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ABSTRACT

A simple H,O ice sublimation model is developed for comet P/Halley from observations at
large heliocentric distances 5.1 < R [AU] < 11.0. The rapid brightening of the comet which
began at a distance of R = 5.9 AU is explained by the onset of sustained sublimation from an

O ice nucleus. From the observations at large R the Bond albedo of the nucleus is found to
lie in the range 0.02 < A, < 0.15. The nucleus is found to have a mean radius 2.8 <8_<8
km, with an axis ratio 2.;: 1.

The H,O sublimation model incorporates many parameters pertaining to physical
characteristics of the nucleus and the dust in the coma. Typically, these parameters are poorly
constrained. In order to develop an understanding of cometary physical characteristics in
general, and to better constrain the H,O sublimation model for P/Halley in particular,
observations at near infrared and visible wavelengths are presented for = 30 additional
comets. The albedo of the dust grains of P/Halley is found to be p, =0.06 £0.01 at A = 1.25
um. The phase dependence of the scattering from the dust from this comet is consistent with a
small linear phase coefficient of 8= 0.02 £ 0.01 mag deg™! (for 1.3 < & (deg) < 8.6), with no
apparent opposition surge. The phase function of the dust is similar to that found for 3 other
comets; all of the comet phase functions lack the opposition surge seen for asteroids. The
cometary dust phase function is shown to be steeper than that of the Zodiacal dust. The
scattered light from the dust grains in the comae of n > 10 comets (including P/Halley)
indicates that the color of the dust changes from reddened with respect to the solar continuum
to neutral to blue as the wavelength changes from A = 0.5 um to A > 2 um. The trend is

indicative of scattering from micron-sized and larger grains. The surface brightness profiles
of n = 10 comets show the effects of radiation pressure on the dust comae. The grain
velocities in the comae are found to be lower than the typically assumed empirical relationship
of Bobrovnikoff. The rotation periods for 5 comet nuclei are investigated. Observations of
P/Halley at R > 5 AU only provide a lower limit to the period, T > 18 hr. The rotation
periods of P/Arend-Rigaux, P/Neujmin 1 and P/Encke are found to be 13.54+0.05,
12.6740.06 and 22.4740.07 hr respectively. The period of comet P/Tempel 2 may be either
T=8.93 or T=7.48 hr.

The H,0 ice sublimation model is re-examined given these measurements of specific coma
and nucleus properties. The model is able to match the general photometric behavior of
P/Halley from recovery (R = 11.0 AU) through perihelion (R = 0.59 AU). The model is
found to be a powerful tool for learning about basic physical properties of the nucleus, but is
inadequate for studying detailed properties of the lightcurve.

Observations are presented for the dynamically new comet Bowell at the record distance R =
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13.56 AU. Remarkably, the comet is found to possess a substantial coma at this distance.
The coma cannot be produced by H,O sublimation. A simple sublimation model similar to that
applied to P/Halley suggests that the activity in comet Bowell is due to sublimation of CO, (or
an ice with a similar latent heat of sublimation). Comparison of the sublimation modcls for
comets P/Halley and Bowell show that the Bowell lightcurve is less steep; it does not show
the sharp increase in activity caused by the onset of H,O sublimation at R = 6 AU.
Observations of another dynamically new comet, Cernis, at R2 11.25 AU are presented. The
behavior of the comet as a function of R is very similar to that of comet Bowell. The work
presented in this thesis shows that comet observations at very large distances, R > 10 AU, are
possible, and that they provide very interesting information concerning compositional
differences between the thermally evolved periodic comets and the little altered dynamically
new comets.

Thesis Supervisor: Dr. David C. Jewitt

Title: Assistant Professor of Planetary Science
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Chapter 1 - Introduction

1.1 Development of the Study of Comets

Fundamental scientific interest in comets stems from the belief that comets probably
formed at the same time as the Solar System from the accretion of grains composed of
interstellar dust and ices. Comets reside in a vast cloud orbiting the Sun at distances of about
50,000 AU, and are occasionally perturbed by passing stars into the inner Solar System
where they may be gravitationally captured into lower energy orbits. The existence of this
cloud was deduced in 1950 by J. Oort from the frequency distribution of the reciprocal
semimajor axes of 19 comets with well known orbits (Oort, 1950; Oort and Schmidt, 1951).
Because of their large aphelion distances, comets first coming in from the Oort cloud have
probably never been heated much above their condensation temperatures. These objects may
represent the most primitive relics of Solar System formation - and as such, may provide the
most valuable means of learning about conditions in the early proto-solar nebula. Therefore,
by investigating the nature of comets one hopes to understand some of the processes involved
in the formation of the Solar System.

The current understanding of comets is quite limited. Until recently, most physical
observations were only of a qualitative nature. In fact, it was not until the 19th century that
significant progress was made in trying to explain the physical nature of comets.
Observations were restricted to positional determinations and descriptions of appearance and
brightness. Our present understanding of the cometary nucleus, the solid body which gives
rise to all of the observed "cometary"” phenomena, was formulated in 1950 by Whipple who
argued that the nucleus, of dimensions of the order a few km, is a conglomerate of ices such
as H,0, NH;, CH4 and CO, and meteoritic materials (dust) (Whipple 1950, 1951).

According to Whipple, a fraction of the solar radiation incident on the nucleus provides the
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energy for the sublimation of the ices which drag dust grains into the coma. Whipple
developed this model in order to explain the non-gravitational behavior exhibited by several
comets (deceleration/acceleration in the mean motions resulting in a change in the expected
perihelion passage date), in particular, for comet P/Encke. For a rotating nucleus with low
thermal conductivity there will be a time lag between the passage under the sub-solar point and
the penetration of the thermal wave into the surface of the nucleus. If this time lag is an
appreciable fraction of the nucleus rotation period, the resultant sublimating gases will exert a
non-radial force on the nucleus. This force will decelerate or accelerate the comet in its orbit
depending on whether the rotation is prograde or retrograde with respect to the orbital motion.

An alternate theory (the sandbank model) was proposed by Lyttleton (1953), which
maintained that comets consist of large swarms of dust-sized particles separated by =10° times
the particle dimensions. Lyttleton (1972, 1975) maintained that because a discrete nucleus
had never been observed the icy conglomerate theory was an unnecessary hypothesis. Since
the development of this theory in the early 1950's, much of the scientific investigation has
focussed its attention on ascertaining the validity of the Whipple theory. Prior to the
spacecraft encounters with comets P/Halley and P/Giacobini-Zinner, there existed several
lines of evidence which suggested that Whipple's model is a good description of cometary

nuclei.

1.1.1 Evidence for a Solid Nucleus

Whipple (1961) gave several strong arguments which suggest that Lyttleton's sandbank
model for the cometary nucleus is incorrect, and that solid cometary nuclei do exist. Lyttleton
maintained that the secular decrease in the motion of P/Encke could be due to
Poynting-Robertson drag on the particles. Whipple pointed out, however, that no mechanism

such as Poynting-Robertson drag or a resisting medium could account for both the observed
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accelerations and decelerations of comets. Additionally, there have been many observations
of jets of material from cometary nuclei (see Bobrovnikoff 1931; Larson & Sekanina, 1985;
Sekanina & Larson, 1986); it is difficult to imagine how such jets might be produced from
small dust grains in a cometary swarm.

There have been many observations of sun-grazing comets, some of which have
survived with perihelion distances of g = 0.005 AU (Wyckoff, 1982). A perihelion distance
of 0.005 AU (= 7.5 x 108 m) is well inside the Roche limit of the sun (= 4 x 109 m = 6R o
for a zero tensile-strength body (assuming a comet density of p = 100 kg m3); survival of
sungrazing comets therefore implies a solid nucleus with a finite tensile strength. Whipple
(1963) estimated the tensile strength against tidal disruption for comets with radii 1 <r, <10
km at A = 0.005 AU to be GMpr, 2R3 giving 103-105 N m'2 as a lower limit. This is
roughly 100 times weaker than solid ice. Lyttleton (1953) admitted that a swarm of particles
would be completely vaporized by such a close passage to the sun, but maintained that
recondensation would occur after the perihelion passage. Whipple (1961) pointed out that in
this scenario fewer than 1% of the original cometary material would be available for
condensation because of the spreading of the gas along the orbit during the disruption and the
effects of radiation pressure on small particles while they are recondensing. A particularly
spectacular example of a comet breaking up near perihelion was comet West (1976 VI). The
breakup of the nucleus into 4 components was accompanied by a dramatic brightening of
approximately 7 magnitudes coincident with a substantial increase in dust production
(Sekanina & Farrell, 1978). These observations can best be interpreted using the icy nucleus
model.

More recently, there has been a direct radar detection of the nucleus of comet P/Encke
(Kamoun et al., 1982a), from which the radius of the solid body was estimated to be within
the range = 0.4-4.0 km. Kamoun et al. (1982b) have also observed comet P/Grigg-Skjellerup

with radar and placed a lower limit on the radius of the nucleus at = 0.4 km. The nucleus of
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comet IRAS-Araki-Alcock has also been detected by radar with an average radius of 3-4 km
(Goldstein et al., 1984). Finally, direct images of cometary nuclei have been obtained from
the spacecraft flyby's of comets P/Giacobini-Zinner and P/Halley. Spectacular images of the
nucleus of comet P/Halley show an irregularly shaped nucleus (Reitsema et al., 1986) of

approximate dimensions 16 x 10 x 9 km (Wilhelm ez al., 1986).

1.1.2 Evidence for an H,0 - Dominated Nucleus

Marsden et al. (1973) have modelled the variation of the non-gravitational forces with
heliocentric distance and found that the observations are best represented by the vaporization
of H,O ice. There is a sharp drop in the magnitude of the non-gravitational acceleration
beyond 3-4 AU; as is expected for vaporization from H,O ice. More volatile substances were
also considered in the analysis, but they were found incompatible with the data unless comet
albedos were extremely high.

A more direct piece of evidence suggesting H,O ice was reported by Herbig (1973)
who detected 3 unidentified features in the spectrum of comet Kohoutek (1973f). These same
lines were observed by Benvenuti and Wurm (1974), also in comet Kohoutek. The lines
were only visible on the tailward side, extending some 4 x 10° km along the tail. There had
been previous observations of these lines in comet Ikeya (1963a) by Miller (1964), but these
remained unidentified until Herzberg and Lew (1974) suggested that the lines were due to
rotational bands of H,O*. Subsequent observations by Wehinger et al. (1974) of comet
Kohoutek revealed approximately 50 new lines in the spectra between 4500 - 7900A, almost
all attributable to H,O*. Water ions were also detected in comet Bradfield (1974b) by
Wehinger and Wyckoff (1974). The strength of the emission suggested that the parent
molecule (most likely neutral H,O) was very abundant. There was also a possible detection

of the 1.35cm line of H,O in comet Bradfield by Jackson et al. (1976).
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There is also other evidence that water-ice is the major constituent of the nucleus.
Ultraviolet observations of comet Bennett (1970 II) (Code et al. 1972; Code and Savage,
1972) from the Orbiting Astronomical Observatory showed very high abundances of OI, OH
and Lyman-a, suggesting that water, the probable parent molecule, was very abundant. This
finding has been amply confirmed by repeated observations of the UV lines of O, H and OH
by the IUE satellite. Although plasma experiments carried aboard the International Cometary
Explorer made measurements of H,O" (Ogilvie et al., 1986), the existence of neutral H,0
could not be inferred because the specific ionization processes within cometary comae are not
well understood. The first direct measurements of neutral gaseous H,O in a comet were made
by Mumma et al. (1986) who used the Kuiper Airborne Observatory to observe comet
P/Halley in the near infra-red. Subsequent spacecraft measurements with the neutral mass
spectrometer carried by Giotto (Krankowsky et al., 1986) indicated that the composition of

the gas in the coma of P/Halley was 80% water vapor by volume.

1.2 Goals of the Present Investigation

It seems from the previous section that Whipple's icy conglomerate model of the nature
of the cometary nucleus has been well established, both from ground-based and spacecraft
observations. Although the spacecraft observations provide direct and instantaneous
measurements of some aspects of the comet (nucleus morphology, size, mass and
composition of the gas and dust etc.), spacecraft missions do not in general provide
information on the long term behavior of a given comet. Furthermore, these missions will be
able to sample only a very small number of periodic comets with well-known orbits, so that a
clear picture of the properties of comets as a group cannot be obtained. There is, therefore, a
continuing (not to say enhanced) need for ground-based comet observations.

The aim of this thesis is to show how ground-based observations (CCD photometry,
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low resolution spectroscopy and near and thermal infra-red photometry) can contribute
significant advances to the understanding of the physical nature of cometary nuclei. For
instance, many of the important physical characteristics of P/Halley, including shape, size,
albedo and crude composition, were determined by the writer prior to the encounter with the
comet by five spacecraft. (For a summary of the spacecraft results, see the Proceedings of the
20th ESLAB Symposium on the Exploration of Halley’s Comet, eds. B. Battrick, E. J. Rolfe
and R. Reinhard, ESA Pub. Div., ESA SP-250, The Netherlands). The techniques used on
Halley can be applied with some confidence to the study of comets which are unlikely to be
visited by spacecraft. The ability to use telescopes to investigate comets is especially
important in order to study the more primitive comets which are entering the region of the
inner Solar System for the first time.

In Chapter 2 of this thesis a very simple sublimation model will be presented for and
applied to comet P/Halley. This chapter is an expanded version of Meech er al. (1986).
Observations at large heliocentric distances will be discussed and it will be shown that these
observations are consistent with sublimation being controlled by H,O ice. A few physical
parameters are constrained by the model. The model, however, contains many free
parameters for which only reasonable estimates may be made. The subsequent chapters (3-7)
discuss methods of determining values for many of the input parameters in the sublimation
model. Measurements of cometary albedos, phase functions, rotation periods, grain sizes and
the effects of radiation pressure on the coma are discussed.

In Chapter 8 the sublimation model is re-evaluated based on the results of the previous
chapters and a comparison is made with the knowledge obtained from the spacecraft missions.
Ground-based remote observations prove to be an excellent technique for understanding
cometary physics. Finally, in Chapter 9, the simple sublimation model will be applied to
comets which can only be observed remotely: dynamically new comets active at large R.

Evidence will be presented which suggests that these comets are compositionally different
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from the periodic comets in that the sublimation may be controlled by substances more volatile
than water.

The central, most important work in this thesis is the measurement and interpretation of
the lightcurve of comet P/Halley spanning 20 magnitudes (a factor of 108 in brightness) in
Chapters 2 and 8, and the extension of the same type of measurement and analysis to
dynamically new comets (Chapter 9).

Most of the observations presented in this thesis were obtained in collaboration with
my advisor, D. C. Jewitt. Some of the work presented in this thesis has not yet been

published, the rest of the work is a synthesis of the following papers:

Jewitt, D. and K. Meech (1985), "Rotation of the Nucleus of Comet P/Arend-Rigaux", Icarus
64, 329-335.

