectrograph (see Figure 3.1). The
albedo is 4.3 % / 1000A for the comet.

Then, the final cometary spectrum is relatively calibrated with respect
to the sensitivity of instrument. From the calibrated spectrum, four emis-
sion bands of NH,, usually noted as (0,10,0), (0,9,0), (0,8,0) and (0,7,0)
(Kawakita et al. 2001, Kawakita et al. 2000) can be extracted. These
spectra are shown in Figure 4.1 and 4.2.

As described in Chapter 3, NH, (0,9,0) and (0,7,0) bands are suitable for
fitting between observation and model spectrum. The S/N ratios of these
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bands are high enough for comparing with model results. Furthermore,
there is less contamination by other cometary gaseous species and less
telluric absorption lines in these wavelength regions.

4.3 Results

Many ortho- and para- lines are resolved in the observed spectra. The OPR
of NH, can be determined from these lines based on the fluorescence model
calculations. Table 4.2 shows the emission lines measured and used for
determination of OPR of NHj. Please note that the designations for Fj and
F, levels were not included in this table. Since the spectral resolving power
in the case of C/2001A2 (LINEAR) is higher than the case of C/199954
(LINEAR), some of listed lines are resolved in the spectrum of C/2001A2
(LINEAR) only. Unresolved lines are not measured in the case of C/1999S4
(LINEAR). The emission lines that had S/N ratios higher than =~ 20 are
measured here.

The sensitivity calibration of the spectra may be incomplete because the
calibration was performed based on the measured albedo (color) of dust
grains on the date different from the HDS observation for each comet.
Therefore, the OPR values were estimated for (0,9,0) band and (0,7,0)
band individually. Due to the narrow wavelength range of each band,
smaller than 100 A, the influence of error in measured color of dust grains
is thought to be negligible within a certain band.

As the result of least y? fitting for the lines in (0,9,0) band, the derived
OPRs of NH; are 3.32+0.09 for C/199954 (LINEAR) and 3.43+0.09 for
C/2001A2 (LINEAR), respectively. The error-bars are corresponding to 1-
o. The OPRs derived from (0,7,0) band are consistent with above results
for each comet. However, these values depend on Og—15 line in (0,7,0)
band. Namely, when Ogy—11p line is eliminated from the least y? fitting,
the obtained OPR is slightly different from the case including Ogg—1;4 line.
For comet C/1999S4 (LINEAR), OPR of 3.07£0.22 and 3.424+0.25 are
obtained for the case including and excluding Og—1;¢ line, respectively.
For comet C/2001A2 (LINEAR), obtained OPR values are 3.25+0.08 and
3.08+0.08 for the cases including and excluding the line, respectively. This
is doubtful that Ogg—11 line is contaminated by other unidentified lines.
In fact, the profile of this line is not similar to a simple Gaussian function
and asymmetric with respect to the central wavelength of the line. The
asymmetric line profile of Ogg—11¢ is shown in Figure 4.3 with the forbidden

47



3500 T L] T T T

7~ NH2 {0,8,0)
3000 } ]
5 2500 (O] 1
@
5
£ 2000t ]
QO
=
® 1500 | |
[}]
T NH2 (0,10,0) NHz (0,9,0) NH2 (0,7,0)
1000 ]
TN I o e
500 F ]
0 ’-ALJL_AL—
5600 5800 6000 6200 6400 6600 6800

Wavelength [Angstroms]

Figure 4.1: Observed spectra of NH, emission bands in comet /199954 (LINEAR) on
2000 July 5 (UT). Wavelength region includes NH, (0,10,0), (0,9,0), (0,8,0), and (0,7,0)
bands. The continuum component (the reflected sunlight by cometary dust grains) has
been subtracted. The Doppler shift caused by cometary motion relative to the Earth
has been corrected. In (0,8,0) band, there are two strong emission lines by forbidden
transitions of atomic oxygen (at 6300 and 6364 A ).
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Figure 4.2: Same as Figure 4.1, but for comet C/2001A2 (LINEAR}) on 2001 July 27
(UT).
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Table 4.2: List of measured lines of NH,.

