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Preface

This work includes the full analysis of the organic composition of tome
C/2000 WM (LINEAR), which was published in Icarus, International Journal of
Solar System Studies (Radeva et al., Icarus 2010), and has als@iesented at
several conferences: Division for Planetary Sciences ameealings; Astrobiology
Science Conference; Asteroids, Comets, Meteors conferenceheN#ie work on
the fluorescence model of theH; s band, nor that on the organic composition of

comet 2P/Encke was published previously.
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Chapter 1: Introduction

Physical Characteristics of Comets

The chemical diversity of comets holds key clues to understatigengrigin
and evolution of our Solar System, and the delivery of water andigtie-organics
to the young Earth. Comets are remnant debris of the SolanBy$temation about
4.6 billion years ago, and are relatively unaltered. A cometacieus consists of ice
(mostly water) and dust particles. When a comet approachesrthéng influence of
solar radiation causes ices in its nucleus to sublimate, anddhapieg gas drags dust
particles along with it. Thus, the comet forms a gaseous comé&intiust and gas
tails of extremely low density) (see Figure 1.1 & Figure 1.2hme€tary nuclei are
irregularly shaped and their sizes range between less thlam Bnd tens of
kilometers, while the coma can have a diameter 6fl00km, and the length of the
tails can exceed 1tkm. Cometary nuclei have low albedo of approximately 0.04

(geometric albedo - Kelley & Wooden 2009, Li et al. 2007, Lamy et al. 2004).



Coma Ion tail

Dust tail I

Figure 1.1.Image of comet C/1995 O1 (Hale-Bopp) (acquired by V. Radeva & Y.
Radeva, 1997, with the 50/70cm Schmidt telescope at the Bulgarian National

Astronomical Observatory). The coma, ion and dust tails are marked.



........................................ -
At~6 AU ol
sublimation stops P Near aphelion the
rd nucleus is not active

/

Jupiter

Earth

Jar

|
Ices in the nucleus start to sublimate
under the influence of the solar radiation

Ml e b
....................

Active
ublimation

Figure 1.2. The orbit of a comet around the Sun: far from the Sun the nucleus is
inactive, but close to the Sun ices begin to sublimate and a comailan@as and

dust) form.

Present Day Reservoirs

The two major reservoirs for comets in the Solar Systemhar&tiper belt
(with perihelia spanning the range of 30 to 100 AU from the Sun) an@dhtecloud
(an approximately spherical formation covering 20 AU) (Gladman 2005). The

3



Kuiper belt includes three structures: the main belt, thétesed disk, and the
extended scattered disk. Objects in the main belt have neamlyac orbits, with
semi-major axis between 35 and 56 AU. Obijects in the scatteskechave highly
eccentric orbits, with perihelia ranging between 30 and 38akd aphelia up to 100

- 3000 AU. The scattered disk is believed to be the source of most active short-period
comets. Objects in the extended scattered disk have highly ecaebits and their

perihelia exceed 38 AU.

The existence of the Oort cloud was first proposed by Jan Oort, on the basis of
observations of long period comets, and a peak in the number of corntetawerse
semi-major axis (14 between 0 and 10AU™. The Oort cloud surrounds the entire
Solar System and contains approximately 5 X #@rmant cometary nuclei (Francis
2008), which can be injected into the inner Solar System as a oéguHvitational
perturbations (due to passing stars, galactic tides, giant moletolals etc.). The
orbits of comets newly injected from the Oort cloud are inclimearly randomly to

the ecliptic (since the Oort cloud is a spherical formation).

A comet’s orbit is inevitably modified once it enters the innelaSSystem
due to the gravitational influence of the planets, especially Jupliwever, its

origin from a specific reservoir can be identified on the bafsits orbital Tisserand

parameter (jJ. The Tisserand parameter is defined Bs: a 2 /(1 ez)E cosf) ,
a a

where ais Jupiter's semi-major axis, e is the orbital eccenyriditis the orbital
inclination, and a is the semi-major axis of the comet (e.g. aevi®996). The

Tisserand parameter is an approximation to the Jacobi constanntegral of the



motion in the circular restricted three-body problem (the Sun,efugiid the comet,
whose graviational potential has a negligible effect on the otleebodies due to its
small mass). This parameter should be approximately the sefiore land after the

encounter between the comet and Jupiter (Carusi et al. 1995).

Historically, comets were classified as short period (periods < 248)ydong
period (periods > 200 years), and dynamically new (if theyeatering the Solar
System for the first time) — however, this classificatiotess descriptive than the

dynamical classification proposed by Levison (1996).

In Levison’s classification "ecliptic’ cometsome from the Kuiper belt, and
are further classified as Jupiter-family (2 <T3), Chiron-type (> 3 & a > g§), or
Encke-type (7> 3 & a < @ comets. Nearly isotropic comets; €2) originate from
the Oort cloud, and are further classified as "new” (a > 10000 Adxjernal” (40
AU < a < 10000 AU) or "Halley-type” (a < 40 AU) comets. T$ami-major axis of
"Halley-type” comets is small enough for them to be trapped mean-motion
resonance with a giant planet, distinguishing them from “extercatiets. The
boundary is set at Pluto’s semi-major axis of 40 AU (Plutm ia B:2 mean motion

resonance with Neptune) (Levison 1996).



Table 1.1. Dynamical classification of comets (Levison 1996).

Tj <2
a >10000 AU Nearly Isotropic (new)

40 AU < a < 10000 AU| Nearly Isotropic (external)

a<40AU Nearly Isotropic (Halley-type)
2<Tj<3 T,>3
a>3a Ecliptic (Jupiter-family) Ecliptic (Chiron-type)
a<g Ecliptic (Jupiter-family) Ecliptic (Encke-type)

A newly discovered group of comets (five members at thisngpitiesides in
the main asteroid belt (thus are called main belt cometsHamh & Jewitt 2006
report the first discovery). Main belt comets haye B, and are dynamically similar
to asteroids. It is suggested that main belt comets mag faamed from the
fragmentation of larger asteroids at their present location, @hsians with smaller

bodies could be instigating their cometary activity (Haghighipour 2009).

Cometary Origins and the Chemical Diversity of Cometary Nuclei

Although the cosmic reservoir of a given comet can be identifigtisnatay,
bodies within a given reservoir may have experienced quite diffelgmamical

histories before entering the reservoir. A comet’s current orpitglerties do not
6



preserve that pre-reservoir information, so dynamical informatimme cannot
identify the formative region of an individual comet. We turndaadt to other
information preserved from that formative time — the chemical commposof a
cometary nucleus, and certain other cosmogonic invariants of onstitwent

materials.

The diversity among comets from a given reservoir can provide tergor
information on the relationship of their formative regions, subsequentiiyala
dispersion, and reservoir formation. There is evidence for straiig gradients in
chemistry and temperature in the proto-planetary disk, and for toigraf the
cometary formation material (e.g. Brownlee et al. 2006). "Nie€' model predicts
significant dynamical dispersion in the outer proto-planetary (iskganis et al.
2005). During the formation of the Solar System some comets thataded in the
giant planets’ "feeding" zones (5 — 15 AU) were ejected to the €loud and
possibly the outer disk (Dones et al. 2004). The outer disk includedsteitered
comets and also comets that formed between 16 and 30 AU. The outeasdikker
disrupted, and comets were scattered from there to both maiwvaiesgDuncan
2008). Thus, comets are expected to have diverse composition,imgfldoir
individual formation regions. The volatile fraction of a cometaryleus (the
“native” or “parent” volatiles) is of special interest, andcitsracterization forms the
central part of this thesis.

The interpretation of cometary diversity is problematic gdzhon free radical
species. Daughter species (such as OH, CN,Cs; NH) can originate from the

photo-dissociation of parent volatiles, or from refractory grains,tiaeyg often have



multiple parents. Studies of daughter species found that a ghestigon of Kuiper

belt comets (about one third) are depleted a@d G radicals than is seen for
comets derived from the Oort cloud (A'Hearn et al. 1995, Fink 2009). For
isotopologues of CN, remarkable similarity is seen in "N ratio among a
sample of 18 comets — all are enriched by a factor of twtvele the Solar System
value (Jehin et al. 2009). While providing evidence of diversity andasity among
comets, these findings also emphasize a compelling need for coampéeynstudies

of the parent volatile composition in a given comet and the divedditguch
composition among comets.

Measurements in the infrared provide gas production rates aiftpsrecies,
using water as a “baseline”, since it is the most abundantleofatid within 3 AU
from the Sun, it controls the sublimation of other volatiles). Alisoproduction
rates of organic species [Q moleculésare expressed as percentages with respect to

water (termed “mixing ratios1§?(°rgan|CSDeC|e};
Q(H=20)

100[%]), which allows for

comparison of the relative organic compositioniffedent comets.

Our group has identified "organics-enriched”, “amga-normal”’, and
"organics-depleted” comets on the basis of mixiaiips of parent volatiles (Mumma
et al. 2003; Crovisier et al. 2007; DiSanti and Moa2008). In the current sample,
two Oort cloud comets have been identified as dogaenriched (C/2001 A2
(LINEAR), Magee-Sauer et al. 2008; C/2007 W1 (Bodtt Villanueva et al.,
personal communication), and the comet C/1999 8¥EAR) has been identified as
severely depleted (Mumma et al. 2003). Among #clipomets, 17P/Holmes is

enriched (Salyk et al. 2007, Dello Russo et al. &0and 73P/Schwassman-
8



Wachmann-3 is depleted (Villanueva et al. 2006)diusso et al. 2007). (It should
be noted that 17P/Holmes was observed at a grdiatance from the Sun (~2.4 AU),
and if a certain portion of the water in the innema was in the form of ice (Yang et
al. 2009), its enrichment in organic volatiles ntigk overestimated). Thus, depleted
and enriched comets are found in each reservaire difficulty lies in relating the
chemical composition of a comet to its formatiogioe and subsequent dispersion to

its long-term reservoir.



Chapter 2: Infrared Spectroscopy of Comets

Ro-vibrational Spectroscopy and Application to Comets

The total energy (excepting kinetic) of a molectd® be approximated as the
sum of its electronic, vibrational and rotationatsgy. The simplest classical model
represents a diatomic molecule as point massesnoh m connected by a massless

spring of length r and rotating with angular vetgci. The moment of inertia | is

2

m.m : : | . :
—2-2 r? and the rotational energy is thenz—. In the harmonic oscillator

m, m,

2
approximation, the potential energy of the moledslel%, where k is Hooke'’s

constant for the spring, and x is the displacenfremb the equilibrium position as a
result of the molecular vibrations. In the simplggantum mechanical model the
angular momentum (I) is quantized (J), where J is the total angular momentum

guantum number, and J =0, 1, 2, 3 ... The ratatienergy levels are then given by

h2

87

E

JJU 1 (Hollas 1996). The vibrational energy levels aleo quantized,

and are given by:E, h (V %), where is the vibrational frequency

%

, andV is the vibrational quantum numbes €0, 1, 2 ...)

1 Kk
2 m1m2
ml m2

(Hollas 1996) (see Figure 2.1 for an illustratiorviifrational motion, i.e. the normal
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modes of HO). More complex models account for rotation-vilwatinteractions,

and various other effects.

l
H /O\OH Vl
Pud S

0,
H.\/ \/.H v

Vs

<

©
/

H@ ®H
5
Figure 2.1. Vibrational modes of O ( 1, 2 and 3). These are normal
modes of vibration, in which all nuclei undergo harmanotion, with the
same frequency, and in phase (although their motion magg different
amplitudes). A linear N-atomic molecule has 3N-5 normaldes of
vibration, and a non-linear N-atomic molecule has 3hbfinal modes of

vibration (Hollas 1996).
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Vibrational modes can be stretching mode} (highest energies), bending
modes () or torsional modes ) (lower energies). A change in electric dipole
moment is necessary for a vibrational transition to nbguelectric-dipole radiation
(Hollas 1996). Selection rules for ro-vibrationalrsitions depend on the symmetry
of each molecule. For example, for homonuclear diatamolecules, the electric
dipole moment is zero in all vibrational levels, tHere vibrational transitions
(within a given electronic state) are forbidden.r keear molecules transitions with

J = 0 give rise to the Q-branch) = +1 to the R-branch, and) = -1 to the P-
branch. Figure 2.2 illustrates transitions betweenrthational levels (J) of two
vibrational levels (v=0 and \=1) of a simple linear molecule obeying these selection
rules. Among molecules studied in this dissertation, H@ON CO do not have a Q-
branch, since they have no electronic angular momeimuthe ground electronic
state (), and in that caseJ = + 1 only. Other molecules are bent rotors (¢.Q)),

and additional quantum numbers and selection rules appiem.
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Ro-vibrational transitions

Figure 2.2.llustration of allowed ro-vibrational transitiongumping from

lower to upper states). Cascade transitions are sho@hapter 5.

For pure rotational transitions (between the rotatidevels of the same

vibrational level), which are observed at radio wengths, a molecule must have a
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permanent dipole moment, and the selection rules are+1 (Hollas 1996). That is
why symmetric hydrocarbons such agHg; C;H, and CH, which lack a permanent
dipole moment, have no allowed pure rotational treovst They do have strong
vibrational bands, and thus can only be observeldearnfrared.

Through infrared spectroscopy we study ro-vibratiogpéctra of parent
volatiles in comets, resulting from transitions betwebe totational levels of
different vibrational levels within the same electmitevel. Most polyatomic (and
many diatomic) molecules of cometary interest have stuimgtional fundamental
bands in the 2.5-5m region. At infrared wavelengths we observe the rmiost
region of the cometary coma (several hundred kilometensered on the nucleus,
depending on the geocentric distance of the confgtproximately 2/ (about 64%)
of the total fraction of molecules sampled within tbeam fall within the "inscribed
sphere” (the sphere centered on the nucleus whosesraduals that of the pencil
beam — the radius of the sampled region) (Yamamoto 19B2¥urther illustrate the

significantly higher number of molecules found closehe nucleus, their number

r
density at distance from the nucleus can be estimateghia ﬁ%e P
r

outflow
(the exponential factor refers to photodissociatiod ean be ignored within a few
thousand km from the nucleus, given lifetime againstqahssociation for a species

10° s) (Weaver & Mumma 1984). At a distance r = 5 km frdma hucleus:

8
Ntotal ~ 10 ~3 10°%m* assuming Q ~ 8 s and Voufow ~ 1 km §-

4 (5 10°)°10°

The number density of molecules 100 km from the nucleasildvthen be

14



8
Miotal ~ 107 ——~8 10'cm?®, which demonstrates the rapid decrease of
4 (100 1040

number density near the nucleus (within the region saaplour observations).

In the innermost region of the coma, collisions thermealize rotational
population of the ground vibrational level (this staent is further discussed in the
following section and in Chapter 5), and a rotaticieanperature is determined in
order to model this rotational population. Thuspraduction rate is derived at a
given rotational temperature for each molecule. h# bbserved lines sample an
insufficient spread in excitation energies, a rotaidemperature has to be assumed
based on measurements for other molecules. This assumdse®itolecules are
measured in locations in the cometary coma charactelgede same temperature,
and as shown previously, they are indeed found wahuery small inner region of
the coma, close to the nucleus. This also assumes thatdhienal level populations
are controlled by collisional excitation, ratherrthradiative processes.

This dissertation provides a valuable comparison amaengeeatures derived
for polar molecules ((D, HCN, CO — as previously measured), and a non-polar
molecule (GHe) through the newly developed:ls s model. Agreement among
measured temperatures for polar and non-polar speciekl wapport collisional
thermalization of the rotational levels, and wouldus against control by radiative

pumping and decay (DiSanti et al. 2001).
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Summary of Excitation Processes in Cometary Comae

Radiative Electronic Excitation

For most simple molecules, electronic transitions occur gnesth energies
greater than ~2 eV, i.e. at UV and optical wavelksg However, absorption of solar
UV radiation often results in photodissociation of @dymic molecules in comets
and formation of daughter species. For example, pisgtociation of HO produces
OH in vibrationally excited and highly rotationakxcited states (Bonev et al. 2004).
Also, electronic excitation rates are often lowemthiébrational excitation rates: for
example, the excitation rate of one of the electratates of CO (near 150 nm) is ~ 1-
2 x 10° s* (taken as a typical value) (Tozzi et al. 1998),levthie excitation rate of
the vibrational CO v(0-1) band at 4.7 is 2.6 x 1¢ s* (Chin and Weaver 1984).

Calculations of electronic excitation rates are cocaptd by the solar
Fraunhofer absorption lines in the UV, formed as ramhafrom hotter layers of the
Sun passes through the cooler photosphere. As a caligt the Sun and its
heliocentric velocity changes, the Doppler effecttstihe positions of the Fraunhofer
lines relative to the excitation frequencies (ther@wieffect), so that strong cometary
lines are seen at frequencies that do not coincide Riaunhofer lines (and vice
versa for weak cometary lines). Thus, the intensitieometary lines depend on the
heliocentric velocity of the comet (Swings 1941).

The Swings effect makes it impossible to use a blackbppyoaimation for
solar radiation in the UV. However, Fraunhofer $irsge sparse and weak in the 3-5

m region, and thus overlap the lines of cometary gasksoarasionally and not
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systematically. The blackbody approximation for thiarsspectrum is adequate for
most cometary parent volatiles, excepting CO. CO ignprent in the solar
atmosphere, resulting in strong CO absorption featurédseid.7 m spectral region
that must be considered for heliocentric velocities teas ~ 10 km $ (Kim et al.

1996).

Radiative Vibrational Excitation

Radiative vibrational excitation is the focus of thesearch. Vibrational
bands can be excited by the Solar radiation, orthgrihal or scattered) radiation
from the nucleus and dust. The most important process eisexicitation of
fundamental vibrational bands by the Solar radiatimgause they have the highest

excitation rates. The pumping rate from the lowgtdlthe excited state (u) in a ro-

3
vibrational transition iy, ————2tn A

. , Where gand g are the statistical
line gl

ul

weights of the two levels, jne is the transition frequency, n is the fractional
population of the lower level, fAis the Eintein A coefficient for spontaneous

emission, and is the solar radiation density (Bockelee-Morvan e28D4). This

can also be expressed gs 4—“’&n A, [e" == 1] ' where p is the solid
9

angle and 1 is the black-body temperature of the Sun. The Bmgtecoefficient

for a given transition can be calculated as:
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8 C IineZZtot(Trot)Sine
g (1 e hc line/(KTrot) )e hek (KTe) \where Gve is the strength
u

Aul

of a spectral line, J; is the rotational temperature, ang,gs the lower state energy

(Simeckova et al. 2006).

