
A spectrophotometric survey of comets
and earth-approaching asteroids

Item Type text; Dissertation-Reproduction (electronic)

Authors Hicks, Michael David

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:02:04

Link to Item http://hdl.handle.net/10150/288719

http://hdl.handle.net/10150/288719


INFORMATION TO USERS 

This manuscript has been rqyroduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in ̂ pewriter &c  ̂while others may be 

from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct prmt, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adverse  ̂affect reproduction. 

In the unlikely event that the author did not smd UMI a complete 

manuscript and there are misang pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., m^s, drawings, charts) are reproduced by 

sectioning the original, b^inning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographicalfy in this copy, ifigher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Howell Information Company 

300 North Zeeb Road, Ann Aibor MI 48106-1346 USA 
313^61-4700 800/521-0600 





A SPECTROPHOTOMETRIC SURVEY OF COMETS AND 

EARTH-APPROACHING ASTEROIDS 

by 

Michael David Hicks 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF PLANETARY SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

19 9 7 



UMX Number: 9806796 

UMI Microform 9806796 
Copyright 1997, by UMI Company. All rights reserved. 

This microform editioa is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



2 

THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Michael David Hicks 

entitled A. Spectrophotometrie Survey of Comets 

and Earth-Approaching Asteroids 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

1^.1^ 
Dr./llwe Fi 

Dr. Carol 

windle 

Date 

Date"' ' 

Date 

Dr. Robert Brown Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction £md recommend that it be accepted as fulfilling the dissertation 
requirement. 

Dissertation Director Date " 
Dr. Uwe Fink 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements 
for an advanced degree at The University of Arizona and is deposited in the Uni
versity Library to be made available to borrowers imder rules of the library. 

Brief quotations from this dissertation are allowable without special per
mission, provided that accurate acknowledgment of source is made. Requests for 
permission for extended quotation from or reproduction of this manuscript in whole 
or in paxt may be granted by the head of the major department or the Deaji of the 
Graduate College when in his or her judgment the proposed use of the material is 
in the interests of scholarship. In all other instances, however, permission must be 
obtained from the author. 

SIGNED: 



4 

ACKNOWLEDGEMENTS 

This dissertation is dedicated to my best firiend, BigiB, and 3052. 

With whom I was and will remain 

Surprised by Joy. 

This research was funded in part by NASA Grant NAGW 1549. I would personally 

wish to acknowledge support from the NASA Training Grant NGT 51324. 



0 

TABLE OF CONTENTS 

LIST OF FIGURES 6 
LIST OF TABLES 8 
ABSTRACT 9 
1 Introduction / Statement of problem 10 

1.1 Overview of Comets and E<irth-Approaching Asteroids 12 
1.2 Past cometaxy filter and spectral surveys 21 

2 Cometary Spectral Observations and Data Reduction 24 
2.1 Observational techniques 24 
2.2 Reduction to emission fluxes 29 
2.3 Haser Model, ^-Factors 38 
2.4 Production rates and A f p  44 

3 Results from cometary spectroscopy 54 
3.1 Properties of selected comets -54 

3.1.1 Comet HyakutaJce 1996 B2 54 
3.1.2 Comets observed over more than one apparition 68 

3.2 Properties of the ensemble of comets 69 
3.3 Production rate ratios and A f p  74 

3.3.1 Normal variability 74 
3.3.2 Periodic versus non-periodic 77 

3.4 Comet taxonomy 79 
3.0 Interpretations of variability 85 

4 Near-Earth Asteroids and Extinct Cometary Nuclei 90 
4.1 Observations 90 
4.2 Data Reduction 92 
4.3 Discussion 96 

4.3.1 Extinct Comet Candidates 97 
4.3.2 1994 ESI 101 
4.3.3 Earth-approaching asteroids 101 

4.4 Conclusions 108 
5 Summary and Synthesis 113 
APPENDIX A Solar Analog Stars 115 
APPENDIX B Spectral Atlas of Observed Comets 117 
APPENDIX C References 165 



6 

LIST OF FIGURES 

1.1 Distribution of cometaxy inclination 16 
1.2 Dynamical distinction between asteroids and short-period comets . 18 
2.3 Example raw cometary spectrum 32 
2.4 Consistency check 34 
2.5 Ratio spectrum of C/1996 B2 35 
2.6 Effect of aperture size on emission flux 37 
2.7 Continuum phase functions 50 
2.8 Observational parameters 51 
3.9 Comparison of relative reflectance spectra taken during the April rxm 59 
3.10 Log of the production rates versus Log heliocentric distance .... 62 
3.11 Comparison of the C/1996 B2 lightcurve,H20 production rate cind hip 64 
3.12 Estimated size distribution for comets with emission 72 
3.13 Water production as a function of heliocentric distance 78 
3.14 Dust to gas ratio as a function of water production rate 80 
3.15 Ca versus CN 83 
3.16 C2 versus NH2 84 
3.17 NH2 versus CN 86 
4.18 The defocusing of the spatial profiles near the red end of the spectnim. 94 
4.19 Residucd effects of vignetting in the reflectcince spectra 95 
4.20 Reflectance spectra of possible extinct comet candidates 98 
4.21 1994 ESI 102 
4.22 Four Earth-approaching asteroids plus 4 Vesta 104 
4.23 Four Earth-approaching asteroids with undefined 1 fim band centers. 106 
4.24 Comparison of representative spectra 107 
4.25 Continuum slope versus pseudo band-depth 110 
B.26 hai85krl.ps 118 
B.27 hgi85jr2.ps 119 
B.28 rti85il77.ps 120 
B.29 rti85i248.ps 121 
B.30 tfi88irl.ps 122 
B.31 tfii88irl.ps 123 
B.32 swxsum.ps 124 
B.33bfi89firl.ps 125 
B.34 bfn89frLps 126 
B.35 hfi89grl.ps 127 



LIST OF FIGURES — Continued 7 

B.36 hfii89grl.ps 128 
B.37 lfi89grl.ps 129 
B.38 lfh89grl.ps 130 
B.39 pfi89drl.ps 131 
B.40 pfia89drl.ps 132 
B.41 sen89brl.ps 133 
B.42 yfi89arl.ps 134 
B.43 yfi89ax2.ps 135 
B.44 yfh89axl.ps 136 
B.45 yfii89ax2.ps 137 
B.46 efi90erl.ps 138 
B.47 e&i90erl.ps 139 
B.48 lfi90drl.ps 140 
B.49 lfia9Gdrl.ps 141 
B.50 pfi9G<lrl.ps 142 
B.51 p&i90<lrl.ps 143 
B.52 rfi90cl42.ps 144 
B.53 rfi90drl.ps 145 
B.54 rfn90cl42.ps 146 
B.55 rfh90drl.ps 147 
B.56 sfi90br3.ps 148 
B.57 sfh90br3.ps 149 
B.58 wfi90crl.ps 150 
B.59 wfn90crl.ps 151 
B.60 wlfi90brl.ps 152 
B.61 wLfia90brl.ps 153 
B.62 HEL91ARl.ps 154 
B.63 LVX91BRl.ps 155 
B.64 W2X9lBRl.ps 156 
B.65 SLI92ERl.ps 157 
B.66 r2i92bsum.ps 158 
B.67 rpi92a021.ps 159 
B.68 rtif041.ps 160 
B.69 MU93BR2-PS 161 
B.70SL93CR2.ps 162 
B.71 SM93CRl.ps 163 
B.72 VA93BRl.ps 164 



8 

LIST OF TABLES 

2.1 Summary of Comet Observations (1985-1996) Paxt 1 27 
2.2 Summary of Comet Observations (1985-1996) Part 2 28 
2.3 Flux standard stars used for comet photometry 29 
2.4 Wavelength Range of Emission Bands and Continuum 38 
2.5 Observed Comet Fluxes (photons s~^ m~^) Part 1 39 
2.6 Observed Comet Fluxes (photons s~^ m~^) Part 2 40 
2.7 Sources of neutral species observed in comets 41 
2.8 Parameters Used for Determining Production Rates 42 
2.9 A Comparison of Haser Model Scale Lengths at 1 AU (Ao)" .... 43 
2.10 Production Rates and Production Rate Ratios with Respect to H2O 47 
2.11 Upper Limits of Production Rates for Comets Showing No Emissions 48 
2.12 Af/o and dust-to-gas ratio for comets with emissions 53 
3.13 Detections of molecules reported in the lAU Circulars for comet 

C/1996 B2 (Hyakutake) 56 
3.14 Observing parameters for comet C/1996 B2 (Hyakutake) 57 
3.15 Comet C/1996 B2 (Hyakutake) measured flux in slit 58 
3.16 Hyakutake 96B2: Production rates and continuum (Afp) for 1996 

March observations 61 
3.17 Hyakutake sunmiary: Best estimates of production rates and pro

duction rate ratios 66 
3.18 Ordered list of H2O production rates reduced to 1 AU 71 
3.19 Ordered list of production rate ratios for 38 comets 75 
3.20 Ordered list of Afp/Q(H20) ratios for 38 comets 77 
3.21 Two-letter designation for comets showing emissions 81 
3.22 Taxonomic Classification by Production Rate Ratios 87 
4.23 Observational Parameters for Near-Earth Objects 91 
4.24 Selected Physical Parameters for NEO and Extinct Comet Candidates 96 
4.25 Asteroid Spectral Parameters 108 
A.26 Solax Analog Stars 116 



9 

ABSTRACT 

In this dissertation the results of a ten-year spectrophotometric survey of comets 

are presented. By measuring in a systematic way the production rates of C2, NH2, 

CN, and H2O released from the nucleus, we sought to explore comet-to-comet vari

ations that may yield clues to conditions in the early solar nebula. We classify 

our observed comets into four taxonomic classes (Type I,II,III,IV). The two classes 

which comprise the great majority of our sample (Type I and II) were also dis

cerned in the recent survey by A'Heara et al. (1996) and in general can be thought 

of as "normal" and "€2 depleted" comets. It is argued that the "normal" comets 

in general originate in the inner comet forming regions at the distances of Uranus 

and Neptune whereas the "02 depleted" may originate in the inner edge of the 

Kuiper disk. Evolved from our interest in extinct cometary candidates, we present 

the resrdts of out near-Earth eisteroid spectroscopy survey. Though taken at a 

wavelength range that makes firm classification difficult (0.5-1.0/im) we find that 

in general our sample is much closer spectroscopically to the ordinary chondrites 

and basaltic achondrites than to the spectra of main-belt asteroids, firming the link 

between near-Earth asteroids and meteorites. 
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CHAPTER 1 

Introduction / Statement of problem 

Of the solid bodies in our solax system, comets and asteroids axe the assemblages 

of matter least altered by post-formation processes and as such represent the most 

pristine remnants from the period of early solar system formation. Their study 

provides a window into the the accretionary stage of the Eaxth and the other major 

planets. Though the impact flux is very much diminished, the Earth can still be 

considered to be in the process of active accretion, with some 100 kg of matter 

reaching the upper atmosphere on average every day. The effects on terrestrial 

geology and biology are dominated by the larger impactors, with size scales of 

one kilometer and greater. Comprised of objects of both asteroidal and cometary 

origin, this class of objects is referred to collectively as the NEOs, or Near-Earth 

Objects. The study of comets and asteroids are intertwined, and made timely by the 

growing realization of the impact threat the NEOs pose to life on earth. In addition 

to understanding solar system formational processes and the impact threat, both 

uear-Earth asteroids and comets will provide valuable resources if humanity ever is 

able to venture from the cradle of our home planet. 

In order to better understand the nature of these important classes of ob

jects, we implemented an ongoing siirvey of comets and Earth-approaching asteroids 

using a long-slit medium resolution (7.21 A) CCD spectrometer at the Catalina Sta

tion 1.54 meter telescope on Mt. Bigelow near Tucson. By applying the instrumen

tation and observing techniques developed during the Comet P/Halley apparition 

we set out to study the ensemble properties of comets and near-earth asteroids as 

separate, but in some ways interconnected, populations of objects. We sought to 
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address the following issues as they pertain to comets: 

• What is the composition of a typical comet and what are the normal comet-

to-comet variations? 

• Are Jupiter family and Halley family comets distinguishable spectroscopicaUy 

from dynamically new comets? 

• How does cometaxy activity evolve as a function of heliocentric distance? Do 

comets change over the course of subsequent apparitions? After fragmentation 

of the nucleus? 

• Do taxonomic groups of comets exist? And if so, how is this interpreted in 

the context of solar system formation? 

The questions we wished to examine through our spectral survey of near-Earth 

objects included: 

• What is the taxonomic distribution of near-Earth asteroids and how does this 

compare with the asteroid belt as a whole? 

• Is it possible to reconcile the apparent lack of chondritic source materials in 

the main belt to their overrepresentation in terrestrial meteorite falls? 

• Is it possible to characterize spectroscopicaUy extinct cometaxy nuclei? What 

is the nature of the comet-asteroid connection? 

Our survey was time-consuming and laborious. Well over 150 nights of 

observation were dedicated towards the effort. But the result was the most compre

hensive long-slit survey of comets yet performed. It is with a real degree of pride 

that that we state that our data allows us to at least address every question posed 

above. 
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1.1 Overview of Comets and Earth-Approaching Asteroids 

Our solar system formed some 4.5 billion years ago from a slowly rotating inter

stellar cloud of gas and dust. The initial angular momentum of the cloud was due 

to the differential rotation of the galaxy and through turbvdence induced through 

collisions between interstellar clouds. In the process of star formation, gravitational 

instabilities prompted the coUapse of at least some region within a cloud. Though 

there is some amoimt of braking due to coupling with the interstellar magnetic fields, 

conservation of angular momentum forced the cloud to speed up as it shrinks. The 

centrifugal force arising from the fast rotation prevented the matter from forming a 

spherical object. The result was a protostellar disk centered about a yoimg embry

onic star. It is thought that perhaps 50% of low-mass staxs give rise to some sort 

of circumsteUar disk in the process of formation (Laxson 1989). 

The protosteUar disk was a mixture of gas, dust and ice. To a first order 

approximation, the composition of the solar system was controlled by the tempera

ture gradient across the disk, with the temperature near the early sun hot enough 

to allow only refractory minerals such as silicates and metaJs to condense. As one 

moves radially outward more volatile materials were able to exist in solid form. The 

significant gas pressure acted against gravity, causing the bulk gas and the smaller 

particles (less than 10 ^m or so) to orbit with less than Keplarian speeds. The 

larger particles, decoupled from the gas, would therefor experience a 'headwind', 

leading to a net flux of angxilar momentum outwaxd, as well as causing particles 

to settle towards the midplane of the protostellar disk. Because the effect of gas 

drag varies as a function of particle size, relative velocities and rates of collision 

were increased and particles grew, first cemented by molecular forces and then by 

gravitation as bodies grew to the size of planetesimal. 

As noted by Levy (1994), both comets and asteroids managed to escape the 

final processes of planetary accretion. In the case of main-belt asteroids, it is thought 

that the gravitational effects of Jupiter perturbed the orbits of the pleinetesimals 
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between orbits of Mars and Jupiter such that the relative coUisional velocities were 

disruptive rather than accretionary, thus preventing the development of any minor 

planet laxger than the ~1000 km diameter 1 Ceres. The larger asteroids, such 

as 4 Vesta, generated enough heat during formation to differentiate, with heavier 

metaJs sinking into a core and leaving a mantle of light minerals near the surface. 

If such a body is subsequently disrupted by collision, it leaves behind fragments 

of various mineralogies, ranging from pure nickel-iron alloys to stony-iron mixture 

from the core-mantle boundary to surface basalts. This is bom out through the 

range of meteoric finds on the Earth. The orbits of the majority of asteroids in 

the main-belt are stable over solax-system time scales, however Jupiter continues 

to strongly perturb the orbits of asteroids, especially those objects which lie near 

secular resonances, and can mutate the semi-major axis and eccentricity such that 

an object becomes planet-crossing. In this way the population of Earth-crossing 

asteroids is thought to be continually replenished. 

Comets formed in the outer protostellax disk where temperatures were such 

that water ice could exist in solid form, out beyond ~5-10 AU. Comets are composed 

primarily of frozen HjO and dust: the classic "dirty snowball" model posed first 

by Whipple (1950). Comets are thermodynamically unstable in the inner solar 

system. With solar insolation, the ices sublimate into the vacuum of space. The gas, 

expanding at greater than the escape velocity of the comet (~1 km sec"'^), carries 

entrenched dust. It is this cloud of particles, or coma, which is observationaUy the 

definitive characteristic of a comet. Often, the evaporation is confined to certain 

discrete active areas, giving rise to dust jets and other structures as the nucleus 

of the comet rotates. The trajectory of the particles interact with the forces of 

solar gravity and radiation pressure creating the typical parabolic shape of the 

coma. Expanding gases, once ionized, form rays cind knots as they outline the 

interplanetary magnetic field structure as it drapes itself through the coma. All 

things considered, their dramatic and ephemeral nature makes comets some of the 

most beautiful solar system objects to observe. 
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Though temperatures and mass densities of the protosolar nebula allowed 

comets to form past the orbit of Jupiter, this process was able to continue to great 

heliocentric distances. Edgeworth (1949), and later Kuiper (1951) were the first to 

envisioned a disk of comets out past the orbit of Neptune, commonly referred to 

as the Kuiper belt or disk. Collisions in this part of the disk are thought to have 

been too rare for bodies larger than a few hxindred kilometers to accrete. This idea 

was confirmed by the discovery of 1992 QBl by Jewitt and Luu (1992), a 280 km 

body with a = 44.0 AU and a nearly circular orbit. To date, there axe now some 

~30 of such trans-Neptunian objects known. Perturbations by the outer planets 

have swept clean any closer th«in the orbit of Neptune and therefor the Kuiper belt 

comets that have been discovered represent only the largest objects on the inner 

edge the disk. Smaller objects are too faint, Mh < 24, to be foimd in cxirrent 

ground-based surveys but there is no reason to believe the Kuiper belt population 

does not extend down to smaller size scales with even greater niunbers. The seajch 

for new objects, the study of the nature of the population and the dynamics of the 

disk are all subjects of intense current interest and work. 

In the early soleir system, comets were also forming inside the orbit of Nep

tune, but the development of the gas giants profoimdly influenced their subsequent 

evolution. All of the outer planets, excepting Pluto which in fact can be consid

ered to be the largest and closest Kuiper belt object, were extremely efficient at 

scattering this inner population of comets. It has been estimated that roughly one 

third of the early comets were perturbed into simgrazing orbits, one third impacted 

the giant planets, and one third were ejected into extremely long period, but still 

weakly boimd orbits (Weissman 1982). This dynamical mechanism was first rec

ognized by Oort (1950), who postulated that the initial scattering of early comets 

by the forming gas planets produced a poptilation of ~10^^ objects distributed in 

spherical cloud extending out to ~10®AU but still weakly boimd to our sun. Oort 

cloud comets remain in 'deep freeze' for millions of years until galactic tides and 

interactions with passing stars perturb them into planet crossing, but effectively 

parabolic orbits. Oort examined the inverse semimajor l/a^, a measure of orbital 
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energy per unit mass, before planetaxy perturbations and was able to demonstrate 

analytically that long period comets that are dynamically new, making their first 

pass through the solar system, have 1/ao between 0 and 1 x 10"^ AU"'^. Passes 

through the planetary system perturbs the comets in 1/a, either ejecting them from 

the solar system or binding them closer to the sim. If comet-forming processes have 

been at work in nearby solar systems, ejecting comets into interstellar space, one 

may expect to periodically encoimter a long period comet on a distinctively hyper

bolic trajectory, as falling into the gravitational well of the solar system adds an 

additional 20 km sec~^ to the velocity of an object. Unfortunately, this has yet to be 

observed, and Sekanina (1976) used this fact to compute an upper limit of 6 x 10"'^ 

M@ pc~^ on the meiss density of extra-solar comets in our galactic neighborhood. 

Comets which penetrate the inner solar system are classified as either long-

period or short-period comets, P > 200 years versus P < 200 years. While the 

inclinations of long-period comets are essentially random, the short-period comets 

are concentrated near the ecliptic, as illustrated in Fig. 1.1. It was originally 

thought that long-period comets from the Oort cloud evolve into short-period 

comets through Jovian encoimters (Everhart 1972). While Jupiter sis able to cap-

ttire long-period comets with perihelion near Jupiter, this mechanism is unable to 

explain the large nimiber of low-inclination short-period comets. It is necessary to 

call upon a source of low-inclination bodies in order to explain the population of 

short-period comets. It is now becoming generally accepted that the Kuiper Belt 

is the primary source for low-inclination short-period comets. The short-period 

comets can be further distinguished as members of the Halley-family comets (HFC) 

or the Jupiter-family (JFC), with HFCs having periods typically greater than 20 

years. Dynamically, these two classes of comets are quite distinct. One can use 

the Tisserand parameter, T, to distinguish the HFCs (T < 2) from the JFCs (T > 

2). Numerical integrations by Levison and Dimcan (1994) demonstrate that there 

is little mixing between these two populations. They found that the mean life

time of the current population of short-period comets is ~4.5 x 10® years, with 

92% of the objects ejected from the solar system and 6% evolving into sun-graaers. 
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Figure 1.1: Distribution of orbital inclination for short-period (P < 200 year) vs. 
long-period (P > 200 year). Short-period comets are sharply peaked at low incli
nations, as opposed to the broad distribution inherent in the long-period comets. 
Nimierical integrations show that the short-period comets cannot evolve from the 
long-period population suggesting a source for the short-period comets in the Kuiper 
Belt. The long-period comets axe derived from the Oort Cloud. Orbital elements 
courtesy of J. Scotti 
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They estimated that there should be ~5-20 times more extinct short-period comets 

than active; a popidation which directly feeds into the study of Earth-approaching 

asteroids. 

Fig. 1.2 is a scatter plot in semimajor axis vs. eccentricity for almost aU 

known short-period comets and asteroids. Originally composed by Kresak (1985). 

this diagram was updated by Weissmann et al. (1989) and in this incarnation in

cludes the orbits of over 10000 asteroids and short-period comets (long-period 

comets, with large semi-major axes, do not fit on this diagram). The structure 

of the main-belt is readily apparent, with strong gaps at the 2:1, 3:1, and 4:1 reso

nances. Dynamical families are also obvious, such as the Hildas at the 3:2 resonance 

and the Trojans at the 1:1. The solid curve extending from the Trojans down to the 

right as well as the curve from the Trojans to the upper right are contours of con

stant Tisserand invariant T = 3 and separates the fields into comets (open circles) 

ajid asteroids (solid dots). The solid curve extending on the right of the diagram 

extending upwards towards the q=l line is a contour of T=2. This separates the 

Jupiter family short period comets from the Halley family. 

The Tisserand invariant is a quasi-constant of motion in the restricted three-

body problem: 

where aj is the semi-major axis of Jupiter and Q, q, i are the aphelion, perihelion 

distance and the inclination of the asteroid. Note that all the short-period comets 

have T<3. T must be less than 3 for an object to be Jupiter crossing. Until recently, 

there were very few asteroids with T<3. But as we see in Fig. 1.2, this situation 

has greatly improved. Using the Tisserand parameter as the diagnostic criterion 

to identify extinct periodic comets, Shoemaker et al. (1994) list what they consider 

to be the 12 strongest candidates. They suspect that there may be an order of 

magnitude more extinct short-period comets than active, a conclusion which greatly 

influences estimates for the impact threat of these objects with the Earth. This will 

certainly be continuing work in our spectroscopy campaign. 

(1.1) 
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Eccentricity 

Figure 1.2: Distribution in orbital space of asteroids (solid circles) and short-period 
comets (open circles). The dashed curve extending from the lower left to the upper 
right is q=l, below which defines the Apollo-Aten region. The solid curve starting 
at the Trojans in the upper left and extending down and to the right is the curve of 
Tisserand invariant T=3, assvmiing zero inclination. Above this line is the region of 
short-period comets. The asteroids in this region of orbital space can be considered 
very strong candidates of extinct cometary nuclei. Orbital elements courtesy of J. 
Scotti 
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Eaxth-approaching asteroids and comets provide the flux of observed me

teoric falls yet until recently have eluded any sort of systematic study, due to their 

small size ajid limited periods of visibility. Through the continuing efforts of near-

Earth asteroid discovery programs, such as Project Spacewatch and the Near-Earth 

Asteroid Tracking (NEAT) programs (Gehrels et al. 1991) there are now enough 

objects with well constrained orbits that followup spectroscopic programs designed 

to determine surface mineralogy are proving to be extremely fruitful in character

izing the population as a whole. As discussed by Gaffey (1993), the asteroid belt 

represents the least altered remnants of the early formational stage in the inner 

solar system. Asteroids, in general, are thought to have undergone only minor al

teration since their accretion, as opposed to the terrestrial planets which have been 

altered greatly by melting, differentiation, and other geologic processes. The study 

of meteorite falls, therefor, provides fundamental constraints on the conditions in 

the inner solar nebula. 