Line assignment*! Wavelength  C/199954** C/2001A2*2
(0,9,0) 303211 (0}  5962.6 A 1352.53 (30.6) 1223.6 (33.6)
(0,9,0) 202 110 (p) 59652 A  618.0 (27.5)  591.14 (32.8)
(0,9,0) 191-1;; (0}  5976.4 A 8517.3 (29.6) 12813.3 (33.6)
(0,9,0) 202212 (p)  5976.9 A — 2866.0 (31.3)
(0,9,0) 303313 (0)  5977.2 A — 3360.0 (34.3)
(0,9,0) 0go-110 (p)  5984.6 A  2777.29 (30.6) 4912.8 (36.2)
(0,9,0) 11211 (0)  5995.0 A 8567.1 (29.6) 11983.4 (34.6)
(0,9,0) 202-312 (p)  6007.0 A 2100.6 (31.2) 2264.34 (37.7)
(0,9,0) 351-211 (o) 6017.4 A 828.24 (27.6)  686.91 (32.1)
(0,9,0) 35-21; (o)  6018.7 A 2515.59 (29.6) 2576.7 (32.1)
(0:930) 291-111 (0) -3

(0,9,0) 3p3—413 (0)  6020.0 A — 2255.5 (35.0)
(0,9,0) 250130 (p)  6022.1 A 747.6 (26.1)  1102.38 (30.5)
(0,9,0) 351-313 (0)  6033.6 A 1061.06 (26.7) 1065.46 (29.5)
(0,9,0) 2;0-212 (p)  6034.0 A 562.1 (26.7)  526.26 (28.8)
(0,9,0) 251-21; (0)  6037.5 A 981.12 (27.9)  1113.4 (27.4)
(0,9,0) 201-21; (0)  6039.2 A 1310.75 (28.5)  1559.8 (29.5)
(0,7,0) 1o1-11; (o) 6618.0 A  5307.2 (20.9)  6700.2 (25. 2)
(0,7,0) 202212 (p)  6618.7 A  1390.48 (19.1}) 1610.28 (22.6)
(0,7,0) 303-313 (0)  6619.3 A 1096.96 (19.8) 1860.47 (23.7)
(0,7,0) Dgo-110 (p)  6627.9 A  1874.5 (18.0)  2594.4 (22.4)
(0,7,0) 19,21, (0)  6640.7 A 5194.0 (19.8)  6599.6 (24.7)
(0,7,0) 221-13; (o)  6654.6 A 484.12 (16.4)  760.86 (19.8)
(0,7,0) 209-312 (p)  6655.6 A —_ 1219.69 (22.4)
(0,7,0) 29,111 (0)  6659.2 A 959.4 (20.5)  1100.0 (18.7)
(0,7,0) 250-110 (p)  6661.4 A 267.36 (15.0)  496.48 (18.7)

*1 Ortho-NH; lines are indicated by ’o’ and para lines by 'p’.
*2 Measured flux of the line is in arbitrary units for each comet. 1o error is in parenthesis.

*3 This is blended with (0,9,0) 321-21;.
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transition of atomic oxygen at 5577 A which is a transition between singlet
levels. Since the line profile of atomic oxygen at 5577 A is symmetric like a
Gaussian function, the asymmetry recognized in Ogy—1y¢ line is not caused
by the instrumental line profile. Although 0y;—1;( line should be split into
two lines due to a net electron spin of NH, for a higher spectral resolution,
the line profile indicated that the observed line seems to consist of three
lines (these lines can not be separated clearly in the observed spectra).
These facts support that the line is contaminated by other unidentified
emission line.

In this thesis, the final value of OPR is derived just from (0,9,0) band,
which has no concern both for the S/N and for the contamination by
unidentified lines. The (0,7,0) band is used to check the consistency of
the final values of OPR derived from (0,9,0) band.

The modeled spectra for (0,10,0), (0,9,0), (0,8,0), and (0,7,0) bands are
shown in Figure 4.4 and 4.5 which can reproduce the observed spectra well.
The perturbation effect is recognized for a few lines marked by 'p’ in the
Figures (the perturbation is not included in the calculation). The forbidden
lines of atomic oxygen are not included in the calculation of (0,8,0) band.
The unidentified emission lines (UID) are marked by ’u’, which consistent
with high-dispersion spectra ever observed (Brown et al. 1996, Morrison
et al. 1997, Zhang et al. 2001). Brown et al. (1996) proposed that
these UID lines caused by high-J rotational levels of NH;. Biesner et
al. (1989) showed that NH; generated from ammonia is excited to high
rotational levels in a vibronic ground state X(0,0,0) just after ammonia
photodissociated. Such high excited rotational levels are not included in
the present model calculation.