Typical Einstein A coefficients for the strongest fumaamtal bands (4\ )

can range between 10 — 100, and band excitation rates,(g) are ~ 1¢" s*

(Bockelee-Morvan et al. 2004). Pumping from exci@atational states has lower
rates than pumping from the ground vibrational stai tuthe smaller number of

molecules found in such excited states. This can be sHowmelating the

populations g and R of the excited and the ground state as: %when there
n. -

is equilibrium between pumping and spontaneous decasinglhe approximation

bb A .. [eh band/KTpb

for the band rated - - 1] 1(Crovisier and Encrenaz 1983),

n.

. bb 1A band/KT] 1
it follows that n_ —=[e" e ]

A , Which is only dependent on the

frequency of the band and the heliocentric distafsiece 4—bb 542 10 °r, 2,

where r is the heliocentric distance in AU) (Bockdléervan et al. 2004). At~ 1

AU, and pang ~ 3000 cr, no. 5 10°, which illustrates how much smaller the

n.

population of the excited state is, compared to tlwaurgt vibrational state. The
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excited vibrational state also has a very small radialifetime (a fraction of a

second) (Bockelee-Morvan et al. 2004).

Radiative Rotational Excitation

The solar flux is very weak at millimeter wavelengthbjcln makes rotational
excitation by solar radiation negligible. The 2.7c&smic microwave background,
however, can produce rotational excitation for camatyond 3 AU (Biver et al.

1999a), and would need to be considered in such cases.

Collisional Excitation

Our measurements in the infrared are weighted heamilsards molecules
within the innermost coma. Densities in the coma are &wl collisions between
neutrals are only important very close to the nuclanbke collisions with electrons,
which are important throughout a greater extenhefdoma (Xie & Mumma 1992).

Cross-sections for collisions between neutrals for vitmat excitation are

~ 10" cn?, and the collisional excitation rate can be cateaaCuw Now wV,

hermal?

(where n is the number density, afiflermar IS the thermal velocity of molecules).

Qn,0

For HO, now ~ 10° cm® at 1 km from the nucleus, usingoal oy

outflow

(Weaver & Mumma 1984), and assuming@~ 1¢° s*; Vouiow ~ 1 km & and HO

lifetime = 7.7x1d s. Given Vinerma /SK—T ~10'cms *(where is the reduced
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mass of the colliding ¥ molecules, Weaver & Mumma 1984), the collisional
excitation rate for vibrational transitions@, 10° 10® 10 0.1 [collisions §']

at 1 km from the nucleus. At ~ 30 km from the euel G, would be ~ 10 s,
Given that vibrational excitation rates (by soladiation) for HO are ~ 10 s?,
collisional excitation of vibrations by neutralsasly significant within a few tens of
kilometers from the nucleus.
Cross-sections for neutral-neutral collisions fdsrational de-excitation are
down ~ 10%*- 10™° cnf (Xie & Mumma 1992), and the collisional de-excitatirate

at 1 km from the nucleus can be calculated:

Cdown  Niotal  down V,

ema 108 10° 10* 100 [collisions §']. At more than 10 km
from the nucleus &un would be less than I's Given Einstein A coefficients for
spontaneous emission of order 10 — 180 wllisional de-excitation of vibrational
levels dominates radiative vibrational de-excitationly within 10 km from the

nucleus.

In order to evaluate electron-water scattering, éleetron thermal velocity

8kT
Me

can be estimatedVierma ~10"cms*'; the electron number density

13 10
r

~10cm?® atr~ 18 km, and ~ 10 cn? (formulae from Xie &

Mumma (1992) for comet Halley, based on theoretaral experimental studies of
electron-HO collisions, and parameters obtained by the Giattd Vega missions).

1

1070715 ~10s at 1¢ km from the

Thus, the time-scale for collisions, .. ~

nucleus, and the collision rate would be 01 <Collisional excitation by electrons
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dominates neutral-neutral collisional excitatiomotighout a greater extent of the
coma and can thermalize rotational levels. Fomgte, in the case of the 113
transition of HO, collisions between electrons andCHdominate over neutral-
neutral collisions as far as 3000 km from the nuglXie & Mumma 1992).

Since the energy available in collisions is thei(thal) kinetic energy of each
molecule (~ 0.001 eV for typical thermal velocijiexollisions cannot excite
vibrational or electronic transitions, however, ythexcite rotational transitions (de
Pater & Lissauer 2005). Also, in the innermostargf the coma observed in the
infrared, pure rotational lines are optically thidke to the high density and small
escape probability for emitted photons (BockeleeaMn 1996). The effect of
optical trapping of rotational emission lines would to increase the distance at

which collisions can thermalize rotational levepptations.

Overview of the Chemical Composition of Comets Analyzed by our Team

Mixing ratios of organic parent volatiles with respto HO are presented for
a sample of comets analyzed by the team at NASSBEG(Table 2.1). Analysis of
the organic composition of comet C/2000 WMINEAR) (see Radeva et al. 2010) is

discussed in Chapter 4 and results are tabulated he
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Table 2.1.The organic composition of comets based on infrapectroscopy

(mixing ratios as percentages relative t@Hupper limits are 3-).

Mixing Ratio
C,Hs C,H, HCN CH, H,CO CHsOH CO
%
0.107 | 0.049 | 0.242 0.147 0.149 | 0.53
73P/S-W 3-C <0.25
+0.011| +0.020| +0.014 +0.033| +0.029 | +0.13
C/1999 S4 0.11 0.10 0.18 0.9
<0.12 - <0.15
(LINEAR)" | +0.02 +0.03 | +0.06 +0.3
C/2000 WM, | 0.47 0.15 0.34 0.20 1.30 0.52
. <0.05
(LINEAR) +0.03 +0.01 | £0.03| +0.03 | +0.08 | +0.12
Five
"organics-
0.6 0.2-0.3| 0.2-03| 0515 - 2 1.8-17
normal" Oort
cloud comets
153P/lkeya- | 0.62 0.18 0.18 0.51 0.62 25 4.7
Zhand +013 | +005 | +005 | +006| +018 | +05 | +08
1.78 0.344 | 0.538 2.25
17P/Holme¥ - - .
+0.26 | +0.053| +0.075 +0.43
C/2002 T7 - - - - 0.79 - -
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(LINEAR)" +0.09
C/2001 A2 | 17 05 0.6 12 0.24 3.9 3.9
(LINEAR)Y' | +02 | #0141 | +01 | 02 | +005 | +04 | +1.1

'Data from 14.5 May 2006 (Dello Russo et al. 200ith the exception of CiH(7
Apr. 2006, Villanueva et al. 2006), and CO (27 M8y 2006, DiSanti et al.
2007).

"The organics "normal" group consists of: C/1996HB&kutake, C/1995 O1 Hale-
Bopp, C/1999 HI Lee, C/1999 TI McNaught-Hartley d8P/Ikeya-Zhang; and
the organics-depleted comet is C/1999 S4 (LINEAR)Irima et al. 2003).
Mixing ratio for HLCO in 153P is obtained from DiSanti et al. 2002.

""The results are weighted means of mixing ratiosf&8, 24 and 25 Nov. 2001.
C,H; is the 3- upper limit of the most sensitive measurement&25 Nov.)
(Radeva et al. 2010). The mixing ratio for COr@i 25 Nov. (23 and 24 Nov.
only yield 3- upper limits, which are consistent with the mixnagjo from 25
Nov.).

VData from 27.6 Oct. 2007 (Dello Russo et al. 2008).
YWeighted mean from 5, 7 and 9 May 2004 (DiSandil €2006).

VIData from 9.5 July 2001, except for CO (10.5 JWQD) (Magee Sauer et al.
2008).

The results are arranged from the most organicketdeb comets through
organics-normal comets, to the most enriched mesnbiethis group. The volatile
composition of comets that formed farther from S would reflect ices remaining
from the natal cloud core, rather than significdr@rmo-chemical processing in the
proto-planetary disk (Mumma et al. 2003). Thug domposition of the severely
depleted comet C/1999 S4 is consistent with itsnédion closer to the young Sun
(possibly within 5-10 AU) than other comets in tek@ample (Mumma et al. 2003). If

depletion is indeed dependent on heliocentric d¢cga the most enriched end-

member A2 (LINEAR) may have formed farther from t8an than did organics-
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normal comets. It is extremely difficult to diggumsh the effects of conditions in the
region where a comet formed (such as temperatutieeofegion, and also whether a
comet formed from fragments originating in differeregions, such as organics-
depleted and organics-enriched), from the effettstizer processes. Such processes
include radial transport of cometary material, tueimt mixing, the ejection of a
comet from its formation region to other dynamiczgervoirs, and potential changes

in the natal signatures along the way.

The Astrobiological Importance of Comets

Comets that bombarded the young Earth likely deddesome pre-biotic
organics and/or water to our home planet — thetouessare how much and when?
Cosmogonic parameters are measured in an attemytderstand the origin of our
biosphere. For example, the formation temperabfine@ater in a cometary nucleus
can be inferred from the abundance ratio betwett@nd para nuclear spin species
of H,O. Ortho species have parallel nuclear spin veatbthe hydrogen atoms, and
para species have anti-parallel nuclear spin vectdhe lowest energy para level is
approximately 34 K below the lowest energy ortheeleand ortho to para ratio of 3
is the equilibrium value atgfin 50 K (Bonev et al. 2005). Thus, the ortho to para
ratio can be used to determing,d of water in comets, and given that transitions
between ortho and para species are forbidden, uhent spin temperature may

reflect the formation temperature of the water rooles.
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Isotopic ratios in parent volatiles are also usefiabr example, D/H ratios in
different groups of comets hold further clues tometary formation regions
(Villanueva et al. 2009). The D/H ratio of Eartidseans is 1.56 x T0(Vienna
Standard Mean Ocean Water - VSMOW), which is tvso®ller than the average
D/H ratio (from HDO/HO) measured in four comets from the Oort cloudHHReéy
(mass spectroscopy), C/1996 B2 Hyakutake (radi@rebsions), C/1995 O1 Hale-
Bopp (radio observations), and 8P/Tuttle (infraspéctroscopy by the GSFC team,
D/H = (4.09 + 1.45) x 16, Villanueva et al. 2009). These measurements avoat
support a principal cometary origin for Earth’s @rat At this point, carbonaceous
chondrites would seem more likely to have delivesader to the young Earth, given
their D/H enrichment of (1.4 + 0.1) x fQLecuyer et al. 1998). However, four
comets are not a representative sample, and weotl&now the ratio of D/H in
comets from the Kuiper disk. If they typically lnde rocky material formed in the
near solar region (like 81P/Wild-2, Brownlee et2006), they likely also incorporate
water convected outward from the inner solar systefmixture of such material
with comets more enriched in deuterium could easigtch the terrestrial value.
Infrared spectroscopic methods provide the mostsisem (and most robust)
cometary D/H search measurements, but a statlgtsiginificant sample of comets
needs to be studied for a reliable comparison kwie/H in comets and D/H in

Earth’'s water.
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The s band of GHe and its Importance

A principal focus of this dissertation is the deyghent of a fluorescence
model for the 5 band of GHs at 3.45 m. A fluorescence model provides the
frequency of each observed line, its correspondiutation energy, and its g-factor,
which is a fluorescence efficiency factor, deseriphow many photons are released

per molecule per unit time.

We observe the innermost region of the cometaryaconhere collisional
excitation of molecules thermalizes the rotatiomapulation (described by a
rotational temperature) of their ground vibratios@te. The new model permits us to
make reliable measurements of the rotational teatper of GHs. A major benefit
of having a model for s s is that this volatile can now be quantified
simultaneously with Ci C,H,, HCN, H,CO, CHOH and HO, along with NH and
OH. All are sampled by a single NIRSPEC instrumsgtting during observations,
and this greatly minimizes systematic effects (daechanges in seeing, flux
calibration, etc.). Also, if one instrument settiis sufficient to sample all targeted
species, more time could be dedicated to obsenatiath that specific setting, thus,
increasing the signal-to-noise ratio of the acquaata. Furthermore, up to this point
the rotational temperature indicators have begb, HHCN and CO, and we now have
a fourth molecule, which contributes to better ¢@sing rotational temperatures
and to understanding the physics of cometary cofsaeh as the temperature at the

location of a measured species in the coma, arisitisbution).
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Previous measurements otHg production rates have been done using a
model of its 7 band at 3.3 m (Dello Russo et al. 2001). This band includeghbr
Q-branches, and provides a reliable production, ratevever, their unresolved
structure prevents the derivation of an accurat&tiomal temperature (if one can be
derived at all). Thes band, however, includes Q, P and R branch lined, ey
measuring the relative line intensities of its keed P and R branches a rotational

temperature can be extracted.
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Chapter 3: Observations with NIRSPEC and Data Asisly

Overview of NIRSPEC in Cometary Observations

Data presented in this work were obtained with lWear Infrared Echelle
Spectrograph (NIRSPEC) at the 10-meter Keck-llsmdpe on Mauna Kea, HI.
NIRSPEC has a 1024 x 1024 InSb detector array;itaptbvides resolving power

[~ 25000 when the 3 pixel (0.4324 ) entrance slit is used (typical for comet
data). In an echelle spectrograph light passesugfr the entrance slit and then
through a collimator, and the echelle grating dispe the collimated light into
multiple orders. The grating equation fth = sin +/- sin (where m is the order
number, d is the groove spacingjs the angle of incidence of the collimated beam
on the grating and is the angle of reflection), shows that workinghigh resolution
means working in high orders. Overlapping echetlders are separated by a lower
resolution grating (cross-disperser) (see Figut¢. 3Eventually the cross-dispersed
spectra are re-imaged onto the InSb detector array.

The main strengths of NIRSPEC are its high resglvpower, and the
simultaneous detection of numerous organic spemdswater, enabled by sampling
multiple echelle orders simultaneously. This feateliminates many systematic
uncertainties that could occur if each species weasured separately. NIRSPEC is
used to observe organic species and water in thenld-(2.7-4.2 m) and the M-band
(4.4-5.5 m). The three instrument settings used during relasiens are KL1 (3397

— 2704 crit), KL2 (3455 — 2753 ci) and MW_A (2165 — 1866 ch). The limits
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encompass extreme wavenumbers sampled, but thelisgm® only piecewise

continuous.

Overlapping orders
N

)

)
et

o
)

)
Grating "~

Separated echelle orders

Figure 3.1. lllustration of an echelle grating and a crosgéiser grating. The

cross-disperser separates overlapping echellesorder
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From Raw Frames to Cometary Emission Spectra

A raw cometary frame covers 1024 x 1024 pixels ¢(@heach pixel
corresponds to 0.198n the spatial dimension and 0.144 the spectral dimension —
the image scale is different because the cameteispectrograph has different focal
lengths in the spectral and spatial dimensionsgatba array). A raw frame samples
several echelle orders (see Figure 3.2). The thidbackground emission is stronger
than the comet signal, and the telescope is notiged2 (+ 6 along slit) in a
sequence Al, B1, B2 and A2 (see Figure 3.3), duahthe difference in data frames
(A1-B1-B2+A2) cancels dark current, emission frdme sky and telescope (see

Figure 3.4).

Each echelle order is cropped and analyzed separat€he frames are
divided by their respective flat fields to corrdotr uneven field illumination and
pixel-to-pixel variability in quantum efficiencyEach flat field is corrected by dark
frame subtraction. Dark frames measure countsrgtte in the matrix in the
absence of light (thermal noise). Data are “maskedemove hot pixels and cosmic
ray hits using a sigma “mask” (eliminating counigghler than a certain threshold) and
afterwards, pixel averaging. A and B frames, ab asthe differences of A frames
(A1-A2) and of B frames (B1-B2), are “masked” sepaly. A typical mask is shown
in Figure 3.5 (the green and red lines represenptsitions of the A and B beams,

and the mask is shown in white).
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Figure 3.2.Raw frame of six echelle orders, dominated byntatbackground and

sky emission.
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Figure 3.3.Nodding of the telescope along the slit.
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Figure 3.4.Residual raw frame after an A1-B1-B2+A2 sequemntzek current and
sky emission are subtracted). The horizontal whéam (positive signal) marks the
A position, and the black beam (negative signadrks the B position of the come
The horizontal axis corresponds to the spectrakdsion, and the vertical axis — to

the spatial dimension.
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Figure 3.5. Masks of an echelle order used to remove hot piaets cosmic ray
hits. The green and red lines represent the pasitf the A and B beams, and the
mask outline is shown in white (including the boanes of the crop region for

individual orders in white).
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The data are resampled spatially to correct foritigal tilt (from left to
right), due to the fact that NIRSPEC has echellgnination with a non-zero angle
(Quasi-Littrow Mode) (McLean et al. 1998). Thiseef to the angle in the equation
for an echelle grating:m dsin(s ) sin(» r)]cos (Porter 2000)
(parameters are illustrated on Figure 3.6). Insgudtrow mode > O (thus, the
input and output beams are separated), and subggaogection on the array leads to
the tilt of the observed orders. The spatial rgdanm ensures that each position
along the slit corresponds to a single row in #wsampled data. It is convenient to
use stellar frames for this purpose, since thdastebntinuum is stronger and the
standard star has higher signal-to-noise ratioe 3Jpatial re-sampling (separate for
the A and B beams) is done by a Gaussian fit taléta to determine the beam peak
rows for each column (see Figure 3.7); and theecarsl order polynomial fit to
relate the peak rows and the column pixel numleerd, thus, to "model” the tilt of

the frames, and subsequently, remove the tilt.
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Alternative view
(from above)

Figure 3.6. lllustration of the angles in the echelle gratiogation:

m dsin(e i) sin(b r)Jcos . Inthe case of NIRSPEC

> 0, and subsequent projection on the array leadse tilt of the

observed orders.
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Figure 3.7. Spatial straightening of standard star frameke fied and green lines
represent the positions of the A and B beams. rdtws at which the signal peaks

can be seen in the above plot (rows 63 and 130).

We also resample the data in the spectral direttia@orrect for the projection
effects, so that pixels along a given column regamea common central wavenumber.
The spectral resampling is done by comparing thasomed atmospheric emission
spectrum (e.g. in an A or B frame) with a synthetgectrum modeled for the
atmospheric conditions of that observation. Thidase for the left and right parts of
each order, by matching sky emission lines in theehto those observed in the data.
The central wavenumbet and first (d) and second ¢l order dispersion coefficients
are adjusted for the best calibratiofin) = ¢ + di(n-ny) + db(n-n.)?, where n is the

column number, and.is the central pixel for each order. This is t@native process,
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and is done for every row in the data. After spcstraightening, all rows are
combined to obtain a frequency (wavenumber) cdliimaby comparison with sky
emission lines. Thus, a wavenumber scale is asdign the data — a sample

wavenumber calibration plot is shown in Figure 3.8.

|
In‘ \”I ‘I‘]'K__f‘.u."ﬂlh.___) J o

AN

Figure 3.8. Wavenumber calibration. The red line is the obsgremission, the
green line is the modeled sky emission, and thdoweline represents the
difference (multiplied by 5 for easier viewing). ispersion line shapes are

minimized, which illustrates accurate calibration.