Jewitt, D. and K. J. Meech (1986), "Cometary Grain Scattering Versus Wavelength, or,
'What Color is Comet Dust' ", Astrophys. J. 310, 937-952.

Jewitt, D. and K. Meech (1987), "CCD Photometry of Comet P/Encke", Astron. J. 93,
1542-1548.

Jewitt, D. C. and K. J. Meech (1987), "Surface-Brightness Profiles of 10 Comets",
Astrophys. J. 317, 992-1001.

Meech, K. J., D. Jewitt and G. R. Ricker (1986), "Early Photometry of Comet P/Halley:
Development of the Coma", Icarus 66, 561-574.

Meech, K. J. and D. Jewitt (1987), "Comet Bowell at Record Heliocentric Distance", Nature
(in press).

Meech, K. J. and D. C. Jewitt (1987), "Observations of Comet P/Halley at Minimum Phase
Angle", Astron. Astrophys. (in press).
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Chapter 2 - Modelling P/Halley Preperihelion

"I can hardly doubt that the comet was fairly evaporated . . .
by the heat, and resolved into transparent vapour . .. "

John Herschel (1847) of comet Halley on Jan 28, 1836.

2.1 Introduction

There is much to be learned from observations of comets over a large range of
heliocentric distances. Such observations might reveal, for instance, the heliocentric distance
at which true cometary characteristics first appear and so might provide a critical test of water
ice sublimation models. It is generally believed that the sublimation of water ice does not
contribute significantly to coma production at distances much beyond 2 - 3 AU. A few
comets have been discovered at large heliocentric distances with very extended comae (e.g.:
Kohoutek at R = 4.6 AU and Bowell (1980b) at R = 7.3 AU); however, processes other than
H,0 sublimation are thought to control the coma formation in these cases. Comet P/Halley is
especially interesting in this regard since it was recovered at an unusually large heliocentric
distance, more than three years before perihelion. In this chapter a simple model for the
cometary activity will be presented which will show evidence of coma formation at R = 5.9
AU which can be attributed to water ice sublimation.

The first observations at R = 11.04 AU (Jewitt et al., 1982) marked the beginning of a
concerted effort to monitor the brightness as a function of heliocentric distance; the following
is a brief review of the main results of this effort. The earliest post-recovery observations
(Belton and Butcher, 1982; Baudrand et al., 1982; Belton et al., 1983; Belton and Butcher,
1983 and Sicardy er al., 1983) showed that the comet had a stellar profile, without a hint of
coma or tail. Fluctuations in the brightness on timescales of hours and days were reported by
several observers while the comet was between R = 8 and 11 AU. For example, West and

Pedersen (1983) observed a brightness increase of 1.0 + 0.4 mag at R = 10.6 AU (between
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1982 December 10 and 1983 January 14). They found the image of P/Halley in 1983 January
to be somewhat larger than the measured seeing but they could not uniquely attribute the larger
profile to coma as opposed to guiding errors. Photometry at R = 8.2 AU (1984 January) by
Jewitt and Danielson (1984) showed a stellar comet image but again with brightness variations
of about 1 mag. The variations occurred on timescales less than the diaphragm-crossing time,
suggesting that they could not be due to a freely expanding coma of refractory grains. A limit
to the surface brightness of any coma was placed at V> 28.0 mag arcsec? at 4 arcsec from
the nucleus. A comparable limit was obtained from observations later in the month by West
and Pedersen (1984). Le Fevre et al. (1984) reported recurrent brightness increases of about
2 magnitudes when the comet was at R = 8 AU (1984 February). They suggested that the
variations were caused by rotation of the nucleus, although they did not completely rule-out
periodic bursts of dust from the nucleus as being responsible. They were unable to specify
the rotation period. The first evidence of coma was announced by Spinrad ez al. (1984). Their
observation of a faint extension 6 arcsec to the north of the nucleus was taken when P/Halley
was at R = 6.1 AU (1984 September 25 - 27).

In the following sections new photometry of P/Halley will be presented which was
obtained when the comet was at R = 5.9 and R = 5.1 AU, during 1984 October and 1985
January, respectively. These observations will be compared and contrasted with data obtained
at larger heliocentric distances. It will be argued that sustained mass loss from the nucleus
began at about R = 5.9 AU, at a rate which is consistent with production by sublimation from

a predominately water-ice nucleus.

2.2 Observations

The present observations were obtained using the MASCOT charge coupled device

(CCD) camera (Meyer et al., 1980). This two-channel instrument was used in its direct
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imaging mode with a Johnson filter, R; (central wavelength 0.7 um and 0.2 um FWHM).

The MASCOT was placed at the f/13.5 Cassegrainian focus of the 1.3m telescope of the
McGraw-Hill Observatory on Kitt Peak. The image scale on the 490 x 328 pixel Texas
Instruments chip was 1.6 arcsec per 25 um pixel. Useful images were obtained on the nights
of UT 1984 October 22, 24, 27 and UT 1985 January 18, 19, 20 and 21. For instrumental
reasons, the telescope was tracked at sidereal rate during all observations. In 1984 October
the motion of the comet with respect to the stars was cancelled by moving the software
autoguider by one pixel in R.A. at time intervals corresponding to the expected motion divided
by the pixel size. Exposures ranged from 600 -1200 seconds. The maximum trailing of the
comet image was of order 1 pixel (1.6 arcsec) which was smaller than the atmospheric seeing
(=2 arcsec FWHM). In October, comet P/Halley appeared projected so close to the galactic
plane that as many as 60% of the observations were affected by glare from bright field stars.
The affected observations have not been used in the present work. The October data were
obtained during non-photometric conditions; relative but uncalibrated photometry among
frames on each night was established by measuring several bright field stars on each frame.
Absolute calibration was achieved when the nightly October fields were re-exposed in
photometric conditions in January. A representative image from 1984 October is shown in
Figure 2-1.

In 1985 January the comet was coincidentally projected against a dark interstellar cloud,
thus reducing the problems caused by adjacent bright stars. However, the resulting lack of
suitable guide stars meant that the exposures had to be kept short in order to minimize trailing
due to the motion of the comet with respect to the sidereal rate. The January seeing was in the

range 2 - 3 arcsec FWHM.
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Figure 2-1 MASCOT CCD image of comet P/Halley taken UT 1984 October 24 8:41
(observation number 6 in Table 2-1). North is to the top, East is to the right in the figure. The
box around the image of P/Halley is 16 arcsec square.
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2.3 Data Reduction

Bias level and dawn sky flat-field calibration exposures were taken each night. Intrinsic
pixel to pixel sensitivity differences were removed, after bias subtraction, by dividing each
image by the nightly mean flat field. In October, photometry of comet P/Halley was obtained
within square diaphragms of 10 - 15 arcsec width centered on the apparent nucleus of the
comet. The diaphragms were large compared with the atmospheric seeing and with any
trailing of the image. Because of the diffuse appearance of the comet in January, the
diaphragms were increased to 15 - 20 arcsec in width. Measurements showed that the
brightness of the comet remained essentially constant in all larger diaphragms, implying that
there was negligible contribution to the total brightness from any extended coma beyond the
diaphragm. The largest source of error in the photometry was the uncertainty in the
determination of the sky background. In regions where star crowding was not a problem, this
uncertainty was found to be smaller when using square instead of circular diaphragms,
probably because of residual column to column sensitivity differences left after flattening.
When faint objects were too close to P/Halley to be excluded from the diaphragm, both the
objects and the comet were measured together. Subsequent measurements of the faint objects
in all frames where the comet - object separation was large compared to the diaphragm size
enabled the comet brightness to be recovered. In some instances it was not possible to either
isolate the comet or use a diaphragm sufficiently large to measure the comet and the nearby
stars. For images such as this, the background was estimated by fitting a plane to regions
outside the coma (as judged from other less crowded fields).

Photometric calibration of the data was obtained from observations of the standard stars
Feige 34, BD+25°1981, BD+21°607, BD+54°1216 and HD 19445 (Thuan and Gunn,
1976). These observations showed that each of the nights 1985 January 18-21 was

photometric to better than 3%. The observations are listed in Table 2-1. The first 5 columns
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Table 2-1
P/Halley Photometry
4 DATE UT EXP ¥ Ry v(,l,) Rt A of
1984/85 [midtime]  [sec] [AU] [AU] [deg]

OCT 22 9:48 900 126 2049%0.30 1344 590 552 923
OCT22 10:58 1200 1.11  20.84+0.15 13.79 590 552 923
OCT22 11:29 1200 107 20.80+0.30 13.75 590 552 923
OoCT22 1229 1100 107 21.08+0.30 1403 590 552 9.23
OCT 24 8:19 900 1.70 20.62+0.50 1360 5.89 548 9.14
OCT 24 8:41 900 1.53 20.58%0.20 13.56 5.89 548 9.4

OOV S WN =

OCT 24 9:01 142 2046+0.20 1344 589 548 9.14
OCT 24 9:17 1.34  2049+0.15 1347 589 548 9.14
OCT 24 9:33 128 20.77+0.20 13.75 589 548 9.14

10 OCT24 10:.01
11 OCT24 1215
12 OCT?27 9:13
13 OCT?27 9:29
14 JAN18 3:14
15 JAN19 2:56
16 JAN19 3:29
17 JAN19 4:39
18 JAN19 5:12
19 JAN19 7:23
20 JAN19 7:58
21 JAN20 2:35
22 JAN20 3:39
23 JAN20 4:11
24 JAN20 5:17
25 JAN20 5:53
26 JAN20 6:23
27 JAN20 6:57
28 JAN21 2:42

120 20.31+0.15 1329 589 548 9.14
1.06 2049+0.20 1347 589 548 9.14
131 21.27+0.20 1428 587 542 902
125 21.16%0.20 1417 587 542 9.02
1.19  19.38%0.10 13.19 512 430 659
122 19.14%0.10 1295 511 430 6.73
1.14  19.11+0.30 1292 511 430 6.73
1.07 19.22%0.15 13.03 511 430 6.74
1.06 1944+0.10 1325 511 430 6.74
128 19.51+0.10 1332 511 430 6.76
143 19.40+0.20 1321 511 430 6.76
126 1932%0.10 13.14 510 430 692
1.06 1931%0.25 1313 510 430 693
1.06 19.00+0.10 1282 510 430 693
1.07 19.04+0.15 1286 5.10 430 694
1.09 19.15+0.10 1297 510 430 695
1.13  19.19+£0.25 1301 510 430 695
1.21  19.28+0.10 13.10 5.10 430 696
123 19.01+0.15 12.83 5.09 430 712

£828288285282888888888

T Heliocentric distance.
§ Geocentric distance.
¥ Phase angle in degrees.

list the observation number, the date, the UT midtime of the observation, the exposure
duration in seconds, and the airmass, respectively. The R; magnitudes of the comet appearing
in column 6 of Table 2-1 were obtained using extinction coefficients determined nightly from

field stars. The uncertainties on the tabulated R; magnitudes reflect the uncertainties of the sky
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brightness near the comet in each image (0.1-0.3 mag), extinction correction uncertainty (0.03
mag) and absolute photometric calibration uncertainty (< 0.1 mag).

To be consistent with the majority of observations published by other observers, all
observations are converted to the V magnitude system. The conversion from the R;
magnitudes presented in Table 2-1 has been made assuming solar color V - Ry = 0.52 (Allen,
1976). The V magnitudes are plotted as a function of the Julian Date in Figure 2-2.
Photometry from Jewitt and Danielson (1984) is also shown, using the relations given there
for converting between the Thuan and Gunn (1976) g and r filters and the Johnson filters. A
heliocentric distance scale is shown at the top of the figure.

The brightness of comet Halley is seen (Figure 2-2) to increase by almost 5 magnitudes
between R =11 AU and R = 5.1 AU but also to fluctuate on short timescales (probably due to
the rotation of the nucleus), with a range of about 1 mag prior to 1984 October. The general
brightness increase is largely due to the changing position of the comet relative to the sun and
earth. The solid line in the figure represents an inert "asteroidal” nucleus model in which the

magnitude is taken to vary as

VR,A0) = V(1,1,0) + 2.5 log (R°A? ) + ¢¢a) @.1)

where the constant V(1,1,0) is the V magnitude at unit heliocentric distance, R = 1, and
geocentric distance, A= 1, and at 0° phase angle. (Throughout most of the observing period
the phase angle remained small, therefore the phase function term in Eq. 2.1, ¢(c), will be
neglected). The constant V(1,1,0) will thus be expressed as V(1,1,¢) to account for the fact
that the phase term is not included. Figure 2-2 shows that the general increase in the
brightness of the comet by a factor of 15 from R = 11 AU to R = 5.9 AU, is consistent with
the inverse square law (Eq. 2.1). By implication, the mean cross-section of the comet

remained constant over the stated heliocentric distance range, implying that the nucleus was
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Figure 2-2 The Johnson V magnitudes of comet P/Halley (from Jewitt and Danielson (1984) and the
present work) are plotted versus Julian Day Number (JD 2444900.0 = 1981 October 22.5 UT). The
measurement from 12/81 represents a pre-recovery magnitude limit. The solid line represents an inert nucleus
model with zero phase coefficient (Eq. 2.1). The normalization has been determined from observations prior to
1984 October. Note the enhanced brightness of the comet with respect to the inert nucleus during January
1985. The dashed line represents the total V magnitude (contributions from the nucleus and the coma) for a
sublimating H,O nucleus model as described in the text. The heliocentric distance in AU is indicated at the top
of the figure. The scatter in the data at each distance is significant and reflects the rotation of the nucleus.
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directly visible prior to R = 5.9 AU. Using all available P/Halley observations at R > 5.9 AU
(i.e. prior to 1984 October; see Tables 2-1 and 2-2, and Jewitt and Danielson, 1984), the

weighted mean value of the constant in Eq. (2.1) is found to equal

V(1,1,0) = 14.17 £0.03 22)

magnitudes. The formal uncertainty is the standard error of the mean of 64 observations. The
neglect of the nucleus phase function in Eq. (2.1) may cause V(1,1,0) to differ from the value
given in Eq. (2.2) by at most a few times 0.1 mag. By 1985 January the comet was
consistently brighter than expected from the "asteroidal” model (Eq. (2.1)), suggesting the
presence of a coma about comet Halley at R = 5.1 AU. Specifically, about two thirds of the

light from the comet at this R was due to coma.
2.4 Discussion
2.4.1 Sublimating Nucleus Model

The new photometry, in combination with the photometfy of other observers, will be
used to constrain the possible mechanisms which might produce the brightnesé >increase
observed in P/Halley at R = 5.1 AU. In particular, was the brightness increase seen in 1985
January due to mass loss from the nucleus caused by the sublimation of H,O ice? Note that
the following simple model for the sublimation of a water ice nucleus contains many free
parameters for which only estimates can be made: the model is certainly non-unique. The
intent is simply to show that a sublimating water ice nucleus model can reasonably account for
the presence of coma at R =5.1 AU.