It is thought that the majority of the the non-volatile material involved in 

accretion formed bodies consisting of grains of olivine and pyroxene in a matrix 

and are classified as chondrites. Chondrites make up a large majority of all stones 

collected on the Earth as meteorites and are made of materials that have only been 

modestly altered by the formation process. Achondrites, on the other hand, are pro

duced by either full or partial melting of chondritic source materials. The basaltic 

achondrites account for approximately 8% of the falls and include the howardites, 

eucrites, and diogenites. These minerals have a distinctive spectral shape, with 

strong absorptions near 1 and 2 ^m. It was this spectral signature that allowed the 

basaltic achondrites to be associated with a specific paxent body, asteroid 4 Vesta 

(Drake 1979, Gaffey 1983), though until recently it was hard to understand how ma

terial from Vesta could be transported to Eaxth. It was not imtil a more complete 

spectroscopic survey of small main belt asteroids was undertaken that a family of 

small (<10 km) objects with reflectance spectra similar to that of Vesta and the 

HED meteorites were found bridging the gap between Vesta's orbit and the 3:1 

resonance (Binzel and Xu, 1993). More recently, small Earth-approaching asteroid 
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1996 JAl was observed and found to also be spectroscopically similar to Vesta and 

the eucrites (Hicks et al. 1996). 

The near-Earth asteroids provide the link between the main asteroid belt 

and the meteorite falls on Earth. The nature of this population is poorly imderstood 

at present. Due to their dynamically short lifetimes, near-Earth asteroids must be 

actively replenished (Wetherill 1985, 1988). The comparison of lightcurve periods 

and amplitudes between NEOs ajid small main belt objects suggests that the near-

Earth asteroids are derived predominately from the asteroid belt, as opposed to 

extinct cometary nuclei (Binzel et al. 1992). The overabimdance of small (< 50m) 

neax-Eaxth asteroids with nearly circular obits argues for the existence of a near-

Earth asteroid belt (Rabinowitz 1994a). The source of these bodies is still a matter 

of great contention, though numerical simulations by Bottke et al. (1996) suggest 

that ejecta from Mars may be consistent with the dynamical constraints imposed 

by the small Earth-approachers. 

There has also been the persistent problem of finding a source body for 

the ordinary chondrites. Though they comprise the majority of meteorite falls it 

has been difficult to find spectroscopic analogs within the main asteroid belt. It 

has been argued that the S(IV)-type asteroids provide the only plausible source of 

parent bodies, with 3 Juno, 6 Hebe, and 7 Iris being the leading candidates (Gaflfey 

et al. 1993). A survey of 35 near-Earth asteroids has uncovered 6 with spectral 

properties consistent with ordinary chondrites, with others in the sample spanning 

the range from ordinary chondrites to the most common S-type, suggesting that 

there may be a link (Binzel et al. 1996). We present the preliminary results of 

our spectroscopic survey of near-Earth objects, which number thirteen asteroids 

and extinct cometary nuclei candidates. We also find a vast over-representation of 

objects with a very strong 1 ^m absorption feature consistent with the chondrites 

and basaltic achondrites, which represent the bulk of meteorite falls on the Earth. 

Though we can not rule out an observational bias towards smaller objects which 
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might have systematic<dly different compositions, it is not implausible that the near-

Eaxth asteroids represent a population quite distinct from the main belt as a whole 

and one which is much closer to terrestrial meteorites than had been eissumed. 

1.2 Past cometary filter and spectral surveys 

There have been several siurveys designed to investigate compositional differences 

intrinsic to comets. Two were spectral surveys based on observations with the 

Image Dissector Scanner (IDS) at the 2.7 m telescope at the McDonald Observatory. 

Newbum and Spinrad measured production rates for 17 and later extended their 

observations to 25 comets (Newborn and Spinrad 1984, 1989). The species measured 

were CN, C3, C2, H2O (from 01 emission) and the dust continuum. Cochran et 

a/, and Storrs et a/. (1992) present data on 17 comets, deriving production rates 

for CN, C3, C2, NH2, and CH. Both teams found that the relative abundances of 

gaseous species in the coma vary much less than the gas-to-dust ratio. No specific 

taxonomic groupings of comets were foimd. 

The IDS spectrometer uses two square apertures of 4" size and separated 

by 35" in the case of Newbum and Spinrad and 52" in the case of Cochraji et 

al.. Using such small apertures and subtracting the sky nearby on an extended 

source such as a comet means that the Baser model corrections, as discussed ia a 

later chapter, are very large and the production rate is extremely sensitive to small 

errors in Baser correction propagating through the reduction. We feel this gives 

rise to systematic errors in production rate ratios which is greater than the normal 

variance found in most comets. 

The filter photometry by A'Beam et al., does not suffer from this prob

lem, in that their average circular aperture of 55" captures a much greater fraction 

of the emission flux and therefor needs much smaller Baser correction factors. A 

recent paper A'Heam et al. (1995) presents as simamary of narrowband filter pho

tometry for 85 comets taken over a sixteen-year time frame (1976-1992). Using the 
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staxidaxd Halley-watch suite of filters supplemented by some of their own design, 

they measured emissions from OH (0-0), NH (0-0), CN (Ai/=0), C3 (A4050), and 

C3 (Ai/=0). They also employed a set of narrow continuum filters spanning from 

3650A to 6840A. Within their dataset, they identified two taxonomic classes. With 

the species they measured, they found that approximately 2/3 of the comets main

tain relatively consistent Ca/CN and C3/CN production rate ratios with the water 

production rate spanning two orders of magnitude. The remaining third in their 

sample where anomalously depleted in C2 and C3 while maintaining a relatively 

constant CN/OH ratio. 

Though filter photometry is able to capture a laxge percentage of the flux 

from any paxticulax emission band, it is fraught with its own compromises. Since 

a large number of filters axe cycled through sequentially, absolutely photometric 

conditions axe necessary. Small changes in transparency through time give rise to 

errors that propagate through the reduction. Also, determining the proper contin

uum level can be quite difficult. None of the continuum bands chosen by this group 

are completely free of molecular emissions. And lastly, A'Heam et al. noted a degra

dation of various filters through the yeaxs and were forced to rely on time-dependent 

color transformations to combine the data from the observatories involved in the 

survey. It is unclear what efiect this may have had on their derived production 

rates. 

A long-slit CCD spectrophotometric survey of 39 comets has been published 

by Fink and Hicks (1996). This work is a continuation of that survey. In otir 

wavelength range we are able to measure emissions from Cj, NHj, CN, and H2O 

(from OI emission). Long-slit spectrophotometry allows one capture all wavelengths 

simultaneously and therefor one is not as sensitive to small changes in the night 

sky. Instead of raw flux mmabers through filters, spectroscopy gives one a ratio 

spectrum of the comet. Molecular emissions can be identified and the continuum 

level underneath can be more accurately determined. In that more of the sky is 

imaged as compared to the IDS system, we are less sensitive to errors in the Haser 
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correction. Also, because the effective slit length is set during reductions, a variety of 

vaiying aperture sizes can be reduced separately and cross-checked for consistency. 

The production rate ratios gave a similar resiilt to that of A'Heam et 

al., namely that a majority of the comets show relatively constant C2/CN ratios, 

whereas some comets are depleted in €2- Fink and Hicks identified one particular 

interloper. Comet Yanake I988r, which was depleted in both Cj and CN but had 

a quite normal NH2/H2O ratio. In this work we have collected enough comets to 

show that the C2 poor class of A'Heam et a/, and Fink and Hicks is split quite 

distinctly by their relative NH2 abundances. In our data there axe actually four 

distinct taxonomic classes. 
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CHAPTER 2 

Cometary Spectral Observations and Data Reduction 

The cometaxy data presented in this thesis represents over ten years of instrument 

development and observational effort with well over one hundred and fifty nights 

(in the post-Halley era) dedicated by the author, advisor, and colleagues at the 

telescope and «is such forms the largest and most complete flux calibrated survey of 

comets obtained with CCD long-slit spectrometry. Because ail of the observations 

were performed with the same instrumentation and all data was reduced in a con

sistent fashion, the systematic errors effectively cancel out of the interpretation and 

comet-to-comet variability we measure accurately reflects the diversity inherent in 

this important class of solar system objects. 

2.1 Observational techniques 

The observations were performed at the 1.54 meter Catalina Station telescope oper

ated by the University of Arizona Observatories. The spectrometer was specifically 

designed for spectrophotometry of faint extended objects and therefor is quite fast, 

with an / ratio of 1.2, specifically tailored to match the 800x800 TI chip in the 

CCD camera (15 fim pixels). The design, of the spectrometer is discussed in more 

detail by Fink et a/. (1980). The 20 mm spectrometer slit (200" projected on the 

plane of the sky) is imaged on a region of 180x800 pixels on the CCD chip, giving 

a spatial resolution of 1.5" pixel"^ (approximately 20 pixels on both sides of the 

spectrum are saved to give a well defined bias level). Though imder certain cir-

cvmistances we wotdd rotate the tailpiece of the telescope, we found it best to keep 
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the spectrograph slit oriented along a line north-south. This proved quite adequate 

for the majority of objects which were observed near transit. The spectral region 

observed covers from approximately 0.55 fxia to 1.05 fim with an average dispersion 

of 7.21 Apixel"^ giving a spectral resolution of ~12 Awith a 2.5" (0.25 mm) slit. The 

system was first used extensively for the 1985/1986 P/Halley apparition (Fink and 

Disanti 1990, Fink et al. 1991, Fink 1994). 

The spectrometer has a bending flat which which allows the observer to 

see the image of the star or comet in the slit jaws. This feature is very practical 

for setting the telescope focus, checking the seeing, etc. The mirror swings out of 

the beam in order to take spectral exposures and this is how the guiding was done 

throughout the P/HaUey apparition: an observer on the telescope platform would 

center the object by eye in the slit, move the bending flat and yell "Go!". The 

other observer would then quickly take an exposure. If the integration time was 

long enough to warrant, the position of the object in the slit would be checked at 

the end of the exposure. This method of course only works for bright objects which 

can be seen visually and exposures short enough such that telescope tracking errors 

do not compromise the photometry. 

For a more complete survey it was necessary to develop a CCD guiding 

system in order to acquire our targets and hold them in the slit for exposures up to 

20 minutes. We affectionately refer to the apparatus as 'the guider box' and this 

optical assembly bolts between the tailpiece of the telescope and the spectrometer 

itself. Inside the guider box is a dichroic beam splitter, which reflects the blue light 

of the beam before it enters the spectrograph to a CCD camera. The light which 

is imaged onto the guiding camera is further selected by a standard B filter. The 

guiding camera has a plate scale of 0.93" pixel~^ (15 ftm pixels) and a usable field of 

view of approximately 8'. The guiding camera is read out with a rack mounted VME 

controller which centroids the image and sends guiding corrections to the telescope 

control computer via an RS232 serial link. With this system we are able to keep 

the peak to peak guiding errors to within ~1", though with improvements made 
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to the telescope control computer's flexure map model in early 1996, this figure 

has been recently been reduced to ^0.5". The readout time of the guider camera's 

CCD was optimized for imaging of faint sources and therefor the effectiveness of 

the guiding was limited by the ~1 minute readout cycle imposed by the controller 

electronics. The centroiding program eJso computes image half-widths as well as 

rough photometry of the object and the sky. This way the observer is more aware of 

changes in sky transparency and seeing conditions. A silver mirror takes the place 

of the dichroic in the guider box when we wish to use the camera for dedicated 

imaging studies (BVRI, etc). 

By virtue of the CCD guiding system we are able to take usable spectra of 

point sources down to 18.5 magnitude and 16-17th magnitude for extended sources 

such as comets, by coadding series of 20 minute exposures. With the guider oper

ational our spectral survey became exceedingly efficient and even with a moderate 

1.54 m telescope, weather permitting, we were able to coUect spectra of practically 

every comet with heliocentric distance r<3 AU available in the sky at the time of our 

observing runs. This data forms a large and relatively unbiased survey as illustrated 

in Table 2.1 and Table 2.2. These tables list the comets included in the analysis in 

order of date first observed. Also listed is their heliocentric/ geocentric distance and 

solar phase angle at the time of observation. A total of 66 comets were observed, 

with 43 periodic and 23 long-period. This survey represents a sizable fraction of 

the known comets. 

Each night solar analog stars were also observed spectroscopically. These 

stars were originally adapted from the list of the 13-color photometry of solar-type 

stars (Schuster 1976) and are listed in Table B.26. In chosing our comparison stars 

we would try to match both cdrmass and proximity in the sky. Through extensive 

experience we have been able to internally cross check all solar comparison stars 

we used and believe that errors introduced by non-solar slopes to be well within 

5%-10%. For the flux calibration of the data, photometric standards (Johnson 

1980) were also observed, from the list of objects given in Table 2.3, usually near 



Table 2.1: Summary of Comet Observations (1985-1996) Part 1. 

r V 
Object Date(s) AU AU deg 
P/HaUey 1985 Sep-1986 Jun 0.73 to 2.52 0.44 to 2.47 5.2 to 57 
P/Giacobini-Zinner 1985 Jul 25 1.19 0.66 59 

1985 Aug 24 1.05 0.50 73 
1985 Oct 21 1.21 0.66 55 

Hartley-Good (19851,1985 XVII) . 1985 Oct 20 1.20 0.57 56.1 
1985 Nov 15 0.85 0.88 69.9 

P/Tempel 2 1988 Oct 9 1.41 1.07 45.2 
Yanaka (1989a, 1988 XX) 1989 Jan 15 2.11 1.88 27.8 
Yanaka (1988r, 1988 XXIV) 1989 Jan 15 0.93 0.37 89.9 
Shoemaker (1989e, 1989 IH) 1989 Feb 13 2.64 1.73 9.9 
Shoemaker (1989f, 1988 XXI) 1989 Feb 14 2.51 1.69 15.0 
P/Clark 1989 Feb 14 2.84 1.90 8.0 
P/Pons-Wimiecke 1989 Jun 25,26 1.42 1.16 45 
P/Gunn 1989 Jul 13,14 2.51 1.96 22 
P /Brorsen-Metcalf 1989 Jul 13,14 1J36 0.89 49 

1989 Aug 2 1.01 0.65 71 
Helm-Romaii-Alu(1989v,1989 XXI) 1989 Oct 9 1.51 0.53 13.4 
P/Lovas 1 1989 Oct 9 1.68 1.12 35 
P/Schwassmann-Wadiman 1 1989 Oct 8 5.77 4.82 3.2 

1989 Dec 22-24 5.57 5.57 9.8 
P/Gehrels 2 1989 Oct 9 2.35 1.42 10.9 
P/WUd 4 (1990a, 1990 X) 1990 Feb 28 2.19 1.26 12.5 

1990 May 25,28 2.01 1.87 30 
P/Schwassmami-Wachman 3 1990 Feb 28 1.44 0.75 40 

1995 Nov 24-26 1.29 1.52 40 
Austin (1989cl, 1990 V) 1990 May 21-26 1.11 0.24 58 
P/Peters-Hartley 1990 Jun 17,20 1.63 0.92 35 
Levy (1990c, 1990 XX) 1990 Jun 17,18 2.24 2.30 26 

1991 Jun 63 33S 3.94 13.4 
P/Russell 3 1990 Jun 18,20 2.53 1.57 10.5 
P/Kopff 1990 Jun 20 2.14 2J6 26 

1990 Oct 11 2.81 1.83 5.7 
1996 Apr 11,12 1.77 1.12 31 
1996 May 15,16 1.65 0.79 27 
1996 Jun 15,16 1.59 0.61 15.4 

P/Encke 1990 Oct 9-11 0.57 0.87 85 
1993 Dec 15,17 1.22 0.95 52 
1994 Jan 7 0.85 0.87 69 

Helin-Lawrence (19911) 1991 May 11 3.52 2.80 12.9 
McNaught-Hughes (1990g) 1991 May 11,14 2.79 2.12 18 
Shoemaker-Levy (1991d) 1991 May 12 3.41 3.47 16.8 

1992 Jun 7 2.87 2.65 21 
P/Hartley 1 1991 May 12,14 1.82 0.90 18.5 
P/Takamizawa 1991 Jun 5,6 1.75 0.95 27.6 
p/wad2 1991 Jun 6,8 2.25 1.24 3.7 
P/van Biesbroeck 1991 Jun 6,8 2.42 1.80 22 
Zanotta-Brewington (1991gl) 1992 Jan 31, Feb 1 0.64 0.72 92 
MueUer (1991hl) 1992 Feb 28 0.72 0.79 82 
Shoemaker-Levy (1991al) 1992 Jun 7 1.20 1.56 41 

1992 Jul 14 0.86 0.90 71 
P/Swift-THittle 1992 Nov 24-29 1.00 1.32 47 
P/Schaumasse 1992 Nov 29 1.69 0.71 4.4 

1993 Mar 12 1.21 0.57 55 



Table 2.2: Summary of Comet Observations (1985-1996) Part 2. 

r 
Object Date(s) AU AU deg 
P/Scbaumasae 1993 Apr 24 1^7 0.74 46 
Mueller (1993a) 1993 Mar 23 3^9 3.62 15 

1993 IDec 14,17 1.97 1.97 29 
1994 Jan 8 1.94 2J5 24 

P/Vaisala 1993 Mar 23 1.83 0.96 22 
1993 Apr 24 1.78 1.13 31 
1993 Jun 18 1.85 1.60 33 

P/Shoemaker-Levy 9 (1993e).. 1993 Apr 21,22 5.36 4.45 5 
P/Forbes 1993 Jon 18 1.76 1.82 33 
Mueller (1993p) 1993 Sep 4 3.12 2.58 18.0 

1993 Dec 15 1.90 1.77 31 
1994 Jan 10 1.58 1.95 30 

P/Asbbrook-Jackson 1993 Oct 10 2.40 1.40 3.2 
P/West-Kohoutek-Dcemura 1993 Oct 10 1.75 1.07 31 

1994 Jan 8 1.58 0.70 24 
P^<;/-̂ wM«mAnn-WivhTnan 9 1994 Jan 9 2.07 1.12 8.9 

1994 Mar 18 2.11 1.37 23 
P/Hartley 3 1994 Mar 15 2.50 2.79 20.7 
P/Tempel 1 1994 Mar 17 1.83 0.89 15.0 

1994 Apr 12 1.70 0.73 12.4 
1994 Jun 13 1.51 0.76 37.5 

P/Kushida 1994 Mar 22 1.77 0.86 18.8 
1994 Apr 14 1.93 1.15 24.6 

P/McNaught-Russell 1994 Apr 12 2.27 2.59 22.6 
Takamizawa (19941) 1994 Jon 13,14 1.96 1.25 27.0 
P/Reimnuth 2 1994 Jun 13,14 1.90 1.85 31 
Nakamnra-Niahimura-Marhholr. 1994 Sep 5,6 1.43 0.43 11.8 
P/Machholz 2 1994 Sep 5,6 0.78 0.50 100. 
P/Harrington 1994 Sep 6 1.57 0.71 28.0 
P/Borrelly 1994 Sep 6 1.51 1.19 41.8 

1994 Dec 2-4 1.41 0.62 36.4 
Machbolz (1994r) 1994 Dec 2-4 2.00 1.02 4.61 
P/Brooks 2 1994 Dec 3 2.01 1.09 13.2 
P/Clark 1995 May 29,30 1.55 0.69 30.0 

1995 Jun 24 1.57 0.62 21.1 
P/d'Arrest 1995 Jon 25,26 1.39 0.59 39.9 P/d'Arrest 

1995 Sep 26-30 1.52 0.60 23.5 
Hale-Bopp (C/1995 Ol) 1995 Sep 26-30 6.58 6.52 8.8 

1996 Apr 11-17 4.75 4.70 12.1 
1996 May 15,16 4.41 3.80 11.4 
1996 Jun 15 4.09 3.15 6.2 

P/Jackson-Nem'min 1995 Sep 26-30 1.38 0.44 25.4 
1995 Nov 24,28 1.50 0.78 36.2 

P/de Vico 1995 Sep 26,30 0.68 1.05 66.8 
P/Churymnov-Gera 1995 Nov 24 1.45 0.9T 42.6 

1996 Feb 17,20 IJS 1.22 44.8 
P/Hond»-Mrkos-Paj 1995 Nov 25-28 0.79 1.19 55.2 

1996 Feb 17 1.13 0.22 42.8 
Szczepanski (C/1996 Bl) 1996 Feb 17 1.46 0.58 29.2 

1996 Apr 11 1.70 0.95 30.1 
Hyakutake (0/1996 B2) 1996 Feb 17,18 1.73 1.23 33.9 

1996 Mar 23,24 1.07 0.11 44.0 
1996 Apr 11-17 0.66-0.52 0.56-0.75 110-102 

Hyakutake (C/1995 Yl) 1996 Feb 17,18 1.60 1.24 50.2 
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Table 2,3: Flux standard stars used for comet photometry 

(B19S0) 
name RA DEC 
BS7I8 02:25:29 8:14:12 
BS875 02:54:06 -3:54:46 
BS1855 05:29:30 -7:20:13 
BS2491 06:42:54 -16:39:46 
BS3314 08:23K)9 -3:44:32 
BS4534 11:46:28 14:50:59 
BS4662 12:13:13 -17:15:50 
BS5511 14:43:42 2:06:07 
BS5685 15:14:18 -9tl2M) 
BS6629 17:45:22 2:43:24 
BS7001 18:35:15 38:44:23 
BS7235 19H)3:06 13:47:10 
BS7906 20:37a9 15:44K)4 
BS8622 22:37KK) 38:47:22 
BS8634 22:38:58 10:34:11 
BS8781 23:02:16 14:56:07 

1 airmass. If possible, several flux standards were observed in order to provide 

consistency check although there are a few cases where rapidly deteriorating sky 

conditions prevented us from taking any flux standards whatsoever. In these cases 

we used the flux calibration factors obtained on adjacent nights, with the caveat 

that we had to be especially careful to insist on consistency between data on the 

comet taken on the adjacent nights. Both the solar analog and flux comparison 

stajs were taken with a 10" slit. Stars are bright point sources, so nothing is gained 

in spectral resolution by going to narrower slits and by using such a wide aperture 

we avoided any possibility of problems due to differential refraction, etc. 

2.2 Reduction to emission fluxes 

At the telescope the data was taken with rack moimted VME based CCD controllers 

and transferred onto 9-track tape while up at the moimtain for archiving. For many 

years our data reduction was also performed on the VME computers using custom 

written software authored by Rich Poppen. Through the programming efforts of 

Rich Poppen, Will Grundy and others, aU code has been reproduced in the UNIX 
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environment and we axe now able to perform, the data reduction on a network of 

SUN workstations. All the original data is being archived on CD-ROM through 

the efforts of Uwe Fink and Ron Fevig and should be available to the public by the 

time of the publication of this dissertation. 

Once a given night's data were read onto the hard drive of the SUN work

station, the first step in the reduction of the spectral data is to interpolate over 

bad CCD columns. This is a trivial task and mjunly for cosmetic purposes; dur

ing the final aligimient of the spectrometer camera great care was taken to insure 

that none of the CCD defects compromise emission bands we may wish to measure. 

We then nm a program which creates a spatial profile, svmmiing over a window of 

500 A centered near 7000 A, for each frame. This profile tells us which row the 

object is centered upon (information needed at later stages of the reduction) and 

also indicates the possible presence of field stars that often crowd the field of longer 

exposures and must not be allowed to contaminate the spectrum of our comet. The 

profiles also provide a good means by which to monitor the performance of the CCD. 

A common diagnostic was a rising bias level, which usually indicated that the CCD 

camera was beginning to warm up and the data may have been compromised. 

The next stage in the data reduction process was the removal of cosmic 

ray strikes, by interpolating across adjacent pixels. We used knowledge of the 

profile centerlines to generate scripts as input into our cosmic ray cleaning package. 

Because of sharp spectral features in the objects we did not allow the program to 

automatically clean a region of 15 rows near the centerline; these were cleaned by 

hand. This was actually one of the more laborious portions of the data reduction 

process. With our comic-ray cleaned frames we generated preliminary spectra by 

summing counts in a 21 pixel wide window centered on the object and subtracting 

the mean of two sky windows, each 21 pixels wide, on each side. This subtracts 

out the night sky emission lines as well as the DC bias level of the spectrometer 

CCD camera. Often it was necessary to tnmcate the object and sky windows to 

avoid field stars which also fell within the spectrograph slit. We have experimented 
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with using median filtering of adjacent exposures in order to remove cosmic ray 

strikes but decided against this technique. Throughout a set of long exposures the 

airmass caji change significantly, This, as well as changing sky conditions leads to 

quite variable light sky lines. This compromises photometry if one median filters 

the frames. 