Synthetic atmospheric models are essential to #ta dnalysis. First, the
modeled sky emission features are at the core ettsg calibration. Second,
terrestrial transmittance needs to be modeled deroto properly account for the
atmospheric absorption features seen in the coynspactrum and to determine the
flux above the terrestrial atmosphere (rather thaiqmeasured from the ground) for

each cometary emission line. The transmittance einasl normalized to the

38



continuum level in the data, and the residual eims$eatures of the comet are
obtained by subtracting the synthetic model frora thata frames. | generated
terrestrial transmittance spectra using the GENL${zctral synthesis program
(Edwards 1992) for C/2000 WiMThis was changed to using LBLRTM (Layer-by-
layer Radiative Transfer Model, Clough et al. 20fa5)the analysis of 2P/Encke and
all comets, to which | applied the newly develofgtis s model. LBLRTM is a
newer, improved program, which generates synttsgactra of the atmosphere with
greater precision, higher resolution, and higheeedp It incorporates more
atmospheric layers, and includes all parametethenHITRAN database, including
pressure shifts of the observed lines (which GENIAW2 not include by default).
LBLRTM is actively supported, while GENLN2 is nofhe terrestrial transmittance
model generated with LBLRTM for the spectral ranf¢he HCN order is presented
in Figure 3.9. The abundances of different spetilethe terrestrial atmosphere
(usually dominated by #D, Os;, N;O, CH,, and other molecules (GOCO) when
appropriate) were determined to best fit the alismrgeatures for each observation.
The fully-resolved synthetic model (resolving povedr10’) was convolved to the
resolution of the data (~25000), and the abundaatesch molecule were iterated
until the best match between the synthetic and unedgransmittance spectra. The
model was then calculated at full resolution arel ttansmittance was determined at
each position with high precision. This is impattdecause the true emission line
flux above the terrestrial atmosphere is obtaineditiding the observed line flux by
the (fully resolved) terrestrial transmittance & exact Doppler-shifted central

frequency. The stochastic noise envelope for #@stdual spectrum is determined
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from the statistics of the electron count ratesve® an instrumental gain G = 5/e

ADU (counts), and electron noisde G ADU, the photon noise is taken from

N[ADU] Ne/G ,/AD%.

Synthetic model of the terrestrial atmosphere generated with LBLRTM
and convolved to the instrumental resolving power

1.0

o
o0

.
o

Transmittance

<
.

=
(8]

Wavenumber [cm™]

Figure 3.9. Terrestrial transmittance model generated with RBM, and convolved
to the instrumental resolving power of 25000. Thnedel includes CiHand HO
(abundances determined from fit to cometary spegtruwhich are the dominant

species in the terrestrial atmosphere in the pteddrequency region.

The comet can appear to shift in position alongsiiteowing to atmospheric

"seeing”, slight ephemeris errors, or imperfectdguy. We compensate by shifting
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the frames to ensure that all A beam peaks faligatbe same row (same for the B
beam peaks), and the data are then said to belfpétegistered”. A calibrated
frame, before residual extraction, is shown on fgB.10. A and B beams are

eventually combined. The Doppler shift of each ebns calculated, where the

frequency shift is Vv o (V is the line-of-sight velocity of the comet relatito
C

the Earth, and o is the rest frequency). Spectra in this work sinewn at rest

frequencies to facilitate identification of comsgtamission features.

Figure 3.10.Echelle order containing.8s 7 from C/2000 WM (25 Nov. 2001)

after calibration. The x-axis represents the speaimension, and the y-axis
represents the spatial dimension. The white besathe positive signal, and the
black beam is the negative signal (due to subsédtsne subtraction). Bright£Els

7 emission features can be seen on this spectrurgrarmarked with red arrows.

Spectra of a standard flux star (observed duriegsiime night as the comet)
are used for the purpose of flux calibration. Aftalibrating the stellar frames (see

Figure 3.11), flux conversion factors W m? (cm*)™ (ADU s%)™] are calculated,
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F . . . .
where ~ ———(F is the stellar flux density [W t(cm?)™?], is the terrestrial

G L
transmittance, C is the stellar continuum intenkatel, t is the integration time, and
L is the slit loss correction factor (stellar spadcre acquired with a 5 pixel slit, rather
than an infinitely wide slit, thus, the entire &elflux is not acquired). The slit loss
factor, FWHM and fraction of total flux sampled aretained through a Gaussian fit
to the stellar intensity profile along the slit.edause guiding and seeing may vary
from frame to frame, flux calibration factors afganed from each stellar frame, and
the lowest (or mean) flux calibration factor is sho (corresponding to the sharpest
stellar profile, and ideally to the smallest shis$ correction factor). Thus, the counts

per second in the comet data are converted tadiémsity in W nf [cm] ™!

Finally, after the cometary spectrum has been ¢aiXrated, the intensities of
cometary emission lines are measured and usedrecerotational temperatures and
gas production rates for each species. The nekbredescribes excitation analysis

as applied to the rotational temperature derivation

'In addition to the discussion of preliminary daealuction in this Section,
very detailed descriptions of all algorithms andgadures implemented by our team
are presented in Dr. Bonev's doctoral dissertgfd®®5), and in DiSanti et al. 2006
(and references therein). The IDL routines forehgre analysis described here were
developed by Dr. Geronimo Villanueva, based oniezarbutines by Dr. Michael
DiSanti, further modified by Dr. Boncho Bonev (fraime team at NASA’'s GSFC).

Routines are constantly being updated and improved.
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Figure 3.11. Calibrated stellar frame (spectrum of standaad)sthe white beam is

the positive stellar signal, and the black beamthis negative signal (due to
subsequent frame subtraction). The x-axis reptedée spectral dimension, and
the y-axis represents the spatial dimension. Nuwethis frame shows part of the
order, rather than the entire order, for betteuafization (since the horizontal axis

would typically cover 1024 pixels, and the vertiaals would cover 128 pixels).

Rotational Temperature Derivation

Accurate rotational temperatures are needed inrdalextract production
rates for parent species, given that in most caskysa sub-set of ro-vibrational levels
is sampled. The population of a molecule in rotal levels of the ground
vibrational state is characterized by a rotatideadperature (f;), and the individual

gnexp( En/KT)
Z(T)

level populations R are given by: Pm where @, is thestatistical

weight of level 'm’, K is the energy of the level, and Z is the partifiomction. This

assumes collisional excitation in the sampled inobema, such that collisions
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thermalize the rotational levels in the ground aitomal state (as discussed in

Chapter 2).

The rotational temperature of a given species fained by forming the ratios
of observed line-flux and predicted g-factor, facke sampled line. The g-factors are
temperature dependent, and are modeled for a gpé&gif At the correct rotational
temperature, the line-flux/g-factor ratios shoulgtee for the sampled lines within
error, if assumptions are valid. This approachsusegraphical representation of
ratios versus rotational energy. We determinestbpe of the graphed data at each
rotational temperature (using the method of legsaes linear regression). At the
correct rotational temperature this slope is zerdf the assumed rotational
temperature is lower than the actual temperatheestope would be negative (since
the g-factors for lines with low excitation woulce overestimated), and if the
assumed temperature is higher than the actual ,véleeslope would be positive
(since the g-factors for the high-excitation limesuld be overestimated). We vary

the rotational temperature until the best agreensemthieved.

The stochastic and standard errors of the rotdtiengperature are calculated,
and the larger value is assumed as theeiiror. The stochastic error is calculated on
the basis of errors associated with line flux (das& photon noise), while the
standard error is based on the spread of the lixégffactor values around the zero-

slope fit. The stochastic error for a linear fit£ ax + b, where y represents the

44



production rate Q, and x represents the excitai@rgyE of each line) is defined as:

stochastic™= :ZL 12 . The standard error is:
1 Yi Yiye 00
e oz ()
_ (yi yﬁt[xi])2
1 | 2
N 2 1
‘2
standard= | ' (from Bonev 2005, original sources:
\/ (Xi Xmean)2
! VN 1
N 1

Bevington & Robinson 1992, Hoel 1984, and Arkin &Iton 1970). Standard errors
usually dominate stochastic errors (which may bdetstimated due to modelling
offsets, such as errors in g-factors). The aboywession illustrates that a larger
spread of excitation energies among the sampled livould provide a data fit that is
better constrained. Further details on rotatidealperature derivation are presented

in Dello Russo et al. 2004, Bonev 2005, DiSantleP006.

Another important assumption is that of an optic#ilin medium. Optical
depth effects have been explored in detail bye¢haentat NASA GSFC. They need to
be considered only very close to the nucleus (withifew kilometers) for a very
active comet, such as lkeya-Zhang (and for some,aliptransitions) (see Dello
Russo et al. 2004 for discussion of(; Hale Bopp (see DiSanti et al. 2001 for
discussion of CO), etc. The comet C/2000 Wshalyzed in this research, Chapter
4) is 10 times less active than lkeya-Zhang andtitf6s less active than Hale-Bopp,

which allows us to neglect optical depth effectSimilarly, the comet 2P/Encke
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(analysis presented in Chapter 5) is 10 times detise than C/2000 WM which

makes optical depth effects negligible.

Production Rates of Parent Volatiles

The production rate (QQof a volatile species is derived from each measur

line (i):

4 20

. i
° g (hc )f(x)

Wwhere is geocentric distance [m]; I the flux of the' line

measured in a 3x9 pixel box centered on the nucteissthe terrestrial transmittance
at the frequency of thé"iline, f(x) is the fraction of the total coma comtef the
targeted species sampled by the pencil-beam,if©i¢the energy of a photon with
wavenumber [cm], g is the line "g-factor" at temperature ¥ at 1 AU, and is
the molecular lifetime at 1 AU (Mumma et al. 2003This assumes a spherical
outflow model with uniform velocity (given by 0.8R, ®°km s%). Given the small
inner region of the coma that is samplék) ! ( Veay *, WhereVg,sis the outflow
velocity. Therefore, derivations are not sensitvéhe assumed molecular lifetime.
Also, g-factors and lifetimes can be calculatec@y heliocentric distance R [AU]

from: g(R) g(AU) R ?and (R) (1AU) R®.

The nucleus-centered production ratg@@ the weighted-mean of individual

line production rates (2 The weight for each Qs the inverse of the associated
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stochastic error (squared). ThUR,ied mean , Where ; is determined

from the uncertainy in flux measurement for eadke.li Reported errors are given as
the larger of the stochastic uncertainty (signatadse ratio dependent, based on the
photon noise level) or the standard uncertaintpédédent on the relative agreement

of @ for all measured lines). The stochastic unceaof the weighed mean

production rate is: siochastic= , and its standard uncertainty is:

(Qi Qweighted_ mean)7
1 ;

standard—
7N

The nucleus-centered productions rates are obtdnoed extracts with the
highest signal-to-noise ratio, however,.@nderestimates the global production rate
(as a result of slit losses, for example due tangeeffects). The mean value of
production rates extracted at equidistant positalosag the spatial profile, on either
side of the nucleus (Xie and Mumma 1996), is deeeoh (also correcting for 1-D
asymmetries in the gas outflow). Typically at abdu from the nucleus the
production rate reaches a terminal value (illusttdbr comet C/2000 WiMon Figure
3.12), and these symmetrized production rates eperted as the global (true)

production rates (Mumma et al. 2003, Bonev 2005dnti et al. 2006).
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Figure 3.12. The production rate of # on 25 Nov. 2001 in
comet C/2000 WN measured at increasing distances from the
nucleus. The growth factor is the ratio between tdrminal Q
and the nucleus-centered Q. n(£Qus-centeredS Measured over 9
central pixels, and needs to be distinguished f@sn which

represents measurement over 3 central pixels only).
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Chapter 4: The Depleted Organic Composition of Gaoi2000

WM (LINEAR)

This chapter presents the organic composition ahetoC/2000 WM
(LINEAR). This investigation has been publishedigarus (Radeva et al. 2010).
The principal results of the analysis are presetiee (the figures and tables are

adapted or reproduced from Radeva et al. 2010).

Observations of C/2000 WIMLINEAR)

C/2000 WM (LINEAR) is an Oort cloud comet with inverse serajor axis
1/a = 0.0005222 AU (Nakano Note NK955), which is considered not to be
dynamically new. The comet reached perigee at60AW on 2 Dec. 2001, and
reached perihelion at 0.555 AU on 22 Jan. 2002.e TWoddard team acquired
infrared spectra of WMon 23-25 Nov. 2001, using NIRSPEC on the Keck Il

telescope. The observing log is given in Table 4.1
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Table 4.1.0bserving log for C/2000 WM

Frequency range Ry dot
UT Time (2001) Settinlg
of setting [cm']  [AU]  [AU]  [km sY
23 Nov., 05:15 - 06:37 KL1 3397 - 2704 1.355 0.384-23.87
07:13 - 08:16 KL2 3455 - 2753 1.354 0.383 -23.56
10:08 - 10:17 MW_A 2165 - 1866 1.352 0.381 -23.14
24 Nov., 05:18 - 06:07 KL1 3397 - 2704 1.339 0.371:21.94
07:30-07:51 MW_A 2165 - 1866 1.338 0.370 -21.58
08:23 - 09:25 KL2 3455 - 2753 1.337 0.369 -21.36
25 Nov., 05:12 - 05:29 KL1 3397 - 2704 1.323 0.35919.84
06:49 - 07:44 MW_A 2165 - 1866 1.322 0.358 -19.51
08:50 - 09:59 KL2 3455 - 2753 1.321 0.357 -19.10

'We measure C¥DH, GHg & H,0 simultaneously in KL1; HCN, CHC:H,,
H>CO & H,O simultaneously in KL2; and CO &8 simultaneously in MW_A.

"Ry is the heliocentric distance,- the geocentric distance, ang; — the line-of-
sight velocity.

Spectral Gallery

| analyzed the raw data following procedures désctiin detail in Chapter 3,
and extracted flux-calibrated cometary spectra loyraing signal from nine rows
centered on the nucleus (spanning 1.Gi8~ 480 km). | present the spectral extracts
in Figs. 4.1 - 4.8, showing the modeled terrestaiahosphere superimposed on the
cometary spectrum, the residual features for eatk; cand the (x1# stochastic
(photon) noise envelope.

The following parent sgeavere measured: GEH,

CzHe, H,CO, CH,, HCN, GH,, CO and HO.
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Figure 4.1: WM; cometary spectrum and superimposed terrestriaisitnédtance
model (dashed line) for 23 Nov. 2001 (panel A), eegldual spectra for 23, 24 and 25
Nov. 2001 in panels B-D. Spectral lines of CH, OH, blends and unknown species
are seen. The flux density scale is shown at &ft] the (x1# noise envelope is

shown as dashed lines centered on zero flux demsigach panel.
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Figure 4.2: WM; cometary spectrum and superimposed terrestriaisitnédtance

model (dashed line) for 23 Nov. 2001 (panel A), eegldual spectra for 23, 24 and 25
Nov. 2001 in panels B-D. Spectral lines gHg, CH;OH, and blends are seen. The
flux density scale is shown at left, and the (#1noise envelope is shown as dashed

lines centered on zero flux density, in each panel.
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Figure 4.3: WM; cometary spectrum and superimposed terrestriaisitnédtance
model (dashed line) for 23 Nov. 2001 (panel A), eegldual spectra for 23, 24 and 25
Nov. 2001 in panels B-D. Spectral lines g OH, blends and unknown species are
seen. The flux density scale is shown at left, #ned(x1-# noise envelope is shown

as dashed lines centered on zero flux densityach panel.
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Figure 4.4: WM; cometary spectrum and superimposed terrestriaisitnédtance
model (dashed line) for 23 Nov. 2001 (panel A), eegldual spectra for 23, 24 and 25
Nov. 2001 in panels B-D. Spectral lines ol and OH are seen. The flux density
scale is shown at left, and the (#Lnoise envelope is shown as dashed lines centered

on zero flux density, in each panel.
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Figure 4.5 WM; cometary spectrum and superimposed terrestrigisinédtance
model (dashed line) for 23 Nov. 2001 (panel A), eegldual spectra for 23, 24 and 25
Nov. 2001 in panels B-D. Spectral lines of £&hd OH are seen. The flux density
scale is shown at left, and the (#Lnoise envelope is shown as dashed lines centered

on zero flux density, in each panel.
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Figure 4.6: WM; cometary spectrum and superimposed terrestriaisitnédtance
model (dashed line) for 23 Nov. 2001 (panel A), eegldual spectra for 23, 24 and 25
Nov. 2001 in panels B-D. Spectral lines of HCNHg; H,O, OH and blends are see
The flux density scale is shown at left, and thé&- ¢ noise envelope is shown as

dashed lines centered on zero flux density, in actel.
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Figure 4.7: WM; cometary spectrum and superimposed terrestriaisitnédtance
model (dashed line) for 23 Nov. 2001 (panel A), eegldual spectra for 23, 24 and 25
Nov. 2001 in panels B-D. Spectral lines o0 OH, and unknown species are se
The flux density scale is shown at left, and thé&- ¢ noise envelope is shown as

dashed lines centered on zero flux density, in actel.
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Figure 4.8: WM; cometary spectrum and superimposed terrestriaisitnédtance
model (dashed line) for 25 Nov. 2001 (panel A), eegldual spectra for 25, 24 and 23
Nov. 2001 in panels B-D. The positions expected limes of CO and kD are
marked. The flux density scale is shown at lefil ghe (x1+# noise envelope is

shown as dashed lines centered on zero flux demsigach panel.
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Rotational Temperatures and Production Rates

| derived rotational temperatures for C/2000 Wkom HCN and HO,
excluding lines that were blended with those ofeotspecies (e.g. 8, with HCN
3). The detected lines of HCN; sample a wide spread in excitation energies,
facilitating their use as a temperature indicatBotational temperatures derived for
23, 24 and 25 Nov. for both species are presentddble 4.5. The weighted mean

Trot for HCN from 23-25 Nov. (78/.s5 K) is consistent with that for 4 (70, K)
within 2-$ | assumed ; (H20) = 70°%/,, K for all other species, for which reliable

rotational temperatures could not be derivegC@8, CH,, C,H,, CH;OH, CO.

Table 4.2.Rotational temperatures for C/2000 WM

Date Molecule Trot [K]
H,O 706
23 Nov. 2001
HCN 76_13/+17
H,O 69,3
24 Nov. 2001
HCN 70 4o
H,O 707/,
25 Nov. 2001
HCN 82,6

The excitation analyses for HCN and@for 25 Nov. 2001 are presented on
Figure 4.9. All lines of HCN fall within 1 or 2-of the line of zero slope (f (HCN)

= 827/,6 K). However, several lines of,B deviate from a straight line fit (Panel B).
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The deviating lines have high excitation-energyd are very weak atg = 704+,
K. They have very large stochastic errors andefoee, small weights in this

analysis.