In the absence of gaseous emission features (suggested, for example, by the spectrum
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Table 2-2

Other Sources of P/Halley Magnitudes

Date Heliocentric Distance Reference
12/81 12.80 Felenbok et al. (1982)
10/82 11.03 Belton & Butcher (1982)
10/82, 11/82 11.04, 10.86 Sicardy et al. (1983)
Baudrand ez al. (1982)
12/82, 1/83 10.72, 10.51 West & Pedersen (1983)
12/82 10.70 Belton & Butcher (1983)
02/83 10.33 Belton et al. (1983)
12/83, 1/84 8.21, 8.01 Racine (1984)
Pedersen & West (1984)
01/84 8.01 West & Pedersen (1984)
02/84 7.96 Belton et al. (1985)
02/84 7.96 Le Fevre et al. (1984)
03/84 71.75 Belton et al. (1984)
09/84 6.13 Sﬁinrad etal. (1984)
10/84, 11/84 5.84,5.60 Belton ez al. (1985)
11/84 5.60 Wyckoff er al. (1985a)
02/85 4.84 Wehinger et al. (1985)

of Wehinger et al., 1985), the optical brightness of the comet is due to scattering both from
the nucleus and from solid grains in the coma. The brightness of the nucleus is described by
Eq. (2.1), in which V(1,1,a) provides a measure of the product of the optical geometric

albedo with the square of the radius of the nucleus.
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The amount of scattered light received from the coma is proportional to the total dust

grain cross section, 7 [m?], where

2 22 52 2, 1041V5~ Veoml
(PP )y = 2-235x10°R°A"10 ~ ° (2.3)

where A? assumes that all of the coma is contained within the observing diaphragm (see
Appendix 2 for the derivation of this equation). Here R and A are in AU, V4 =-26.74 is the
V magnitude of the sun (Allen, 1976), p, is the geometric albedo of the grains in the V filter
passband, and B [m] is the radius of a sphere of cross section equal to the total grain cross
section. The mass of grains within the projected photometry diaphragm is equal to the
product of the total mass loss rate from the nucleus, dM/dt kg s'1], with the time, ¢ [s], spent
in the diaphragm (this relation is valid provided the diaphragm crossing time is short
compared with the time for R, hence dM/dt, to chaﬁge appreciably). The mass of the grains,

M, ., is related to the total cross section of grains in an optically thin coma, nf? (see

tot®
Appendix 4 for a discussion of the optical thickness in the coma). Here 7% = No where N is
the number of grains and ¢ = 7a? is the cross section per grain. N is equal to M,/ m where

m=4ma p/3is the mass of a grain. Assuming M, , = (dm/d?) ¢ gives:

3p, aMm
T )

@B~ ( 7773 X

where p = 1000 kg m™3 is the assumed grain density, and the representative grain size is taken
to be a = 1 um. (The absence of a blue continuum in P/Halley (Brooke and Knacke, 1985;
Wehinger et al., 1985) suggests that the mean grain size is larger than a wavelength.) The
diaphragm crossing-time in Eq. (2.4) may be approximated by ¢ = x/v where x [m] is the

projected diaphragm radius at the comet and v [m s°] is the average speed of the grains
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relative to the nucleus. The empirical relation of Bobrovnikoff (1954) as modified by
Delsemme (1982), v = 600 R%3 m sl (R in AU), provides a useful approximation to the

grain velocity (see also Appendix 6 for a more detailed discussion of grain velocity in a gas
flow). The total brightness of the grain coma, in magnitudes, is found by combining

equations (2.3) and (2.4)

[ n, (St |

o (2.5)

V oma = 30.7 - 2.5 log,,

For measurements where the observing diaphragm does not include all of the coma, we put n
= 1. This arises because the surface brightness in an optically thin coma varies as the
reciprocal of the projected distance from the nucleus (see Appendix 4 for a complete -
discussion). When the coma is entirely included within the diaphragm the inverse square law
holds and n = 2. The total mass loss rate in Eq. (2.5) may be obtained from the energy

balance equation for a sublimating nucleus in thermal equilibrium:

F (1-A) dm |
o 4 s dT
— [5 oT +L(T (_dt—) + K—dz ] (2.6)

where F ) is the Solar constant (1360.74 J 571 m2atR =1 AU), A is the Bond albedo, yis a
"rotation parameter" (equal to 2 for a half isothermal nucleus and equal to 4 for an isothermal
nucleus), £ s the infrared emissivity, o= 5.669 x 108 J s'1 m'2 K# is the Stephan-Boltzman
constant, L(T) [J kg'!] is the latent heat of sublimation, dm /dt [kg s’ m™] is the mass loss
rate per unit area, K is the thermal conductivity [J s'! m! K''] and dT/dz [K m'1] is the

temperature gradient. A rapidly rotating nucleus may be defined as one which has a rotation
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period which is short compared to the time required for the sublimation to drop to a level
where gas drag is insufficient to remove dust into the coma. In this context, a rapidly rotating
nucleus is one which is sublimating into both the daytime and nighttime hemispheres. The
slowly rotating nucleus, by analogy, is one which is sublimating primarily on the sunlit
hemisphere. For the purpose of these computations the Bond albedo is set equal to p,.
Smoluchowski (1981) suggests that for even slightly porous cometary ice, the thermal
conductivity drops to below 1% of that of solid ice. This is consistent with measurements of
terrestrial snows (Langham, 1981), which are good insulators. The term describing the
conduction of heat into the interior is therefore assumed to be negligible in the nucleus heat
balance.

The latent heat as a function of temperature, L(T) [J kg'1], is determined from a fit to
data from Delsemme and Miller (1971) made by Cowan and A'Hearn (1982) (see Appendix
3). The mass loss rate per unit area, dmJdt = (dM/dt) / ( xm2), is relatea to the sublimation

vapor pressure, P(T), via

b m,

Q.7)
dt 2nkT

where [(2kT/num,)"'2]/2 is the average speed of the molecules leaving the surface. The
sublimation vapor pressure is obtained from an empirical fit to measurements made by
Washburn (1928) (see Appendix 3). Alternatively, the vapor pressure may be computed
using the Clausius-Clapeyron equation which gives the approximate relation for the pressure

of a vapor in equilibrium with a solid:

& (2.8)
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where AV =V, -V =V, is the difference between the specific volumes of the gas and solid

[m3 kg!]. The specific volume may be obtained from the equation of state for an ideal gas:

v o KT 29
um,, P(T)

Neglecting the temperature dependence of the latent heat, Eq. (2.8) may be integrated to obtain

the vapor pressure as a function of temperature:

L pmy, L pmy,
kT Jexp [- — ]. (2.10)

P(T) = P, exp[

This method is used only when direct measurements of the vapor pressure of ices are
unavailable.

Equations (2.6) and (2.7) were solved iteratively for dm Jdt and combined with Eq.
(2.5) and the nuclear magnitude (Eq. (2.1)) to produce the moc_iel plotted in Figure 2-2 as a
dotted line. The parameters and assumptions used in all the model computations are
summarized in Table 2-3. Models including both rapid and slow nucleus rotation have been
computed, although only a slowly rotating nucleus model has been plotted. Note from the
figure that this model fits the observations rather well. The rapid nucleus rotation models,
however, do not fit the data. They more closely resemble the asteroidal nucleus model
because rapid rotation lowers the mean surface temperature of the nucleus, thereby reducing
sublimation. For the same reason, only low albedo nuclei (A < 0.15) give significant
sublimation near R = 6 AU. The constant V(1,1,a) = 14.17 (Eq. 2.2), when substituted into

Eq. 2.3, gives a nucleus cross section
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p,B,2=(0.97£0.03) x 106 m?. (2.11)

The cross section given in Eq. 2.11 may be taken to refer to the bare nucleus of P/Halley,

since no coma was apparent at R = 8 AU. An effective nucleus radius, j,, in the range

2.5<B_[km]<7.0 (2.12)

is computed from Eq. (2.11) using albedos suggested by the model (0.02 < p, < 0.15).
Formally, sublimation models which fit the coma photometry can be constructed with p, = 0.
However, p, = 0.02 is the practical lower limit on the albedo, here set equal to the albedo of
the darkest known Solar System objects. The upper limit on the albedo, (hence the lower
limit on the radius of the nucleus), is well constrained, since water ice sublimation models
using albedos > 0.15 cannot be made to fit the photometry. Clark (1982) has suggested that
only a very small amount of dark particulate material is needed to significantly darken an ice
surface (= 0.1 to 1% contaminants by weight). The low nucleus albedo suggests that the

surface ice is dirty.

2.4.2 Comparison of Model With Other Observations

The agreement between the model and the observations persists when the observations
of other investigators are included. Figure 2-3 presents the absolute V(1,1,&) magnitudes of
P/Halley calculated using data from this paper, from Jewitt and Danielson (1984), and from
the sources listed in Table 2-2. The horizontal line in the figure represents the "asteroidal"
nucleus model (Eq. 2.1). Solid lines show two slow-rotation nucleus models with input
parameters as listed in Table 2-3. The smaller values quoted in the table (i.e.: slow rotation,

low albedo) produce the model which shows the earliest onset of coma production. Itis
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Table 2-3
H,0 Model Parameters

Model Parameter Symbol Value* Units Notes
nucleus cross section p,B? 0.97 x 108 m? Equation (2.11)
geometric albedo Py 0.02-0.15 typical for dark bodies
bond albedo A 0.02-0.15 setequal to p,
infrared emissivity € 0.85-0.90
phase function 0(a) 0 assumed
density PP, 0.7-1.3x103  kgm3 for water ice
grain size a 1-15x10% m see text
atomic mass 1] 18 H,0
dust/gas ratio \j 1 assumed
spin parameter X 2,4 slow, fast

*
Ranges of parameters which produce sublimating water nucleus models consistent with the data.

apparent from Figure 2-3 that measurable coma production may have begun on the nucleus of
P/Halley, as far out as R = 5.9 AU (1984 October). The water model can readily account for
the coma observed at R = 5.9 AU, provided the nucleus is both dark and slowly rotating. The
model successfully reproduces the observed rapid brightness increase at smaller heliocentric

distances.
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Figure 2-3 The total V(1,1,a) magnitude of P/Halley (magnitude reduced to unit R and 4) is plotted
versus Julian Day Number. Data are from the present work, from Jewitt and Danielson (1984) and from
sources listed in Table 2-2. The absolute visual magnitude of the nucleus, V(I,l,a) = 14.17, is shown as a
horizontal line. The solid lines represent two sublimation models of a low albedo, slowly rotating nucleus
with a plausible range of input parameters as described in the text (see Table 2-3).
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The October images of the comet discussed in this work showed no evidence of an
extended coma down to a limit of = 26.8 mag arcsec’2. A low surface brightness coma (Vy>
27 mag arcsec™?) could therefore have gone unnoticed in October. In contrast, the images of
P/Halley in 1985 January were somewhat extended and diffuse. Figure 2-4 presents a surface
brightness profile of the comet on UT January 20.24 computed by azimuthal averaging of
pixels in concentric annuli centered on the nucleus. A star profile from the same CCD image
is shown for comparison. The star and comet profiles are normalized to the same peak
surface brightness. For comet Halley, 100 surface brightness units correspond to V_ =23.7
mag arcsec2. Figure 2-4 clearly shows coma extending several times 10’m from the nucleus
of P/Halley in 1985 January. The fact that photometry from 1984 October to 1985 February
and beyond shows a growing separation from the inert nucleus model (see Figures 2-2 and
2-3), suggests strongly that sustained coma production began near 1984 October at R = 5.9
AU.

Recently, Cruikshank et al. (1985) have claimed to measure the color and size of the
nucleus of comet P/Halley using observations taken at R = 4.8 AU (1985 February).
However, when compared with Figure 2-3, their photometry is similar to other photometry
reported near this time and the comet is brighter than expected from the asteroidal nucleus
model (Eq. (2.1)) by about 1.2 magnitudes. Hence we believe that their observations refer as
much to the coma as they do to the nucleus, and are consistent with our finding sustained
coma production in February.

Another recent paper by Wyckoff et al. (1985b) presents photometry derived from
continuum spectra of comet P/Halley. They use their data, in addition to a small subset of the
P/Halley data published prior to 1985 February, to suggest that the onset of sublimation began
near 6 AU. The spectra taken in February, March and April of 1985, were obtained several
months after the brightening of the comet seen in 1984 September and October. Assuming a

1/p coma profile (where p is the projected distance from the nucleus), and using the estimate



43

L L L
COMET P/HALLEY
10 O ¢~ —
- 90 —|- STAR
wn -0
UZJ -- COMET
- 80— —
I =y
© 4
m 70— ) p—
a
W 60— ' _
&) e
< T
w
x 50— —_—
o
wn
w
N
3 30 o _
3
! 2 x 10"m
(0.8 - L I
S 20 | j—
=
Or= —'_—le*{ ! Tj_._F‘J_’-\+—
[ N N T N R T
0 4 8 12 16 20

RADIUS (ARCSEC)

Figure 2-4 Azimuthally averaged surface brightness distribution of comet P/Halley in 1985 January
(observation number 25 in Table 2-1). The surface brightness distribution from a field star on the same image
is shown for comparison. The curves have been normalized to 100 hundred surface brightness units at the
peak. For comet Halley this corresponds to V, =23.7 mag arcsec’2. The average sky brightness near the
comet is = 21.8 mag arcsec™2 in the V filter.
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that = 60% of the total light was contributed by the coma in January, the correction for their
diaphragm size (2.5 arcsec radius) is estimated to be at least 1 mag. Even without correcting
for their use of a small diaphragm, the photometry from the spectra is more than 1 mag
brighter than the asteroidal model. The present work strengthens the conclusion that the coma
formation began around 6 AU and further shows that it is consistent with sublimation from a
predominently water-ice nucleus of low albedo.

The optical cross section derived by Wyckoff er al. (1985b) appears to be in error by a
factor of m, but otherwise agrees with the value in Eq. (2.11) within the uncertainties of

measurement.

