


ABSTRACT
Title of Dissertation: PHYSICAL PROPERTIES OF COMETARY NUCLEIYanga Rolando Fern�andez, Doctor of Philosophy, 1999Dissertation directed by: Professor Michael F. A'HearnDepartment of Astronomy

I present results on the physical and thermal properties of six cometary nuclei.This is a signi�cant increase in the number of nuclei for which physical informationis available. I have used imaging of the thermal continuum at mid-infrared and radiowavelengths and of the scattered solar continuum at optical wavelengths to studythe e�ective radius, reectivity, rotation state, and temperature of these objects.Traditionally the nucleus has been di�cult to observe owing to an obscuring comaor extreme faintness. I have taken advantage of new mid-infrared array detectors toobserve more comets than were possible before; I have also co-developed a techniqueto separate the coma and nucleus from a comet image. I developed a simple modelof the thermal behavior of a cometary nucleus to help interpret the thermal uxmeasurements; the model is an extension to the Standard Thermal Model for aster-oids. We have enough nuclei now to see the �rst demarcations of the \cometary"region on an albedo-diameter plot; I make a comparison of the cometary nucleiwith outer Solar System small bodies and near-Earth asteroids. All of the cometarynuclei studied in this thesis are dark, with geometric albedos below 8%, and have



e�ective diameters of around 3 to 8 km, except for comet Hale-Bopp C/1995 O1,which is in the next order of magnitude higher. I give an extensive discussion ofthe nuclear characteristics of comets Hale-Bopp and 2P/Encke, the two comets forwhich I have large datasets.
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PREFACE

Sections of this thesis have already been published in scienti�c, peer-reviewed jour-nals and conference proceedings. A discussion of comet Hyakutake appeared inPlanetary and Space Science in 1997 (volume 45, pages 735-739). A treatment ofcomet Encke is currently under review by Icarus. An overview of comets Tempel-Tuttle, Wild2, and Utsunomiya will appear in the upcoming book Cometary Nucleiin Space and Time (edited by M. F. A'Hearn and published by the Astronomical So-ciety of the Paci�c), which is based on the IAU colloquium held in Nanjing, China,in May of 1998. A paper on comet Hale-Bopp appeared in Icarus in July 1999 (vol-ume 140, pages 205-220). A discussion of the image-processing technique that I callthe \coma-�tting method" appears in a paper �rst-authored by my co-investigatorDr. C. M. Lisse, published in Icarus in July 1999 (volume 140, pages 189-204).
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Chapter 1
Cometary Nuclei:
Their History and Importance
1.1 A Brief Rundown

Most studies of the comet phenomenon focus on the coma and tail of the object,usually the most obvious parts that one sees. However this thesis presents a studyof the nuclei of several comets, which are in general much harder to observe. Whilemuch work has been done to understand the nuclei indirectly by studying the gasand dust around them, I have tried to directly probe their physical and thermalproperties. It is only in the last two decades that this has been observationally andcomputationally possible; the recorded history of the study of comets extends backa few millenia but for the vast majority of that time the very existence of a cohesivebody in the middle of the coma, never mind its properties, was not known.Though Seneca seems to have had the correct idea in the 1st century A.D., formuch of history a comet seen in the sky by the ancients was not even recognized as anastronomical phenomenon until the 16th century, when Tycho Brahe set an upperlimit on the comet's parallax that put it far from Earth; previously comets werebelieved to be atmospheric phenomena. The comets' basic place in the planetarysystem { moving on parabolae or on ellipses typically crossing the orbits of severalmajor planets { was of course noted by Halley using Newton's then-new universalgravitation idea, through his accurate timing and astrometric prediction of the 1758return of the comet now bearing his name. Aside from, most notably, work byBessel, investigations into the physical nature of comets { as opposed to just orbitalor astrometric studies { began in earnest only in the late 19th century, with detailedstudies of morphology and apparent luminosity, and the advent of photography andthen spectroscopy.The study of a comet's nucleus speci�cally was fraught with uncertainty. AsBobrovniko� (1931) wrote in reference to comet 1P/Halley's appearance around1910, \[t]he term nucleus has no precise signi�cance. Sometimes the nucleus wasperfectly star-like without any measurable diameter. Sometimes it looked like asmall planetary disc. Sometimes there was nothing that could be interpreted as anucleus. It is questionable whether most observations of the diameter of the nucleusrefer to the real nucleus." A paper by Vorontsov-Velyaminov (1946) gives no less
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than seven separate operational de�nitions of the nucleus. The rampant confusionof nuclear nomenclature is indicative of the lack of understanding of exactly what isat the heart of a comet. That is not to say that we are fully enlightened now, butin hindsight we can see fundamental misconceptions.The dominant model for the comet's nucleus for about a full century, from themid-1800s to the mid-1900s, was the sandbank model, whose tenets were most re-cently championed by Lyttleton (1953, 1963). The main motivations for postulatingthe nucleus as an unbound agglomeration of meteoritic solids and not a monolithicmodel were (a) a cometary coma contracts as the comet approaches the Sun, (b)meteor streams are coincident with cometary orbits, (c) nuclei tend to uctuate inapparent size and brightness, sometimes even disappearing, and (d) comets are of-ten as much as an arcminute away from predicted ephemeris positions, even for welldetermined orbits. The obvious choice to make, at least back then, was to assumethat there is no one central body in the photocenter of the comet, but rather justa cloud of dust grains, and that what one observes as the nucleus is just the placewhere the optical depth or the concentration of particles is higher. The complicatedpatterns that emerge in the near-nuclear coma of some of the more active cometsmade it attractive to assume that there is just an amorphous cloud of dust grainsdeep inside the coma. For example, the head of comet 1P/Halley during its appari-tion in 1910 (Bobrovniko� 1931) showed many centers of brightness with tendrilsand sheets of coma pointing in multiple directions. The mass of the comet wouldbe spread out over much of the coma, not just in the photocenter, but all of theparticles in the comet are on independent orbits of all more or less the same period{ there is no gravitational binding but also they are not tidally disrupted as theypass close to a planet or the Sun.The literature is full of measurements of the size of the \nucleus" that rangefrom a few tens to a few thousand kilometers (e.g., Chambers 1909, p. 222; Vo-rontsov-Velyaminov 1946; Lyttleton 1953, pp. 45-46). Frequently observers wouldmeasure the angular size of whatever resolved disk was at the center of the comet, ifany. A few published reports give values within the same order of magnitude of themodern values, i.e., a few kilometers, but the majority are similar to the case, e.g.,of a speci�c comet mentioned by Richter (1963) with a diameter lower limit thatis 10 times bigger than the currently accepted value. Of course there was also theproblem of a then-totally unknown albedo and then-undetermined phase e�ect thatcomplicated matters. The observation of comets transiting the solar disk (Finlayand Elkin 1882, Bobrovniko� 1931) placed upper limits on the diameter of roughly50 to 100 km, but in the context of the sandbank model this was taken to con�rmthe idea that there were several smaller bodies at the heart of the comet rather thanone single body producing the coma and tail phenomena.This then was the heart of the problem for the sandbank model: the actualdiameters of cometary nuclei { and here I do mean the central monolithic body {are much smaller than was commonly thought a century ago. As I will show in laterchapters, most comets seem to be on the order of just a few kilometers in radius.This is not to say that comets do not have multiple sources for the dust and gas wesee, for of course there are a couple dozen cometary nuclei that have been knownto split into pieces, some for not obvious reasons (Sekanina 1982, 1997). However,
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usually the pieces evaporate away (or cease activity) in short order so that at anygiven moment a comet's nucleus is usually just a singular object with a radius onthe order of 1 to 10 km. This should not belittle the work of the 19th and early20th centuries; I merely point out that in hindsight many conclusions were based onincorrect precepts. Indeed, the main problematical situation in observing cometarynuclei still remains: when the comet is close by, the nucleus is shrouded in thecoma, but when it is far away and the coma is not so strong, the nucleus is faintand di�cult to measure. The recent journals contain many estimates of the size ofcometary nuclei, but the error bars are usually large, and if they are not, then manytimes they probably should be!The late 1940s and early 1950s saw the publication of signi�cant papers onseveral cometary phenomena: the nucleus (Whipple 1950), the plasma tails (Bier-mann 1951), the reservoir of long-period comets (Oort 1950), and the source of theJupiterfamily comets (Edgeworth 1949, Kuiper 1951). For my immediate purposeshere, Whipple's work is the most signi�cant. The nucleus is a single body, a \con-glomerate of ices... combined in a conglomerate with meteoric materials," to usethe original wording, with ices subliming o� due to insolation. Quantitative studiesof the sheer magnitude of gas mass in cometary comae and tails at the time indi-cated that a huge reservoir of ice was needed in the comet { far more than couldbe supplied by the grains in a sandbank even if the grains did adsorb volatiles ontheir passage through space. The ejection of material would, over time, leave aninsulating mantle on the nucleus' surface and also measurably push the nucleus ina reaction force. This latter point made Whipple's model superior to the sandbankmodel in that both acceleration and deceleration could be explained by the senseof rotation of the central body. The sandbank model used solar radiation pressureand collisions within the bank to explain acceleration but not deceleration. Theidea of a single body for the nucleus was not totally new in 1950; e.g., Wurm (1939)mentions it in the context of the formation of the gas coma.Whipple was the �rst to make an extensive analysis of the rotation states ofmany cometary nuclei; he (1982) has given a summary and historical and contex-tual review. However his method for determining rotation periods, based on thetiming of features moving through the coma, appears frequently to give misleadingresults. Whipple himself states that his method either gives exactly the right answeror something totally specious. The photoelectric measurement of the brightness ofa comet's photocenter as a function of time was �rst done only in 1976. The de-termination of a cometary rotation state is a di�cult problem { a good review ofthe pitfalls is given by Belton (1991) { and it has not been done satisfactorily evenfor the nucleus of comet 1P/Halley, a comet visited by several spacecraft! I willelaborate on the methodology of rotation period determination later.In the mid- to late-1980s a series of ground-based experiments were performedthat gave us size and reectivity information on cometary nuclei for the �rst time.Much of my work elaborates on the same principle, i.e., combining the informationfrom the thermal radiation and reected light of a nucleus. The advent of sensitivegermanium-gallium bolometers to detect 10 to 20 �m radiation made this methodpossible. I will describe the method fully in Chapter 3. The work gave our �rstindication that cometary nuclei are some of the blackest objects in the solar system,
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with geometric albedos of just a few percent. Previously the consensus was toassume a much higher value, something comparable to the icy satellites of the outerSolar System.The study of cometary nuclei received a boost in 1986 with the data taken bythe otilla of spacecraft that ew by comet 1P/Halley, most especially by Giotto.For the �rst time ever a resolved image of a nucleus was produced, and I showa representation in Fig. 1.1 (taken from a review article by Keller [1990]), whichis the combination of several high-resolution images. The ybys con�rmed manyof our basic suspicions: Halley's nucleus is a cohesive body and not a sandbank,its visual geometric albedo is very low (a few percent), it is approximately prolateand elongated by about 2:1, there are regions on the surface that are more activethan their neighbors are; these regions produce jets similar to what is seen in theground-based images; an active region is active apparently only on the sunlit side,not on the night side; but a good fraction of the gas and dust does not come fromthese active regions. While the study of Comet 1P/Halley revolutionized cometaryscience, it of course left many questions still unanswered. Most obviously, it wouldbe wise to obtain similarly detailed close-up data of other nuclei. Fortunately thiswill probably happen in the next decade; there are several spacecraft missions withcometary targets scheduled to y in the coming years and we hope not all of themwill su�er from the budget axe or system failure. The near future will bring excitingscienti�c knowledge to us about these denizens of our Solar System.This short history should make it clear how di�cult observations of the nucleuscan be. In general, if the comet is close to Earth, it is also close enough to theSun to be outgassing, and the light from the gas and dust coma competes with andoften swamps the light from the nucleus. On the other hand, if the comet is farfrom the Sun, where it is not outgassing and we have an easier view of the nucleus,the comet is also far from Earth, and the nucleus is di�cult to observe due toits faintness. Furthermore once the comet is several AU away it becomes extremelydi�cult to tell the di�erence between a little bit of comatic ux and no comatic ux,since there is no set distance known a priori at which one can declare the comaticactivity negligible. . This \Catch-22" problem exists in both the infrared and opticalregimes. In the radio, there is some hope because there are not enough grains inthe coma to produce enough radiation to compete with the nucleus. However atthese wavelengths the PSF { \beam" in this case { is so large as to make spatialdi�erentiation of the coma and nucleus very di�cult { it is even harder to tell howmuch ux is comatic and how much is nuclear. Interferometric observations can beused to improve the spatial resolution, as I will show in Chapter 4, but then oneneeds a large nucleus since the wavelengths are so far down on the Rayleigh-Jeansside of the Planck function. The fact that our knowledge of cometary nuclei wasalmost non-existent all the way up into the mid-1980s dramatically indicates thedi�culties in approaching the study of these objects.1.2 The Role in the Solar System1.2.1 OriginsIn the mid-18th century, Kant speculated that the non-astrological and non-
4



Figure 1.1: Current \canonical" cometary nucleus. This is a processed image of thenucleus of comet 1P/Halley, taken by the Giotto spacecraft in March 1986 (Keller1990). This image represents our current view of the \typical" cometary nucleus.

5



anthropic reason for the comets' existence was tied to the origin of the Solar System.To this day, among the largest unanswered questions in comet science are: \Whatexactly was the role of the comets in the Solar System's formation?" and \Howis the currently-observed group of comets related to the original population?" Thecomets are some of the best probes we have for studying Solar System origins, sincethey are some of the least processed observable objects.The story apparently begins before the Solar System was born. Recent studiesof the bright comets Hyakutake and Hale-Bopp have indicated an interstellar originfor the ices, based on the isotopic ratios (Meier et al. 1998a, 1998b) and unusualhydrocarbon abundances (Mumma et al. 1996). The ices were in the solar nebula asthe gas giants were forming, and the comets are remnants from the accretion processthat created the gas giants. There is much debate about the exact method of gasgiant formation { gravitational stability (Boss 1998) or core accretion (Pollack etal. 1996) { but low-speed collisions of grains undoubtedly played some role in theagglomeration of the cometesimals. The existence of the ice implies that the cometswe see today formed in the 5 AU range and beyond, since closer to the Sun theywould not have retained the volatile component.Currently there are four major ideas for the structure of the nucleus as a resultof the formation process. Whipple's (1950) icy conglomerate model is the original.Variations on that idea have been created by Donn (1990), who created a fractalized,u�y aggregate; by Weissman (1986), who created a primordial \rubble pile" of acometesimal collection with low tensile strength; and by Gombosi and Houpis (1986),who postulated a collection of closely-packed boulders held together with \icy glue."This is by no means exhaustive, and extensive reviews of the models of the bulkstructure of cometary nuclei have been written by, e.g., Donn (1991). The mainvariations among the models are: the density of packing of the cometesimals fromwhich they formed, and the makeup of the ice-rock matrix of which they are made.There are apparently testable predictions for the models, based on how they su�ercollisions and the physics and hydrodynamics of the gas and dust ejection. Workon split comets (Sekanina 1982, 1997) seems to indicate a very low tensile strengthfor the bodies, but in general di�erentiating between the models may have to waituntil we have many very close observations of several nuclei by spacecraft. Notableamong the future missions is Deep Impact, which will �re a missile at a comet andsimulate a meteorite impact, and thus allow us to observe crater formation on thesurface.The current domicile of a comet within the Solar System depends strongly onits birthplace 4.5 Gyr ago. According to numerical simulations, comets born nearJupiter and Saturn predominantly found themselves either crashing into the Sun orbeing ejected from the Solar System entirely, due to the strong gravitational inuenceof the two largest gas giants. A small percentage collided with the terrestrial planets;i.e., Jupiter and Saturn provided the impetus for some of the heavy bombardmentsu�ered by Earth in its early history. It should be noted that even today it is thoughtthat a typical short-period comet { with a 6-year period and aphelion passing lessthan 1 AU from Jupiter's orbit { can expect to survive less than a million yearsbefore being strongly perturbed into the Sun, out of the Solar System, or into anear-Earth asteroid-like orbit (Wetherill 1991).
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Then there are the comets born near Uranus and Neptune. The lower mass ofthese gas giants (compared to Jupiter and Saturn) prohibited them from completelyejecting the comets into interstellar space. However, they were apparently verygood at populating the Oort Cloud (Weissman 1991). Once a comet had been ungoutward by Uranus or Neptune, it would spend several thousand years barely heldby the Sun's gravity and subject to signi�cant perturbations by passing stars, giantmolecular clouds, and the Galactic tides. One net e�ect was to raise the periheliaand aphelia distances of these comets and, hence, keep them out of the inner SolarSystem (Weissman 1991); the residents of the Oort Cloud live between about 5�103AU and 1 � 105 AU from the Sun. However the perturbative sources also tend todestroy the Oort Cloud over time, sending the comets into interstellar space. Theexistence of an Inner Oort Cloud has been invoked to resupply the outer cloud, sinceapparently few outer cloud members could survive 4.5 Gyr at the edge of the Sun'sgravity. Duncan et al. (1987) have done numerical calculations to show that aninner cloud would be populated by ejected members of the Uranus-Neptune regionand could help to preserve the outer cloud's population.Lastly I will mention the Kuiper Belt, originally �lled with comets that wereborn beyond Neptune. With no large planet to shepherd them, the planetesimalsremained planetesimals. Many of the Kuiper Belt objects discovered in the pastseven years reside in a resonance with Neptune { as Pluto does { that keep themsafely orbiting over Gyr timescales. However, Fern�andez (1980; no relation) was oneof the �rst to numerically explore the idea that the short-period comets originallycame from this region, and recently Levison and Duncan (1997) have performedextensive numerical calculations to model the currently observed orbital spread ofJupiter family comets by integrating the orbits of particles in the Kuiper Belt.1.2.2 Classi�cationI will give here a brief description of the relation between cometary dynamicsand nomenclature. Historically, a comet has either a \short-period" (SP) or a \long-period" (LP), the dividing line being at 200 years. An LP comet can either be newor old in the \Oort sense" depending on whether or not it is passing for the �rsttime through the inner Solar System. An SP comet can either be a member ofthe Jupiter family (JF) or Halley family (HF). JF comets originally come from theKuiper belt; HF ones came from the Oort Cloud. Both JF and HF comets havebeen perturbed by the gas giants into orbits that keep them mostly in the innerSolar System. The usual distinguishing characteristics between JF SP and HF SPcomets are the inclination and period. In my opinion one can make a case for theexistence of an Encke family of SP comets (EF), for comets in orbits similar tothe majority of near-Earth asteroids (NEAs). Levison (1996) has come up witha similar categorization, but currently this family is populated by only 2 knownmembers. Recent observations have found comets residing in the Main AsteroidBelt (Marsden 1996b, Lien 1998), but these objects represent exceptional cases andare probably caused by colliding asteroids rather than independent outgassing, soit is likely that this is not a separate dynamical class of comets.With the publication of a paper by A'Hearn et al. (1995) detailing moleculargas species abundances in seven dozen comets, we may have entered the era of com-
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etary taxonomy based on compositional di�erences instead of just dynamics. Suchcategorizations are just starting to be found and understood, but continuing surveysof cometary comae and improved remote sensing techniques may allow us to obtainmore accurate determinations of the compositional di�erences from comet to comet.1.2.3 EvolutionThe cometary nuclei have not been quiet since their formation. Numerical con-siderations indicate that comets from anywhere { from both the Oort Cloud andKuiper Belt { have undergone some collisional events in the intervening eons (Stern1988, Stern 1995, Farinella and Davis 1996); an important question is how many?The observed size and rotation distribution that we measure from the populationof nuclei that has managed to penetrate the inner Solar System will likely not bethe same as the original distribution with which the nuclei were born. Howeverwe would be able to tell if the nuclei are as collisionally relaxed as the main beltasteroids are or if they have not quite reached that stage yet.There are other e�ects that have altered the comets, even those that were in thedeep freeze of the Oort Cloud. Cosmic rays have bombarded the nuclei and a�ectedthe top layer of cometary material, although presumably this is blown o� on the �rstpassage of a comet near the Sun. Passing stars and nearby supernovae briey warmthe nuclei from their usual 3-K temperature, and hence motivate some chemicalreactions in the ice. Some calculations (Stern and Shull 1988) indicate that at leastonce during the previous 4.5 Gyr have the Oort Cloud nuclei warmed up to 45 Kdue to passing stellar or supernova radiation, which could initiate sublimation of themore volatile icy components and induce some otherwise-inert chemical reactions.The short-period comet population of course is more evolved than their long-period, new (in the Oort sense) counterparts. The aging process is thought tomanifest itself, among other ways, in the chemical di�erentiation of the topmostlayers of the nucleus and the creation and thickening of a mantle (Meech 1991).The physical destruction of the comet also contributes: e.g., via splitting or theblowing o� of relatively large fractions of the comet's mass during outbursts. Thesephenomena could a�ect any observed size distribution and would tend to smear outthe small end of the distribution. However, currently there is a much more worrisomeproblem to overcome, namely the small number of objects about which we have adetailed physical understanding. Also, the evolution of cometary nuclei is a mostlytheoretical pursuit at the moment because we have not been able to observe thedecay of a nucleus through multiple passages. The most obvious candidate for sucha study { Encke's comet { has sel�shly guarded its nuclear secrets until recently(see Chapter 5) and we will have to wait a few more years before the e�ect can beobserved on that object. There may be some indication that small comets simplydo not exist in great numbers in the inner Solar System (Rickman 2000) and thatnuclei disintegrate rapidly once they get below some threshhold size. However theobservational bias is strong and until we are more con�dent of sampling most of theshort-period comets we should hold o� on any conclusions. Future comet-detectionsearches or asteroid-searches adapted for comets could help improve the statistics byat least removing the sky coverage bias that currently prevents us from discoveringmany long period objects.
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1.3 MotivationWe need detailed studies of more than just a few cometary nuclei if we are everto place the nuclei in the correct context of Solar System formation and evolution.Our current knowledge of the nuclei is rather limited, so learning basic physicalcharacteristics such as size, shape, reectivity, rotation state, and thermal behaviorrepresents a major step. Spacecraft will be busy during the next few years studyinga few nuclei in detail, but I hope that we can more rapidly build up a reliabledatabase of information with ground-based observations.As an indicator of how important thermal studies of nuclei are, as opposed to justusing optical data, I show the cumulative size distribution function of the Main Beltasteroids in Fig. 1.2. I have used the database of Bowell (located on the World WideWeb at http://asteroid.lowell.edu) to create this graph. One can estimate aradius based on just the optical magnitude by assuming a geometric albedo, in thiscase 4%, for the asterisks in the graph { and for these 51,517 main-belt asteroidsthat gives roughly a R�2:5 size distribution. I have considered only the high endof the distribution where the sampling is at least reasonably complete. However, ifone looks at the actual radii of the objects, measured via the thermal radiation forabout 2100 main-belt asteroids with the IRAS satellite, one gets a much di�erentdistribution of R�3:5 in the more complete end. This e�ect does not depend onthe value of the assumed albedo since changing it would merely slide the positionof the asterisks left or right. Moreover, the slope is shallower for the bettersampledoptical case, whereas if this albedo e�ect were a manifestation of our incompleteknowledge of the main-belt one would expect a steeper slope since there would bemore smaller asteroids known. I do not want to argue the actual value of theseslopes; my point is simply that they are very di�erent, and that a similar pitfallcould very well occur for the cometary nuclei. Optical data alone cannot necessarilyguarantee the validity of size distribution information.The fruition of such an endeavour is guaranteed, as evidenced by the previous-ly-unknown conclusions from the work of A'Hearn et al. (1995). I make no claimsthat an understanding of the Solar System origins can be teased out of my study ofa half-dozen objects, but the revolution in infrared astronomy currently happeningwill make it technically and observationally feasible to continue studying the smallbodies of the Solar System and eventually reach the \holy grail" of comet science,answers to such questions as: How do comets �t into the birth and evolution of theSolar System? How many times have they collided with each other? What accountsfor the di�erences in the reectivity, the dust-to-gas ratios, the active regions, andthe emitted grains? Is there any correlation with dynamical age? How do thecomets contribute to the interplanetary medium and the dust population of theSolar System? How does their appearance reect the alterations they have su�ered?Does their composition reect an interstellar origin for the volatiles?1.4 A Description of ChaptersI will �rst describe the methods used to study the nuclei, and then individuallydiscuss each nucleus. Speci�cally: in Chapter 2 I will discuss my reduction methodsfor this study. Chapter 3 will have a description of my interpretation methods; this
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Figure 1.2: Main Belt asteroids' radius distribution function. The asterisks repre-sent the distribution using an assumed albedo, and so give a \naive" radius whencombined with the known absolute visual magnitude. The diamonds represent theIRAS-derived radii, and so they have the albedo ambiguity removed. Note thatthe slopes of the two distributions in the large particle, well-sampled end are quitedi�erent.
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chapter will explain how I have taken advantage of the new generation of sensitivemid-infrared detector arrays to overcome the problems of nucleus observation thatI mentioned in Section 1.1. In Chapters 4 through 7, I will discuss the nuclei ofcomets Hale-Bopp, Encke, Hyakutake, and Tempel-Tuttle, respectively. I will addsome information about two other comets (with smaller datasets) in Chapter 8.Finally in Chapter 9 I will combine the results of the previous chapters and makecomparisons with other objects of the Solar System, and try to place these resultswithin the framework of Solar System formation and evolution.
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Chapter 2
Data Acquisition and Reduction

The vast majority of the data for this thesis are in the form of continuum imaging.That is true for all wavelength regimes, optical, infrared, and radio. The remainingsmall fraction of data consists of mid-infrared photometry (with no spatial resolu-tion).2.1 Obtaining Optical DataIn the optical, a charge-coupled device (CCD) was used in combination with ei-ther broadband or narrowband �lters. For most comets, in order to get a su�cientsignal-to-noise ratio in a short amount of time, the �1000 �A �lters were necessary.We typically used the Cousins R and I �lters. Bessel (1990) discusses the spec-tral responses of these �lters; Bessel (1979) and Zombeck (1990, p.100) discuss thephotometric zero points.For the bright comets, Hyakutake and Hale-Bopp, narrowband (�50 �A) \comet�lters" could be employed. The narrow widths can isolate portions of the spectrumthat are relatively gas-free, to just sample the scattered solar continuum. Thereare currently two sets of narrowband �lters in existence, one from the InternationalHalley Watch (A'Hearn 1991, Osborn et al. 1990), the other recently developedspeci�cally for Hale-Bopp, with improvements in the wavelength ranges to removecontamination to the continuum �lters by unwanted gaseous emission (Farnham etal. 1999). Fortunately, it turns out that most of the strong gas emission occursin the bluer end of the optical spectrum, making R and I bands fairly free of gasemission lines.The basic procedure for obtaining calibration data for the CCD is as follows.Images of the blank twilight sky (or, if not possible, of a blank space inside thetelescope's dome) were used to remove pixel-to-pixel variations in the CCD response,i.e., to \atten" it with a \at �eld." Sets of zero-exposure frames were taken, atleast twice during a night, to measure the bias count level of the CCD. All CCDs usedin this study had a low enough dark current to make it unnecessary to perform thatcalibration procedure. To measure the photometry and account for the extinctionof the atmosphere, standard stars were observed during the night at various zenithdistances.I note that some of the optical imaging has come via the Hubble Space Tele-scope. The Space Telescope Science Institute of course has a detailed set of cali-bration and reduction procedures that they incorporate into the HST data, so thescientist frequently obtains science-quality images with very little further processing
12