Figure 4.9. Excitation analysis for HCN (P2, P3, P5-P11 lineshe 3 band) in
panel A, and for ED in panel B, on 25 Nov. 2001. These are fluxesisueed
above the terrestrial atmosphere, and from nuateusered extracts. o] (HCN) =

82/, K and Tt (H0) = 70,2 K.

| present production rates, rotational temperatunes mixing ratios for the
detected parent species in C/2000 WM Tables 4.3 - 4.5. (The electronic
supplemental material to Radeva et al. (2010) cosita detailed list of line fluxes
and g-factors). The confidence limits account dacertainties in the assumed or
derived rotational temperature. In the case #dHCH,, C;H,, C:Hg, HCN and CO,

production rates are derived as weighted meansidifidual line measurements.
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However, for CHOH and HCO, production rates are derived from the integr&e
branch of each species. Also, spectral lines dhatblends of different species are
normally excluded. Secure detection giHg cannot be reported, thus, 3upper
limits for its production rates and mixing ratiog gresented. For CO, the best data
were obtained on 25 Nov. (22 min. on source, intre@h to 4 min. on 23 Nov., and
10 min. on 24 Nov.). CO is observed in the santeke order as O (at 4.7 um),
therefore | subtracted a scaled model glOHfrom the residual spectrum, and
afterwards derived a CO production rate (see Figuté for excitation diagram). 3-
upper limits for CO are presented for 23 and 24.Nand detection is reported for

25 Nov.

Table 4.3.Production rates for C/2000 WiMn 23 Nov. 2001.

Setting / Time  Molecule (measured or Global Q [10?°s?] Mixing Ratio

on Source adopted Tyot) %

KL1 /56 min HO (70 K) 2090.61%164.59 100.00
CoHs (70 K) 10.77%1.02 0.5200.05
CH3;OH, Q branch (70 K) 31.06%2.58 1.4900.12

KL2 /52 min HO (70%.1 K) 2049.03%155.29 100.00
H,CO, Q branch (70 K) 4.93%1.15 0.24%0.06
CH,; (70 K) 7.04%0.44 0.34/0.06
HCN (70 K) 2.58%0.31 0.13/00.02
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HCN (76417 K) 2.63%0.31 0.1260.02

C,H, (70 K) <0.95at 3 <0.05at3
MW_A/4 min HO (80 K) 1599.29%6266.85 100.00
CO (80 K) <2232 at3 <1.40at3

Table 4.4.Production rates for C/2000 WiMNn 24 Nov. 2001.

Setting / Time on Molecule (measured or Global Q [10?° sY] Mixing

Source adopted Tyot) Ratio %
KL1 /36 min HO (70 K) 2382.76%307.07  100.00
C.He (70 K) 9.47%1.18 0.40%0.04

CH3OH, Q branch (70 K)  25.74%3.57 1.08/00.13

KL2 / 52 min HO (70%+1 K) 2321.49%130.83 100.00
H,CO, Q branch (70 K) 3.95%1.67 0.17460.07
CHj, (70 K) 9.78%0.63 0.42460.07
HCN (707, K) 3.47%0.29 0.15%0.01
CzH2 (70 K) <1.90 at 3 <0.08 at 3

MW_A /10 min HO (80 K) 2097.74%294.06  100.00
CO (80 K) <1l.26 at3 <0.54at3
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Table 4.5.Production rates for C/2000 WiMn 25 Nov. 2001.

Setting / Time on Molecule (measured or Global Q [10?° sY] Mixing
Source adopted Tot) Ratio %
KL1/16 min HO (70 K) 2212.44%280.97 100.00
CoHs (70 K) 12.30%1.04 0.56%0.06
CH3OH, Q branch (70 K)  28.38%3.54 1.28%00.19
KL2 / 48 min HO (70%.1 K) 1954.10%75.52 100.00
H,CO, Q branch (70 K) 3.68%1.06 0.19460.05
CH, (70 K) 5.85%0.97 0.30%0.05
HCN (70 K) 2.85%0.16 0.13460.01
HCN (825/+e K) 2.96%0.13 0.14/00.01
C:H2 (70 K) <1l.03at3 <0.05at3
MW_A /22 min HO (80 K) 1770.70%140.93 100.00
CO (80 K) 9.19%1.94 0.52460.12
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Figure 4.10.Excitation diagram for CO on 25 Nov.
2001, demonstrating sufficient lines to claim secur

detection (this date had the longest time on sQurce

Discussion

The organic composition of comet C/2000 WMas studied on three
consecutive dates, which served as a test for catiméterogeneity of its nucleus. If
the nucleus is comprised of fractions of diversgiorand composition, as it rotates
and exposes different vents to the incoming s@edration, varying mixing ratios of
the volatile species would be observed (it showddnbted that this probes layers
closer to the surface rather than the deep intariothe nucleus). Complicating
factors would be the number of active vents, tlze sif the fractions, the rotation
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period of the nucleus, etc. As seen on Figure {pidsenting mixing ratios of each
species for 23-25 Nov.), GHHCN, and HCO agree within 1- on the three dates.
C,Hs and CHOH (measured simultaneously within the same séttilegrease by
more than 2- from 23 Nov. to 24 Nov; and#8s increases by more than 3from 24
Nov. to 25 Nov. However, we only have three dabings for each species; the
sampling interval was biased by observing on temesecutive dates at similar times;
and the rotation period of C/2000 W unknown. The behavior of parent volatiles
on the three dates does not suggest heterogeridhisa@ometary nucleus, however,
the data points are not sufficient to draw a firendusion on the potential

heterogeneity.
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Figure 4.11.Mixing ratios of parent volatiles in C/2000 WNLINEAR) measured
on 23, 24 and 25 Nov. 2001. The confidence lifotsCH,;, C;Hs, HCN, H,CO

and CHOH represent £1- uncertainties. The mixing ratios fopk; on all dates,

and for CO on 23 & 24 Nov., are 3upper limits.

Mixing ratios in C/2000 WM, in comparison to mixing ratios in other comets
analyzed by the team at NASA’'s GSFC, were giveiiable 2.1 in Chapter 2. As
discussed previously, Mumma et al. 2003 presentedraple of five “organics-
normal” Oort cloud comets, and suggested that tigarocs depletion in the sixth

comet — C/1999 S4, may be due to this comet’s foomaloser to the young Sun
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than “organics-normal” comets. C/2000 WM not as severely depleted;Hg is
normal; HCN, CH, and CHOH are moderately depleted; and CO angHLCare
significantly depleted. This overall intermediakepletion may suggest that C/2000
WM also formed closer to the young Sun than “organasnal” comets but further
than the severely depleted C/1999 S4. It is ptesgimt the most depleted end-
members in this sample: the Oort cloud comet C/1999 and the ecliptic comet
73P/Schwassmann-Wachmann, formed in a common rfolady depleted) region.
In contrast to these two comets stands the mostheal end-member in the overall
sample: the Oort cloud comet C/2001 A2 (LINEARY. isl difficult to separate the
influence of the formation region of a comet ondtsnposition, from (previous or
subsequent) processes such as turbulent mixingal radigration; dynamical

dispersion as predicted by thgite' model (Tsiganis et al. 2005); etc.

Despite its significant depletion in&,, WM, is not depleted in £, which
could be explained by hydrogenation reactions oa s$hirfaces of icy grains,
converting GH; into GHg, and thus increasing the abundance of the latiére
conversion efficiency for &1, is quantified as §s/(C,H, + CHg) > 0.9. This may
be indicative of greater H-atom densities, anddwver temperatures in the comet’s
formative region, than those typical for comets ihgva lower GH, conversion
efficiency.  The hydrogenation efficiency for CO isalculated as (¥CO
+CH;30H)/(CO + HCO + CHOH) = 0.74. Assuming thatJ80 and CHOH are
formed solely by hydrogenation of CO, there mayehbgen a smaller abundance of
CO in the ice from which C/2000 WiMormed (as compared to “organics-normal”

comets). Also, CO is the most volatile among thengled species, and C/2000
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WM,'s formation in a higher-temperature region coukglain CO’s depletion (and

potentially the depletion of the highly volatile QH

In addition to investigating mixing ratios in C/ZDAVM;, H,O production
rates (weighted means from 23-25 Nov. for the Kh2l &L1 settings — see Table
4.1) were compared with those measured by otherpgréor the time period 12 Nov.
— 21 Dec. (see Table 4.6 & Figure 4.12). The lageement is between,®
production rates in this work and measurements WAS (Bensch and Melnick
2006, presented in Combi et al. 2008) of the 577z@GHe of ortho water (in
agreement with the production rate derived by O@iacacheux et al. 2003)).
Disagreement is found between all of the aboveltesand the production rates
obtained from H Ly- (which represent water production rate averagesl tang
time intervals, and can be indirectly derived frodaughter (OH, B or

granddaughter (H, O) products) (Combi e28108).

Table 4.6.H,0 production rates in C/2000 WM

UT Date R, [AU] [AU] Q20 [10”°molecules ]

23-25 Nov. 2001 1.34 0.37 2046.39%60.27'

2167.73%128.90

23 Nov. 2001 1.352 0.38 1984%123"

25 Nov. 2001 1.33-1.34 0.36 4666%184.9"
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2 Dec. 2001 1.2 0.32 3154%3.407

7 Dec. 2001 1.13 0.34 4200%900"

'Our results: weighted mean from 23-25 Nov. 20012 Kktting.
"Our results: weighted mean from 23-25 Nov. 20011 Kktting.

""Combi et al. 2008. @o based on values provided by F. Bensch (Bensch and
Melnick 2006) to M. Combi (private communicatiofrpm SWAS observations.

V' Combi et al. 2008 (SWAN-SOHQOJ,' Nov. 2001, during a possible outburst.
Combi et al. argue for likely outbursts of43 30 days before perihelion.

VCombi et al. 2008 (SWAN-SOHO§,Dec. 2001, during a possible quiescent phase.

VILecacheux et al. 2003. Odin observations of theGHz rotational line of ortho
H>O on 7 Dec. 2001.
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Figure 4.12. Measurements of the production rate ofOHin C/2000 WM
(LINEAR) (our results are presented as weightednaed KL1 and KL2 settings of
NIRSPEC for 23, 24 and 25 Nov. 2001). The measunisrigy Bensch and Melnick
2006 (SWAS) agree with our results on 23 Nov. 2@k expanded panel A). The
production rates measured by Combi et al. 2008 (SV&OHO) are higher, and are
suggestive of possible outbursts in the water prtoda rate or systematic modeling
offsets. They represent the mean water productaia derived from H, and
averaged over much longer time intervals than dectimeasurements of the parent
volatile itself, such as provided by the 557 GHhelof HO measured by SWAS and
Odin. The dashed arrows indicate the mean dateweafsurements reported by
Biver et al. (2006) (labeled B), and Lupu et aD2) (labeled L), to which mixing

ratios from this work were compared.
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Mixing ratios for organic species measured in thisk were compared with
those measured by other groups in Table 4.7. Tikagiratio for CH, reported by
Gibb et al. (2003) was confirmed, as well as thellef depletion in CEOH and CO
(reported by Biver et al. 2006 and Lupu et al. 200The mixing ratio for HCO
agrees with the range given by Biver et al. (20085 seen for other comets, the
HCN mixing ratio is larger by a factor of two th#me measurement of Biver et al.

(2006).

Table 4.7. Mixing ratios in C/2000 WM comparison with other groups.

Molecule Mixing Ratio % (this work) Mixing Ratio %

(previous work & other groups)

CH, 0.34 + 0.06 (23 Nov. 2001) 0.34 + 0.08 (23 Now 2D
CH;OH 1.30 + 0.08 (weighted medn) 1.3+0.2
H,CO 0.20 + 0.03 (weighted medn) 0.09 - 0.18
HCN 0.15 + 0.01 (weighted medn) 0.08 + 0.0
<1.4"
CcO 0.52 + 0.12 (25 Nov. 2001) 0.44 + 0.08
0.4

'Gibb et al. 2003, previous work.

"The mean heliocentric distance for the weightedmmeixing ratios is 1.34 AU.
All production rates of organic volatiles in thi®wk are extracted
simultaneously with BD production rates, greatly reducing any systematic
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uncertainties (see Figure 13).

""Biver et al. 2006, radio observations with IRAM &80 (mixing ratios at mean
Rh = 1.2 AU). The mixing ratio for pCO is from the parent distribution only.

VLupu et al. 2007. Based on UV observations witi1$31S. The CO data from
three HST STIS observations on 9 — 10 Dec. 200& weeraged (mean,R
1.084 AU). The water production rate{Q = 8 + 1 [13® molecules §]) was
adopted from FUSE observations of H | and O I lines (Weaver et al. 2002).
UV studies measure CO directly, butHproduction was inferred from
dissociation fragments, introducing additional eysatic uncertainty. In this
regard, note that the,B production rate adopted by Lupu et al. is highan
those based on the direct measurementsOflty SWAS and Odin.

VWeaver et al. 2002. Based on FUSE observatior’s-of0 Dec. 2001 with R=
1.12 AU. The authors state that the uncertaint@dp presented in this paper
could be about a factor of 2. The water productiig (Qo = 8 + 1 [16°
molecules §]), adopted from FUSE observations of H2, H | antlli@es is
consistent with recent reanalysis by Feldman (Faldet al., private
communication), and is higher than production rdesved from direct
measurements of @ by SWAS and Odin.

Summary of Composition

| derived production rates and mixing ratios forgua volatiles (HO, CH,,

C,H,, CHg, CH3OH, H,CO, CO, and HCN) in the Oort cloud comet C/2000 WM
extracted rotational temperatures fopgCHand HCN, and their weighted averages
from 23-25 Nov. agree within 1- The moderate depletion of @PH reported by
Biver et al. 2006 was confirmed; as well as theletep of CO reported by Biver et
al. 2006 and Lupu et al. 2007; the range of mixeigps reported for bCO by Biver

et al. 2006; and the @ production rates measured by SWAS (Bensch anaibkel
2006) on 23 Nov. 2001, and presented by Combi.e2@08). CO and £, are
severely depleted in C/2000 WIVHCN, CH, and CHOH are moderately depleted;

and GHg and HCO fall within the “normal” range. | determinedghn comparison
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with five “organics-normal” Oort cloud comets (peased by Mumma et al. 2003),
and the most enriched and most depleted cometsteam has analyzed (A2
(LINEAR) and C/1999 S4, respectively). The ressliggest that C/2000 WiMnay
have formed closer to the Sun than average corbatsfurther than the severely
depleted C/1999 S4 or 73P/Schwassmann-Wachmanis widuld be expected if
depletion in organics is directly related to hedintric distance of formation, although
it is difficult to distinguish between the effecté the formation region, and the
subsequent chemical and dynamical evolution, oncthraposition of a cometary
nucleus. Finally, | compared mixing ratios exteatctor each species for 23, 24 and
25 Nov. 2001, and found agreement within 1 or, 2vhich suggests homogeneity of
the nucleus (however, the rotational period of O@®OWWM; is unknown, which
precluded determination whether sufficient temp@aipling is available to study

potential heterogeneity).
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Chapter 5: The Organic Composition of Comet 2P/Enck

2P/Encke is an Encke-type comet, with=T3.025, and period of 3.3 years.
Its orbital eccentricity is 0.85, and semi-majonsaxX2.22 AU. The comet was
observed with NIRSPEC on the Keck Il telescope er6MNov. 2003. Data acquired
on 4 Nov. (Settings KL1 and KL2), and 5 Nov. (SetiMW_A) are presented (see
Table 5.1 for observing log). Encke’s perigee &88.261 AU on 17 Nov. 2003, and

its perihelion was at 0.338 AU on 30 Dec. 2003.

Table 5.1.0bserving log for 2P/Encke.

Frequency range Ry dot
UT Time (2003) Settirlg
of setting [cm']  [AU]  [AU]  [km S}

4 Nov., 05:02 - 07:17 KL2 3521 - 2833 1.210 0.313 13.59
09:39 - 09:52 KL1 3466 — 2757 1.208 0.312 -13.18

5 Nov., 09:32 -10:06 MW_A 2163 - 1998 1.193 0.304-12.25

'We measure C¥OH, GHg & H,0 simultaneously in KL1 (12 min on source);
HCN, CH,, GH», H,CO & H,O simultaneously in KL2 (40 min on source); and
CO & H,0 simultaneously in MW _A (12 min on source).

"Ry is the heliocentric distance,- geocentric distance, and.; - radial velocity.
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Spectral Gallery

| analyzed raw data following the procedures descriin Chapter 3. |
present flux-calibrated spectral extracts, contgjinsignal summed from nine rows
centered on the nucleus (spanning 1.@8 ~ 400 km) in Fig. 5.1 - 5.8 (terrestrial
atmospheric model superimposed on the cometartrepgcand residual features).
The £1- noise envelope is shown with a dashed line. faektd the following
parent species: GAH, GHs, H,CO, CH,, HCN, GH,, CO and HO; along with

unknown volatiles.
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Figure 5.1: Encke cometary spectrum and superimposed terdegtismittance
model (dashed red line) for 4 Nov. 2003 (panelad residual spectrum in panel
B. Spectral lines of C#DH, GHg and blends are seen. The flux density scale is
shown at left, and the +1-noise envelope is shown as dashed green linesrednt

on zero flux density, in panel B.
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Figure 5.2: Encke cometary spectrum and superimposed terdestii@gsmittance
model (dashed red line) for 4 Nov. 2003 (panelad residual spectrum in panel
B. Spectral lines of &1 7, and blends with C¥OH and other specieseaseen.
The flux density scale is shown at left, and the tfAoise envelope is shown as

dashed green lines centered on zero flux densifyanel B.
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Figure 5.3: Encke cometary spectrum and superimposed teridesarsmittance

model (dashed red line) for 4 Nov. 2003 (panelad residual spectrum in panel
B. Spectral lines of 0, OH and blends are seen. The flux density scale
shown at left, and the +1-noise envelope is shown as dashed green linesreent

on zero flux density, in panel B.
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Figure 5.4: Encke cometary spectrum and superimposed teridesai@smittance
model (dashed red line) for 4 Nov. 2003 (panelakd residual spectrum in panel
B. Spectral lines of }CO, OH, and an unknown species are seen. The flux
density scale is shown at left, and the thoise envelope is shown as dashed

green lines centered on zero flux density, in p&nel
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Figure 5.5: Encke cometary spectrum and superimposed terdegai@smittance
model (dashed red line) for 4 Nov. 2003 (panelad residual spectrum in panel
B. Spectral lines of CHand OH are seen. The flux density scale is shatweft,

and the £1- noise envelope is shown as dashed green linesreenbn zero flux

density, in panel B.
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Figure 5.6: Encke cometary spectrum and superimposed terdesai@smittance
model (dashed red line) for 4 Nov. 2003 (panelakd residual spectrum in panel
B. Spectral lines of HCN, £l,, H,O, OH and blends are seen. The flux density
scale is shown at left, and the +Inroise envelope is shown as dashed green lines

centered on zero flux density, in panel B.
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Figure 5.7: Encke cometary spectrum and superimposed teakes@nsmittance
model (dashed red line) for 4 Nov. 2003 (panelakd residual spectrum in panel
B. Spectral lines of D and OH are seen. The flux density scale is shaiweft,
and the +£1- noise envelope is shown as dashed green linesrednvn zero flux

density, in panel B.
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Figure 5.8: Encke cometary spectrum and superimposed terilesar@smittance
model (dashed red line) for 5 Nov. 2003 (panelakd residual spectrum in panel
B. Spectral lines of CO (at their expected positigiven that no detection is
claimed), and BD are shown. The flux density scale is shownfgtdad the +1-
noise envelope is shown as dashed green linesrednt@ zero flux density, in

panel B.
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Rotational Temperatures and Production Rates

| derived rotational temperatures for,®H and HCN in 2P/Encke using
procedures described in Section 3. The rotatitemaperatures are lower than for any
other comet studied previously;,T(H-0) = 24,153 K and Tt (HCN) = 287/,15K,
and agree within 1- (I show standard errors, which dominate stochastiars) (see
Figure 5.9). The rotational temperature fefOHs not robust since it is based on only
five lines with a small spread in excitation energySimilary, the rotational
temperature for HCN is based on only five lineshwat large spread around zero-
slope. Thus, | also present correlation analysis dach species in Figure 5.9.
Correlation analysis is useful in demonstrating tékative agreement between the
data and synthetic model, however, it does notwatctor the spread in excitation
energies of the sampled lines. Correlation anglgsrves best to constrain the range
of temperatures for which the model provides thetld& to the observed line
intensities (for HO the best fit is at 34 K, and for HCN at 39 Kagreement within

error with T, from excitation analysis).