24.3 Other Coma Producing Mechanisms

Mechanisms, which might produce a grain coma, other than water ice sublimation, will
now be briefly considered. Other comets which appear active at large R have comae which
may be controlled by the sublimation of substances more volatile than water, such as CO,.
The model in §2.4.1 was used to compute a light-curve for a coma produced by pure CO, ice
sublimation using the latent heat measured by Smith (1929) and the vapor pressure as fit to
data by Eggerton and Edmondson (1928) (see Appendix 3). When restricting the albedo of
the nucleus to fall within the range of known Solar System albedos, the resulting CO, nucleus
sublimation model does not fit the P/Halley photometry in the sense that the CO, model yields
a curve which is too shallow to follow the rapid brightening of P/Halley seen after 1984
October. However, if albedos of p,> 0.9 are allowed, the resulting CO, sublimation model
does follow the rapid brightening of the comet seen around 5.9 AU; however, the fit to the
data is not as good as that for H,O ice. For this reason, and because albedos this high are not
likely, there is no evidence that CO, controlled the onset of sublimation of P/Halley seen at R

= 5.9 AU. This does not suggest that small amounts of volatiles other than H,O are not
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present, only that their influence on the mass loss is small.

It has been suggested by Lanzerotti et al. (1978) that the dominant process for the
erosion of water ice from the surfaces of interplanetary grains at large heliocentric distances is
sputtering by energetic solar wind protons. From Figure 2-1 of their paper, the water ice
erosion rate at R = 5.9 AU corresponds to dM/dt = (1 - 10) x 10”7 kg s'! when integrated over
the surface of a 3 - 7 km radius nucleus. The mass loss rate computed using the present
model at the same heliocentric distance is dM/dt = (4 - 40) x 103 kg s'.. Hence, sputtering by
solar wind protons gives a mass loss rate many orders of magnitude too small to be
considered a plausible coma producing mechanism, even in 1984 October.

The amorphous-to-crystalline phase transition in water ice may provide an internal
energy source in comets (Klinger, 1980). The transition occurs at a temperature similar to the
probable nucleus temperature of P/Halley at the time of its first activity (T = 135 K).
However, the transition does not represent a likely energy source for comet P/Halley since the
outer layers of its nucleus have almost certainly been heated above this temperature during

previous orbits.
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2.5 Conclusions

1.  The observed increase in the mean brightness of comet P/Halley, fromR =11 AU toR
= 5.9 AU, is consistent with the increase expected of an "asteroidal” nucleus devoid of
coma. Most of the light from the comet at R > 5.9 AU was scattered from the bare

nucleus.

2. A coma was present at R = 5.1 AU (1985 January). About 60% of the light from the
comet at R = 5.1 AU was due to scattering from this coma. The photometry suggests

that sustained coma production began near R = 5.9 AU (1984 October).

3.  The formation of the dust grain coma beginning at R < 5.9 AU may be due to the
equilibrium sublimation of water ice on the nucleus of the comet, provided the nucleus
is both dark (Bond albedo A < 0.15) and slowly rotating. It is not necessary to invoke
any more exotic processes to account for the activity observed at large R. Sputtering by

solar wind protons is unable to account for the brightness increase seen at R = 5.1 AU.

4.  The rotationally averaged value of the product of the optical geometric albedo of the
nucleus with the square of the radius is 0.97 £ 0.03 km? (standard error of the mean of
64 observations). The product varies with rotation in the range 0.5 - 1.5 km?. The
implied mean nucleus radius is in the range 2.5 - 7.0 km for geometric albedos from

0.02 - 0.15.
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Chapter 3 - Albedo Determination
3.1 Introduction

Knowledge of the albedo of an object is fundamental to the understanding of its
interaction with the solar radiation field. The albedo determines how much of the incident
solar radiation is absorbed and how much is reflected; it therefore affects the equilibrium
temperature of the nucleus. The albedo is determined by the composition as well as the bulk
properties (such as porosity and roughness) of the material. Unfortunately, confusion can
arise because several definitions of the albedo are used in planetary science.

The Bond albedo, A, is defined as the ratio of the total amount of scattered (reflected
and refracted) radiation to the total amount of radiation incident upon a surface. The Bond
albedo is related to the geometric albedo, p, whicﬁ is the ratio of the backscattered radiation (at
zero phase angle) to that expected from a perfectly diffusing disk (scattered intensity varies as
cos(6), where @ is measured from the normal to the surface) of the same size at the same
distance. The geometric albedo is directly related to the nucleus radius, ,,, and brightness at
phase angle zero, m(0), as well as the heliocentric and gedcentric distances (R and A,

respectively), and the apparent brightness of the sun, m;:

22 2 0.4[m, - m(0)]

pro = 2235x 107 R” A2 10 3.1)

The derivation of this equation, which is the same as Eq. 2.3, is presented in Appendix 2 (Eq.
A2.12). The final definition of albedo applies to scattering from single particles. The single
scattering albedo as defined by van de Hulst (1981), is the ratio of the total scattered

(reflected, refracted and diffracted) energy to the total energy removed from the incident
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radiation by both absorption and scattering. In terms of the scattering and absorption

efficiencies, Q and Q,, the single scattering albedo, A, is

Q

A, = 350 (3.2)

As discussed by Hanner et al. (1981), the single scattering albedo is applicable to small
particles whose size is comparable with the wavelength. From the point of view of
determining the albedo of cometary dust, the definition of the Bond albedo (or geometric
albedo) is appropriate for the surface of the nucleus, whereas the single scattering albedo is

used for dust particles in the coma.

3.2 IR Techniques for Measuring Albedo

In the early 1970's two methods were developed to measure the albedos of solar system
objects. Allen (1970) was the first to use the method of radiometry to determine the infrared
diameter and Bond albedo of the asteroid 4 Vesta. The method utilizes measurements of both
the thermally emitted radiation and the scattered solar radiation. Likewise, using a different
technique, O'Dell (1971) utilized both thermal flux measurements and optical photometry of
the comae of active comets to determine the albedos of the dust grains in the comae. Finally,
there is a third method of albedo determination which also applies to the comae of active

comets. All of these techniques are discussed below.

3.2.1 The Radiometric Method

Infrared radiometry has been extensively discussed and refined by several authors
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(Hansen, 1977, Morrison & Lebofsky, 1979 and Lebofsky et al., 1986) since its first
application in 1970. The total thermal emission from an inactive spherical comet nucleus is
proportional to the product of the nucleus cross section and the fraction of the incident
radiation absorbed, (1 - Ag). The scattered radiation, on the other hand, is proportional to the
product of the cross section and the geometric albedo (Eq. 3.1). The Bond albedo is equal to
the product of the geometric albedo and the phase integral, ¢, which describes the angular
pattern into which the surface scatters light (see Appendix 2). Measurements in the infrared
and optical spectral regions can therefore determine the diameter and albedo of the nucleus.

The relation between the absorbed incident radiation and the thermal emission is given in Eq.

3.3:

2n

7
F
;% (1-Ay) [rr]] = peor® I J T\, ¢) cos(¢) dp dA (3.3)

7\,=0(p=_12t_

where F,, is the solar flux density (1360.74 J s m2 at R = 1 AU), r,, is the nucleus radius, £
is the infrared emissivity and & = 5.669 x 10 J m2 5’1 K4, is the Stephan-Boltzmann
constant. The quantity, S, is the infrared beaming factor (see Hansen, 1977 and Lebofsky et
al. 1986). This coefficient (of order unity) models the increase in temperature seen at small
phase angles. The temperature increase is present on rough surfaces where surface
depressions receive thermal radiation from nearby topography in addition to the incident solar
radiation.

In the standard radiometric model the emitting body is assumed to be spherical. The
temperature distribution will therefore be a function of position (4,¢) on the surface (see
Figure 3-1). An approximate expression for the temperature distribution, T(A,¢) may be

obtained by comparing the incident radiation and thermal emission for small elements of area,
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dA, located at the subsolar point and at an arbitrary point on the sunlit hemisphere. For the
subsolar point, the absorbing area is dA, and the temperature will be a maximum, 7, .. For a
surface element not at the subsolar point, the effective absorbing area is

cos(y) dA = cos(A) cos(9) dA. Approximating the surface elements as planes and

To Earth, Sun Figure 3-1
Ao=0

assuming all the incident energy is re-radiated, the surface temperature at an arbitrary point is

given by:
T(L9) = T, cos"*Q) cos™ (@) (3.4)

on the sunlit hemisphere. The standard radiometric model assumes that the thermal
conductivity is low and that the rotation is slow compared to the time taken to reach thermal
equilibrium (several hours) such that all of the emission is in the sunlit hemisphere. Using the
radiometric method, the thermal emission from the surface is modelled, with the constraint
that the total infrared flux from the model must equal the observed infrared flux. The Bond

albedo may then be determined from Eq. 3.3 and from this a geometric albedo.
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Measurements of the scattered radiation then yield the nucleus cross section (Eq. 3.1).
Typically, observations are not made over the entire thermal spectrum. However, it is
possible to estimate the total thermal energy radiated from a few infrared measurements
assuming that the body radiates like a blackbody. The total flux radiated at all wavelengths is
given by the integral of the Planck function, B, and is equal to o T#. However, it is a

property of the Planck function that the maximum value of AB,, where

_2mh 1

AB N
A4 ehc/)«kT

(3.5)

-1

is directly proportional to ¢ T¢. The observations need only include the peak of the infrared

spectrum to compute the total energy:
J‘ Bx dA = 1.3596 (A F;)max (3.6)
0

There are several assumptions inherent in the radiomeﬁc method. First, the method
assumes that the nucleus is spherical. This is certainly not the case for comet P/Halley, with
an axis ratio of = 2:1 (see Chapter 2; Wilhelm ez al., 1986). Brown (1985) has investigated
the effect of using the standard model on objects with ellipsoidal geometry. He concludes that
for small departures from spherical shape the model yields good agreement with the predicted
fluxes. However, for significantly aspherical bodies, the radiometric diameters are
systematically smaller and the albedos higher than found from the standard model. Second,
since measurements are usually insufficient to determine the phase integral (measurements at

all phase angles are required), values for the moon and Mercury are typically used (g=0.6) to
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relate the Bond albedo to the geometric albedo. (The phase integrals for brighter, icy bodies,
are typically higher, 0.9 < ¢ < 1.2 (Morrison, 1977)). Third, the method assumes the
measurements are made at zero phase angle, A = ¢ = 0; if they are not, a phase function must
be assumed. Finally, there must be some information about the rotation period and the

conductivity of the surface (low conductivity is usually assumed).
3.2.2 Albedo of Coma Grains - Method of O’Dell

There are relatively few comet nuclei for which the radiometric method is well suited.
The method requires that the comet be inactive, without a significant dust coma. Most comets
become active at distances sufficiently far from the sun so that the nuclei are too faint for
infrared observations. Only a few extremely inactive nuclei at small R have been bright
enough to apply the radiometric method, notably, P/Arend-Rigaux and P/Neujmin 1.

O'Dell (1971) pointed out that for an optically thin coma, the optical surface brightness

is given by

F ) -
SB,, = NDma’QQ) 0(2)

R

3.7

where N is the column density of grains, [ is the path length through the coma, 7 a? is the
geometric cross section of the grain, Q (4) is the scattering efficiency, and F 1) is the solar
flux density. Writing a similar equation for the infrared surface brightness, SB, and using
Eq. 3.2 for the single scattering albedo, the albedo at a particular wavelength may be
determined from

A _ (ka)

s

1 -A (XFX)

S max IR
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This assumes that the total flux of energy in the visible or IR is proportional to the flux at the

peak of the spectrum (as discussed above).
3.2.3 Albedo of Coma Grains - Alternate Method

Under the assumption that the thermal flux received from the comet may be interpreted
as radiation from a blackbody radiator, the area of the radiator, in this case the dust coma, may
be computed from the thermal measurements alone. The specific intensity of radiation
measured from a blackbody, B, [W m2 pm-! sr1], is a function of both the area of the emitter
and the solid angle subtended by the detector, d€2. The power per unit wavelength radiated

from the blackbody which is intercepted by the detector is then:
A i 1
Lx=B(T)—A [Wum ] (3.9)
A AZ e

where A o4 18 the area of the detector and A, is the area of the emitter. What is measured at the

telescope is the flux density, F, [W m2pm1):
B(MA
F = _A e (3.10)

A A2

Using a measured value of F, and a value of T determined from a blackbody fit to the thermal
IR data to compute B(T), the emitting area can thus be obtained from Eq. 3.10. Eq. 3.1 can

then be used to obtain the geometric albedo.
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3.3 Measurements of P/Halley

3.3.1 Present Work

Data were obtained during photometric conditions on the night of 1985 November
11/12 using the NASA Infrared Telescope Facility (IRTF). At the time of the observations,
centered around 12:05 UT, P/Halley was at a heliocentric distance, R = 1.756 AU, a
geocentric distance, A = 0.786 AU and a phase angle @ =9.51 deg. An InSb detector cooled
to solid N, temperatures was used for the observations between 1.25 and 3.5um, and a liquid
Helium cooled bolometer was used for observations between 4.8 and 20um. A diaphragm of
4mm diameter was used for all observations, corresponding to 7.88 arcsec on the sky. The
positions of the chopping for the sky background subtraction were 51 arcsec north and south
of the comet. Although such a large chop amplitude increased the noise in the observations, it
was selected to minimize the contribution from the coma in the sky position. For a radially
outflowing coma, the coma brightness in the sky position relative to the central position is:
BIB,= ¢/ 2p, (see Appendix 4), where ¢ is the radius of the observing diaphragm and p,, is
the chop distance. For these observations the coma contribution in the sky position was only
3.8%.

Data were reduced using the standard stars HD 1160 and HD 22686 (Elias et al., 1982)
and o Tau (Hanner et al., 1984). The standards were observed at the same airmass as
P/Halley (x = 1.02). The P/Halley observations are presented in Table 3-1. The first 3
columns of Table 3-1 list the filter name, the central wavelength and reduced magnitude within
the 7.88 arcsec diameter diaphragm for P/Halley. The correction to remove the effect of the
coma contamination in the sky position is listed in column 4. All of the data are referred to the

effective wavelength of the bandpass, which is a function of the filter/optics transmission, the
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sky transmission and the source spectrum. The effective wavelengths for the standard star
and the comet may be substantially different for the L, M, N, and Q filters since the cometary
radiation is primarily cool thermal emission (few x 100 K) in these filters. Correction factors
(as a function of wavelength and temperature) for converting cometary magnitudes to the
monochromatic magnitudes at the effective wavelengths of the standard stars have been
computed by Hanner et al. (1984). The correction factors and the monochromatic magnitudes
for P/Halley are listed in columns 5 and 6 of Table 3-1. The L filter correction has not been
applied to the data since there is a substantial amount of scattered radiation in this bandpass.
The absolute flux densities for o Lyr (mag = 0.0 at all ) from Tokunaga er al. (1986) are
shown for reference in column 7. The P/Halley flux densities as computed from F,(a Lyr) x
10-0-4lmag] are listed in column 8 and in column 9 the product AF, for P/Halley is shown.