necessary. The only processing I personally have done to HST data that I use inthis dissertation is to remove cosmic ray-a�ected bad pixels.2.2 Obtaining Infrared DataOf the infrared data I have used for this dissertation, all sets measure the thermalemission from the comets, and reside in what is loosely called the \mid-infrared"wavelength regime, from about 5 to 25�m. Thus my use of the word \infrared"or \IR" should be taken to refer to this wavelength range. Strictly speaking the\infrared" part of the electromagnetic spectrum includes 1 to 4 �m ux that incomets is usually dominated by scattered sunlight. For my purposes it is importantto be only measuring the thermal emission, not the scattered, in the infrared.Recent advances in infrared detector technology have made it possible to createarray detectors, thus bringing high-spatial resolution imaging to these wavelengths.This is a critical aspect to this dissertation, as will be seen, since it allows us toseparate the comatic and nuclear contributions to the ux.At this wavelength range, room temperature objects near the detector (e.g., thetelescope, the sky itself) provide the vast majority of the counts; the astronomicalsource is usually only a small 0:001% or 0:01% excess on top of all that terrestrialux. Thus \chopping" and \nodding" are employed to remove all of that. Theformer involves the secondary mirror of the telescope oscillating back and forth,usually 2 to 5 times per second, so that the detector sees alternately the �eld ofview with the comet and a �eld of view some distance away { I often used a \throw"(o�set) of 30 to 60 arcseconds. The di�erence of the two �elds leaves the comet,although the subtraction is not perfect because the sky's apparent brightness is notnecessarily the same in the two frames. To correct this one nods the telescope o�the source by some distance { again, I used 30 to 60 arcseconds { and does thesame procedure as before with chopping and subtracting. If the nod is not too farthen the di�erence of the two di�erence frames will remove all of the focus problemsand sky variations and retain just the comet. In summary, one obtains four frames,�rst one on the source, then one o� the source after chopping the secondary, thenanother one o� the source after nodding the telescope, and �nally yet another oneo� the source after chopping the secondary with the telescope still at the noddedposition. The workable image is: (�rst minus second) minus (third minus fourth),that is, the result of a double di�erence. A caveat here is that for the bright cometsthe nod and chop frames cannot be so close to the comet's photocenter that oneaccidentally incorporates coma in the three o�-source positions, since then some ofthe coma signal would be subtracted o�! A schematic of this chopping-and-noddingidea is shown in Fig. 2.1.In practice one obtains several \�rst" and several \second" frames, combiningthem via the average or the median, to get a more accurate \�rst" and \second"frame. Then the nod occurs, and the same thing happens for the \third" and\fourth" frames. This is done since nodding takes several seconds but chopping isrelatively quick, at a rate of a few hertz. To clarify my nomenclature, an \image"of a comet is built up from averaging or medianing several \frames" together fromthe 4 positions, and then taking the double di�erence. Commonly we used 5 to 10frames at each of the four positions before creating an image.
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Figure 2.1: Schematic of Mid-Infrared Observing. Here is the basic idea for the idealmethod of observing in the mid-IR. One uses four frames and their double di�erenceto actually get an image of the comet. Note that the three o�-source frames do notcover any of the comet's coma.
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To account for atmospheric absorption and obtain a photometric calibration oneobserves standard stars. At this wavelength range the behavior of the atmosphereis not necessarily as straightforward as in the optical, so to be safe it is wise topay attention to the humidity and see if the magnitudes of the standard stars as afunction of airmass are not following a straight line.The attening of the array can be done by a variety of methods. One methodis to observe a star multiple times at various locations on the array, calculate therelative photometry, and then interpolate for the rest of the array. One drawbackis just that { the uncertainty in interpolation. Moreover you a priori have to knowthat the pixel-to-pixel variations in the array are smooth enough to be well sampledby this shotgun technique. Another subtlety is that one must be sure to observethe star over a large enough region on the array to include all of the observations ofthe comet; i.e., it is di�cult to extrapolate the at �eld, so any images of the cometnear the edge of the array have much larger errors associated with their ux.An alternate method is to stare at a blank sky and then at the inside of thetelescope dome, and take the di�erence of the two images. The sky is a fairly uniformemitter but when looking at the \blank sky" one is really seeing the contributionfrom the hot telescope as well (not just atmospheric emission) and indeed that candominate the signal. The telescope's dome on the other hand is brighter than thetelescope and swamps the detector; that is, in a sense one sees more ux in the mid-infrared with the dome shutter closed than when it is open! Subtracting the \blanksky" image from the dome image e�ectively takes away the telescope's contribution,and the observer is left with a at �eld for the IR array. Of course one does thismultiple times, say ten times, to build up good statistics.2.3 Obtaining Radio DataIn this wavelength regime again I have only looked at a small fraction of the fullpart of the electromagnetic spectrum classi�ed as the \radio" part. My radio datacovers the X band, i.e, a wavelength of 3:55 cm, and has a bandwidth of 100 MHz.This wavelength was chosen mainly for two reasons: (a) I desired to detect as littleof the coma as possible and the longer the wavelength the fewer dust grains thereare, and (b) the sensitivity of the centimeter-wave receivers is near its maximum.Only comets Hyakutake and Hale-Bopp were observed at this wavelength, bothat NRAO's interferometer, Very Large Array (VLA). At least 26 of the available27 telescopes were used at all times. The observations were all done almost totallyautomatically. A VLA user typically writes an observing program (with a syntaxapplicable to the telescope control computer) and submits it; the observatory doesthe rest and the user later picks up the data via Internet or magnetic recordingmaterial. For the Hyakutake observations, a colleague was dispatched to overseethe experiment; during Hale-Bopp's apparition, everything was done remotely.For ux calibration one observes a calibration source { in this case, a quasarnear the comet { at the beginning and end of each observing day, or \track," in theparlance of the radio astronomer. Since these were interferometric observations, it isnecessary to monitor the phase stability of the telescopes; this is done by observinga bright (� 1 Jy) source near (� 10�) the target roughly every 45 minutes or so.
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The reduction uses the Astronomical Image Processing System (AIPS) softwarepackage speci�cally designed for this interferometric data. The procedure is outlinedin The AIPS Cookbook (National Radio Astronomy Observatory 1997). The basicidea is to ag the bad visibility data points, compare with the ux calibrator, thendo the inverse fourier transform to obtain an image. Deconvolution can then beemployed using the CLEAN algorithm (H�ogbom 1974), although in this case therewas not much di�erence since in one case the comet was not detected, and in theother case the comet was a point source.2.4 The Ideal DatasetIt is worthwhile to clearly spell out exactly how the ideal observing campaignwould proceed for the study of the nucleus. Of course reality often prevents onefrom performing this, but here are my observational goals during an experiment.Two observing runs would be scheduled simultaneously, one at an optical tele-scope and one at an IR telescope. Obviously colleagues' assistance is vital. Eachrun would last at least four nights. This length of time and the simultaneity allowsus to follow the rotational variations in the comet's brightness in both wavelengthregimes. At both telescopes we would obtain continuum images at two or threewavelengths, cycling through them continuously. We would use another �lter everyso often to have better spectrophotometric wavelength coverage. The images wouldcontain coma, and we would see the coma out to several PSF FWHMs away from thephotocenter. Of course the data would be photometric since we are after absolutebrightnesses.We choose the targets that are observed during our telescope time by two meth-ods. First, we �nd which short-period comets are within roughly 1 AU of Earth;of course we try to choose a time for the observing run when we would maximizethe number of possible targets. It was our experience that the typical comet that isfarther than about 1 AU from Earth is exceedingly di�cult to observe, so much sothat one cannot usually even �nd the comet on the instrument monitor. Hale-Boppof course was an exception to this.The second criterion for choosing targets is more up to random chance. Oc-casionally a long-period comet that was discovered after the telescope's proposaldeadline will be visible in the infrared sky at the time of the scheduled run. This isusually the only way to observe long-period comets: by fortuitous accident. Hale-Bopp again was a notable exception. If a long-period comet is available, and all elseis equal, that new comet will take observational precedence during the run over theshort-period objects.2.5 Processing the Data: Coma RemovalA cometary image usually includes ux from the coma. To understand thenucleus requires accounting for this contribution and deleting it. For this thesis,this was a severe problem for comets Hyakutake and Hale-Bopp, and a less severebut still appreciable problem for the other comets. One way to deal with the coma isto model its shape in the skirt and extrapolate back to the photocenter to calculateits contribution in those few central pixels, since that is where the nucleus is. We
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dubbed this method the \coma-�tting method." Dr. C. M. Lisse and I codevelopedthe computer program that uses it, although we are not the �rst: Lamy and Toth(1995), Lamy et al. (1998a), and Jorda et al. (1999) have done similar experiments,although they have concentrated on HST optical and low spatial resolution ISO IRdata.To use the coma-�tting method, the PSF is required. It is desirable to have ashigh a signal-to-noise PSF as possible, so usually a bright ux standard star is used.Not only should the total integrated signal-to-noise be high, but in each pixel nearthe center as well. It is best also if the PSF's wings are apparent. Naturally of coursethe PSF should be well-sampled spatially, since that will make it easier to �nd thelocation of the point-source nucleus within in the image. Unfortunately high spatialresolution and high signal-to-noise per pixel are competing desires, but usually onehas no choice about the spatial resolution, since it just depends on the instrumentand telescope that is being used. It is also desirable to image the star close to thetime at which the comet image was obtained, so that e�ects that change the seeing{ like thermal exure of the instrument, temperature changes of the telescope, andevolving sky conditions { are not signi�cant.In addition, the cometary image itself should be of high signal-to-noise, againper pixel, not just integrated. Modeling the coma's shape is easier if there is decentsignal in many pixels away from the photocenter. (I de�ne \decent" and \many"below.) However this only holds up to a point, because at a high cometocentricdistance a coma's surface brightness is less likely to be correlated with its behaviorclose to the nucleus. This distance is di�erent from comet-to-comet, so there is noset rule about how far the coma should be imaged. The dust grains in the comacould be fading, or they could be feeling signi�cant radiation pressure before theyreach the edge of the image's �eld of view, making it much more di�cult to modeltheir behavior. Related to this, it is always preferable to obtain images with uxthat mostly comes from the comet's continuum. If the ux is heavily contaminatedby emission from the gas species in the coma, it again hugely complicates the e�ortto model the coma's structure since the shape of the gas coma is a much morecomplicated function.A rule of thumb that has been employed at the telescope is that one should tryto see the coma out to at least a few and probably several FWHMs. This guaranteesthat there is no ux from the nucleus being spread into the part of the coma thatis being modeled, and of course with more coma available it is more modelable.Frequently, however, nature does not follow the rules of thumb and the imagesthat are acquired at the telescope show just a hint of coma. As said above, strongcoma was detected in Hale-Bopp and Hyakutake at both optical and mid-infraredwavelengths, while a fairly weak coma existed for Encke and Tempel-Tuttle, even inthe optical. Moreover, there is no clearly detectable coma at all in the mid-infraredimages of the other comets.The actual procedure for modeling the coma's shape is straightforward. Assum-ing the coma is strongly present, �rst a location for the nucleus within or near thebrightest pixel is assumed and the image is \unwrapped" about this point, that is,mapped onto the r-� plane. This is done using a cubic convolution interpolationmethod. Then a certain number of azimuths { usually 360 { are chosen and the
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surface brightness of the coma in each azimuth is �t according to (A=�n) � PSF,i.e., the convolution of a power law with the PSF, and A and n are obtained. Thisis where it is critical that at each azimuth the coma behaves like a single powerlaw, and not, say, the sum of two power laws. Each azimuth can have a di�erentpower law, but each must be characterizable by a single A and n. Presently ourcomputer code �nds the value of A and n by trial and error, since it is not so easy toanalytically derive the best-�t values when there is a convolution integral involved.The �tted region extends from a cometocentric distance 1 or 2 FWHMs away fromthe photocenter out until the signal-to-noise is too small to be useful. If there areobvious kinks in the surface brightness pro�le at the azimuth, the �tting region isshortened to not include that.There is a subtlety here in the way the surface brightness is �t. The PSFis usually not azimuthally symmetric, so it cannot be unwrapped to get a radialpro�le. That would make the convolution easy, since it would basically only requirea convolution in one dimension, r, the radial dimension, but it is rare that the PSFactually is circular. Instead it is necessary to make a separate model coma imagefrom the trial values of A and n: we assume for the moment that every azimuth inthe coma has those values of A and n that are currently being tried, and we makea coma map out of those parameters in the x-y plane, convolve that with the PSF,unwrap this image, and then see how well it �ts to what the coma actually lookslike.Strictly speaking, this is not the correct way, since adjacent azimuths contrib-ute to each other upon convolution, and our method does not account for this. Todo this rigorously would require �tting hundreds of parameters simultaneously bytrial-and-error, a computationally intensive prospect. Hence, this simpli�cation wasintroduced. It does not create a signi�cant error as long as the �tting is done farenough away from the photocenter so that the surface brightness is not changingrapidly, i.e., at least 1 FWHM away from the photocenter.Once A and n are found for every azimuth, that is all one needs to recreate animage of the comet's coma. The model coma is subtracted from the image and theresidual is compared to the PSF. The only slight complication is the pixelization ofthe photocenter, since in those pixels one must do an integral of an expression inpolar coordinates over a Cartesian area.The whole process is iterated several times by assuming the nucleus' locationin a grid of locations within and near the brightest pixel of the image. Of all thesetrials, the residual that is most like the PSF and leaves as little ux as possible inthe skirt is chosen to be the correct one, and that location is declared to be wherethe nucleus is. One can then move on to the photometry.I will make a �nal note concerning images of comets that only possess a weakdust coma, i.e., a coma that does not extend more than a few pixels away from thephotocenter. In this case the same algorithm described above is used except thereis no �tting of the exponent n to each azimuth. The lack of data simply just doesnot justify such an extensive parametrization. Instead I let n = 1 for all azimuthsand �t a value for A that is applicable for every azimuth. As will be seen in laterchapters, this approximation works well for the low signal images.
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Chapter 3
Data Interpretation
In this chapter I will discuss the interpretation methods that are common tomost of the data used in this thesis. Descriptions of specialized analyses { e.g., ofa technique that is applicable to only one of the comets { will be discussed in therelevant comet-speci�c chapters.3.1 Philosophy of Thermal ModelingThe energy available to a cometary nucleus comes from the Sun. Internal heating bye.g. radioactive decay is not an important factor owing to the small size of the object.The insolation absorbed by a surface element of the nucleus either is reradiated, ispassed along to adjacent elements, or helps to sublimate ice. Currently the numericalvalue of important factors that heavily inuence the nucleus' thermal behavior areunknown, though we hope to achieve some understanding with the cornucopia ofspacecraft visits in the coming decade. Detailed models of a cometary nucleus makeestimates of such quantities as the thermal conductivity, the porosity, the heatcapacity, the surface roughness, the shape, the e�ective radius, the composition,the structure of the ice/rock matrix, the emissivity, and the rotation state to tryto match the observed ux. Only rarely are any of these quantities actually knownfor a given nucleus a priori; the modeler must simplify the situation to make theproblem tractable.The advent of more sensitive IR instrumentation has led to the acquisition ofbetter datasets, and I have attempted to apply some thermal modeling that goesbeyond the standard simple methods to some of the datasets in this study. Thereare models created by others that are more complex, but in my opinion the directapplication of a very complicated model to a real nucleus about which we know verylittle detail may not really help one understand the basic properties of the nucleusany better than a relatively simple model can.Previous work on understanding the thermal behavior of nuclei has mostly ex-ploited the two popular thermal models for asteroids: the \standard" thermal model(STM), also known as the slow-rotator model (SRM); and the rapid-rotator model(RRM), also known as the isothermal latitude model (ILM) and the fast-rotatormodel (FRM). As the names imply, the STM assumes the asteroid is rotating slow-ly compared to the timescale for the thermal wave to penetrate one thermal skindepth into the nucleus, and the RRM assumes it is rotating much faster than that.
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For example, for objects 1 AU from the Sun, a \slow" rotator would have a rotationperiod of roughly 15 hours, whereas a \fast" rotator would spin in roughly 4 hours.Both models assume the object is spherical. The temperature map of a sphere thatfollows the STM looks like a bull's-eye centered on the subsolar point, the hottestpoint on the object, with the temperature decreasing as the local solar zenith angleincreases. The night side is at absolute zero. For an object following the RRM, thetemperature at any point only depends on the distance from the subsolar point'slatitude, not the longitude. (This is the origin of the \isothermal latitude" name.) Ihave displayed in Fig. 3.1 a schematic, based on a similar �gure made by Lebofskyand Spencer (1989; their Fig. 4), showing typical temperature maps for the twomodels.The STM uses a measured ux and assumes values for the bolometric IR emissiv-ity, the optical geometric albedo, the IR phase function, the optical phase integral,and the roughness of the surface (embodied in a factor diminishing or enhancingthe overall observed ux). With these quantities, one �nds the e�ective radius. TheRRM uses the measured ux and requires values for the bolometric IR emissivity,the optical geometric albedo, the optical phase integral, and the rotation axis di-rection to �nd the e�ective radius. As an aside, if one assumes a pole orientationpointing toward the Sun, then the RRM and the STM yield the same temperaturemap.For this asteroidal model to be applicable to a cometary nucleus, one has to besure that (a) the nucleus is a slow-rotator; (b) it is not very active, or rather, notmuch of the solar input energy is going to sublimating gas instead of heating up therock; and (c) the coma is not providing a secondary source of energy via backwarm-ing, which is only a problem for very active comets like Hale-Bopp. It is not reallynecessary that the cometary nucleus be spherical, which is advantageous since manyare not (Meech 1999), but the output of the STM is then the e�ective radius, notthe radius itself. There is a complication with this, since the radiometric e�ectiveradius does not have to be the same as the geometric e�ective radius: suppose thenucleus were cigar shaped with the long axis pointing toward the Sun. An observerwould measure a relatively small thermal ux and derive a small e�ective radius,since most of the cigar would not be signi�cantly warmed by the Sun. Fortunately,observing the thermal ux over the course of a rotation period, and if possible at sev-eral points in the orbit, can assuage most fears about this pathological case skewingthe radiometrically-derived size. The uncertainties from other aspects of the model{ e.g., the infrared phase e�ect, and the beaming e�ect, described below { usuallymake the uncertainty in the resulting radius estimate large enough so that it engulfssome of this systematic error anyway. Moreover the uncertainty from extracting thenuclear signal from a coma-laden image increases the error estimate.3.2 The Energy of a NucleusThe STM and RRM model mark the extremes; many objects lie in between. Forcometary nuclei, historically the STM has been used because it has been assumedthat the thermal inertia, �, of nuclei are small; i.e., the nuclei are slow-rotators.The value of � is known only for the Moon and a few other satellites, and Spenceret al. (1989) point out that the value for an asteroid (or cometary nucleus) could
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Figure 3.1: Schematic of contour temperature map for (a) slow- and (b) fast-rota-tors. For each spherical object, the gray-shaded area is unlit by the Sun. In (a),the subsolar point and location of highest temperature is at the dot left-of-center;the temperature decreases toward the terminator in every direction. In (b), I haveassumed that the rotation axis is perpendicular to the object's orbit plane, so thesubsolar latitutde is at the equator. The temperature is a maximum there and fallso� toward the poles. Note that the contours extend beyond the terminator. This�gure is based on Figure 4 of Lebofsky and Spencer (1989).
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be lower since most of these objects are farther from the Sun so the heat capacitycould be lower at the cooler temperatures. Moreover at the lower temperaturesthe radiative heat transport that is so important in the lunar regolith { and whichboosts the e�ective conductivity { is not necessary. On the other hand the thermalinertia could be higher since the small bodies of the Solar System presumably haveless regolith { they simply cannot gravitationally retain it { and the bare rock is amore e�ective conductor. Harris et al. (1998) have claimed that thermal IR dataon some NEAs, incorporating some of modeling done by Spencer (1990), seem toindicate a higher thermal inertia than previously supposed.I have made an attempt to handle the intermediate case between the STMand RRM with a model that is one or two steps farther in complexity. Furtheraugmentation beyond what I describe here should wait until more elaborate datasetshave been collected. As it is I will only apply the model to the Hale-Bopp data,since certain important physical properties of the other comets in this thesis { mostnotably the spin axis direction { are unknown. First I will describe the basic STM,and then the enhancements that I have supplied. A good discussion of the STM isgiven by Lebofsky and Spencer (1989).The energy balance on a facet on the nucleus is:Energy Absorbed = Energy Emitted; (3:1)where for a facet at some latitude �=2�� and longitude � on a spherical nucleusthe l.h.s. is
Energy Absorbed = Z F�(�)4�r2 (1� A(�; �; �))R2 cos z(�; �)d cos �d�d�; (3:2)and the r.h.s. isEnergy Emitted = Z B(�; T (�; �))�(�; �; �)R2d cos �d�d�; (3:3)where F� is the solar speci�c luminosity; r is the comet's heliocentric distance;A is the Bond albedo and is equal to pq, the product of the geometric albedo andthe phase integral; R is the nucleus' radius; z is the zenith angle of the Sun as seenfrom the facet; B is the Planck function; � is the emissivity, which is near unity; andT is the temperature. Since the STM was designed for asteroids, usually A and �are taken to be independent of position, although currently there is no indication ofany large albedo spots on cometary nuclei either. In addition, it is assumed that Ais independent of wavelength in the optical, where most of the Sun's energy is, and� is independent of wavelength in the mid-IR, where most of its thermal output is.This simpli�es the equations toL�4�r2�R2(1� A) cos z(�; �) = �R2�T 4(�; �); (3:4)where L� is the solar luminosity and � is the Stefan-Boltzmann constant. Theresult is a temperature that depends on the one-fourth power of the local solar zen-ith angle, with no dependence on R; only TSS , the subsolar point's temperature,
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is needed to describe the temperature map. By plugging in the temperature mapinto Eq. 3.3 accounting for the observing geometry, one can �nd the value of Rsatisfying what the observer measures with the photometry.There are two added features to the STM that complicate this picture. First,there is an arbitrary constant multiplied to the r.h.s. (Eq 3.3), �, a beaming factor,to account for the fact that the asteroid is actually not a perfect sphere, but hassurface roughness. For example, if at the subsolar point on the asteroid there were acrater, the thermal ux coming out of the asteroid would be higher since the surfaceof the asteroid in the crater would be hotter (from backwarming by the walls). Thevalue of � seems to be approximately unity, with a known range for a few asteroidsand satellites of 0:7 to 1:2 (Spencer et al. 1989, Harris 1998). The problem is �is not known a priori, so there is some ambiguity akin to the albedo problem withoptical data. However it is much less signi�cant since the possible range of � onlycovers about a factor of 2, and moreover with ux measurements at multiple mid-IRwavelengths it is in principle possible to constrain the value (Harris et al. 1998).The other added feature to the STM is the phase e�ect. Since we hardly everobserve an object at phase angle � of zero, and often � is � 40� when observingnearby comets and NEAs, one needs to know the phase behaviour. One popularmodel is to have the phase e�ect in magnitudes proportional to � itself (Matson1972, Lebofsky et al. 1986). The known range for the proportionality constant is0.005 to 0.017 mag/degree. Another method is to just integrate the amount of lightone sees on the Earth-facing hemisphere. This is akin to using a 12(1 + cos�) phaselaw in the optical regime, except that in the mid-IR each di�erential of area on thesurface is weighted by T 4. There is some evidence (Harris 1998) that this lattermethod describes the phase behavior of asteroids better than the older method, atleast for the large asteroids.The optical data enter the analysis for the determination of the albedo A in Eq3.4, since the optical ux from a spherical object is proportional to pR2. The phaseintegral, q, connecting A and p, is roughly known from the optical phase behavior,which has been studied quite a bit more than its IR counterpart. The result is thatthe problem essentially becomes a system of two equations with two unknowns, Rand p. This is the basic method behind the work of Campins et al. (1987), Milliset al. (1988), and A'Hearn et al. (1989) when they made the �rst ground-basedmeasurements of nuclear albedos in the mid-1980s.3.3 The Augmented Thermal ModelFor the augmentation of the model, I have used two basic equations: the con-servation of energy equation, and the one-dimensional heat transport equation, thesimple parabolic partial di�erential equation. Energy conservation is treated withthe input being insolation and the outputs being reradiation, volatile vaporization,and conduction into the subsurface layers. I have not attempted to treat lateralheat transport.Energy conservations dictatesL�4�r2 (1� A) = � Z Z T 4(�; �)�d cos �d�+ �dTdz + L(T )dMdt ; (3:6)
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where � is the thermal conductivity, L(T ) is the latent heat of vaporization, anddM=dt is the gas mass loss rate. Except for comets such as Hyakutake, which hadan extremely active nucleus, the contribution of the third term in that equation willusually be only on the few percent level. For this reason, I have simpli�ed the modelby having the gas emanate uniformly over the nucleus' surface.The heat equation is @T@t = ��c @2T@z2 ; (3:7)where � is the bulk density and c is the heat capacity. The simultaneous solutionof these equations is the basis of my augmented thermal model. The solution is atemperature map from which the expected ux is calculated for a given radius size.The continuum between STM and RRM is sampled simply by altering the thermalinertia � = p��c.Spencer et al. (1989) have done much work on the thermophysical behaviorbetween the STM and the RRM. They formulated the constant �, the thermophys-ical parameter, to indicate when the STM, the RRM, or something in between isapplicable, de�ned as � = p��c!=(��T 3SS); (3:8)where ! is just 2� divided by the rotation period. It is basically a comparison ofthe rotation time scale and the timescale for the thermal wave to penetrate one skindepth, where the skin depth l is given by
l = 2! ��c: (3:9)

If � << 1, then STM is applicable, whereas if � >> 1, the RRM is the one to use.For example, if a cometary nucleus at 1 AU from the Sun has a lunar thermal inertia(50 J K�1 m�2 s�1=2), and spins on its axis in 10 hours, then � = 0:2 (since thesubsolar point will have TSS = 390 K). This places it in the slow-rotator regime, butsince 0.2 is of the same order as unity, we would not expect the STM to perfectlydescribe the object's thermal behavior.Another aspect of my augmented model is the ability to handle ellipsoidal nuclei.This introduces yet more parameters into the model, since not only are the axialratios of the nucleus required, but also the rotation state, since the ux observedat Earth will now depend on the sub-earth latitude and longitude. Note that theusual observations of nuclei that measure the varying cross section reveal only theprojected axial ratio, not the actual ones, unless the data can be combined withmeasurements at other points in the comet's orbit. I will show an example of thisin Chapter 5. Brown (1985) has studied the e�ects of ellipticity on the output ofthe STM, and shown that slight asphericity does not make much di�erence in theuse of the STM, but { as with the cigar-shaped nucleus example that I previouslymentioned { serious systematic problems can exist if the objects are signi�cantlyelongated.Since the augmented model explicitly calculates the temperature at several lay-ers within the nucleus, the model is able to handle my radio data, which the STM is
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unable to do. Our microwave observations do not sample the surface temperature,but rather the temperature several \skin depths" below the surface. The subsurfacelayer that is sampled could be a few wavelengths deep (for relatively rocky material)or a few tens of wavelengths deep (for icier material) (de Pater et al. 1985). Regard-less of the exact depth, it is clear that the microwave data show a lower temperaturethan at the surface. Here we see a case where the uncertain nuclear porosity, com-position, and conductivity have a very direct e�ect on the interpretation of data.3.4 Rotation of the NucleusThe rotation of cometary nuclei has been studied for the past few decades, asmentioned in Chapter 1. However for only a handful of nuclei are there arguablywell-determined rotation periods. A thorough review has been written by Belton(1991), and Meech (1999) has added more information from the 1990s. It is likelythat some cometary nuclei are in complex rotation, complicating one's derivationof the rotation state via observations, and it is telling that there is still uncertaintyin the rotation state of 1P/Halley's nucleus, one of the most deeply studied cometsin all history. In this section I will give a brief description of the easy methods todetermine a periodicity in the rotation state of the nucleus, but there is the caveatthat it is not the only periodicity.There are two main methods I employ for determining periodicity, one based onthe morphology of the near-nuclear coma, the other based on the photometry of thecomet's photocenter. I did not use the zero-date method used by Whipple (1982)because the other two methods are more reliable, as Whipple himself has stated.The �rst method, used for Comet Hyakutake and Hale-Bopp, requires takingimages over a long enough time baseline to be able to match up when a particularfeature in the dust coma { e.g., a jet or an envelope { returns to the same orientation.The time between these witnessed events is an integer multiple of the rotation period.There are pitfalls to this method: there is a basic assumption that an active area onthe nucleus that produces the coma feature when it is �rst seen will stay active longenough for the observer to witness it later. Moreover, even if it does stay active, itmay not be easy to tell when that particular feature is back in view: e.g., one couldbe fooled if there is another similar-looking jet in the coma. Implicit in the use of thismethod is that the comet itself does not change signi�cantly during the observinginterval. For example determining the periodicity could become problematical if,during the observing interval, the comet goes into outburst or splits.The second method, which was also used on comet Hyakutake and on cometEncke, involves measuring the photometry over a long enough continuous time in-terval to watch the variation in brightness. In principle one could do this with thepost-processed images, where the coma has been removed leaving just the light ofthe nucleus, but this has not been possible for any of the comets in this study. Thismethod measures the variation due to the changing cross section of the nucleusplus whatever variation is due to the coma. Fortunately for the two comets it wasnot di�cult to tell which component was both dominating the ux value and thevariation. The data set for this method is a light curve, a time-series of the ux.The extraction of a period from these data is a non-trivial problem. For the�rst method, at the most basic level one matches images by eye, although for good
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temporal sampling cross-correlation methods may be possible. When employing thesecond method, common simple algorithms that are used in the cometary sciencecommunity (as well as other �elds of astronomy, e.g., variable star research) aredescribed by Stellingwerf (1978) and Dworetsky (1983); these involve trial-and-errorof many potential periods, minimizing the length of a string that connects the timeseries photometry in a phased light curve plot. An advantage is that the algorithmis perfectly able to deal with data sampled at a non-periodic rate, and also it isnot beholden to any assumed shape of the light curve, sinusoidal or otherwise. Arelated method is to just take the Fourier transform { i.e., get a power spectrum {of the time-series, and �nd the most important frequency. Since the mathematicalprocess of transforming can introduce extra noise into the data, this method worksbest when there are many points to the light curve.One signi�cant problem with the morphological and photometric methods is thatan observer usually does not have perfect temporal coverage of the entire rotationalphase. An observing night often just does not last long enough to watch a nucleuscycle through one complete rotation. Stringing observations together over severalnights helps alleviate this problem, but it is hardly ever completely eradicated:there are usually aliases to the best choice of periodicity P that one �nds for theparticular observing run, aliases with values like 32P or 12P , i.e., small whole-numberratios multiplying P . In general the longer the baseline over which one observes,the better one can constrain the period.