84



Figure 5.9. Excitation and correlation analysis fop®and HCN on 4 Nov. 2003
These are fluxes measured above the terrestriabsainere, and from nucleus-
centered extracts. (o (H20) = 24%.13K and T (HCN) = 287/,15 K from the

excitation analysis (as described in Chapter 3).

| derived production rates for,B in the KL1 and KL2 settings, and for the
measured organic species: fHH, GHs, H.CO, CH,, HCN, GH,, and CO.

Production rates and mixing ratios are presentddhbie 5.2. | calculated the mixing
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ratios from nucleus-centered production rates, whi®@ most accurate since they are
derived from the highest signal-to-noise dataHand CO are not detected, thus 3-
upper limits are presented for the production rata$ mixing ratios of these organic
volatiles. The production rates op® agree within 1- for the KL1 and KL2 settings

on 4 Nowv.

Table 5.2.Production rates and mixing ratios of volatileFYEncke.

Setting / Time Molecule (Tior) Global Q [10”s'] Mixing Ratio %
on Source
4 Nov. 2003
KL1/12 min HO (24 K) 405.36%162.28 100.00
CoHs 7 (24 K) 1.16%0.31 0.2940.11
CH3;OH, Q branch (25 K) 8.00%1.97 1.9700.76
KL2 / 40 min HO (247%.13K)' 441.64%78.35 100.00
H,CO (24 K) 0.90%0.27 0.20%0.05
CH;, (24 K) 0.53%0.21 0.1260.04
HCN (28713 K) 0.48%0.14 0.1190.03
C;H2 (24 K) <0.79 at 3 <0.18at3
5 Nov. 2003
MWA / 12 min HO (60 K) 501.45%219.67 100.00
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CO(24 K) <7.17 at 3 <l43at3

'The production rate of #0 has been calculated for OPR = %8.2 (discussion of

the OPR derivation and interpretation is beyonddbepe of this dissertation, and
would be presented in a separate publication).udgsg an equilibrium OPR of 3.0
would lead to a decrease in derived QO in each setting by 20-30%, and
corresponding increase in mixing ratios of 20-30#kich, however, does not
significantly exceed the uncertainty provided facle mixing ratio.

The Organic Composition of Encke in Perspective

The rotational temperatures derived for 2P/Enclevary low compared to
those for any other comet. Typically rotationahperatures can be as low as 50 K
(as in 8P/Tuttle) and as high as 126 K (as in CI2@® LINEAR)). For 2P/Encke
Trot (H20) = 24,15 K and Tt (HCN) = 287/,13K, which could be explained by
lower collision rates, insufficient to maintain th&tational level populations, due to
overall low production rates for this comet. 2@ in 2P/Encke is only 4.4 x 10
molecules $ (KL2 setting, 4 Nov. 2003), compared te/Qin C/2000 WM of 1.9 x
10°®molecules 3 (KL2 setting, 25 Nov. 2001, Radeva et al. 2010XQ@o in C/2004
Q2 (Machholz) of 1.4 x FImolecules 3§ (KL2 setting, 28 Nov.2004, Bonev et al.
2009). The water production rate derived for Enickéhis work is also confirmed by
observations at millimeter wavelengths. Odin obstons of the 557 GHz line of
H,0 at |, = 1.01 AU (Nov. 17. 2003) yield Q@) of (4.9 + 0.7) x 18 molecules 3,

in agreement with our Q@) of (4.4 + 0.8) x 18 molecules $ (Biver et al. 2007).

To explore the effect of collision rates in ternfsgas production rate, the

collisional excitation rate can be calculated fr&a ot 1w Viherma ( 1y IS the
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collisional excitation cross-section, anginis the number density). The number

density (for neutral-neutral collisions) is

27
ot~ — 2 4 10 35 10°cm™; for Quzoin Encke ~ 4 x 1¥ s*, v ~

4 Vr* 410°@3 10')?

10° cm s, r ~ 300 km (to cover the sampled inner regiorthef coma). Therefore,

the neutral-neutral collision rate is

Cu Noa wn Viwema~4 10° 10 10* 4 10“s® (for comparison, the
collision rate for WM would be 10 times higheat the same distance from the
nucleus). However, electron-water collision raae€800 km from the nucleus would

be significantly higher: = 0.4 §' (using parameters presented in Chapter 2).

To explore the issue of LTE (Local Thermal Equiliion) in the inner coma,
as related to overall production rate, rotatiomahperatures for #0 and HCN of a
sample of comets are compared in Figures 5.10-&sla function of heliocentric
distance and of production rate. The cometary sanmgludes 153P/lkeya-Zhang,
73P Schwassmann-Wachmann 3C (two measurements diffexent dates are
presented), C/2001 A2 (LINEAR), 8P/Tuttle, 2P/Enck#2000 WM (LINEAR),
6P/d’Arrest, C/2004 Q2 (Machholz), 9P Tempel 1 {pogpact) and 17P/Holmes, as
shown in Table 5.3. Panel A in each figure presemteasured rotational
temperatures, and panel B presents temperaturesctaat for the field-of-view for
each comet (i.e. the sampled region of the coma@he scaling factor for this

.. R . . .
correction |s(2—01C % where R is the beam radius for the obervat{sae Appendix

II). The correction is introduced because measueedperatures are expected to
decrease due to adiabatic expansion of the gas take nucleus, and then increase
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due to collisions with OH and fast H atoms for cteneith very high gas production
rate (Combi et al. 2004). The field of view is el@ined by the geocentric distance
, and varies between = 52 and £ 1053 km centerddeonucleus in this sample of
comets. Figure 5.10B illustrates that after cdmecfor the field-of-view effect,
there is no obvious correlation between rotatidealperatures ang at the time of
measurement. Figure 5.11B presents scalg@gd a function of G0, and suggests a
correlation between rotational temperatures andiymrtion rates. The values that
deviate from the overall trend are HCN in comet(RINEAR), which is discordant
with rotational temperature measured from othecigige and may be due to radiative
cooling, as well as asymmetries in the HCN distitou (see Lin et al. 2007); and
H,O and HCN in 8P/Tuttle, which has unusual orgammgosition, and may be a
binary comet of dissimilar members (Bonev et al0&0 Figure 5.11 clearly
illustrates that 2P/Encke is an end-member in tesmld,O production rate in this
sample. The low rotational temperatures in Enaswell as in comet 6P/d’Arrest,
which also has a very low gas production rate) rbayrelated to the effects of
insufficient collisions to maintain the rotatior@dpulations; or to low thermalization
efficiency of fast H-atoms, perhaps coupled withrenefficient radiative cooling

(higher escape-to-space probability for molecutethe inner coma).
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Table 5.3. Rotational temperatures ob® and HCN in a sample of comets, mean r

at time of measurement, geocentric dista(idéield-of-view R, and overall

production rate (o), (weighted mean of Qs are given when severahgstbr

dates (as for Whand Encke) are available).

h [AU] R log(QHZO) Trot HZO Trot HCN
[AU]  [km] [K] [K]
|. 153P/Ikeya- B e
Zhang 078 047 +300 2025 24T 1147w
(April 14. 2002)
Il. 73P SW-3 02%.. 777,
(May 14, 2005) 100 008 %52 27.85
1. C/2001 A2 . p
(LUNEAR) 116 028 +178 2858 8 1w 567w
(July 9. 2001)
IV. 8P/Tuttle 50-10/+10 51-10/+10
(23 Dec. 2007) 116 031 200 2836
V. 2P/Encke 247,15 287115
(Nov. 4.5, 2003) 120 031 200  27.64
VI. 73P SW-3 1.27 0.33 + 913 2777 55 -10/+10 52-10/+15
(April 7. 2006) ' . x :
VIl . C/2000 WM ; -
(LNEAR) 134 037 +239 2832 (012 [8s
(Nov. 23-25. 2001)
VIII. 6P/d'Arrest 3972,, i
(Aug. 11 200g) 135 035 229 27.68
IX. C/2004 Q2 . -
(Machholz) 1.49 065 +423 2018 20 /w7670
(Nov. 28. 2004)
X. 9P Tempel 1 . S
(post-impact) 1.51 0.89 *575 28.24 38 s 37743
(Jul. 4. 2005)

90



Xl.17P/Holmes 737s 652,
(Oct. 27. 2007) 2.45 1.63 +1053 29.65

'HCN is taken from Magee-Sauer et al. 2002b, as@ 4 taken from Dello Russo et
al. 2004.

"Dello Russo et al. 2007.

""Magee-Sauer et al. 2008.

“Bonev et al. 2008.

VThis dissertation.

Vvillanueva et al. 2006.

V'This dissertation (published in Radeva et al. 2010)

VT 4(H20) is the weighted mean from,fin the KL1 and KL2 settings, which are
presented by Dello Russo et al. 2009.

XBonev et al. 2000.
*Mumma et al. 2005.
XIDello Russo et al. 2008.
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Figure 5.1 Panel A presents rotational temperatures gD kind HCN
measured for comets in this sample, as a functomean § at time of
measurement. Panel B presents rotational tempesasicaled to a common

beam size (200 km). No obvious correlation betwggrand f, is seen.
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Figure 5.11: Panel A presents rotational temperatures g¢d tAnd HCN
measured for comets in this sample, as a functigmaaluction rate (weighted
mean of Qs when several settings or dates (as fok; Whd Encke) are
available). Panel B presents this variation afsraling rotational

temperatures to remove the effect of the beam (sizefield-of-view) when

93



observed (see text and Appendix IlI). Rotationahgeratures show a

correlation with production rate.

2P/Encke is unusual not only in its rotational tenapure. Compared with
“organics-normal” comets 2P/Encke is depleted & CH,, HCN, CH, and CO,
and normal in KHCO and CHOH (see Table 2.1 for an overview of the organic
composition of comets analyzed by the team at NAS2Z¥FC; further mixing ratio
discussion is presented in Chapter 6, includingltedor GHg 5). As previously
proposed for the severely depleted comets C/199ar8473P/S-W 3-C, 2P/Encke
may also have formed closer to the young Sun thiganics-normal and organics-

enriched comets.

Studies of Encke at radio wavelengths yield a ngxitio for CHOH (4.1%),
which is more than 2- higher than the infrared measurement; an uppet fion
H,CO of <1.4%; and very low HCN (0.09%), in agreememith infrared
measurements (Crovisier et al. 2007, Biver et &05). Interestingly, optical
observations show that 2P/Encke is normal in cadb@in molecules (based on a
sample of 85 comets) (A'Hearn et al. 1995), whidsadrees with its infared
depletion in GHg and GH.. Since optical observations sample daughter spdcats
can have multiple parents (including release framing), it is possible that parent
molecules, which have carbon chains, and whichnatesampled in our infrared
observations, are overabundant in Encke, as cowmhpgarénormal” comets. This
would explain Encke’s infrared depletion inHg and GH, and typical abundances
of C; and G.
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Furthermore, 2P/Encke is the shortest-period caméte presented sample.
Thus, it has orbited the Sun numerous times, whakld contribute to its organic
depletion. (CO and Ctare the most volatile ices: CO has a sublimagomperature
of 25 K, and CH has a sublimation temperature of 31 K (see TaldeValues from
Yamamoto 1985)). Other short-period comets, howel@ not show overall organic
depletion despite their numerous orbits around 8en (e.g. 9P/Tempel 1,
17P/Holmes). Possibly these comets formed latéima than Encke, when nebular
clearing allowed more ionizing x-ray flux to reafdrther from the Sun, producing
higher H-atom densities, which at lower temperawweuld contribute to more
efficient H-atom addition reactions and produce sahthe organic parents that we
sample (e.g. &s from GH, etc.). Also, 2P/Encke is not as depleted as thg O
cloud comet C/1999 S4, which has had few passesighrthe inner Solar System.
Thus, the formative region of 2P/Encke, rather thamumerous orbits around the

Sun, may provide a better explanation for its dighe

Table 5.4. Sublimation temperatures for gas

density of 18* molecules cii (Yamamoto 1987).

Molecule Sublimation Temperature [K]
H>O 152
CHs;OH 99
HCN 95
H,CO 64
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CoH> 57
CH, 31

CO 25

To evaluate potential hydrogenation reactions andhrfaces of icy grains,
converting GH» into GHg in 2P/Encke, the conversion efficiency fosH; can be
calculated as £1¢/(C:H, + GHg) > 0.5, which is not very high (and the mixingioat
for C,Hgis comparable to the upper limit fopldy). The hydrogenation efficiency for
CO is (HCO +CHOH)/(CO + HCO + CHOH) = 0.6, which is comparable to the
measurement in C/2000 WM H,CO and CHOH are both normal in 2P/Encke,
while CO is depleted, possibly suggesting a smatigial abundance of CO among

the formative ices, or that due to its high voigtiCO was eventually depleted.

Summary of Composition

| derived production rates and mixing ratios forgua volatiles (HO, CH,,
C,H,, CHg, CHsOH, H,CO, CO, and HCN) in the ecliptic comet 2P/Enckeicivhs
the shortest period comet, whose organic compasitas been studied through high
resolution infrared spectroscopy. | derived rotaél temperatures forJ@ and HCN,
which agree within 1- and are very low (20-30 K), as compared to measemns in
other comets. 2P/Encke is depleted #§; C;H,, HCN, CH, and CO, and normal in
H,CO and CHOH, in comparison to “organics-normal” Oort clouzhtets, presented
by Mumma et al. 2003, and the most enriched andt mepleted comets in our
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sample (A2 (LINEAR) and C/1999 S4, respectivel\j.is possible that 2P/Encke
formed closer to the Sun than average comets,untltefr than the severely depleted
C/1999 S4 or 73P/Schwasssmann-Wachmann 3C. Diffaten among the

influence of the cometary formation region, subsequlispersion, and dynamical
and chemical evolution, remains the complicatingtda in intepreting the organic

composition of a comet.
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Chapter 6: Development and Application of a Fluceese Model

of the CZHG 5 Band

Motivation

Production rates of parent volatiles are derivedhfthe intensities of their ro-
vibrational lines. The accuracy of production satiepends on the derived rotational
temperature (which describes the rotational popurlatwithin the ground vibrational
level), given that only a subset of lines is samptather than the entire band. Until
now, rotational temperatures could be extractedhfidyO, HCN and CO, but not
from G;He. Production rates for £s have been derived from its band at 3.3 m,
however, its unresolved Q-branches cannot providdiable rotational temperature.
Therefore, a theoretical fluorescence model of @aHs s band at 3.45 m was
developed, since its P, Q and R branches are exsbly NIRSPEC, and can be used
to extract an accurate temperature. Also, whiée thband is measured in a single
setting with CHOH and HO, the sband is measured with,BO, CH,, HCN, GHo,
CH3OH and HO, which eliminates several systematic uncertasnfidis also permits
simultaneous measurement of the rotational tempestof GHs, H,O and HCN

(and potentially GH,), which provides further insights into the physaéshe coma.
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Development of the/8s_ s model

Building the ground vibrational state

CoHg is a symmetric top molecule (two of the three gpat moments of
inertia are equal), and it belongs to thg Bymmetry group. Thereforeylds has a
3-fold axis of symmetry (where rotation by 360°fpund a p-fold axis of symmetry
results in the same configuration); three 2-folesaperpendicular to the 3-fold axis;
and 3 planes of symmetry (where reflection at ag@laf symmetry results in the
same configuration) going through the 3-fold axisl disecting the angles between
two successive 2-fold axes (Herzberg 1945). Théeoute is illustrated on Figure
6.1, and its normal vibrations are described inl@#&hl (frequencies obtained from

the HITRAN spectroscopic database), and visualore#igure 6.2.

Table 6.1.Normal vibrations of gHg (from Herzberg 1945 & HITRAN).

Vibrational Band Frequency  Type of Motion IR or Raman
Mode [cm™] active
1 2954 CH stretching Raman
2 1388 CH deformation Raman
3 995 C-C stretching Raman
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Figure 6.1. lllustration of the GHg molecule.
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Figure 6.2. Vibrational modes of §Hs.

The energy of each rotational level in the grouimational state depends on
the ground state rotational constants, which aoeiged in Pine & Lafferty (1982):
Ao = 2.671; B = 0.6630271; bk = 1.09 x 10; Doy = 2.660 x 10; Doy = 1.0312 x

h
0

, and } and |, are the moments of inertia
8 cla 8 clv

10° [cmY]. Here Ao

about the principal axes ‘a’ and ‘b’, respectivelsk Dok and y;are the centrifugal
distortion terms (correcting for the centrifugatde that stretches atoms away as the

molecule rotates).
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The energy [cit] of each rotational level is given by:

Eow(@,K") (Ao Bo)K" BoJ'@' 1) Dad? (@ 1)? DowK™J'(@" 1) DoK™
(adapted from Herzberg 1945), whereaslthe rotational quantum number, andi&
the quantum number that corresponds to the compoakrnthe total angular
momentum vector along the figure axis YKJ, since K is the projection of J, see
Figure 6.3). Ground state rotational energiesadge available in Dang-Nhu et al.
1984. Statistical weights for the rotational levelere obtained from Dang-Nhu et al.
1984 (also Wilson 1938). Torsional splitting imaged, since it cannot be resolved
with current infrared instruments. The statistinadights are determined from the

following rules:
If K=0and Jis even, then g 8.
If K=0 and J is odd, then g 16.
If K * 0 and K is divisible by 3, then g 24.
If K * 0 and K is not divisible by 3, theg g 20.