In order to compute the geometric albedo in the J, H and K passbands, the temperature
of the dust coma of P/Halley was found by fitting a blackbody to the 10.1, 12.5 and 20.0um
data. The observation at 4.8um was not used in the fit because of a possible contribution
from scattered solar radiation. At small R many comets show a silicate emission feature at
10.1um. As seen in spectra obtained of P/Halley by Herter er al. (1986), the feature is
approximately 4um wide, and does not effect the 12.5um measurements. For this reason, in
order to determine the temperature of the present P/Halley data, the fits were constrained to
pass through the 12.5pm point. The color temperature of the scattered radiation was
determined in the same manner from the 1.25, 1.65 and 2.2um measurements. The scattered
light measurements are best approximated by a T = 4000 K blackbody. This corresponds to
a star of a mid to late K spectral class and is redder than the sun (class G2). This is consistent
with observations of other comets which show that the scattered continuum is reddened with
respect to the sun (see Chapter 6, and Jewitt & Meech, 1986). From the fit to the near IR
data, the scattered light contribution in the 4.8um band can be removed (see Table 3-1) and the

thermal data refit for the temperature. Temperatures between 244 < T [K] <268 give
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Table 3-1

IRTF Observations of Comet P/Halley

Filter Ay  Mag  Comat C,3 Mag, FyWmZuml] Fy[WmZuml] AF, [Wm'2]
pum o Lyr P/Halley P/Halley

J 125 1044+003 004 - 1040 307x107 212x1013  (265+007)x 1013

H 165 999+003 004 — 995 1.12x10° 117x1013 (1.94+0.06)x 1013

K 220 985+003 004 — 981 407x1010 485x101% (1.07+0.05)x 1013

L 345 951+005 -0.04 [0500 946 730x101! 120x 1014 (4.14+020)x 1014

M 48  674+005 -004 -0055 665 212x10!! 464x101% (223+0.10)x 1013
(2.05 + 0.10) x 10°13

N 101  130+£007 -004 -003 123 117x1012 377x1013 (3.81+0.25)x 10712

— 125 045+010 004 - 041 507x1013 348x1013 (434 +040)x 1012

Q 200 -1.03+015 -004 -004 -111 7.80x101% 217x1013 (434 +0.60) x 1012

*Correction for coma in sky position.
8Correction to monochromatic magnitudes, from Hanner et al. 1984.
T After removal of scattered component of solar spectrum.

Table 3-2
Derived Comet Halley Albedo ‘

A(um) Solar Flux Density!  Albedo
W m2um) (py]
125  4.473x 102 0.06 £ 0.01
1.65  2.279 x 10? 0.07 £ 0.02
220  0.759 x 102 0.08 £ 0.02

TMagnitude of the Sun, as determined from a solar spectrum

from Labs and Neckle (Hanner, private communication).
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Figure 3-2. Near IR (1.25-3.5um) and thermal IR measurements of P/Halley (from Table 3-1) obtained
with the IRTF on 1985 November 11. The curve passing through the near IR data is for a blackbody of T =
4000 K. The near IR data is the radiation scattered from the grains. The scattered radiation has been reddened
with respect to the solar continuum. The 2 blackbody curves (T = 244, 268 K) passing through the thermal data
show the range of temperatures which best match the thermal emission from the grains.
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acceptable fits to the thermal emission from P/Halley. The temperature 256 + 12 K is
therefore adopted as the temperature of the coma. In Figure 3-2 the P/Halley data are shown
with the fits for the scattered and thermal radiation. Both the total 4.8 um measurement and
that corrected for just the thermal emission are shown in the figure for comparison.

The albedos in each of the near-IR bandpasses (J, H and K) have been computed using
the method described in section 3.2.3 and are listed in Table 3-2. Although the definition of
albedo used by O'Dell (1971) typically yields somewhat higher albedos, the albedo of
P/Halley is very low no matter which definition is used. This finding is consistent with the
result from the H,O sublimation model presented in Chapter 2 which required that the Bond
albedo be lower than 0.15, and with more recent measurements from spacecraft (see Chapter

8).

3.3.2 Other Sources of P/Halley Albedos

There have been at least two other programs to monitor the infrared brightness of
P/Halley as a function of R, one at the IRTF and one at the United Kingdom Infrared
Telescope (UKIRT) on Mauna Kea. The published flux densities from both programs
(Tokunaga et al., 1986; and Green et al., 1986) are consistent with the observations presented
here for P/Halley. The albedos derived by Tokunaga et al. (1986) are somewhat lower than
those presented here; however. The area of the dust in Tokunaga et al. (1986) was determined
from the thermal emission by considering models for various grain size distributions.
According to Hanner (private communication) this method may differ by up to 25% from the
simple determination of the area as described above. The IRTF and UKIRT studies show that
both the near IR colors and albedos remained constant within their errors as a function of
distance (for 1 < R (AU) < 4.8). Finally, direct measurements of the reflectivity of the

nucleus (unfiltered) with the Giotto spacecraft Multicolor Camera (Delamere et al., 1986;



Chapter 3 62

Keller et al., 1986) found that the mean surface reflectivity is about 3.5%.

3.4 Other Comets

It is not always possible to determine the albedo for either the comet nucleus or the dust
grains if the comet is at large R because of the lower surface temperature and the relative
insensitivity of the infrared detectors. It is therefore useful to compare the measured albedos
of many different comets to see if the low albedo measured for P/Halley is typical of other
comets.

Table 3-3 summarizes the known albedo measurements for 13 comets. Some of the
albedos were determined using radiometric methods (nuclei), whereas others were determined
using the method of O'Dell or the method discussed in section 3.2.3. It is not possible to
convert the albedos to one particular system because of insufficent information in the
references. However, the albedos computed with the method of O'Dell are typically 2-4 times
higher than the albedos computed by the alternate method. The conclusion that may be drawn
from Table 3-3 is that the dust and nuclei of comets appear to be very dark, between 0.02 <p,
< 0.15. Furthermore, when modelling the activity of comets in the absence of any albedo
information, a reasonable choice of albedo would be p, = 0.07, which is probably not wrong

by more than a factor of two.
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Table 3-3

Cometary Albedos - Nucleus and Coma

Comet Position P A[um]  Radius [km] Reference
Arend-Rigaux nucleus 0.02+0.01 5 (max) A'Hearn 1986
0.05+0.01 1.25 4.8+0.4 Tokunaga & Hanner, 1985
0.03 Veeder et al., 1985
0.02+0.01 0.55 5.1+1.1 Brooke & Knacke, 1986
0.0340.01 1.25 "
0.06+0.03 1.25 4.5£0.2/0.5 Birkettetal, 1987
0.028+0.005 5.15%0.2 Millis et al. 1987
Bowell coma  0.14+0.05 1-2 Jewitt et al., 1982
coma 0.10 1.25 Hanner & Campins, 1986
Bradfield coma 0.10 Ney, 1974
P/Chemnykh coma  0.05+0.03 1.65 Campins et al., 1982
Churyumov- coma  0.04 1.25 Hanner et al., 1985
Gerasimenko
Halley coma 0.06+0.01 1.25 Present work
coma <0.1 Cruikshank et al., 1985
coma  0.032+0.002 1.25 Tokunaga et al., 1986
0.045+0.003  2.20
coma  <0.05 to 0.15 Gehrz & Ney, 1986
nucleus 0.035 Delamere et al., 1986
P/Kearns-Kwee coma  0.16+£0.05 1.65 Campins et al., 1982
Kohoutek ('73f)coma  0.14 1.65 Rieke & Lee, 1974
coma 0.12 1.25 computed from Ney, 1974
Neujmin 1 nucleus 0.02-0.03 8.8-10.6 Campins et al., 1987
Panther coma  0.1440.05 1-2 Jewitt et al., 1982
SW1 nucleus 0.1310.04 4015 Cruikshank & Brown, 1983
P/Stephan- coma 0.07 Veeder & Hanner, 1981
Oterma 0.12+0.04 1.65 Campins et al., 1982
P/Tuttle coma  0.10+0.02 1.65 Campins et al., 1982
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3.5 Conclusions

1. The albedo of comet P/Halley was measured to be p, = 0.06 £0.01 at A = 1.25um, 0.07
+0.02 at A = 1.65um and 0.08 £0.02 at A = 2.20um. These albedos refer to dust grains
in the coma.

2. The low albedo of P/Halley is typical of other comets measured in the same manner.

3. The albedos of cometary nuclei and cometary dust lie within the range 0.02 < p, <0.15,
so that in the absence of albedo measurement, an albedo estimate of p, = 0.07 is probably

not wrong by more than a factor of two.

4. The comet Halley albedo did not change appreciably as a function of heliocentric distance.
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Chapter 4 - Cometary Phase Functions

4.1 Introduction

Measurement of the scattering properties of particles as a function of phase angle is an
important means of learning about the composition and physical properties of the scatterers.
The phase functions of cometary grains have been measured in the range 30 < o [deg] < 150
(Ney and Merrill, 1976; Ney 1982) and are consistent with scattering from pm-sized dielectric
spheres. At small phase angles (o < 7 deg), atmosphereless solar system bodies exhibit a
surge in brightness (the so called "opposition effect") caused by the disappearance of
interparticle shadows. The exact height and shape of the surge are dependent upon the
roughness and porosity of the surface and upon the single scattering albedo of the particles
(Lumme and Bowell, 1981). In comets, however, the nucleus is rarely directly visible.
Generally, the scattering cross section in active comets lies in small solid particles in the
extended coma. An opposition surge may or may not be produced in the coma particles,
depending on their shape, composition and size. Some cometary dust grains may be similar to
the Brownlee particles (Brownlee, 1978) collected in the Earth's upper atmosphere:
aggregates of silicate grains bound together by an amorphous carbon-rich material (Bradley et
al., 1984). Hanner et al. (1981) and Mukai et al. (1982) have shown that enhanced
backscattering is possible for slightly absorbing fluffy particles such as these. Resonant
backscattering ("glory") may also be produced (Oetking, 1966) if the particles are both
spherical and transparent. The Gegenschein may be caused by enhanced backscattering from
the zodiacal light particles (Dumont and Sdnchez, 1975) which may themselves be cometary
debris (Whipple, 1967). It therefore seems reasonable to search for an opposition surge or
enhanced backscattering in the grain comae of active comets. Although the scattering function

can certainly not be used as a unique diagnostic of the properties of cometary grains, it may be
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possible to use it to place useful constraints on the nature of the grains.

There have been several attempts to observe backscattering phase effects in comets.
Kiselev and Chernova (1981) obtained broadband photometric measurements as a function of
phase angle (2 < o [deg] < 25) for the comae of comets Meier (1978f) and P/Ashbrook-
Jackson. Based on additional polarization measurements and Mie theory calculations they
interpreted the enhanced brightening at small phase angles to be caused by backscattering from
large (radius @ 2 1 pm) dielectric particles. It is likely that the broadband filters used by
Kiselev and Chernova took in considerable gas band emission in the case of comet Meier, so
that a simple interpretation of their data may not be possible. Millis et al. (1982) made
narrowband observations of the dust continuum of comet P/Stephan-Oterma as a function of
phase angle (3 < ¢ [deg] < 30) and reported a factor of two increase in brightness at small
phase angles which they interpreted as single particle enhanced backscattering. Finally,
similar observations have been obtained for comet Bowell (1982I), by A'Hearn et al. (1984),
who argued that the backscattering brightness (near o = 0 deg) is approximately a factor of 3
greater than at moderate phase angles.

Advantage was taken of the fortuitous passage of P/Halley through small phase angles
in November 1985 to examine its brightness as a function of phase, and to study temporal
changes in the brightness of the gas bands and continuum. The major problem with any
attempted measurements of the phase functions of comets is that the heliocentric distance, R,
and the phase angle, o, vary simultaneously, so that a given observed brightness change may
be attributed to either variable. Temporal variations intrinsic to the comet may also be present.
However, the geometry of P/Halley was particularly suitable for this project since the
heliocentric distance remained virtually constant (1.62 < R [AU] < 1.72) while the phase
angle changed from 1.3 < o [deg] < 8.6. In the remainder of this chapter, observations of
P/Halley will be described and the data will be compared to the known backscattering

measurements of other comets.
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42  Observations

Observations were obtained during UT 1985 November 15-22 at the McGraw-Hill
Observatory 1.3m telescope at Kitt Peak. The MKII spectrograph and a 2048 channel
intensified Reticon detector (Shectman and Hiltner, 1976) were used at the /7.5 Cassegrain
focus. All observations were taken with a 300 line/mm grating, giving a dispersion of 2.3A
per channel. The effective spectrograph resolution over the range of wavelengths 3700 < A
(A) <6900 was A1 = 15A. All observations were taken through an 8 arcsec diameter
circular diaphragm which was chopped to a nominal sky position 40 arcsec west of the
nucleus. The chop position always contained coma, however, and was used as a second data
position. True sky subtraction was achieved by periodically observing the sky 3 deg north of
the nucleus. Guiding on the comet was achieved by using an intensified CCD camera to
monitor the image of the comet reflected from the spectrograph slit plate. The guiding was
accurate to better than £ 1 arcsec. Exposure durations for both the central and 40 arcsec west
positions were between 300 - 600 s. Table 4-1 lists the geometry of the comet on each of the 8
nights during which data were obtained.

The Reticon counting rate was kept below 4000 photon s via the use of neutral density
filters, in order to avoid coincidence detection problems. The same filters used to observe the
comet were also used for the standard stars since the transmission curves of the supposedly
neutral filters are known to be slightly wavelength dependent. A single neutral density filter
was used on all nights except for UT 1985 November 21 during which the comet brightened
significantly. Ironically, as a consequence of the additional neutral density used on this night,
the spectra of the comet at its brightest have the smallest signal to noise ratio.

Spectrophotometric calibration was obtained from observations of the standard stars
HZ15, Feige 15 and Feige 25 (Stone, 1977). These standards were chosen to be at similar

airmass to the comet so as to minimize possible errors in assuming the Kitt Peak mean
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Table 4-1
Observing Geometry

UT Date Dt R[AU® A[AUJ ol

1985  -2440000 [deg]
15Nov  6384.5 1.72 0.74 5.68
16 Nov  6385.5 1.71 0.72 4.02
17Nov  6386.5 1.69 0.70 2.38
18 Nov  6387.5 1.68 0.69 1.37
19Nov  6388.5 1.66 0.67 2.41
20Nov  6389.5 1.65 0.66 4.31
21 Nov  6390.5 1.63 0.65 6.42
2Nov  6391.5 1.62 0.64 8.63

TJulian Day Number for ohuUT of date; SHeliocentric Distance;

$Geocentric Distance;

OPhase angle.