26



Chapter 4
The Nucleus of Comet Hale-Bopp
4.1 BackgroundComet Hale-Bopp, discovered in July of 1995, likely was the most watchedcomet in all of history. A prodigious producer of dust and gas and a marginallyadvantageous orbital geometry combined to provide quite a show for several monthsin early 1997. However, all of that gas and dust made it exceedingly di�cult tomeasure the nucleus; the continuum of the comet was dominated by the dust grainsin the optical and mid-IR regimes. Two unusual techniques helped to partially side-step this problem { the observation of an occultation of a star by the comet, andthe measurement of the microwave continuum. The latter has been discussed brieflyin Chapter 2. The former I will describe in detail here, with text heavily borrowedfrom a paper I wrote (Fern�andez et al. 1999).4.2 Occultation Measurements

4.2.1 IntroductionSince the length scales of the nuclei and inner comae of comets are so small,stellar occultations hold great promise for probing these deep regions at the heartof the comet (see, e.g., Combes et al. [1983]). For a comet that is 1 AU away, the�10-km length scale subtends less than 0:0200, or less than half the width of a pixelon the Planetary Camera of HST's WFPC2. Unfortunately, there are only a fewpublished reports of observed occultations by comets, and the reported chords havenot come particularly close to the nuclei. The extinction of the star has been foundto be a few percent at a distance of several hundred kilometers from the nucleus forcomets of various activity levels and dust-to-gas ratios (e.g., Larson and A'Hearn1984, and Lecacheux et al. 1984). One comet has been the target of an occultationobservation with an impact parameter so small that the star was occulted by thenucleus itself, not just the coma: 95P/(2060) Chiron (Bus et al. 1996). Of coursethe very low activity, large nucleus, and regular orbit of this object mark this as aspecial case.Though most previous data on cometary occultations were obtained at perma-nent observatories, with a su�cient number of portable telescope systems spacedacross a territory over which an occultation is predicted to occur, as we have done
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here, one can in principle obtain a size and shape estimate of the nucleus { indepen-dent of the albedo ambiguity found in optical photometry { and an estimate of theopacity structure of the coma to learn about the dynamics and scattering propertiesof the dust.It is worthwhile to emphasize the di�erences between observing comet occul-tations and the much more common asteroid counterparts. While an asteroid is apoint source, located near the center of brightness, and usually on a well-de�nedpath (making the prediction uncertainty just a few shadow widths), a cometarynucleus is often swamped by coma emission of an uncertain morphology, makingit hard to decide exactly where the nucleus is within the comet image's bright-est pixel. (This is especially true for Hale-Bopp, the dustiest comet on record.)Moreover, nongravitational forces push the comet away from the ephemeris position(although fortunately this is probably not a problem for Hale-Bopp). There areeven potentially signi�cant errors in the ephemeris itself, since it is usually derivedfrom astrometry of the comet's brightest spot, not the nucleus' location. Lastly thetypical comet nucleus is only a few kilometers wide. The result is to make observ-ing cometary occultations more logistically di�cult than observing their asteroidcounterparts.Here I report the observation of the dimming of star PPM 200723 due to itsoccultation by Comet Hale-Bopp (C/1995 O1). (The star is also known as SAO141696, BD -04 4289, and GSC 5075-0004.) Barring a terrestrial explanation, thestar's light was completely or nearly completely blocked along part of one occulta-tion chord, implying that a line of sight through an optically thick portion of theinner coma, or through the nucleus itself, was observed. On two other chords, nosigni�cant diminution of light was observed. If our interpretation is correct, this isthe closest to the nucleus a typical comet has ever been sampled via a stellar occul-tation. I will give results from analyses of the data from this unique observation inthe following sections.
4.2.2 Observations

The circumstances of the 5 October 1996 (UT) event are given in Table 4.1.The occultation path (uncertain to �60 s in time and �700 km in distance) passedthrough the western United States soon after sunset on 4 Oct. Six portable teamswere arrayed across the region and one permanent facility was used; a map is shownin Fig. 4.1 with the location of the teams as crossed-squares. Table 4.2 lists thelocation, equipment, and data obtained by the seven teams. Each mobile team (1through 6) had two members; I was part of Team 5. Originally the teams were tospread out from central Nevada northward to maximize the chance that at least oneteam would record a signi�cant optical depth (� 10%) through the coma; cloudscovering Washington, Oregon, Idaho, and western Montana during the event dic-tated where each portable team positioned itself. Su�cient signal during the eventwas obtained only by Teams 5, 6, and 7: Team 5 recorded a feature that appearsto be the event itself through passing cirrus clouds, while observing at the towndump of Snowville, Utah. Team 6 has at best a marginal light curve feature at theappropriate time, and Team 7 did not detect the event.
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Table 4.1. Characteristics of Comet Hale-Bopp Occultation
� The Star, PPM 200723Magnitudea;b mV=9.1MK Spectral Typeb/Luminosity Classc K0VJ2000 Right Ascensionb 17h29m59s:845J2000 Declinationb �4�4800900:45:� The Comet, C/1995 O1 (Hale-Bopp)Magnitude (in 24-arcsec wide circular aperture) mR =8.5Heliocentric Distance 2.83 AUGeocentric Distance 3.00 AUDistance Scale at Comet 2.18 km _= 10�3 arcsecSolar Elongation 71.0�Phase 19.5�Proper Motion and PA 8.41 arcsec/hr, 30.6�Equivalent Linear Speed 5.11 km/s� The Observing LocaledTime of mid-event 5 Oct 1996, 03:17:48 UT �3 sSpeed of Nuclear Shadow 11.6 km/sElevation and Azimuth of Comet 25.8�, 235.8�a Smithsonian Astrophysical Observatory 1966.b R�oser and Bastian 1991.c Measured by Je�rey Hall of Lowell Obs. (private communication).d Speci�cally, location of Team 5 (see Table 4.2) at the time of event.
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Table 4.2. Observations of Occultation by Comet Hale-BoppTeam Location Systemy Summary of ResultsCCD PMT1. 44�390 N 112�050 W p Heavy clouds during event2. 43�190 N 114�410 W p Heavy clouds during event3. 43�050 N 116�190 W p Heavy clouds during event4. 42�300 N 114�470 W p Heavy clouds during event5. 41�570 N 112�440 W p Thin clouds, but detection of event6. 37�120 N 117�000 W p Clear; marginal detection?7. 35�060 N 111�320 W p Clear, but not detectiony Teams 1 through 6 used Celestron C14 14-in (0.35-m) telescopes; Team 7used the Lowell Observatory 31-in (0.8-m) NURO telescope. Teams with \CCD"used a charge-coupled device. Teams with \PMT" used a photomultiplier tube withe�ective wavelength near 4000 �A.
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The three solid lines in Fig. 4.1 trace out two 100-km wide swaths which showthe last pre-event prediction of the occultation track. The true track was onlyas wide as Hale-Bopp's nucleus (with projection e�ects), and the swaths do notrepresent the systematic error in the determination of the track's location, whichwere closer to �700 km (1�). These swaths were used to aid in choosing locationsfor the portable teams.The pre-event ephemeris (Solution 41 by D. K. Yeomans of Jet Propulsion Lab-oratory) predicted an occultation path shown by the long-dashed lines in Fig. 4.1.Astrometric corrections to this path, using images of the comet taken with the U.S. Naval Observatory Flagsta� Station (USNOFS) 1.5-m telescope, moved the pre-dicted track to the short-dashed lines in Fig. 4.1. The coma-�tting technique that Idescribe in Chapter 3 was employed to �nd the source of the coma (i.e., the nucleus)within an image of the comet's center of brightness, moving the track to the solidlines in Fig. 4.1. The corrections gave a net shift to the prediction of Yeomans'ephemeris of about 9 � 102 km northwest. Our apparent detection of the nucleusoccurred closer to the original prediction than the corrected one, indicating we hadunderestimated the prediction errors and that our corrections did not reduce theerror, only delimit it. As we will show, with all the uncertainties of event prediction(as mentioned in Section 4.2.1), the detection of the occultation � 800 km awayfrom the \best" guess is perfectly reasonable.Weather and equipment problems prevented Team 5 from observing the cometand the star separately to determine their relative brightnesses in the photometerpassband. Using the known spectral characteristics of both objects, combined withbroad- and narrow-band imaging taken near the day of the event, we estimate thestar to be 0.35 � 0.02 times as bright as the sum of the comet, sky ux, and detectornoise. The method is described here.The bandpass of Team 5's system is shown in Fig. 4.2; all that is needed is theratio C of star ux to the sum of uxes from comet, sky, and detector noise withinthis band and within the 1-arcmin wide aperture that was used. Starting with CCDobservations of the comet and star taken with the USNOFS 1.5-m telescope on 2,3, and 5 Oct 1996. We know the relative brightnesses (to �5%) in their passband,the spectral shape of which is also shown in Fig. 4.2 (Monet et al. 1992). To switchto Team 5's band now requires knowing the spectra of the comet and the star.Fig. 4.2 shows the spectrum of a typical K0V star (Kharitonov et al. 1988, Silvaand Cornell 1992, Jacoby et al. 1984) and of the Sun (Neckel and Labs 1984, Labs etal. 1987). The comet's spectrum is the same as the solar spectrum plus uorescenceemission lines and any reddening of the dust. Using CCD imaging taken on 12Oct 1996 UT with the Lowell Observatory 1.1-m Hall telescope and narrow-bandInternational Halley Watch �lters (as described by Van�ysek [1984]), we found thedust to be at most only 0.03 � 0.05 mag redder than the Sun. Moreover we foundthat CN and C2 emission (the dominant species in Team 5's spectral range) wouldcontribute only about 6% � 1% of the ux. Hence the solar spectrum in Fig. 4.2 isactually a good representation of the comet's spectrum. In Oct 1996 the comet hadalmost constant morphology and magnitude, so there is little error in using imagestaken 7 days after the occultation.Thus we can calculate the relative star and comet brightnesses to within a few
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Figure 4.1 (next page): Locations of observers for occultation by Hale-Bopp.Here is a map of the western United States showing the locations of the participatingteams (crossed-squares) and the occultation track predictions. The long-dashedlines show the original ephemeris prediction; short-dashed lines show intermediatesolution including astrometric corrections; solid lines show last prediction includingcorrections from deriving the nucleus' position within the comet's photocenter. Thethree lines mark out a 200-km wide swath, which was used for planning purposes;the nucleus' shadow is much narrower.
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percent. The only caveat is that the systematic error may be higher if our star isnot a typical K0V star. Our remaining task is to account for sky and detector noisecontributions. The latter we measured to be negligible compared to that of the skyand the comet. From practice observations in conditions roughly as dark as for theobservation of the occultation itself, we found the sky to be about 8%�2% of thecomet's brightness, thus the factor from the spectral analysis should be divided by1:08� 0:02. The combination of all information yields C = 0:35� 0:02.4.2.3 DataThe light curve from Team 5 is shown in Fig. 4.3. The data span about 34minutes (top graph); the �7 minutes centered on the time of deepest occultation(at 03:17:48 UT �3 s) are shown in the lower panel. The photometer integrationswere 100 ms long, and the aperture was circular and one arcminute wide.The light curve is characterized by (a) long (several minute), gradual changesin the count rate due to passing clouds (e.g., the general trend from 03:14:30 to03:27:30); (b) precipitous drops in ux due to the comet and star (which were near-ly superimposed) being near the edge of the aperture, immediately followed by evenmore rapid (few second) rises as the target is restored to the center of the �eld ofview (e.g., at 03:26 and 03:27:45); (c) small drops in ux due to the comet and starmoving a bit o�-center in the aperture, followed by a quick restoration as the tar-get is recentered (e.g., at 03:11:30, 03:16:30, 03:19:00, 03:20:00 and [importantly] at03:17:35); and (d) the occultation event itself near 03:17:48. The distinct morpho-logical di�erences between these four types give us con�dence that we have observedthe occultation event. The occultation caused a fairly symmetric valley in the lightcurve of about one minute in length, shorter than the time scale for the e�ects ofpassing clouds, but longer than the time scale for a drop and rise in ux due to theposition of the target in the aperture.Cases (b) and (c) above were caused by the telescope not exactly tracking atthe proper motion rate of the comet. The times of these corrections are markedwith arrows in Fig. 4.3. The correction at 03:17:35, the one before it, and the twoafter were all minor and belong to case (c). Since most of the comet's ux was inits coma, a slight o�set of the target did not cause a signi�cant decrease in ux; themore obvious manifestations of these corrections are the small noise spikes from thetelescope drive's electrical interference.The drop in count rate at the time of deepest occultation is about 25%, whichis consistent with the star being totally blocked from view, since it was 0.35 timesthe brightness of the other contributors to the ux (0:35=1:35 � 25%). Moreoverit occurs close to the predicted time of 03:18:10 for the location of Team 5. Thedip could not be due to a jet contrail since the light curve would resemble a pro�lethrough a uniform density gas cylinder, which would have a shallower slope throughthe middle of the event, unlike what has been recorded. While we cannot unambigu-ously rule out that an unusual cloud passed in front of the comet, the circumstantialevidence does imply an observation of the occultation.There is a dip in the light curve at approximately 03:12:30 UT which may beinterpreted as morphologically distinct from the e�ects of both clouds and trackingerrors, and so could be construed to be the occultation event; it is the only other
34



Figure 4.2 (next page): Comparison of occulter (cometary) and occultee (stellar)spectra. The dashed lines give the bandpass of the observing system at the USNO1.5-m telescope and of the C-14 and photometer system used by Team 5 for theoccultation. A comparison of the spectra (solid lines) of a K0V star and a solar-type star, which in this case approximates the spectrum of the comet, was used totransform the relative brightnesses of the comet and star from the USNO system tothe Team 5 system.
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Figure 4.3 (next page): Light curve of occultation by Hale-Bopp, Team 5. Thislight curve shows the occultation event, a feature that is morphologically distinctfrom all others. The top plot covers all 34 minutes of the light curve; bottom plotshows 7 minutes centered on the occultation feature. The integration time for eachdata point was 100 ms. Arrows indicate tracking corrections; see text for details.The tracking correction near the center of the occultation was not signi�cant. Theasterisks indicate the locations where the large-scale e�ect of the cirrus clouds wassampled, and the thick line is a spline �t to those points. This �t was used by ourmodel to grossly account for the non-photometric conditions.
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feature in the light curve, aside from the one at 03:17:48 UT, that could have beencaused by the occultation. An event this early would, however, imply a rather largeerror of thousands of kilometers. While it is possible to model the circumstances ofthe event (in the manner described in the next section) to reproduce the curve, the�ts are less robust than those for the 03:17:48 feature. Accounting for the e�ects ofextinction by the clouds makes the feature quite skew, which reduces the ability ofour model to adequately �t it.In sum, due to the unique shape of the feature at 03:17:48, our ability to modelit well, its closeness to the predicted time, and its depth, we believe that it is likelydue to the occultation event and not due to tracking errors or clouds.The light curve recorded by Team 6 is shown in the top of Fig. 4.4, observedfrom a position 643 km farther along the shadow track from Team 5, and 170 kmperpendicular to it. This light curve was obtained in a cloudless sky so all variationsare due to tracking errors, gain changes, and manifestations of the occultation. Atthe time one would expect the comet's shadow to pass over Team 6 (based on Team5's results; marked on the �gure), there is a drop in ux of a few percent (lowerpanel of Fig. 4.4). That feature's shape is similar to other tracking error correctionsin the light curve, so it is not clear if this is the occultation. However, it does allowus to limit the opacity of the coma 170 km from Team 5's chord at 8%.4.2.4 Analysis4.2.4.1 Model and AssumptionsOur model for the light curve assumes the optical depth, � , is proportional tothe inverse of the cometocentric distance, 1=�, raised to a constant power n. (Thesteady-state, force-free, radially-owing dust coma would have n = 1.) As the cometpasses between Earth and the star, the attenuation of starlight will depend on time.A schematic of the scenario is given in Fig. 4.5. Ignoring clouds for the moment,we express each point in the light curve, S(t), as a constant term (S0, the comet'sux plus sky ux and detector noise) plus a term representing the star's ux timesthe attenuation factor (e�� (t)). Let C = 0:35 � 0:02 be the ratio of the star'sunattenuated ux to S0. Then S(t) = S0(1 +Ce�� (t)). If the comet's nucleus itselfpasses between the star and Earth, the ux during that interval will just be S0. Ifthe star disappears behind the nucleus at time ti, and reappears at time to, thenthe light curve can be represented by
S(t) =

8>>>>><>>>>>:
S0(1 + Ce��i(t)); if t < ti;S0; if ti < t < to; andS0; (1 + Ce��o(t)); if t > to.

(4:1)
Since we do not assume a priori that the two sides of the coma that are sampledby the inbound and outbound sections of the occultation are the same, we have athree-piece function. We can however remove the nuclear chord in the model simply
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Figure 4.4 (next page): Light curve of occultation by Hale-Bopp, Team 6. Thislight curve has the expected time of the occultation marked, based on the time ofdeepest occultation recorded by Team 5. The Top panel shows the whole curve;lower panel shows a close-up of the most relevant section. Ordinate units are arbi-trary. There is a slight dip in the count rate at the appropriate time, but it is notdistinguishable from other, comparably-shaped features.
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by setting ti = to. The subscript i denotes a quantity related to the ingress; o, tothe egress.Evaluating � as a function of time requires knowing �. The distance from thecenter of the nucleus at a given time t is just qb2 + (v(t� tm))2, where b is theimpact parameter, v is the speed of the comet across the sky, and tm is the time ofmid-occultation. Since the center of the (assumed spherical) nucleus does not haveto be the coordinate origin for �, we include an extra term, l0, that describes theo�set (parallel to the star's direction of motion) of the coordinate origin from thenuclear center. Thus, �(t) = qb2 + (v(t� tm)� l0)2 and the optical depth is givenby �i(t) =  �iqb2 + (v(t� tm)� l0i)2
!ni ; (4:2a)

�o(t) =  �oqb2 + (v(t� tm)� l0o)2
!no ; (4:2b)

where � is the length scale of the opacity. Since we allow the time tm to be �tby the model, we have overparameterized the lateral shift in the coordinate origin;the best parameter to quote really is �l0 � l0i + l0o, i.e., the separation of the twocoordinate origins. In later discussion we will mention the nuclear radius, R, whichis just R = sb2 + (12 ln)2 � sb2 + �12v(to � ti)�2; (4:3)i.e., the square root of the quadrature-addition of the impact parameter and halfthe length of the chord through the nucleus. A listing of all quantities is given inTable 4.3.Note that the impact parameter b was not used as a measure of the o�set fromthe coordinate origin in the perpendicular direction. The coordinate origin alwayslies on the horizontal line in Fig. 4.5 that runs through the center of the nucleus.There is no evidence that our assumption is justi�ed but it does make the modelingtractable and allowed us to constrain properties of the nucleus.In addition to this theoretical model, we accounted for the large-scale extinctionin the light curve due to clouds near the time of the event by multiplying our modelby an empirical function. On Fig. 4.3, the asterisks in the light curve indicate whereit was sampled to estimate the clouds' e�ect. The thick line is a spline �t throughthose points and represents the empirical function. We sampled the clouds' e�ectoutside the region to which we applied our model. The observation site of Team 5was dark and moonless, so the clouds would only cause extinction of the starlight,not increase the sky brightness.We have made some assumptions to simplify the �tting. The spherical nucleusassumption immediately implies that to � tm = tm � ti. Also note that our modelcoma (Fig. 4.5) is not perfectly circular; n and � can be di�erent between the twohemispheres, but within one hemisphere they cannot vary. We have not included inour �tting the data near the time of the tracking correction (2.8 seconds centered at03:17:45.9 UT), and two brief noise spikes (0.5 seconds starting at 03:17:39.0 UT;
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Figure 4.5: Schematic of occultation scenario and light curve. The top plot showsa generic light curve based on the star's passage behind the coma and nucleus ofthe comet. The arrow in the drawing indicates the star's motion. Times of thebeginning and end of nuclear chord are marked (ti and to, respectively), as is mid-occultation (tm); note the abrupt jump in the ux at time ti as the star passesbehind the nucleus. The locations of a coma opacity of 0.1 and 1.0 are marked. Allvariables are de�ned in Table 4.3.
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Table 4.3. Parameters of the Model ofNuclear and Comatic StructureSymbol Description
Fit VariablesS0 count rate from comet+sky+dark currentti & to beginning and ending times of occultation by nucleustm time of mid-eventln length of the nuclear chord of the occultationb impact parameterni & no exponent of the power-law pro�le of the opacity�i & �o length scale of the opacitydistance of cometocentric coordinatel0i & l0o origin from center of nucleusVariables Derived from Fit�i & �o opacityR nuclear radiusKnown ConstantsC ratio of count rate from star to S0 (0:35� 0:02)v speed of comet across sky (5:11 km/s)Subscriptssubscript i & o variable pertains to ingress and egress of occultation
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1.3 seconds starting at 03:17:52.8 UT; see Fig. 4.3). Lastly, we have assumed thatthe radius of the nucleus is no bigger than 50 km. Analysis of high-resolution mid-infrared, microwave, and optical imaging of the comet have constrained the nuclearsize to be smaller than this value (Altenho� et al. 1999, Weaver and Lamy 1999,and a later section of this Chapter), so our assumption allows for a large error inthese works. In terms of our �tting, this means we will not consider models thatrequire a combination of b and ln such that R � 50 km.Further assumptions were made about the physical environment of the coma.First, we assumed that n could be no larger than 2.4. Hydrodynamic models ofthe coma (Divine 1981) imply that a steepening of the dust density pro�le to theequivalent of ��3 (yielding a surface brightness (and opacity) proportional to ��2)can occur within a few nuclear radii of the nucleus. Others (e.g., Gombosi et al.[1983, 1985], Marconi and Mendis [1983, 1984]) have also used dusty-hydrodynamicmodels to calculate dust velocities and/or number densities as a function of come-tocentric distance, and their results do show some steepening of the dust pro�lewithin a few nuclear radii of the surface. From these works we conjecture that thetenable limit to n in this phenomenon is � 2 to 212 , though the higher values haveless theoretical support. Again, we allow for a large error in these previous works.Our second assumption is that l0 can not be so large as to extend o� the near edgeof the nucleus itself. In other words, we did not allow the case where � = 0 (andthe divergence of the opacity) could be encountered by the star.4.2.4.2 Results of Model FittingSince there are so many data points, in this case the �2 statistic is useful onlyas a coarse indicator of \good" and \bad" �ts; e.g., a �t that goes through all of thepoints but is too shallow to cover the light curve's minimum could have a reduced�2 (�2R) of just 1:15, which would still be beyond the 99% con�dence level for the620-odd degrees of freedom. The best way to ascribe a \good" �t is by eye, with�2 being a rough guide. There are three morphological characteristics that must besatis�ed for a �t to be considered \good": a) it must be su�ciently deep to coverthe valley at 03:17:48 UT (determined by �, n, b, and to some extent by to � ti);b) it must follow the shape of the valley's walls (from 03:17:33 to 03:17:45 and from03:17:53 to 03:18:03 UT; determined by �, n, and l0); and c) it must lie on themedian value of the wings (from 03:17:15 to 03:17:33 and from 03:18:03 to 03:18:22UT; determined by � and n). We say \median" because we do not attempt to �t thesmall jumps in ux that occur in the wings; these may be due to clouds or to realopacity features in the comet's coma. A given model was detuned with the variousparameters until the �t could no longer be considered marginally \good."The results of the �tting are summarized in Table 4.4. We have explored pa-rameter space using b = 0; 6:5; 11; 22; 26; 33; 39, and 45 km (and higher values, butit turned out that they never su�ciently �t the light curve), and n = 0:8, 1:0, 1:2,1:4, 1:6, 1:8, 2:0, and 2.4. Entries in the table give values or ranges for the quantities�i, �o, and ln that yield \good" or marginally \good" �ts as de�ned above. (In the\Comments" column, the presence or absence of \m" indicates a marginally goodor good �t.) All �ts listed in the table have 0:96 � �2R � 1:05, with most around0.97, 0.98, or 0.99. With only one chord through the comet showing unambiguous
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extinction, the valid parameter space o�ered by our model is large. Moreover, theunfortunate location of the tracking correction so close to the valley of the lightcurve, thus removing those data points, allows an even wider valid space.Figure 4.6 displays representative �ts to our light curve. It is not meant to beas exhaustive as Table 4.4 is, but graphically shows the large variation in parametervalues that still allows adequate �tting. The �rst four plots have forced �l0 = 0,the last four allow it to vary. The value of b is written within each plot. The abruptjumps in the ux predicted by some models are due to the star passing behind thenucleus; note the jump at time ti in the schematic light curve of Fig. 4.5. Specialnote should be taken of one model in Fig. 4.6a using ni = no = 1:0; it cannot �t thecurve. Also, Fig. 4.6d shows a model with b = 39 km; such a high impact parameterallows only a marginal �t to the curve. The value of �2R is 1.0 in all but the oneobviously incorrect model, where it is 1.2.We mention some other notable results from the modeling:� Our modeled constraints on b limit the nucleus' radius R (via Eq. 4.3) to� 48 km. Restricting ourselves to the best (not marginal) �ts and to n � 2:0, thenR � 30 km.� For completeness we modeled the case where b = 0 and ln = 0, even thoughclearly this is an unphysical scenario. Fortunately, it was never the case that thelight curve was signi�cantly better �t with ln = 0 than with ln > 0.� The distance from the coordinate origin to the � = 1 point in the coma is givenby �. For some models in Table 4.4 R > �, so the maximum coma opacity is lessthan unity. (The �t to the light curve for these models requires the nuclear chord topass through the bad-data gaps.) On the other hand with a small R the maximumopacity can be as high as 2. Note that the noise in the light curve prevents us fromcon�dently distinguishing between � = 2 and � > 2 (or � =1).� For clarity we have not put in the allowable ranges of � for each model inTable 4.4. Typically changing � by �3 km still yields a good or marginally good �t.� The acceptable �ts to the light curve require n to be at least 1.0, though the�ts are slightly better as n increases. Further, if n � 1:2 in one hemisphere, thenn � 2:0 in the other. This steepness to the coma is opposite the sense found inGiotto images of comet Halley's inner coma, where n < 1 as �! R due to localizedsources of dust on the surface (Thomas and Keller 1990, Reitsema et al. 1989).We postulate that the steepness in Hale-Bopp's coma is due to azimuthal structure(where we have assumed none) and/or to the passage of the star's path through theacceleration region of the dust. Clearly our model is simplistic, but the lack of datadoes not justify using a more complex formulation.� One power law can satisfy the constraints of the light curves measured by bothTeam 5 and Team 6 if, in general, n � 1:6. A letter \c" in the \Comments" columnof Table 4.4 indicate which models are consistent with both curves. Furthermore,if we force the coma to be consistent, it would then be impossible for the nuclearshadow to have passed between the two teams. I.e., if Teams 5 and 6 were onopposite sides of the nucleus, the parameters describing the two sides of the comasampled by the two teams would have to be di�erent, which is beyond the scope ofour modeling. An alternate explanation is that the coma merely does not have thespherical or hemispherical symmetry that is assumed.
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Figure 4.6a-d: Example model �ts to occultation light curve. Shown here are ex-ample \good" model �ts using various combinations of parameters, overlaid on theTeam 5 light curve. This is not an exhaustive portrayal of the entire valid parameterspace, but only demonstrates how well the curve can be �t. All models presentedhere assume there was no nuclear chord. Each plot has the impact parameter bwritten within its borders. The �rst 4 plots assume �l0 � l0i+ l0o = 0:0. Each plotshows 5 or 6 models with varying ni and no (written as n = [ni; no]). Plot (a) showsclearly that ni = no = 1:0 does not �t the curve; plot (d) shows an example of animpact parameter higher than � 35 km that marginally �ts the curve. The blanksection near 17.7 minutes past 0300 UT, caused by a tracking correction, allows forgreat latitude in the kind of models that can �t the data.
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� For most models, we �nd �10 km � �l0 � 15 km, though for b > 30 km,the range is only a few kilometers. Moreover, having the coordinate origin of bothhemispheres on the ingress side of the nucleus is slightly favored (by a � 2% decreasein �2R). Note that in comet Halley, the origin was found to be near the center of thenucleus (Thomas and Keller 1987).
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Figure 4.6e-h: Example model �ts to occultation light curve. Here is the samescenario as for 6a-d, except the 4 plots allow �l0 6= 0:0, and each model mentionsthe value used.
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Table 4.4 Constraints on Parameters to Occultation Modelb ni no �i �o �(� = 0:1) 1� e�� ln range R range Comm.(km) (km)a (km)a b c (km)d (km)e f0 1.0 1.8 21 64 [157,188] 0.40 0-26 0-13 m0 1.0 2.0 19 66 [155,190] 0.39 0-22 0-110 1.0 2.4 16 67 [153,174] 0.36 0-15 0-80 1.2 1.8 25 61 [159,185] 0.41 0-24 0-12 m0 1.2 2.0 23 60 [159,185] 0.38 0-24 0-120 1.2 2.4 20 62 [135,159] 0.35 0-24 0-12 m, c0 1.4 1.6 32 53 [166,179] 0.44 0-40 0-20 m0 1.4 1.8 32 54 [162,179] 0.42 0-40 0-200 1.4 2.0 28 55 [143,175] 0.38 0-36 0-18 c0 1.6 1.2 45 40 [179,166] 0.48 0-52 0-26 m0 1.6 1.4 43 44 [177,168] 0.47 0-56 0-280 1.6 1.6 38 47 [158,172] 0.44 0-55 0-23 m0 1.8 1.2 50 37 [179,161] 0.48 0-42 0-21 m0 1.8 1.4 43 42 [154,168] 0.46 0-45 0-230 1.8 1.6 42 42 [149,168] 0.43 0-54 0-27 m, c0 2.0 1.0 54 30 [172,157] 0.49 0-30 0-15 m0 2.0 1.2 52 34 [164,159] 0.48 0-34 0-17 c0 2.0 1.4 45 39 [142,166] 0.45 0-48 0-24 c0 2.0 1.6 44 39 [137,166] 0.43 0-48 0-24 m, c0 2.4 1.0 55 27 [142,157] 0.48 0-25 0-13 m, c
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Table 4.4 { Continuedb ni no �i �o �(� = 0:1) 1� e�� ln range R range Comm.(km) (km)a (km)a b c (km)d (km)e f0 2.4 1.2 53 29 [140,157] 0.46 0-27 0-14 m, c0 2.4 1.4 52 30 [135,154] 0.44 0-30 0-15 m, c6.5 1.0 1.8 22 67 [155,190] 0.39 0-15 0-10 m6.5 1.0 2.0 19 68 [153,192] 0.37 0-15 0-106.5 1.2 1.6 26 60 [160,186] 0.40 0-28 0-15 m6.5 1.2 1.8 26 61 [160,186] 0.39 0-25 0-146.5 1.2 2.0 23 63 [155,188] 0.36 0-25 0-14 m6.5 1.4 1.4 37 50 [170,175] 0.43 0-47 0-24 m6.5 1.4 1.6 34 53 [168,177] 0.42 0-46 0-246.5 1.4 1.8 32 55 [163,179] 0.39 0-41 0-226.5 1.4 2.0 27 57 [137,181] 0.36 0-36 0-19 m, c6.5 1.6 1.4 43 44 [177,168] 0.44 0-55 0-28 m6.5 1.6 1.6 38 48 [161,172] 0.41 0-54 0-286.5 1.6 1.8 35 50 [147,175] 0.39 0-46 0-24 m6.5 1.8 1.0 56 33 [188,158] 0.49 0-33 0-18 m6.5 1.8 1.2 52 35 [185,160] 0.41 0-35 0-196.5 1.8 1.4 47 39 [167,163] 0.36 0-45 0-23 c6.5 1.8 1.6 42 43 [150,168] 0.31 0-48 0-25 m, c6.5 1.8 1.8 39 45 [139,159] 0.27 0-54 0-28 m, c6.5 2.0 0.8 64 23 [196,149] 0.49 0-15 0-10 m
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Table 4.4 { Continuedb ni no �i �o �(� = 0:1) 1� e�� ln range R range Comm.(km) (km)a (km)a b c (km)d (km)e f6.5 2.0 1.0 60 26 [190,151] 0.45 0-18 0-116.5 2.0 1.2 53 32 [168,158] 0.40 0-33 0-18 m, c6.5 2.4 0.8 64 20 [166,148] 0.47 0-15 0-10 m6.5 2.4 1.0 62 22 [162,149] 0.44 0-13 0-9 m, c6.5 2.4 1.2 57 26 [148,153] 0.41 0-19 0-12 m, c11 1.0 1.8 22 70 [153,192] 0.38 0-15 0-13 m11 1.0 2.0 20 72 [151,194] 0.37 0-11 0-1211 1.2 1.8 25 64 [158,188] 0.38 0-23 0-16 m11 1.2 2.0 23 65 [155,190] 0.36 0-17 0-14 c11 1.4 1.6 34 55 [166,179] 0.36 0-35 0-21 m11 1.4 1.8 31 57 [159,182] 0.38 0-30 0-19 c11 1.4 2.0 28 59 [145,184] 0.35 0-27 0-17 m, c11 1.6 1.4 41 45 [174,170] 0.42 0-52 0-2811 1.6 1.6 32 55 [136,182] 0.39 0-30 0-19 c11 1.6 1.8 30 56 [124,184] 0.33 0-28 0-18 m, c11 1.6 2.0 27 58 [112,182] 0.32 0-22 0-16 m, c11 1.8 1.2 52 36 [186,160] 0.45 0-34 0-20 m11 1.8 1.4 48 40 [171,164] 0.37 0-39 0-2211 1.8 1.6 43 44 [154,168] 0.40 0-48 0-26 m, c11 2.0 1.2 53 34 [166,160] 0.44 0-33 0-20 c
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Table 4.4 { Continuedb ni no �i �o �(� = 0:1) 1� e�� ln range R range Comm.(km) (km)a (km)a b c (km)d (km)e f11 2.0 1.4 49 37 [156,162] 0.37 0-33 0-20 m, c11 2.0 1.6 47 39 [147,164] 0.33 0-39 0-22 m, c11 2.4 1.0 58 28 [152,155] 0.46 0-15 0-13 m, c11 2.4 1.2 55 31 [142,158] 0.43 0-20 0-15 m, c11 2.4 1.4 53 31 [138,158] 0.38 0-25 0-17 m, c22 1.4 2.0 30 66 [157,189] 0.34 0-22 0-25 m, c22 1.4 2.4 26 72 [134,187] 0.32 0-13 0-23 m, c22 1.6 1.8 33 62 [141,187] 0.36 0-24 0-25 m, c22 1.6 2.0 33 63 [138,187] 0.34 0-25 0-25 c22 1.6 2.4 30 65 [126,168] 0.29 0-19 0-24 m, c22 1.8 1.6 39 55 [138,180] 0.37 0-35 0-28 m, c22 1.8 1.8 35 58 [124,185] 0.35 0-35 0-28 c22 1.8 2.0 31 62 [113,189] 0.33 0-25 0-25 c22 2.0 1.6 47 47 [149,170] 0.38 0-40 0-30 m, c22 2.0 1.8 38 54 [121,180] 0.35 0-31 0-27 c22 2.0 2.0 33 60 [105,187] 0.32 0-21 0-24 m, c22 2.4 1.6 50 41 [131,165] 0.36 0-25 0-25 c22 2.4 1.8 43 47 [112,169] 0.34 0-35 0-28 c22 2.4 2.0 39 51 [102,159] 0.31 0-37 0-29 m, c26 1.6 2.0 33 69 [139,192] 0.35 0-20 0-28 m, c
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Table 4.4 { Continuedb ni no �i �o �(� = 0:1) 1� e�� ln range R range Comm.(km) (km)a (km)a b c (km)d (km)e f26 1.6 2.4 30 72 [125,188] 0.32 0-12 0-27 m, c26 1.8 1.8 40 60 [141,183] 0.36 0-35 0-31 m, c26 1.8 2.0 34 65 [123,189] 0.33 0-23 0-28 c26 1.8 2.4 30 70 [107,183] 0.31 0-11 0-27 m, c26 2.0 1.8 40 59 [124,183] 0.33 0-29 0-30 m, c26 2.0 2.0 36 62 [113,187] 0.33 0-24 0-29 c26 2.0 2.4 31 68 [99,176] 0.30 0-15 0-27 m, c26 2.4 1.8 45 50 [118,174] 0.34 0-45 0-34 c26 2.4 2.0 42 53 [108,168] 0.32 0-40 0-33 c26 2.4 2.4 32 65 [82,170] 0.29 0-15 0-27 m, c33 2.0 2.0 42 65 [132,186] 0.33 0-27 0-36 m, c33 2.0 2.4 37 70 [118,182] 0.30 0-17 0-34 m, c33 2.4 2.0 48 56 [124,177] 0.31 10-30 33-36 c33 2.4 2.4 38 68 [99,177] 0.30 0-15 0-34 c39 2.4 2.4 50 63 [131,163] 0.28 10-30 39-42 m, c45 2.4 2.4 59 64 [153,168] 0.28 15-38 46-48 m, c
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Table 4.4 { Notesa Error from �tting is �3 km.b Cometocentric distance at which coma opacity is 0.1. Error from �ttingis �20 km. Two values are given, one for each hemisphere.c Mean value of 1� e�� within 100 km of nuclear surface. Error from�tting is about 8%.d Range of lengths of nuclear chord that yields an adequate �t. Error from�tting is �4 km.e Range of possible nuclear radii based on the range of ln and b.f Comments. Letters' meanings: m = marginally good �t. c = �t is consistentwith opacity measured by Team 6.
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4.2.5 Discussion
4.2.5.1 NucleusAs mentioned, we assumed that the nucleus has R � 50 km, but our �ttingfurther constrains this number, to 30 km, by making two reasonable assumptions.Only marginally good �ts are found for models with R much bigger than this, upto 48 km, i.e., almost up to the assumed maximum. For models that yield R > 48km (or even > 50 km, for that matter), the �ts are not even marginally \good."Millimeter wave measurements by Altenho� et al. (1999) and our centimeterwave measurements { as will be seen later in this Chapter { agree with this occult-ationderived limit. However I emphasize that this occultation analysis assumes aspherical nucleus.4.2.5.2 AstrometryOur apparent detection of the occultation implies the nucleus was (8:0� 0:5)�102 km on a perpendicular from the last prediction of the nuclear track. Mid-event occurred about 22 s before the predicted time for the location of Team 5,corresponding to 255 km along the track. Considering the errors involved with theprediction, this is not an unacceptably large o�set, as we now explain.Figure 4.7a shows an image of the comet and star taken one hour before theevent (from the USNO Flagsta� Station 1.5-m telescope). Figure 4.7b, showingan expanded view of the central pixels of the comet, is marked with the middleof the brightest pixel (\M"), the location of the centroid of brightness (\C"), andthe estimated position of the nucleus using our coma-�tting technique (\L"; �0:25pixel). The pixel size for the images in Fig. 4.7 is 0.33 arcsec (7:2� 102 km at thecomet). Our astrometry of the comet's o�set from the ephemeris position (using 3nights of USNO images, as mentioned in xII) was uncertain to 0.3 arcsec (6:5� 102km), i.e., almost one pixel. Combined with the uncertainty from the coma-�ttingtechnique, this gives an 1-� error of about 7� 102 km. So it is quite reasonable toexpect the nuclear shadow to have passed over a team several hundred kilometersfrom the predicted center line.Our constraint on the location of the nucleus is reasonably consistent with 1998calculations for the orbit of Hale-Bopp (Donald Yeomans, private communication).However, it should be noted that we are estimating the error with respect to themeasured position of the comet from the astrometry, not from the ephemeris. Hadwe used a di�erent ephemeris, say, one that was thought to be more accurate, theonly di�erence would have been to change the o�sets measured via the astrometryof the USNO images. We would have arrived at the same prediction and the sameobserving strategy. Hence, a post-facto ephemeris, which might be used to try to pindown exactly how far Team 5 was from the nucleus' shadow, would not make muchdi�erence. In essence, our astrometry provided a truer prediction of the comet'sposition than any ephemeris would have. Astrometric measurements from post-event imaging would have helped but these data were not taken.4.2.5.3 Inner Coma: Albedo of Dust Grains
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Figure 4.7: Pre-occultation image of comet and star. In (a), an image of both cometHale-Bopp (\C") and PPM 200723 (\S") is shown, taken less than one hour beforethe occultation. The scale is 0.33 arcsec per pixel, corresponding to 720 km of lineardistance at the comet; our entire occultation event marked in Fig. 4.3 covers aboutone-half of a pixel. Line segments indicate the most prominent jets in the comet'scoma, and show that on ingress the star was traveling along a jet's edge. In (b),I show an expanded view of the central pixels of the comet. The middle of thebrightest pixel \M", centroid of brightness \C", inferred position from coma-�ttingtechnique of Lisse et al. (1999b) \L".
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Since we have measured the opacity of the coma, we can calculate the albedo ofthe dust in the inner coma by using measured values of Af�o, a quantity introducedby A'Hearn et al. (1984) where A is the albedo, f is the �lling factor, and �o is thesize at the comet of the aperture used. It is obtained via
Af�o = FcometF� � � r1AU�2 � 4�2�o ; (4:4)