The total statistical weight of a levelgs: gs (21" 1).
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Figure 6.3. Symmetric top molecule: total angular momentum
vector P (rotational quantum number J), and its mament

(projection) along the figure axis ; Rjuantum number K).

The rotational partition function it gs(23" e "'k (representing
J' K"

the sum of populations of all rotational levels)dahe vibrational partition function

1
hc 4 - : :
: + » Where 4is a low-frequency torsional mode at ~ 290

IS Zuib ;)1 exp

cm® (Pine & Lafferty 1982) (see Table 6.2). The peapioh N in each rotational

level (J, K ) at a given rotational temperatureNis  gs(2Jow 1)e "='*" (thus, the

fractional population |szi). The total partition function iZwt  ZvinZrot (Which can
tot

be obtained from the HITRAN spectroscopic datalj@seeckova et al. 2006)).
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Table 6.2.Rotational and vibrational partition
functions. Zwt  ZvnZot (also provided in the

HITRAN spectroscopic database).

Tot= 70K Trot =119 K

Zrot 5948.44 13165.17
Zyip 1.006 1.026
Ziot 5983.812 13511.308

' Consistent with Dang-Nhu et al. 1984,

An important assumption in this calculation is ttia rotational states of the
ground vibrational state follow a Boltzmann distttion, since they are thermalized
by collisional excitation (Xie & Mumma 1992) (alséscussed in detail in Chapter 2).
To verify this assumption, the collisional excitetirate can be approximated as
Cu now 1 Vwema, Where y, is the collisional excitation cross-section, and the

number density. The number density can be app@aedn as

Q 10%

= ~ — ~10°[cm®] (for estimates, cf. Xie & Mumma
4 VoutflowR 4 105 (10)

Ntotal ~

1992); assuming Q ~ s, Vouow ~ 10 cm §&, R ~ 100 km (inner coma).
ThereforeCu  Now 1w Viema~ 10 [cm®] 10 *[cm®] 10%'[cms'] 10°%s*,

which dominates the radiative transition rate faational levels (negligible due to

105



the very weak solar flux at millimeter wavelengths)This demonstrates that

collisional excitation thermalizes rotational lexel

Next, collisional excitation versus collisional deeitation is explored. From

the principle of detailed balancg(% u N uw N O, where pand nare the

populations of the upper and lower state, agdand  are the cross-sections for

transitions between the upper and lower statesnfio n e " (where E

is the energy gap between the lower and upper)staie u e ' js
obtained, and collisional excitation dominates owkr-excitation. Also, pure
rotational lines are optically thick due to thehidensity and small escape probability
for emitted photons. Thus, optical trapping resuft an increased distance over
which which collisions thermalize rotational leveds discussed in Chapter 2. For a
more detailed discussion refer to Weaver & Mumm8as8{), Bockelee-Morvan

(1996), and Xie & Mumma (1992).

Building the exciteds state

The focus of this study is resonant fluoresceneg tikes place in the,Bs
molecule, under the influence of the solar radmatiorhis refers to transitions that
take place from the ground vibrational state toe&cited vibrational state £), and
subsequently from the excited to the ground stede Crovisier 1983, Weaver and
Mumma 1984, Reuter et al. 1989). This is a funddaieransition, compared to

which, overtone and combination bands are very weak
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The center of the band is at 2895.67'crand the band strength $ =
114.49 cnif atm* at Tef = 296 K (Dang-Nhu et al. 1984). For convenientsdme
calculations, this band strength can be converdeamrt(molecule crif)™* as follows:

S( ) 11449 Tet cm*(molecule crif)® (Simeckova et al. 2006), where L is the

27215 L
Loschmidt number (2.68676 x ‘fomolecules cri, the number density at standard
temperature and pressure). s 8an be calculated for any temperature T using:

S (tref)y  Zvib(tref) T ref i i
S'm [cm? atrri].
Zvib(T) T

The energy [ci] of each rotational level in the upper vibratiostdte sis:

Ew@,K')  scemer (A" B)K? BIJ 1) D' F @ 1)° Dk'K*IJ 1) DK*

The lack of upper state rotational constants fpm the literature required fitting
experimental data by Pine & Lafferty (1982) for le&cladder (thus, the K members
of the equation are a constant for each laddeceseach ladder is subject to
perturbations). Pine & Lafferty recorded the apton spectrum of ethane with a
tunable difference-frequency laser spectrometed, they provide a frequency and
intensity for each measured line and identificagiohJ , K , J and K for many lines.
The results of the fit (for K 7 and J 22, standard deviation of 0.03) were used to
calculate G, (J, K), and subsequently, the frequency of each absorgine as:

line Eup (\]l, K) Eiow (\]", K") .

Next, the intensity of a transition in absorptiamm[- moleculé' cnf] was

calculated from (Dang-Nhu et al. 1984):
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hc line/(KT KT
line S 5(Tr0t)g"(l e C Ilne/( rot) p hcEow /(KTrot)
5 Zrot

, Where e is the frequency of an absorption ling,is the band center frequency,

Sine FawFHL

S( 5) is the band strength atof g" is the statistical weight of the lower rotaab

state, Rw is the Herman-Wallis factor, angyFs the Honl-London factor.

The following selection rules apply tolds 5 since it is a parallel band K = 0),

(Herzberg 1945):
K=0and J=0, 1 ifKow O
K=0and J=#1 if Kow = 0.
Herman-Wallis factors were calculated for eachditgon to correct for the
rotational dependence of the transition momentstauwetation-vibration interactions

13

(Watson 1992w 1 Kow K J Jow > For s K = 0 and

Dang-Nhu et al. (1984) provide the necessary facter0.0048.

The Honl-London factors (factors proportional te gguare of the transition
moment, summed over all orientations of J) wererdgned from the formulas given

in Herzberg (1945) (for Jand K):

_ @1 K@ 1K)

L f J=+1
@ H2a

2
FHL = K , if J=0
0 D
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_0 K@ K)

F
T

: if J=-1.

The line intensities were used to calculate Einstai coefficients [§]

(Simeckova et al. 2006):

8 C line’ Ztot(Trot) Sine

Au |ag' (1 @ N tine/(KTrot) p hCEon (KTw) |

where } is the'*C,H; isotopic fraction (0.97699, HITRAN 2008), andig the upper
level statistical weight. Excitation takes placen lower rotational levels “I” in the

ground vibrational state to a rotational level ‘im” the upper vibrational state (as

allowed by selection rules), followed by radiatide-excitation from “u” to a

rotational level “I” in the ground vibrational s¢at

Determining pumping rates

The pumping rate by the solar radiation from theugd vibrational state to

the excited 5 state, was calculated as followgsinp Bu now, where is the

solar radiation densitgt 1 AU, By, is the Einstein B coefficient [clmoleculé'

cnt], and n, is the fractional population of the lower |eVéM] (Crovisier 1983).
tot

The solar flux density is 20 e’ bo[@™ "™ ¥™ 1] Yin [J scm?. The

pumping rate from all lower levels into the uppevdl (J, K) are summed (the
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selection rules areJ = 0, +1): Gpumgtota) | Biu Niow Sine (at 1 AU, cf.

Reuter, Mumma and Nadler 1989).

Calculating fluorescence efficiency factors

The final step is determining the fluorescencecidficy factors (g-factors) for
the transitions from the excited vibrational stitehe ground vibrational state. The

transitions that take place are illustrated in FegbL4.

Figure 6.4.lllustration of transitions from lower levels “td upper level “u”, allowed

by the selection ruleJ = 0, 1.
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Aul

[photons moleculé s'], where Au

ul ul
| |

Th us, gfactor(lAU ) Opump(total)

defines the branching ratio from the excited to ¢meund state. g-factors were

calculated for a range of temperatures (20-150 W scale g-factors for the actual

heliocentric distance of the comet @gior  GactorLAU)  Rn 2.

Potential sources of uncertainty in the derivedagidrs are the s band
intensity, and the factors for Herman-Wallis cadtigns, all determined from lab
measurements; as well as the fact that K-laddettseins band have perturbations, as

shown in the laboratory spectrum ofHg (Pine & Lafferty 1982).

Application of the Hs s model

Observing Log

| applied the @Hs s model to high-resolution spectra of comets 17R#iés,
C/2000 WM (LINEAR), C/2004 Q2 Machholz, C/2001 A2 (LINEARJ/2007 N3
(Lulin), C/2007 W1 (Boattini), 8P/Tuttle, and 2Pkke, acquired with NIRSPEC on
Keck II. | analyzed the data following the usuabgedures (described in Chapter 3;
and Bonev 2005, DiSanti et al. 2006, and referetiza®in). | present the observing
log for the above comets in Table 6.3. Cometsaar@nged in the table from highest
to lowest GHg/CH3OH ratio (approximately — unknown for Boattini abalin), since

methanol features are often blended witfHL s (and are underlying the entire
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spectrum), complicating interpretation of the oledrspectra. | present all mixing
ratios and rotational temperatures for the analyzedhets in the subsequent

discussion.

Table 6.3.0Observing log.

Date Mean UT  y[AU]' [AU]' [km s7
17P/Holmes 29 Oct. 2007 12:20 2.46 1.63 -2.55
C/2000 WM 24 Nov. 2001  08:50 1.34 0.37 -21.36
Q2 Machholz 28 Nov. 2004  11:30 1.49 0.65 -21.79
A2 LINEAR 9 Jul. 2001 13:40 1.16 0.28 11.54
Lulin 30 Jan. 2009 14:30 1.25 0.99 -54.27
Boattini 9 Jul. 2008 14:40 0.89 0.35 12.92
8P/Tuttle 23 Dec. 2007  05:20 1.16 0.31 -18.18
2P/Encke 4 Nov. 2003 06:10 1.210 0.313 -13.59

1
'R, is the heliocentric distance,is the geocentric distance and is the line-of-sight
velocity.
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Overview of Comets

l. 17P/Holmes is a Jupiter-family comet, with a perwfd6.9 years. It was
observed by the NASA GSFC team on 29-30 Oct. 2804,its organic composition
is currently being analyzed. This work is baseddata from 29 Oct. 17P/Holmes
was also observed on 27, 31 Oct. and 2 Nov. 20€Y MIRSPEC, by Dello Russo et
al. (2008). This comet is enriched iaHg, C;H, and HCN (27 Oct., Dello Russo et
al. 2008), and normal in GB®H. However, 17P/Holmes was observed at a greater
distance from the Sun (~ 2.4 AU), and if a cerfaamtion of the water in the inner
coma was in the form of ice (Yang et al. 2009)etsichment in organic volatiles
might be overestimated (if the ice has differenking ratios from the ice). Its
outburst at 2.4 AU was approximately 5 months gbemihelion. Dello Russo et al.
(2008) also present a g-factor for the gqP(3) lih&€CgHs s at 79 K, which agrees
within 17% with the g-factor derived in this work-he mixing ratio and production
rate presented by Dello Russo et al. (2008) foretdidolmes are based on botfHg

zand s

1. The Oort comet C/2000 WMwas observed on 23-25 Nov. 2001, and was
determined to be severely depleted in CO agd,Cmoderately depleted in GH
CH3OH and HCN; and normal in8s and HCO. Mixing ratios for organic species
agree by 1 or 2-for the three consecutive dates on which they wezasured, thus,
providing no evidence for heterogeneity of W8/nucleus. The organic composition
of this comet is described in detail in Chapteadd has been presented in Radeva et

al. (2010).
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[I. The Oort cloud comet Q2 Machholz was observed e22Blov. 2004 and 19
Jan. 2005, and its organic composition was preddmyeBonev et al. (2009). The
mixing ratios of parent species measured on 28 8604 (1.5 AU) and on 19 Jan.
2005 (1.2 AU) agree within error (while producticates are approximately twice
higher at 1.2 AU), which does not support hetereggnof this cometary nucleus.
The mixing ratios of gHs, CH;OH, HCN and CO in Q2 Machholz are average,
compared to organics normal comets; while the ngixatios of HCO and GH, are
low, suggestive of depletion in these organic sge¢all measured on 28 Nov. 2004
except for CO, Bonev et al. 2009). £H Q2 Machholz is in the high end of the
range observed for organics-normal comets. Kawakihd Kobayashi (2009)
observed Q2 Machholz in late January 2005, andrrelepletion in GH, and GHe
and normal mixing ratios of HCN, GBH, CH,, and HCO. The results derived here
from GHe s are compared with results presented by Bonev. €2@09), since the

same dataset was used in the analysis, elimingyisigmatic effects.

V. Comet A2 (LINEAR) was oberved on 9 — 10 July, and 3l August 2001. In
this work data from 9 July were analyzed. Thighe most enriched Oort cloud
comet in our database. It is enriched uH§ CH,, HCN, and CHOH, and normal
in CH,, H,CO and CO (Magee-Sauer et al. 2009). The orgamichenent of A2
(LINEAR) could be explained by this comet's forneetifurther from the Sun, in a
colder region of the proto-solar nebula, or by clwainprocessing, among other
possible causes. Gibb et al. (2007) discuss thatva of mixing ratios in A2

(LINEAR): H,CO varies significantly between 9 Jul. and 10 Jahgd CH varies
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between July and August. This could be indicabof/@ossible heterogeneity of this

cometary nucleus.

V. Comet Lulin originates from the Oort cloud, andirglergoing analysis by the

NASA GSFC team. It was observed on 30 Jan. - 1 Zg0P.

VI. Comet Boattini is also undergoing analysis by GSfEam members

(Villanueva et al., in progress). It was obsergad® July 2008.

VII.  Comet 8P/Tuttle has a period of 13.6 years, andolasrved on 22-23 Dec.
2007. Its organic composition was presented ineBagt al. (2008). 8P/Tuttle has
unusual composition, compared with other cometss énriched in CkDH, normal
in CH,, and depleted in HCN, 80, GH,, and GHg. CO is also depleted, although
only a 3- upper limit is available. Radar images of 8P/euttiggest that this comet
may be a binary, and Bonev et al. (2009) proposé iththe nucleus is indeed a
"contact binary”, it could consist of fragments tti@rmed in different regions of the
Solar System, thus the difference in organic depiégnrichment. In addition,
Villanueva et al. (2009) present the first sensiiivfrared measurement of D/H (from
HDO/H,0) in a comet. D/H for 8P/Tuttle is reported to%@9 + 1.45 x 16, which
agrees with values measured for three other Oottdctomets, and is 2.62 + 0.93

higher than D/H in Vienna Standard Mean Ocean W&t#lanueva et al. 2009).

VIIl.  The elciptic comet 2P/Encke was observed on 4-5. 2603, and has the
shortest period among comets sampled at infrare@leagths. Encke is depleted in
CO, GH;,, CH;, GHg and HCN; and normal in &0 and CHOH. Its organic

composition is described in detail in Chapter 5.
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Spectral Gallery

Calibrated frames and cometary spectra are prabent&igures 6.5-6.12.
The calibrated frames (two beams and their sumtéyim the middle) are shown
first; the cometary spectra and the superimposedsteial transmittance model are
shown in the upper panel of each figure; and teeloal emission features are shown
in the lower panel. The t1-noise envelope is shown as a green line centeoeh@

Z€ero.
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Figure 6.5. 17P/Holmes: calibrated frame; extracted spectruith werrestrial
transmittance model superimposed (in red); andduesispectrum (top to bottom

panel). The green line represents the #isise envelope.
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Figure 6.6. C/2000 WM (LINEAR): calibrated frame; extracted spectrum hwit
terrestrial transmittance model superimposed (@);rand residual spectrum (top to

bottom panel). The green line represents the fabise envelope.
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Figure 6.7. C/2004 Q2 (Machholz): calibrated frame; extractgmectrum with
terrestrial transmittance model superimposed (@);rand residual spectrum (top to

bottom panel). The green line represents the fbise envelope.
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Figure 6.8. C/2001 A2 (LINEAR): calibrated frame; extractedespum with
terrestrial transmittance model superimposed (@); rend residual spectrum (top to

bottom panel). The green line represents the fibise envelope.
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Figure 6.9. C/2007 N3 (Lulin): calibrated frame; extracted cpgm with terrestrial
transmittance model superimposed (in red); anddwesispectrum (top to bottom

panel). The green line represents the #isise envelope.
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Figure 6.10. C/2007 W1 (Boattini): calibrated frame; extractedectrum with
terrestrial transmittance model superimposed (@);rand residual spectrum (top to

bottom panel). The green line represents the abise envelope.
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Figure 6.11. 8P/Tuttle: calibrated frame; extracted spectrunthwierrestrial
transmittance model superimposed (in red); anddwasispectrum (top to bottom

panel). The green line represents the #isise envelope.
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Figure 6.12. 2P/Encke: calibrated frame; extracted spectrumh wigrrestrial
transmittance model superimposed (in red); andduesispectrum (top to bottom

panel). The green line represents the #isise envelope.
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Rotational Temperatures, Mixing Ratios and Production Rates

The fluorescence model of theH s band was applied to the residual
cometary spectra — the model is superimposed omsghetra in Figures 6.13-6.20.
Rotational temperatures were derived for comets/HG@lmhes, C/2000 WM
(LINEAR), C/2004 Q2 Machholz, C/2001 A2 (LINEAR) @rC/2007 N3 (Lulin),
and were assumed for C/2007 W1 (Boattini), 8P/€udthd 2P/Encke (as discussed
later). The excitation analysis foplds is shown on Figures 6.21-6.28, which present
the spread in production rates extracted from sachpled line at the optimal value

Of Trot.
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Figure 6.13. 17P/Holmes residual spectrum witho,Hg s synthetic model

superimposed in red. The green line representsthenoise envelope.

Figure 6.14. C/2000 WM (LINEAR) residual spectrum with#ls s synthetic model

superimposed in red. The green line representslthenoise envelope.
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Figure 6.15. C/2004 Q2 (Machholz) residual spectrum withdg 5 synthetic model

superimposed in red. The green line representsthenoise envelope.

Figure 6.16. C/2001 A2 (LINEAR) residual spectrum withigs s synthetic model

superimposed in red. The green line representsthenoise envelope.
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Figure 6.17. C/2007 N3 (Lulin) residual spectrum withhHg s synthetic model

superimposed in red. The green line representslthenoise envelope.

Figure 6.18. C/2007 W1 (Boattini) residual spectrum witbHg s synthetic model

superimposed in red. The green line representslthenoise envelope.
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Figure 6.19. 8P/Tuttle residual spectrum withis 5 synthetic model superimposed

in red. The green line represents the #isise envelope.