All positions were computed with a two-body ephemeris program
using elements from MPC 10155.

extinction coefficients. Wavelength comparison Hg and Kr sﬁectra were taken before and
after each observation in order to correct for instrumental flexure. Third order polynomial fits
to 16 spectral lines provided good dispersion solutions, with residuals typically less than 1
channel (2.3A). No significant differences were found in the instrumental response curves
computed from each standard star, hence a mean curve was formed from all of the standards
observed each night. The standard star magnitudes were reproducible to within = +£0.1 mag

over the 8 nights of observation, providing an empirical measure of the photometric quality of

the data.
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43  Analysis and Discussion

In order to study the scattering properties of the dust, the signature of the solar
spectrum must be removed from the data. The solar spectrum (Arvesen et al., 1969) was
smoothed to match the MKII spectral resolution by convolving it with the instrumental spectral
line profile, which was approximated by a gaussian of full width at half maximum (FWHM)
equal to A4 = 15A. Reflectivity spectra were computed by dividing each of the spectra of
P/Halley by the convolved solar spectrum. The effectiveness of the division can be seen in
Figures 4-1 and 4-2 by the removal of the solar H and K calcium and the hydrogen-alpha lines
from the spectra.

The reflectivity spectra show molecular emission bands (due to CN(Av=0), G,
C,(Av=+1) and C,(Av=0) as well as weaker bands due to CH(Av=0) and [OI])
superimposed on a strong dust continuum. In order to separate the continuum brightness
from the molecular emissions, the continuum brightness was measured in a narrow
emission-free region between 5760 < A [A] € 5820. The location of this "continuum
window" is shown in Figure 4-1, which is an average of 9 reflectivity spectra obtained on UT
1985 November 22. Several of the gas bands are indicated in Figure 4-1, together with their
corresponding continuum windows. The wavelengths used for the gas bands and their
continuum windows are listed in Table 4-2a. Nightly averages of the reflectivity spectra are
presented in Figures 4-2a-e. The spectra are plotted at a fixed absolute scale for ease of
comparison. It is evident from the figure that substantial changes occurred in the dust
continuum and molecular band components of the spectrum of P/Halley. For example, note
the fading of the continuum from UT 1985 November 15 to 16 and from UT 1985 November
21 to 22 and the changes in the strength of the CN band from night to night.

Although there are substantial changes in the strength of the dust continuum, the

continuum color does not change significantly from night to night. Measurements of the
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Figure 4-1. Average of 9 P/Halley reflectivity spectra from UT 1985 November 22. Gas emission bands
of CN(Av=0), C3. C2(Av=+l) and Cz(Av=0) are marked as are their surrounding continuum regions. An
additional continuum window at 4., = 5790A is also marked.
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Figure 4-2. (a)Nightly averages of P/Halley reflectivity spectra versus wavelength. Note that all spectra are
plotted at the same absolute scale for ease in comparing nightly changes in both the line strength and continuum
brightness. The CN band is also plotted at one tenth scale. The UT date and range of times for the spectra used to
compute the average reflectivities are indicated. The number in parentheses following the date is the number of
spectra used in the average. Outbursts in the continuum brightness are evident on UT 1985 November 15 and 21.
For comparison, the mean continuum brightness in the 5760 < A ( A) < 5820 continuum window for all other
nights is indicated by the dashed lines.
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Figure 4-2. (b) See Figure caption for Figure 4-2a.
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Figure 4-2. (c) See Figure caption for Figure 4-2a.
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Figure 4-2. (d) See Figure caption for Figure 4-2a. The increased noise in the reflectivity on UT
November 21 is due to the large neutral density filter employed (see text).
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Table 4-2a

Gas Band and Local Continuum Windows

Species Emission’ Continuum?

CN(Av=0) 3840-3900 3760-3800, 4130-4170
G 3910-4110  3760-3800, 4130-4170
C,(Av=+1)  4560-4760  4450-4515, 4760-4810
C,(Av=0) 4975-5200  4930-4975, 5225-5260

T
Wavelength range in A.

Table 4-2b

Continuum Windows

Start End

(Wavelength in A)
4390 4450
4750 4825
5200 5250
5760 5820

" 6235 6265
6380 6475
6780 6820

brightness in 7 continuum windows between 4390 < A [A] < 6820 (see Table 4-2b) were
used to compute the normalized reflectivity gradient, S'(4390A,6820A) = (dS/dA) / S,,,,,»
expressed in percent per 10° A, where dS/dA is the slope of the reflectivity spectrum and

S, .an iS the mean reflectivity in the wavelength interval. The normalized reflectivity gradient
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is a measure of the grain color (see Chapter 6 for a discussion of this quantity); positive values
indicating grain reddening, or increased scattering efficiency at longer wavelengths.
Uncertainties in the color of the sun can introduce systematic errors in the color gradient of
about 2% / 103A, which is roughly equal to the reflectivity gradient measurement error
(Chapter 6; Jewitt and Meech, 1986). Emission band contamination of the continuum
windows is minimal as all spectra (including those of other active comets) were examined to
determine the emission free regions. The measurements show that the continuum of P/Halley
is reddened with respect to the sun by S'(43904,6820A) = (9 £2) % / 103A. This value is

consistent with the reddening (5+2 < S'{% / 1034] < 18 £ 2) seen for a sample of nine

other comets (Jewitt and Meech, 1986).
44  Phase Function
4.4.1 Comet P/Halley

Figure 4-3 shows a plot of the mean continuum flux density, F;_s,9 z J s m2 A,
at the central and 40 arcsec West positions as a function of the time of observation. It is
evident from Figure 4-3 that the continuum flux density varies among nights by a factor of
order 2. There are two distinct outbursts in the continuum centered near JD 2446385.0 and
JD 2446390.7, each with a duration of about 1 day. In between the outbursts, the continuum
is a relatively smooth function of time. The substantial maxima apparent in the central
("nucleus") diaphragm are muted or absent at the 40 arcsec West position.

The data from the central diaphragm are shown in Figure 4-4a, but this time the
continuum magnitude

Mg, = —2.5 log (Fx) - 28.58 4.1)
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Figure 4-3. Plot of the P/Halley continuum flux density (5760 < 4 (A) < 5820) in the

central and coma positions as a function of Julian Day (JD 2446384.5 = 1985 November 15 at
0"UT). Minimum phase angle (a = 1.37 deg) occurred near JD = 2446387.5; no phase related
brightening is apparent. However, two brightness outbursts in the dust coma are evident near JD
= 2446385.0 and JD = 2446390.7, (UT 1985 November 15 and 21 ) with brightness increases of
0.6 and 0.4 mag, respectively. The continuum flux density versus JD for the coma position (40
arcsec west of the nucleus) shows no delayed brightness surge. The flux density measured at the
coma position has been multiplied by 10 in the figure.
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Figure 4-4. (a) Normalized magnitude versus phase angle for P/Halley (data from the present
work), where the magnitude is that computed from the continuum window at A = 5790A
(m5790 A= V), and only magnitudes measured outside the two "outbursts" have been plotted for
clarity. A linear least squares fit for the linear phase coefficient, B, is shown. All comets are
consistent with no opposition effect 2 0.2 mag for 0 < & (deg) < 10 and have linear phase
coefficients in the range 0.01 < 8 [mag deg“] <0.04.
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is plotted against the phase angle, a. (For practical purposes, ms,q, is close to the V
magnitude of the continuum). Data judged to be from the two outbursts in Figure 4-3 have
been omitted from Figure 4-4a to attempt to emphasize any phase variations which may be
present. The data are consistent with a small linear phase coefficient B=0.02£0.01 mag
degl. There is no evidence for an opposition surge = 20%. Most importantly, the factor of 2
to 3 (Am = 1 mag) backscattering enhancements reported for other comets are clearly not
seen in comet Halley over the phase angle range 1 < « [deg] < 10. It is possible, although
unlikely, that intrinsic activity acted to cancel phase related variations in P/Halley.

To set the P/Halley data in proper context, the following is a critical assessment of the

brightness versus phase data for four other comets.
4.4.2 Comet PIAshbrook-Jackson

Data from Kiselev and Chernova (1981) for comet P/Ashbrook-Jackson have been
re-analyzed and are shown in Figure 4-4b. The magnitudes have been reduced to unit R and
A, where A is the geocentric distance in AU, by subtracting 2.5 log(R24) from the data.
(Note that Kiselev and Chernova assumed a A% dependence in their analysis which is
appropriate for a point source but not for an extended comet). Additionally, the magnitudes
have been normalized so that the brightness at & = 10 deg is equal to the brightness of
P/Halley at this phase angle (V = 11.24 mag). Although the P/Ashbrook-Jackson
observations were made with the broadband V filter (4, = 54804, A1 = 860A), Larson
(1978) found that the comet spectrum was pure continuum, so that gas contamination should
not be a problem. Furthermore, the change in R during the interval of observation (4.5
months) was only AR = 0.1 AU, so that intrinsic brightness variations with R may also be
neglected. Even though Kiselev and Chernova have fitted an asteroid-like phase function to

the data, showing an opposition surge (linear phase coefficient plus a non-linear term), the
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Figure 4-4. (b) Normalized magnitude versus phase angle for P/Ashbrook-Jackson (data
from Kiselev & Chernova, 1981), where the errors of 0.03 mag are as reported in Kiselev &
Chemova. A linear least squares fit for the linear phase coefficient, S, is shown. All comets are
consistent with no opposition effect 2 0.2 mag for 0 <  (deg) < 10 and have linear phase
coefficients in the range 0.01 < 8 [mag deg!] < 0.04.
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data may be equally well fitted with a simple linear phase coefficient 8 = 0.034 £ .006 mag
deg'l. Any more complicated fit to the Kiselev and Chernova data is unjustified given that the
data were sparsely sampled during the 4.5 month observation interval, thus precluding any

estimate of the intrinsic cometary activity.
4.4.3 Comet Bowell

Data from A'Hearn et al. (1984) for comet Bowell (1982]) have been used to create the
plot in Figure 4-4c. The continuum magnitudes were derived from mean flux densities, F,
Aoy = 5246A, AL = 72A), found in Table I of their paper. The normalized V magnitude

plotted in Figure 4-4c was computed via:

2
R"A
v=-25[ log( %

)+log F) ] +C, 4.2)

where ¢ is the observing diaphragm diameter, ¢, = 20 arcsec is a standard diaphragm diameter
and C, is a normalization constant (so that V = 11.24 mag at o= 10 deg). The observations

of comet Bowell were taken over a large range of R (3.7 <R [AU] < 5.6) so that temporal
and heliocentric variations may be suspected. However, the cross section of the coma of
comet Bowell was nearly constant during the interval of observation (e.g. Jewitt, 1984),
suggesting that the trend in brightness was due to the changing phase. The best fitting linear
phase coefficient is 8= 0.035 + 0.005 mag deg’!; there is no evidence for an opposition

surge.
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Figure 4-4. (c) Normalized magnitude versus phase angle for Bowell (data from A'Hearn et
al., 1984); the errors, where shown, are the errors on log(F ) as taken from the original paper. A
linear least squares fit for the linear phase coefficient, B8, is shown. All comets are consistent
with no opposition effect > 0.2 mag for 0 < & (deg) < 10 and have linear phase coefficients in the
range 0.01 < S [mag deg'I] <0.04.
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444 Comet P/Stephan-Oterma

The normalized magnitudes of P/Stephan-Oterma (Millis et al. 1982) are presented as a
function of phase angle in Figure 4-4d. Unlike the previous authors, Millis et al. did attempt
to remove the effect of intrinsic activity from their data by examining the ratio of the dust
production rate to the C, gas production rate as a function of phase angle. The success of
their method demands that the ratio of the dust to gas production rates did not change as a
function of R. The normalized magnitudes shown in Figure 4-4d were computed from the
data found in Table II of Millis et al. by assuming that the coma brightness is proportional to
the amount of dust in the coma and so to the production rate. A change in the dust/gas
production ratio is thus equivalent to a change in the dust brightness, which can be converted

to a normalized V magnitude using:

V = -251log (Qp) + Cs (4.3)

where O, is the ratio of the dust production rate to the C, gas production rate, and C, is the
normalization constant to the P/Halley data at & = 10 deg. As with the previous comets, there
is no evidence for an opposition surge. Instead, a linear phase coefficient represents the data

well; for P/Stephan-Oterma f = 0.020 + 0.004 mag deg'.

445 Comet P/Encke

Finally, there exists a small set of measurements of comet P/Encke over a large range of
phase angles (7 < ¢ [deg] < 117). The measurements are summarized in Figure 4-4e which is
a plot of the R magnitude reduced to unit R and A versus phase angle. The small phase angle

data (oc=7 deg, 15 deg) are from the observations presented in Chapter 5 (Cometary Rotation
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Figure 4-4. (d) Normalized magnitude versus phase angle for P/Stephan-Oterma (data from
Millis et al., 1982) where arbitrary 0.1 mag errors are plotted. A linear least squares fit for the
linear phase coefficient, 8, is shown. All comets are consistent with no opposition effect > 0.2
mag for 0 < a (deg) < 10 and have linear phase coefficients in the range 0.01 < 8 [mag degl]<
0.04.
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Figure 4-4. (e)Normalized magnitude versus phase angle for P/Encke (data from Chapter §
and Jewitt & Meech, 1987) where the error bars indicate the uncertainty due to the rotational
phase. The half error bars are for data known to be at maximum brightness. A linear least
squares fit for the linear phase coefficient, B, is shown. All comets are consistent with no
opposition effect 2 0.2 mag for 0 < & (deg) < 10 and have linear phase coefficients in the range
0.01 < B [mag deg’!]1 < 0.04.
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Periods), whereas the large phase angle data are those of Spinrad as summarized in Jewitt and
Meech (1987). The error bars on the data are a result of the uncertainty in the rotational phase
of the comet. There are half error bars on two of the data points because the comet was
known to be at maximum brightness (see Chapter 5). There are insufficient data to search for
an opposition surge, however, the data are consistent with a phase coefficient of =~ 0.04

mag degl.

4.4.6 Comparison With Other Solar System Bodies

In all the cases discussed above, with the exception of P/Encke, the comets were
described as showing either a "backscattering peak" or "enhancement”, suggesting an
asteroid-like opposition surge in some cases. There is no convincing evidence for an
asteroid-like opposition surge, neither in the present data on P/Halley nor in the other comets
for which phase curve measurements exist. The present spectrophotometric data set for
P/Halley is probably the best suited for searching for the opposition surge, since the data were
taken over a small interval in time and R. Frequent sampling allowed gross temporal
variations to be easily identified.