Because of flexure in the spectrometer, the image of the spectrum upon 

the CCD chip can shift on the order of several pixels as objects are tracked across 

the sky. We use the strong telluric O2 A absorption band at 7600 A apparent in 

the preliminary spectra to compute a shift by which we align all data to a common 

wavelength. This shift is applied when we create a new set of spectra from the 

frames, this time with 11, 21, 41, and 61 pixel wide object windows and 21 pixel 

sky windows on each side as described previously. If a particular frame contains 

field stars in the slit which threaten to affect the total flux by more than a few 

percent, we take care in defining our object and sky windows to avoid these regions. 

The raw spectra represent the solar black body curve, as reflected off the dust 

and the molecular emissions further modulated by atmospheric absorptions and the 

response as a function of wavelength of the instnmaentation. Fig. 2.3 presents one 

such example, a 30 second exposure of Comet Hyakutaite 1996 B2 taken on April 

12 1996. The exposure was taken in evening twilight at a moderately high airmass 

of 2.71. The strong absorption near column 380 is the atmospheric O2 A band at 

7600 A. 

To check for consistency in our data we form sums of the spectra of each 

object taicen in series and ratio the individual frames to the sima. If a particular ex

posure exhibited less than expected counts or some spurious slope it is investigated 

further. Often, due to imperfect guiding or changing sky conditions, it was neces

sary to discard a fair fraction of the compromised frames. Fig. 2.4 illustrates this 

procedure for the sum which includes the exposure given in Fig. 2.3. In this exam

ple, the raw spectra from three adjacent five minute exposures of Comet Hyakutake 

1996 B2 were coadded and the individual ratios plotted. We see that the agreement 
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Figure 2.3: Example of raw cometaxy spectrum of Comet Hyakutake 1996B2 taken 
on April 12 1996. We see the black-body flux from the sun r^ected off the spec
trally grey coma and emission features from the comet, modulated by atmospheric 
absorptions and the transmission function of the spectrometer. The feature neax 
column 380 is the strong telluric O2 A absorption band at 7600 A. 
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is not perfect. Though the exposure times where identical, gtiiding errors on the 

difiFuse comet leads to a loss of light between frctmes. Because the molecular emis

sions have a wider spatial profile than the cometary dust, the slight guiding errors 

gives rise to features in the ratio near column 600 (the strong CN 1-0 band) and 

between columns 50-100 (Cj), as well as small shifts to the O2 A absorption band. 

Fig. 2.4 represents only a marginally acceptable example. Usually our photometry 

is much more consistent, but in this case the tracking error introduces a ~I0% loss 

of flux, leading to a slight imderestimation of the molecular production rates. The 

production rate ratios should still remain quite consistent. This check was also done 

with the solar analog stars and the flux standards. 

Atmospheric extinction is a strong function of wavelength. In order to 

remove the effects of instrument response and telluric absorptions euid determine 

the intrinsic flux from the comet, it is necessary ratio the comet spectrum by that 

of a solar analog star, taJcen at identical airmass to that of the comet. When an 

exact airmass match was not available, linear stmis of the comparison stars were 

created. On very rare occasions, rapidly deteriorating sky conditions prompted us 

to use comparison stars from adjacent nights. An example of ratio spectra of two 

comets Comet Hyakutake 1996 B2 and its sister, Comet Hyakutake 1995 Yl, both 

with reasonably strong emission, are given in Fig. 2.5. 

Because the emissions we study in comets come from species with finite 

lifetimes, the spatial distribution distribution of the molecules differs from that of 

the continuum. The emissions are in general broader than the r"^ column density of 

the dust and therefor the relative contrast grows with larger aperture as less emission 

is subtracted by the sky windows. In Fig. 2.6 are shown three photometrically 

calibrated spectra of Comet Hyakutake 1996 B2 taken on the night of March 23 

1996 which illustrates the effects of aperture size on the appearance of the ratioed 

spectrum. The length of the object window increases from 31.5" to 61.5" to 125.5" 

during data reductions. The flux in the emission bands increase systematically 

as the aperture length grows. On this date the effect is amplified by the small 
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Figure 2.4: Effect of guiding errors on cometaxy spectra. The spectra of three 
adjacent Hyakutake exposures are coadded. The individual spectra axe then divided 
by the sum. Guiding errors give rise to ~10% underestimation of the flux. 
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Figure 2.5: Ratio spectrum of Comet Hyakutake 1996 B2. Also for comparison is 
plotted Comet Hyakutake 1995 Yl taken on the same night. The zero level is the 
same for both spectra and the dusty nature of C/1996 B2 is readily apparent. We 
indicate the integration windows used for the emission species C2, NH2, 01, and 
CN. Also marked is the position of the strong telluric O2A band which does not 
always completely cancel. 
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geocentric distance of 0.12 AU. For species with extended spatial profiles, such as 

CN, this effect is quite strong, and arises from the fact that comet emission signal 

in the sky windows inmiediately adjacent to the object window is subtracted out. 

Our Haser model corrects for this effect but for the smaller slit lengths the difficulty 

in determining and accurate continuum level complicates the reductions. 

In order to isolate the flux from the emissions it is necessciry to first deter

mine the proper continuum level. This is done by fitting a bicubic spline curve to 

the ratioed spectra. One very important advantage of spectrophotometry using a 

long-slit spectrometer with area array detector is that all wavelengths are sampled 

simultaneously and in the ratioed spectra the continuum is relatively featureless. 

By fitting a smooth curve to the data, tying in at regions of the spectrum free of 

emission, an accurate measure of the continumn level was obtained. In general, the 

dust continuum of comets was slightly to moderately red. Cases with anomalous 

blue slopes were most often attributable to compromised comparison stars or time-

varying atmospheric extinction. A systematic study of the continuimi of the comets 

in our database, the slopes and a careful analysis of the dust production rates, will 

be saved for a later paper. 

The cometaxy emissions were isolated by subtracting the continuimi fit 

from the ratioed spectrum. Table 2.4 lists the wavelength limits of the emission 

bands measured. This is also shown graphically in Fig. 2.5. For this analysis of the 

molecular species represented in our spectrum we used the Ai/ = -1 band of C2, the 

NH2 0,10,0 and 0,8,0 bands, and the 2-0 and 1-0 CN bands. The water production 

rate was measiired by the 6300 A 01 line. The flux from the continuum was 

measured in a small region from 6231 to 6267 A. We were fortunate that there exists 

a small region of the spectrum imcontaminated by cometary emission so close to 

the 01 line. With the continuum subtracted, the area in the spectrum within each 

emission band was measiu'ed. The emission was turned back into digital counts 

per second by multiplying back again by the coimts in the comparison star falling 

in the same wavelength range. The digital coimts were also corrected to unity 
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Figure 2.6: Effect of increasing aperture size on apparent emission flux for Comet 
Hyakutake 1996 B2. Due to the small geocentric distance A = 0.12 AU on March 
23 1996 the extended emissions almost completely disappecir for short aperture but 
grow substantially as one moves to longer apertures. 
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Table 2.4: Wavelength Range of Emission Bands and Continuum 

Wavelength 
Range Width 

Band (A) (A) 
Cj A</ = -1 5373-5667 294 
OI6300 A(̂ D) 6274-6331 57 
NHj 0,10,0 5667-5789 122 
NHj 0,8,0 (blue half only) 6324-6367 43 
CN 1-0 9109-9323 214 
CN 2-0 7822-8039 217 
Continuum 6250 A 6231-6267 36 

airmass at this step. Lastly, for each spectrum the counts sec~^ were converted to 

photons sec~^ m^ by using the calibration factors for each night derived from our 

standard star observations. Our measured fluxes are presented in Table 2.5 and 

Table 2.6. 

2.3 Haser Model, ^-Factors 

The Haser model allows one to make the correction for the total amount 

of a partioilar species which does not fall within the projected aperture of the 

spectrometer. The correction is complicated by their non-trivial spatial distribution. 

The molecules and radicals we observe in the coma are unstable in the nucleus 

and axe the bjrproduct of, in some cases unknown, parent molecules. Table 2.7, 

adapted from A'Heam and Festou (1990), list some probable sources for the neutral 

species observed in our spectra. The model first presented by Haser (1957) and still 

widely used today assumes uniform, spherically symmetrical outflow of gas in tin 

optically thin state. This is applicable for comets excluding the inner ^100 km of 

coma, where certain species such as H2O can become optically thick. However, the 

expanding gases spend only a short fraction of their lifetimes in this inner-coma 

region and therefor it can be assumed that each molecule is iUimriinated by solar 

radiation uniformly. In the model the parent molecules in an expanding coma are 

photodissociated into the observed species. The daughter products themselves have 
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Table 2.5: Observed Comet Fliixes (photons s ^ m Paxt 1. 

Aperture Ch NH2 01 ON Cont. Quality 
Object Dates(s) n  ̂ • 5520 6335 6300 9180 6250 of data" 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 
P/HaUey 86 Jan 11 151.5 2.5 360000 29400 5800 181000 1320 A 

86 Mar 5 151.5 2.5 970000 70600 22000 490000 6850 A 
P/Giacobini-Zinner 85 Jtd 25 61.5 2.5 880 100 460 3920 47.8 B 

85 Aug 24 61.5 2.5 840 200 470 2370 43.1 A-
85 Oct 21 61.5 2.5 410 100 225 1060 27.7 A 

Hartley-Good 85 Oct 20 61.5 2.5 2590 730 340 1790 23.1 A-
85 Nov 15 61.5 2.5 15900 1670 470 8510 24.6 A 

P/Tempei 2 88 Oct 9 61.5 2.5 2480 580 310 1590 14.9 A 
Yanaka (1989a) 89 Jan 15 61.5 5® 690 100 82 1120 6.2 B 
Yanaka (1988r) 89 Jan 15 61.5 5  ̂ <150 1100 730 <150 28.4 B 
Shoemaker (19i89e) . 89 Feb 13 31.5 5 <20 <9 <6 <10 4.1 C 
Shoemaker (1989f) . 89 Feb 14 31.5 5 <40 <12 <8 <20 2.2 C 
P/Clark 89 Feb 14 31.5 5 <80 <20 <15 <30 0.4 C 
P/Pons-Winnecke .. 89 Jun 25,26 31.5 10 ~160 ~60 ~25 -100 1.3 C 
P/Gunn 89 Jul 13,14 31.5 e <300 <90 <50 <170 6.2 C 
P/Brorsen-Metcalf.. 89 Jul 13,14 61.5 5 2800 390 300 2300 3.15 A 

89 Aug 2 61.5 5 22700 2600 1800 15000 16.8 A-
Helin^Roman-Alu .. 89 Oct 9 61.5 5 500 153 87 390 7.4 A-
P/Lovas 1 89 Oct 9 61.5 5 ~200 '>'43 ~23 ~230 4.8 C 
P/Schwass-Wach 1 . 89 Oct 8 61.5 5 <60 <15 <10 <40 5.9 C 

89 Dec 22-24 31.5 5 <30 <10 <8 <25 4.0 C 
P/Gehreb 2 89 Oct 9 31.5 5 <40 <10 <6 <20 2.2 C 
P/WUd 4 (1990a) .. 90 Feb 28 31.5 5 <50 <18 <18 <40 20.6 B 

90 May 25,28 31.5 5 '>'150 <20 <20 ~90 12.0 B 
P/Schwas»-Wach 3 . 90 Feb 28 61.5 5 <50 <14 ,v40 ~350 2.65 C 
Austin (1989cl) 90 May 21-26 61.5 5 17800 4900 4300 17400 103 A 
P/Peter»-Hartley... 90 Jun 17,20 31.5 5 710 270 170 710 7.7 B 
Levy (1990c) 90 Jun 17,18 61.5 5 2640 660 300 3700 105 A-

91 Jun 6,8 31.5 5 <70 <30 <15 <30 4.8 C 
P/RusseD 3 90 Jun 18,20 31.5 5 <60 <20 <15 <40 3.4 C 
P/Kopff 90 Jun 20 31.5 5 <80 <20 <15 <40 2.9 c 

90 Oct 11 31.5 5 <30 <8 <8 <25 1.5 c 
96 May 15,16 31.5 5 280 430 270 1070 254 B 
96 Jun 15,16 31.5 5 370 310 250 870 386 B 

P/Encke 90 Oct 9-11 61.5 5 153000 4400 2400 113000 51 A 
94 Jan 7 31.5 5 4290 450 208 4230 16.4 A 

Helin-Lawrence 91 May 11 31.5 S <60 <20 <15 <60 6.9 c+ 
McNaugfat-Hughes . 91 May 11,14 31.5 5 <50 <15 <10 ~110 3.7 C 
Shoemaker-Levy ... 91 May 12 31.5 5 <80 <20 <15 <50 7.4 c 

92 Jun 7 31.5 5 ~170 <25 <20 ~160 17.5 c 
P/Hartley 1 91 May 12,14 31.5 5 <60 <15 <10 <30 2.6 c 
P/Takamizawa 91 Jun 5,6 31.5 5 <20 <7 <4 <20 1.9 c 
p/wnd 2 91 Jun 6,8 31.5 5 <60 <20 <17 ~120 16.0 c 
P/van Biesbroeck... 91 Jun 6,8 31.5 5 <50 <20 <10 <30 7.1 c 
Zanotta-Brewington 92 Jan 31, 1 61.5 5 85000 8900 3700 64000 133 A 
Mueller (1991hl) 92 Feb 28 61.5 5 86000 4500 2400 39000 44 A 
Shoe-Levy (1991al) 92 Jun 7 61.5 5 3560 870 290 2400 40 A-

92 Jul 14 61.5 5 28000 7000 2400 26000 203 A 
P/Swift-T îttle 92 Nov 24-29 136.5 5 423000 26000 12000 282000 1830 A 
P/Schaumasoe 92 Nov 29 31.5 5 <40 <16 <13 -60 3.5 C 

93 Mar 12 61.5 5 2900 1140 540 2500 20.7 A 
" Error estimates for measured fluxes: 

A, continuum ±5%; emission ±10%; H2O ±20% 
B, continuum ±10%; emission ±20%; H2O ±30% 
C, continuum ±20%; emission ±50%; H3O ±30% 
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Table 2.6: Observed Comet Fluxes (photons s~^ m"^) Paxt 2. 

Aperture Cj NHa OI ON Cont. Quality 
Object Dates(s) " X " 5520 6335 6300 9180 6250 of data" 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 
P/Schaumasse 93 Apr 24 61.5 5 740 240 140 760 7.0 A-
Mueller (1993a) 93 Mar 23 31.5 5 <160 <50 <30 <100 7.0 C 

94 Jan 8 31.5 5 <740 <380 <150 <1500 371 C 
P/Vaisala 93 Mar 23 61.5 5 <130 <40 <25 <90 9.9 c 

93 Apr 24 61.5 5 <100 <30 <20 <40 <5.8 c 
93 Jun 18 31.5 5 <30 <20 <12 <20 11.5 c 

P/Shoe-Levy9 (1993e) 93 Apr 21,22 61.5 5 <80 <20 <15 <50 10.7 c+ 
P/Forbes 93 Jun 18 31.5 5 <40 <30 <18 <30 12.8 c 
Mueller (1993p) 93 Sep 4 31.5 5 <100 <25 <11 <100 54.2 c 

94 Jan 10 31.5 5 2530 595 355 1375 865 
P / Ashbrook'Jackson.. 93 Oct 10 31.5 5 <50 <45 <35 <50 96 c 
P/West-Koh-Dce 93 Oct 10 31.5 5 <30 <55 <40 <50 8.9 c 

94 Jan 8 31.5 5 <65 <27 <13 ~78 21.9 c+ 
P/Schwass-Wach 2 94 Jan 9 31.5 5 <110 <35 <38 <200 212 c 

94 Mar 18 31.5 5 <80 <15 <7 <100 82.4 c 
P/Tempel 1 94 Mar 17 31.5 5 29 107 69 187 193 B 

94 Apr 12 31.5 5 83 210 119 430 302 B+ 
94 Jun 13 31.5 5 185 270 143 495 201 B 

P/Kushida 94 Mar 22 31.5 5 <65 <32 <21 ~110 29 C+ 
94 Apr 14 31.5 5 <60 <21 <10 ~78 11 C+ 

P/McNaught-Russell.. 94 Apr 12,14 31.5 5 7450 2470 1110 7240 254 A 
Takamizawa (1994i)... 94 Jun 13,14 31.5 5 130 142 97 621 243 B+ 
P/Reinmuth 2 94 Jun 13,14 31.5 5 <55 < 15 <10 <30 13 C 
Naka-Nishi-Machholz. 94 Sep 5,6 31.5 5 176 242 160 573 218 A-
P/Machholz 2 94 Sep 5,6 31.5 5 35700 4870 1940 14440 596 A-
P/Harrington 94 Sep 6 31.5 5 <50 <20 <20 <85 34.2 C 
P/Borrelly 94 Sep 6 31.5 5 236 316 185 886 185 A-

94 Dec 2-4 31.5 5 56 400 211 1013 603 A-
Machholz (1994r) 94 Dec 2-4 31.5 5 69 71 57 335 312 B 
P/Brooks 2 94 Dec 3 31.5 5 <40 <15 <8 <25 11 C 
P/Clark 95 May 29,30 31.5 5 62 109 68 177 124 B 

95 Jun 24 31.5 5 55 70J 69 207 131 B 
P/d'Arrest 95 Jun 25,26 31.5 5 85.9 79.8 33.1 89.0 18.2 B-l-

95 Sep 26-30 31.5 5 345 275 212 477 115 B 
Hale-Bopp (C/95 Ol). 95 Sep 26-30 31.5 5 <250 <165 <42 <195 730 C 

96 May 15,16 121.5 5 <860 <424 <400 ~2200 2260 c+ 
96 Jun 15 121.5 5 <2300 <485 <670 -2730 3790 c+ 

P/Jackson-Neujmin... 95 Sep 26-30 31.5 5 86 68 14 128 33.2 B 
95 Nov 24,28 31.5 5 203 198 50 420 34.3 A-

P/de Vico 95 Sep 26,30 31.5 5 375000 48600 18100 214000 2740 A 
P/Churyumov-Gera... 95 Nov 24 31.5 5 <130 <65 <55 <85 97 C 

96 Feb 17,20 31.5 5 134 148 64 439 181 B 
P/Honda-Mrkos-Paj.. 95 Nov 25-28 31.5 5 <1000 <150 <60 <830 12.6 C 

96 Feb 17 31.5 5 39 56 74 145 25.1 B 
Szczepansld (C/96 Bl) 96 Feb 17 31.5 5 505 416 270 922 138 A 
Hyakutake (C/96 B2). 96 Feb 17,18 31.5 5 868 1240 389 2100 1040 A-
Hyakutake (C/95 Yl). 96 Feb 17,18 31.5 5 9870 1507 677 6980 116 A 
" Error estimates for measured fluxes: 

A, continuum ±5%; emission ±10%; HjO ±20% 
B, continuum ±10%; emission ±20%; HjO ±30% 
C, continuum ±20%; emission ±50%; HjO ±30% 
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Table 2.7: Sources of neutral species observed in comets 

Obgerved Spedes" Dominant source Possible Sources 
O 
Cj 

NH2 
CN 

HjO 
CjHj? 

NHs? dust 
HON, dust 

C2H4yC2H6,dust? 

CH3CN 

many 

" Lists only observed species from 0.55-1 .OS^m. 

a finite lifetime before they axe photodissociated or photoionized and therefor lost. 

The expression for the number density of a daughter product, t/d bs a. function of 

/2, the distcince from the cometary nucleus, is given by: 

Q is the production rate of the species; v is the expansion velocity and is usually 

taken as 1 km sec~^, comparable to the outflow speed for comet P/HaUey calculated 

hydrodynamically and confirmed observationally by Combi (1989). Ap and \d 

the mean distances the parent eind daughter products travel before destruction 

by solar radiation. The scale lengths can be measured directly from the spatial 

distribution of the species, as was done for P/Halley by Fink et al. (1990). It is 

usually assumed that the shorter of the scale lengths is that of the parent, ff the 

scale lengths are interchanged the total production rate differs by the inverse ratio 

of the scale lengths. The parent and daughter product sczde lengths we used for o\ir 

reduction is given in Table 2.8. A comparison of Haser model scale lengths used by 

various research groups are presented in Table 2.9. 

It is worth noting that the expression for the nimiber density can be in

tegrated analytically to solve for the column density No as a function of p, the 

projected distance from the nucleus: 

where Kq is the modified Bessel function of the first kind. Because the coma is 

assumed to be optically thin, the mean lifetimes of the parent and daughter products 

4:irli?v Ap — Ad 
(2.2) 

r f p / ^D  , f p i ^p  
U K.(y)dy-l KMdy (2.3) 

scale as r^. In order to compute the Haser model correction factor we integrated 



42 

Table 2.8: Paxameters Used for Determining Production Rates 

Haser Model Scale Lengths at 1 AU (Ao)" 

Parent Daughter 
Species (km) (km) Reference 

Ca 58000 58000 1 
NHa 4900 62000 1 
CN 28000 320000 1 
HaO/O I 80000 . . .  1 

-̂factors at 1 AU (jro) 

Species Band 10 ' photons sec~^ Reference 

C2 At/ = -1 57 2 
NH2  ̂ 0,10,0 2.65 3 

0,8,0 2.48 3 
CN 1-0 41.0 4 

References; (1) Fink et aL 1991. (2) Schleicher e( aL 1987. 
(3) Tegler and Wyckoff 1989. (4) Finlc 1994. 

" A = Ao r̂ , a = ffo r"' 
 ̂ As per C. Arpigny, the ̂ -factors for NHj have been halved 
from those given in the reference and our 39 comet paper 
(Finlc and Hicks 1996) resulting in twice the production 
rate for NHj in this work. 

numerically the equation for number density for the geometry of object and sky 

apertures, mimicing our data reduction procedure, computing the fraction of the 

total daughter product measured in our slit after sky subtraction. The inverse of 

this fraction is the Haser model correction. 

The fluorescence eflBciency, or jr-factor, is another important physical pa

rameter necessary for determining production rates. As discussed by Fink (1994), 

the fluorescence efficiency g relates the column density of emitting molecules N 

within the aperture to the observed flux F as follows: 

^(photons cm~^ s~^) = ^(photons s~^) x N(cm~^). (2.4) 

The <^-factor can be calculated from first principals with the equation: 

ff = 8.44 X 10"^^(cm^ A~ )̂ x Af„(A) x Ffu(photons cm~^ s~^ A." )̂ x //„ x Pu/. (2.5) 

where F/u is the solar flux at the wavelength A/„ which populates the upper level, 

flu is the oscillator strength and P^i is the fraction of the population that decays 



Table 2.9: A Compaxison of Haser Model Scale Lengths at 1 AU (Ao)" 

Parent Daughter 
Species (km) (km) Reference 

Fink et aL 
Cj (Af = -1) 58000 58000 1 
NHa (0,10,0) 4900 62000 1 
HaO/OI (»D) 80000 . . .  1 
CN (1-0) 28000 320000 1 

A'Heam et aL 
OH (0-0) 24000 160000 2 
NH (0-0) 50000 150000 3 
CN (Au = 0) 13000 210000 3 
C3 (A40SO) 2800 27000 3 
C2 (Av = 0) 22000 66000 3 

Cochran et al. 
CN (Ai/ = 0) 17000 300000 4 
C3 (A4050) 3100 150000 4 
CH (A4310) 78000 4800 5 
C2 (Af = 0) 25000 120000 4 
NH2 (0,10,0) 4100 62000 6 

Newbum and Spinrad 
CN (Af = 0) 18000 420000 7 
Cj (Al/ = 0) 31000 120000 7 
C3 (A4050) 3000 100000 7 
HjO/OI (̂ D) ??? ??? 7 

References: (1) Fink, Combi, k DiSanti 1991. (2) Cochran and Sdileicfaer 1993. 
(3) Randell et a/. 1993. (4) Cochran 1986. (5) Cochran and Cochran 1990. 
(6) Codiran el al. 1992. (7) Newbuzn and Spinrad 1989. 

" All scale lengths follow A = Ae except the Cj parent of Cochran et al., 
which, scales as r̂ -̂ . 
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to a particular level. The constant term is the product of physical parameters: 

This expression for the ^-factor lies at the heart of the Swings Effect. 