where r is the heliocentric distance of the comet, � is the geocentric distance, F�is the solar ux at Earth, and Fcomet is the comet's ux measured in the aperture.The �lling factor is the aperture-average of 1� e�� (�). Here the albedo is properlythe value of the scattering function relative to a conservative, isotropic scatterer, asoutlined by Hanner et al. (1981; and equal to 4��(�)=G in that work).We analyzed HSTWFPC2 images of the comet obtained twelve days before andtwelve days after the occultation event (provided by H. A. Weaver of Johns HopkinsUniv.), and Af�o was measured down to a cometocentric distance of 400 km (about0.2 arcsec). A steady-state, force-free, radially-owing dust coma would have anaperture-independent value of Af�o, but since Hale-Bopp's coma was not like this,we extrapolated Af�o down to 100 km for comparison with our occultation results.Since the phase angle of the observations was only 19�, we removed the phase anglee�ect, �(�), by using �(�) = 10�0:4�� ; (4:5)where � is the phase coe�cient of 0:025 mag/degree (a value roughly consistentacross several comets; Meech and Jewitt 1987), and � is the phase angle at the timeof the observation. We estimate that Af�o=�(�) was about 1:3 � 0:3 km on 23Sep 1996 and 1:9� 0:3 km on 17 Oct 1996. Time variability of the comet's ux inthe HST images leads to the large error estimates. Taking Af�o=�(�) = 1:6 � 0:3km on 5 Oct 1996, �o = 100 km, and the aperture-average of 1 � e�� to be about0:38 � 0:05, we �nd A=�(�) to be 0:04 � 0:01 (formal error). This leads to anequivalent geometric albedo, p, of 14A=�(�) = 0:01 � 0:002. (I use the value of14 to follow the notation of Hanner et al. [1981].) This value is rather low (e.g.,Divine et al. (1986) collate information from various workers to obtain an averagep of 0:03 � 0:01), and a possible explanation (similar to that given by Larson andA'Hearn [1984]) is that a photon is doubly-scattered by the dust in the inner coma.It is not unreasonable to expect such a scenario in the optically-thick portion of thecoma. If every photon were doubly-scattered, A=�(�) would be the square root ofthe value given above: 0:21 � 0:02 (formal error), and p = 0:05 � 0:006. That thecalculated albedo is acceptable provides one self-consistent check that our modelresults { and speci�cally the high opacity of the coma { make sense.4.2.5.4 Inner Coma: Plausiblity of FindingsOur modeling implies that the column density of dust in the inner coma follows apower law of � with an index steeper than 1.4. This steepness is not evident in large-scale imaging of the comet. The path of the star's ingress followed the edge of oneof Hale-Bopp's jets (short line segments in Fig. 4.7a) that had a surface brightness
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proportional to ��0:86; during egress, the path did not follow a jet, and the comasurface brightness was proportional to ��1:26. However, one can �t just the wingsof our occultation light curve (i.e., between 100 and 170 km from mid-occultation)and match the pro�les from the large-scale imaging. It is only in the central region,within 100 km of the nucleus, where these pro�les fail and the density of dust mustbe a steep function of �. Unfortunately the small scale of these properties of thecoma are beyond the reach of other Earth-based observations { even HST PlanetaryCamera imaging would have covered a full 98 km per pixel.It is possible that we observed the acceleration region of the dust, and that it mayhave extended � 100 km from the nucleus, steepening the dust pro�le. Gombosi etal. (1986), in their review of inner coma dynamics, state that their modeling showsdust still accelerating toward terminal velocity several nuclear radii away from thenucleus, albeit in a model coma with a lower dust-to-gas ratio (�) and lower r thanHale-Bopp's. A larger � could extend the coma's acceleration region, but the largerr (lower insolation, lower dust speed) may counter that e�ect.A detailed dusty gas-dynamic model of Hale-Bopp's coma is beyond the scope ofthis paper, but, using estimates of the dust speed v, we can show the steep opacitypro�le is roughly compatible with the models of Gombosi et al. (1986). We note thatazimuthal variations in the dust density (not only the acceleration of the dust) cancontribute to the measured shape of the dust pro�le, but a model of such variationswould be di�cult to constrain owing to a lack of data. Thus we show here only agross justi�cation of a steep opacity pro�le. The pro�le is proportional to ��1:7�0:3or so, which makes v / �0:7�0:3 (since surface brightness is proportional to (�v)�1).Let us take the nucleus' radius to be 25 km; we cannot expect the � dependenceof v to hold all the way to the surface, so we will estimate v at 5 kilometers aboveit, say � = 30 km. Assuming the dust is accelerated out to � = 100 km, v will beabout (100=30)0:7 = 2:3 times smaller.Now, the terminal velocity vt of the dust grains at the time of the occultationwas about 0:6 km/s. This is based on (a) vt at perihelion (r = 0:9 AU) being about1.0 km/s (Schleicher et al. 1998a), and (b) vt / r�0:41, which is a relation similarto that used for the speed of the gas in the coma (Biver et al. 1999). Therefore, at� = 30 km, v � (0:6 km=s)=2:3 � 0:27 km/s. Figure 12a of Gombosi et al. (1986)shows their model giving a 0.84-micron wide dust grain a speed of about 0:25 km/sat about 0.2 nuclear radii above the surface { equivalent in this case to � � 30 km.Since there are di�erences between Hale-Bopp's environment and that used in themodel of Gombosi et al. (1986), and further their calculated v does not strictlyfollow �0:7, this match between v is somewhat coincidental, but it is clear that v isroughly comparable to model calculations.We noted the high optical depth implied by our modeling. Canonically, comaemust be optically thin so that sunlight can reach the nucleus to drive the sublimationof gas, leading to the production of the dust in a self-regulating manner. However,an optically thick inner coma could be a secondary source for energy, via scatteringof sunlight and thermal reradiation, especially if the dust has been superheated, asseems to be the case for Hale-Bopp (Lisse et al. 1999a). This problem has beenanalyzed by others, who have found by various analytic and numerical simulationmethods that the energy deposited to the nucleus is a weak function of comatic
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optical depth, even up to � � 2; reradiation almost compensates (or, in some anal-yses, over-compensates) for the decrease in sunlight (see, e.g., Salo [1988], Hellmich[1981]).An important check is whether a high � makes sense. We argue that it does, asfollows. Af�o=�(�), derived above, is 1:6� 0:2 km at �o = 100 km. At the time ofthe Giotto yby of comet 1P/Halley, Schleicher et al. (1998b) report that Halley'sAf�o=�(�) = 0:53 km, and Keller et al. (1987) calculate from Giotto imaging thatthe peak opacity of the dust coma, a few kilometers above the surface of the nucleus,was about 0.3. So Hale-Bopp's Af�o=�(�) from xIVc was at least 3 times largerthan Halley's during the yby. With the two comets' dust grains having roughlythe same albedo, it is clear that it would be not be di�cult for Hale-Bopp to havehad a peak � around unity. Furthermore, it is likely that Hale-Bopp's near nucleusAf�o=�(�) was even higher, for the following reason. Our modeling shows the dustopacity pro�le to be proportional to ��1:7�0:3o or so, makingAf�o=�(�) / ��0:7�0:3o : (4:6)This is not strictly true at the higher optical depths, since f > 1 is not allowed,but it does imply that Af�o=�(�) is higher than the 1:6 km as one travels in from� = 100 km, so that it is probably more than three times larger than Halley's whenmeasured near the nucleus' surface.4.2.6 Summary of Occultation ResultsWe report constraints on the nuclear and comatic properties of Comet Hale-Bopp as implied by our observations of an occultation of a ninth-magnitude star.Except for the special case of Comet Chiron, this would be the �rst time such anevent with so small an impact parameter has been observed. Our observations weremarred by thin clouds and a lack of adequate corroborating data { only one chordthrough a su�ciently thick portion of the coma was apparently measured { butthere are many pieces of circumstantial evidence to show that we indeed observedthe occultation. Moreover, we know of no other observations of the comet thatcan refute our conclusions. Our data nearest the nucleus were collected about 800km from the latest prediction, but this is not unreasonable since such a distance iscomparable to the astrometric error in determining the nucleus' location within a�nitelypixelized image dominated by comatic ux.By modeling the shape of our light curve with a simple coma and sphericalnucleus model, and assuming that our observation recorded the occultation, we �ndthe following:� 1. Assuming the power-law opacity pro�le of the coma, with exponent n, is asshallow as or shallower than 2.4, the impact parameter b is � 45 km, but the best �tsoccur when b � 33 km. Our occultation observation has sampled the near-nuclearinner coma, which has only rarely been observed before in any comet.� 2. If n � 2, the nucleus is spherical, and the coordinate origin is constrainedas depicted in Fig. 4.5, then the nuclear radius R must be smaller than about 30km. Relaxing the constraints on n yields an upper limit of 48 km.� 3. The inner coma of Hale-Bopp is probably optically thick, even at nearly 3AU from the Sun. Regardless of the values for the other parameters, good �ts to the
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data can only be found if the opacity within the �rst few tens of km of the center(not the surface) of the nucleus was at least unity. For some applicable models Ris bigger than this distance, in which case the maximum coma opacity is less thanone, but never much less.� 4. We �nd that the albedo (A=�(�)) of the dust, while it is within 100 km ofthe nucleus' center, is 0:21 � 0:02 (formal error). The equivalent geometric albedop is 0:05 � 0:005 (formal error). This assumes that all photons within this regionare doubly-scattered. Without this caveat, the calculated albedo is lower than the\typical" value (p = 0:01, compared to 0.03 from Divine et al. [1986]).� 5. The dust opacity pro�le is probably steeper than the canonical ��1 powerlaw, being most likely proportional to ��n with n � 1:4. Marginal �ts can befound for n = 1:0 for one hemisphere. (The other hemisphere is, in that case, quitesteep, n � 2.) This occurs possibly within 160 or 170 km of the nuclear center,but de�nitely within 100 km. This chord through the coma may have sampled theacceleration region of the dust, and/or azimuthal variations in the inner coma, soour model, which describes the coma's density as two hemispheres each having asingle power-law function of cometocentric distance, would be too simplistic.� 6. The steepness of the pro�le in the deepest coma does not match that of thejet structure seen in large-scale images, although the resolution of all ground-basedimaging fails to directly sample the 100-kilometer scales we are measuring via theoccultation. The characteristic n for the wings of the occultation light curve couldfollow the same value as for the large-scale images and the processes mentioned inItem 5 above may only be important within the �rst 100 km of the coma.4.3 Thermal Emission and Scattered Light Imaging4.3.1 ObservationsTable 4.5 lists the non-occultation data taken on comet Hale-Bopp, in the opti-cal, mid-IR, and radio regimes. Heliocentric distance (r), geocentric distance (�),and phase angle (�) are given, along with our measurement of the ux from thenucleus of the comet. In all observations except for the microwave, where the cometappeared as a point source, processing using the coma-�tting method from Chapter3 was required to separate the comatic from the nuclear ux. One notices thatunfortunately the image processing was inconclusive for many of the datasets. Thebrightness of the nucleus is stated using either its Cousins R magnitude or its uxin Janskys. (One Jansky is 10�26 W/m2/sr/Hz.) Images from Apr 1997 (near per-ihelion) were too choked with coma to detect the nucleus; these data were used,however, to infer the nucleus' rotation period. The comet's coma during late Nov-ember and December 1996, and July 1997 was not structured enough to allow ananalysis with our method; these entries are italicized in the table.4.3.2 Analysis4.3.2.1 Infrared and Optical DataWe performed the coma-�tting analysis on our infrared and optical data sets,and we show some of the results in Figs. 4.8, 4.9, 4.10, 4.11 (optical), and 4.12
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Table 4.5. Observations of Comet Hale-BoppNo. Date (UT) System Wavelength1 23 Oct 1995 HST + WFPC2 6750 �A2 20 May 1996 HST + WFPC2 6750 �A3 22 Jun 1996 HST + WFPC2 6750 �A4 17 Oct 1996 HST + WFPC2 6750 �A5 31 Oct - 2 Nov 1996 ESO 3.6-m + TIMMI 11 �m6 30 Nov - 3 Dec 1996 ESO 3.6-m + TIMMI 11 �m7 21 - 24 Jan 1997 NASA/IRTF + MIRAC 11 �m8 21 - 27 Mar 1997 VLA 3.55 cm9 4 - 12 Apr 1997 NASA/IRTF + MIRLINMIRAC 5-20 �m10 15 - 21 Jul 1997 ESO 3.6-m + TIMMI 11 �m
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Table 4.5 - ContinuedNo. r (AU) � (AU) � (deg) Nuclear ux CF?a Rot?b1 6.35 6.71 8.2 RC = 18:3� 0:1 Y N2 4.35 3.68 10.8 RC = 16:0� 0:1 Y N3 4.01 3.03 4.5 RC = 15:6� 0:1 Y N4 2.69 3.04 18.8 RC = 15:3� 0:1 Y N5 2.53-2.50 3.05 17.4-17.2 5:0� 0:5 Jy Y N6 2.16-2.12 2.93-2.91 13.9-13.7 NA N N7 1.50-1.46 2.22-2.16 21.4-22.6 NA N N8 0.94-0.92 1.32 49.0-48.9 20� 3 �Jy NAc N9 0.92-0.93 1.38-1.47 46.6-42.5 NA N Y10 1.94-2.02 2.75-2.80 15.1-15.6 NA N Na \CF" = \Coma �tting." Are the data good enough to use thecoma-�tting technique (Chapter 3)?b \Rot" = \Rotation." Was the rotation period deriveable from the data?c Image is a point-source { no coma seen.
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(infrared). Each �gure shows the analysis of one typical image from each of the�ve observing runs where the analysis was applicable. The upper left panel in each�gure shows the original image, the upper right shows the model, the lower leftshows the residual, and the lower right compares the residual's pro�le with that ofa PSF. All images have used logarithmic scaling. The residual plot in each �gurefollows the pro�le of the PSF reasonably well.For the four optical datasets, we �nd a consistent value for the nuclear crosssection even though the inner coma of Hale-Bopp is thought to be optically thick,as explained in Section 4.2. It is possible that all three 1996 measurements showactually the cross section of the optically-thick portion of the coma rather than of thenucleus. Optical images from Oct 1995 o�er the best chance to detect the nucleuswithout much intervening near-nuclear coma. The interpretation of the optical andmid-IR measurements of the nucleus will be explained below.Infrared images taken near perihelion were useful in constraining the rotationperiod of the nucleus. Indeed, it was the only portion of the datasets that indicatedthis, since photometric determinations of the rotation were impossible. Morpho-logical changes in the coma during the period of (UT) 4 Apr to 12 Apr 1997 wereanalyzed and it was found that the repeatability of the structure had a mean peri-odicity of P = 11:30� 0:05 hr (1-�) over that time period. The sequence of imagesis shown in Fig. 4.13. The rotational phase is written in each image of the sequence.I have a nine-hour sequence of images from 4 Apr and a �ve-hour sequence from 5Apr, which have been combined to produce the 39-image sequence; this is the \MIR-LIN" sequence labelled on the �gure. The two days limited the possible periods toP and 2P . Subsequent imaging on 12 Apr { the \MIRAC" image on the �gure {was matched with the �rst two days to remove the period ambiguity. The caveatsto attaching a rotation period of the nucleus to the variability of coma morphologyhave been explained in Chapter 3.
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Figure 4.8 (next page): Coma-�tting method applied to optical image of Hale-Bopp. The extraction of the nucleus from HST WFPC2 image of the comet takenon 23 Oct 1995 is displayed. Upper left panel is the original image, upper rightis the model created by the \coma-�tting method," lower left is the residual, andlower right shows a plot comparing the pro�le of the residual and the PSF; the twomatch each other very well, indicating we have removed the skirt of the coma. Theintensity scale in the 3 images is logarithmic.Figure 4.9 (page 98): Coma-�tting method applied to optical image of Hale-Bopp. Same as Fig. 4.8, except for 20 May 1996.Figure 4.10 (page 99): Coma-�tting method applied to optical image of Hale-Bopp. Same as Fig. 4.8, except for 22 Jun 1996.Figure 4.11 (page 100): Coma-�tting method applied to optical image of Hale-Bopp. Same as Fig. 4.8, except for 17 Oct 1996.Figure 4.12 (page 101): Coma-�tting method applied to mid-infrared image ofHale-Bopp. Same as Fig. 4.8, except for 31 Oct 1996, and taken with ESO 3.6-mtelescope and TIMMI mid-infrared camera.
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Figure 4.13 (next page): Rotation sequence of comet Hale-Bopp. Sequence ofIRTF 10.3-� images of the comet indicating its rotation period, taken during 4 to 12Apr 1997. Two days of MIRLIN images were phased together to create the 39-imagesequence. The rotational phase of the image is noted in white in each frame. Abouta week later, we obtained MIRAC images and were able to match the phase withthe earlier sequence, as shown. The period is 11.3 � 0.03 hr.
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4.3.2.2 Secondary NucleiWe have examined the HST images for evidence of any secondary nuclei, as wassuggested by Sekanina (1998b). We deconvolved the residual images left after ourapplication of the coma-�tting method. We used the same point-spread functionas Sekanina used, and also a theoretical one that we found to closely mimic thestructure of observed stars. The two PSFs di�er a bit in shape, but are not toodissimilar when pixelized to the WFPC2 PC resolution. We found no clear indicationof a second nucleus; we were able to obtain satisfactory �ts to our residual mapsusing just one point-source. A second point-source would of course improve our �tsbut not signi�cantly. Moreover we do not �nd the need to introduce a secondarynucleus as strong (about one-�fth the brightness of the primary) as mentioned bySekanina (1998b). Undoubtably this is due to the di�erent methods used to modelthe emission from the coma; Sekanina uses an analytic function with just a fewparameters to match the coma's brightness whereas we are �tting the structure atevery azimuth for a total of a few hundred parameters. It is also possible that thesecondary nuclei that Sekanina claims are actually jet features in the near-nuclearcoma.4.3.2.3 MicrowaveWe detected the thermal continuum from the comet's nucleus at the 7� � levelafter a 66-hr integration at VLA. The image is a point source, and the most im-portant section of our CLEAN map is shown in Fig. 4.14. The detection at VLAof Hale-Bopp's thermal continuum was the �rst such detection by that observatory,after only upper-limits were found for �ve other comets (Snyder et al. 1983, dePater et al. 1985, Schenewerk et al. 1986, Hoban and Baum 1987, and Chapter6 of this thesis). It is arguably the �rst detection ever of the thermal continuumradiation from a cometary nucleus in the centimeter-regime; similar observations ofcomets West (C/1975 XX = 1976 XX = 1975n; Hobbs et al. 1977) and Kohoutek(C/1973 XX = 1973 XX = 1973f; Hobbs et al. 1975) imaged their comae, andsingle-dish observations of comet IRAS-Araki-Alcock (Altenho� et al. 1983), whileyielding uxes consistent with a nucleus, had beam sizes that were large enough toarguably include ux from the coma, especially since a skirt of decimetersized grainswas detected by the radar experiments of Goldstein et al. (1984) and Harmon etal. (1989). Our VLA measurements had a synthesized HPBW of only 1 arcsecond,and moreover a reduction of the data excluding the very long antenna baselines ofVLA, which de-emphasizes any smooth underlying component to the emission (i.e.,a coma), still yielded a point source. Hence, we conclude that thermal emissionfrom centimeter-to-decimeter sized grains in Hale-Bopp's coma is negligible in com-parison to the emission from the nucleus itself. At the very least, this is the �rstinterferometric detection of the microwave continuum from a nucleus.There have been other interferometric observations of the radio continuum, inthe millimeter regime, and they too were taken near perihelion, so we can constructa radio spectrum of the Hale-Bopp nucleus, one of the �rst such spectra in existence.This is shown in Fig. 4.15. We used the uxes reported by Altenho� et al. (1999)using the IRAM Plateau de Bure interferometer, and Blake et al. (1999) using the
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Owens Valley interferometer, and scaled them to account for the small di�erences ingeocentric distance in the comet. The spectrum follows the ��2 RayleighJeans lawquite well; �tting the points to a line implies the emissivity could not have any morethan a ��0:1 overall dependence. Alternatively, the deviation from the Rayleigh-Jeans law could be due to the di�erent depths (and hence di�erent temperatures)at which the millimeter-wave and centimeter-wave observations sample.4.3.3 Discussion
4.3.3.1 Model of Microwave EmissionUse of the augmented thermal model I described in Chapter 3 is justi�ed withcomet Hale-Bopp, since we have an idea of the rotation state and photometry atmultiple wavelengths. The extra trick however is that the microwave data does notsample the nucleus' surface but several (radiative) skin depths deep, and the uxthat the augmented model predicts for the centimeter wavelengths depends on howsteep the temperature gradient is within the nucleus. The wavelength is 3.55 cm;exactly how far down from the surface the continuum is emitted is a matter of somedebate, it could be a few wavelengths { roughly one decimeter { if the material ismostly rock, or it could be signi�cantly larger, roughly half a meter or more, if asubstantial ice component is present (de Pater et al. 1985). Since the cometary iceis not expected to be found in patches around the surface but rather in a mixturewith the rock, I will choose the former scenario to constrain the modeling.Another matter that one must take into account is the e�ect of the coma on thetotal energy put into the nucleus. The contribution of direct sunlight is decreaseddue to the optically thick coma, but this is somewhat compensated by the thermalemission of the dust and, to a lesser extent, by the scattering of the visual-bandsunlight o� the dust grains. Salo (1988) has already made detailed calculations ofthe energy available to a nucleus surrounded by a coma of a given optical depth withgrains of a given single-scattering albedo and Henyey-Greenstein asymmetry factor(Henyey and Greenstein 1941). I will use his results here. For small (1 micronand below) dust grains, of which Hale-Bopp was a prodigious producer (Lisse etal. 1999a, Williams et al. 1997), forward scattering is expected to be important,and Salo (1988) calculates that in that case the reradiative component to the totalpower onto the nucleus would be about 50 to 60% of the total power on a bare-nucleus. This is for opacities of unity and greater. In other words, in the limitof an in�nitely thick coma, the nucleus would receive 50 to 60% of the energyit otherwise would without that coma. For the opacities of Hale-Bopp's coma,described in section 4.2, there would be the e�� -reduced direct sunlight componentalso, or 30 to 40% of the unextincted sunlight, to bring the total to about 80 to90% of the original available energy. I do not want to overstate the accuracy of thiscalculation; other workers have done similar computational experiments and havefound di�erent answers depending on the model assumptions (e.g. Marconi andMendis 1984, Hellmich 1981). However the consensus seems to have the nucleuslosing little net available energy despite having a coma with � � 1.
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Figure 4.14: CLEAN contour map of comet Hale-Bopp microwave continuum. Thisthe image obtained with the VLA, between 20 and 27 March 1997, of the nucleus'microwave continuum. The CLEAN algorithm has been applied. Contours are -2,2, 3, 4, 5, and 6 �. The dark circle at lower left represents the synthesized beamHPBW, about 1 arcsec wide.
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Thus, the augmented model was modi�ed to allow an additional 50% of the solarux on top of the extincted (� e�1) direct contribution. The rotation period of 11.3hr was used, and the comet's rotation axis was directed toward a cometocentricecliptic longitude of 275� and latitude of �50�, a direction close to what has beenderived by several groups (Licandro et al. 1999, Jorda et al. 1999). The shapeof the nucleus is totally unknown, but due to its apparently large size it may betempting to think of it as spherical. This is complete guesswork, since plenty ofcomparably-sized asteroids are elongated. To reduce the number of parameters Ihave arbitrarily set one axial ratio to 1.3 and the other to 1.0.To model the microwave ux, I allowed the thermal inertia and e�ective radius tovary, leaving the opacity at unity. The problem was then to just �nd a combinationof e�ective radius and emitting layer depth that produced the observed microwaveux. The trend is for the emitting layer to be deeper as both the e�ective radius andthermal inertia increase; a higher thermal inertia means there is less of a temperaturegradient in the nucleus, and a higher e�ective radius simply means there is moresurface area and the object is more luminous.For a lunar-like thermal inertia, and an e�ective radius of 27 km, I �nd thatmy augmented model reproduces the observed ux if the microwave continuum wereemitted from a layer 20 cm deep. This is toward the high end of the plausible depths{ it is 6 wavelengths. For comparison, the thermal inertia for (3200) Phaethon (alikely dormant comet) is about 10 times the lunar value (Harris et al. 1998) andthe emitting layer on Hale-Bopp would be about 120 cm deep, probably too far.However if the radius were in this case only about 19 km, then the emitting layerwould be only 20 cm.For a thermal inertia more like that of the Main Belt asteroids { roughly one-�fththe lunar value (Spencer et al. 1989) { the depth of the emitting layer is only 6 cmfor a radius of 27 km, and so the radius can be very large, 50 km or more, if we allowthe emitting layer to be as deep as 20 cm. Based on my occultation results, such aradius is too large since the impact parameter of that observation was so small, soone could conclude that Hale-Bopp's nucleus has lunar-like or Phaethon-like thermalinertia and the radius is in the 20 to 30 km range.Figure 4.16a shows the temperature map derived from the augmented thermalmodel using the lunar-like thermal inertia. The axes are longitude and latitude.Since the nucleus is aspherical, the longitude and latitude system are based onthe sphere that inscribes the ellipsoid; i.e., a sphere with a radius equal to thesmallest semimajor axis of the ellipsoid. The undulations in the contours give someindication of where the elongation of the nucleus lies. Also note that near perihelionthe currently accepted pole position pointed almost directly at the Sun, causingthe almost STM-like contours. The at temperature on the night side is due tothe (isotropic) coma's contribution to the impinging power. Figure 4.16b showsthe temperature map of the surface; the di�erence is about 150 K in just a fewdecimeters.Of course near perihelion the nucleus' orientation with respect to the Sun waschanging most rapidly. Depending on the inertia, this a�ects the model temperaturemap, especially since a large fraction of the Sun-facing hemisphere of the nucleusnear perihelion is almost totally in darkness for most of Hale-Bopp's orbit. That
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Figure 4.15: Radio continuum spectrum, Hale-Bopp nucleus. This broadband spec-trum has been created by combining my VLA results with OVRO and IRAM PdBdata. The points follow a Rayleigh-Jeans law quite well (dashed line). What littledeviation there is could be due to wavelength dependence of the emissivity or thethermal gradient of the nucleus sampled by the di�erent wavelengths.
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hemisphere turns toward the Sun just a few months before perihelion and turnsaway again a few months after. For this reason, I ran my augmented thermal modelover 50 to 60 rotations to remove any transient e�ects from the choice of initialconditions.4.3.3.2 Model of Mid-IR EmissionThe next step is to check the low conductivity and the e�ective radius withthe infrared photometry from October/November 1996. Of course the coma's con-ditions are di�erent but we will take the opacity to be approximately unity again.Unfortunately the model predicts about 2 Jy, less than half the 5 Jy we found fromFig. 4.12. In fact the radiation of thermal continuum from the dust would have todeliver about 200% of the energy received by a bare nucleus, not the 50% we haveused, based on the work of Salo (1988). Under the formalism I have used here, thedust grains cannot be e�cient enough to backwarm the nucleus surface to the requi-site temperature. Now the grains of the coma were apparently indeed superheated(Williams et al. 1997, Lisse et al. 1999a), but this likely could not provide the extraenergy needed since the emissivity of the grains is too low; these grains are smallerthan the wavelength of the continuum emission spectrum's maximum.Comet Hale-Bopp was about 3 AU from Earth at the time of these mid-IRobservations, and so one pixel of the detector covered more than 700 km. Though itis a testament to the incredible infrared brightness of this comet, this pixel scale ismuch larger than the usual case, where we concentrate on comets that are less than1 AU away. This means that the coma-to-nucleus brightness ratio within the centralpixels is in general higher, since each of those pixels can pick up such a huge area ofcomatic ux. Thus, it is not completely surprising that the coma-�tting techniqueis unable to cleanly separate the coma and the nucleus. This \extra" point-sourceemission that the technique found in Fig. 4.12 may be related to the opacity of thecoma near the nucleus.4.3.3.3 Implications of Optical MeasurementsThe optical magnitudes of the nucleus in Table 4.5 can be used with abovederived range of the radius to �nd the albedo. As stated, I will use the October1995 value since that dataset is probably the least contaminated with an opticallythick coma. Also note that the phase angle is small so there is little added errorfrom the uncertain optical phase behavior. A caveat to this analysis is that di�erentworkers have derived di�erent brightnesses for the embedded point source withinthese very same HST images (Weaver et al. 1997, Weaver and Lamy 1999, Sekanina1999) using di�erent, independent programs to account for the coma. This is almostcertainly due to two factors: the pixel scale covers a large linear distance at the cometcompared to the size of the nucleus, and the dust coma morphology in the innercoma is more complicated than what we naively see in the images. Small, subpixelfeatures in the coma will adversely a�ect one's ability to photometrically extractthe nucleus, especially when the comet is very active and nearly 3 AU away.Yet another potential problem that adds to the error in the nuclear ux estimateis the unknown rotational context of the HST images, since we may be viewingdi�erent cross sections at di�erent times.
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Figure 4.16: Temperature map of Hale-Bopp, 26 Mar 1997. This �gure shows thetemperature map of comet Hale-Bopp's nucleus for Mar 26 1997, during the time ofour VLA microwave observations. The map was created frommy augmented thermalmodel. The top panel shows the temperature 12 skin depths into the nucleus; thebottom shows the surface temperature. The temperature drops by roughly 150 Kin just a few decimeters.
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For an e�ective radius of 25 � 5 km, and an HST RC magnitude of 18:3 � 0:1on 23 Oct 1995, the geometric albedo is 6%�2%. Including the relatively dimmernucleus found by Weaver et al. (1997) and Weaver and Lamy (1999), and therelatively brighter nucleus found by Sekanina (1999), the geometric albedo is within4:5%�3%.4.4 Summary of Hale-Bopp ResultsThe combination of the occultation observations and the modeling of the thermaldata provides the following conclusions about Hale-Bopp's nucleus:� If the thermal inertia to Hale-Bopp's nucleus is lunar-like or Phaethon-like,and if the emitting layer sampled by the VLA observations is less than 20 cm, thenthe e�ective radius of Hale-Bopp's nucleus is 25� 5 km. In general, the higher thethermal inertia, the smaller the radius must be in the range given. This range isalso consistent with the upper limit derived from the occultation results, which seta limit of 30 km on the radius.� These inertias and radii cannot reproduce the 5 � 0:5 Jy of ux that wasmeasured at 11 microns in October and November 1996, so presumably the largegeocentric distance prevented our coma-�tting method from reliably extracting thenucleus. This is because there were too many kilometers at the comet per pixel, andhence too much coma.� The occultation modeling assumed a spherical nucleus, so if the real nucleusdeviates from this, then it is conceivable that the e�ective radius is larger than 30km but that the section sampled during the occultation has locally a smaller radius,or that the near-nuclear dust coma has an unusual morphology that would fool usinto thinking that the nucleus' radius is smaller than it is. In that case, the thermalinertia could conceivably be lower than the lunar value. Moreover, then it is easierto reproduce the thermal IR measurement from later 1996, since with a larger radiusthe nucleus has a higher luminosity.� The optical HST data have been analyzed by many people in an attemptto extract the nuclear ux. Based solely on my results, the geometric albedo is0:06 � 0:02, but by including the e�orts of others on the same dataset, the visualgeometric albedo is 0:04� 0:035.� Using the morphological changes in the mid-IR data, I constrain the rotationrate to be 11.3 hr � 0.05 hr. Strictly speaking, this is the average rate between 4and 12 April 1997.Lastly, I mention the very signi�cant �nding of an optically thick inner comafrom the occultation observation. This was the �rst time a dust coma with such ahigh opacity had been found.
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Chapter 5
The Nucleus of Comet Encke
5.1 BackgroundComet 2P/Encke has been observed by mankind since 1786. Of the roughly 150known periodic comets that have not been lost, only four others have an observa-tional baseline as long. The comet was discovered independently four times, onceeach on four di�erent apparitions, before J. F. Encke published an orbit connectingthem all and successfully predicting the next apparition. The orbital period is 3.3years, the shortest known, and so at �rst glance one would think that it would bethe comet we know the most about. In some aspects this is true { e.g. Whippleand Sekanina (1979) and Sekanina (1988a,b) have a detailed model of the nucleus'rotation { but the comet furtively guarded the basic properties of its nucleus untilthe 1997 apparition, when it made its closest recorded passage to Earth ever. Weset up a multiwavelength observing campaign to take advantage of this opportunity.I have described much of this experiment elsewhere (Fern�andez et al. 1999c) andreproduce much of the text.
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5.2 Observations and ReductionThe three datasets used in this study are described in Table 5.1, along withheliocentric distances, geocentric distances, and phase angles. The measured uxesare given in Table 5.2. Images from the European Southern Observatory (ESO)3.6-m telescope were taken with the TIMMI instrument (K�au et al. 1994) atwavelengths between 8 and 12 �m. The images have 642 pixels and cover (21:800)2.Each pixel width covered 65 to 87 km at the comet during the observing run. Theplate scale was measured using the known relative positions of � Cen A and B(Perryman et al. 1997). The point-spread function's (PSF) full width at half-maximum (FWHM) varied from 0.7 to 1.0 arcsec. Chopping of the secondary mirrornorthward and nodding of the telescope westward, with typical throws of 30 arcsec,were employed. An array at �eld was created by measuring the relative photometryof a bright star at 23 di�erent locations on the array and then interpolating a surfacewith a minimum of curvature. We observed the comet at three wavelengths but onlyat � = 10:7 �m was the comet bright enough to let us build a well-sampled timeseries of data. Absolute ux calibration was done using � Cen A and interpolating inwavelength information given by van der Bliek et al. (1996); its 10:7 �m magnitudeis �1:56� 0:05, and the zero point is at 35.7 Jy. Color corrections were at most afew percent. Relative ux calibration was done using SAO 243305 = HD 143796 =V362 Nor (Kazarovets et al. 1999), a star that was a short angular distance from thecomet and thus useful for measuring the atmospheric e�ects and the comet's lightcurve. Its optical variability is � �0:05 mag with sporadic � 0:1 mag jumps everyfew years (Perryman 1997). There was no indication of variability in the mid-IRdata that exceeded photometric uncertainty.The Infrared Space Observatory (ISO) data, taken with the ISOPHOT instru-ment (Lemke et al. 1996), used a 180-arcsec wide circular aperture at wavelengthsbetween 3:6 and 100 �m. The data were reduced using the \PIA" software version7.1 (Gabriel et al. 1997). Corrections to the measured uxes were made to accountfor the nonlinearities in the detector, the di�raction of light beyond the aperture,and the color of the ux standard vis-�a-vis the comet; these corrections were at most3%.The Hubble Space Telescope (HST) images were taken with the CCD on theSpace Telescope Imaging Spectrograph (STIS; Woodgate et al. 1998) as acquisitionimages for a separate spectroscopic program. A �5500 �A-wide red �lter was used.We used the science-quality output of the pipeline processing of the data. Each pixelcovers (0:05100)2, or (7:4 km)2 at the comet. The high proper motion of the comet(� 0:200 per second) left all stars as trails; we estimate that the PSF FWHM= 0:100based on archival HST images taken with the same instrument, detector, and �lterwithin a few weeks of our observations.5.3 Analysis5.3.1 ESO PhotometryFigure 5.1a shows the median of 61 ESO TIMMI images of the comet, witha linear intensity scale. Each image was weighted by the total signal. The total
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Table 5.1. Observations of Comet EnckeDate WavelengthNo. (UT) System (�m)1 1.3 Jul 1997 HST + STIS 0.722 15.0 Jul 1997 ISO + ISOPHOT 3.6 - 1003 15.0-21.1 Jul 1997 ESO 3.6-m + TIMMI 8.5 - 11.6
r � �No. (AU) (AU) (�)1 0.942 0.200 106.22 1.164 0.264 50.33 1.164-1.257 0.264 - 0.351 50.3 - 40.3
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Table 5.2. Flux of Comet EnckeWavelength Filter Filter Aperture Flux(�m) Name Widtha (�m) Radius (00) (Jy)ESOb8.5 \N1" 0.9 3 2:5� 0:710.7 \NN1" 1.2 3 3:1� 0:211.6 \SiC" 1.6 3 2:8� 0:7ISO3.6 \P1 3p6 UM" 1.00 90 0:060� 0:0184.8 \P1 4p8 UM" 1.53 90 0:53� 0:1110.0 \P1 10 UM" 1.80 90 14:27� 2:812.8 \P1 12p8 UM" 2.40 90 24:97� 5:021.0 \P2 20 UM" 9.03 90 32:48� 6:523.8 \P2 25 UM" 9.12 90 32:69� 6:560.9 \P3 60 UM" 25.9 90 15:58� 4:7102.4 \P3 100 UM" 39.5 90 3:91� 1:2HST0.723 \28X50LP" 0.200 0.5 (2:6� 0:2)� 10�4 c
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Table 5.2 { Notesa Width at half-maximum e�ciency for ESO (K�au 1997) and HST(Space Telescope Science Institute 1998). For ISO, the width of theequivalent rectangular �lter that has a height of the mean e�ciency of thereal �lter (Klaas et al. 1994, Laureijs et al. 1998).b Fluxes refer to the comet's brightness at a geocentric distance of0:32 AU and in the middle of the amplitude due to rotation.c Flux is valid for � = 0:64 �, i.e., Cousins R band. We transformedthe instrumental ux to this band. The equivalent magnitude is 17:7� 0:1.
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e�ective on-source integration time is 47.5 min. Figure 5.2a compares this mediancomet's and � Cen A's enclosed ux as a function of photocentric distance. Thestar is a proxy for the PSF, taken during the course of the 61 comet images. Thegraph shows that a higher fraction of the comet's ux resides in the wings comparedto the PSF, and hence the comet is an extended source, although the extent maybe an artifact of imprecise adding of the images. The amount of coma in the imageis calculated in Section 5.3.2.Figure 5.3 shows our time series of the comet's ux over four nights. The uxand 1-� error bar of each point are calculated from three ux measurements spacedclosely in time. The time axis is modulo 15.2 hr to show the periodicity in thedata (explained in Section 5.4.1). The ordinate is heliocentric magnitude mh at awavelength of 10.7 �m, which is related to the observed apparent magnitude m bymh = m� 5 log� �1AU�; (5:1)where � is the geocentric distance. This accounts for the changes in brightness dueto the rapidly varying � during the observing run. The 10.7-�m ux of the comet,referred to the geocentric distance on 1997 Jul 19.0 UT (� = 0:32 AU), and midwaybetween the minimum and maximum ux of the rotational variation, was 3:1� 0:2Jy.5.3.2 ISO PhotometryThe high spatial resolution of the ESO image has resolved out most of thecomatic ux, but it is clear from Table 5.2 that Comet Encke had a dust coma:the ux measured with ISOPHOT in the �11 �m range is much higher than thatmeasured with TIMMI. Using the aperture size (�ISO = 9000) and ux, we canestimate the amount of coma in the ESO image (Fig. 5.1a), as follows. Let FESObe the ux measured from the comet via our ground-based imaging, 3:1 � 0:2 Jy.The aperture radius �ESO is 300. Let FISO be the ux measured by ISO withinits aperture. The wavelengths sampled by ESO and ISO do not exactly matchbut interpolating with a cubic spline we �nd that ISO saw 15�3 Jy at 10.7 �m.The rotational phase at the time of the ISO observations falls near a time of mid-brightness in the nucleus' rotation, though this is a small e�ect since the coma'sux dominates.The ux measured at ESO is valid for heliocentric distance r = 1:22 AU, � =0:32 AU, and phase angle � = 44�, while the ux measured by ISO is valid forr = 1:164 AU, � = 0:263, and � = 50:4�. To compare, we must correct for thegeometry and apertures. First, we assume that the surface brightness of the comais proportional to 1=�n, where � is the cometocentric distance, so that the comaticux is proportional to 1=�n, and that the ux within an aperture of radius of �0is proportional to �2�n0 . A 12-�m ISOCAM image of the comet taken in early July1997 (Reach et al. 1999) shows a coma with mean n = 1:1. Second, we assume thatthe comatic and nuclear uxes are proportional to1�1 + exp�hcpr�kT0� ; (5:2)
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Figure 5.1: Comet Encke at 10 microns (a) and 7200 Angstroms (b). Here imagesof Comet 2P/Encke, with linear intensity scale, are displayed. Image (a) was takenwith the TIMMI camera at ESO 3.6-m telescope on UT 18-19 Jul 1997, and image(b) was taken with the STIS instrument aboard HST on 1 Jul 1997. North, east,and the solar directions are marked. Pixel scales are 0:3400 and 0:05100, respectively.Wavelengths of observation are 10:7�m and 7200 �A, respectively. The ESO imageis the weighted median of 61 individual frames, and the total integration time was47.5 minutes. The HST image exposure time was 5 s.