As discussed above, it is safely assumed that NH, is produced from am-
monia by photodissociation due to solar ultraviolet radiation. The per-
mutation group theory (Quack 1977, Longuet-Higgins 1963) is applied to
a whole reaction system including a source molecule NH; and products
NH, and H. The theory predicts that only ortho-NH; is generated from
ortho-NHj, and both the 1:1 ratio product of ortho- and para-NH; from
para-NHs. This prediction is supported by an experimental study in the
laboratory (Fuke et al. 1988). As a result, the OPRs of cometary ammonia
are determined to be 1.164+0.05 for C/1999S4 (LINEAR) and 1.2240.05
for C/2001A2 (LINEAR), respectively.
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Figure 4.3: Line profiles of the forbidden transition of atomic oxygen (at 5577 A) and
NH; (0,7,0) 0go—11p line in C/2001A2 (LINEAR). The line profile of atomic oxygen is
symmetric relative to the line center. On the other hand, 0gp—11¢ line seems to consist of
three components of emission lines. Two of them are identified as fine structure of 0go-1,
line (expected intensities are shown in the figure). One additional line is thought to be
an unidentified line.
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4.4 Discussion

The OPR of ammonia can be calculated for a given spin temperature based
on the molecular constants of ammonia (Poynter & Kakar 1975). Figure 4.6
shows the OPR of ammonia with respect to a spin temperature. The OPR
of ammonia approaches 1.0 if ammonia ice formed and equilibrated under
the high-temperature conditions (> 40 K) while it becomes larger under
the low-temperature conditions (e.g., more than 10 at 5 K). The OPRs
derived here indicated the spin temperatures of 2873 K and 2612 K for
comet C/1999S4 (LINEAR) and C/2001A2 (LINEAR), respectively. The
spin temperatures of ammonia in both comets C/1999S4 (LINEAR) and
C/2001A2 (LINEAR) are consistent with the spin temperature of water
ever observed in Oort cloud comets (comet C/199501(Hale-Bopp) and
comet 1P/Halley).

Mumma et al. (1993) and Crovisier (1999) argued that the OPR. could
reflect the temperature at the moment of formation or condensation of
the molecules. The results shown here exclude the high temperature limit
(OPR = 1 for ammonia). This fact eliminates the formation of cometary
ammonia through chemical reactions only in gas phase (e.g., reactions
shown in Hiraoka et al. 1995). Because the chemical reactions in gas phase
are exothermal, the OPR of ammonia formed in the gas phase should be
unity according to the nuclear spin statistical weights of the ortho and
para species (Irvine 1999). The OPR smaller than the high temperature
limit indicates the formation in the low temperature conditions. Saito et
al. (2000) suggested that a part of ammonia in cold dark clouds could orig-
inate from dust related reactions associated with energetic events. Dust
related reactions were also suggested by Dickens & Irvine (1999) for the
formaldehyde (H,CO) in dark clouds. Thus, the formation of ammonia on
the cold grain surface demonstrated by Hiraoka et al. (1995) seems to be
important. It appears that ammonia was produced through the gas—grain
chemistry in the pre-solar molecular cloud or in the solar nebula, in which
ammonia formed on the icy mantle of grains (Hiraoka et al. 1995). In
this case, the OPR of ammonia may reflect the temperature of icy grains
where the molecules formed (Irvine 1999). Alternatively, ammonia formed
in the gas phase (with OPR = 1) and then frozen onto cold grains that
contain paramagnetic species or magnetic nuclei could undergo ortho-para
conversion in a relatively short time (cf. Momose et al. 1997). The OPR
of ammonia re-equilibrated according to the low temperature of icy grains
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in this case. Although such ortho-para conversion process is studied in lab-
oratory, the possibility of ortho-para conversion in cometary nuclei is not
yet clear because we don’t know in detail about the conditions (especially,
the temperature) of interior of cometary nuclei and about the cometary icy
grain (its structure, composition, and so on.). Therefore, a sample return
mission for cometary grains in the future (e.g., STARDUST mission) and a
laboratory investigation of ortho-para conversion mechanisms for ammonia
under cometary conditions are required. Anyway, in either case, the OPR
less than 1 for ammonia is indicative of grain processing.