In Figure 4-5a all of the normalized phase curves (except for that of P/Encke),
including the present data for P/Halley, are plotted versus phase angle. For comparison, a
theoretical phase curve for a low albedo asteroid (after Bowell and Lumme, 1979) has been
plotted as a solid line. The dashed line shows a linear phase coefficient of 0.03 mag deg’l,
normalized to the theoretical curve for o> 15 deg. The theoretical phase function has been
normalized to the P/Halley magnitude at ¢ = 10 deg. It is evident from Figure 4-5a that none
of the comet phase curves exhibit the 0.4 mag brightness enhancement over the linear portion
of the curve as seen for the model. Models for surfaces with higher albedos have smaller

opposition surges because multiple scattering destroys interparticle shadows; however, these
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Figure 4-5. (a) Normalized V magnitude versus phase angle for all of the comets shown in
Figures 4a-d. A Bowell and Lumme (1979) phase function for a dark asteroid (p,, = 0.07, 8~
0.037 mag deg” ) is plotted as the solid line. The dashed line indicates a linear phase coefficient
of 0.03 mag deg . The comet data do not show the backscattering enhancement of AV = 0.4 mag
over the linear portion of the phase curve which is typically seen for asteroids.
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models do not fit the large phase angle portion of the comet phase data as well as the low
albedo models. The fact that the asteroid regolith scattering models do not fit the data well
may suggest that the phase dependence is not caused by interparticle shadowing and that
effects due to the single scattering albedos of the cometary particles are more important. It can
therefore be concluded that the comets show a linear phase coefficient 8 =0.02 - 0.04 mag
deg! for phase angles 1 < o [deg] < 30, but that there is no evidence for an opposition surge
greater than about 0.2 mag. In this sense, the backscattering from comets is different from
that seen in typical asteroids.

Although it appears unlikely that the phase function of the dust in the coma of P/Halley
would be similar to that of a regolith, there are occasions when a regolith opposition effect can
be extremely narrow and therefore go unobserved unless the measurements extend to very
small phase angles 0 < & [deg] < 2. Such is the case for the phase curves of the Uranian
satellites Oberon, Ariel and Titania where the shai'p rise in brightness does not occur until the
phase angle is less than &= 1deg (c.f. Brown & Cruikshank, 1983; Hapke, 1986; Lane et
al., 1986). According to Hapke (1986), the width of the opposition peak is a function of both
the filling factor and the particle size distribution. For power-law particle size distributions
with indices 1 < k < 4 and a large ratio of the largest to smallest particle sizes such as has been
measured for P/Halley (McDonnell et al., 1986), the opposition surge width can be extremely
narrow. A comparison of the opposition surges of the Uranian satellites and P/Halley is
presented in Figure 4-5b. The data for the satellites have been normalized to the P/Halley data
at o0 = 2.95deg. Furthermore, the surge can also be narrow when the particle volume filling
factor is low. It is possible that an opposition surge in P/Halley was unobserved by us
because it was extremely narrow.

At the other extreme, an opposition surge would be difficult to detect if it were broad
and of low amplitude. For example, the Gegenschein is a broad backscattering enhancement

from interplanetary particles which are themselves believed to originate in comets. The
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Figure 4-5. (b) Comparison of the opposition surge for the Uranian satellites with the data

for P/Halley. The data have been normalized at o = 2.95 deg.
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Gegenschein is an antisolar brightness excess of about 20% with a diameter approximately 20
degrees between the points of half intensity (Dumont & S4dnchez, 1975). Lamy and Perrin
(1986) have utilized extensive zodiacal light brightness measurements in order to obtain the
scattering phase function per unit volume of the interplanetary dust. They concluded that the
backscattering enhancement was only a factor of 2 over the minimum value near phase angle
o = 80 deg; furthermore, the models do not suggest a strong surge at small phase angles (@ <
10 deg). Leinert (1975) found similar brightness gradients in the Gegenschein of about 1-2%
per deg, within approximately o < 10 deg of the center. This corresponds to about a 0.1 - 0.2
mag brightness enhancement within the phase angle range observed for P/Halley.

In Figure 4-5¢ the phase function of the zodiacal dust (Dumont & S4nchez (1975);
Leinert (1975)) is compared with the brightness versus phase data for the comets. As in
Figure 4-5a, all data are normalized to V = 11.24 at o = 10 deg. The very small amplitude of
the Gegenschein is apparent from the figure. Considerable scatter among the phase curves of
the comets makes a comparison with the zodiacal dust rather difficult. However, it appears
that the phase curves of the comets are steeper than the phase curve of the interplanetary dust,
especially for phase angles a > 10 deg.

In summary, the backscattering phase functions of the comets are different from a
majority of asteroid and satellite phase functions (including that of the moon, see Gehrels et
al., 1964) which show a pronounced opposition surge (see Figure 4-5a). Furthermore, there
appear to be differences between the phase functions of the interplanetary dust and the
cometary dust (see Figure 4-5c). On the other hand, a similarity to surfaces with very narrow
backscattering enhancements such as Oberon, Ariel and Titania cannot be ruled out (see
Figure 4-5b). The slopes of the phase curves shown in Figure 4-5a are compatible with a
simple extrapolation to small phase angles of the phase curves presented for angles 30 < &
[deg] < 150 by Ney (1982) for comet West. It should also be noted that there is no evidence

for glory-like backscatter in the present data. Further measurements of scattering from the
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comae of comets at small to moderate phase angles, while taking account of the intrinsic
variability of the coma brightness, will allow more detailed comparison of the scattering

properties of comet dust, the interplanetary dust and asteroid surfaces.
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Figure 4-5. (c) Comparison of the normalized V magnitude versus phase angle for all of
the comets with the phase dependence of the zodiacal light (data from Dumont & S4nchez,1975;
Leinert, 1975). The data on P/Halley are plotted with open circles, whereas all other comets are
plotted with crosses. The zodiacal dust data are plotted as filled boxes.
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45 Conclusions

1. No opposition effect 2 20% is detected in the continuum of P/Halley in the phase angle
range 1 < o [deg] < 10. Instead, the backscattered continuum is adequately

represented by a linear phase coefficient, 8= 0.02 + 0.01 mag degl.

2. No evidence for opposition effects greater than 20% was found in a re-examination of
published data on comets P/Ashbrook- Jackson, Bowell and P/Stephan-Oterma. The
backscattering phase functions of these comets are best described by small (but

significant) linear phase coefficients, 8 = 0.02 - 0.04 mag degl.

3. The cometary phase coefficients are similar to those of low albedo asteroids. However,
the comets differ from low albedo asteroids< in that they lack observable opposition
surges. The backscattering phase functions of comets are steeper than the phase function

of the zodiacal light in the range 0 < o [deg] < 30.

4. Reflectivity spectra of comet P/Halley show a strong dust continuum with bands of
CN(Av=0), C;, C,(Av=+1) and C,(Av=0) superimposed. The dust continuum of
P/Halley is reddened with respect to the sun by S*'=(9+2) % / 10°A in the wavelength
interval 4390 < A [A] < 6820. This value is typical of other comets.
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Chapter 5 - Cometary Rotation Periods

5.1 Introduction

The nucleus rotation period is a fundamental property of a comet. Knowledge of the
period is extremely important if the behavior of a comet is to be modelled as a function of
heliocentric distance. The rotation period determines the rate at which solar energy is
deposited on the surface of the nucleus; it therefore controls the surface temperature
distribution and the rate of mass loss from the nucleus. Additionally, as first discussed by
Whipple (1950,1951), the non-gravitational motions of comets can be interpreted as reactions
to jet forces from the irregular sublimation of rotating nuclei. The period of rotation and the
sense of rotation (prograde, retrograde) both effect the interpretation of the non-gravitational

accelerations.

5.1.1 Period Determination

Unlike asteroids, whose rotation periods may be easily measured by direct observations
of the brightness as a function of time, comets present some difficulties. Until very recently,
most comet observations were made when the comet is bright and close to the sun (for
heliocentric distances R < 3 or 4 AU). At such small distances the nucleus is actively
sublimating, expelling dust and ice into the coma. A typical nucleus cross section (few km?)
is many orders of magnitude smaller than the cross section of grains in the coma which scatter
the incident sunlight; therefore even though the coma is optically thin, it is difficult to directly
determine the rotation period of the nucleus. Additionally, active comets are known to exhibit
non-periodic changes in brightness, presumably due to outbursts. A solution to the problem

of determining the rotation period is to either infer a nucleus rotation period from periodic
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variations in the coma brightness, or to observe relatively inactive comets in which the nucleus
cross section is a significant fraction of the coma cross section. Finally, if observations are
made of nuclei at distances beyond which water-ice sublimation is active (R > 6 AU) it may be
possible to observe the nucleus directly. Typically, because of their small cross sections and
low albedos, cometary nuclei are faint (mg > 19 mag), so that observations require both large
aperture telescopes and sensitive detectors (CCD's).

The first systematic investigation of cometary rotation periods was made by Whipple
(1982) who developed the "halo method" of period determination. In this method, it is
assumed that the nucleus activity arises from discrete sources and that these sources become
active as the nucleus rotation carries them into the sunlit hemisphere. The periodic injection of
material into the coma therefore produces a series of halos or parabolic envelopes which
expand outward from the nucleus. Measurements of the envelope radius divided by the
velocity yield the time of formation. Successive halos will be separated by a multiple of the
rotation period. There are several major weaknesses inherent in this method. First, the
expansion velocity of the halos is generally not well known. Second, there may be multiple
active areas on the nucleus, the number of which may not be constant with time. Third,
Whipple has made extensive use of visual observations and these are of uncertain accuracy.
Given these weaknesses, the method is probably untrustworthy.

Whipple (1982) has applied this technique to 47 comets. Unfortunately, the accuracy
of this method of period determination has been little tested. The most direct method of
nucleus rotation determination involves the use of photoelectric photometry. The only known
photoelectric photometry of the brightness variations of a comet which may be compared to
the halo method results (prior to the work presented in this Chapter) is by Fay and
Wisniewski (1978) for comet P/d'Arrest. Fay and Wisniewski find a complicated
four-peaked light curve with a period of 5.17 £ 0.01 hr for comet P/d'Arrest, whereas the
halo method yields a period of either 6.7 or 7.9 hr. It is difficult to interpret a four-peaked
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lightcurve as resulting from the rotation of an irregularly shaped nucleus (which, by rotational
symmetry, should produce a two-peaked lightcurve); however, observational errors may have
contributed to the difference in appearance between the peaks. Observations were obtained
with a simple aperture photometer; therefore centering errors can be important and it would
have been difficult to exclude faint field stars from the diaphragm. Therefore, based on this
one measurement of comet P/d'Arrest, one cannot make any statements concerning the
validity of the Whipple halo method of period determination.

In the following sections observations of 4 cometary nuclei at large heliocentric
distances and one relatively inactive comet at smaller heliocentric distances will be presented.
Periods have been determined for comets P/Arend-Rigaux, P/Neujmin 1 and P/Encke and
constraints have been placed on the periods for comets P/Tempel 2 and P/Halley. The periods
are all long compared to the time for the surface to reach thermal equilibrium, so for the
purposes of modelling the sublimation from the nucleus, the comets may be considered
"slow" rotators. Figure 5-1 presents a composite of all of the nuclei discussed in this
Chapter. The image of P/Arend-Rigaux shows the comet when it was at a larger R than when

the rotation period was determined.

5.2 Observations

5.2.1 Comet P/Arend-Rigaux

Comet P/Arend-Rigaux is an extremely inactive comet; on some apparitions it has
developed no coma at all. This is consistent with the calculations by Marsden (1968) which
show that the comet has no measurable non-gravitational acceleration. For these reasons, it is
an attractive object from which to obtain a rotation period. During the perihelion passage in

1984 December the comet was near opposition, and several groups monitored the brightness
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Figure 5-1. Five comet nuclei. (i) Comet P/Neujmin at R = 5.03 AU, exposure made with
the Kitt Peak 2.1m telescope (observation #16 from Table 5-5). The scale of the image is 150
arcsec on a side. (ii) Comet P/Tempel 2 at R = 3.99 AU (observation #37 from Table 5-8);
taken with the KPNO 2.1m. Image is about 150 arcsec on a side. (iii) Comet P/Encke at R =
4.07 AU (observation #23 from Table 5-6) taken with the KPNO 4m. Image is approximately
60 arcsec on a side. (iv) Comet P/Arend-Rigaux at R = 3.98 AU, A = 3.62 AU. Image
taken 1986 March 6 with the KPNO 2.1m. Image is 150 arcsec on a side. (v) Comet
P/Halley at R = 8.2 AU, A = 7.2 AU taken by D. Jewitt (private communication) using the
PFUEI CCD camera at the Palomar Sm telescope during 1984 January. The comet is centered
within a circle of radius 10 arcsec. All images were taken through the Mould R filter with the
exception of P/Halley which was taken through the Thuan - Gunn r filter (A = 0.65 um, AA =

0.1 um).
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of the comet. The present observations were taken using the MASCOT CCD camera (Meyer
& Ricker, 1980) at the f/13.5 Cassegrain focus of the 1.3m telescope at MIT's McGraw-Hill
observatory (MHO). The instrument was used in its direct imaging mode with an image scale
of 1.6 arcsec per 25 um pixel. Images were obtained on the nights of UT 1985 January 18,
19, 20, and 21 during photometric conditions. Table 5-1 presents the geometry of the
observations. All observations were made through the Johnson R filter (central wavelength
Acene = 0.7 pm, AL = 0.2 um). The photometry was calibrated using the standard stars Feige

34, BD+54°1981, BD+21°607, BD+54°1216 and HD 19445 (Thuan & Gunn, 1976).

Extinction was determined from measurements of several field stars in each frame. From
observations of the standard stars, each night was found to be photometric to better than 3%.
The seeing was in the range 1.5 to 2.0 arcsec FWHM. The images show a bright, condensed
nucleus in addition to a low surface brightness coma. The brightness of the comet was
measured in a diaphragm of projected radius 8 arcsec (3.3 x 10°m at the comet).
Measurements were also made in an annulus of inner radius 8 arcsec and outer radius of 12
arcsec in order to monitor variations in the coma. The mean R; surface brightness in the

annulus was 21.4 mag arcsec2. Sky measurements were made 50 arcsec to the south of the

nucleus in a region free of coma. The photometric measurements for both the diaphragm

Table 5-1

Geometry of Comet P/Arend-Rigaux

Date Tel. Seeing No. R(AU) AAU) «°
Diameter [arcsec] of obs.

85/01/18 1.3
85/01/19 1.3
85/01/20 1.3
85/01/21 1.3

1 1.538 0.567 10.1
12 1541 0569 93
24 1545 0571 8.6
24 1549 0574 8.0
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Table 5-2, (contd.)