For example, in the case of sharp NaD emission line at 5700 Aobserved in some 

comets such as P /Halley and Hyakutake 1996 B2, the deep Fraunhofer absorption 

lines by sodium in the solar atmosphere can attenuate the flux and therefor the 

^-factor by a factor of ~20. When a comet's heliocentric velocity is zero, as is the 

case neax perihelion passage, cometary NaD emission can be suppressed until the 

emission line is Doppler shifted back out of the solar Fraimhofer absorption. With 

broad emission features, as is the case for our measured species, the Swings effect 

is negligible and therefor ignored in our analysis. 

The above equation was used by Johnson et al. (1984) to calculate the 

fluorescence efficiency for the CN red bands, which was used extensively for the 

interpretation of the P/Halley CN data. More recent observational and theoretical 

work by Fink (1994) and Tegler et a/. (1992) tied the violet and red CN bands 

together and verified that the ^-factor we use for the CN 2-0 and 1-0 bands to be 

accurate to within 10%. For the C2 = -1 Swan band we used 0.500 the value 

of Au = 0 band at 5115 A (Schleicher, Millis, & Birch 1987). The fluorescence 

efficiency for our NH2 bands were adapted from the theoretical calculations by Tegler 

& Wyckoff (1989). The numerical values for the ^-factors axe listed in Table 2.8. 

2.4 Production rates and A f p  

To convert the measured fluxes within an emission band to production rate one first 

must compute the total luminosity L of the band: 

£(photons s~^) = F(counts s~^) 

xCalibr(photons m~^ counts"^) 

x4xA^(m^) X Haser Correction (2.6) 
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where A is the geocentric distance at the time of observation and 47rA^ is the 

dilution factor. The calibration factor and the Haser model correction have been 

discussed in previous sections. 

For species observed through resonance fluorescence the production rate 

Q (molecules s~^) of the parent of the observed daughter product can be calculated 

as follows: 

_ ^(photons s~^) X t;(km s~^) 
^ X A<i(km) 

_ /^(photons s~^) X l(km s~^) 

go X Arfo ^ 

In this equation v is the outflow velocity of the gas which we take as 1 km s~^, 

g is the fluorescence efficiency factor, and \d is the daughter scale length. The 

heliocentric dependence of both g = goand = A<io x cancels out of the last 

expression. 

As discussed in detail by Fink and Disanti (1990), in the case of water 

production the situation is quite a bit more complicated. We axe imable to mea

sure the H2O molecules directly, but measured then instead by observations of the 

forbidden oxygen lines at 6300 and 6364 A. Water relecised from the nucleus of a 

comet is destroyed through three major photodissociation reactions (Huebner and 

Carpenter 1979, Festou 1981, Festou and Feldman 1981, Crovisier 1989): 

H2O OH + H 89.0% (2.8) 

H2O H2 + 0-(^D) 8.2% (2.9) 

H2O H20+ + e- 2.8% (2.10) 

The production rate of H2O (QP2O]) can be determined from the OI 6300 A lu

minosity (L[6300]) by: 

Q(H.O) = L(6300) X ^ X ^ 

T 12.0 X 10~® 
= L(6300) X 1.330 x —— 

^ ^ 1.0 x 10-® 
= L(6300) X 16.0 (2.11) 



46 

The branching ratio ^kil-Aki is the transition probability of the 6300 A line from 

the 01 level divided by the sum of all the transitions from that level (essentially 

the 6363 A line). This ratio is known to within a few parts per thousand. The 

second branching ratio A;(H20)/A:(01) represents the production of 01 atoms in 

the state divided by the total photodestruction rate of water. We have adopted 

the value of 8.2% by Festou and Feldman (1981) which is correct to within 20%-

30%. This factor represents the largest uncertainty in our determination of the 

water production rate. 

The summary of our cometary production rates is given in Table 2.10 edong 

with realistic estimates of the error budget. For cometary spectra showing no emis

sion we determined upper limits to the fluxes and therefor the production rates 

given in Table 2.11. To obtain these upper limits we measured the zero-to-peak 

noise at the appropriate spectral window and multiplied by the number of pixels in 

the window. This results in a conservative but realistic limits. We tested our error 

estimates on comets which showed emissions after summing several spectral frames 

yet showed none for single exposures. 

The quantity A f p  was defined as a measure of the dust continuum in comets 

by A'Heam et a/. (1984). The metric was developed in order to compare surface 

brightness metisurements of the dust coma taken under differing heliocentric and 

geocentric distances and with differing photometric apertures. Its fundamental 

assxmiption is a l//» dependence for the surface brightness as one moves away from 

the nucleus. The quantity Af^ is the product of the albedo of the dust grains, the 

filling factor (or relative surface area of the grains within the aperture divided by 

the projected area of the aperture) and the linear radius of the field of view. From 

geometrical considerations it can be shown that: 

= (2.12) 

Where F© is the solar flux at our continuum bandpass: 

Fq(6250A) = 5.263 x 10^'^(photons sec~^ m~^ A~^) (2.13) 
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Table 2.10: Production Rates ajid Production Rate Ratios with Respect to H2O 

Object Date(s) r 
Production Rates (10  ̂ mol 
H2O C2 NHa CN 

Elatios (10' 
£7 NHa 

H2O HjO 

-J) 

CN 
H2O 

P/HaUey 85 Dec 1.36 21000 68 60 33 3.2 2.8 1.5 
986 Apr 1.38 35000 125 110 70 3.6 3.2 2.0 

P/Giacobini-Ziiiner 985 Jul 1.24 4600 4.0 1.1 11.9 0.9 0.24 2.6 
85 Aug 1.05 2800 2.4 1.4 4.5 0.9 0.50 1.6 
85 Oct 1.21 2700 2.2 IJ 3.9 0.8 0.50 1.5 

Hartley-Good 85 Oct 1.20 3000 12.4 8.2 5.8 4.1 2.8 1.9 
85 Nov 0.85 3360 20.2 7.6 7.4 6.0 2.2 2.2 

P/Tempel 2 88 Oct 1.41 7040 22.3 13.4 9.7 3.2 2.0 1.4 
Yanaka (1989a) 89 Jan 2.11 4400 16.5 5.6 18.1 3.7 1.2 4.1 
Yanaka (1988r) 89 Jan 0.93 1600 <0.15 2.6 <0.10 <0.10 1.6 <0.06 
P/Pons-Winnecke 89 Jun 1.42 ~320 ~1.0 -0.8 ~0.4 ~3.0 ~2.2 ~1.2 
P/Brorsen-Metcalf 89 Jul 1J36 3100 10.6 3.8 6.0 3.4 1.2 1.9 

89 Aug 1.01 7900 26.3 8.6 12.0 3.3 1.0 1.5 
Helin-Eloman-Alu 89 Oct 1.51 670 3.1 2.0 1.6 4.6 3.0 2.4 
P/Lovas 1 89 Oct 1.68 ~480 ~2.0 ~1.0 ~1.5 ~4.2 ~2.0 ~3.1 
P/Schwass-Wach 3 90 Feb 1.44 -.420 <0.3 <0.16 ~1.3 <0.6 <0.4 ~3.0 
Austin (1989cl) 90 May 1.15 8100 28.5 16.8 18.8 3.5 2.0 2.3 
P/Peters-Hartley 90 Jun 1.63 2600 6.0 5.2 4.0 2.3 2.0 1.5 
Levy (1990c) 90 Jun 2.24 22500 81 50 77 3.6 2.2 3.4 
P/Encke 1990 Oct 0.57 4600 22 4.0 11.5 4.8 0.88 2.5 

94 Jan 0.85 920 3.4 1.2 2.3 3.7 U 2.5 
Zanotta-Brewington 92 Jan 0.64 7600 19 9.0 10 2.6 1.2 1.4 
Mueller (1991hl) 92 Feb 0.72 6800 31 6.2 9.5 4.5 1.0 1.4 
Shoemaker-Levy (1991al) 92 Jun 1.20 4100 9.3 7.8 4.2 2.3 1.9 1.0 

92 Jul 0.86 10600 19 17.4 12 1.8 1.6 1.2 
P/Swift-Tuttle 92 Nov 24 1.00 95000 280 96 130 2.9 1.0 1.4 

92 Nov 26 1.01 88000 240 84 110 2.7 1.0 1.3 
P/Schaumasse 93 Mar 1.21 2900 7.6 6.8 4.2 2.6 2.4 1.5 

93 Apr 1.37 1300 3.1 2.4 2.2 2.5 1.8 1.7 
P/Kopff 96 May 1.65 3920 3.0 10.0 7.6 0.77 2.6 1.9 

96 Jun 1.59 2600 3.4 6.0 5.3 1.3 2.3 2.0 
Mueller (1993p) 94 Jan 1.58 11900 23 15 8.5 1.9 1.3 0.7 
P/Tempel 1 94 Mar 1.83 1390 0.46 3.7 2.0 0.33 2.7 1.4 

94 Apr 1.70 1690 0.99 5.4 3.4 0.59 3.2 2.0 
94 Jun 1.51 1680 1.4 4.5 2.5 0.80 2.7 1.5 

P/McNaught-Russell 94 Apr 2.27 100900 286 232 187 2.83 2.30 1.85 
Taknmi7.awa (1994i) 94 Jun 1.96 3150 2.7 6.7 8.8 0.86 2.1 2.7 
Naka-Nishi-Machholz 94 Sep 1.43 950 1.1 3.0 2.3 1.2 3.2 2.4 
P/Machholz 2 94 Sep 0.78 4093 19 7.6 5.3 4.6 1.9 1.3 
P/BorreDy 94 Sep 1.51 3420 1.77 5.88 3.37 0.52 1.72 1.0 

94 Dec 1.41 1760 0.32 5.00 3.85 0.12 2.84 2.2 
Machholz (1994r) 94 Dec 2.00 1570 1.58 3.48 5.15 1.01 2.22 3.28 
P/Clark 95 May 1.55 760 0.51 1.96 0.98 0.67 2.6 1.3 

95 Jun 1.57 710 0.48 1.31 1.80 0.68 1.8 2.5 
P/d'Arrest 95 Jnn 1.39 255 0.46 0.94 0.32 1.80 3.7 1.25 

95 Sep 1.57 1980 2.63 4.51 2.44 1.33 2.28 1.23 
P/Jackson-Net|imin 95 Sep 1.38 79 0.44 0.75 0.44 5.6 9.5 5.6 

95 Nov 1.50 590 1.47 3.23 2.05 2.5 5.5 3.5 
P/de Vico 95 Sep 0.68 65100 134 83 52.6 2.06 1.27 0.81 
P/Churyumov-Get* 96 Feb 1.35 980 0.65 1.92 1.44 0.66 1.96 1.47 
P/Hondet-Mrkos-PaJ 96 Feb 1.13 140 0.09 0.26 0.23 0.6 1.9 1.6 
Szczepanski (0/1996 Bl). 96 Feb 1.46 2250 3.28 5.85 4.02 1.46 2.60 1.79 
Hyakuttkke (0/1996 B2).. 96 Feb 1.73 9720 11.2 37.3 18.2 1.15 3.84 1.87 
Hyakutake (0/1995 Yl).. 96 Feb 1.60 14600 93.3 34.6 44.5 6.4 2.4 3.0 
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Table 2.11: Upper Limits of Production Rates for Comets Showing No Emissions 

Production Rate Limit (10  ̂mol s~  ̂
Object Date(s) r H2O Ci NHj CN 

Shoemaker (1989e, 1989 m) • 1989 Feb 13 2.64 <600 <2.1 <2.0 <0.8 
Shoemaker (1989f, 1988 1989 Feb 14 2.51 700 4.5 2.4 1.4 
P/Clark 1989 Feb 14 2.84 1800 12 7.2 3.7 
P/Gimn 1989 Jul 13,14 2.51 5000 30 16 11 
P/Scfawasirniann-Warhman 1 1989 Oct 8 5.77 9300 80 40 30 

1989 Dec 22-24 5.57 11000 90 50 50 
P/Gehrels 2 1989 Oct 9 2.35 350 2.7 1.4 1.0 
P/Wild 4 (1990a, 1990 X) ... 1990 Feb 28 2.19 850 2.8 2 1.7 

1990 May 25,28 2.01 1200 ~6.0 1.6 ~2.5" 
P/Russell 3 1990 Jun 18,20 2.53 1000 6 3.4 2.7 
P/Kopff 1990 Jun 20 2.14 1300 4.4 2.2 IJ 

1990 Oct 11 2.81 900 9.1 4.8 4.5 
Helin-Lawrence (19911) 1991 May 11 3.52 4500 24 15.2 17 
McNaught-Hugbes (1990g)... 1991 May 11,14 2.79 1300 7.8 5.0 ~10" 
P/Hartley 1 1991 May 12,14 1.82 270 1.6 0.8 0.6 
Shoemaker-Lievy (1991d) 91 May 12 3.41 4900 27 14 10 

92 Jun 7 2.87 3400 ~29 8 ^18 
P/Takamizawa 1991 Jun 5,6 1.75 90 0.4 0.4 0.3 
P/Wild2 1991 Jun 63 2.25 850 3.8 2.4 ~5.0'' 
P/van Biesbroeck 1991 Jun 6,8 2.42 960 4.2 3.2 1.9 
Levy (iggoc, 1990 XX) 1991 Jun 6,8 3.38 5800 23 18 8 
P/Schamnasse 1992 Nov 29 1.69 200 0.8 0.6 ->-0.8 
MueUer (1993a) 1993 Mar 23 3.89 14000 90 60 40 

1994 Jan 8 1.94 9000 15 20 20 
P/VaisaU 1993 Mar 23 1.83 500 1.7 1.0 0.7 

1993 Apr 24 1.78 400 1.2 0.8 0.4 
P/Shoemaker-Levy 9 (1993e). 1993 Apr 21,22 5.36 <1300 <80 <40 <30 
P/Forbes 1993 Jun 18 1.76 700 0.6 1.1 0.3 
Mueller (1993p) 1993 Sep 4 3.12 1900 14 7.3 9.1 
P / Ashbrook-Jackson 1993 Oct 10 2.40 1900 2.4 4.5 1.6 
P/West-Kohoutek-Dcemora... 1993 Oct 10 1.75 880 0.4 1.7 0.5 

1994 Jan 8 1.58 150 0.6 0.5 ^0.5" 
P/SchwuBimiann-Wachnrian 2. 1994 Jan 9 2.07 1200 2.9 2.0 3.5 

1994 Mar 18 2.11 288 2.3 0.9 1.9 
P/Kushida 1994 Mar 22 1.77 380 0.9 1.0 ^1.0" 

1994 Apr 14 1.93 290 0.9 1.0 -1.0" 
P/Reinmuth 2 1994 Jun 13,14 1.90 460 1.0 0.7 0.4 
P/Harrington 1994 Sep 6 1.57 240 0.4 0.4 0.5 
P/Brooks2 1994 Dec 3 2.01 240 1.0 0.8 0.4 
Hale-Bopp (C/1995 Ol) 1995 Sep 26-30 6.58 80000 700 900 350 

1996 May 15,16 4.41 150000 170 200 ~300" 
1996 Jun 15 4.09 180000 300 170 ~270" 

P/Churyumov-Gera 1995 Nov 24 1.45 760 0.8 1.0 0.4 
P/Honda-Mrko»-Paj 1995 Nov 25-28 0.79 320 0.6 0.4 0.4 
" Possible CN emission. 
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The quajitity is the cometaxy flux in a circular aperture, corrected to a refer

ence phase angle: 

^circ ~ FmeasCphotons sec"'^ x phase correction x aperture correction 

(2.14) 

The aperture correction corrects from our rectangular slit to a circular aperture 

as well as correcting for the signal subtracted by the sky windows. To determine 

this correction one integrates a 1//) function over the objects eind sky windows in a 

similax manner as for the Heiser model. Because the Ifp model assumes an infinite 

lifetime for the dust, the aperture correction factor is only a function of slit geometry 

and not helio and geocentric distances. 

The phase correction factor is a bit more subtle. Because the ailbedo of the 

cometaxy grains axe strictly a function of scattering angle A(0), one must normalize 

the data to a common solar phase angle. This is more important for comets in the 

inner solax system in that they are typically viewed over a wider range of viewing 

geometries (Table 2.1, Table 2.2). Cometaxy dust grains axe strongly forward scat

tering, with a minor back-scattering component (Fig. 2.7). The phase function we 

use was derived from scattering models and verified by observations of P/Halley. 

Some reseaxchers do not take this effect into account properly. The simple ana

lytic expression used by Storrs et al. (1992) describes adequately the backscattering 

property of the cometciry dust for small phase angles but leads to quite erroneous 

corrections at phase angles greater than 40°. Fig. 2.8 plots the observations pre

sented in this work as well <is the survey by Storrs et al.as a function of r and 

A with contours of phase angle superposed. The high phase angle of some of the 

continuima measurements necessitates the use of a proper scattering model. 

From the continuum flux measurements <md observational geometry we axe 

able to measTire Aip for our ensemble of comets. These calculations axe tabulated in 

Table 2.12. The derived Af^ values span three orders of magnitude, while the dust-

to-gas ratio shows more subdued vaxiance: approximately two orders of magnitude. 

The majority of comets observed several times during the apparition exhibit quite 
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Figxire 2.7: Continuum phase functions. We compare the phase functions used to 
correct the continuum flux. Though there is reasonable agreement at small phase 
cingles, the curves diverge significantly at (^ > 40°. 
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Figure 2.8: Observational parameters. Plotted are the continuum observations in r  
and A space with contours of (p superposed. It is apparent from the large number 
of observations at high phase angle that it is necessary to use an appropriate phase 
correction function. 
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stable dust-to-gas ratios. The dustiest comet in our database was Comet Hyakutake 

1996 B2, the least dusty P/Encke. 



Table 2.12: A f p  and dust-to-gas ratio for comets with emissions 

r A p . a arc P Afp Q(H20)» Mp" 
Object (AU) (AU) (km) (cm) Q(H20) 
P/HaUey 0.80 1J8 1320.0 75822 7263.7 40400 179-79 
P/Giacobmi-Zinner 1.16 0.70 47.8 15613 349.3 4600 75.94 
P/Giacobini-Znmer 1.05 0.50 43.1 11152 185.6 2800 66.29 
P/Giacobini-Zinner 1.21 0.66 27.7 14721 206.0 2700 76.28 
Hartley-Good (19851) 1.20 0.57 23.1 12713 145.9 3000 48.63 
Hartley-Good (19851) 0.85 0.88 24.6 19627 122.0 3360 36.31 
P/Tempel2 1.41 1.07 14.9 23865 231.0 7040 32.81 
Yanaka (1989a) 2.11 1.88 6.2 41931 192.1 4400 43.67 
Yanaka (ig89r) 0.93 0.37 28.4 8252 37.4 1600 23.39 
P /Pons-Wlnnecke 1.42 1.16 1.3 13252 9.8 320 30.65 
P/Brorsen-Metcalf 1.36 0.89 3.2 19850 23.2 3100 7.50 
P/Brorsen-Metcedf 1.01 0.65 16.8 14498 52.0 7900 6.59 
Helin-Roman-Alu (1989v) 1.51 0.53 7.4 11821 25.7 670 38.41 
P/Lovas 1 1.68 1.12 4.8 24980 60.8 480 126.59 
P/Schwassmann-Wachman 3 1.44 0.75 2.7 16728 17.8 420 42.28 
Austin (1989cl) 1.15 0.24 103.0 5353 143.4 8100 17.70 
P/Peters-Hartley 1.63 0.92 7.7 10510 86.5 2600 33.26 
Levy (19900) 2.24 2.30 105.0 51299 4313.9 22500 191.73 
P/Encke 0.57 0.87 51.0 19404 62.5 4600 13.58 
P/Endce 0.85 0.87 16.4 9939 1.6 920 1.70 
Zanott»-Brewington (1991gl) 0.64 0.72 133.0 16059 153.5 7600 20.20 
MueUer (1991hl) 0.72 0.79 44.0 17620 79.4 6800 11.67 
Shoemaker-Levy (1991al) 1.20 1.S6 40.0 34794 376.9 4100 91.92 
Shoemaker-Levy (1991al) 0.86 0.90 203.0 20074 631.9 10600 59.61 
P/Swift-'Little 1.00 1.32 1830.0 65345 8832.7 95000 92.98 
P/Swift-iyittle 1.01 1.32 1700.0 65345 8370.1 88000 95.12 
P/Schaumasse 1.21 0.57 20.7 12713 79.2 2900 27.31 
P/Schaumasse 1.37 0.74 7.0 16505 42.4 1300 32.58 
P/Kopff 1.65 0.79 254.0 9025 64.1 3920 16J36 
P/Kopff 1.59 0.61 386.0 6969 54.5 2600 20.97 
MueUer (1993p) 1.58 1.95 865.0 22277 525.7 11900 44.17 
P/Tempel 1 1.83 0.89 193.0 10167 56.2 1390 40.43 
P/Tempel 1 1.70 0.73 302.0 8339 59.7 1690 35 JO 
P/Tempel 1 1.51 0.76 201.0 8682 45.8 1680 27.29 
P/McNaught-Russell 2.27 2.59 256.0 29588 384.6 100900 3.81 
Takamizawa (1994i) 1.96 1.25 243.0 14280 137.0 3150 43.50 
Nakamura-Nishimura-Machholz 1.43 0.43 218.0 4912 17.2 950 18.07 
P/Ma(diholz 2 0.78 0.50 596.0 5712 20.9 4093 5.12 
P/Borrelly 1.51 1.19 185.0 13594 69.1 3420 20.20 
P/Borrelly 1.41 0.62 603.0 7083 99.7 1760 56.64 
Machholz (1994r) 2.00 1.02 312.0 11652 106.5 1570 67.81 
P/Clark 1.55 0.69 124.0 7883 25.1 760 32.98 
P/Clark 1.57 0.62 131.0 7083 20.7 710 29.20 
P/d'Arrest 1J9 0.59 18.2 6740 2.8 255 11.01 
P/d* Arrest 1.52 0.60 115.0 6854 18.2 1980 9.20 
P/Jackson^Netqmin 1.38 0.44 33.2 5027 3.2 79 40.79 
P/Jackson-Neiqmin 1.52 0.78 34.3 8911 8.1 590 13.79 
P/de Vico 0.68 1.05 2740.0 11995 202.7 65100 3.11 
P/Chnrymnov-Gera 1.35 1.22 181.0 13937 57.1 980 58.21 
P/Honda-Mrkos-Paj 1.13 0.22 25.1 2513 1.0 140 7J2 
Szczepansld (C/1996 Bl) 1.46 0.58 138.0 6626 21.1 2250 9.36 
Hyakutake (C/1996 B2) 1.73 1.23 5076.0 14051 2434.9 9720 250.51 
Hyalcutake (C/1995 Yl) 1.60 1.24 116.0 14166 49.8 14600 3.41 
"Flux in circular aperture in units of photons sec"' A~'. 
 ̂Water production rate in units of 10  ̂ molecules sec~ .̂ 

'̂ Expressed in parts per mil. 
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CHAPTER 3 

Results from cometary spectroscopy 

With the methodology and procedures outlined in the previous chapters we have 

obtained and reduced data on over fifty comets. Before we delve into the properties 

of comets as a population, we first examine in greater detail certain important 

members. 

3.1 Properties of selected comets 

3.1.1 Comet Hyakutake 1996 B2 

The recent apparition of C/1996 B2 (Comet Hyakutake) in the spring of 1996 pro

vided an unexpected and welcome opportunity for the general public to experience a 

naiced eye comet. For professional observers. Comet Hyakutake allowed astronomers 

to test the techniques and instrumentation developed in the past ten years on a 

truly bright comet. The serendipitous orbit of Comet Hyakutake gave observers 

the chance to study the comet over a wide range of heliocentric and geocentric 

distances including a close approach to earth of 0.102 AU on March 25.3. Due to 

its intrinsic brightness and small geocentric distance the comet provided a wealth 

of detections of molecular emissions at millimeter wavelengths and in the infrared. 

Rather than pick out only one or two of these observations we present a summary 

list in Table 3.13. One of the most remarkable observations was the detection of x-

ray emission in a crescent shaped simward fan with highly time variable morphology 

(Lisse et al. 1996) and the high abimdance of C2H6 (Murrmia et al. 1996b). 
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It appears that Comet Hyakutake is not "new" in a dynamical sense (Mars-

den 1996a,b) with its most recent perihelion passage some 9000 years ago. Orbital 

integrations suggest that the comet has maintained perihelion distances under 1 

AU for at least 0.15 Myr, allowing for several tens of approaches to the sim (J. 