The spin temperature of ammonia which is consistent with that of water,
~ 30 K, indicates that the ammonia and water ices formed under the same
temperature condition. This fact supports the scenario that ammonia and
water ices formed or condensed on the icy grains at a certain temperature.
This consistency is important for investigations on the molecular formation
processes in the successive stages from the molecular cloud to protoplan-
etary disk. The next question is when and where the molecules formed
during the period from the pre-solar cloud to the solar nebula.

One may think that the OPR re-equilibrated in the interior of cometary
nucleus during the long storage time (= 4.5 Gyr) in Oort cloud or in Kuiper
belt after the solar system formed as argued by Mumma et al. (1993).
However, Irvine et al. (2000) pointed out that the orbital periods for
the comets in which the spin temperatures of water were ever measured
span the range from 4000 to 6 years, so it seems very unlikely that all
these comets would have internal temperatures near 30 K. A comet with
longer orbital period seems to have a lower internal temperature because its
aphelion distance is further from the Sun. The additional results for spin
temperatures of ammonia also supports this idea. C/199954 (LINEAR)
has tremendously longer orbital period than 4000 years. Thus, the re-
equilibration of OPR in a cometary nucleus during its long stay in Oort
cloud or in Kuiper belt seems to be impossible. If the re-equilibration of
OPR of ammonia occurred under the lower temperature conditions, the
OPR would be larger for ammonia, e.g., more than 4 corresponding to <
10 K (see Figure 4.6).

In contrast with above discussion, the OPR might re-equilibrate quickly
and reflect the temperature just before the sublimation from cometary ice.
The typical sublimation equilibrium temperatures of pure water ice and
pure ammonia ice under cometary conditions are 152 K and 78 K, respec-
tively (cf. Crovisier & Encrenaz 2000). These values are for equilibrium

63



between the relevant ice and its own vapor. The sublimation temperatures
are quite different for a mixture of ices. Because highly polar molecules
like NH3 has strong affinity for water, it is expected that water retains
the ammonia for the case of cometary ice (which is a mixture of water,
ammonia and so on.). Therefore the sublimation temperature would be
higher than that of the pure ammonia ice (cf. Crovisier & Encrenaz 2000).
Thus, the temperature range of sublimation is much higher than the spin
temperature in the case of ammonia (and in the case of water). It seems
unlikely that the OPR might re-equilibrate to =~ 30 K for both ammonia
and water in the cometary nuclei. Laboratory studies of ortho-para con-
version rate under cometary conditions are required for further discussions
on the ortho-para conversion in cometary nuclei.

Irvine et al. (2000) proposed the possibility that the cometary OPR
might be reset in the coma where near-nucleus temperatures drop to =
30 K and proton transfer reactions can occur with H* and H3;O%. How-
ever, the spin temperatures obtained for water and ammonia so far can
reject this hypothesis because the kinetic temperature at the near nucleus
coma depends strongly on the input solar flux, a production rate of gaseous
molecule, a gas-to-dust ratio, and so on (Combi et al. 1997b). It is difficult
to agree that all comets in which spin temperatures were determined for
water or ammonia had the same kinetic temperature near the nucleus re-
gion at the observations. Moreover, the lowest kinetic temperature in the
coma calculated by Combi et al. (1997b) is quite lower than the spin tem-
perature determined for water in the case of comet C/199501 (Hale-Bopp).
Thus, the reset of OPR in the coma can be rejected.

It should be noted that Irvine (1999) concluded that clearly both further
observations and laboratory studies of ortho-para interchange are needed
before the cometary results can be interpreted. The experiments for the
spin relaxation in an environment similar to the interior of cometary nu-
cleus should be investigated in the future. In the following part, however,
the conditions of molecular formation are discussed based on the compar-
isons between studies on the temperatures at which cometary molecules
formed and/or processed.