Figure 6.20.2P/Encke residual spectrum withHg s synthetic model superimposed

in red. The green line represents the Hisise envelope.
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Figure 6.21.Spread in production rates from individual lines kotational

energy at the optimal, & = 70™%.11 K for 17P/Holmes.
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Figure 6.22.Spread in production rates from individual lines xotational

energy at the optimal,& = 69™%.14 K for C/2000 WM (LINEAR).
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Figure 6.23.Spread in production rates from individual lines rotational

energy at the optimal,& = 86™"/,15 K for C/2004 Q2 (Machholz).
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Figure 6.24.Spread in production rates from individual lines rotational

energy at the optimal,& = 85%,13 K for C/2001 A2 (LINEAR).
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Figure 6.25. Spread in production rates from individual lines votational

energy at the optimal,& = 72,1, K for C/2007 N3 (Lulin).
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Figure 6.26. Spread in production rates from individual lines votational

energy at the assumeg,E 85 K for C/2007 W1 (Boattini).
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Figure 6.27. Spread in production rates from individual lines votational

energy at the assumeg,E50 K for 8P/Tulttle.
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Figure 6.28.Spread in production rates from individual lines rotational

energy at the assumeg, E 24 K for 2P/Encke.

A list of spectral lines with designations and gtéas at Tt = 70 K (chosen
as a representative average temperature), as radasurcomet 17P/Holmes, is
presented in Table 6.4. This excludes obviousdsernThe mean rest frequencies of
the used lines are listed, since there are hundyelises in the GHg s model, and

each listed line combines many individual linesddferent intensities. Production

137



rates (including uncertainty) from sampled linesihanalyzed comets are presented

in Appendix I.

Table 6.4.Designations, mean rest frequencies and combirfadtgrs of GHs 5
lines at To: = 70 K (there are several hundred lines in thisiehcand each listed line

combines several individual lines). This excludegeral blends, and is based on the

analysis of comet Holmes.

Designation Transitions Frequency [crif] g-factor
[photons moleculé' s
R9 J=9 J=10 29106 6.64E-06
RS J=8 J=9 2908.9 4.67E-06
R5 J=5 J=6 2904.2 8.84E-06
R4 J=4 J=5 2902.7 6.72E-06
R3 J=3 J=4 2901.3 6.11E-06
R1 J=1 J=2 2898.4 2.10E-06
Q J=0 2895.5 2.07E-05
P3 J=3 J=2 2891.8 3.12E-06
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P4 J=4 J=3 2890.5 5.28E-06
P5 J=5 J=4 2889.3 7.59E-06
P6 J=6 J=5 2888.2 7.23E-06
P7 J=7 J1=6 2881.0 9.33E-06
P8 J=8 J=7 2885.9 8.22E-06
P9 J=9 J=8 2884.8 7.38E-06
P10 J=10 J=9 28838 5.69E-06
P11 J=11 J=10 2882.7 5.49E-06

The rotational temperatures derived fogHg 5, and the temperatures
previously derived for HCN and @ (or CO and KCO, if available) are presented in
Table 6.5 and Figure 6.29. A rotational tempermtaould not be derived for
2P/Encke, 8P/Tuttle and Boattini. In the case néke, the mixing ratio for s s
wasvery low and the unblended spectral lines wereffitgent for the derivation of a
rotational temperature for this molecule. Thug;, E 24 K (from HO) was assumed
for C;Hs. 8P/Tuttle also has a very lowsHs mixing ratio, and Boattini is very
enriched in CHOH (Villanueva et al., personal communication), evhblends with
the GHe sfeatures. For 8P/Tuttle = 50 K was assumed, which is consistent with

Tt derived from HO in the same instrument setting (Bonev et al. 200%r other
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comets there is excellent agreement among rotatiergoeratures derived fromys
s and other species (when available: results forctraets Lulin and Boattini have
not been published yet —+dfor Boattini was assumed), except for HCN in com2t

which disagrees withJ; from H,O, GHg, H.CO and CO.

Table 6.5.Comparison of rotational temperatures derived f@is 5 (this work),

H,0, HCN and CO (temperatures for 2P/Encke, 8P/TattlkBoattini are assumed).

Trot CoHe 5I Trot HXO Tiot HCN Tyt CoHz  Trot H2CO

[K] [K] [K] [K] [K]
17P/Holmes 70 %13 7379 657" 637" -
(Oct. 29. 2008) Derived from R9-R8, R5-R3, R1, Q-branch, P3-P11
C/2000 WM 69, 69%3" 707" - -
(Nov. 24. 2001) Derived from: R6, R4, Q-branch, P3-P10
Q2 Machholz 86 .15 86" 76" - -
(Nov. 28. 2004) Derived from R9, R6, R1, Q-branch, P3-P10
A2 (LINEAR) 851,13 98" 567" - 104,45

\Y%
(Jul. 9. 2001)

Derived from R9, R5, R3, Q-branch, P3-P4, P6-P10
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Lulin 727, - - - -

(Jan. 30. 2009)  perived from R9, R5-R4, Q-branch, P3-P10

Boattini 85 - - - -

(Jul. 9. 2008) (assumed)

Derived from R9, R5, R3, R1, Q-branch, P3-P6

8P/Tutle 50 50 %10"  517%10" - -
(Dec. 23.2007) ~ (assumed)

Derived from P6-P8

2P/Encké 24 24°%,13" 28713 - -

(Nov. 4. 2003) (assumed)

Derived from R3, Q-branch, P3-P4

"This work.

"Dello Russo et al. 2008 (data from 27 Oct. 200G8)s work also presentsgl= 79
“,4 K from the author’'s model of s s, and a g-factor for the qP(3) line at 79
K. Twot(CoHs 5) presented in this dissertation is based on data 29 Oct. 2008.

"Radeva et al. 2010.
VBonev et al. 2000.

VMagee-Sauer et al. 2008: this work also presepts=TL02%,,5 K from the very
bright lines of GHg 7. Usually it is very difficult to extract a reliibrotational
temperature from this band of ethane. This wosk discusses the low rotational
temperature derived for HCN, and proposes radiatvaling of its rotational
levels, or a different distribution of HCN in thpeature, as possible explanations
for this discrepancy.

VIBonev et al. 2008.
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Figure 6.29. Comparison of rotational temperatures gHE s, H,O and HCN

among comets.

This comparison serves as a test of the physicalegses taking place in the
coma, such as the distance from the nucleus athwthe given species is measured.
Measured temperatures are expected to decreasmuehdy away from the nucleus,
(due to the adiabatic expansion of the gas). Hewewn comets with high gas
production rates (¥8-10** molecules 9), at distances farther than 100 km from the

nucleus, temperatures would then increase due lisians with the energetic OH
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and fast-H atoms, which are products of the phesmtiiation of HO molecules
(Combi et al. 2004). The heating efficiency depgead the gas production rate (and
thus, gas density), and the heliocentric distaridde comet, due to the dependence
of photodissociation rates on solar radiation dgr(§ombi et al. 2004). Also, if the
rotational temperature for a given species is alyidifferent from that for other
species measured simultaneously, the explanatiamd cbe in radiative cooling
controlling its rotational populations, or a difet distribution in the aperture, as
suggested for the discrepant in rotational tempeaHCN in A2 LINEAR by
Magee-Sauer et al. (2009). Furthermore, HCN ap@ &fe polar molecules, while
C.Hg is non-polar (with no allowed pure rotational s#ions), but their rotational
temperatures agree. This suggests that collisexatation and de-excitation, rather
than radiative processes, are controlling rotatitezel populations (as discussed in
Chapters 2 and 5). This validates the assumpfi@olbsional thermalization of the

rotational levels.

Mixing ratios derived from @Hs 5 (this work) and the §Hgs 7 band are
compared in Table 6.6 and Figure 6.30 (productaies from sampled lines in all
analyzed comets are presented in Appendix I). chméidence limits for each mixing
ratio account for the largest among the stochastiandard uncertainties, and
uncertainties in f. In most cases, standard uncertainties domin#greement
within 1- is found between the mixing ratios fosHg s and ;for all comets except
for A2 LINEAR (2-# (A2 LINEAR is also the comet with the biggest degzancies
in Tro). The mixing ratio of CBOH is also presented Table 6.6, since methanol

enrichment can complicate the analysis of thid¢C s band due to blends.
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Table 6.6.Comparison of mixing ratios (%) derived fromHg 5 (this work) and

C.oHs 7 (mixing ratios for CHOH are also provided).

MR C,Hg ' MR C,Hg 7 MR CH ;OH
17P/Holmes 1.61 £ 0.20 1.78 £ 0.28 2.25+0.48
C/2000 WM 0.42 +0.04 0.40 = 0.04 1.08 £ 0.18
Q2 Machholz 0.47 + 0.06 0.56 + 0.0% 2.03+0.1Y
A2 (LINEAR)Y 1.04 +0.13 1.7+0.2 3.9+04
Boattini 1.68+0.24 - -
8P/Tuttle 0.25 + 0.07 0.24 + 0.0¥' 2.18 + 0.07
Encke 0.19%0.04 0.29%40.11 1.97%0.76

'This work. Lulin is excluded from this table, sin@(H0) is unavailable.

"Dello Russo et al. 2008 (data from 27 Oct. 200%kiaing s from the author’s
modeland 7), compared with our data from 29 Oct. 2009 (ouxing ratio for
C.Hs s is measured relative to Q48) derived by the NASA GSFC team
(personal communication) from the same data fgr=T60 K).

""Radeva et al. 2010.
"VBonev et al. 2009.
VMagee-Sauer et al. 2008.
V'Bonev et al. 2008.
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Figure 6.30. Comparison of mixing ratios of 68 s and GHs 7 among comets

(CH3OH mixing ratios are also included).

The production rates for,8s s and GHg - are presented in Table 6.7.
These production rates are measured in two diffeirestrument settings, and at
different times. If the cometary nucleus is hegereeous, the activation of different
vents on its surface during rotation would prodweiability in the s and -

production rates. Mixing ratios, however, are dateed relative to the production
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rate of HO measured simultaneously in the same respectitiagsevhich eliminates
some systematic offsets (due to seeing, flux catiidn etc.). Therefore, mixing ratios

provide a more reliable comparison than do produactates of species measured at

different times.

Table 6.7.Comparison of production rates ¢iénolecules 3) derived from GHs s

(this work) and @Hs 7. (References are identical to those for Tables Bdb6a6).

Trot [K] for Q (CoHe 5) | Trot [K] for Q(CoHe 7)

Q (CoHe 5) x 107° Q (CoHe 7) X 107
17P/Holmes 70 44.46 + 3.62 - -
C/2000 WM 69 0.98 + 0.08 70 0.95+0.12
Q2 (Machholz) 86 6.73+0.70 86 8.62 + 0.35
A2 (LINEAR) 85 3.44 + 0.29 102 6.3+06
Lulin 72 9.17 £ 1.52 - -
Boattini 85 2.21+0.25 - -
8P/Tuttle 50 0.59 £ 0.15 60 0.55 + 0.07
2P/Encke 24 0.08%0.02 24 0.12%0.03
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Blends in the gHg s region

The GHg sregion includes, in addition to,8s s spectral features, spectral
features of CHOH, H,CO, and OH, and blends of these species. This locatgs
the derivation of a reliable rotational temperatofeC,Hs 5, andcould lead to
overestimates of the;Hs s production rate. The R7 line at 2907.3 &tblend with
H,CO) has been excluded from the analysis for allaten(see Figure 6.31). Lines,
which provided a markedly overestimated productete (compared to the weighted
mean production rate), and were suspected blerats, also excluded. Deviations of
individual lines on the rotational temperature deegs can be explained by blends

with species, for which models are not available.

Figure 6.31. Model of HCO (in red) in the ¢Hs s region. The R7 line of &£l 5

at 2907.3 cnif (blend with HCO) was excluded from the analysis for all comets.

147



Overall Organic Composition

The application of the newly developed;Hs s model to comets
17P/Holmes, C/2000 WM Q2 Machholz, 8P/Tuttle and 2P/Encke, confirmed th
mixing ratios of GHg 7 measured previously, and 2agreement was found between
the mixing ratios of gHg s and GHs ; measured for comet A2 (LINEAR).
Weighted mean values fromids sand GHe 7mixing ratios are presented in Table
6.8, and are used in a comparison of the overghirac composition of a sample of
comets (Table 6.9). The organic compositions 0G0 WM, and 2P/Encke in
particular, are visualized in Figure 6.32, and@mpared to the compositions of the
organics-enriched end-member A2 (LINEAR), and theyaoics-depleted end-

member S4 (LINEAR).

Table 6.¢. Weighted-mean mixing ratios [%] 0%&s.

MR (MR) MR  (MR) MR (MR)

Comet
CHs s CHs s CoHe 7 CiHs 7 CaHe CoHe
L7PMHolmes 4 49 0.2 178 026  1.67 0.16
C/2000 WMy 45 004 047 003 045 0.02
Q2 Machholz 4 47 006 056 003 054 0.03
A2 (LINEAR) 4 o4 0.13 1.7 0.2 1.24 0.11
Boattini 168 024 : : 168 024
BPITutle 025 007 024 003 024 003
2PIEncke 519 004 020 011 020 004
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Table 6.9.The organic composition of comets analyzed by¢hen at NASA GSFC

(mixing ratios as percentages relative t®Hupper limits are 3-).

Mixing Ratio
CHs CH, HCN CH; H,CO CHOH CO
%
0.107 | 0.049 | 0.242 0.147 | 0.149 | 053
73P/S-W 3-C <0.25
+0.011 | +0.020| +0.014 +0.033| +£0.029 | +0.13
C/1999S4 | 0.11 0.10 | 0.18 0.9
<0.12 - <0.15
(LINEAR)" | +0.02 +0.03 | +0.06 +0.3
0.20 011 | 012 | 020 1.97
2P/Encké" <0.18 <14
+0.04 +0.03 | +0.04| +0.05 | +0.76
C/2000 WM, | 0.47 015 | 034 | 020 130 | 052
y <0.05
(LINEAR) +0.03 +0.01 | £0.03| +0.03 | +0.08 | +0.12
Five
"organics-
0.6 0.2-03| 0203 0515 - 2 1.8-17
normal" Oort
cloud comet$
153P/lkeya- | 0.62 0.18 018 | 051 | 062 2.5 47
Zhand +013 | +005 | +005 | +006| +018 | +05 | +08
8P/Tuttle/ 024 | <004| 007 0.37| <0.04 2.18| <037
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+003 +001] 007 +007
C/2004 Q2 | 054 014 | 126 | 0.10 203 | 5.07
< 0.06
(Machholz)' | +0.03 +002 | +0.10| +003 | +011 |+051
167 | 0344 | 0538 2.25
17P/Holme¥" ; - ;
+0.16 | +0.053| +0.075 +0.43
C/2001 A2 | 1.24 0.5 0.6 12 0.24 3.9 3.9
(LINEAR)™ | +011 | +01 | +01 | +02 | +005| +04 | +1.1

'Results from 14.5 May 2006 (Dello Russo et al. 20@ith the exception of CH7
Apr. 2006, Villanueva et al. 2006), and CO (27 M8y 2006, DiSanti et al.
2007).

"Mumma et al. 2003.
""2P/Encke on 4 Nov. 2003, except for CO (5 Nov. 3003

“VRadeva et al. (2010): weighted means of mixingsaftiom 23, 24 and 25 Nov.
2001. GHis the 3- upper limit of the most sensitive measurement&25
Nov.); and CO is measured on 25 Nov.

VResults from 22-23 Dec. 2007 (Bonev et al. 2008)e mixing ratio for GHg is the
weighted mean from £l ; (Bonev et al. 2008) ar€bHg 5 (this work).

VIResults from 28 Nov. 2004 (Bonev et al. 2009), pkéer CO (29 Nov. 2004). The
mixing ratio for GHg is the weighted mean frompids 7 (Bonev et al. 2009)
andC;H;s 5 (this work).

V'Results from 27.6 Oct. 2007 (Dello Russo et al. 800 he mixing ratio for gHg
is the weighted mean frompBEs 7+ 5 (Dello Russo et al. 2008) afgHgs s
(this work).

Vi'Results from 9.5 July 2001, except for CO (10.5 20001) (Magee Sauer et al.
2008). The mixing ratio for £ is the weighted mean fromyis ; andC;Hs
5 (this work).
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Figure 6.3z. Mixing ratios in WM and Encke, compared to the organics-enriched
comet A2 (LINEAR), and the organics-depleted co8#®{LINEAR). Molecules

are in order of highest to lowest sublimation terapge (Table 5.4).

Table 6.9 illustrates the variety of organic comii@s among comets: it
includes the severely depleted end-members (Ooddccomet C/1999 S4, and
ecliptic comet 73P/Schwassmann-Wachmann 3C); tlyanars normal comets;
comets with unusual composition (such as 8P/Tutdeyl the enriched end-member
(Oort cloud comet C/2000 A2 (LINEAR)). No corretat is seen between the
dynamical and chemical classification of a comietgures 6.33-6.35 present mixing

ratios in several comets as a function of theirsdiand parameter. The comets
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comprising this sample and their parameters (dyoanaind other) are listed in Table
6.10 (this is a larger sample than the one showhalle 6.9, however, Table 6.9 is
intended to give a “snapshot” of the organic contmos in terms of relative

depletion and enrichment). The organic composittdncomets as function of
heliocentric distance (at time of measurement)elis® semi-major axis, or overall
production rate (which would show the effects afiean coma chemistry) was also

investigated, and no correlations were observed.

Table 6.10.Comets analyzed by the team at NASA GSFC and plagameters

(arranged by increasing)T

Comet Date T rh [AU]  1og(QH20)
C/2007 N3 (Lulin) Jan. 30. 2009 -1.365 1.25 -
C/1999 S4 (LINEAR] Jul. 13. 2000 -0.934 0.81 28.65
C/1999 H1 (Leé) Aug 21. 1999 -0.896 1.06 29.10
C/1996 B2 (Hyakutak®)  March 24. 1996 -0.338 1.06 29.40
C/1995 O1 (Hale-Bopp) April 6. 1997 0.040 0.918 31.03
C/1999 T1 (McNaught-
Jan. 14. 2001 0.234 1.28 29.20
Hartley)"
C/2000 WM (LINEAR)'  Nov. 23-25.2001  0.275 1.34 28.32
153P/Ikeya-Zhang March 22. 2002 0.878 0.51 29.82
C/2001 A2 (LINEARY July 9.2001 0.882 1.16 28.58

C/2004 Q2 (Machhol) 28 & 29 Nov. 2004 1.066 1.493 29.18
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C/2007 W1 (Boattini) Jul. 9. 2008 1.125 0.89 -

8P/Tuttle” 22 & 23 Dec. 2007  1.601 1.16 28.36
73P SW-3¢" April - May 2006 ~ 2.784 1.08 27.85
17P/Holme¥" Oct. 27. 2007 2.858 2.45 29.65

9P Tempel 1

Jul. 4. 2005 2.970 1.51 28.24

(post-impact}

2P/Encke Nov. 4-5. 2003 3.025 1.20 27.64

'This dissertation (WMpublished in Radeva et al. 2010)
"Mumma et al. 2001 & Mumma et al. 2003.