Scotti, personal commimication). As first discussed by Whipple (1950) and more 

recently by Kuehrt and Keller (1994) and Jewitt (1996), the outgaissing of a comet 

can lead to the formation of a dust mantle composed of grains too large to be 

blown off by the sublimating volatiles. This is usually associated with dynamically 

mature comets. This leads to some fraction of the comet's activity concentrated 

at vents, as observed by the high resolution imaging of the surface of P/HaJley by 

the Giotto spacecraft. The observations of jet-like structures in the inner coma of 

Comet Hyakutake, first reported by West (1996) suggest that this mechanism is at 

work in Comet Hyakutake as well. Several aspects of the comet's behavior, however, 

ajgue that the comet may be more pristine than indicated by the orbital integra

tions. Comet Hyakutake exhibited very irregular activity (Schleicher 1996) and the 

ejection of several luminous knots of material in the tculward direction (Lecacheux 

et al. 1996) suggests a less consolidated nucleus more indicative of an Oort cloud 

comet. There have also been a considerable number of abundant volatile molecules 

detected (Table 3.13) which likely would be more depleted in the crust of an evolved 

comet. In our own data the imusual behavior of NH2, the large Af^ values, and the 

relatively flatter heliocentric Q(H20) and Afp development support the hypothesis 

of a more primordial body. 

The comet was observed systematically from February 1996 to near per

ihelion passage in April. The circumstances of the observations presented in this 

section are listed in Table 3.14. The airmass range demonstrates how the view

ing geometry of the comet at the telescope changed dramatically throughout the 

apparition, from being a predawn object in February, to transiting near midnight 

during the time of closest approach, and finally disappearing in the evening tMrilight 

in late April. As discussed earlier, a high airmass can often lead to problems with 
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Table 3.13: Detections of molecules reported in the lAU Circulars for comet C/1996 
B2 (Hyakutake) 

lAUC # Authois Molecules reported 

6344 Woodney, L. M., McMullin, J., AHeam, M. F. 

6345 Wbmack, M., Festou, M. C., Stem, S. A 

6353 Matthews, H. E., Biver, N., Senay, M., Davies, J. K. 
Dent, W. R. F., Bodcelee-Morvan, D., Jewitt, D. 
Owen, T., Crovisier, J., Raner, H., Gautier, D. 

6362 Lis, D., Keene, J., Young, K., Phillips, T., Bergin, B. 
Goldsmith, P., Bockelee-Morvan, D., Crovisier, J. 
Gautier, Wooten, A., Despois, D., Owen, T. 

6362 Wooten, A., Butler, B., Bockelee-Morvan, D., Crovisier, J. 
Palmer, P., Despois, D., Yeomans, D. 

6364 Despois, D., Bockelee-Morvan, D., Colom, P., Biver, N. 
Crovisier, J., Gerard, E., Rauer, H., Grewing, M. 
GuiUoteau, S., Lucas, R., Neri, R., Wink, J. 

6366 Mumma, M. J., DiSanti, M. A., DeUo Russo, N., Xie, D. X. 
Fomenkova, M., Magee-Saner, K. 

6374 DiSanti, M. A., Mumma, M. J., Dello Russo, N., Xie, D. X. 
Fomenkova, M., Magee-Sauer, K. 

6378 Tokunaga, A. T., Brooke, T. Y., Weaver, H. A. 
Crovisier, J., Bockelee-Morvan, D. 

CCS 

HjCO, HCN, CO, CH3OH 

CO, HCN, Ha CO 
CH3OH, HCN, CS 

HDO 

NH3 

CH3CN 

H2O, HDO, CO, HCN 
CH3OH, CaHa 
CH4, CCS 

H2O, CO, CH4 
CaH, 

CaHa 
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Table 3.14: Observing parameters for comet C/1996 B2 (Hyakutake) 

r A # expos. Jateg. time Airmass Slit width 
Date (AU) (AU) used (minntes) mm max used C) 

96 Feb 17.48 1.74 1.24 4 65 1.82 2.05 5.0 
96 Feb 18.47 1.72 1.21 3 60 1.82 2.06 5.0, 2.5 

96 Mar 23.44 1.081 0.119 10 9.5 1.01 1.03 5.0, 2.5,1.5 
96 Mar 24.40 1.061 0.106 11 11.0 1.03 1.10 2.5, 1.5 

96 Apr 11.14 0.664 0.562 7 4.5 3.01 3.50 5.0, 2.5 
96 Apr 12.14 0.640 0.594 6 4.0 2.64 3.10 5.0, 2.5 
96 Apr 13.12 0.615 0.627 8 3.5 2.69 3.10 5.0, 2.5 

96 Apr 16.11 0.541 0.725 2 0.42 2.98 3.18 5.0, 2.5 
96 Apr 17.10 0.516 0.758 6 2.0 2.96 3.39 5.0, 2.5 

differential refraction and atmospheric extinction, though by examining for consis

tency between exposures of varying sUt widths and airmass and discarding frames 

that were suspect, we feel we have this problem adequately in hand. We have found 

that for weak comets, which comprise the majority of the objects in our survey 

(Fink and Hicks 1996), a 5" slit width represents the best compromise between the 

amount of flux captured and the spectral resolution. For a bright comet such as 

Comet Hyakutake we are not flux limited and gained spectral resolution by moving 

to more njirrow slits. Also, when we reduce the frames taken at various slits we 

have a check of our Haser model corrections and we can explore such phenomena as 

the quenching of the 01 line in the near nucleus region. The spectral frames were 

reduced as described in Chapter 2. The simmiary of the emission fluxes is given in 

Table 3.15 

Fig. 3.9 presents spectra taken over the coiirse of the April run. The comet 

was extremely active through this period, with a very strong outburst commencing 

on the night of April 16. The spectra show a remarkable consistency between the 

relative C2 and CN emission bands from day to day, though the absolute flux varies 

by a factor of 3. The NH2 flux falls off noticeably by April 18th. Also remarkable is 

the increasingly strong NaD emission at 5900 .4. As with comet P/Halley, sodium 

becomes apparent only at heliocentric distances below 1.0 AU. The NaD grows 
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Table 3.15: Comet C/1996 B2 (Hyakutake) measured flux in slit" 

Date Aperture(") HaO Qj NHj CN cont. 

96 Feb. 17.48 3.0 X 31.5 410 1200 1160 1890 141 
*61.5 520 2800 I860 3360 167 

96 Feb. 18.47 2.5 X 31.5 200 430 660 1230 83 
X61.S 250 1090 1050 2100 97 

5.0 X 31.5 380 730 1290 2200 144 
X61.5 480 2000 2050 3770 172 

96 Mar. 23.44 1.5 X 31.5 1900 9000 9800 7900 3200 
X61.5 4800 15300 15700 18500 3940 

X 121.5 10300 42700 26800 36800 4730 
2.5 X 31.5 4000 5600 15000 11100 5400 

X 61.5 8700 21400 27800 25000 6610 
X 121.5 16900 63600 45200 58300 7880 

5.0 X 31.5 8700 22700 26500 33800 9600 
X 61.5 18000 48900 50700 51000 12000 

X 121.5 35000 134000 88600 119000 14400 

96 Mar 24.40 1.5 X 31.5 1600 7100 9000 12400 3600 
X61.5 4900 19100 16300 24300 4400 

X 121.5 10800 39900 27700 53100 5200 
2.5 X 31.5 3030 9000 14500 24900 5460 

X61.5 7830 25000 26000 38200 6510 
X 121.5 18800 51800 43400 81200 7840 

96 Apr. 11.14 2.5 X 31.5 9820 365000 36100 195000 6580 
X61.5 14200 610000 483000 306000 8110 

5.0 X 31.5 21900 613000 65900 370000 11900 
X61.5 30300 lllOOOO 99300 575000 14800 

96 Apr. 12.14 2.5 X 31.5 12000 409000 50900 211000 7020 
X61.5 16100 713000 66300 346000 8560 

5.0 X 31.5 24600 875000 94800 453000 12400 
X 61.5 31800 1500000 122000 717000 15400 

96 Apr. 13.12 2.5 X 31.5 21300 668000 69600 308000 8400 
X61.5 27000 1080000 85600 504000 10100 

5.0 X 31.5 43800 1200000 135000 600000 15100 
X61.5 55300 2070000 161000 908000 18500 

96 Apr. 16.11 2.5 X 31.5 57000 1500000 113000 891000 21800 
X61.5 44200 2290000 134000 1330000 25800 

5.0 X 31.5 83300 3150000 242000 1680000 38700 
X61.5 88700 4720000 260000 2460000 46700 

96 Apr. 17.10 2.5 X 31.5 13500 843000 48700 393000 12800 
X61.5 19200 1250000 54700 571000 15700 

5.0 X 31.5 28000 1760000 92400 752000 22900 
X61.5 29300 2640000 94000 1170000 28300 

" emission (photons sec"*- m~^), continuum (photons sec  ̂
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Figure 3.9: Comparison of relative reflectance spectra taken during the April run. 
All spectra are normalized to unity at the 6250 A continuum window. Though 
the absolute flux varies by 300%, the relative production of C2 and CN remains 
quite steady. The NHa diminishes significantly by April 17. The sharp spectral 
feature at 5700 A is NaD and is only becomes strong at smaU heliocentric distances. 
Associated with the dust outburst of April 16, the Na D flux increases by more than 
a factor of 2 relative to the continuum and stays quite strong on the spectrum of 
the 17th. 
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rapidly during the outburst on April 16 and seems to be more correlated to Pdp 

thaji the water production rate. 

Our emission fluxes were converted to production rates as described in 

Chapter 2. Being able to observe this reasonably bright comet under a variety of 

observing geometries (Table 3.14), gave us the opportunity to test the validity of 

the Haser corrections for various spectrometer slit widths and integration apertures. 

For our Comet Hyakutake observations we used slit widths of 5.0", 2.5" and 1.5". 

While the slit widths of 2.5" and 5" and object apertures of 31.5" and 61.5" were 

used for ail of our Comet Hyakutake data, we used the naxrow slit of 1.5" only 

for the March 23, 24 data. Since the flat spatial emission profiles on these dates 

made it diflScult to discern emissions we extended our object integration window to 

121.5" (81 pixels). Because of the fairly large amount of data produced, we show 

in Table 3.16 only the results for March 23 and 24. The results of all of our various 

reduction geometries are however plotted in Fig. 3.10. The conclusions that can be 

drawn from Table 3.16 and Fig. 3.10 are as follows. 

There is a weak but consistent tendency for the hip values to increase 

slightly for the larger observing apertures, and slit widths. The effect is of the order 

of 6% in going from the 31.5" to the 61.5" aperture, and another 6% to the 121.5" 

aperture. Its magnitude is almost the same for the April 11-17 data set. A portion 

of this effect, especially for the 1.5" slit width, may be due to atmospheric seeing 

and imperfect guiding. However it appears to us that for Comet Hyakutake, the 

continuum falls off a little slower than 1//?, which is assimied in our determination 

of Afp from the flux measurement in a rectangular slit. A slower fall off would make 

the larger apertures give slightly larger Af/j values. 

Our data in Table 3.16 and Fig. 3.10 shows that there is essentially no 

systematic effect with aperture for the production rate of NH2. The same is true 

for CN except for the comet's close approach to earth on March 23 and 24 and 

we feel that this is caused in part by the very flat CN profiles which mtikes it 

difficult to distinguish the emission from the continuum. There may also be a 
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Table 3.16: Hyakutake 96B2: Production rates and continuum (Afp) for 1996 March 
observations 

slit lengthC) 
Production rate" or Afp 

slit widthC) 
1.5 2.5 5.0 Best estimate 

Elatio to  ̂
HaO 

March 23.44 
HaO 31.5 4300 6140 8200 

61.5 9500 9200 16500 
121.5 20700 21300 24800 31200 1000 

C2 31.5 56 21 44 
61.5 57 48 56 
121.5 91 82 89 89 2.85 

NH2 31.5 120 112 104 
61.5 126 126 118 
121.5 122 124 128 125 4.00 

CN 31.5 32 28 44 
61.5 46 38 39 
121.5 53 50 59 54 1.73 

Afp 31.5 5490 6270 6820 
61.5 6140 6800 7300 
121.5 6920 7360 7640 7640 245 

March 24.40 
HaO 31.5 3100 4000 

61.5 8700 9200 
121.5 18100 20100 27700 1000 

Cj 31.5 41 31 
61.5 66 52 
121.5 79 62 71 2.56 

NHj 31.5 102 100 
61.5 113 110 
121.5 115 109 112 4.04 

CN 31.5 48 58 
61.5 56 53 
121.5 70 65 68 2.45 

Afp 31.5 5620 5730 
61.5 6170 6030 
121.5 6860 6590 6900 249 

® Production rate (10" mol sec~^), Afp 
 ̂ Ratio to water expressed in terms of parts per thousand 
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Figure 3.10: Log of the production rates versus Log heliocentric distance. Our 
production rates (10^® molecules sec'̂ ) and Afp (cm) values for various aperture 
widths and lengths are plotted as a function of heliocentric distance. The relative 
scale is the same for all species, Af/>, H2O, and CN track each other very well and 
follow a heliocentric dependence, which is significantly more shallow than 
the dependence found for P/Halley, C2 has a much steeper slope which we 
interpret as evidence for a sizable CHON component to the overall C2 production. 
NH2 production starts unusually high but flattens out by April. In Maxch, the 
decrease in H2O productions with smaller aperture sizes is caused by quenching of 
the 01 line near the nucleus. 
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CHON component for CN, but the effect is not as strong as for C2. There seems to 

be a rather definite aperture effect for C2 showing up fairly strongly in the February 

data as well. We feel that this points toward a partial CHON particle origin for C2, 

especially when combined with its heliocentric distance dependence. The consistent 

production rate for NH2 and, to almost the same degree, for CN gives us confidence 

that the Haser model corrections, even for the close geometric distance of 0.106 AU, 

work quite weU. This is corroborated by the weU behaved nature of the production 

rates of H2O, CN and Af/> when plotted against heliocentric distajice in Fig. 3.10 

and Fig. 3.11. We feel that any severe deviations must be sought in physical reasons 

rather than major modifications to the Haser scale lengths. An unusual effect is 

clearly present for the H2O production rates of March 23 and 24. A strong increase 

of production rate with increasing slit width and aperture is readily demonstrated. 

The effect is not present in our February and April data even though it was taken 

at relatively high airmass where some loss of signal for smaller slit widths and 

apertures might be expected. We believe that this effect is caused by collisional 

de-excitation of the OI molecules in the state close to the nucleus of the comet 

where the paxticle density is sufficiently high. This mechanism was predicted by 

Festou and Feldman (1981). Also predicted by these authors is the appearance of 

the 5577 A oxygen line under these circumstances. We do indeed see that line in 

our data with increasing relative strength toward nucleus. We are in the process of 

extracting spatial profiles for both the 5577 A and the 6300 A oxygen lines so that 

they can be quantitatively compeired to the model of Festou and Feldman and the 

collision environment near the comet nucleus can be tested more precisely. 

We feel that even for our largest aperture of 5" x 121.5" on March 23 and 

2.5" X 121.5" on March 24 we have not yet reached the asymptote of this growing 

H2O production rate. We reach that conclusion by looking at the growth of water 

production rate with aperture and at the ratio of the production rates of the other 

species compared to water. Even if the measured value for our largest aperture were 

adopted, the ratios for CN, NH2 and the continuum would be anomalously high. 

In fact the NH2 ratio would be almost twice as high as our previously measvired 
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Figure 3.11: Compaxison of the C/1996 B2 lightcurve and our measiirements of the 
H2O production rate and Pdp. The visual magnitudes of c/1996 B2 (Hyakutake) 
taken from the lAU Circulars are corrected for geocentric and heliocentric distance 
and plotted as a function of r. Also plotted are our Q(H20) and Aip values for the 
nine observation dates given in Tables 3.14 and 3.17. The first of our values plotted 
is for Feb 17 and the last is for April 17. We note that the dust lags behind the 
water vapor for the outburst of April 13 but has a more typical ratio by April 16 and 
remains high after the water vapor has diminished on April 17. Our Q(H20) values 
in molecules/sec and our Afp values in cm from Table 3.17 have been converted 
to an astronomical magnitude scale (with essentially meaningless units) and have 
been shifted to allow a comparison with the trend of the published magnitudes. The 
dependence of all three of these quantities with heliocentric distance is essentially 
the same 
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highest value (Fink and Hicks 1996). Our best estimates for the water production 

rates, given in column 6 of Table 3.16 and plotted as plus signs in Fig. 3.10, are 

therefor a factor of 1.16 and 1.38 larger than our measured values. This brings them 

into accord with an overlay of the Af/i values in Fig. 3.10. 

In Fig. 3.11 we depict the lightcurve of Comet Hyakutake using the total 

visual magnitudes as reported in the LA.U circtdars (lAUC lightcturve data, 1996). 

We have reduced these magnitudes by 5 log A and 5 log r to account for the varying 

geocentric distance and the varying solar illumination. We also plot on this figure 

our Mp values and H2O production rates, roughly scaled to go through the mean of 

the visual magnitudes. The slope for the lightcurve, our Mp values and our water 

production rates are indistinguishable within scatter of the measurements. We 

obtain a heliocentric distance dependence of for aU three of these quantities. 

This is significantly lower than the r"^ dependence expected for a solar flux limited 

evaporation rate or the r~ '̂® dependence found for Comet P/HaUey (Fink 1994). 

One explanation of this behavior is that the effective active area fraction of this 

comet actually shrunk as it approached perihelion perhaps because it was so dusty 

which inhibited full solar irradiation or some of the active areas became partially 

covered by dust. If the plotted lightcurve measurements are represented by the 

standard power law formula we obtain 

observed magnitude = 5.2 + 5 log p  + 8.8 log r (3.15) 

This relationship predicts the comet's magnitude quite well over the observational 

period plotted. The above fit has both a lower intrinsic magnitude and a more 

shallow heliocentric distance dependence than reported in lAUC 6329. 

A summary of our measured production rates and Aip values and their 

ratios with respect to the water production rate is given in Table 3.17. We note 

that activity variations of the comet were in general quite subdued but started 

up in April. This disturbs the production rate ratios because different species have 

different time scales for propagation of their signal across the measurement aperture. 

For Comet P/Halley, Combi and Fink (1993) analyzed the emission profiles with 
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Table 3.17: Hyakutake sxunmary: Best estimates of production rates and production 
rate ratios 

Q (10  ̂molsec" • ' )  Afp Ratio to HjO (per mil) 
H2O Ch NHj CN (cm) Ci NHa CN Afp 

Feb 17.48 11700 22 38 18 2540 1.88 3.25 1.54 217 
18.47 10100 16 40 19 2500 1.58 3.96 1.88 248 

Mar 23.44 31200 89 125 54 7640 2.85 4.00 1.73 245 
24.40 27700 71 112 68 6900 2.56 4.04 2.45 249 

Apr 11.14 47400 205 80 75 10800 4.33 1.69 1.58 288 
12.14 49300 240 94 80 11100 4.87 1.91 1.62 225 
13.12 84800 300 120 96 13300 3.59 1.41 1.13 157 

Apr 16.11 12900 460 150 170 33000 3.57 1.16 1.32 256 
17.10 42000 225 58 68 19800 5J6 1.38 1.62 471 

18 comets'* max; 3.9 2.6*' 3.9 211= 
average: 2.7 1.6 1.6 60 
min: 1.6 0.9 0.9 7.7 

" These values are from our paper (Fmk and Hicks ApJ. 459, 729-743); the values have 
been corrected slightly to account for more precise Haser sky correction used in present 
analysis. Ratios for P/Giacobini-Zinner, Yanaka (1988r) and P/Schwassman-Wachmann3 
have been excluded. 

' ratios are twice those listed in 1995 paper to take into account the corrected g 
factors pointed out by Arpigny (1994). 
Analysis of the dust production of 39 comets has not been completed and so these values are 
our best preliminary estimates. 

respect to the comet's rotational lightcurve and obtained excellent agreement. On 

1996 April 13 there was an outburst which showed up first in a doubling of the 

H2O production rate because of that species narrow emission profile. Since C2, 

NH2, CN and Af^ values axe only slightly higher, their ratios with respect to H2O 

appear lower than average. An even higher water production rate was recorded on 

April 16, but by then the amount of dust within our aperture had also increased 

considerably. On April 17 the water production rate dropped down sharply yet the 

dust, C2 and CN stayed relatively high, again resulting in anomalous ratios. 

Our production rates are plotted versus heliocentric distance in Fig. 3.10. 

We did not plot the production rate ratios with respect to water (though they 

are given in Table 3.17) so that there would be no bias introduced with respect 

to any possible H2O production rate outbursts or anomalies. The figure is best 
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interpreted by sliding the panels up and down and for this purpose we have kept 

the relative vertical scaling identical. If one does this, it is readily seen that except 

for the differences explained by the comet's varjdng activity, the points for HjO, 

Mp tind CN coincide remarkably closely. The ratios of production rates between 

these species therefor stayed essentially the same dtiring our observations. They all 

follow the same heliocentric distance dependence with a slope of r""^"®. 

This is not the case for C2 and NH2. The heliocentric distance dependence 

for C2 is steeper than for the other species and approximately foUows a r~^-® de

pendence. We feel that this is due to a considerable CHON particle contribution to 

its production rate. As the comet nears the sim, the CHON particles heat up thus 

contributing more to the overall C2 production. Combining this well defined trend 

with the previously discussed aperttire dependence for C2 axgues fairly strongly for 

a major source for the observed C2 coming from CHON particles. Such a source 

was advocated in a recent paper by Combi and Fink (1996) by reasons of observed 

spatial profiles and the heliocentric distance dependence of the C2 scale lengths. 

Our present observations now add new and different evidence to that axgument. 

On the other hand the NH2 production rate development is considerably 

flatter, with a heliocentric dependence of For the Februaxy and March data 

the relative NH2 abundances for Comet Hyakutake are the highest, by a considerable 

margin, of any comet we have observed so far. Yet for all of the April observations 

they drop down to quite normal average values. Perhaps this indicates that Comet 

Hyakutake is a fairly pristine comet, whose NH2 abxmdance is depleted diiring the 

first few passages into the solar system, whereupon it reverts to a "normal" NH2 

abundance. In comparing Comet Hyakutake to Comet P/Halley and other comets, 

we must consider the change in g factor for NH2 abundances, and the change in our 

Haser model corrections, which makes our older C2/H2O, NH2/H2O and CN/H2O 

ratios slightly higher by roughly a factor of 1.2. These corrections are included in 

the values at the bottom of Table V taken from our 39 comet paper (Fink and 

Hicks 1996). We find that Comet Hyakutake was clearly the dustiest of them all. 
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Our dustiest comet previously observed was Levy (90c) with an Aip ratio to water 

(using the units of Table V) of 300. The next dustiest was P/Halley with a pre-

perihelion average of 180 and a post-perihelion average of 280. The CN/H2O ratio 

of 1.65 per mil for Comet Hyakutake is clearly quite close to the value of a typical 

comet. Strangely enough, the NH2/H2O ratio varies from the highest values that we 

observed for any comet in February and March, to a typical numbers in April. The 

C2/H2O ratio starts out below average in Februaxy but ends up with some of our 

highest values ever measured for this ratio in April. For P/Halley, the species H2O, 

NH2, CN and Mp all displayed the same heliocentric distances variation following 

an r~ '̂® power law (DiSanti and Fink 1991, Fink 1994). (We note have that the 

apparent Aip dependence with respect to the H2O production rate in Fink (1994) 

Fig. 6 stemmed from an artifact Ln the phase correction method used. When this 

is removed the heliocentric dependence of the Af values and H2O production rates 

t r a c k  q u i t e  w e l l . )  F o r  C o m e t  H y a k u t a k e  t h i s  p o w e r  l a w  w a s  ~ r ~ ^ ' ®  a n d  o n l y  t h e  A f p  

and CN followed the power law while NH2 and C2 showed considerable deviations 

3.1.2 Comets observed over more than one apparition 

Our spectroscopic survey is ongoing and has been in place long enough such that two 

of the Jupiter family of comets have been observed over two apparitions. Though a 

single orbit is most likely too short of a time span to witness amy seculcir evolution 

of a comet which has already undergone many perihelion passages, changes in the 

relative abundances of the gases in the coma may be possible if the nucleus is 

compositionally imhomogenous and the location of the active areas changes between 

subsequent apparitions. 