87



where h is Planck's constant, c is the speed of light, k is Boltzmann's constant, andT0 is 278 K pAU for the coma and 331 K pAU for the nucleus. This is just therepresentation for a sphere's and a hemisphere's, respectively, temperature. Sincethe two r are not very far apart this gross approximation will su�ce. Third, weassume that the nuclear ux is proportional to 1=�2 and 10�0:4��, where � is0:011 mag/degree (further discussed in Section 5.4.4). Fourth, we assume no phasedependence over the phase angles for the thermal emission of the dust.With these assumptions we calculate that ISO would have seen a coma thatwas GC = 1:41 times brighter than what ESO saw with the same aperture, and anucleus that was GN = 1:54 times brighter. The aperture correction is A = 21:35.Let FC and FN be the ux of the coma and nucleus, respectively, as seen by ESO:FESO = FC+FN . Then FISO = FCGCA+FNGN . Solving, we �nd FN = 2:74�0:24Jy, FC = 0:36 � 0:11 Jy, and thus only twelve percent of the ux seen by ESO isdue to coma.5.3.3 HST PhotometryDue to guide-star acquisition problems, only two images of the comet were ac-quired with STIS. Figure 5.1b shows the higher signal-to-noise image of the two,with a linear intensity scale. The integration time is only �ve seconds, which pre-vents us from seeing much of the extended structure. In addition, the high spatialresolution has resolved out most of the coma, Figure 5.2b compares the comet's andPSF's enclosed ux as a function of photocentric distance. The graph shows that ahigher fraction of the comet's ux resides in the wings compared to the PSF, so thecomet is an extended source. Also plotted is the pro�le of a model comet, with apoint source nucleus plus a PSF-convolved 1=� coma, that mimics the real comet.About 75% to 85% of the ux is due to the nucleus, so in our analysis below we haveassumed that the nucleus' magnitude is �2:5 log(0:75) = 0:3 mag fainter than thetotal magnitude. Fortunately the derivation of the absolute zero-phase magnitude(in Section 5.4.3) is insensitive to the exact HST magnitude within a few tenths.5.4 Discussion5.4.1 Periodicity of Flux.We determined the aforementioned 15.2-hr periodicity in our ESO data usingthe string-length method outlined by Dworetsky (1983) mentioned in Chapter 3.The string length trials are shown in Fig. 5.4. Also marked in the �gure are thepossible periods quoted by Jewitt and Meech (1987; JM87 hereafter) and Luu andJewitt (1990; LJ90 hereafter) using optical measurements near aphelion; there isgood agreement among the three datasets. A 7.6-hr or 11.5-hr period gives a single-peaked light curve, but 15.2�0.3 hr, 22.4�0.8 hr, and the higher periods eitherimply two peaks or leave enough unsampled room in the phase plot to allow for asecond peak and valley. One expects a double-peaked curve for a rotating nucleus asit shows di�erent cross sections to the observer. The 15.2-hr period is the only onethat gives temporal coverage of most of the rotational phase and shows two peaks.The errors attached to the rotation periods are derived from a visual inspectionof the phased light curve plot. Periods near the local minima in Fig. 5.4 are
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Figure 5.2: Radial pro�les of Comet Encke in mid-IR (a) and optical (b). Here Icompare the cumulative ux pro�les of Comet Encke and the point-spread function.Squares are for the comet, diamonds are for the PSF, and triangles are for the model.(a) This is the pro�le from the TIMMI image in Fig. 5.1a. An image of � Cen Ais used as a PSF proxy, and the pro�le is scaled to the right-most comet point. (b)This is a pro�le from the STIS image in Fig. 5.1b. A bright star imaged near in timewith the same instrument setup is used as a PSF proxy, and the pro�le is scaled tothe right-most comet point. The model is a point-source plus a PSF-convolved 1=�coma; the coma contributes 15% to 25% of the total ux.
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acceptable only if the overlapping data in the phased light curve do not have widelydisparate magnitudes. This de�nes the range of possible periods, and thus the errorsare not normally distributed.LJ90 remark that 15:08 � 0:08 hr is \the most likely synodic period" of thenucleus' rotation, so our measurement is consistent with this. The correction fromour measured synodic period to the sidereal period is small, since the aspect angle ofthe comet as seen by Earth changed by only about 0:6� per rotation period betweenUT 16.0 Jul and UT 22.0 Jul 1997. At most the correction is 0:6�=360� = 0:2%,much smaller than the fractional error 0:3=15:2 = 2%.5.4.2 Shape and Precession of the Nucleus.By inspection of Fig. 5.3, the peak-to-peak amplitude (p.t.p.a.) is 0:7 � 0:1mag, though it may be higher since we have not sampled all turnover points. Thisp.t.p.a. is similar both to that found for other comets (Meech 1999) and to thatmeasured for Encke by JM87 and LJ90 in the optical regime. This variability islikely due to the changing cross section and not the albedo. The emissivity wouldhave to be near 0.5 or 0.75, much too low, to explain this mid-IR variability withalbedo spots, since the mid-IR ux is proportional to the emissivity.Assuming that the results of JM87 and LJ90 and our ESO results are all freeof coma contamination, we can constrain the nucleus' shape and rotation state.The four data points for this exercise are the di�erent p.t.p.a.: JM87 measured thep.t.p.a. � 0:8 mag on 23 Sep 1985, and � 0:4 mag on 30 Oct 1986; LJ90 measured0:62� 0:04 mag on 7 Sep 1988; and we measured � 0:7 mag on 19 Jul 1997.Sekanina (1988a) found a rotation axis direction that did not change much from1924 to 1984, but this direction cannot account for the four p.t.p.a. { a driftingaxis is required. We created a simple model where the angular momentum vector,initially at the location found by Sekanina (1988a), is pushed by a torque fromthe outgassing regions on the surface. The nucleus would be a triaxial ellipsoidin principal axis rotation about the shortest axis. To make the problem tractablewe restricted this \precession" of the vector to a constant rate in a circle. Themodel thus has �ve parameters: the latitude and longitude of the precession axis,the period of the precession Pp, and the two axial ratios a=c and b=c of the nucleus(where c represents the short one). The p.t.p.a. �m is related to the shape by�m = 1:25 log�(a=c)2 + tan2 l(b=c)2 + tan2 l�; (5:3)where l is the sub-Earth latitude on the comet's surface.With no degrees of freedom, we could �nd which parameter values were possiblebut not their likelihood. We found that (a) any precession axis direction greaterthan 14� from the angular momentum vector was allowable, (b) Pp must be � 81years, (c) a=c must be � 2:6, and (d) 1:0 � b=c � 0:5 � a=c � 0:3. Furthermorethe limit of Pp is smaller for smaller values of b=c. This short precession period andhigh elongation are necessary to reconcile the p.t.p.a. lower limits in 1985 and 1997with the p.t.p.a. that was smaller in 1988.Comparing with a review by Meech (1999), Encke's long axial ratio is towardthe high end of known values, with four nuclei having a ratio of 2 or larger. Only
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Figure 5.3: Light curve of Comet Encke phased by 15.2 hr. This is a four-day lightcurve of comet Encke, where the time coordinate is modulo 15.2 hr. The ordinateshows heliocentric magnitude in the 10.7-�m �lter. The periodicity is derived fromFig. 5.4. Zero phase corresponds to 1997 Jul 19.0 UT.
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29P/Schwassmann-Wachmann 1 has a ratio as large as 2.6. However many of theseare projected ratios so it is unclear how Encke precisely compares to these otherbodies. A recent study of comet 19P/Borrelly's nucleus yielded a deprojected axialratio of 2.4 (Lamy et al. 1998b).According to Sekanina's analysis (1988a,b), the comet's angular momentum vec-tor was precessing at a continuously decreasing rate (averaging 0:3�/yr) until around1924, after which it was mostly constant up to 1984. A mass ejection event or theactivation of new vents may have occurred in the mid-1980s to start the nucleus pre-cessing again. Although Samarasinha and Belton (1995) showed that the nucleus'ratio of precession to rotation period could evolve to a constant value, that assumesa consistent pattern of outgassing orbit after orbit, which may not be the case forEncke. Samarasinha and Belton (1995) and Samarasinha (1997) also mention thatthe nucleus will spin up and eventually orient itself with the pole pointing at theorbital longitude at which maximum outgassing occurs. (Usually this is just theSun's cometocentric longitude at the comet's perihelion.) The uncertainties hereare too great to address this; the CONTOUR visit in 2003 will hopefully help ourunderstanding of Encke's rotation state.The contribution of the coma to the rotational modulation is important to con-sider. If coma was present in JM87's and LJ90's photometry but not rotationallymodulated then the lower limits to the p.t.p.a. are even higher and the limits on Pp,a=c, and b=c would be more extreme. If however the coma was modulated by e.g. anactive patch or small jet swinging in and out of view, then the comet's light curvewould show the addition of two oscillating curves { a two-peak curve from the nu-cleus and a one-peak curve from the coma { and the nuclear p.t.p.a. could be smallerthan the total p.t.p.a. We argue here though that the comatic contribution to theamplitude is probably negligible. First, the bright aphelion outburst witnessed byBarker et al. (1981) showed no extended emission but completely obliterated anymodulation of the ux over the course of the night. Hence we suppose that thecoma's ux in the outburst was not tied to its natal active area. Second, LJ90 showno di�erence between the amplitudes and shapes of their light curve's two peaks,unlike what one would expect if there were a strong, singly-peaked, comainducedunderlying curve.Our own light curve (Fig. 5.3) may be asymmetric between the two peaks butthe photometric uncertainties are too large to be sure. A lower 1997 p.t.p.a. thanthe one used above would slightly mitigate the axial ratio and precession periodlimits, but the optical data of JM87 and LJ90 are the more restrictive constraints.5.4.3 Optical Phase Behavior.We combined our HST nuclear magnitude with measurements from previousapparitions to estimate the phase behavior of the nucleus and derive the absolutemagnitude m(1; 1; 0). We used three phase laws: the linear lawm(1; 1; �) = m(1; 1; 0) + ��; (5:4)where � is a constant; the IAU-adopted (H;G) formalism for asteroids (Lumme et
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Figure 5.4: String-length method determination of Encke's rotation period. This isa diagram to �nd periodcity based on the method of Dworetsky (1983). Four days'worth of data were used to �nd the rotation period. Minima indicate the most likelyrotation periods, but some are more favorable than others; text gives details. Thedashed and dash-dotted lines indicate periods that have been postulated by LJ90and JM87.
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al. 1984, Swings 1985)m(1; 1; �) = H � 2:5 log�(1�G)e�3:33 tan0:63(�=2) +Ge�1:87 tan1:22(�=2)�; (5:5)where H = m(1; 1; 0); and the original Lumme-Bowell law (Lumme and Bowell1981):m(1; 1; �) = m(1; 1; 0)� 2:5 logF; (5:6)F � (1�Q)e�3:343 tan0:632(�=2) + (Q=�)(sin� + (� � �) cos�);where Q is the fraction of multiply-scattered light.Figure 5.5 shows a plot of m(1; 1; �) for the Encke nucleus as measured by seve-ral observers; the data with notes are listed in Table 5.3. An observer had to reporteither the \nuclear" magnitude or the \m2" magnitude to have his/her datum in-cluded in this plot. The ordinate m(1; 1; �) is the observed magnitude minus thegeometric factor 5 log(r�). Symbols indicate some information about each datum,written in the legend. The data from LJ90, JM87, Barker et al. (1981), Garradd(1997), Spinrad (as reported by LJ90), and us were taken with linear-response de-tectors; the other points are photographic. Our data and those of Garradd (1997) donot have much coma contamination despite being taken at low r. Of the historicaldata, only JM87, LJ90, and Barker et al. (1981) have information on the rotationof the nucleus, hence all the other points have an uncertainty of at least �0:4 mag,i.e., half the approximate p.t.p.a. Only Barker et al. (1981) and LJ90 were able tomeasure enough of the light curve to factor out the rotational modulation; in theformer case there was no modulation detected. JM87 were twice able to �nd theturnover point at the bright end of the rotational variation, but not at the dim end,so we have used magnitudes for Fig. 5.5 that (we estimate) probably lie close to theaverage brightness and we have assigned sensible error bars. (Speci�cally, for onepoint we plotted a magnitude 0.6 mag fainter than their extremum, with errors of�0:2 mag; for the other point, we plotted a magnitude 0.4 mag fainter than theirextremum, with errors of �0:3 mag.)We assigned a photometric error of �0:5 mag to photographic data. This par-tially comes from the fact that Roemer and Lloyd (1966) photographed the cometonly 14 minutes after van Biesbroeck (1962) did on 22 Oct 1960 and yet they di�erin their magnitude estimates by 0.9 mag. Combined with the 0:4 mag of uncertaintydue to rotation the total error is about 0:6 mag. We assigned an error of 0:1 magto the data from linear-response detectors when no other estimate was available.Thus, the rotational uncertainty dominates, and the total uncertainty is about 0:4mag.We converted all data in Table 5.3 to Cousins R magnitude RC , the band of ourHST magnitude, before plotting in Fig. 5.5. To do this we assumed the followingsolar colors: (a) BJ�RJ = 1:17 (Allen 1973), (b) BJ�mpg = 0:11 (Allen 1973), (c)VJ�mpv = 0:0 (Allen 1973), (d) VJ�RJ = 0:52 (Allen 1973), (e) RJ�RC = �0:17(Fernie 1983), and (f) RMould �RC = �0:17. For some points (noted in Table 5.3)we have assumed that the photographic data were taken on blue plates so that mpgis the applicable quantity. (Roemer [1965] for example explicitly states that this isthe case.)
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Figure 5.5 (next page): Optical phase behavior of comet Encke's nucleus. Bycollecting historical data, I plot comet Encke's nuclear magnitude as a function ofphase angle. Ordinate is in CousinsRmagnitude, o�set by�5 log(r�) to account fordi�ering observing geometries. A linear phase law, the Lumme-Bowell (Lumme andBowell 1981) phase law, and the IAU-style asteroid phase law (Lumme et al. 1984,Swings 1985) are plotted. Despite the uncertain interpretation of some reportedmagnitudes, there is steep phase darkening, more drastic than that of other cometarynuclei and C type asteroids (shown).
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Table 5.3. Estimated \Nuclear" or \m2"Magnitudes for Encke's NucleusDate Mediuma Bandb Reported � rc � Color m(1; 1; �) Coma? Wt. Ref.(UT) Mag. (�) (AU) (AU) Crxn.d e f g k30.5 Jul 1997 CCD VJ 17.4 34.6 1.39 0.51 -0.35 17.8 F 2 128.5 Jul 1997 CCD VJ 17.1 35.4 1.36 0.47 -0.35 17.7 F 2 124.5 Jul 1997 CCD VJ 16.9 37.6 1.31 0.41 -0.35 17.9 F 2 121.4 Jul 1997 CCD VJ 16.2 40.2 1.26 0.36 -0.35 17.6 F 1 114.4 Jul 1997 CCD VJ 16.0 51.7 1.16 0.26 -0.35 18.3 F 2 110.5 Jul 1997 CCD VJ 16.1 64.0 1.09 0.21 -0.35 19.7 F 2 17.4 Jul 1997 CCD VJ 16.6 76.7 1.04 0.20 -0.35 20.0 F 2 11.3 Jul 1997 CCD RC 17.92 106 0.94 0.20 0.0 21.85h F 2 23-7 Sep 1988 CCD RM 19.8 4.2 3.83 2.85 +0.17 14.76 N 1 330 Oct-3 Nov 1986 CCD RM 20.0i 14.8 3.15 2.46 +0.17 15.75 N 1 422-23 Sep 1985 CCD RM 20.2j 6.8 4.06 3.15 +0.17 14.82 N 1 430 Jul 1982 Photo mpg* 20.5 9.8 4.10 3.3 -0.89 13.9 ? 0 55 Nov 1980 IDS RM 16.7 117 0.82 0.31 +0.17 19.9 Y 0 7
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Table 5.3 { continuedDate Mediuma Bandb Reported � rc � Color m(1; 1; �) Coma? Wt. Ref.(UT) Mag. (�) (AU) (AU) Crxn.d e f g k4 Nov 1980 IDS RM 16.5 112 0.84 0.31 +0.17 19.6 Y 0 78 Oct 1980 Photo mpg* 16.5 47.3 1.26 0.49 -0.89 16.6 Y 0 67 Sep 1980 IDS RM 18.1 34 1.69 1.09 +0.17 17.0 Y 1 721 Aug 1980 IDS RM 19.0 32 1.90 1.47 +0.17 17.0 Y 1 713 Aug 1980 Photo mpg* 20.0 30.8 1.80 1.65 -0.89 16.7 ? 1 88.5 Aug 1980 Photo mpg* 20 30.0 2.02 1.75 -0.89 16.4 ? 0 926 Aug 1979 DAP VJ 19.13 4.6 3.96 2.99 -0.35 13.21 N 0 1024 Aug 1979 DAP VJ 19.39 5.2 3.96 3.00 -0.35 13.67 N 0 1022 Aug 1979 DAP VJ 19.53 5.7 3.96 3.01 -0.35 13.80 N 0 1021 Aug 1979 DAP VJ 18.25 6.0 3.97 3.02 -0.35 12.51 N 0 1014.3 Oct 1977 Photo mpg* 15.1 39.8 1.17 1.56 -0.89 12.9 ? 0 119.3 Oct 1977 Photo mpg* 15.6 37.1 1.25 1.65 -0.89 13.1 ? 0 1112 Sep 1975 Photo mpg 20.2 4.4 4.02 3.05 -0.89 13.9 N 0 12
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Table 5.3 { continuedDate Mediuma Bandb Reported � rc � Color m(1; 1; �) Coma? Wt. Ref.(UT) Mag. (�) (AU) (AU) Crxn.d e f g k12 Sep 1974 Photo mpg 21.0 24.7 2.19 1.58 -0.89 17.4 ? 2 1325.0 Oct 1973 Photo mpg* 20.25 14.2 2.63 1.80 -0.89 16.0 ? 2 1526 Sep 1973 Photo mpg 20.5 3.1 2.85 1.86 -0.89 16.0 N 2 1413 Sep 1972 Photo mpg 20.5 3.0 4.09 3.11 -0.89 14.1 N 0 1615 Aug 1972 Photo mpg 20.5 5.3 4.09 3.13 -0.89 14.1 N 0 1629 May 1971 Photo mpv 20.5 27.1 2.22 1.95 -0.35 16.9 N 2 1727 May 1971 Photo mpg 20.6 27.4 2.20 1.97 -0.89 16.5 N 1 1728 Nov 1970 Photo mpg 16.5 75.0 1.00 0.43 -0.89 17.1 Y 0 1826.4 Sep 1970 Photo mpg 18.4 18.8 1.87 0.95 -0.89 16.3 Y 2 187.1 Sep 1964 Photo mpg 18.6 34.5 1.75 1.26 -0.89 16.0 Y 0 1930.2 Aug 1964 Photo mpg 19.0 36.3 1.65 1.08 -0.89 16.8 Y 0 1916.1 Dec 1963 Photo mpg 20.3 22.8 2.50 2.46 -0.89 15.5 N 0 1912.3 Oct 1963 Photo mpg 20.2 8.7 2.99 2.07 -0.89 15.3 N 1 19
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Table 5.3 { continuedDate Mediuma Bandb Reported � rc � Color m(1; 1; �) Coma? Wt. Ref.(UT) Mag. (�) (AU) (AU) Crxn.d e f g k25.4 Sep 1963 Photo mpg 20.2 2.6 3.10 2.11 -0.89 15.2 N 1 1924.3 Sep 1963 Photo mpg 20.2 2.5 3.11 2.11 -0.89 15.2 N 1 1917.1 Jan 1961 Photo mpg 14.3 98.9 0.59 0.70 -0.89 14.4 Y 0 196.1 Jan 1961 Photo mpg 15.0 76.7 0.79 0.79 -0.89 14.2 Y 0 1920.2 Dec 1960 Photo mpg 17.0 59.3 1.08 0.87 -0.89 14.1 Y 0 198.2 Nov 1960 Photo mpg 15.9 28.8 1.67 0.89 -0.89 15.5 N 0 1922.1 Oct 1960 Photo mpg 17.6 14.9 1.87 0.94 -0.89 15.5 N 1 1922.1 Oct 1960 Photo mpg 18.5 14.9 1.87 0.94 -0.89 16.4 F 2 2117.3 Oct 1960 Photo mpg 18.5 11.3 1.93 0.97 -0.89 16.2 F 2 2126.2 Sep 1960 Photo mpg 18.0 10.1 2.15 1.19 -0.89 15.1 N 1 1919.3 Aug 1960 Photo mpg 19.5 20.9 2.51 1.87 -0.89 15.2 N 0 1917.3 Aug 1960 Photo mpg 19.5 21.2 2.52 1.91 -0.89 15.2 N 0 1919.4 Sep 1957 Photo mpg 15 71.5 0.80 0.91 -0.89 14.8 Y 0 20
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Table 5.3 { continuedDate Mediuma Bandb Reported � rc � Color m(1; 1; �) Coma? Wt. Ref.(UT) Mag. (�) (AU) (AU) Crxn.d e f g k4.4 Sep 1957 Photo mpg 16 57.8 1.05 1.03 -0.89 14.9 Y 0 2031.4 Aug 1957 Photo mpg 16.5 54.5 1.12 1.08 -0.89 15.2 Y 0 2030.4 Jul 1957 Photo mpg 19.3 36.3 1.57 1.67 -0.89 16.3 Y 0 2028.4 Jul 1957 Photo mpg 19.3 35.4 1.60 1.72 -0.89 16.2 Y 0 20a CCD = Charge-coupled device. Photo = photographic plates. IDS = image dissector scanner.DAP = digital area photometer.b Asterisks indicate where the use of a blue-sensitive plate was assumed.c Aphelion: r = 4:1 AU; Perihelion: r = 0:3 AU.d Term to convert from reported magnitude to RC band.e m(1; 1; �) = Reported Mag. �5 log(r�) + Color Crxn.f Indicates presence of an observed coma: Y = yes, F = yes but faint, N = no, ? = unknown.g Relative weight of the point used when �tting the phase law.
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Table 5.3 { continuedh Added 0.3 mag to account for coma.i Magnitude is 0.4 mag fainter than authors' reported bright extremum.j Magnitude is 0.6 mag fainter than authors' reported bright extremum.k References: 1 = Garradd 1997. 2 = This work. 3 = LJ90. 4 = JM87. 5 = Gibson, reported by Marsden 1985b.6 = Shao and Schwartz 1980. 7 = Spinrad 1985, private communication reported in JM87. 8 = Shao, reportedby Marsden 1985a. 9 = Helin et al. 1980. 10 = Barker et al. 1981. 11 = Gilmore and Kilmartin 1978.12 = Roemer, reported by Marsden and Roemer 1978b. 13 = Roemer, reported by Marsden and Roemer 1978a.14 = Roemer, reported by Marsden 1974. 15 = Shao 1973. 16 = Roemer, reported by Marsden 1973.17 = Roemer, reported by Marsden 1972. 18 = Roemer, reported by Marsden 1971. 19 = Roemer andLloyd 1966. 20 = Roemer 1965. 21 = van Biesbroeck 1962.
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Ideally all the points would tightly follow a curve, but clearly some choice hasto be made about which data are worth �tting, since the coma contamination isobvious for some points, e.g. the ten photographic points at low r between 35� < � <100�. For such points the observers likely measured the comet's central condensation(inner coma) rather than the nucleus itself. With other points the exact amount ofcontamination is unclear, it may be none or half a magnitude's worth. An indicationof how much coma contamination there is might be determined by looking at theintrinsically faintest data at a given �, but in this case that is not so helpful becausethat usually turns out to be a photographic point and the error bars are too large.Hence, it is nontrivial to incorporate all the data into a �t to the phase law. Moreoverthe problem is most contentious at low phase angle, i.e., right at the location wherewe need the best data to determine the absolute magnitude. The data point due toLJ90 is very well determined (�0:04 mag), and so normally would provide a verygood constraint; however, if there were a tiny amount of coma contamination, thatwould compromise its usefulness in the �tting.A further complication is that the plotted error bars are not normally distrib-uted, so any �t statistic must be carefully interpreted. A sinusoidally-varying uxspends more time at the extrema than at the average value, so the measured valueis likely to be far from the average brightness.Our solution is to �t the phase laws through the selection of points marked inTable 5.3 and enclosed in circles in Fig. 5.5. We use all of the linear-detector dataand the fainter photographic points. For a given point we assigned it double weightif it was an intrinsically fainter point relative to its immediate neighbors in phaseangle. The results are provided in Fig. 5.5. The r.m.s. o�set is about 0.4 mag forall three �ts. The IAU law fails at the higher phase angle but the other two lawsare adequate. Considering the uncertainties we take the absolute magnitude to be15:2� 0:5 mag.The slope of the phase law is quite steep at 0.06 mag/degree, making Encke'snucleus one of the most phase-darkened objects in the Solar System. It is possiblethat shape e�ects are anomalously depressing the brightness at high phase angleand fooling us, but the smooth, linear behavior of our HST point and the Garradd(1997) points argue against this. Cometary nuclei (Jewitt and Meech 1988, Chapter7 of this thesis) and C-type asteroids (Lumme and Bowell 1981), to which thenuclei are commonly thought to be evolutionarily linked, typically have only about0.04 mag/degree of phase e�ect, as drawn in Fig. 5.5. Further study of the phasebehavior of near-Earth asteroids (NEAs) and cometary nuclei over a large range of� is clearly desirable.The unphysical and negative value of Q, the fraction of multiply scattered light,and the steep slope both imply that the surface of Encke is very rough. Lumme andBowell (1981) mention this phenomenon in reference to (944) Hidalgo, a cometarycandidate also with Q < 0. Speci�cally, the depth-to-diameter ratio of features onthe surface is apparently larger than for their average asteroid, and Q is actuallyclose to zero. This makes sense since the reectivity of the nucleus is so low, so veryfew measured photons would have been multiply scattered.It is interesting to note that the aphelion data from 1972, 1975, 1979, and1982 all apparently have signi�cant coma, though none were spatially resolved by