""Mumma et al. 2003 (DiSanti et al. 2002 fo:G® in lkeya-Zhang).
VMagee-Sauer et al. 2003.

VBonev et al. 2009.

V'Bonev et al. 2008.

V'Dello Russo et al. 2007, with the exception of,GHApr. 2006, Villanueva et al.
2006), and CO (27, 30 May 2006, DiSanti et al. 3007

V" Dello Russo et al. 2008. The mixing ratio faHg is the weighted mean from
C.oHs 7 (Dello Russo et al. 2008) afdHs s (this work).

“Mumma et al. 2005.
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Figure 6.33 Mixing ratios of CH and GHg in comets as a function of.T
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Figure 6.34 Mixing ratios of GH, , HCN and HCO in comets as a function of. T
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Figure 6.35 Mixing ratios of CHOH and CO in comets as a function of T

The lack of correlation between dynamical class arghnic enrichment or
depletion of comets (illustrated in Figures 6.33%), supports significant radial
mixing in the proto-solar nebula. It is also pbssithat cometary nuclei contain
fractions that formed in different regions, andstdractions would have diverse
chemical composition. Heliocentric distance ofnfation alone is not sufficient to
explain the relative depletion or enrichment of eten Processes that need to be
considered include localized heating in the prdasamebula and the specific
chemical reactions that took place in differentisag. Another explanation for the
the possible enrichment of a comet may be its fatondarther from the Sun, but at a

later point in time when the ionizing solar fluxaokhed greater distances (after
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nebular clearing) and produced higher H-atom deessit This, combined with low
temperatures to ensure retention on grain surfagasld contribute to more efficient
H-atom addition reactions.

While we do not see a correlation between the ob@nuomposition of a
comet and its Tisserand parameter, Jupiter-fanoitgets have a higher probability of
being depleted than Oort cloud comets. Among étyeimily comets studied at
infrared wavelengths, Schwassmann-Wachmann 3, 24&/ni-Zinner (Weaver et
al. 1999), 2P/Encke and 6P/d’Arrest (except forsGH and HCO) are depleted,
while 9P/Tempel 1 is normal, and 17P/Holmes is ol@d (although organic
abundances may be overestimated in this cometadwater-ice). This is consistent
with optical observations of daughter species, tisicow that half of Jupiter family
comets are depleted in carbon-chain specieaf@ G) (A'Hearn et al. 1995). The
taxonomy of comets studied at optical wavlengthsaised on 85 comets, and further
comparison with this database will be feasible wtrennumber of comets analyzed

in the infrared also becomes statistically sigiaific

Summary

Our group is building a taxonomy of comets basedhmir parent volatile
composition, and has identified diversity in theemwtistry of observed ecliptic and
nearly isotropic comets. A reliable rotational fErature is essential to obtaining
accurate production rates of organic volatiles.e Hlewly developed model of the
infrared GHs s band makes &g the fourth molecule, along with,B, HCN and

CO, from which a reliable rotational temperature t& determined. Furthermore,
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C,Hs 5 is observed simultaneously with, 0, OH, CH, HCN, GH, and HO,
which minimizes some systematic uncertainties i@ tlerived mixing ratios. |
applied the new s s model to high-resolution spectra of comets 17Ptdd,
C/2000 WM (LINEAR), C/2004 Q2 Machholz, C/2001 A2 (LINEAR}/2007 N3
(Lulin), C/2007 W1 (Boattini), 8P/Tuttle and 2P/kec The following findings are
reported:

1 Mixing ratios extracted for £ s and GHg 7 agree within 1{ except
for the comet A2 (LINEAR). In the case of comet, ARe disagreement
may result from temporal variability due to nucldeterogeneity given
the short rotation period of this comet (3 or 6 #tspuNolan et al. 2006,
Woodney et al. 2001).

1 Rotational temperatures derived fronHg s, H,O and HCN agree within
1- 2except for HCN in A2 (LINEAR), which disagrees witll other
temperature$) This comparison shows that polar specieg{HHCN) and
the non-polar @Hs provide similar rotational temperatures. The
agreement in temperatures supports the assumphah dollisions
thermalize rotational populations in the inner comdeviations of
individual lines in rotational temperature diagraans explained by blends
with other species found in thels s region: HCO, OH and CHOH,
although obvious blends were excluded from theyaisl In the case of
HCN in A2 (LINEAR), radiative cooling might be caotling the
rotational populations, or HCN may have a differdigtribution in the

aperture.
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1 The fluorescence model of,ds s can be used to derive reliable
production rates and rotational temperatures, hrsdwork establishes a

robust method for quantifying additional physicalgmeters for ethane in

comets.
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Chapter 7: Summary of Results

This dissertation contributes to the establishnm@nad cometary taxonomy
based on parent volatile composition, through aislgf the organic composition of
the Oort cloud comet C/2000 WIMLINEAR) and the ecliptic comet 2P/Encke, and

through the development of a new fluorescence miodéhe infrared @Hg 5 band.

l. The Oort cloud comet C/2000 WIMLINEAR) was observed on 23, 24 and
25 Nov. 2001 with the Near Infrared Echelle Speptph on the Keck I
telescope. The analysis of the organic composaiahis comet showed that
WM is severely depleted in CO andH; and moderately depleted in HCN,
CH4 and CHOH. The previously reported depletions of {CH (Biver et al.
2006) and CO (Biver et al. 2006; Lupu et al. 20@8)well as the mixing ratio
for H,CO (Biver et al. 2006), were confirmed. TheCHproduction rate
measured by SWAS (Bensch and Melnick 2006) on 28. Na®01, and
presented by Combi et al. (2008), was also confirm&he weighted mean
rotational temperatures for,8 (Tiot = 70%/+2 K) and HCN (Tor = 7845 K)
agree within 2{ and are typical, compared to other comets. Theangnix
ratios extracted for ¥£O, CHOH, GHs, CH;, HCN and GH, agree day-by-
day for 23-25 Nov. 2001, which suggests homogeneitythis cometary
nucleus at the level of accuracy sampled. ConsigewM;'s levels of

depletion, this comet may incorporate material tloamed in an organics
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depleted region of the Solar System. If such depleis related to
heliocentric distance, WMmay have originated closer to the young Sun than
"organics-normal” comets (presented in Mumma et2@03), but possibly
farther than the severely-depleted S4 and 73P/S-W.

The ecliptic comet 2P/Encke was observed on 4, d @iNov. 2003 with
NIRSPEC on Keck Il. | analyzed data from 4 NovLPKand KL1 settings)
and 5 Nov. (MW_A setting). Production rates anding ratios were derived
for H,O, CH,, GH,, CHs CHOH, H,CO, CO, and HCN. Rotational
temperatures for 0 (T,ot = 24 %13 K) and HCN (To; = 28 /.13 K), agree
within 1- and are very low compared to those in other camethe
explanation for this may lie in the very low gasqguction rates in 2P/Encke
(a factor of 10 lower than in WMand a factor of 100 lower than in Q2
Machholz), or in the low thermalization efficienoy fast H-atoms, coupled
with more efficient radiative cooling. 2P/Enckedspleted in @Hs, CH>,
HCN, CH, and CO, and normal in 80O and CHOH, in comparison to
“organics-normal” comets (Mumma et al. 2003). 2iele has a very short
period of 3.3 years and repeated sublimation durisgnumerous orbits
around the Sun could be contributing to its depietilt is also possible that
2P/Encke formed closer to the Sun than average tspnas previously
suggested for WM but farther than the severely depleted C/1999064
73P/Schwasssmann-Wachmann.

A new fluorescence model for thels s band was developed and used to

derive reliable rotational temperatures for thigamic molecule. This now
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makes GHg the fourth molecule, along with,B, HCN and CO, that can be
used to derive accurate rotational temperaturesgchwiare essential to
obtaining production rates of organic volatiles.urtRermore, gHg 5 is
observed simultaneously with,&0, OH, CH, HCN, GH, and HO, thus,
minimizing systematic uncertainties in the deriveiding ratios. The ¢Hg s
model was applied to high-resolution spectra of ¢tbhenets C/2000 WM
(LINEAR), 2P/Encke, C/2007 N3 (Lulin), C/2004 Q2 &hdolz, 8P/Tuttle,
17P/Holmes, C/2001 A2 (LINEAR) and C/2007 W1 (Bwa}t Mixing ratios
extracted for gHg s and GHs 7 agree within 1{ except for the comet A2
(LINEAR) (2- ). Rotational temperatures fopls s, H,O and HCN agree
within 1- 2except for HCN in A2 (LINEAR) This supports the assumption
that collisions thermalize rotational populationghe inner coma. In the case
of HCN in A2 (LINEAR), radiative cooling might beontrolling the rotational
populations. In conclusion, the fluorescence maod€l;Hs s can be used to
derive reliable production rates and rotational geratures for this organic

molecule, which is uniquely sampled at infrared alamgths.

Reliable rotational temperatures and productiorsradre essential to the

accurate analysis of the organic composition ofetsm The high resolution infrared

study of C/2000 WM presented this comet as the first intermediatedpleted

member of the sample, analyzed by the team at NASFSFC. The value of the

analysis of comet 2P/Encke lies in it being thertdsd period comet (with smallest

perihelion distance) observed in the infrared, Wmeakes it an end-member in the
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dynamical sense. Its low rotational temperatures iatermediate organic depletion
also pose interesting questions, such as: dicctmset form in a warmer region of the
proto-solar nebula; did the most volatile speciddisate away during its numerous
orbits around the Sun; and do low gas productitesraxplain its very low rotational
temperatures?

The sample of comets whose composition has beeledtthrough infrared
spectroscopy is increasing, and the current chérmaganomy includes "organics-
depleted”, "organics-normal’, and “organics-enridhe&omets, coming from both
main reservoirs: the Oort cloud and the Kuiper.béftowever, many more comets
need to be observed in order to have a statistisajnificant sample, which is
dynamically and chemically diverse. Currently, cawrelation is seen between the
dynamical reservoir (Tisserand parameter) and acgammposition of a given comet.
A statistically significant sample is also necegsar order to explore cosmogonic
parameters in comets. Such parameters includeoit®-to-para ratio of D
(providing the formation temperature of the mole¢uD/H ratio (from HDO), and
isotopic abundances.

Comets are exciting objects that hold the keyrtderstanding how the Solar
System formed and evolved. They likely deliveregamics and water to the young
Earth, and are also potentially dangerous to ouneh@lanet. High-resolution
infrared spectroscopy provides us with the oppatyul® explore cometary origins
and the history of our Solar System, and thus,iscoder the answers to essential

astrobiological questions.
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Appendices

Appendix |.

Designations, mean frequencies, and nucleus-cenfa@duction rates (including
sigma), are presented foroMs s lines measured in 2P/Encke, C/2000 WM
(LINEAR), C/2007 N3 (Lulin), C/2004 Q2 Machholz, Amrittle, 17P/Holmes,

C/2001 A2 (LINEAR) and C/2007 W1 (Boattini).

Table A.1. Quantitative parameters for spectral lines measunre the comets
2P/Encke (ot = 24 K, assumed), 8P/Tuttle {= 50 K, assumed), C/2000 WM
(LINEAR) (Tt = 69 3,14 K), 17P/Holmes (&= 70 %1, K), C/2007 N3 (Lulin)
(Trot= 72 .12 K), C/2001 A2 (LINEAR) (Tor= 85 .13 K), C/2007 W1 (Boattini)
(Twot = 85 K, assumed), and C/2004 Q2 Machholg; €186 /.15 K) (listed in order

of increasing ).

CoHe s
Rest Nucleus- Stochastic
Comet Erequenc centered Uncertainty of
Line ID q 1 Y Production Rate Production Rate
[cm ] -1 -1
[s7] [s7]
17P/Holmes 3.37E+27 4.30E+26
Lulin R9
. + . +
291057 6.70E+26 4.21E+25
A2 (LINEAR) | J =9 J=10 2.22E+26 1.10E+25
Boattini 2 23E+26 1.04E+25
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Q2 Machholz

5.75E+26 4.26E+25
R8
17P/Holmes g j—g | 290891 3.41E+27 3.40E+26
C/2000 WM R6 6.14E+25 1.03E+25
Q2 Machholz 6 J=7 | 290580 | o006 5.16E+25
17P/Holmes 4.00E+27 2.27TE+26
Lulin R5
2904.20 7.94E+26 3.82E+25
A2 (LINEAR) 5 J=6 2 59E+26 1.00E+25
Boattini 1.50E+26 6.23E+24
C/2000 WM ot 7.46E+25 1.17E+25
17P/Holmes i 2902.74 3.30E+27 2.94E+26
4 J=5
Lulin 6.03E+26 4.20E+25
Encke 6.59E+24 2.13E+24
17P/Holmes R3
2901.26 2.41E+27 3.17E+26
A2 (LINEAR) 3 J=4 2.05E+26 1.46E+25
Boattini 0.77E+25 8.20E+24
17P/Holmes 3.24E+27 7.10E+26
Boattini R1
898.40 7.25E+25 2.70E+25
Q2 Machholz 1 J=2 3.57E+26 1.22E+26
Encke Q 5.93E+24 3.49E+24
2895.51
8P/Tuttle branch 6.75E+25 6.18E+24
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C/2000 WM

5.16E+25 1.02E+25
17P/Holmes 2 62E+27 3.52E+26
Lulin 6.32E+26 4.35E+25

A2 (LINEAR) 1.49E+26 1.25E+25
Boattini 1.45E+26 1.08E+25
Q2 Machholz 2. 87E+26 3.24E+25
Encke 3.64E+24 2.28E+24
C/2000 WM 7.32E+25 1.91E+25
17P/Holmes o3 3.71E+27 5.24E+26
Lulin 1os 289L79 | 650E+26 7.59E+25

A2 (LINEAR) 1.73E+26 2.39E+25
Boattini 1.63E+26 1.65E+25
Q2 Machholz 6.01E+26 7.62E+25
Ercke A.58E+24 1.96E+24
C/2000 WM 8.36E+25 1.42E+25
17P/Holmes ot 1.90E+27 3.56E+26
Lulin s 289054 | 4 57E+26 5.68E+25

A2 (LINEAR) 1.34E+26 1.77E+25
Boattini 8.62E+25 9.67E+24
Q2 Machholz 2.08E+26 5.13E+25
C/2000 WM P5 2889.33| 5 o4E+25 1.01E+25
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17P/Holmes J=4 2 33E+27 2.53E+26
Lulin 4.73E+26 3.41E+25
Boattini 1.50E+26 8.46E+24
Q2 Machholz 4.11E+26 3.91E+25
8P/Tuttle 2.34E+25 5.67E+24
C/2000 WM 4.03E+25 8.66E+24
17P/Holmes o 2.22E+427 2.34E+26
Lulin Joe 2888.16 | 5 14E426 4.70E+25

A2 (LINEAR) 1.44E+26 1.00E+25
Boattini 1.49E+26 8.99E+24
Q2 Machholz 2.28E+26 3.47E+25
8P/Tuttle 3.05E+25 4.07E+24
C/2000 WM 6.37E+25 7.38E+24
17P/Holmes o 3.05E+27 1.96E+26
Lulin J=6 | 2886.99 5.48E+26 3.47E+25
A2 (LINEAR) 2.03E+26 8.50E+24
Q2 Machholz 4.75E+26 3.31E+25
8P/Tuttle 4.06E+25 8.24E+24
C/2000 WM P8 J885 58 1.04E+26 1.57E+25
17P/Holmes J=7 1.17E+27 4.12E+26
Lulin 4.81E+26 3.87E+25
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A2 (LINEAR)

1.55E+26 1.82E+25
Q2 Machholz 3.87E+26 5.55E+25
C/2000 WM 1.01E+26 1.84E+25
17P/Holmes o 3.34E+27 3.29E+26
Lulin 2884.81 | 4 16E426 6.62E+25
=9 J=8
A2 (LINEAR) 2.08E+26 9.98E+24
Q2 Machholz 5.08E+26 6.79E+25
C/2000 WM 6.51E+25 1.09E+25
17P/Holmes 3.54E+27 3.46E+26
P10
Lulin 2883.80
3210 J=9 5.67E+26 6.64E+25
A2 (LINEAR) 1.76E+26 1.33E+25
Q2 Machholz 2 89E+26 3.76E+25
P11
17P/Holmes 2882.71
3211 J=10 2.24E+27 3.37E+26
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Appendix 1.

Measured rotational temperatures are expected dease due to adiabatic
expansion of the gas within several hundred kil@msetf the nucleus, and then to
increase due to collisions with OH and fast H atdanscomets with very high gas
production rate (Combi et al. 2004). The fieldvedw of the cometary coma varies
between = 52 and + 1053 km for the sample of cordetsussed in Chapter 5.
Measurements of rotational temperatures from alemféld-of-view should yield
higher values since they would represent a redmsec to the cometary surface. The
field-of-view is directly proportional to the conaey geocentric distance.

The nuclear surface temperature depends on theradiation flux at a given
heliocentric distancenrthe cometary albedo, latent heat of sublimatamrg other

factors. A simplified relationship between rota@ad temperatures and, 1is:

05 . . .
Tm Tyr, —, where T is the surface temperature at= 1 AU. For adiabatic

T

Viy o1
expansion of water vaporV 1 constor ?2 (V—l) , Where the volume of a
1 2

4
sphere isV 3 R®, and the adiabatic indexs approximately 1.3. For a nucleus of

. e R
radius R, the temperature at nucleocentric distantethen: T, T (TN) 09

[Note: The size of the nucleus does not affect ghs temperature at its surface,
therefore a larger nucleus would cause a displaceme the coma temperature

profile to larger distances.]
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Quo
2

The gas number density is expressed Bsa Y

(assuming

outflow

spherically symmetric coma), as discussed in chapteThe weighted mean coma

temperature for parent volatiles within a nucledgerbeam radius s then:

Ro R0
54 r? nodr g *dr o o
4Tre3 R T R % Rw 10T, R % (Ro~ Ry)
0 Ro NTYN R NN
0 R R
54 r? notdr Sir o N
RN Ry

09 (Rlo.l RNO.l)

At a different beam radius (R 4 Tr: 3 10T R
Rl RN

The scaling factor would bm (R, Ry™)R, R,
] 4Tro3 (R,™ RCH R, Ry

The

average nucleus sizeyRs approximately 2 km, which is negligible compmhte the

beam size and can be ignored. This provides aectefé scaling factor of:

4Tr 3 R
©Z (1) *, which is used to correct the temperatures predeiit Fig.
4T3 'R,

5.10B and Fig. 5.11B. Rs set to 200 km, based on the median of the tszes for

the sampled comets.
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