The temperature ranges regarding to the formation of cometary molecules
are sumimarized in Table 4.3. The spin temperatures of cometary ammo-
nia shown here are consistent with temperatures determined for comet
C/199501 (Hale-Bopp) from D/H ratios of water and hydrogen cyanide
(Blake et al. 1999, Meier et al. 1998a, 1998b). Bergin et al. (1999)
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Table 4.3: Temperatures related to cometary formation.

Temperature Remarks References
26 —28 K Spin temperatures of ammonia. This work.
25 — 35K Spin temperatures of water. Crovisier (1999), Mumma et al. (1993).

> 3010 K D/H ratio in water and hydrogen cyanide Meier et al. (1998a, 1998b).
for entire coma.
20— 30K D/H ratio in water and hydrogen cyanide Blake et al. (1999).

in jets.
25 — 40K [HDO]/[H20] and [CO3]/[H20]. Bergin, Neufeld, & Melnick (1999).
< 35 —40 K Possible enhancement of argon. Stern et al. (2000).
> 20 — 25 K Depletion of neon. Krasnopolsky et al. (1597),

Stern et al. (2000).

suggested the possible formation of molecules in the pre-solar cloud and
the solar nebula at =~ 25 — 40 K. Recent detection of argon in comet
C/199501 (Hale-Bopp) (Stern et al. 2000) requires that the interior of the
comet has never been exposed to 35 — 40 K temperatures. If the argon
also existed in the comets observed in this study, the formation regions
of the comets are further restricted. Furthermore, the depletion of neon
in comet Hale-Bopp may indicate the temperature range higher than 20
— 25 K (Krasnopolsky et al. 1997, Krasnopolsky & Mumma 2001, Stern
et al. 2000). These results are consistent with the formation of cometary
molecules at the temperature of =~ 30 K.

If the Sun formed as an isolated low mass star in the dense core of dark
cloud, the temperature of the dark cloud seems to be about 10 K (Langer
et al. 2000). In this case, the obtained spin temperature of cometary
ammonia which is consistent with other studies, seems to be higher than
the expected temperature in pre-solar molecular cloud. Therefore, the spin
temperature of ammonia, about 30 K, is thought to be a temperature at
the place where the ammonia formed or condensed in the solar nebula.
If it is assumed that the cometary molecules formed or re-processed in
the solar nebula at a certain temperature condition, the formation zone
of the comets can be inferred from the observations. The temperature
distribution in the solar nebula was investigated by many researchers so
far (e.g., Hersant et al. 2001, Aikawa et al. 1999, and Willacy et al. 1998).
Although the temperature distribution depends on the physical model of
solar nebula, the temperature of =~ 30 K indicates the giant planets’ region
in the solar nebula in most cases. For example, the formation zone of both
comets C/1999954 (LINEAR) and C/2001A2 (LINEAR) is considered to
be an area between the orbits of Saturn and Neptune (10 — 20 AU from the
Sun) in the mid-plane of solar nebula based on the calculation of Willacy et
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al. (1998). Comets C/1999S4 (LINEAR) and C/2001A2 (LINEAR) came
from the Qort cloud which is thought to originate from the cometesimals
formed in the giant planets’ region based on the statistical studies on orbital
evolutions of cometesimals (e.g. Weissman 1999). The formation zone
inferred from spin temperatures is consistent with the area inferred from
orbital evolutions.

In contrast with above case, the Sun might have been born in a region
of high mass star formation (Irvine 1999, Goswami & Vanhala 2000), and
the temperature of pre-solar cloud might be higher. In this case, the spin
temperature of ammonia and the temperature range indicated by other
studies may reflect the temperature of pre-solar molecular cloud (or the
temperature at other stage of solar system formation). Of course, it might
be a temperature in the solar nebula. Present data are not enough to
distinguish these scenarios for our solar system. The further observations of
OPRs of cometary ammonia may be able to give an answer to this question.
Since the Kuiper belt comets (Jupiter family short period comets) formed
in Kuiper belt region where was colder than the giant planets’ region (a
formation zone of Oort cloud comets), the spin temperatures of Kuiper
belt comets will be lower than that of Oort cloud comets if the the spin
temperature determined according to the place where comets formed in
the solar nebula. On the other hand, if there are no significant difference
in spin temperatures between Oort cloud comets and Kuiper belt comets,
the spin temperature may indicate the temperature at a common place for
the Oort cloud comets and Kuiper belt comets. There is only one sample
of Kuiper belt comet in the case of water, and no samples for the ammonia
case. Clearly more samples are needed for investigating a real meaning of
OPR in cometary molecules. Further observations for OPR of cometary
ammonia and statistical study based on more samples will also make clear
some of unclear issues on OPR of cometary molecules pointed out by Irvine
et al. (2000).