Comet P/KopfF was observed spectroscopically Jim-Oct 1990. The comet 

had passed perihelion q=1.58 AU in Jan 1990. When first observed, Jun 20 1990, 

the comet was at a heliocentric distance of 2.14 AU and though the comet gave a 

very reasonable spectrum, only upper limits for emissions could be obtained. As a 
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general rule, we are able to detect molecular emissions only when the heliocentric 

distance fails below 2 AU. An upper limit to water production of 1300 x 10^® mol 

sec~^ gives an estimate of Q(H20) < 6000 x 10^® mol sec~^ reduced to 1 AU using 

an r"^ scaling law. During its 1996 apparition we were able to catch the comet 

near 1.6 AU, where it exhibited reasonably strong emissions. On 1996 May, with a 

heliocentric distance of 1.65 AU, the measured water production rate Wtis 3920 x 

10^® mol sec~^. When scaied to 1 AU, this gives a reduced Q(H20) = 11000 x 10^® 

mol sec~^. The factor of two increase in scaled water production rates can be the 

result of an outburst near the time of our 1996 observations or changing sub-solar 

latitude turning on new active axeas. As discussed later in this chapter, P/Kopff is 

a member of the Borrelly class and so we feel quite fortimate to have been able to 

capture this comet when it gave us emissions. 

Comet P/Encke was ajiother comet which we observed over two subsequent 

apparitions. The comet is notable for it small perihelion distance of 0.33 AU. 

The comet was first observed 1990 Oct with at a heliocentric distance of 0.57 AU 

and again in 1994 Jan with a heliocentric distance of 0.85 AU. Applying similar 

heliocentric scaling as for P/Kopff, we find evidence for increased activity in the 

1990 Oct data. The production rate ratios for P/Encke remain consistent to within 

~30%. The relative increase in the C2/H2O at smaller heliocentric distance supports 

the idea that there may be some CHON component to the C2 production of the 

comet, as may be the case for Comet Hyakutake 1996 B2. 

3.2 Properties of the ensemble of comets 

The evaporation of water drives cometary activity at the typical heliocentric dis

tances where we see molecular emissions and therefor the water production rate 

is perhaps the most fundamental measurement we can make. The rate of water 

production can be considered a proxy of the comet's active area and if the relative 
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fractional axea is roughly constant between comets, it can be used for a first or

der estimate of their size. Table 3.18 presents tin ordered list of H2O production 

rates reduced to 1 AU. To scale the Q(H20) to identical heliocentric distance a 

power law was assumed. This differs from the r~^"^ relation assimied by Fink 

and Hicks (1996), which was based on the water production scaling law found 

for P/Halley. More recently, Comet Hyakutake was measured at a wide range of 

heliocentric distances and foimd to have follow a r~ '̂® for Q(H20) and continuimi. 

An r~^"° relationship is to be expected from solar illumination and therefor we feel 

it have assumed this exponent in this work. By assuming an effective diameter for 

P/Halley of 10 km we also list an estimate of the nuclear size for the comets in 

Table 3.18. It is interesting to note that our reduced water production rates span 

a factor of ~2800 and effective diameter a factor of ~50. P/McNaught-Russell was 

the most active comet, with an effective diameter three times larger than P/Halley. 

P/Pons-Winneke and P/Honda-Mrkos-Paj were the weakest. The later only exhib

ited emissions due to a unusually small geocentric distance of 0.22 AU at the time 

of observation. 

The estimated diameters of the 38 comets given in Table 3.18 have been 

use d  to form a cumulative size distribution, by plotting the total number N which 

h a v e  a  d i a m e t e r  >  D .  T h i s  c u r v e  c a n  b e  d e s c r i b e d  w i t h  t h e  p o w e r  l a w  f u n c t i o n  N  =  

kD'*, where A: is a constant and b is the power law exponent. Rabinowitz (1994b) 

determined the size distribution for the Earth-crossing asteroids with diameters 

greater than 0.01 km, modeling observational biases into discovery statistics. He 

found that for D > 3.5 km, b = —5.4; for 0.070 < D < 3.5 km, b = —2.0; for 

0.010 < D < 0.070 km, b = —3.5. Our distribution is presented in Fig. 3.12 and 

can be described with two segments: b = —1.03 for £) < 6 km and b = —1.76 for 

D > 6 km. In that our size determinations axe order of magnitude estimates, no 

attempt has been made to correct for observational bias in our sample. Certainly, 

we are biased towards larger comets which have enough activity such that we can 

reliably measure HjO production. The size-frequency distribution for the main belt 

can cilso be expressed in terms of segments controlled by power law distributions 



Table 3.18: Ordered list of H2O production rates reduced to 1 AU 

Q(H,o) Estimated 
Object 102« mol sec-» Diameter (km) 
P/McNaugfat-Russell 519.93 3U9 
Levy (1990c) 112.90 14.63 
P/Swift-'I\itUe 9U9 13.24 
P/Hafley 52.75 9.91 
Hyakutake (C/1995 Yl) 37.38 8.42 
P/de Vico 30.10 7.55 
MneUer (1993p) 29.71 7.50 
Hyakutake (C/1996 B2) 29.09 7.43 
Yanaka (1989a) 19.59 6.09 
P/Tempel 2 14.00 5.15 
Takamizawa (19941) 12.10 4.79 
Austin (1989cl) 10.71 4.51 
P/Kopff 8.62 4.02 
P/Pcters-Hartley 6.91 3.62 
P/Brorsen-Metcalf 6.90 3.61 
Shoemaker-Levy (1991al) 6.87 3.61 
Machholz (1994r) 6.28 3.45 
P/Borrelly 5.65 3.21 
Szczepanski (C/1996 Bl) 4.80 3.02 
P/Giacobini'Ziniier 4.70 2.67 
P/Tempel 1 4.45 2.90 
Mueller (1991hl) 3.53 2.59 
Hartley-Good (19851) 3.38 2.51 
P/Schaumasse 3.35 2.50 
Zanotta-Brewington (1991gl) 3.11 2.43 
P/d* Arrest 2.69 2.01 
P/Machholz 2 2.49 2.17 
Nakamura-NisUmura-MachhoIz 1.94 1.92 
P/Clark 1.79 1.84 
P/Churyrmiov-Gera 1.79 1.84 
Helin-Roman-AIa (1989v) 1.53 1.70 
Yanaka (1989r) 1.38 1.62 
P/LOVM1 1.35 1.60 
P/Bncke 1.08 1.40 
P/Sdiwassmann-Warhman 3 0.87 1.28 
P/Jackson-Neiqmin 0.76 1.07 
P /Pons-Winnecke 0.65 1.11 
P /HondarMrkoa-Paj 0.18 0.58 
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Figure 3.12: Estimated size distribution for comets with emission. The estimated 
diameters in Table 3.18 have been used to form a cumulative size distribution func
tion which can be matched with power law exponents of -1.03 for D < 6 km and 
-1.76 for D > 6 km. Though not compatible with the size distribution curve for 
NEOs (Rabinowitz 1994b), it does match weU that of the small main-belt asteroids 
(Gradie et al. 1989). 
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(Gradie et al. 1989). For the larger main-belt objects, h = —2.11 for D > 100 km 

and b = —1.63 for D > 60 km. From numerical studies (Davis et al. 1985) one 

may expect a value of 6 ~ —2.5. It may be accidental that the value for the slope 

parameter b for our sample of comets appears more compatible with the main-belt 

than the near-Earth population. 

The preceeding discusion of the size-frequency distribution is of course very 

tentative cmd assiraies certain assumptions, which we reiterate for clarity: 

• To compare directly the water production rates of 38 comets measured at 

widely varying observational circumstances, the H2O production was normal

ized to imity heliocentric distance with a r~ '̂° power law, which may be ex

pected from energy considerations. 

• The diameter of the cometary nuclei were referenced to that of P/Halley, 

the only comet in which activity and physical size where simulataneously 

measured. This assiunption breaJcs down for bodies with widely varying active 

area fractions but it may prove to be a good approximation for the ensemble 

average of comets. 

• No correction was made for observational bias, which is certain to select for 

larger, more reliably measurable comets. The actual size-frequency distribu

tion is most likely to be not as shallow, cis small comets are under-represented 

in our survey. 

With these caveats aside, we still felt that this was a good first-order at

tempt at infering a cometary size-distribution, clearly our assimiptions need to be 

checked and more comet water production rates measured. When we compare the 

range of slopes given in Fig. 3.12 we find reasonably good agreement with a physical 

model of cometary formation investigated numerically by Weidenschilling (1997). 
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3.3 Production rate ratios and A f p  

Of the 66 comets presented in this survey 38, or approximately 60% exhibited 

reliably measurable emissions. Though 4 comets gave possible CN 1-0 emissions, 

the rest yielded only a continuum. Approximately two-thirds of our comets were 

periodic, ie. with orbital periods less than 200 years. The remainder were newly 

discovered comets. To undertake our survey, the typic<il observing pace was on the 

order of six runs at the telescope per year, with seven nights of dark/grey time 

per nm. This allowed us to coUect spectra of most of the interesting comets with 

apparition in the 1989-1996 time frame. 

Though we enjoy taking spectra of comets with strong emission in that 

they allowed us to obtain quantitative production rates, we felt it important not to 

bias our survey and so we attempted to take spectra of any comet available in our 

runs which were bright enough (~17th Mv) for our spectroscopic system. This was 

followed strictly for the years 1989, 1990, 1991 in conjunction with the advent of our 

CCD guiding system but was relaxed slightly in later years when it was recognized 

that it tcikes an extremely active comet, on the order of P/Halley, for us to be able 

to measure emissions past 2.5 AU. 

3.3.1 Normal variability 

To study chemical differences between comets, it is the production rate ratios with 

respect to water which are even more important than the production rates them

selves. This is because at the heliocentric distances we can observe emissions, water 

is the dominate volatile which powers the cometary activity. Unfortunately, be

cause of diffictilties in determining accurate water production from the 6300A 01 

line discussed in the proceeding chapter, the water production rates are the least 

accvirate in our set. Nevertheless, because of its fundamental importance we present 

ordered sets of production rate ratios in Table 3.19. 



Table 3.19: Ordered list of production rate ratios for 38 comets 

Cj/HjO (10-^) NHj/HaO (10-3) CN/H2O (10-3) 
Comet Ratio Comet Ratio Comet Ratio 
Hyakutake (95 Yl) 6.4 P/Jackson^Neî min 5.9 P/Schwass-Wach 3 5.5 
Hartley-Good (851) 5.1 Hyakutake (96 B2) 3.8 Yanaka (89a) 4.1 
P/Machbolz 2 4.6 Naka-Nishi-Macb 3.2 P/Jackson-Neujmin 3.7 
Helin-Roman-Ala 4.6 P/HaDey 3.0 Levy (90c) 3.4 
P/Encke 4.6 Helmr Roman-Alu 3.0 Machholz (94r) 3.3 
MueUer (91hl) 4.6 P/Tempel 1 2.8 P/Lovas 1 3.1 
P/Lovas 1 4.2 Szczepansld 2.6 Hyjikutake (95 Yl) 3.0 
Yanaka (89a) 3.8 P /Pons-Womecke 2.5 Takamizawa 2.8 
Levy (90c) 3.6 Hartley-Good 2.5 P/Encke 2.5 
A.ustiii (89cl) 3.5 P/Kopff 2.5 Naka-Nishi-Mach 2.4 
P/HaDey 3.5 P/d'Arrest 2.4 Helin-Roman-Alu 2.4 
P/Brorsen-Metcalf 3.4 Hyakutake (95 Yl) 2.4 Austin (89cl) 2.3 
P/Tempel 2 3.2 P /McNaught-Russell 2.3 Hartley-Good (851) 2.1 
P /Pons-Winnecke 3.1 P/Clark 2.2 P / Giac-Zinner 2.0 
P/Jackson-Neujmin 2.9 ticvy (90c) 2.2 P/Clark 1.9 
P/S wift-Tuttle 2.8 Machholz (94r) 2.2 Hyakutake (96 B2) 1.9 
P/̂ tcNaught-Russell 2.8 P/Schaumasse 2.2 P/McNaught-Russell 1.9 
P/Schaumasse 2.5 Takamizawa (94i) 2.1 P/HaUey 1.8 
Zan-Brewington 2.5 P/Borrelly 2.1 Szczepanski 1.8 
P /Peters-Hartley 2.3 P/Lovaa1 2.1 P/Tempel 1 1.7 
P/de Vico 2.1 Austin (1989cl) 2.1 P/Honda-Mrkos-Paj 1.6 
MueUer (93p) 1.9 P/Peters-Hartley 2.0 P/Peters-Hartley 1.5 
Shoe-Levy (91al) 1.9 P/Chur-Gera 2.0 P/Schaiimasse 1.5 
Szczepanaki 1.5 P/Tempel 2 1.9 P/Chur-Gera 1.5 
P/d* Arrest 1.4 P /Hondar-Mrkos-Paj 1.9 P /Bror-Metcalf 1.5 
Naka-Nishi-Mach 1.2 P/Machholz 2 1.9 Mueller (9lhl) 1.4 
Hyakutake (96 B2) 1.2 Shoe-Levy (91al) 1.7 P/Borrelly 1.4 
Machholz (94r) 1.0 Yanaka (89r) 1.6 P/Tempel 2 1.4 
P/Kopff 1.0 P/de Vico 1.3 P/Kopff 1.4 
Takamizawa 0.9 Yimaka (89a) 1.3 Zan-Brewington IJ 
P / Giac-Zinner 0.9 Mueller (93p) 1.3 P/Swift-T\ittle 1.3 
P/Schwass-Wach 3 0.7 Zan-Brewington 1.2 P/Machholz 2 IJ 
P/COark 0.7 P/Brotsen-Metcalf 1.1 P/Pons-Winnecke 1.2 
P/Ch«ir-Gera 0.7 P/Swift-lVittle 1.0 P/d* Arrest 1.2 
P/Honda-Mrkos-Paj 0.6 P/Encke 0.9 Shoe-Levy (91al) 1.1 
P/Tempel 1 0.6 MueUer (91hl) 0.9 P/de Vico 0.8 
P/Borrelly 0.4 P/Schwass-Wach 3 0.4 Mueller (93p) 0.7 
Yanaka (89r) 0.1 P/Gi«c-Zinner 0.4 Yanaka (89r) 0.1 

Average 2.44±1.6 Average 2.07±1.0 
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A casual examination of Table 2.10 and Table 3.19 gives the fundamental 

conclusion of the cometary survey: though absolute production rates span several 

orders of magnitude, the production rate ratios are much more constrained. Since 

most of the comets were observed only on a single observing nm there remains 

questions of comet variability during the apparition. An in depth analysis of this 

effect was performed for P/Halley (Fink 1994) and Comet Hyakutake 1996 B2 (Hicks 

and Fink, 1996). Similar data exits for Comet P/Giacobini-Zinner but has yet to be 

examined in any great detail. For P/HaUey it was found that the production rate 

ratios remained essentially constant throughout over a heliocentric range of 0.73-

2.52 AU. This is in contrast with Comet Hyakutake 1996 B2, as described earlier in 

this chapter, which evolved from a comet being exceedingly rich in NHa near time 

of discovery at large heliocentric distances, to one with more typical abtmdances 

at the time near perihelion passage. In cases where multiple observations where 

made of the comet, the values listed in Table 2.10 are averages. Small scale intra-

comet variability does exist, on the order of 20%. We are planning on examining 

this question in greater detail in future publications, including our new data on the 

recent apparitions of P/Wild 2, P/Wirtanen, and Comet Hale-Bopp. 

A similar ordered list of dust-to-gas ratios is given in Table 3.20. The dust-

to-gas ratios span a much greater range than the molecular production rate ratios, 

implying that a majority of the parents of our molecular species are entrenched with 

the water ice, as opposed to release from the dust. It is also interesting to note that 

three of the most active comets, namely P/McNaught-Russell, Hyakutake (C/1995 

Yl), P/de Vico, are the three least dusty comets in our database. Comets P/Encke 

and P/Honda-Mrkos-Paj axe relatively dust-poor and exhibit low cometary activity 

(Table 3.18). This is consistent with the idea that there axe dynamically mature 

short-period comets in which the smaller, more easily lofted dust grains and store of 

volatiles have been significantly depleted by many close perihelion passages. Perhaps 

we are witnessing the evolution of comets into asteroids. 
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Table 3.20: Ordered list of Af/>/Q(H20) ratios for 38 comets 

Comet Ratio" Comet Ratio" 
Hyakutalce (C/1996 B2) 250.5 P/Clark 31.1 
Levy (1990c) 191.7 P/Pons-Wtnnecke 30.6 
P/HaDey 179.8 P/Schanmagse 30.0 
P/Lovas 1 126.S P/Jackson-Neujmm 273 
P/Swift-TVittle 94.1 Yanaka (1989r) 23.4 
Shoemaker-Levy (1991al) 75.8 Zanotta-Brewington (1991gl) 20.2 
P / Giacobiiu-2Smier 72.7 P/Kopff 18.7 
Machbolz (1994r) 67.8 NakamurarNishimura-Machholz 18.1 
P/Churyumov-Gera 58.2 Austin (1989cl) 17.7 
Mueller (1993p) 44.2 Mueller (1991hl) 11.7 
Yanalca (1989a) 43.7 P/d'Arrest 10.1 
Takamizawa (19941) 43.5 Szczepansld (C/1996 Bl) 9.4 
Hartley-Good (19851) 42.5 P/Encke 7.6 
P/Schwrnrnmann-Warhman 3 423 P /Honda-Mrkos-Paj 73 
P/Borrelly 38.4 P/Brorsen-Metcalf 7.1 
Helin-Roman-AIu (1989v) 38.4 P/Machholz 2 5.1 
P/Tempel 1 343 P /McNaught-Russell 3.8 
P /Peters-Hartley 333 Hyakutake (C/1995 Yl) 3.4 
P/Tempel 2 32.8 P/de Vico 3.1 

47.3±5S 
"Ehist-to-gas expressed in units of 10 " cm sec mol~' 

3.3.2 Periodic versus non-periodic 

Fig. 3.13 plots the log of the water production rate Q(H20) of the comets with 

emissions is plotted as a function of the log of heliocentric distance at the time of 

observation. The water production spans three orders of magnitude. The solid line 

through the panels denotes a r"^ power law which the expected behavior from solar 

flux limited sublimation. We note that the genercil trend for comets as a population 

is not inconsistent with the 1/r^ law. The bottom panel marks the periodic comets 

(P) and the non-periodic comets separately. Though there is a large variability 

in each group, the means of the water production rates differ substantially. The 

non-periodic comets have on average 60% higher water production rate. This could 

be an observational bias towards newly discovered bright objects or it could be a 

consequence of dynamical aging. As comets mature it is thought that they may lose 

their store of volatiles. Also, as was shown by high resolution spacecraft images of 

Comet P/Halley, comets can build up a mantle of dust grains too heavy to be lofted 
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Figure 3.13: The log of the water production rate Q(H20) of the comets with 
emissions is plotted as a function of the log of heliocentric distance at the time of 
observation. The water production spans three orders of magnitude. The solid line 
through the upper panel denotes a r~^ power law which the expected behavior from 
energy considerations. The bottom panel maxks the periodic comets (P) and the 
non-periodic comets separately. 



79 

by the sublimating ices, building up an instilating mantle and effectively choking 

off cometaxy activity. 

The log of the Af/)/Q(H20) ratio is plotted against the log of the water pro

duction rate Q(H20) as shown in Fig. 3.14. A higher Afp/Q(H20) ratio indicates a 

more dusty comet. As noted previously, there is a considerable more vaxiance in the 

water production rate that the Af^/Q(H20) ratio. This is to be expected; though 

the absolute rate of sublimation of the ices varies by many orders of magnitudes, 

the expansion velocity remains relatively fixed at ~1 km/sec (Combi, 1989) and 

the mass fraction of dust entrenched in the gas is also relatively constant. When 

averaged, the non-periodic comets are more dusty by a factor of ~40% than the 

periodic comets. This can be an observational bias: comets are preferentially dis

covered when they are bright, and a comet with a dusty coma is more readily visible. 

It cotild also be an evolutionary effect, as a comet ages it may deplete its reserves 

of smaller, more easily launched dust grains. It is interesting to note that comets 

Hyakutake 1996 B2 (HB), Levy 1990c (Le), P/Halley, and P/Swift-Tuttle are both 

some of the dustiest and most active comets, while on the other end of the scale 

P/Encke and P/Honda-Mrkos-Paj are both weak and gassy. 

3.4 Comet taxonomy 

Now that we have explored in detail the behavior of one particular comet, Hyakutake 

1996 B2, and have examined the population as a whole. We Me now ready to search 

for a comet taxonomy. We have shown that in general the production rate ratios 

stay relatively constant throughout an apparition. We have also seen in a limited 

nimiber of cases available to us that the relative composition does not significantly 

change between successive apparitions. An examination of Table 2.10 shows us that 

typically it is the production of water vapor that varies the most and therefor the 

C2/CN, etc, ratios tend to remain constant. 

Taxonomic classification methods, such as principal components, cluster 
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Figure 3.14: The log of the Af^/Q(H20) ratio is plotted against the log of the 
water production rate Q(H20). Higher Af/)/Q(H20) ratio indicate a more dusty 
comet. The bottom panel marks the periodic comets (P) and the non-periodic 
comets separately. Though the variability within each population is quite large 
there is perhaps an insignificant tendency for non-periodic comets to be more dust 
rich than periodic comets by ~40%. 
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Table 3.21: Two-letter designation for comets showing emissions 

Object Abbrev. Object Abbrev. 
P/HaUey Ha P/Schaumasse Sc 
P/Giacobini-Ziiiner GZ P/Kopff Ko 
Hartley-Good (19851) HG Mueller (1993p) Mp 
P/Tempel 2 T2 P/Tempd 1 T1 
Yanaka (1989a) Ya P/McNanght-RusseQ MR 
Yanaka (1989r) Yr Takamizawa (19941) Ta 
P/Pons-Winnecke PW Nakamurar-Nishiniura-Machholz NN 
P/Broraen-Metcalf BM P/Machholz 2 M2 
Helin-Roman-Alu (1989v) HR P/Borrelly Bo 
P/Lovas I LI Machholz (1994r) Ma 
P/Schwassmann-Wachman 3 S3 P/aark CI 
Austin (1989cl) Au P/d'Arrest dA 
P/Peters-Hartley PH P/Jackson-Neujmin JN 
Levy (1990c) U P/de Vico dV 
P/Enie EIn P /Choryumov-Gera CG 
Zanottar-Brewington (1991gl) 2B P /Honda-Mrkos-Paj HM 
Mueller (1991hl) Mtt Szczepansld (C/1996 Bl) Sz 
Shoemaker-Levy (1991al) SL Hyakutake (C/1996 B2) HB 
P/Swift-'Rittle ST Hyakntake (C/1995 Yl) HY 

analysis, and neural networks, have proven to be valuable in handling laxge complex 

datasets with correlations between many variables. This has been the case for 

cisteroid taxonomy (Tholen 1984, HoweU 1995). In our cometary work, the vcist 

majority of the effort is expended in carefully and properly reducing the spectra 

in order to obtain accurate and unbiased production rates. The interpretation, 

however, is made quite a bit simpler by constraining ourselves to the examination 

of three straightforward quantities: the production rate ration of C2, NH2, and 

CN with respect to water. With only three variables, principal component analysis 

is not needed to properly visualize the data in component space. And as will be 

shown, the data aligns itself into four well-distinguished groups such that cluster 

analysis is unnecessary. The cometary ratios are plotted on log-log plots. To aid in 

the identification of individual comets on these figures, the location of each object 

is denoted by a two-letter abbreviations as given in Table 3.21. 

Fig 3.15, Fig 3.16, Fig 3.17 illustrate graphically the results of our taxon

omy. The production rate ratios given in Table 3.19 were plotted on log-log scale. 

The error in each data point, dominated by uncertainties in the measured water 
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production rate, is on the order of the size of the symbols used to denote each in

dividual comet. In each figure we have drawn a line of unity slope. Variations of 

water production rate move parjJlel to this line. It is apparent from Fig 3.15 that 

the majority of comets in our survey have a Cj/CN ratio of ~2, in that they are 

clustered relatively tightly near this mixing line. We have designated this group of 

comets Type I, or Halley-Tjrpe, after the most well-known member. The general 

area in parameter space which defines the group is designated by the closed cxirve 

in the bottom pajiel of Fig 3.15. Comet Yanaka 1989r is extremely depleted in 

both CN and Cj by more than an order of magnitude from other comets and thus 

has its own taxonomic class Type IV (Yanaka-Tjrpe). The strange nature of this 

comet was first noted by Fink (1992) who postulated that the comet was so unusual 

that it may be an interloper from another moleculax cloud. There is another group 

of comets, nimibering roughly one-third of the total, which is noted by its low C2 

abundance with respect to CN. This group was noted by A'Heam et al. (1996) who 

found the members to be deficient in both C2 and C3. It is labeled Type II/III in 

Fig 3.15. 

When we plot C2/H2O vs. NH2/H2O given in Fig. 3.16 the taxonomic 

grouping discerned in Fig 3.15 is preserved. The Tjrpe I comets tend to cluster 

about the water mixing line, exhibiting greater variations in H2O production than 

C2/NH2 ratios. Comet Yanaka 89r, the Type IV comet, shifts away from the miying 

line demonstrating that it is genetically different from the T5T)e I class. The Type 

II and Type III comets are clearly separated by their relative NH2/H2O abundance. 