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the observers. The Barker et al. (1981) data prove that aphelion outbursts exist,and it is important to justify the inability to spatially resolve the coma, which weassume is mostly dust. Some measurements had fairly large seeing disks whichcould potentially hide the coma, but JM87 and LJ90, with �100 seeing, speci�callyused di�ering apertures to detect comatic ux, but did not �nd any. Thus, anyexisting dust would have to be slow-moving and/or have a surface brightness steeperthan the usual dependence on cometocentric distance. We know that large (tens tothousands of microns) grains are emitted by Encke from IRAS trail and ISO tailand trail observations (Sykes and Walker 1992, Reach et al. 1999, Lisse et al. 2000),and such particles move slowly with respect to the nucleus since radiation pressureis ine�cient. Thus, it is not unreasonable to expect that the outbursts originate aslarge dust grains traveling at �1 m/s (i.e., just below escape velocity) and eventuallyfalling back on to the surface. At aphelion the largest dust grain that can be liftedo� the nucleus has a radius of just 130 �m� ( vg10 m=s)� (Z� 10�16s cm2), where vgis the speed of the gas and Z is the vaporization rate, based on an equation givenby Keller (1990).5.4.4 Nucleus Size and Geometric Albedo.Now we can apply the thermal model to the data. First, let us assume � = 0:9and Tss = 360 K (which will be justi�ed below). If � = 50 J K�1 m�2 s�1=2, i.e.about the lunar value (Winter and Saari 1969), then � = 0:23 (de�ned in Chapter3) and Encke's nucleus is a moderately slow-rotator. Harris et al. (1998) estimate� = 320 J K�1 m�2 s�1=2 on the surface of (3200) Phaethon, which is presumablyan extinct comet owing to its parentage of the Geminid meteor stream; if applicableto Encke's nucleus, � = 1:5, placing it on the border between slow and fast rotator.Thus the STM will work reasonably well but not perfectly represent Encke's thermalbehavior. Since the orientation of the nucleus' spin axis appears to have changedsince the Sekanina (1988a) analysis, it would be di�cult to constrain any of theother parameters in the augmented thermal model even though we have derivedsome information about the shape. Thus we will apply the STM and compare theresults with the RRM to get some sense of the model-dependent error.Some parameters of the STM were assumed to be as follows: infrared phasecoe�cient �i, 0:005 to 0:017 mag/degree; emissivity �, 0.9; optical phase integral q,0.17, which can be derived from the phase analysis of a previous section; beamingparameter �, 0.7 to 1.2. For the RRM, we assume the limiting case of the rotationaxis perpendicular to the Sun-Earth-Comet plane.In Section 5.3.3 we found the nucleus' ux to be 2:74 � 0:24 Jy; for this uxthe STM provides us with an e�ective radius RN of 2:40� 0:27 km and a subsolartemperature TSS in mid-July 1997 of 365�14 K. This justi�es our use of 360 K in the� calculation above. The (1-�) errors are derived from a Monte Carlo simulationletting 0:9 < � < 1:0, 0:7 < � < 1:2, and 0:005 < �i < 0:017, all uniformlydistributed, and using the normally-distributed ux estimate. By similarly applyingthe simpli�ed RRM, we �nd RN = 3:55 � 0:15 km and TSS = 270 � 5 K. Thesemay be interpreted as the upper and lower limits, respectively, to these quantitiessince they would be physical only if we were grossly underestimating the thermal
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inertia of cometary nuclei. It is clear however that if the thermal inertia is morePhaethon-like than Moon-like then RN is probably a few tenths of a kilometer largerthan that given by the STM.From our discussion in Section 5.4.3 we estimate the optical cross section at zerophase angle to be equivalent to a magnitude of 15:2� 0:5. The relation between theoptical cross section and the comet's magnitude ispR2N = 2:238� 1016 km2 � 100:4(m��m(1;1;0)) (5:8)based on an equation given by Jewitt (1991), where p is the geometric R band albe-do and m� is the solar apparent R band magnitude of �27:10. We calculate fromthis that p = 0:047� 0:023.5.4.5 Consistency with ISO Data.Our broadband spectrophotometry obtained by ISO is shown in Fig. 5.6. Thedust's contribution to these data is more fully discussed in a related paper by Lisseet al. (2000). Presently we will only show that our other results are consistent withthis dataset.Our simple model of the spectrum uses the sum of two component spectra, onefor the dust and one for the nucleus. Reach et al. (1999) have shown that there is asigni�cant population of large (radius �> 100 �m) grains in Encke's coma, so we havemodeled the thermal emission of the dust in the 4.8 to 100 �m wavelength rangeas a greybody, with temperature as a free parameter and emissivity independentof wavelength. Such a null dependence can explain mid-IR observations of largedust grains from other comets (Lisse et al. 1998). We are unconcerned with theactual values of the dust's emissivity and optical depth; we scale our model to yieldthe best �t for particular values of the parameters. ISOPHOT's 3.6 �m ux has asigni�cant scattered sunlight component in addition to the thermal emission and sois not used to constrain our model beyond being an upper limit to the thermal ux.We modeled the spectrum of the nucleus using the STM, choosing � to be either0.7, 0.95, or 1.2, �i to be either 0.005 or 0.017 mag/degree, and � to be 0.9. Theparameter RN could be any value. Thus our model has four important parameters:temperature of the dust TD, RN , �, �i. An example model and the excellent �t tothe spectrophotometry are shown in Fig. 5.6.With this methodology, the results of the �tting can be displayed as a contourplot of the reduced �2 �t-statistic (�2�) as a function of TD and RN . The six plotsin Fig. 5.7 show this, for each value of � and �i. Owing to the low number ofspectrum points vis-�a-vis the model parameters, it is impossible to constrain thefour parameters, but the ISOPHOT spectrum is consistent with our ground-basedderivation of RN (whose 1-� boundaries are noted by the shaded rectangles) acrossthe range of previously-found values for � and �i. In particular, � cannot be con-strained from Fig. 5.7 since the ESO constraint on RN never strays far from �2� � 1,even when � = 0:7. It is satisfying that the derived dust temperatures are sensible;an isothermal black body at Encke's distance from the Sun would have TD = 258K. 5.5 Previous Work
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Figure 5.6: ISOPHOT spectrophotometry of Encke dust coma plus nucleus. Thesymbols show a broadband mid-infrared spectrum of the nucleus and dust of cometEncke, taken by ISOPHOT. Also plotted is a sample model (solid line) that �ts thespectrum (�2� = 0:64 with 3 degrees of freedom, RN = 2:5 km, TD = 250 K, � = 1:1,�i = 0:01 mag/degree). Dashed line is a model spectrum of the nucleus generatedby the STM; dash-dotted line is a Planck spectrum of the dust.
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Thermal infrared measurements in the past have been made by Ney (1974),Campins (1988), and Gehrz et al. (1989) to estimate the size of the nucleus. Allused single-element bolometers, so no spatial information was obtained. The presentstudy is an improvement because of our higher sensitivity and spatial resolution.5.5.1 Ney (1974).On 25 Apr 1974, Ney (1974) measured a ux of 11�1 and 19�2 Jy at wavelengthsof 4.8 and 8.5 �m, respectively (converting from the reported magnitudes). Hisreported upper limit to Encke's RN of 0.25 to 0.5 km is derived from an assumedcorrelation between nuclear size and comatic thermal infrared behavior, observationsof Comet Brad�eld (1974b = 1974 III = C/1974 C1), and an assumed value for thenuclear albedo that is now known to be too high. Instead, if we apply the STM tohis Encke thermal uxes, and use the assumptions we outlined in Section 5.4.4, we�nd an upper limit to the nuclear radius of approximately 7.5 km, which is aboveour calculated value.5.5.2 Campins (1988).Seven observations at 10.6 �m are reported during the 1984 apparition, twoduring the 1980 apparition, and the uxes vary from 0.6 to 6.1 Jy. By using hisintrinsically faintest data point, and applying the STM, he estimates an e�ectiveradius of � 2:9 km at rotational minimum and � 4:4 km at rotational maximum.These are the mid-IR measurements with formerly the least amount of coma con-tamination, but our calculated e�ective radius is smaller.5.5.3 Gehrz et al. (1989).Near and mid-IR measurements are reported on four dates during the 1974apparition and two dates during the 1987 apparition, with uxes ranging from 1to 20 Jy. Using their intrinsically faintest data point, and assuming an isothermalnucleus (not the STM), they derive an upper limit to RN of 5 km. Applying theSTM to their reported uxes gives an upper limit of 3 to 5 km, depending on themodel's parameter values, which is above our calculated value.5.5.4 Kamoun et al. (1982).From the radar echoes at � = 12:6 cm, these workers found a radar cross sectionof 1:1 � 0:7 km2 in the circular polarization sense orthogonal to that of the trans-mitted pulse. If Encke is like other comets where the radar's reection is mostlyspecular (Harmon et al. 1989), then this is roughly the total radar cross section also.Further, using the bandwidth of the returned pulse, they found an e�ective radiusRN of 1:5+2:3�1:0 km, although with more modern values of the rotation period (LJ90)and spin axis direction (Sekanina 1988a) RN would be 4+6�3 km. Our measurementof RN is within this range.With our e�ective radius in hand further rudimentary interpretation of the rad-ar results are possible. The geometric albedo at � = 12:6 cm, p12:6, which is just
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Figure 5.7: �2 plots of Encke dust temperature and nucleus size. Here are contourplots of �2� showing that the simple model described in the text { dust black bodyspectrum plus nucleus STM spectrum { adequately �ts the ISO spectrum and isconsistent with the ground-based results. Shaded rectangles indicate the 1-� rangeof nuclear radii implied by our ESO data. Contour levels are 0.75, 1.0, 1.5, 2.0, 2.5,3.0, 5.0, 7.0, 9.0, 12.0, and 15.0. Each panel represents one value of �i and one valueof �, leaving the other two parameters of the model { dust temperature and nuclearradius { to be plotted.
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the radar cross section divided by �R2N , is 0:061 � 0:041, a value comparable tothe one at optical wavelengths and to that found for other comets (Harmon et al.1989, Campbell et al. 1989). Following the argument and assumptions made byHarmon et al. (1989) in their treatment of Comet IRAS-Araki-Alcock (C/1983 H1),the dielectric constant of the Encke nucleus' surface layer is 2:3�0:7, correspondingto (not surprisingly) a mixture of dust and snow.5.6 Summary of Encke ResultsWe have discussed the properties of the nucleus of Comet 2P/Encke as derivedfrom data obtained during its close approach to Earth in July 1997. The CONTOURspacecraft is scheduled to encounter comet Encke in 2003 and this information canaid in the mission planning and design. We measured the thermal continuum ofthe comet in the 8 to 12 �m range with the TIMMI instrument at the ESO 3.6-mtelescope and in the 3.6 to 100 �m range with the ISOPHOT photometer on theISO spacecraft. We also used the STIS CCD aboard HST to measure the optical(5500-11000 �A) scattered continuum of the comet. We �nd the following:� 1. Assuming the nucleus' thermal behavior can be described using the Stan-dard Thermal Model (STM; Lebofsky and Spencer 1989), the e�ective nuclear radiusis 2.4 km � 0.3 km and the subsolar temperature at a distance of 1.2 AU from theSun is 365 � 14 K. The e�ective radius is smaller than the upper limits found byother researchers using thermal continuum observations (Ney 1974, Campins 1988,and Gehrz et al. 1989), and within the range found via the radar experiment in1980 (Kamoun et al. 1982). The applicability of the STM could be questioned sincethe thermal inertia is unknown, but the e�ective radius is probably at most only afew tenths of a kilometer larger than the value given above.� 2. Using our HST data and other datasets (JM87, LJ90, Garradd 1997) alongwith various photographic data from previous apparitions, we �nd the optical phaselaw of Encke's nucleus out to 106� can be well �t with a Lumme-Bowell phaselaw (Lumme and Bowell 1981) with absolute RC band magnitude 15:2 � 0:5 andQ = �0:09. The equivalent linear slope is 0.06 mag/degree, which is one of thesteepest slopes known for any small body of the Solar System. The negative valueof Q and the steep slope imply that the nucleus' surface is rougher than the typicalasteroid used to create the Lumme-Bowell law. The absolute magnitude yields avisual geometric albedo for the nucleus of 0:05�0:02. Use of this absolute magnitudedoes mean that bright (� 1 mag) but spatially-unresolved outbursts were observedat several separate aphelia (4 AU) by many observers.� 3. The nucleus' rotation period is likely 15.2 hr � 0.3 hr, but our data cannotrule out some harmonics of this value, as they also show or imply a double-peakedlight curve (i.e., as if we had observed a rotating nucleus). Optical measurementsgive 15:08� 0:08 hr (LJ90), so our data are consistent with this value.� 4. We measured a peak-to-peak amplitude (p.t.p.a.) of the light curve of0:7�0:1 mag, though it may be larger since we could not sample the entire rotationalphase. With a model that assumes the nucleus is a triaxial ellipsoid with an angularmomentum vector (a) initially pointing in the direction found by Sekanina (1988a)and (b) \precessing" in a circle due to a torque from the outgassing vents on thesurface, we combined our dataset and the p.t.p.a. reported by JM87 and LJ90 to
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�nd that the precession period is less than 81 years, one axial ratio a=c is at least2.6, and the other one b=c satis�es 1:0 � b=c � 0:5 � a=c � 0:3. The precessioncircle's axis must be at least 14� from the angular momentum vector. We surmisethat a signi�cant mass ejection event could have occurred in the mid-1980s to startthe angular momentum vector moving again, since, according to Sekanina (1988a),on average it was in the same place for much of the 20th century.� 5. The nucleus' radius is toward the low end of known radii of nuclei, whilethe axial ratio is toward the high end (Meech 1999). The albedo is comparableto Halley's and not unlike the other few comets for which it has been measured(Chapter 9). Among known near-Earth asteroid properties, the radius is in themiddle, and the albedo is on the low end. However the samples of comets andNEAs both su�er from incompleteness and observational bias.� 6. Under the STM formalism, we can constrain neither the beaming parameter� nor the infrared phase coe�cient �i other than to say Encke's thermal behavioris consistent with the values found for these parameters from asteroids and icysatellites. Future studies of comet Encke's nucleus should try to employ a widerange of phase angles and a wider range of wavelengths to better understand itsthermal phase behavior and improve the interpretation of radiometry.
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Chapter 6
The Nucleus of Comet Hyakutake C/1996 B2
6.1 BackgroundSix months after the discovery of Hale-Bopp, a Japanese amateur astronomerdiscovered his second long-period comet in a seven-week period, an 11th magnitudesmudge (Nakamura and Nakano 1996). Four days later it was realized that thiscomet would make a very close approach to Earth in late March and probably be aneasy naked-eye object (Marsden 1996). The rest of the story is well known: cometHyakutake blazed through the Northern Hemisphere sky at a visual magnitude ofabout 0 and sported a tail extending many tens of degrees. The photograph in Fig.6.1 shows how the comet looked to my camera on 25 Mar 1996; the �eld of viewis about 40 degrees wide. In contrast to Hale-Bopp later on, Hyakutake ashed inand out of our skies in a week. The short lead time necessitated a scramble forrequesting access to telescopes; fortunately many observatory directors recognizedthe special signi�cance of this comet { the closest one to Earth since 1983 and thebrightest one since 1976 { for which comet scientists were exceedingly grateful.6.2 Thermal MeasurementsA track of observations was done at the Very Large Array (VLA), two daysafter the March 25th close approach of the comet. I have described that experimentelsewhere (Fern�andez et al. 1997a) and I reproduce much of the text here. Ourinfrared thermal data were obtained around the time of the comet's close approach,and have been described in detail by Lisse et al. (1999b). Since most of the work inthat wavelength regime for this comet was done by Lisse, I will give space to thoseresults only as they relate to my data.6.2.1 Details of ObservationsOur VLA observations consisted of one twelve-hour track from 0700 UT to 1900UT on 27 March, 1996. The ux calibrator was 3C 286 (QSO J1331+3030, ux ofabout 5.2 Jy), and our phase calibrator was 4C 76.03 (a radio galaxy having a uxof about 2.2 Jy) (Perley and Taylor 1996). Individual integrations were ten secondslong; the total amount of time spent integrating on the comet was about ten hours.Phase stability during the track was good.During the observation, the comet itself was between 0.121 and 0.131 AU fromEarth, 1.00 and 0.989 AU from the Sun, and the phase angle was between 85.7� and90.2�. The ephemeris that was used at the time of the observation was provided byD. K. Yeomans (private communication), but, owing to the proximity of the comet,had formal positional uncertainties of 8 arcsec in right ascension and 2 arcsec in
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Figure 6.1: Comet Hyakutake in a 40�-wide �eld of view. This is a photograph ofthe comet taken by me near the time of closest approach on 25 Mar 1997. The �eldof view on the long dimension is about 40 degrees; the tail is clearly visible overmost of that arc.
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declination (1-�). The proper motion of the comet ranged from 4.7 to 5.5 arcsecper integration-time, and decreased by about 0.065 arcsec per integration-time perhour.The VLA telescopes can only track the linear proper motion of a source. But,due to the rapid motion of the comet, we had to take into account the second ordermotion. We updated the linear tracking rates every 3 to 312 minutes so that the arraywas always pointed within one synthesized beam (3.5 arcsec) of the most accurateformal position of the comet available at the time.6.2.2 Data Reduction and CorrectionThe standard data reduction yielded no signi�cant signal from the comet. Oneproblem we considered was that, due to the positional uncertainty of the comet,the signal might have been smeared during the course of our observation. A moreaccurate ephemeris of the comet, produced by D. K. Yeomans a few weeks afterperigee, revealed that our tracking rates were not signi�cantly in error (o� by � 0:01arcsec per integration time), but the center of pointing was indeed o�set from thetrue position of the comet by up to 6.6 arcsec at times during our observing run.It should be pointed out here that the half-power bandwidth (HPBW) of the VLAtelescopes at our observing frequency is 5.3 arcmin and primary beam attenuationis negligible for these o�sets. In essence, the amplitude and phase of the complexintegration data points were correct, but the projected baselines (or uv-spacings)of the telescopes were slightly o�set, because of the di�erence in the observed andactual position of the comet. We recalculated the correct uv-spacings for eachbaseline for every ten-second integration, and inserted these corrected spacings intothe dataset. After the correction, we obtained a more robust map.This problem is important to consider for any interferometric observation ofa fast-moving object, because of the inherent uncertainty in the ephemeris and inthe way the data are taken at the observatory. To stress this latter point, it wasimportant that, in order to correctly reduce our data, we understand intimatelywhere the telescopes point at a given time, and what information pertaining to thatare stored as \data." In this case the \data" were not correct, and we were forcedto alter them by hand. Since the VLA (or any radio interferometric array) typicallydoes not perform observations of this sort, we emphasize the special requirementsof the data analyst in this situation. A description of some of the problems withinterferometric observations of close, fast objects is given by de Pater et al. (1994).Our CLEAN map, with 2- and 3-� contours, is shown in Fig. 6.2. Since we haddirectly manipulated the data (via the corrections), we would expect the signaturefrom the comet to appear in the middle of the map. The synthesized beam { 3.5arcsec wide { is shown in the lower left. The �eld of view in this map is 4.2 arcminby 4.2 arcmin, slightly smaller than the HPBW of the telescopes' primary beam.With such a synthesized-beam size, the nucleus would have appeared as a pointsource. The r.m.s. noise in our map is 7.6 �Jy/beam.There appear to be some linear structures or streaks running generally north-east to southwest in the map. These may be extended background sources passingthrough the �eld of view as the array tracked the comet, or indicative of a few
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Figure 6.2: CLEAN contour map of C/1996 B2. This is acutally the CLEAN contourmap of the �eld of view containing the comet, since we did not detect the object atthe 3-� level. We used the VLA on 27 Mar 1996 to generate this image, and thesynthesized beam is the black dot at lower left.
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anomalous visibility-data points. It is important to stress, however, that the struc-tures appear only on the 1- and 2-� level, and as such are not statistically signi�cant.A histogram of pixel values is well-described by a Gaussian of � = 7:6 �Jy and showsno excess of pixels 1- or 2-� from the mean. In addition, the structures have a lowintensity. Integrating over the roughly �102:5 synthesized-beams that they cover,the ux density is about 1 to 10 mJy. Had the hypothetical structures been tracked,they would have covered around 30 to 100 synthesized beams, based on the thicknessof the streak. This implies their surface brightness was only � 10 to 100 �Jy/beam.6.2.3 Implications for the NucleusOur measurement of the r.m.s. ux in the synthesized beam from the cometallows us to place a 3-� upper limit on the thermal microwave continuum ux of 22.8�Jy at 3.55 cm. Of the six interferometric observations of a comet's microwave con-tinuum, �ve (including Hyakutake) are upper limits. Our Hale-Bopp observations(Chapter 4) resulted in the only detection. Our Hyakutake upper limit is smallerthan the other four: comet Austin (C/1982 M1 = 1982g = 1982 VI) was observed at6 cm (Snyder et al. 1983) with an upper limit of 140 �Jy; comet IRAS-Araki-Alcock(C/1983 H1 = 1983d = 1983 VII) was observed at 2 and 6 cm (de Pater et al. 1985)with upper limits of 750 and 90 �Jy, respectively; comet Crommelin (27P = 1983n= 1984 IV) was observed at 2 cm (Schenewerk et al. 1986) with an upper limit of136 �Jy; and comet Halley (1P/1982 U1 = 1982i = 1986 III) was observed at 2 cm(Hoban and Baum 1987) with an upper limit of 100 �Jy.As mentioned in Chapter 3, it is not obvious which thermal model is the mostapplicable. The rotation period is about 6.3 hr (see next section), which wouldput the thermophysical parameter � close to unity for lunar-like thermal inertia.However, since the microwave data sample colder, subsurface layers, the ILM oreven an isothermal model is probably more applicable. Also the high activity of thenucleus { approximately 50% of the surface is active (Lisse et al. 1999b) { probablyhelps to keep the insolation energy from penetrating deep below the surface, sincemuch of it is being used to sublimate ice. Since we do not have information on theshape of the nucleus and since there does not yet seem to be a comprehensive modelof the nucleus' rotation state, we will simplify matters by calculating an upper limitto the nucleus' radius by assuming the subsurface layer that we have sampled isisothermal.To obtain an estimate of the nuclear size, we use
S� = 2�kT�2 ��R2�2 ; (6:1)