Finally, other observations for each comet observed in this study will
be shown and compared with the result described above. For the case of
C/199954 (LINEAR), there are many studies on it because it was bright
and it disintegrated into many fragments (this comet gave a precious chance
to know the information about interior of comet). It is reported that
the highly volatile species such as CO, CHy, and CyHg were depleted in
C/1999S4 (LINEAR) compared with the other Oort cloud comets which
formed near the orbit of Neptune in the solar nebula (Mumma et al. 2001a,
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Bockelée-Morvan et al. 2001). Mumma et al. (2001a) proposed the hy-
pothesis that C/199954 (LINEAR) formed in the warmer region (5 -— 10
AU from the Sun). The result shown here is inconsistent with the forma-
tion at such warmer place. It may be possible to explain this discrepancy
by the scenario that the icy grains on which ammonia (and other cometary
molecules) formed near the orbit of Uranus (T~28K) migrated into inner
region of solar nebula during an accretion phase of solar nebula and the
highly volatile species sublimated from the ice (but the OPR of ammonia
did not change), and then the cometary nucleus formed from the icy grains
at the warmer place. As another possible explanation, since the solar neb-
ula continuously cooled down and the temperature distribution of solar
nebula changed in the protoplanetary disk phase (Hersant et al. 2001), the
materials formed at the early stage of the protoplanetary disk phase might
be processed in warmer environment even if in the far-off region of solar
nebula. On the other hand, Farnham et al. (2001) reported the depletion
in carbon chain molecules such as Cs or Cs observed in optical spectra in
C/199954 (LINEAR) and possible formation of the comet in outer part
of solar nebula (Kuiper belt region). However it is not clear whether the
abundances of such carbon chain molecules are primordial or not (C; and
C; are thought to be photodissociated products, not parent molecules).
Note that the depletion in Cs is consistent with the depletion in CyHg re-
ported by Mumma et al. (2001a) since CoHg is a possible parent molecule
of Cy (cf. Crovisier & Encrenaz 2000).

For the case of C/2001A2 (LINEAR), there are only several preliminary
reports yet. Mumma et al. (2001b) reported that C/2001A2 (LINEAR)
was enriched in Cy;Hg which is a highly volatile molecule. Crovisier et
al. (2001) also reported that the very volatile molecule, H,S, was more
abundant in C/2001A2 (LINEAR) than other comets. The derived spin
temperature of ammonia for this comet, = 26 K, is consistent with the
enrichment in very volatile species such as C;Hg and HyS. On the other
hand, Feldman et al. (2001) reported that abundance ratio between Ar and
O (Ar/O ratio) was more than a factor of ten less than solar abundance.
This may indicate the formation of C/2001A2 (LINEAR) at warmer place
of solar nebula (> 35 - 40 K), or the comet had been exposed to such
warmer temperature for long time.

As described in this section, the further observations of the OPRs of
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cometary ammonia are strongly recommended for not only other Oort cloud
comets but also the short period (Kuiper belt) comets. These observations
may be able to reveal the meaning of OPRs. The variation of OPRs mea-
sured in comets is essentially important for the investigation on origin of
solar system. The method of the OPR determination for cometary ammo-
nia established in this study should be applied to other comets, in order
to know the QPR variety if any.