Type I and Type III share similar C2/NH2 ratios of ~1.7 whereas the Type II 

comets seem to follow there own mixing line with a C2/NH2 ratio of ~0.4. Comet 

P/Jackson-Neujmin stands out of the Type I class with it's high NH2 abimdance 

but its relatively high C2/H2O ratio makes it unlikely to belong to the Type IV 

class. 

The last set of mixing ratios to plot is given in Fig. 3.17, NH2/H2O vs. 

CN/H2O. In this projection the Type I and Tj^e II comets are degenerate, with 
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Figiire3.15: Logarithmicmixingratioplotof C2/H2O vs. CN/H2O. the solid dashed 
line in the upper panel denotes a mixing line for water. Comet Yanaka 89r (Yr) 
stands out clearly as a comet deficient in both C2 and CN. Type I (Halley-Type) 
comets fall reasonably along the mixing line while Types II and III (GZ and Bor-
relly-Type) comets are separated in that they are deficient in C2. The Type II and 
Type III classes where recognized in the A'Heaxn et ai taxonomy as one group. 
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Figiire 3.16: Logaxithmic mixing ratio plot of C2/H2O vs. NH2/H2O. The Type II 
and III classes are now clearly separated by their relative abimdances of NH2. The 
Type IV comet shifts position because while it is extremely deficient in carbon-based 
molecules, it has normal NH2 abundance. Both Type I and Type III comets have 
indistinguishable C2/NH2 ratios. 
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typical NH2/CN production rate ratios of ~1. For these two taxonomic groups the 

variations in NH2/H2O are on the same order as that for CN/H2O. Comet Yajiaka 

89r, being depleted in CN, stands out quite clearly, as do the Type III comets which 

are low in NH2. 

3.5 Interpretations of variability 

We have seen how comets can be classified into taxonomic classes through consid

eration of their production rate ratios. The major groupings are "normal" comets 

(Type I) of which P/HaUey is the type example and C2 poor comets (Types Il-f-III), 

of which P/Borrelly is a typical member. The C2 poor comets can be further sub

divided by relative NH2 into the GZ-class (Type III) and the Borrelly-class (Type 

II). One particular outlier, Comet YanaJta 1989r, is so unique it is given its own 

taxonomic class (Type IV). The taxonomic designations and the characteristic pro

duction rate ratios axe listed in Table 3.22. 

Though compositionally extremely interesting. Type III and IV comets axe 

a small minority (~8%) of the total. We focus our discussion on the more common 

Type I and II classes. As discussed earlier, A'Heam et al. (1996) recently published 

the results of their filter photometric sxirvey. Though they examined a different 

suite of molecules (OH, CN, C2, C3, and NH versus our set of C2, H2O, NH2, and 

CN) the results from a restricted set of 41 comets give reassuringly similar versions 

of comet taxonomy. Similarly to our work, the authors normalized their production 

rates to that of water and identified two classes. In the typical class, the C2 and 

CN vary together with respect to water vapor. In the depleted class C2 production 

is down. A'Heam ef al. argue that compositional differences are primordial rather 

than evolutionary and axe thus reflect conditions in the solar nebula where the 

comets formed. 

Our observations reflect a similar grouping of comets, with ~40% of our 

objects belonging to a C2 poor class. We are gratified to see many of the C2 depleted 
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Figure 3.17: Logarithmic mixing ratio plot of NH2/H2O vs. CN/H2O. Though 
the majority of comets (Type I and Type II) are degenerate in this plot, 
P/Giacobini-Zinner and P/Schwassman-Wachman 3 (Type III), with low NH2, re
mains quite clearly distinguishable. Yanaka 89r remains the odd comet out. 



Table 3.22: Taxonomic Classification by Production Rate Ratios 

Ca/HjO NHz/HaO CN/HaO 
Object (10-^) (10-3) (10-') 

I Halley-Type 
P/HaUey 3.S 3.0 1.8 
Hartley-Good (19851) 5.1 2.5 2.1 
P/Tempel2 3.2 1.9 1.4 
Yanaka (1989a) 3.8 1.3 4.1 
P/Pons-Winnedte 3.1 2.5 1.2 
P/Broraen-Metcalf 3.4 1.1 1.5 
Helin-Roman-Alu (1989v) 4.6 3.0 2.4 
P/Lovas1 4.2 2.1 3.1 
Austin (1989cl) 3.5 2.1 2.3 
P/Peters-Hartley 2.3 2.0 1.5 
Levy (1990c) 3.6 2.2 3.4 
P/Encke 4.6 0.9 2.5 
Zanottjk-Breirmgton (1991gl) 2.5 1.2 1.3 
MueQer (1991hl) 4.6 0.9 1.4 
Sho«rninlrrr-Levy (1991al) 1.9 1.7 1.1 
P/Swift-Tuttle 2.8 1.0 1.3 
P/Schanmasae 2.5 2.2 1.5 
Mueller (1993p) 1.9 1.3 0.7 
P /McNaught-Russell 2.8 2.3 1.9 
P/Machholz 2 4.6 1.9 1.3 
P / Jackson-Neujmin 2.9 3.9 3.7 
P/de Vice 2.1 1.3 0.8 
Hyakutake (C/1995 Yl) 6.4 2.4 3.0 

1.9 0.9 0.7 
6.4 5.9 4.1 

mean 3.5±1.1 2.0±1.1 2.0±0.9 

n Borrelly-Type 
P/Kopff 1.0 2.5 1.4 
P/Tempel 1 0.6 2.8 1.7 
Takamizawa (19941) 0.9 2.1 2.8 
Nakamura-Ntshiimira-Machholz 1.2 3.2 2.4 
P/BorreUy 0.4 2.1 1.4 
Machholz (1994r) 1.0 2.2 3.3 
P/aark 0.7 2.2 1.9 
P/d'Arrest 1.4 2.4 1.2 
P/ CIniryninov-Gera 0.7 2.0 1.5 
P /Honda-Mrkos-Paj 0.6 1.9 1.6 
Szczepansld (0/1996 Bl) 1.5 2.6 1.8 
Hyakutake (C/1996 B2) 1.2 3.8 1.9 

0.4 1.9 1.2 
1.5 3.8 3.3 

mean 0.9±03 2.5±0.6 1.9±0.6 

in 6Z-Type 
P/Giacobini-Zinner 0.9 0.4 2.0 
P/S<Thw»Mtnjknn.Wiu-hnij»i ."l 0.7 0.4 5.5 

IV Yan aka-Type 
Yanaka (1989r) 0.1 1.6 0.1 
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comets common to both stirveys (P/Kopff, P/Borrelly, P/Tempel 1, etc.) and thus 

we are confident that our taxonomic classifications are real. When A'Heam et 

a/, plot the C2/CN production rate as a function of the Tisserand invariant, they 

found that the majority of the depleted comets belong to Jupiter's family, though, 

only roughly half of the Jupiter family comets were depleted. Our study shows 

similar statistics. Of the 14 members of the Type III and Type IV (C2 poor) 

comets only 5 are long-period. For the set of 23 Type I comets with "normal" C2 

abundcince, 10 axe long-period. 

Levison (1996) notes that over 90% of comets stay within their dynamical 

group during their lifetime. Numerical integrations strongly suggest that the Oort 

cloud comets originated in the inner part of the comet-forming region, vmtil pertur

bations by a proto-Ureinus and proto-Neptune kicked them out into a spherical Oort 

cloud. Jupiter family comets, however, with their low inclinations, are thought to 

have formed in the inner edge of the Kuiper belt where planetary perturbations are 

strong enough to evolve them into the Solar System where they become short-period 

comets. Levison argues for a compositional gradient across the outer structure in 

the early solar system, with "typical" comets arriving from the Oort cloud bom in 

the inner comet-forming region, while "depleted" comets forming in the inner edge 

of the Kuiper disk. Our data and taxonomy schema also supports this scenario. 

If there is significant C2 depletion in some classes of comets it is necessary 

to explore posible scenerios which might explain this. This is made dificult by the 

abiguity in the indentification of the parent species for the carbon chain molecules 

(A'Heam and Festou, 1990). All models of solar sytem formation predict a temper

ature gradient as one moves outward across the protoplanetary disk. It is plausible 

to expect that the temperture in the warmer Uranus-Neptune region was conducive 

to the formation of "normal" comets and as one moves radially outward the temper

ature drops such that it inhibits the formation of the carbon chain parent molecides 

(A'Heaxn et al., 1996). 

Collisional evolution models, which follow the mechanical formation and 
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evolution of comets in the solax nebula (Weidenschilling 1997) imply that the small 

short period comets derived from the Kuiper Disk are most likely collisional frag

ments of larger (tens of kilometers) parent bodies and most likely have a "rubble 

pile" structure. Long-period comets arriving from the Oort cloud have been pro

tected from collisions by virtue of the low number density. It is possible that the 

thermal shock of collisional disruption and reaccrection may have altered some 

fraction of the Jupiter family comets, converting the carbon-chain abimdances from 

"normal" to "depleted". 

A third scenerio put forth by A'Heam et a/. (1996) postulates a gradient 

in cosmic ray flux in the early protoplanetary disk. Cosmic rays are important for 

the polymerization of organic molecules and tholins, responsible for the strong red 

color of outer solar system objects such as Centaurs and Kuiper Belt Objects, and 

may preferencially create destroy the parent moleciiles for Ci and C3. In order for 

this mechanism to be true, the boundary for the formation of carbon-chain poor 

comets would have to be in the iimer Kuiper belt, if only half of the Jupiter family 

comets are to be "depleted". 
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CHAPTER 4 

Near-Earth Asteroids and Extinct Cometary Nuclei 

We present moderate resolution reflectance spectra from 0.55 to 1.0 /ixn of 13 

near-Earth asteroids obtained at the Mount Bigelow 1.54 m telescope near Tuc

son, Arizona. Though our limited wavelength coverage often maices firm taxonomic 

classification difficult, an analysis of our measurements reveal that there is an over-

representation of asteroids with unusually deep 1 ^m absorption features. Six of 

our objects have spectra consistent with Q-type asteroids and within the limits of 

signal to noise, axe compatible with a chondritic composition. It is apparent that 

the near-Earth asteroids as a population has an unusual taxonomic distribution, 

one that is much closer to that of meteoric falls than may have been previously 

assimied. 

4.1 Observations 

AU observations for our siurvey of Earth-approaching asteroids were taken 

at the University of Arizona Catalina Station 1.54 meter telescope near Tucson. 

This telescope is well suited for a survey of Earth-approaching asteroids by virtue 

of its ability to track fast-moving objects with little periodic error and its relative 

availability when compared with many telescopes of larger aperture. The circimi-

stances of the observations are listed in Table 4.23, which gives the object name 

and date observed. Also listed are certain germane geometric and orbital param

eters, whether a partial lightcurve for the object was recorded and the taxonomic 

classification as determined from the spectrum. 
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Table 4.23: Observational Parameters for Near-Earth Objects 

Integration 
Date(s) r" A" V" Time Used Solar Analog 

Object Observed (AU) (AU) (deg) (mag) (minutes) Star(s) 
1620 Geograpbos 94/01/07-10 1.53 0.59 16 16.3 370 BS2141 
1994 ESI 94/03/15 1.00 .004 12 17.1 70 BS5968 
1995 CR 95/02/15 1.03 0.05 31 16.6 40 BS3309, BS3625 
6489 Golevka 95/05/29^31 1.07 0.06 33 14.7 410 BS5384. BS5968 
2102 Tantalus 95/06/24-25 1.31 0.33 25 15.5 150 BS5968, BS6538 
2201 Oljato 95/11/24-25 1.57 0.61 13 15.9 220 BS88, BS1262, BS1662 
1991 WA 95/11/24-27 1.29 0.31 -8 15.6 130 BS88, BS1262, BS1662 
1993 BW3 95/11/24-27 1.19 0.62 -56 16.5 120 BS88, BS1262, BS1662 
3200 Pbaethon 95/11/25-27 2.39 1.49 12 18.1 300 BS508, BS1662. BS2141 
1995 QU3 95/11/25 2.02 1.64 29 17.4 60 BS508, BS8737 
2063 Bacchus 96/04/11-12 1.09 0.10 29 13.5 130 BS5534, BS5968 
1992 LC 96/05/15-16 1.02 0.25 80 15.2 160 BS5968, SA0100038 
1996 JAl 96/05/17-18 1.03 0.02 -36 13.8 85 BS4277, BS5911, BS5968 
1990 MU 96/06/15 0.97 0.25 93 14.4 50 BS6060, SA0100038 
4 Vesta 96/06/15-18 2.15 1.30 19 6.2 0.28 BS6060 
1566 Icarus 96/06/16 1.14 0.13 -14 13.5 40 BS6060, SA010Q038 

" Heliocentric and geocentric distance, phase angle, and visual magnitude as listed in ephemeris at time of obser
vation. 

In conjunction with our cometary survey, the data of the near-Earth as

teroids and extinct comet candidates were also taken with our CCD spectrometer 

with an integral CCD guiding camera. This system was developed by Uwe Fink 

for the comet P/HaUey apparition and has been used since that time for cometary 

studies, asteroid lightcurves, spectrophotometry of Pluto, Triton, and Titan and a 

nmnber of other projects in planetary science. The CCD guider allows us to keep 

our objects well centered in the slit as well as record a simultaneous lightcurve 

in the B filter during our spectral integrations. Though of poorer quality than a 

dedicated lightcurve, such partial lightcurves have proven to be quite useful when 

combined with the data of other observers to resolve questions of aliasing, etc., in 

the determination of rotational periods (Spahr et al. 1996, Magnusson et al. 1996). 

The spectrograph has a projected slit length of 200" with a spatial scale of 

1.5" pixel"^ and is sensitive from 0.55 to 1.05 /im with a dispersion of 7.21 A pixel"^ 

With this wavelength range we were able to capture a significant portion of the 1 fim 

absorption feature which is quite critical for the correct interpretation of asteroid 

reflectance spectra. The nominal slit width used was 5", which represents the 
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best compromise between minimizing sky noise while maintaining good absolute 

photometry. On particularly bright objects, such «is 1996 JAl and 4 Vesta, we 

collected a series of exposures with slit widths of both 5" and 10", which allowed 

us to cross check for problems induced by differential refraction. 

Each night, solar emalog stars, from the 13 color photometry of solar-type 

stars (Schuster 1976) were observed at similar airmasses and through the same 

part of the sky as the asteroids. Noted in Table 4.1 are the analog stars used in the 

reduction. The spectra of the objects were divided by linear stmas of the analog stars 

created to match the asteroid's airmass. One analog star, BS 5968, matches the 

solax colors extremely weU. AH observations of the solar analog and flux calibration 

stars (Johnson 1980) were taken with a 10" spectrographic slit to minimize the 

effects of differential refraction and tracking error. 

4.2 Data Reduction 

The process by which we turn two dimensional CCD spectra of asteroids 

and solar analog stars into a plot of relative reflectance is well covered in previous 

papers on cometary spectroscopy (Fink and Hicks 1996, Hicks and Fink 1996) as 

well as Chapter 2. However, there are a few aspects directly relating to asteroids 

that warrant further discussion. Because small changes in slope and apparent band 

depth can influence the interpretation of a given asteroid's spectrum, it is important 

that the data is not compromised by differential refraction, which can be a problem 

at higher airmasses and when the spectrometer slit is not parallel with the parallactic 

angle. Differential refraction effectively smears the light of the object into a small 

rainbow projected along the great circle passing through the zenith and the object 

on the plane of the celestial sphere. If one end of the rainbow is clipped off by 

the slit jaws, a spurious slope is introduced into the data. In addition to keeping 

the tracking errors within an arcsecond or so, we also take care to collect series of 
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exposures on our objects and our comparison stars which are all reduced separately. 

If a particular frame shows a sptirious slope, or lower than expected coimts, it is 

examined more closely and is often discarded such that we maintain a self consistent 

remainder. For extremely fast-moving objects, such as 1994 ESI, only a small 

fraction of the exposures were used to make the fincil sum. 

There is a slight amount of defocusing of the spatial profiles in our spec

trometer which makes it difhcrilt to subtract cleanly the night sky emission at longer 

wavelengths where the contrast between the sky and object can be quite low, as 

illustrated in Fig. 4.18 and Fig. 4.19. By reducing the synthetic aperture to as nar

row 35 possible we are able to minimize this effect. Careful examination of spatial 

profiles as a function of wavelength made obvious a substantial amount of defocus

ing in the spectrograph as one moves past 0.9 ^m. By taking the object ajid sky 

windows identical for both the asteroid and comparison star frames we found this 

effect cancels out of the ratio spectra. We took great care to reduce each asteroid 

with a variety of synthetic apertures, cross checking at every step for consistency. 

We are confident that the spectra we present are accurate within the stated error 

bars. 

The faintness of our objects prompted us to smooth the spectra by binning 

the ratio spectra in 250 A increments. The data points given in the figures plot the 

mean value of the channels plus and minus one standard deviation of the values in 

each bin. Though this is an informal measure, we feel it adequately reflects both 

photon coimting and systematic errors. Steep changes in slope introduce greater 

variance within the bin, which is noticeable in the spectrvun of 4 Vesta given in 

Fig. 4.7. The flux from our objects comes from reflected sunlight and therefor drops 

precipitously in the near-ER, often resulting in low SNR at longer wavelengths for 

our fainter objects. This is exacerbated by the strong tellixric absorptions from HjO, 

and bright night sky emissions primarily from OH, in this spectral region. We are at 

times compelled to truncate our spectra to avoid the compromised data points past 

0.9 fim. To determine the taxonomic classification of the objects we compared the 
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Figure 4.18: The defocusing of the spatial profiles near the red end of the spectrum. 
Presented are four plots of the relative reflectance of asteroid 4 Vesta reduced with 
synthetic apertures of 91.5", 61.5", 31.5", 16.5". In each case the raw spectrum of 
Vesta was divided by that of a solax analog star reduced with an aperture of 91.5". 
The effects of the defocusing of the spatial profiles becomes apparent at 0.9 fim and 
increases such that by 1 /zm 33% of the flux is lost with the smallest aperture. 
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Figure 4.19: Residual effects of vignetting in the reflectance spectra. Presented are 
four plots of the spectrum of 4 Vesta similar to Fig. lA. In this case we take care 
to maintain identical apertures when reducing the cisteroid and the analog star eind 
we see that the effects of defocusing cancel out of the final ratio. A small amoimt 
of vignetting across the slit of the spectrometer leads to the spurious flux in the 
region between 0.9 and 1.0 /im, where the contrast between the asteroid and the 
bright night sky is low. We minimize this effect by taking the smallest aperture as 
possible. 
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Table 4.24: Selected Physical Parameters for NEO and Extinct Comet Candidates 

Estimated" 
a e i »jta H Diameter Our Assigned 

Object (AU) (des) (mag) (km) Spectral type 
Extinct Cometary Candidates 

2201 Oljato 2.176 0.711 2.52 3.30 15.25 5.4 E 
1995 QU3 3.149 0.382 23.7 237 13.5 12.0 C,S 
3200 Phaethon 1.271 0.890 22.1 3.00 14.6 7.2 C 
1992 LC 2.520 0.705 17.8 3.00 15.4 5.0 C 

Neiir-Earth Objects 
1620 Geographos 1.245 0.335 13.3 5.08 16.6 1.48 S 
1994 ESl 1.400 0.590 1.08 4.55 28.5 0.006 D? 
1995 CR 0.906 0.868 4.01 6.16 21.5 0.15 S 
6489 Golevka 2.517 0.599 2.30 3.18 19.2 0.32 Q,V 
2102 Tantalus 1.290 0.299 64.0 4.45 16.2 1.3 Q 
1991 WA 1.575 0.643 39.7 3.95 17.0 0.87 Q 
1993 BW3 2.147 0.529 21.6 3.44 15.1 2.1 Q.R 
2063 Bacchus 1.078 0.349 9.43 5.67 17.1 1.2 Q 
1996 JAl 2.560 0.700 22.1 2.96 21.0 0.14 V 
1990 MU 1.621 0.657 24.4 3.98 14.1 3.3 Q,R 
1566 Icarus 1.078 0.827 22.9 5.30 16.9 0.91 Q 

4 Vesta 2.362 0.090 7.14 3.54 3.2 500 V 

T = Tisserand Invarituit. In. general: T<3 for periodic comets, T>3 for all asteroids excluding Irojans. 
'' For the extinct cometary candidates the mean geometric albedo of the C-CIass (0.05) was used. 
For the NEAs a range spanning the Q,S, and V-type was assumed (0.19-0.38). 

binned spectra with the asteroid classes as defined by Tholen and Barucci (1989), 

Xu et al. (1993), and Gaffey et al. (1993a). 

4.3 Discussion 

We divide the discussion of our data into three sections. The first deals with the 

extinct cometary nuclei candidates. The second section presents the extremely 

small and fast Earth-crossing asteroid 1994 ESl and the last section considers the 

remainder of our Earth-approaching asteroids. Certain physical parameters for 

these objects germane to the discussion are listed in Table 4.24 
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4.3.1 Extinct Comet Candidates 

Short-period comets can be dynamically distinguished from main-belt asteroids by 

the Tisserand invariant T, which is a quasi-constant of motion for the Sun-Jupiter 

restricted three-body problem (Weissman et al. 1989). The vast majority of main-

belt asteroids have T > 3 while almost aJl of the short-period comets have T < 3. 

Excluding the Trojans, objects with low Tisserand invariants (see Table 4.2) can be 

considered as strong cometary candidates. When active, the nucleus of a comet is 

obscured by the coma and only through careful modeling can the dust contamination 

be removed and the reflectance spectrum of the bare nucleus be obtained. This 

was done for five comets at large heliocentric distances by Luu (1993). She found 

the optical spectra to be diverse, ranging from slightly blue, as in the case of 2060 

Chiron, to moderately red as for P/Tempel 2. Luu also examined five extinct comet 

Ccindidates and found a similar variation in the spectral slopes. This range of slopes 

is also matched by the Trojan asteroids. 

The spectra of our extinct cometary candidates are presented in Fig. 4.20 

and axe quite dissimilar from our NEA spectra. Only one object, 2201 Oljato, shows 

a possible 0.9-1.0 fxm absorption feature. Both 2201 Oljato and 3200 Phaethon have 

been well studied by other observers. We begin with a discussion of these two objects 

The case for 3200 Phaethon as an extinct or inactive comet is made strong 

by association with the Geminid meteor stream (Whipple 1983) and its low albedo 

(0.09) is thought to be consistent with cometary origin. However, spectral obser

vations of the asteroid have yielded conflicting results. Cochran and Barker (1984) 

obtained CCD measurements of this object from 0.35 to 0.60 fim which classified 

the asteroid as an S-type while subsequent 8-color measurements by Tholen (1985) 

gave a slightly blue to flat F-type identification, which was confirmed by Luu and 

Jewitt (1989). More recently, Chamberlin et al. (1996) obtained long-slit CCD 

spectra of Phaethon between 0.38-0.62 fim in order to search for the CN emission 
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Figure 4.20: Reflectance spectra of possible extinct comet candidates. The asteroids 
exhibit flat, slightly blue to moderately red slopes consistent with the spectra of 
cometajy nuclei. The high albedo of 2201 Oljato (0.33) makes this object an unlikely 
candidate. All spectra are normalized at 0.701 ^m (the W filter in the Tholen 
eight-color asteroid survey). The vertical error bars give a range of ±1 stajidaxd 
deviation of the samples in each wavelength bin. 
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band at 3880 A. Their spectrum of Phciethon is extremely flat and with the upper 

limits for CN obtained, they estimate that less that 0.01% of the object's surface 

can be active. Lazzarin et al. (1996) also found no evidence for cometary eniis-

sions in their spectrum between 0.38-1.0 /zm. The Lazzarin et aL spectrum is more 

similar to that of Luu and Jewitt then to Chamberlin et aL but deviates signifi

cantly from the former shortward of 0.55 /zm, being much less blue than the Luu 

and Jewitt measurements. Our spectnma for 3200 Phaethon does not extend past 

0.525 /xm and therefor is unable to resolve this ambiguity . We are able to confirm 

the slight bluish slope of this object between 0.55 and 0.95 ^m and thus the F-type 

classification as defined by Tholen (Tholen and Barucci 1989). 