where S� is the measured ux density from the nucleus (�22.8 �Jy), � is the wave-length (3.55 cm), � is the geocentric distance (averaging 0.126 AU during the ob-servation), k is the Boltzmann constant, T is the nuclear temperature, �� is theemissivity at 3.55 cm, and R is the nucleus' e�ective radius.Radar measurements of cometary nuclei have indicated that the microwavealbedo is quite low, a few percent (Campbell et al. 1989). Thus, the emissivityof the nuclei is probably around 0.95, assuming that the emissivity is close to one
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minus the albedo. For comparison, the emissivity of NEAs is roughly as high, 0.8 to0.9 (Goldstein et al. 1984). The temperature is more problematical, but based onour e�orts for Hale-Bopp (in Chapter 4), a temperature of 150 K for the sampledlayer in Hyakutake's nucleus is not unreasonable. The extreme limits to the tem-perature range from about 300 or 350 K (for a very conductive nucleus) down toroughly 50 K (roughly the temperature of formation in the Kuiper Belt [Rickman1991]).We have combined all of this information into Fig. 6.3. E�ective radius is plottedvs. temperature, with the solid curves representing four possible emissivities. Thedotted line marks the temperature of an isothermal blackbody at the heliocentricdistance, and the dashed line marks the approximate sublimation temperature forwater ice. For the true emissivity and observed temperature of the nucleus, theradius could lie anywhere to the left of the appropriate point. For � = 0:9 andT = 150 K, the 3-� upper limit to the radius is 3.0 km. This is consistent with ourresult obtained from the thermal-IR imaging (Lisse et al. 1999b), 2:4� 0:5 km, aswell as the radar results by Harmon et al. (1997), 1:5 � 0:5 km. Our estimate ofthe radius is not very sensitive to the temperature when T � 200 to 300 K, but itbecomes 5 km for the 50 K limit.6.2.4 The X-ray ConnectionOur observations were simultaneous with many of the ROSAT observations ofHyakutake that occurred a few days after perigee (Lisse et al. 1996). Since non-thermal radio emission is frequently coincident with X-ray emission from other as-trophysical sources, we were motivated to place an upper limit on the microwaveemission from the location of the X-rays in Hyakutake's coma; the VLA �eld of viewoverlaps a portion of the X-ray emitting region reported by Lisse et al. (1996). Thecenter of brightness of the X-ray emission with respect to the nucleus is about 20north and 212 0 east of the nuclear position (on 27.7 March UT), whereas our mapextends only 2:10 from the nucleus. If we approximate the size of the X-ray emittingregion as a 40-by-80 oval, with the short axis on the Sun-comet line, then the overlapbetween the VLA �eld of view and the X-ray emitting region is a wedge that con-tains about 9% of the total X-ray ux, and about 13% of the total VLA �eld of view.Assuming the microwave ux from the coma follows the same spatial distribution asthe X-ray ux, we calculate that the 3-� upper limit to the microwave ux from theX-ray emitting region is 223 mJy. This value is more than a factor of two lower thanthat reported by Minter and Langston (1996), using the same-size X-ray emittingregion of the coma. This result indicates that the mechanism responsible for theproduction of X-rays is not able to produce much microwave radiation. Lisse et al.(1996) found an X-ray luminosity of 4� 1015 erg/s from the coma as measured bythe ROSAT HRI, which is sensitive to 0.1- to 2.0-keV photons. Assuming a powerlaw spectrum, where the intensity is proportional to ��� (where � is the frequencyand � is the spectral index), and using the largest possible e�ective bandpass (1.9keV) and our microwave upper limit, we �nd that � must be less (i.e., atter) than0:59, fairly at. Some of the mechanisms postulated by Lisse et al. (1996) to ex-plain the X-ray emission (e.g., magnetic �eld-line reconnection and magnetospheric
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Figure 6.3: Size and temperature of C/1996 B2 nucleus. Here, the loci of pointson the temperature-radius parameter plane that can satisfy the upper limit to themicrowave ux are displayed. The di�erent curves represent di�erent microwaveemissivities.
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disruption) would necessarily produce some microwave radiation, but these theo-ries are not yet developed enough to provide a prediction of the microwave ux tocompare with our results. However, the derived atness of the spectrum does ruleout synchrotron emission (which typically has a spectral index of 1 to 2) as thesource of the X-rays, as would be expected from the typically low strength of theinterplanetary magnetic �eld.6.3 Optical MeasurementsI have described much of this information in a paper �rst-authored by my col-league (Lisse et al. 1999b), and I reproduce much of the text here.6.3.1 Coma-to-Nucleus Contrast in the ImagesThe optical data are four nights worth of imaging during 19 to 23 March, 1996,at the KPNO 0.9-m telescope. The sky during three of the nights was photometricor nearly photometric. I used a 2048-by-2048 pixel CCD with a �eld of view of over20 arcmin, so I have good maps of the inner coma immediately before the largeoutburst of activity that coincided with the widely-reported fragmentation of thenucleus (Lecacheux et al. 1996, Weaver 1996). The wavelengths I will concentrateon here are at 4845 �A and 6840 �A, the wavelengths of the narrowband continuum inthe International Halley Watch �lter set. The image scale was 0:6800 per pixel side.During the run the comet was 0.23 to 0.12 AU from Earth, 1.17 to 1.08 AU fromthe Sun, and 37� to 42� in phase angle. Typical FWHM of the seeing disk duringthe photometric and partially photometric time averaged 1:800.Considering the size of the nucleus, the gas and dust output of the comet wasextremely prodigious. Whereas most comets have up to just 1% of their nuclearsurface area active, Hyakutake seems to be more in the vicinity of 50%, possibly100% (Lisse et al. 1999b). This high fraction is strong evidence for an icy grainhalo contributing to the output of water; the total surface area of cometary solidsavailable to release gas is not just the 4�R2 of the nucleus, but all of the icy grainsas well. Moreover the radar experiment (Harmon et al. 1997) clearly shows thatsome of the echo power came from grains moving a few meters per second near thenucleus.The repercussion of this phenomenon is that our optical images of the comet donot have su�cient spatial resolution to photometrically extract the nucleus. Ourcoma-�tting technique fails to �nd a central point-source; the coma is swamping allof the nuclear ux. Not only is this a problem in our KPNO data, where the pixelssubtend 0:6800 on a side, but also in HST WFPC2 data, where the pixels subtendonly 0:04500 on a side { or just 3.3 km at the comet during closest approach (Weaveret al. 1996).Shown in Fig. 6.4 is an example of the coma-�tting technique applied to oneof our KPNO images. The �gure is taken from Lisse et al. 1999b and is theirFig. 1. There is clearly a point-source residual, but it is far too bright to be justreected light from the nucleus, unless, as we mention in the paper, the nucleushas an absurd geometric albedo of about 0.5. It only takes a small amount of darkabsorbing material mixed with the ice to reduce the albedo below this value.
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Figure 6.4: Coma-�tting method applied to optical image of Hyakutake. Here Ishow the results of this image processing technique for Hyakutake. The upper leftpanel is the original image, the upper right panel is the model, the lower left panel isthe di�erence, and the lower right panel compares the pro�les of the residual and thePSF. The residual is point-like but far too bright to be just scattered light from thenucleus. Apparently there was a halo of sublimating icy grains around the nucleuscontributing to the optical ux, and the grains were too close to be accounted forin our image processing technique.
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6.3.2 Rotation PeriodOne physical property that we had more success on is the rotation period. Twodi�erent methods were used, both the photometric and the morphological methodsdescribed in Chapter 3.Figure 6.5 shows a sequence of narrowband continuum images of the comet overa period of several hours. The overall trend of the coma's brightness { a reciprocaldependence on the cometocentric distance (\1=�) { has been removed to bring outsome of the detail in the coma. Thus it is easier to see when a feature in thecoma returns to the same azimuth after one rotation period. The period can beclearly measured as approximately 6 hours, with the caveats mentioned regardingthis method in Chapter 3.A tighter constraint on the period is derived from the photometric data. Figure6.6 shows the photometry of the comet (nucleus and coma) over 3 nights. The toppanel is the absolute ux, the bottom panel has the linear trend removed from thedata and an arbitrary sine wave plotted through the points. The data have beenscaled in the lower panel to simplify the plotting of this sine wave. The asterisks givethe 6840�Aux and the crosses give the 4845�Aux. The circular aperture used for thisphotometry was 1000 km wide at the comet. The period is quite easily distinguishedas 6:3� 0:03 hr just by varying the frequency of the sine wave. While this analysiscannot rule out a 12.6-hr period, which would yield a classic double-peaked curve,the coincidence of this period with the morphological evidence in Fig. 6.5 indicatesthat 6.3 hr and not 12.6 hr is the more tenable choice. The morphological changesand the periodicity are consistent with that found for Hyakutake by Schleicher etal. (1998c).6.4 Summary of Hyakutake ResultsThe thermal microwave data places a constraint on the nucleus' e�ective radiusof about 3 km. This is consistent with the radar results (Harmon et al. 1997) andthe mid-IR imaging results (Lisse et al. 1999b). Unfortunately, the comet was tooactive to let us use the coma-�tting method on the optical data to derive the nucleus'optical cross section; this problem even existed for the extreme high resolution HSTimages (Weaver et al. 1996). Our only constraint is the geometric albedo of thenucleus is less than 50%.The rotation period, however, was extractable from the optical data, and com-bining the photometric and morphological methods, I �nd a period of 6:3� 0:03 hr.The variation in ux within a 1000-km wide aperture was very drastic and mostlydue to coma features sweeping in and out of view, not the variation of the nucleus'cross section. The advantage to this is that the period determination became fairlyeasy. The quoted rotation period has also been widely discovered independently(e.g., Schleicher et al. 1998c). The rotation period is toward the low end of knownperiods, implying that the comet does not have much tensile strength (Lisse et al.1999b).
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Figure 6.5: Rotation sequence of comet Hyakutake. This is a sequence of pro-cessed optical images of the comet showing the jets sweeping in and out of view overthe course of a rotation period. From this it is possible to constrain the rotationperiod to about 6 hours. The last 2 panels (right side of bottom row) show anoriginal, unprocessed image and the pro�le of the comet's photocenter, respectively.In the other thirteen panels, the general 1=� trend of the coma has been removedto help bring out the jet features.
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Figure 6.6: Photometry light curve of comet Hyakutake's photocenter. The toppanel shows the absolutely calibrated light curve of the comet at two optical wave-lengths, over the course of several days. Data from two continuum narrowband�lters (4845 �A and 6840 �A) were used. In the bottom panel, a linear trend has beenremoved, so we can place a sinusoid on top of the light curve to derive a period ofabout 6.3 hr �0:05 hr.
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Chapter 7
The Nucleus of Comet Tempel-Tuttle
7.1 Background
Comet 55P/Tempel-Tuttle currently is the third-longest known periodic comet.Chinese records indicate it was observed in October 1366; only P/Swift-Tuttle andP/Halley have been observed longer than that. The more tactile claim to fame,however, is the comet's parentage of the Leonid meteor stream. The Novembermeteor shower associated with it becomes a veritable storm for a few lucky locationson Earth roughly every 33 years, that is, around the time of perihelion of this 33-year period comet. In addition to all the other reasons for studying nuclei, modelsof the meteor stream grain population depend on the parameters of the nucleus andthe dust production rate.I have described much of this work elsewhere (Fern�andez et al. 1999a) and willreproduce some of the text here.
7.2 Thermal Measurements
We observed this comet on 21 Jan 1998 at NASA/IRTF with the MIRLINmid-IR imager, and on 22 to 24 Jan 1998 with a CCD on the UH 2.2-m telescopeon Mauna Kea. The comet's heliocentric distance (r) was 1.15 to 1.13 AU, thegeocentric distance (�) was 0.39 to 0.43 AU, and the phase angle was between55:0� and 59:3�.Our mid-IR dataset is shown in Fig. 7.1 (in logarithmic intensity scale); eachframe shows a separate �lter, and the �lter's wavelength and bandpass of the arewritten in white (in �m). There are two images of the comet (and two negatives)in each frame because our chop and nod throws were smaller than the �eld ofview of the instrument. An M band (4.7 �m) observation is not shown since onlyupper limits could be had from that wavelength. There is some coma visible in theimages, and we performed the coma-�tting method to extract the nucleus. At eachwavelength, about 50 to 60% of the ux is due to coma. We performed photometryon the residuals and the result is shown as a broad-band spectrum in Fig. 7.2. TheS=N is low but we �nd a consistent ux of about 1 Jy in the 10-micron range. Thisis one of the few mid-IR broadband spectra of a cometary nucleus in existence (cf.e.g. Hanner et al. 1985).
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Figure 7.1: Mid-infrared images of comet Tempel-Tuttle. The two positive and twonegative comets in each image are caused by the chop and nod throws being smallerthan the �eld of view of the detector. The wavelength and bandpass are written ineach frame.
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The current best estimate of the rotation period is about 15 hr (Jorda et al.,reported by Green 1998). For a lunar-like thermal inertia, the nucleus of Tempel-Tuttle is reasonably modeled with the STM, and plotted on the spectrum in Fig.7.2 are model spectra based on the STM. The usual plausible input parameters{ mentioned in previous chapters { yield an e�ective radius of 1.75 � 0.4 km, asubsolar temperature (TSS) of 380 to 410 K, and a brightness temperature (TB) ofabout 280 to 350 K.
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Figure 7.2: Mid-infrared spectrophotometry of comet Tempel-Tuttle's nucleus. Themodel spectra drawn through the data are based on the STM and varying all of theSTM's parameters indicate that the e�ective nuclear radius is 1:75 � 0:4 km. Theplotted example models assume a beaming parameter of 0:8, an emissivity of 0:9,an infrared phase coe�cient ranging between 0.005 and 0.015 mag/degree, and ane�ective radius ranging between 1:35 and 2:15 km. \U.L." indicates the 3-� upperlimit to the ux at that wavelength.
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7.3 Optical MeasurementsA typical R-band optical image and its analysis products are shown in Fig. 7.3(in logarithmic intensity scale). The left panel is an original (reduced) image, themiddle panel is the model of the coma from the coma-�tting method, and the rightpanel is the residual from the subtraction of the two. Clearly good removal of thecoma was apparently achieved, as can be seen from a comparison of the PSF, theresidual's pro�le, and the original comet pro�le (plot in Fig. 7.3). The residualis a point-source, and we ascribe its ux as reected light from the nucleus. Thephotometry of the residual has magnitude RC = 16:8 � 0:2. This magnitude doesnot have rotational context but the uncertainty from removing the coma amelioratesthis somewhat. An independent analysis of this optical dataset has not revealedany clear rotational signature in the comet's photocenter (J. M. Bauer, privatecommunication), so the nucleus may happen to be not very elongated.We now characterize the optical phase e�ect, �, of the nucleus by combining ourdata with the magnitudes reported by Lamy (1998) and Hainaut et al. (1998) inFig. 7.4. The asterisk is from this work, the triangle is from Lamy, the rhombusesare photometric points from Hainaut et al., and the crosses are possibly photometricpoints from Hainaut et al. A straight line gives a satisfactory �t with � = 0:041mag/deg, a not atypical value for nuclei (Jewitt and Meech 1988). We have also �tthe data according to the pan-asteroidal phase law of Lumme and Bowell (1981),as we did in Chapter 5 with comet Encke. Though the two models yield equallygood �ts, we prefer the latter since it has a physical basis. The parameter Q,which attempts to account for multiple scattering of light on the surface, is around�0:037, implying that here, just as with comet Encke, the surface of the cometarynucleus is rougher than for the typical asteroid. The zero-phase absolute magnitudeis 15.6�0.2; note the 0.4-mag di�erence in absolute magnitudes between the twomodels.Using this phase-law and the absolute magnitude, our derived radius implies thatthe geometric albedo p is 0:06� 0:025, higher than the canonical value but not outof the range. (Assuming the �-formalism for � would have yielded p = 0:04� 0:01.)7.4 Summary of Tempel-Tuttle ResultsOur observations of Tempel-Tuttle resulted in several unique data products.First we have one of the few mid-IR spectra of a cometary nucleus in existence.This allowed us to derive the radius (1:75 � 0:4 km) based on the STM, althoughthe low S=N does not allow us to derive beaming parameters (Harris et al. 1998).Second we have constrained the optical phase law, although the rotational con-text of all the optical data is unknown. With that caveat, the phase law is equivalentto a linear coe�cient of 0.04 mag/degree, or, in the Lumme and Bowell (1981) for-malism, Q = �0:04, implying a surface rougher than the typical asteroid. Thealbedo of the nucleus based on our determination of the absolute magnitude is6� 2:5%.
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Figure 7.3: Coma-�tting method applied to optical image of Tempel-Tuttle. Onthe left is an R band image of comet Tempel-Tuttle, in the middle is a model of thecoma from the coma-�tting method, and on the right is the di�erence between thetwo. The plot compares the residual's pro�le with the PSF and the original cometpro�le; it is clear that we have found a point source nucleus after subtracting thecoma.
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Figure 7.4: Optical phase behavior of comet Tempel-Tuttle's nucleus. The datainclude the measurement in this Chapter and other magnitudes culled from theliterature. The straight line �ts well, but since a physically-based phase law (Lummeand Bowell 1981) does also, we use the latter to derive the absolute magnitude.
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Chapter 8
The Nuclei of Comets Wild 2 and Utsunomiya
8.1 BackgroundThese are the two comets for which I have the least amount of data, so I willdiscuss both in one chapter. Much of the text I have already presented elsewhere(Fern�andez et al. 1999a).81P/Wild 2 is the target of the Stardust mission, which is currently en route. Ifsuccessful, the spacecraft will collect grains from the comet's dust coma by trappingthem with an aerogel, and return them to Earth. An interesting factoid about thecomet itself is that it was perturbed into its present orbit only in 1974, when itpassed less than 12 Jovian-radii { within Ganymede's orbit { from the gas giant'scloud tops. Before that, the comet lived almost totally in the outer planetary region,with a perihelion slightly within Jupiter's orbit and aphelion around Uranus' orbitand beyond. Thus, among the short-period population, this is likely one of the leastprocessed objects, having spent so little time within 5 AU of the Sun.Comet Utsunomiya 1997 T1 was discovered at 11th magnitude by an amateur.This comet is old in the Oort sense, having an original semimajor axis of 862 AU(Marsden and Williams 1999). It is one of many run-of-the-mill long period cometsthat we must eventually sample in great numbers.8.2 UtsunomiyaOn 23.9 Nov 1997 we imaged Utsunomiya at NASA/IRTF with the MIRACinfrared camera. At the time, r = 1:38 AU, � = 1:65 AU, and � = 36:6�.The comet had a ux of 0:6�0:1 Jy at 10.6 �m and is shown in Fig. 8.1a as themedian of 13 images. It was slightly extended, apparently not a point-source. InFig. 8.2 I show a model coma which, when subtracted from the image, leaves hardlyany point-source remaining: about 10% of the ux. However this does not mean thedust coma dominated the signal, since the centroiding and adding of the 13 imagestogether was tricky due to the low S=N per pixel. It is entirely possible that the\dust coma" is spurious because of incorrect registering of the image centroids.Strictly speaking, we can only calculate an upper limit to the e�ective radius.Assuming all of the ux is nuclear, I assign the usual ranges for the parameters ofthe STM and �nd an e�ective radius RN = 5:8� 2:0 km, TSS = 350 to 370 K, andTB = 275 to 315 K. To our knowledge this is the only infrared data on this comet and
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Figure 8.1: Mid-infrared images of comets Utsunomiya and Wild 2. On the left (a)is an image of comet Utsunomiya at a wavelength of 10.6 �m, and on the right (b)is comet P/Wild 2 at 11.7 �m. The comets are extended sources but it is unclearwhether this is due to real dust comae or just a consequence of the tricky registeringof multiple images of a faint comet.
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the only estimate of its nuclear size. Unfortunately we have access to neither nuclearmagnitudes of this comet nor deep images, so we cannot yet estimate p. Also, therotation period is unknown, so there is no rotational context for this measurement.If the nucleus were a rapid rotator and if the rotation axis were perpendicular tothe Sun-comet-Earth plane at the time of observation, the e�ective radius would behigher, about 9� 2 km.8.3 P/Wild 2On 29.3 Jan 1997 we imaged Wild 2 at NASA/IRTF with the MIRAC infraredcamera. A the time, r = 1:85 AU, � = 0:87 AU, and � = 5:9�.The comet had a ux of 0:5�0:1 Jy at 11.7 �m and is shown in Fig. 8.1b as themedian of 53 images. It too was slightly extended, apparently not a point-source,however the S=N per pixel was even lower than for Utsunomiya. In Fig. 8.3 I show amodel coma which, when subtracted from the image, leaves hardly any point-sourceremaining: less than 10% of the ux. I am less con�dent of the reality of the \dustcoma" for this comet than for Utsunomiya.Hence again we can only calculate an upper limit to the e�ective radius. Assum-ing all of the ux is nuclear, and again assuming the usual range of parameters forthe STM, I �nd RN = 3:0� 0:6 km, TSS = 300 to 320 K, and TB = 265 to 285 K.We were unable to acquire any rotational information, so we cannot tell how muchvariation there is in the cross section. However Meech and Newburn (1999) reportthat time series of optical ux while the comet was at high heliocentric distances donot show much rotational signature at all; i.e., there is a good chance that the cometis close to spherical. So the lack of rotational context for our mid-IR measurementmay not be a problem.Meech and Newburn (1999) have also derived the nucleus' optical cross section:pR2N = 0:165 � 0:014 km2. With our derived value of RN, we calculate p to be0:018 � 0:005 (formal error), lower than the canonical value. An overestimationof the nuclear IR ux due to coma contamination might explain the low albedo.However there are comets with comparably low values (see Chapter 9).If the nucleus were a rapid rotator, it would have to be close to spherical and theradius based on my mid-IR data would be about 6:5� 1 km. Moreover the albedowould then be even lower than quoted above.8.4 Summary of This ChapterComets Utsunomiya and P/Wild 2 were briey imaged in the mid-IR from theInfared Telescope Facility in Hawaii. The former comet has a maximum e�ectiveradius of 5:8 � 2:0 km if the STM is valid, or about 10 km if it is instead a rapidrotator. No companion optical data are available, and the rotation state is unknown.The latter comet is the target of a spacecraft and thus is a more popular objectfor study. Our mid-IR data imply a radius of 3:0 � 0:6 km if the STM is valid.Optical data (Meech and Newburn 1999) imply that the nucleus is either sphericalor has a very long (on order of days) rotation period. The albedo is apparentlyvery low, about 2%, but it is possible that there is some coma contamination in thethermal data.
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Figure 8.2: Coma-�tting method applied to comet Utsunomiya. Here I show theresults of the coma-�tting method after application to comet Utsunomiya's mid-IRimage. Virtually all of the ux can be modeled as comatic, since there is very littleux left in the di�erence image, but since the individual images of the comet weredi�cult to centroid properly, this may be just an error in pixel registering.
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Figure 8.3: Coma-�tting method applied to comet P/Wild 2. Here I show the resultsof the coma-�tting method after application to the mid-IR image of comet P/Wild2. Virtually all of the ux can be modeled as comatic, since there is very littleux left in the di�erence image, but since the individual images of the comet weredi�cult to centroid properly, this may be just an error in pixel registering.
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Chapter 9
Conclusions and The Future