4.5 Summary

In this chapter the new tool to investigate an OPR of cometary ammonia
and the first applications of this method for the cases of comet C/199954
(LINEAR) and comet C/2001A2 (LINEAR) are shown. The OPRs of am-
monia are derived to be 1.16£0.05 for C/199954 (LINEAR), and 1.224+0.05
for C/2001A2 (LINEAR), respectively. The results are corresponding to
the spin temperatures of 2813 K and 2677 K for comet C/1999S4 (LIN-
EAR) and C/2001A2 (LINEAR), respectively. These are consistent with
OPRs of water in other comets ever observed. The OPR of ammonia ex-
cludes the high temperature limit and it can eliminate ammonia formation
by reactions only in gas phase. Possible formation on grain surface, in
icy grain mantle, is supported by results shown here. The temperature
range shown here is corresponding to the temperature between the orbit
of Saturn and that of Uranus in solar nebula if it is assumed that the
spin temperature reflects the temperature where the molecules formed in
the solar nebula. This region is thought to be a formation zone of the
comets. This conclusion is consistent with the statistical studies based on
the simulations of orbital evolution, e.g., Weissman (1999).

The temperature range suggested by D/H ratio water and hydrogen
cyanide observed in comets and by the argon and neon abundances are
also consistent with the temperature range obtained from ammonia in this
study (see in Table 4.3). However, the abundance of highly volatile species
in comet C/1999584 (LINEAR) suggests the formation of the comet at
warmer place (Mumma et al. 2001a). The depletion in argon for comet
C/2001A2 (LINEAR) also suggests the formation at warmer place (Feld-
man et al. 2001). These discrepancies should be investigated from the
viewpoints of both observations and chemical models.

Using the method shown in this chapter, OPRs of ammonia for other
comets will be able to be determined from high-dispersion optical spectra

68



of the comets in the future. Especially the comparison between OPRs of
ammonia for Qort cloud comets and Kuiper belt comets, is important for
investigating the formation region of these comets.
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Chapter 5

Conclusion

In this thesis a new method to investigate OPR of cometary ammonia
from NH, radicals is developed from the viewpoint of photodissociation of
ammonia to NH.

In Chapter 2, the NH; spatial distribution in comet C/1996B2 (Hyaku-
take) is studied using the technique of Collisional Monte Carlo simulation.
The low dispersion spectrum could be obtained in the coma near nucleus
region where the brightness spatial profile of NH; is sensitive to properties
of its parent molecules. On the basis of the comparison between model
results and the observation, it is confirmed that NH; is produced directly
from cometary ammonia through the photodissociation by solar ultraviolet
radiation. Based on the assumption of NHy generation from ammonia by
a photodissociation, the OPR of ammonia can be determined from OPR
of NH2

In Chapter 3, the fluorescence excitation model of NH; is developed.
Using this model, the emission spectra of NH; can be calculated and be
compared with actual high-dispersion spectra of NHj in optical region.
Usually it is not so difficult to get high-S/N ratio spectra of NH, for comets
around 1 AU from the Sun, while direct observation of ammonia in radio
wavelength region is more difficult by existed facilities. It is assumed that
the fluorescence equilibrium is achieved and the collisional effect between
molecules is negligible, which is reasonable because NH; exists mainly in
outer part of coma where the gas density is sufficiently low for a typical
comet. The model result shows that the (0,9,0) and (0,7,0) bands are
suitable for comparisons between the observation and model results.

In Chapter 4, the first application of the fluorescence excitation model to
the observations of two Qort cloud comets, comets C/199954 (LINEAR)
and C/2001A2 (LINEAR), are shown. The OPRs of NH; are determined
at the first time. The OPRs of 3.32+0.09 and 3.4340.09 for NH, lead
to OPRs of 1.164+0.05 and 1.2240.05 for ammonia in comets C/199954
(LINEAR) and C/2001 (LINEAR), respectively. The derived spin tem-
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peratures of ammonia were 2873 K and 26%2 K. These results exclude the
high-temperature limit and indicate the possible formation of ammonia
through the grain related reactions. The ammonia formation in the icy
mantle is supported by the present result. They corresponds to the forma-
tion region of the comets between the orbit of Saturn and that of Uranus
in the solar nebula. It is consistent with the temperature ranges suggested
by other observations of bright Oort cloud comets and consistent with the
statistical studies based on the simulation of orbital evolution of comets.
Further observations on other comets are required for investigating the
formation region of comets, especially the comparison between Qort cloud
and Kuiper belt comets is important for the study on evolution of our solar
system.
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