2201 Oljato is another well known extinct cometary nucleus candidate and, 

like Phaethon, has failed to give observers a consistent picture. The asteroid has 

been associated with the Orionid meteor stream (Olsson-Steel, 1988) but its high 

albedo (0.33±0.07) is thought to be atypical of comets (Veeder et al. 1989). In 

its 1979 apparition, a measured excess in the UV photometry over two nights was 

interpreted as possible CN emission (McFadden et al. 1993) yet measurements 

diiring subsequent apparitions failed to repeat this observation. The object has 

at times been classified as S, E, or C-type, depending on the wavelength range. 

The long-slit spectnun of 2201 Oljato given by Chamberlin et al. (1996) shows 

an essentially flat featureless continuum from 0.38 to 0.62 ^m, in contrast to the 

spectrum obtained by Lazzarin et al. (1996) which has a pronoimced absorption 

< 0.5 fim. The most intriguing feature in the Lazzarin et al. spectrum is the 

presence of an absorption band centered near 0.89 ^m which is quite distinct from 

the pyroxene feature foimd with many asteroids and was attributed by them as 

consistent with the presence of aqueously altered iron-bearing silicates as has been 

found with several other C and F-type asteroids (Vilas et a/.1994). Our spectnmi 

of 2201 Oljato is similar, with a slight reddish slope between 0.5 and 0.7 fim and 

an unusually shaped absorption feature centered near 0.9 fim. It is important to 

note that this is a region of the spectrum which is quite sensitive to changes in 
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telliiric water content, though Lazzaxin tt al. axe confident their spectrum is not 

compromised by this effect. We consider our spectrum of 2201 Oljato to be most 

compatible with the Ei-type asteroid 44 Nysa, which also shows a similar wealc 0.85-

0.90 absorption band and high albedo (0.49±0.05). The spectrum of 44 Nysa has 

been interpreted as being dominated by enstitite forsterite or other iron-poor silicate 

and represents the crust or mantle of a differentiated parent body with El-chondrite 

bulk composition (Gaffey et al. 1989, ZeUner et al. 1977). As an E asteroid, it 

is unlikely that 2201 Oljato should be considered a strong extinct comet nucleus 

candidate. 

Fig. 4.20 also shows our spectra of 1995 QU3 and 1992 LC, both showing 

slight to moderately red spectra not inconsistent to other known cometary candi

dates. 1995 QU3 was brought to our attention as a potentially interesting target 

as a high inclination cisteroid with an orbit similar to many short-period comets 

(Tim Spahr, personal communication), a hypothesis which is supported by its spec

trum. 1992 LC, with its only slightly reddish spectrum and Tisserand invariant of 

3.01 is a viable extinct comet nucleus candidate. We remind ourselves, however, 

that 1992 LC's spectrum is also consistent with that of the enstatite achondrites. 

This observations points out the diflSculty inherent in interpretating CCD spectra 

of asteroids: with the limited wavelength coverage and finite signal-to-noise ratios, 

certain spectral classes can be indistinguishable, such as the C, E, and S-type. What 

is sorely needed are observations of NEO's with spectra extending out past 2.5 ^m, 

but with the inherent faintness and limited visibility of these objects this wavelength 

coverage is difficult to achieve. We note ambiguous interpretations of our spectra 

as appropriate. 
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4.3.2 1994 ESI 

For completeness, we present the spectrtmi of 1994 ESI in Fig. 4.21 for which our low 

SNR precludes any firm cliissification. Its absolute magnitude H=28.o translates to 

a diameter of ~6-8 meters, making this the smallest NEA observed spectroscopiczdly. 

The observation was a real-time collaboration between the asteroid's dis

coverer, David Rabinowitz, at the Spacewatch 36" telescope on Kitt peak and our 

tecim at the Catalina Station 61". Within hours of its discovery, we received notifi

cation from Spacewatch with a preliminaxy ephemeris of the object. As Spacewatch 

updated the astrometry and the coordinates we struggled to acquire and maintain 

the object in the slit of our spectrometer. At A=0.006, with aji apparent and con

tinuously changing motion of > 1.5 arcsec sec"'^, it was an extremely difficult object 

to track. Despite our best efforts and several hours of tracking on the object only 

a fraction of the spectral exposures had enough sign<il to be worthwhile. For this 

rccison we consider this spectrum to be tentative only. The spectrum appears to be 

modestly red, with a spectral slope consistent with S-tj^e asteroids, but the low 

signal-to-noise ratio makes this conclusion very uncertain. We present this spec

trum to show what could be done if a dedicated telescope for physical observations 

of asteroids were closely coordinated with the telescopes ctirrently being used for 

their discovery. 

4.3.3 Earth-approaching asteroids 

The spectra of our Near-Earth Asteroids (NEAs) are presented in Figs. 4.22, 4.23 

and 4.24. With the exception of 1995 CR, all of the objects in our sample exhibit 

an unusually strong 1 fim absorption band. Even though in our wavelength range of 

~G.5-1 fim we have trouble distingmshing between V, R, and Q-type classifications, 
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Figure 4.21: 1994 ESI. Though the signal-to-noise of this extremely small (H=28) 
fast-moving asteroid precludes any firm classification, its spectrum suggests that 
the object may be modestly red (~10%). The straight indicates the linear fit 
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thought to be cissociated with basaltic achondrites and the ordinary chondrites, we 

can state with certainty that this overrepresentation of objects with deep p3nroxene 

bands is quite different from the main-belt population, which is dominated by S 

and C-types. The spectra of our NEA sample tire much closer to the population of 

terrestrial meteoritic falls. 

Objects with reasonably well-defined 1 fiva. band centers are presented in 

Fig. 4.22 along with our spectrum of 4 Vesta for comparison. 1995 CR is the only 

sun-grazing asteroid in our sample (q=0.12). With a steep red slope shortward of 

0.75 ^m and moderate pyroxene absorption band, we classify it as an S-type aster

oid. 2063 Bacchus was observed as part of the spectral survey of Earth-approaching 

asteroids by Binzel et al. (1996) and the two spectra agree very well. 2063 Bac

chus, with its shallow slope shortward of 0.75 fim. and deep 1 /im absorption band, 

appears to be closer to 1862 Apollo, a Q-type asteroid, than the more common 

S-type. 

Our spectrum of 6489 Golevka (1991 JX) was originally interpreted as a 

V-type (Hicks and Grundy 1995), comparable to the class of achondritic asteroids 

associated with 4 Vesta and spanning the gulf to the 3:1 resonajice (Binzel and Xu 

1993). Golevka's 1 fim band is considerably shallower and somewhat broader than 

that of 4 Vesta. The broader absorption could be attributed to the presence of 

some amount of olivine on the surface of 6489 Golevka. 1996 JAl is also reasonably 

einalogous to the basaltic achondrites (Hicks et al. 1996). The spectrum gives a good 

fit to 4 Vesta at wavelengths less than 0.75 /im and the band depth and position is 

within the range of variability exhibited by the Vesta chips defined by Binzel and 

Xu (1993). 

Objects in our sample with undetermined 1 /tm pytoxene/olivine band cen

ters are given in Fig. 4.23 along with a spectrum of an ensemble average of H6 

chondrites (adapted from Binzel et al. 1996). 1991 WA and 2102 Tantalus were 

also observed in the Binzel et al. (1996) spectroscopic survey (open triangles). 
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Figure 4.22: Four Eaxth-approaching asteroids plus 4 Vesta. 1995 CR has a typical 
S-type spectrum while 2063 Bacchus, 6489 Golevka and 1996 JAl show unusually 
deep 1 fim absorptions more typical of the V and Q classifications. 
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We confirm that both objects are well matched by the spectrtmi of H6 chondritic 

meteorites and classify both objects as Q-type. Similtirly, we are able to classify 

1990 MU as a Q-type eisteroid. Within the limits of our signal-to-noise ratio, the 

spectrum of 1993 BW3 is matched well by either the Q or R-types, though the 

shape of the 1 fim pyroxene band suggests that the Q classification (associated with 

ordinary chondrites) may be more appropriate. We should stress that V, Q, and 

R-type cisteroids tend to have similar reflectance spectra in the octave between 0.5 

and 1 fxm. When one compares the spectra of 4 Vesta cm.d the H6 chondrites, one 

appreciates that the differences in band width and position are subtle and can easily 

be obscured by even a small amotmt of noise. 

Fig. 4.24 presents the spectra of the high SNR objects 1560 Icarus and 

1620 Geographos as well as 2590 Mourao and our spectnmi of 4 Vesta for compar

ison. Where available, we also plot 8-color and 24-color spectrophotometry data as 

archived on the Planetary Data System (PDS) Small Bodies Node (SEN). 1620 Ge

ographos and 1560 Icarus typify the range of spectra foimd in our sample, with 

1620 Geographos being a relatively deep S-tjrpe and 1560 Icarus a strong Q-type. 

For 1620 Geographos we have previously published a paper (Hicks et al. 1995) 

searching for compositional inhomogeneities as a function of rotational phase in 

which we classified the asteroid as belonging to the SU-SIII taxonomic class defined 

by Gaffey et ah (1993a). The extremely deep pyroxene absorption exhibited by 

1566 Icarus was unobserved in the 24-color data. Our spectrum shows that this 

object is most analogous to the Q-type. The spectrum of 2590 Mourao is taken 

from Binzel et al. (1996), where he defines this asteroid as representative of the 

V-type classification. Our own spectnmi of 4 Vesta agrees quite well with the 8 and 

24 color photometry. We find, however, that neither the slope nor the band depth 

of 2590 Mourao match well the spectrum of 4 Vesta. This is also made evident in 

Fig. 4.7, which we describe below. 
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Figure 4.23: Four Earth-approaching asteroids with undefined I fim band centers 
compeired with an ensemble average of H6 chondrites. All of these asteroids are 
most consistent with Q-type (ordinary chondrite). 1991 WA and 2102 Tantalus 
were also observed in the Binzel et al. NEA survey, with very good agreement 
(open triangles). 
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Figtire 4.24: Comparison of representative spectra. 1566 Icarus and 1620 Ge-
ographos can be classified as Q and S(III)-types, respectively. Also shown is our 
spectrum of 4 Vesta and the 2590 Mourao, which was presented by Binzel as rep
resentative of the family of Vesta-like objects. Eight-color and 24-color reflectance 
from the PDS SBN database is also plotted when available. 
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Table 4.25: Asteroid Spectral Parameters 

Slope" A " '*mtn ^mtn/Amo* 
Object (% 10-̂  A-*) (Mm) (̂ m) 

Extinct Cometazy Candidates 
2201 OUato 4.0±1.7 0.740±0.013 0^5±0.013 0.83±0.05 
1995 QU3 6.4±2.8 - - -

3200 Phaethon -l^±0.7 - - -

1992 LC 3.0±X.0 - - -

Mear-Barth Objects 
1620 Geographoa 9J2±U 0.771±0.008 >0.965 0.81±0.04 
1994 ESI 21.0±15.0 - - -

1995 CR 9.4±1.6 0.765±0.013 >0.925 0.91±0.07 
6489 Golevka 6.5±U 0.728±0.010 0.945^0.013 0.82i;0.05 
2102 Tantalus 4.r±0.7 0.76S±0.013 0.968iK).015 0.74±0.04 
1991 WA 5.4±1.3 0.735±0.015 >0.953 0.70:̂ 0.06 
1993 BW3 ll.2±1.5 0.743±0.013 >0.948 0.71±0.06 
2063 Bacchus 7.6±1.2 0.758±0.008 0.949±0.008 0.86±0.02 
1996 JAl 8-2±0.4 0.739±0.008 0.915^0.008 0.79±0.02 
1990 MU 6.1±1.0 0.760±0.010 >0.960 0.73±0.04 
1566 Icarus 3.7±U 0.715±0.013 0.958±0.015 0.76±0.05 

4 Vesta 6.1±0.S 0.733±0.007 0.928±0.007 0.66i:0.02 

* The spectral slope is valid for the linear portion of our spectra between '*'5500-7000 A and 
is referenced at 6500 A 
 ̂ '̂ min and Xmas refer to the wavelength position of the minimum of the 1 itm absorption 

feature and the maximum in the continuum shortward of this band. 

4.4 Conclusions 

Our observed wavelength range of 0.55-1.0 fim includes some but not all of the 

diagnostic features necessary to classify asteroids. In particular we are missing 

the important 2.0 fim absorption in the infrared. The lack of IR spectra is not 

easily remedied because many of our asteroids are faint, going down to 17*^ or IS"' 

magnitude. Even modem ER array spectrometers cannot reach these faint objects. 

To help in the classification of these objects we have selected four parameters that 

can generally be measured in our wavelength region: spectral slope, Imin/Imax, 

and Xmin- These are listed in Table 4.25. 

The spectral slope is defined as the percent change per 1000 A at 6500 A 
ajid is valid roughly between 5500 and 7000 A. Imin/Imas is the ratio of reflectance 
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at the 1 /im. band intensity minimnm and the intensity maximum shortwaxd at ap

proximately 0.75 [im. We chose the quantity Imin/Imax because it can be measured 

without ambiguity in our data and represents a proxy for band depth. Since in our 

wavelength range we are unable to capture both sides of the continuum of the 1 fim. 

absorption band any estimate of band depth would be model dependent. We also 

measure the position of the intensity minimnnn and the maximum A^ox our 

wavelength range. While the position of the maximum reflectivity can be measured 

in eJl of our spectra, the minimum reflectivity can only be determined if the SNR 

of the data is adequate and if the minimimi falls within our wavelength range. In 

cases where we felt that we were very close to the minimnm we have estimated both 

its position and intensity value. 

The spectral data for our near-Earth objects can be best smnmarized by 

plotting our slope parameter against /mm/^mox which is done in Fig. 4.25. In this 

figure our observations aie denoted by the filled circles with 4 Vesta marked indi

vidually as shown. The open circles are the 34 S-type asteroids used by Gaffey et 

al. (1993a) to investigate mineralogic variations within the class. The Binzel and 

Xu (1993) Vesta chips are shown as filled triangles. We also plotted the spectral 

slope and Imin/Imax for a variety of ordintiry chondrites L6, LL6, H6, Lo, eind L4 

as illustrated in Gaffey et al. (1993b). Also shown are the mean spectra of the 

asteroid classes exhibiting pyxoxene/olivine absorptions as defined in Table FV of 

Xu et al. (1995). 

The conclusions that can be drawn &om this diagram are as follows: 

• The majority of our observed sample have imusually deep 0.9-1.0 fixn. absorp

tion features. 

• The S-type asteroids occupy a different, and clearly distinguishable parameter 

space than the Q, R, and V-types, though with this parameterization it is 

difficult to distinguish these latter three classes. 
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Figure 4.25: Continuum slope versus pseudo band-depth, for our sample of 
near-Earth asteroids (filled circles). Also included are 34 S-type asteroids from 
Gaffey et al. 1993a (open circles) and 12 Vesta-like objects (filled triangles) (Binzel 
and Xu 1993). In general, our sample of NEAs is well separated from both popu
lations. Also plotted are several ordinary chondrites (Gaffey et al. 1993b). Several 
asteroid classes as defined in Table IV of Xu et al. (1995) are plotted. Our spectrum 
of 4 Vesta is labeled immediately adjacent to the data point. 
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• In our diagram, the Vesta chips occupy a region that is in general quite distinct 

from 4 Vesta. 

• The population of Earth crossing asteroids shows a considerablely different 

distribution than the main belt population, which is dominated by S and 

C-types. 

• Only one recisonably clear S-type asteroid (1995 CR) could be identified in 

our sample, with. 2 more objects 1620 Geographos and 2063 Bacchus lying at 

the edge of the S-tjrpe field. 

• The objects with deep 0.9-1.0 ^m absorptions divide roughly into two 

groups. A few seem to resemble the Vesta chips: 1993 BW3, 2063 Bacchus, 

6489 Golevka, and 1996 JAl. 

• The remainder of objects however: 1586 Icarus, 2102 Tantiilus, 1991 WA and 

1990 MU appear to fall in a field which clearly matches the field of ordinary 

chondrites (H6, LL6, L6, L5, and L4) which collectively are responsible for 

the majority of terrestrial meteorite falls. 

• Since the match between these 4 objects and the ordinary chondrites is indeed 

quite good, we propose to name this latter class of objects as Ch 

Our long-slit CCD spectroscopy of a limited sample of near-Earth asteroids 

has revealed a population of asteroids with an overabundance of objects with im-

usually deep 1 ̂ m pyroxene/olivine absorption features. Though we are hampered 

by the statistics of small numbers, the tfixonomic distribution is quite distinct from 

large objects in the main-belt. The spectra are much closer to that of the pop

ulation of meteorites, which is dominated by chondrites and basaltic achondrites, 

firming the link between the terrestrial falls and the.near-Earth asteroids. Perhaps 

it is unnecessary to call upon siu^ace weathering to convert chondritic bodies into 

S-type asteroids. The neax-Earth environment is apparently well populated with 

small bodies of chondritic mineralogy. 
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Though visible and near-IR spectroscopy such as ours maximizes the avail

able flux from these small fast moving objects and can in principal distinguish the 

various tajconomic types, uncertainties remain in the classification, made difficult 

by our low signal-to-noise ratio at the red end of our spectral range. The limited 

wavelength range in our survey gives rise to ambiguities in the characterization of 

a given object's mineralogy that can only be resolved with spectroscopy to longer 

wavelengths, ideally to 2.5 fim. In particular we cannot measiire the important 

band area ratio between the 2.0 ^m and the 0.95 fim absorptions, which is the one 

distinguishing characteristic between basaltic achondrites and the ordinary chon

drites. 

Our conclusions are in generzJ quite similax to those of Binzel et al. (1996), 

although we see a larger preponderance of bodies with deeper, chondritic type ab

sorptions. This may be due to the smaller diameters covered by our sample. The 

size of Binzel et aUs objects is given as ~3 km while the average size of our objects 

is ~0.5-1.5 km (see Table 4.24). It is possible that the popvdation of chondritic 

bodies extends well into the main asteroid belt but has not been observed because 

these small objects must come close to the Earth before it is possible to examine 

them spectroscopically. 
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CHAPTER 5 

Summary and Synthesis 

In this work we have outlined the methodology and the results of our ground-based 

spectroscopic survey of comets, extinct cometary nuclei candidates and near-Earth 

objects. The observational effort was formidable. Well over one-hundred and fifty 

nights were spent at the telescope collecting the data presented in this dissertation. 

An equally daunting task was the data reductions. To reduce cometary spectra 

into accurate production rates requires careful and precise methodology. It is only 

through the tutorage of my advisor, Dr. Uwe Fink, that this was possible. By 

mecisuring the production rates of many comets, it was hoped that they would 

shed light of comets as a population and that the comet-to-comet variations would 

provide important clues to the conditions in the early solar nebula. Our near-Earth 

asteroid survey grew indirectly from studies of extinct cometary candidates and 

soon formed a very important role in our telescopic observations. The questions we 

sought to explore with our NEA spectroscopy were just as seminal as those for our 

comets, namely; what do the NEOs look like spectrally, what are they made of? 

We are happy to see that our hard labor bore such delicious fruit. Not only 

did a solid taxonomy fall out of our cometary observations, we were able to confirm 

and to expand upon similar work recently presented by A'Heam et al. (1996). The 

"strawman" model developed by Levison (1996) to understand typical and depleted 

comets (Type I and Type IV comets in our schema) with depleted comets originating 

in the Kuiper belt has been strengthened and may prove to be the most acceptable 

scenario for understanding cometaxy compositional differences. 
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Our spectroscopy of near-Earth asteroids has proven to be equally reward

ing. Up until very recently, the discrepancy between the spectra of the meteorites 

one finds on the ground and the spectra of the main-belt asteroids in space hcis 

confounded all researchers investigating this issue. With this sxirvey, we demon

strate that the population of neax-Earth asteroids we have been able to sample 

have spectra much closer to those of the most conmion meteorites, the chondrites 

and basaltic achondrites, than to main-belt asteroids. Though we are limited by 

the statistics of low ntmibers (we sampled only fifteen cisteroids) 2md the restricted 

wavelength range of our spectrometer our conclusions are solid: the link between 

asteroids and meteorites has been foxmd. 



APPENDIX A 

Solar Analog Stars 
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Table A.26: Solar Analog Staxs 

J2000 coordinates for solar analog stars 
Good solar imalogs, suitable for CCD spectrophotometry 
From Yale Bright Star Catalog, 1982 HofiBeit 

name RA dec class V mag B-V comments 
BS9107 00:04:53.6 +3439:36 G2V 6.12 +0.62 
BS448 01:33:42.8 -07:01:31 G2IV 5.76 +0.64 
BS560 01:55:53.7 +01:50:59 F7V+G0V 6.01 +0.56 ("•2") 
BS580 02:00:09.1 +03rf)5:50 G2IV 5.88 +0.62 
BS660 02:17.-03.2 +34:13:28 GOV 4.87 +0.61 
BS695 02:22:32.5 -23:48:59 GIV 5.20 +0.60 
BS720 02:28:48.4 +29:55:55 GOV 5.89 +0.58 
BS1262 04:05:20.2 +22:00:32 G5V 5.90 +0.62 
BS1322 04:15:29.1 +06:11:12 GOIV 631 +0.59 (useS -) 
BS1532 04:47:36.2 -16:56:04 GlV 5.51 +0.63 

(useS -) 

BS1662 05:07:38  ̂ +09:28:19 GlIV 6.17 +0.62 
BS1747 05:18:50.4 -18:07:49 GOV 5.96 +0.58 
BS2007 05:48:34.9 -04:05:40 G4V 5.97 +0.64 
BS2067 05:56 )̂3.5 +13:55:31 G5IV 6.60 +0.65 
BS2141 06:06:08.4 +35:23:15 GOV 6.12 +0.60 
BS2251 06:17:16.0 +05:06:01 F9V 5.71 +0.61 
BS3625 09:08:51.0 +33:52:55 F9V 5.93 +0.60 
BS3626 09:08:473 +2637:45 G5IV-V 5.98 +0.66 
BS3750 09:27:46.7 -06K)4:16 G2V 538 +0.64 (-- .2") 
BS4027 10:16:28.1 +28:40:57 GOV 6.49 +0.60 
BS4030 10:16:32.2 +2330:11 G2IV 5.97 +0.67 
BS4098 10:28:03.8 +48:47:05 F9V 6.44 +0.60 (-- 5-) 
BS4277 10:59:27.9 +40:25:49 GOV 5.05 +0.61 
BS4285 11:00:20.6 +42:54:41 F9V 6.02 +0.57 ("• 40") 
BS4328 11 )̂7:54.3 -30:10:29 G2V 6.54 +0.60 

("• 40") 

BS4486 11:38:44.8 +45:06:31 GOV 6.44 +0.56 ("" 9") 
BS4529 11:48:23.4 -10:18:48 F7V 6.26 +0.58 (or Goni?) 
BS5183 13:46:57.0 +06:21K)1 GO-IIV-V 633 +0.63 
BS5534 14:50:15.8 +23:54:42 G0-2V 5.85 +0.56 
BS5727 15:23:12.2 +30:17:16 GOV 4.98 +0.58 {"• -s") 
BS5734 15:24:30.8 +37:20:51 GIV 6.50 +0.59 
BS591I 15:53:12.0 +13:11:48 GOIV 6.10 +0.60 
BS6060 16:15:37.1 -08:22:11 G2Va 5.50 +0.65 ("" 26") 
BS6441 17:20:34.1 -19:19:58 G3IV 6.52 +0.58 ("' 5") 
BS6458 17:20:39.5 +32:28:04 GOV 539 +0.62 (VAR) 
BS6538 17:32:00.9 +34:16:15 G5V 6.56 +0.65 
BS6847 18:15:32.4 +45:12:34 G2V 6.29 +0.62 
BS7162 18:57:01.5 +32:54:05 F9V 5.22 +0.59 ("" 1") 
BS7272 19:09:043 +3436:02 GIV 6.74 +0.63 ("" 16") 
BS7293 19:12K)4.5 +49:51:15 G4V 6.75 +0.65 ("" 8") 
BS7637 19:59:473 -09:5730 F8V 5.88 +0.58 (" -1") 
BS7672 20:04:06.1 +17:04:12 GIV 5.80 +0.61 

(" -1") 

BS7914 20:40:45.1 +19:56:07 G5V 6.45 +0.63 
BS8041 21rfX)33.7 -04:43:49 GIV 6.21 +0.63 
BS8283 21:4132.8 -14:02:51 GlV+GOV 5.18 +0.65 {" i.l") 
BS8314 21:4431.5 +14:46:22 GOV 5.94 +0.59 (VAR - star spots?) 
BS8544 22:26:34.2 -16:44:31 G2V+G1V 5.56 +0.61 ("" 3" comb, color̂ ag) 
BS8737 22:5835.0 +09:21:26 G2V+G4V 6.43 +0.64 {•" .2") 
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APPENDIX B 

Spectral Atlas of Observed Comets 
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