In this chapter I will specify some conclusions that can be drawn by combin-ing the results presented in this thesis with earlier studies of cometary nuclei. Ofcourse my work has not made the sample of nuclei complete, and a few dozen moreobjects with well-determined physical properties would be helpful before any anal-ysis becomes statistically defensible. However it is interesting to collate the currentinformation and see what trends may be appearing, and what observational biasesare dominating the study of comets.9.1 Comets and Their Disguised RelationsFigure 9.1 shows a plot of the e�ective diameters and geometric albedos forseveral cometary nuclei, including the ones I have discussed in this thesis. Alsoplotted are nuclei studied by others, and several NEAs and Centaurs. The data arelisted in Table 9.1, with the information from this thesis having an arrow in the\Ref." column. Not all data in Table 9.1 are plotted on Fig. 9.1. Here are somecaveats about this table:� Most of the entries are from reports of a nuclear size measurement made usingthermal infrared techniques. In a few cases, radar or optical observations that havespatially-resolved images of the object were used. Observations in those wavelengthregimes that just have cross section-integrated photometry were not used.� The vast majority of the radii and albedos were derived using the StandardThermal Model. A few used the Rapid Rotator Model, and one was even derivedfrom the Isothermal Model. I have not made an attempt to reanalyze these data,I simply have quoted the values and errors that the authors themselves state, eventhough there are very clearly cases where the error bars are underestimated. Consid-ering the uncertainties in some of the parameters that go into the thermal models(such as the beaming factor and the phase behavior; Chapter 3), the systematicerror of the absolute ux calibration (about 5%, Tokunaga 1984, Rieke et al. 1985),and the experience of the several comets presented in this thesis, it seems that someof the diameters' error bars could be closer to 20%, and the albedos' error bars clos-er to 40%. This is especially true where the thermal data is of low S=N , and thisdoes not even include any systematic error with using an idealized model. Excep-tions to this include but are not limited to: Comet Halley and Asteroid (433) Eros,which have been optically imaged with sub-km spatial resolution; Asteroid (4179)Toutatis, which has been the subject of multiple extensive radar experiments; andComet IRAS-Araki-Alcock, which passed so close to Earth and resulted in a mul-tiwavelength data cache so large that it was probably only a matter of time beforesomeone collated everything into a coherent picture (Sekanina 1988c).
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Figure 9.1:The sizes and albedos of active cometary nuclei, some near-Earth aster-oids, and Centaurs. The \cometary" region is now starting to �ll out, thanks tomany thermal studies done since the mid-1990s.
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� One notices that some cometary diameters have no attendant albedos. Iron-ically it is often the case that reliable optical cross sections do not exist for thecomets that have been observed in the mid-IR. In the future, more coordinationbetween observations in the multiple wavelength regimes is needed. In Chapter 1 Idiscussed some of the problems of nucleus observation that contribute to this lackof optical cross sections.� The \Rotation?" column shows many more entries with \N" than with \Y,"i.e. for most of the listed objects, the rotational context is unknown. This hasnot been reected in the error bars of the diameters and albedos, so the true errorbars are even higher for many objects. For some objects this is not a problembecause the observations took so long that the rotational variation has probablybeen averaged out, and so is incorporated into the error estimate already. Forexample, the multiple mid-IR exposures of Hyakutake cover several hours of time,and hence a large fraction of the rotation period.� Note that the \Cometary Nuclei" in the title is in quotation marks. I haveincluded many asteroids in the table, some fraction of which are extinct comets. Iwill now discuss this point in more detail.The Tisserand parameter, TJ , is a constant of motion in a restricted three-bodyproblem. Considering the Sun, Jupiter, and a small body as the three members ofa system, as long as the body is not having a close encounter with Jupiter at thetime of the observation, the value of TJ is constant. In practice the value uctuatesby a few percent due to perturbations by other planets. The de�nition is (Danby1962, p.189): TJ = aJa + 2 cos ivuut1� e2aJ=a ; (9:1)
where aJ is the semimajor axis of Jupiter, 5:2 AU, a is the object's semimajor axis,e is the object's eccentricity, and i is the object's orbital inclination. Tisserandhimself recognized in the late 19th century that this constant of motion could beused to identify two comets observed far apart in time as the same object, if thecomet had had a close encounter with Jupiter in the interval and thus had its orbitalelements drastically changed.The value of the parameter indicates the strength of the dynamical coupling ofthe object's orbit to Jupiter. Most asteroids have TJ > 3, while the short-periodcomets mostly have TJ < 3; i.e., TJ = 3 is the boundary between the coupling{ almost all short-period comets are dynamically coupled to Jupiter, while mostasteroids are not. An indication of this can be seen in the qap column in Table 9.1;for objects with 2 < TJ < 3, the aphelion is close to Jupiter.Of course the TJ = 3 border is not perfect. There are asteroids that have TJ < 3{ these are usually NEAs with a su�ciently large aphelion distance { and there arecomets that have TJ > 3 { the so-called \Encke" Family (Levison 1996), which sofar only has two known members, both of which are in Table 9.1. These are cometsin more classic NEA orbits, i.e. the aphelion distance is never high enough to bringthem close to Jupiter.The explanation for the asteroids in cometary orbits follows from the supposedtypical life cycle of a short-period Jupiter Family comet. After being perturbed
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out of the Kuiper Belt and into the outer planetary region, the nucleus is at themercy of the gas giants. Approximately thirty percent of these comets that leavethe Kuiper Belt become part of the Jupiter Family (Levison and Duncan 1997); therest are either ejected or sent farther out in the Solar System. Centaurs are thoughtto be Kuiper Belt objects currently in transition, since their dynamical lifetimes isroughly only 106 year (Dones et al. 1996).Once an object is in the Jupiter Family, its dynamical lifetime there is about105 years (Wetherill 1991), afterwhich the comet collides with a planet or the Sun,or is sent into a classic NEA orbit, decoupled from Jupiter. Of course during those105 years the comet is outgassing, since it passes close enough to the Sun, but thestore of volatile material in the comet will only last about 104 years { either thecomet will disintegrate by then or the mantled surface will be too thick, chokingo� the available ice (Levison and Duncan 1997). Hence on average a comet willbecome dormant while still coupled to Jupiter. Observationally, one would discoveran asteroid in a comet-like orbit (TJ < 3), a few of which are noted in Table 9.1.However it is possible that a comet will be quickly sent into an NEA orbit anddecoupled from Jupiter before all available ice is gone, and we will see active cometsin NEA (TJ > 3) orbits, which we do see most famously as comet Encke. Theexistence of this comet and comet Wilson-Harrington guarantee that, despite thefact that the Main Belt can potentially provide a large fraction of the kilometer-size and larger NEAs (Rabinowitz 1997), some fraction of the NEAs must be deadcometary nuclei. The trick, which we have not yet solved, is to �nd some diagnosticthat indicates which of the NEAs are cometary and which are asteroidal (McFadden1994). Future studies of NEAs and nuclei may shed light on this problem.In Table 9.1 I have made an arbitrary separation at TJ = 3:2 to mark whichasteroids might dynamically have a higher probability of being dead comets. How-ever, there are two intriguing asteroids that have high TJ and yet could very wellbe cometary. Asteroid (3200) Phaethon is the parent to the Geminid meteor stream(Whipple 1983), which is strong evidence for a cometary origin, despite the fact thatits aphelion distance is almost 2 full AU smaller than the next smallest cometaryone (Encke). Asteroid (2201) Oljato was observed to have a transient blue excessby McFadden et al. (1993), which they argued was caused by a cometary outburst.One problem with Oljato is its high albedo, much higher than all of the known com-etary nuclei. Nevertheless, I have separated these objects from the other high TJcrowd to emphasize that these objects have additional extenuating circumstances.Immediately one notices that there are some very black asteroids in both thelow-TJ and high-TJ sections. In my opinion these objects are the prime candidatesfor being extinct nuclei and further study is needed to �nd out if there is anydistinguishing characteristic observable from Earth that separates them from theother, Main Belt-derived NEAs.Furthermore, there are many asteroids, such as (944) Hidalgo, (5335) Damocles,and 1984 BC that have low TJ { 2:07, 1:15, and 2:78 respectively { but that simplyhave not yet had their thermal ux measured. Presumably, when that happens,they will take their place alongside the other low-albedo objects.
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Table 9.1: Sizes and Albedos of \CometaryNuclei"Object Diameter Albedo TJ qap Rotation? Ref. In Fig.(km) (%) (AU)a b c 9.4?Halley Family Comets1P/Halley 10 � 1 4 � 1 -0.61 35.3 NA 2 Y55P/Tempel-Tuttle 3:5 � 0:8 6 � 1:5 -0.64 19.7 N 1 Y\ 3:3 � 0:3 4:5 � 1 -0.64 19.7 N 3 N109P/Swift-Tuttle 15 � 3 d -0.28 51.7 N 35 N126P/IRAS < 2:86 � 0:16 d 1.96 9.5 N 3 N\Encke" Family Comets2P/Encke 4:8 � 0:6 4:6 � 2:3 3.03 4.1 Y 1 Y107P/(4015) Wilson-Harrington 4:0 � 0:5 5 � 1 3.08 4.3 N 4 YJupiter Family Comets6P/d'Arrest � 3:5 d 2.71 5.6 N 34 N10P/Tempel 2 11:8+0:5�1:4 2:2+0:4�0:6 2.96 4.7 Y 5 Y21P/Giacobini-Zinner � 2 � 5 2.47 6.0 N 31 Y
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Table 9.1 { cont'dObject Diameter Albedo TJ qap Rotation? Ref. In Fig.(km) (%) (AU)a b c 9.4?Jupiter Family Comets (cont'd)22P/Kop� 3:04 � 0:4 5� 1 2.87 5.3 N 3 Y24P/Schaumasse < 6:6 d 2.51 6.9 N 36 N28P/Neujmin 1 20 � 1 2:5� 0:8 2.16 12.3 Y 6 Y29P/Schwassmann-Wachmann 1 40 � 4 13� 4 2.99 6.3 N 7 Y49P/Arend-Rigaux 10:2 � 0:5 2:8� 0:5 2.71 5.7 Y 8 Y81P/Wild 2 < 6:0 � 1:2 > 1:8� 0:4 2.88 5.3 N 1 Y103P/Hartley 2 < 1:16 � 0:24 d 2.64 5.85 N 3 NOort-sense Old Long-Period CometsC/1983 H1 IRAS-Araki-Alcock 9:2 � 1 2� 1 e e Y 32 YC/1983 J1 Sugano-Saigusa-Fujikawa �< 0:74 �> 3 e e N 33 NC/1995 O1 Hale-Bopp 50 � 10 4:5� 3 e e N 1 YC/1996 B2 Hyakutake 4 � 1:3 < 50 e e N 29,30,9 Y
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Table 9.1 { cont'dObject Diameter Albedo TJ qap Rotation? Ref. In Fig.(km) (%) (AU)a b c 9.4?Oort-sense Old Long-Period Comets (cont'd)C/1997 T1 Utsunomiya < 11:6 � 4:0 d e e N 1 NC/1998 U5 LINEAR � 2 d e e N 31 NOort-sense New Long-Period CometsNoneCentaurs95P/(2060) Chiron 176 � 10: 14+6�3 3.36 18.95 N 10 N(5145) Pholus 189 � 26: 4:4 � 1:3 3.20 31.8 N 11 N(10199) 1997 CU26 302 � 30: 4:5 � 1:0 3.48 18.4 N 12 NNEAs with Low TJ(1036) Ganymed 37:3 � 3:2 21:5 � 5 3.03 4.1 N 13 N(1580) Betulia 7:5� 0:3 3:4 � 0:4 3.07 3.3 N 14 Y(1915) Quetzalcoatl 0:33 � 0:2 34 � 4 3.12 4.0 N 13 N
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Table 9.1 { cont'dObject Diameter Albedo TJ qap Rotation? Ref. In Fig.(km) (%) (AU)a b c 9.4?NEAs with Low TJ (cont'd)(2608) Seneca 0:9 � 0:1 16 � 3 3.17 3.95 N 15 Y(3360) 1981 VA 1:80 � 0:21 16 � 2:5 2.97 4.3 N 13 Y(4179) Toutatis 2:8 � 0:1 17:5 � 1:5 3.15 4.1 Y 16f Y(4197) 1982 TA 1:64 � 0:06 40 � 2: 3.09 4.1 N 13 N(3552) Don Quixote 18:39 � 0:85 4:5� 0:3 2.31 7.3 N 13 Y(6063) Jason 1:4 � 0:1 16 � 2 3.19 3.9 N 17 Y(6178) 1986 DA 2:3 � 0:1 14 � 2 3.04 4.5 N 18 Y(6489) Golevka 0:30 � 0:01 61 � 3 3.18 4.0 Y 19 N1983 VA 2:7 � 0:1 7� 1 2.97 4.4 N 20 YNEAs with High TJ but Extenuating Circumstances(2201) Oljato 1:20 � 0:05 55 � 2 3.30 3.7 N 13 N(3200) Phaethon 4:7 � 0:5 14 � 3 4.51 2.4 N 21,22 Y
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Table 9.1 { cont'dObject Diameter Albedo TJ qap Rotation? Ref. In Fig.(km) (%) (AU)a b c 9.4?NEAs with High TJ(433) Eros 18� 1 19 � 3 4.58 1.8 NA 28f N(887) Alinda 4:13 � 0:41 27 � 5:5 3.22 3.9 N 13 N(1566) Icarus 0:88 � 0:04 45 � 3:5 5.30 2.0 N 13 N(1620) Geographos 1:95 � 0:12 21 � 3 5.07 1.7 N 13 N(1627) Ivar 7:97 � 0:33 16:5 � 2:5 3.88 2.6 N 13 N(1685) Toro 3:20 � 0:25 31 � 8 4.72 2.0 N 13 N(1862) Apollo 1:35 � 0:1 21 � 2 4.41 2.3 N 27 N(1863) Antinous 1:8�? 18�? 3.30 3.6 N 18g N(1865) Cerberus 0:93 � 0:11 24� 13 5.59 1.6 N 13 N(1866) Sisyphus 8:03 � 0:4 24:5 � 2 3.51 2.9 N 13 N(1943) Anteros 1:68 � 0:14 31 � 3 4.64 1.8 N 13 N(1980) Tezcatlipoca 4:20 � 0:27 29 � 3 4.00 2.3 N 13 N
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Table 9.1 { cont'dObject Diameter Albedo TJ qap Rotation? Ref. In Fig.(km) (%) (AU)a b c 9.4?NEAs with High TJ (cont'd)(2062) Aten 0:9� 0:2 19 � 5 6.18 1.1 N 25,26 N(2100) Ra-Shalom 2:48 � 0:35 13 � 4 6.94 1.2 Nh 23 N\ 2:04 � 0:1 11:5 � 1 6.94 1.2 N 15 Y\ 1:67 � 0:1 21 � 3 6.94 1.2 N 13 N(2368) Beltrovata 2:28 � 0:2 15:5 � 5 3.63 3.0 N 13 N(3103) Eger 1:16 � 0:16 58 � 7:5 4.61 1.9 N 13 N(3199) Nefertiti 1:73 � 0:06 48 � 3 4.19 2.0 N 13 N(3288) Seleucus 1:82 � 0:24 33 � 11 3.67 3.0 N 13 N(3362) Khufu 0:67 � 0:07 24 � 4 6.02 1.45 N 13 N(3551) Verenia 0:77 � 0:03 45 � 2 3.58 3.1 N 13 N(3554) Amun 2:0� 0:1 19 � 2 6.11 1.25 N 18 N(3757) 1982 XB 0:54 � 0:03 22 � 2 3.90 2.65 N 13 N
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Table 9.1 { cont'dObject Diameter Albedo TJ qap Rotation? Ref. In Fig.(km) (%) (AU)a b c 9.4?NEAs with High TJ (cont'd)(4688) 1980 WF 0:6�? 18�? 3.45 3.4 N 18g N(6053) 1993 BW3 3:3 � 0:6 18 � 7 3.44 3.3 Y 24 N(9856) 1991 EE 1:01 � 0:15 30 � 10 3.33 3.65 Ni 23 N1978 CA 1:86 � 0:08 6:5 � 0:6 5.44 1.4 N 15 Ya Object's aphelion distance.b Has the object's rotation been explicitly taken into account in the quoted values'errors? Note that in some cases the integration times or the error bars themselvesmay be so large as to obviate this point. Also, sometimes partial coverage of the rotationalvariation was obtained.
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Table 9.1 { cont'dc References. 1 This Thesis. 2 Keller et al. 1986. 3 Jorda et al. 1999.4 Campins et al. 1995. 5 A'Hearn et al. 1989. 6 Campin s et al. 1987.7 Cruikshank and Brown 1983. 8 Millis et al. 1988. 9 Lisse et al. 1999b.10 Campins et al. 1994. 11 Davies et al. 1993. 12 Jew itt and Kalas 1998.13 Veeder et al. 1989. 14 Lebofsky et al. 1978. 15 Le bofsky et al. 1979.16 Hudson and Ostro 1995. 17 Bell et al. 1988. 18 Tedesco a nd Gradie 1987.19 Mottola et al. 1997. 20 Tedesco 1992. 21 Veeder et al. 1984.22 Green et al. 1985. 23 Harris et al. 1998. 24 Prave c et al. 1997.25 Cruikshank and Jones 1977. 26 Morrison et al. 1976. 27 L ebofsky et al. 1981.28 Murchie et al. 1999. 29 Harmon et al. 1997. 30 Sar mecanic et al. 1997.31 Fern�andez et al. in preparation. 32 Sekanina 1988c. 33 Hanner et al. 1987.34 Campins and Schleicher 1995. 35 Fomenkova et al. 1995. 36 Hanner et al. 1996.
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Table 9.1 { cont'dd Reference only gives radius; no reliable optical cross sectio n measurement yet exists to beable to calculate the albedo.e TJ and qap are not really practical quantities for lo ng-period comets.f Reference only gives radius; albedo calculated using the know n absolute magnitude.g Unpublished, albedo mentioned in this reference without error bars; radius calculatedusing the known absolute magnitude.h Explicitly mentions that these values are for the lightcurve maximum.i Explicitly mentions that these values are for the lightcurve mid-brightness.
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9.2 Comparing Radii and Albedos of \Cometary Nuclei"
We turn our attention to Fig. 9.1, a comparison of the albedos and diameters.The addition of several points to that graph with this thesis and by other workersin the last few years has started to �ll out the \cometary" region on the graph. Inthe �gure I have only used objects from Table 9.1 that have both a known diameterand an albedo, or at least claimed limits. There are two points that I want to makeabout the plot.� Clearly there is some overlap between the NEAs and the cometary nuclei.The nuclei all have a geometric albedo p less than 14%, and several asteroids residein this region as well, including some with high TJ . The overlap can be used toestimate the fraction of NEAs that are cometary nuclei. If we use p = 14% as theboundary, seven of the forty asteroids are on the cometary side: 18%. Since notall of those seven need be dead comets, this could be interpreted as an upper limit.However there is an observational bias to discovering bright, shiny asteroids overdark ones, and hence thermal studies of NEAs will preferentially measure more ofthe high albedo objects, simply because we know more of them. This e�ect meansthat we may be underestimating the fraction of cometary NEAs { there are more(dark, carbonaceous) C- and D-type NEAs out there waiting to be discovered.Of course, if one discovers asteroids through their thermal emission, the biasows the other way, since then a lower albedo object would be easier to see (all elsebeing equal). However currently the vast majority of NEAs are discovered optically.Numerical integrations have been done showing that the NEA population'ssource can be the Main Belt, via three main mechanisms (Greenberg and Nolan1989, Migliorini et al. 1998): the 3:1 resonance with Jupiter, the �6 resonancewith Saturn, and perturbations by Mars. However the existence of active comets inNEA orbits implies a non-negligible fraction of old cometary nuclei are there, andthis ought to be taken into account when attempting to model the NEA taxonomicdistribution. A more complete database of the taxonomic types of NEAs would initself be valuable, if for example there are more C- and D-type NEAs (i.e., those withlow albedo) than one would expect from the Main Belt delivery mechanisms, whichpredominately operate on the inner Main Belt where there are a higher fraction ofS-type objects (Gradie et al. 1989). Recent estimates of the cometary contribu-tion to the NEA population have been low, even approaching zero (e.g. Rabinowitz1997), although others (e.g. Wetherill 1988) have suggested fractions higher thanthe 18% value I give above.� There is no apparent constraint on the size of the nuclei; there are objectsoccupying every size scale from sub-kilometer to hundreds of kilometers. It is worth-while to note that there are several more comets that are not listed in Table 9.1 thatprobably have sizes in the sub-kilometer range, and a few unlisted Kuiper Belt ob-jects are probably larger than the plotted Centaurs. No thermal studies have beendone of these objects, so the albedos are unknown; this is only based on opticalstudies and the range of possible albedos. For example, comet 45P/Honda-Mrkos-Pajdu�sakova has a diameter of less than 1 km even if the albedo is as low as 2%(Lamy et al. 1997). On the other extreme, Kuiper Belt object 1996 TO66 is at least450 km wide, using its absolute magnitude (Marsden 1997) and p � 14%. The only
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asteroids larger than this size are (1) Ceres, (2) Pallas, and (4) Vesta.The KBOs and many of the objects in Fig. 9.1 have a common origin, andthe question of the distribution of these original objects or their collisional frag-ments, will require many more hours at the telescope to build up a statisticallysigni�cant sample. However it is gratifying that we have sampled almost three ordersof magnitude of cometary sizes. There seems to be no doubt as to the existence ofsmall comets, and interpreting that population in a size distribution of nuclei willlikely shed light on the aging and active lifetime of these bodies.9.3 Albedo and Orbital ParametersA'Hearn et al. (1995), after analyzing the molecular abundances and dust pro-duction rates in the comae of about seven dozen comets, found a correlation betweena comet's dust-to-gas mass ratio and its perihelion distance. They concluded thatthis was due to the e�ect of the solar heating cycle on the mantle of the nucleus {the mantle is presumably thicker for smaller perihelia, making it harder for grainsto be entrained in the escaping gas, leading to a lower dust-to-gas ratio. In Fig. 9.2I have plotted the cometary albedos versus perihelion distance, but there does notyet seem to be any clear trend. Thus, while there is some thermal processing of thesurface layers of a comet, this does not appear to inuence the albedo. This mayargue against the existence of near-surface ice on cometary nuclei, since in that caseone might expect the objects with larger perihelia { e.g., the Centaurs { to be morereective. This would corroborate the �ndings from simultaneous IR and optical ob-servations of nuclei that indicate cross section, and not emissivity or albedo, causethe brightness variations (e.g., A'Hearn et al. 1989). The cometary ice appears tobe in a matrix with the rock in a porous subsurface layer. However adding severalmore objects to Fig 9.2 would strengthen (or refute) this conclusion.Figure 9.3 compares the albedo and the Tisserand invariant. The dashed linemarks the nominal traditional separation between asteroids and comets. Thereis no apparent trend with this parameter either, reiterating that the albedos areseemingly not tied to the orbital characteristics of the objects, at least with thesample we currently have. Had the aging of a comet a�ected the albedo, one mighthave expected that a comparison of Halley Family with long-period comets andCentaurs with short-period comets would have shown di�erent clustering. No suchtrend is evident with the current sample.9.4 A Motivator for the FutureIn Fig. 9.4 I have shown a current estimate of the size distribution of cometarynuclei. In this case I have de�ned cometary nuclei very liberally, including many ofthe asteroids that I mentioned in the previous subsection. The 25 objects that wereused to make this graph are noted in Table 9.1; note that I have not included thethree Centaurs. Also plotted are three possible size distribution power laws.The value of the power law exponent in a system of colliding particles that havesome self-gravity has been the target of various numerical models over the years.Davis et al. (1985) �nd that the cumulative power law goes as D�2:5 for objectssmaller than 20 km wide and attens out for larger objects. A cometary distribution
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Figure 9.2:A comparison of the albedos of cometary nuclei and related objects totheir perihelion distance. No trend is apparent, although A'Hearn et al. (1995) �ndthat the Sun thermally processes the mantle and a�ects the size distribution of thedust entrained with the gas. This a�ect does not seem to manifest itself in albedo,however.
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that approaches this would indicate a high frequency of collisions among the comets;conversely, a di�erent size distribution shape would contradict this idea. Clearly thecurrent distribution is nowhere near this power law, being more proportional toD�1,but the sampling is of course not complete and it remains to be seen how this lawwill change in the coming years as more thermal studies are done of comets andNEAs.Connected to this issue are the separate size distributions of the Oort Cloudcomets { today's Halley Family and long period objects { and the Kuiper Belt com-ets { today's current KB residents and the Jupiter Family objects. The collisionhistories of the two sets of objects di�er (Stern 1988, Stern 1995), and presumablyonce a large number of cometary nuclei are sampled the evidence will be there.In an ideal situation, we could sample many long-period comets that are new inthe Oort sense and see what the current distribution of sizes is today in the OortCloud. Information on the rotational state of these bodies would also determine justhow pristine the objects are { are they rotating faster or slower than the currentinner Solar System population? Since splittings and non-gravitational forces act onthe active comets and a�ect the rotation rate, in addition to any repercussions ofthe comet's most recent collision, it would be interesting to see what the relativelypristine OC comets were originally like. One ought to note that there are preciselyzero Oort-sense new long-period comets listed in Table 9.1. This is mainly becausethere are simply fewer \new" Oort Cloud comets discovered compared to \old" ones.The cometary connection with the asteroids needs to be solidi�ed with moreobservational data. There seems to have been a deceleration in the number ofthermal studies of NEAs in the past decade; one hopes that this trend will bereversed since there are about 800 NEAs currently known, with new discoveriesbeing made at an increasing rate due to the fecundity of asteroid search programs.Even optical information, to obtain a complete census of the representation of thetaxonomic classes among the NEAs, would be useful, since that can be correlatedwith the taxonomic gradient in the other source region, the Main Belt.Another, more direct approach is to look for faint gas emission around near-Earth asteroids. Comet Wilson-Harrington is the most successful example of thisphenomenon: the comet was discovered in 1949, then re-discovered in its asteroidalincarnation in 1979, and the two apparitions were linked in 1992 (Bowell and Ski�,reported by Marsden 1992). I discussed the cometary nature of the 1949 data ina separate work (Fern�andez et al. 1997). A deep search for any OH signaturearound several NEAs would provide strong, direct (and modern) evidence for theevolutionary connection between the asteroids and comets.9.5 Future Data RatesThe future of thermal observations of comets is bright. SIRTF will be available ina few years to give us unprecedented sensitivity in the thermal regime. In principle,since the lifetime of the satellite is expected to be three to �ve years, a systematicsurvey of all of the Jupiter Family comets could be done. Furthermore, the sizedistribution of the Kuiper Belt objects could be measured, since the sensitivity will�nally allow us to measure the trickle of blackbody radiation coming from thoseobjects. This is all contingent on the allocation of su�cient observing time.
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Figure 9.3:The Tisserand invariant is compared to the albedos. An aging a�ectmight have manifested itself in albedo di�erences between long-period and Halleyfamily comets, and Jupiter family and Centaurs, but no such trend is yet in evidence.
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It should be clear from this thesis that the advent of large arrays of 10 and20 �m detectors was critical for the success of this work, and that the continuedincrease in size and sensitivity will make it easier to sample more comets from theground in the coming years. Based on our experience, one detailed study of a short-period comet and quick looks at two other comets (short- or long-period) can bedone per mid-IR observing run. An obvious bene�t of having frequent observingruns for scheduled short-period comets is the increased probability of being at atelescope when a newly discovered long-period comet (unknown at the time of thetelescope's proposal deadline) is available. There are approximately 3 short-periodcomets worthy of intense study per year, and if a few fortuitous comets are alsoobservable, then optimistically, we could have some physical information about adozen cometary nuclei every two to three years or so. The observing e�ciencyis even better for NEAs, since there are more of them. By the time the Rosettaspacecraft encounters comet 46P/Wirtanen in 2012, we may start to have a handleon the ensemble properties of the nuclei.
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Figure 9.4:. The current size distribution of cometary nuclei and related objectsthat may be nuclei. This is not to claim that the sample of objects is complete onany size scale. The eventual slope of the real distribution function will give clues tothe collisional history of the cometary population.
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