Photometry of P/Arend-Rigaux

N Date UTf  Tel Exp Time! Airmass mR* mR(l,I,O)§ mp (coma)
(m] [sec]

44 85/01/21 616 13 70 782675 118 13.66 13.00 15.67
45 85/01/21 636 13 70 786006 113 13.66 13.00 15.71
46 85/01/21 654 13 70 78891 1.10 13.61 1295 1555
47 85/01/21 716 13 170 79.2664 1.06 13.57 1291  15.55
48 85/01/21 728 13 70 794689 105 13.56 1290 1547
49 85/01/21 742 13 70 79.7067 1.04 1356 1290 15.26
50 8s5/01/21 7:58 13 70 799675 1.03 13.50 1284 15.60
51 85/01/21 816 13 70 80.2744 1.02  13.57 1291 1547
52 85/01/21 840 13 70 80.6606 102 13.53 1287 1545
53 85/01/21 943 13 70 81.7228 1.07 13.60 1294 1537
54 85/01/21 953 13 70 81.8883 1.08 13.64 1298 1545
55 85/01/21 10:04 13 70 82.0739 110 13.63 1297 1549
56 85/01/21 10:19 13 70 823186 1.13  13.68 13.02 15.28
57 85/01/21 10:32 13 70 825269 116 13.71 13.05 1546
58 85/01/21 1047 13 70 82.7822 120 13.74 13.08 1543
59 85/01/21 10:59 13 70 829900 123 13.79 13.13 1546
60 85/01/21 11:52 13 70 838656 146 13.77 13.11  15.09
61 85/01/21 12:.04 13 70 84.0664 154 1381 13.15 15.22

+ UT start of integration.

I Time in hours since UT 1985 January 18 at oh UT (JD 2446083.5).
Photometric errors = 0.04 mag.

3 mg(1,1,0) = mg - 2.5 log(R?A) - B o; where B = 0.04 mag deg™’.

centered on the nucleus (mg) and the annulus (mg[coma]) are presented in Table 5-2 (these
data also appear in Jewitt and Meech, 1985). The photometric uncertainty of the inner
diaphragm measurements is 4%. The errors result from uncertainties in the sky subtraction,
extinction correction and in the centering of the image. Additionally, there may be a
systematic zero point uncertainty of up to 10% (0.1 mag).

The P/Arend-Rigaux photometry is shown in Figure 5-2. Both the inner diaphragm
and the annulus coma magnitudes are shown in the figure. The brightness within the inner
diaphragm varies by a factor of 1.4 (0.38 mag) whereas the coma brightness is relatively

stable, suggesting that the brightness variations are not due to coma activity.
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Figure 5-2. CCD photometry for P/Arend-Rigaux from MIT's 1.3m telescope at McGraw-Hill

observatory. The mp magnitude for both the inner diaphragm and outer annulus (coma) is plotted as a

function of time. The magnitude scale for the coma position was selected so as to indicate the true relative
brightness changes between the coma and the inner diaphragm. A sine curve of period 6.77 hours (T/2; see

Table 5-12) has been plotted to emphasize the periodic nature of the variations.
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5.2.2 Comets PINeujmin I and P/Encke

Photometric observations were obtained at the Kitt Peak (KPNO) 4m telescope in 1985
September and at the Kitt Peak 2.1m telescope in 1986 October-November. The geometry of
the observations is shown in Tables 5-3 and 5-4. All observations were taken with a single
800 x 800 pixel Texas Instruments CCD (TI#2). The image scale at the prime focus of the 4m
was 0.29 arcsec per 15 um pixel, while at the Cassegrainian focus of the 2.1m the scale was
0.38 arcsec per pixel. Potential non-linearity at the lowest signal levels (important only in
integrations much less than a minute) was eliminated by pre-flashing the chip with light from
an internal source prior to each exposure. The resultant readout noise per pixel (including the
pre-flash photon noise) was approximately 25 electrons at the 4 m and only 15 electrons at the
2.1 m. Dark emission was found to be negligible at the T = 170 K operating temperature of
the CCD. The pixel to pixel sensitivity variations were removed from the data frames using
nightly sequences of dome flats and bias frames. The resulting sensitivity of the detector was

uniform to better than 1% over the full field of view.

Table 5-3

Geometry of Comet P/Neujmin 1

Date Tel. Seeing No. R(AU) AAU) o°
Diameter [arcsec] of obs.

85/09/21 4 =1-2 3.874 3965 147
85/09/22 4 =1.2 3.881 3958 14.7
85/09/23 4 =1.0 3.888 3951 14.7
86/03/06 2.1 =1.3 5034 4715 111

6.450 6286 8.8
6.455 6275 8.8
6.461 6264 8.8

86/10/30 2.1 08-12
86/10/31 2.1 1.6 -2.0
86/11/01 2.1 =1.5

Y - N e o |
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Table 5-4

Geometry of Comet P/Encke

Date Tel. Seeing No. R(AU) AAU) «o°
Diameter [arcsec] of obs.

1985/09/22 4m = 1.2 9 4.059 3.143 6.6

1985/09/23 4m = 1.0 16 4.060 3.152 6.9

1986/10/30 21m 08-12
1986/10/31 2.1m 1.6-2.0
1986/11/01 21m =135
1986/11/03 2.1m =2

3.153 2442 144
3.147 2449 146
3.141 2456 149
3.129 2471 154

A N O

Both comets appeared stellar, with no discernable trace of coma or tail. They were
identified by noting their motion with respect to field stars. Observations at the 2.1m
telescope were taken with the telescope tracking at cometary rates. The tracking held the
position of the comet fixed on the CCD to better than 0.3 pixels (0.1 arcsec) during a typical
integration. Technical problems at the 4m prevented guiding while the telescope was tracking
at non-sideral rates. The resulting trailing of the comet across the CCD was < 1 arcsec during
a typical exposure. This motion is small compared to the size of the diaphragm used for
photometry, so that the photometry is unaffected. Images were taken through the Mould R
filter (4_,,, = 0.65 pm, A4 = 0.09 um, FWHM). Photometric measurements were made
using circular diaphragms. For comet P/Encke at the 4m telescope a photometry diaphragm of
7.0 arcsec diameter and a sky annulus with inner and outer diameters of 7.0 and 11.6 arcsec
was used. Measurements from the 2.1 m used a 6.1 arcsec diameter diahragm and a 6.1 to
15.2 arcsec sky annulus. The photometry was invariant with respect to the sizes of the
diaphragms for diaphragms larger than the seeing disk (0.8 - 2.0 arcsec FWHM). For comet

P/Neujmin 1 a photometry diaphragm of 6.1 arcsec diameter was used with a sky annulus of
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inner and outer diameters of 6.1 and 9.1 arcsec, respectively.

Most of the observations were taken during photometric conditions. Comparison of
the brightness of several reference stars per frame indicated that the sky transparency was
constant to within £1% during all observations. The major photometric uncertainty was in the
determination of the sky brightness near the comet. The photometry for P/Neujmin 1 is
presented in Table 5-5 and that for P/Encke is in Table 5-6 (the P/Encke observations also
appear in Jewitt and Meech, 1987a). A single measurement of comet P/Neujmin 1 obtained at
the KPNO 2.1m telescope in March 1986 with the same instrument and under photometric
conditions is also shown in Table 5-5 for completeness. Absolute calibration of the
photometry was achieved through observations of standard stars from Christian et al. (1985).
Repeated near-simultaneous measurements showed that the measurement uncertainty was
o(mg) = 0.05 mag in the 4m data and 6(mg) = + 0.07 mag in the 2.1m data. With comet
Encke at mp = 19.5 - 20.5 mag, these uncertainties imply that field objects at mp =23 - 24
mag were fully rejected from the photometry diaphragm. Similarly, for P/Neujmin 1, objects
of myp =21 - 22 mag were rejected. The ability to do real time flattening was crucial so that
the observations of comets could be avoided during those times when the motion carried them
close to faint field galaxies and stars. The observations for P/Neujmin 1 and P/Encke are

presented in Figures 5-3 and 5-4, respectively.
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Table 5-5

Photometry of P/Neujmin 1

N Date UT¥  Tel Exp  Time' Aimass mg +o(mg) mg(1,1,0)}
[m] [sec]
1 85/09/21 08:40 600 86655 264 1843005 1191
2 85/09/21  09:10 300 91667 214 1851005 1199
3 85/09/21  09:25 100 94167 196 18.56+005 12.04
4 85/09/21 10:26 100 104333 148 1871+005 1219
5 85/09/21 11:34 S0 115742 120 19.03+005 12.51
6 85/09/21 11:38 S0 116308 119 19.06+005 1254
7 85/09/21 12:26 75 124258 109  19.00£005 1248
8 85/09/22 09:44 337352 174 1852005 12.00
9 85/09/22 10:42 100 347019 138 18.52+005 12.00

10 85/09/22 1048
11 85/09/22 11:28
12 85/09/23  09:38
13 85/09/23 09:51

100  34.7947 132 1849+005 1197
100 35.4588 120 18.68+0.05 1216
100 57.6394 176 1881 x0.05 12.29
100 57.8508 165 18.74+005 1222
14 85/09/23 11:01 150 59.0161 129 1844005 11.92
15 85/09/23 11:36 100 59.6033 1.18 1842+0.05 1190
16 86/03/06 07:11 2.1 300 07.1836 187 1982007 1251
17 86/10/30 08:18 2.1 08.3008 2.16 2049+007 12.10
18 86/10/30 09:48 2.1 09.7969 140 20.69 £ 0.07 1230
19 86/10/30 10:13 2.1 10.2086 129 2066007 12.27
20 86/10/30 10:43 2.1 10.7247 1.19 2058 £007 12.19
21 8/10/30 11.41 2.1 11.6786 1.07 2041x0.07 12.02
22 8/10/30 12:29 2.1 12.4864 1.01  2030+£0.07 1191
23 8/10/31 08:42 2.1 32.6964 183 20.53+£007 12.14
24 86/10/31 09:19 2.1 33.3194 1.54 20.39+0.07 12.00
25 86/10/31 10:17 2.1 34.2786 127  2039+007 12.00
26 8/10/31 1131 21 35.5186 1.08 20.68+0.07 12.29
27 8/10/31 11:57 2.1 35.9442 1.04 20.74 +£0.07 1235
28 86/11/01 12:00 2.1 60.0011 1.03 20.65+0.07 1226
29 86/11/01 12:11 2.1 60.1772 1.02  20.69 £0.07 12.30
30 86/11/01 12:21 2.1 60.3558 102 2061 +0.07 1222
31 86/11/01  12:32 2.1 60.5356 101 20.73+0.07 12.34

F SN N T R R R U I R R e
2

8288283888388888

¥ UT start of integration.

t Obs (1-15) - time in hours since UT 1985 September 21 at ohuUT (JD = 2446329.5).
Obs (17-31) - time in hours since UT 1986 October 30 at ohuT (JD = 2446733.5).

§ mp(1,1,0) = mg - 5 log(RA) - B o; where B = 0.034 mag deg! (from Jewitt & Meech,
1987b)
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Table 5-6, (contd.)

Photometry of P/Encke
N Date U Tel Exp  Time' Aimass mp +o(mg) mp(1,1,0)%
[m] [sec]
26 86/10/30 02:45 2.1 200 2.7736 1.23 1984 £ 007 14.83
27 86/10/30 03:05 2.1 300 3.0881 120 19.82+0.07 14.81
28 86/10/30 04:06 2.1 300 40983 117 19.67+007 14.66
29 86/10/30 04:12 2.1 300 4.1975 1.18 19.74 £ 0.07 14.73
30 86/10/30 05:13 2.1 300 5.2156 126 19.62+ 007 14.61
31 86/10/30 07:28 2.1 300 74661 186 19.78+0.07 14.77
32 86/10/30 07:34 2.1 300 7.5583 222 1987007 14.86
33 86/10/30 07:39 2.1 300 7.6556 228 1970 £0.07 14.69
34 86/10/30 07:58 2.1 300 7.9675 256 1979+ 007 1478
35 86/10/31 02:14 2.1 500 26.2294 130 1997 +£0.07 1495
36 86/10/31 02:56 2.1 500 26.9356 1.21 19.79 £ 007 14.77
37 86/10/31 06:06 2.1 300 300922 145 19.67+007 14.65
33 86/10/31 0614 2.1 500 302275 148 19.64 £007 14.62
39 86/10/31 06:43 2.1 500 30.7133 165 19.69 = 0.07 14.67
40 86/10/31 07:13 21 500 312150 192 19.81+007 14.79
41 86/11/01 01:47 21 300 49.7964 134 19.79+007 14.76
42 86/11/01 01:57 21 600 499436 132 19.67+007 14.64
43 86/11/01 0305 21 600 51.0802 120 19.70+007 14.67
44 86/11/01 0353 21 600 51.8839  1.18 19.64+007 14.61
45 86/11/01 04:04 2.1 600 52.0706 1.18 19.63+£0.07 14.60
46 86/11/01 05:15 2.1 600 53.2575 128 1974 £+0.07 1471
47 86/11/01 05:24 2.1 600 53.3950 1.31 19.80 + 0.07 14.77
48 86/11/03 01:44 2.1 300 97.7419 1.31 19.73 £ 0.07 14.67
49 86/11/03 01:51 2.1 300 97.8506 129 19.76 £ 0.07 14.70
50 86/11/03 02:14 2.1 600 98.2258 126  19.80 + 0.07 14.74
51 86/11/03 02:24 2.1 600 98.4011 124 1980+£007 1474
52 86/11/03  02:45 2.1 600 98.7461 122 1973+0.07 14.67
53 86/11/03 02:56 2.1 600 989414 120 19.88+007 1482

¥ UT midtime of integration.
t Hours elapsed since UT 1986 October 30, ohuUT JD 2446733 5).

§ mp(1,1,0) =mg -5 log(RA) - B a; where B = 0.04 mag deg (from Jewitt and Meech
1987a).
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Figure 5-3. CCD photometry of comet P/Neujmin 1 obtained with the KPNO 4m telescope during
1985 September. A sine curve of period T/ 2 = 6.34 hours and arbitrary amplitude is superimposed on the
data.
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Figure 5-3. (continued) CCD photometry of comet P/Neujmin 1 obtained with the KPNO 2.1m
telescope during 1986 October. A sine curve of period T / 2 = 6.34 hours and arbitrary amplitude is
superimposed on the data.
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Figure 5-4. CCD photometry of comet P/Encke. The upper panel shows data obtained with the
KPNO 4m telescope in 1985 September, and the lower panel shows the data obtained with the KPNO
2.1m telescope in 1986 October. The Mould R filter is plotted versus time in both panels. A sine curve
of arbitrary amplitude and of period 11.24 hours (T/2) has been plotted for emphasis.
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5.2.3 Comet P/Tempel 2

Observations of comet P/Tempel 2 were obtained during 1987 March 31 - April 3 UT
using the KPNO 2.1m telescope with CCD TI#2 at the /7.5 Cassegrain focus. The geometry

of the observations is presented in Table 5-7.

Table 5-7
Geometry of Comet P/Tempel 2

Date Tel. Seeing No. R(AU) AAU) o°
Diameter [arcsec] of obs.

87/03/31 21m 1-15 13 3992 3160 8.9

87/04/01 21m =1.1 15 3988 3.166 9.2
87/04/02 21m <1-15 15 3985 3.172 94
87/04/03 2.1m =1.1 20 3982 3179 9.6

The image scale was 0.38 arcsec pixel’l. All observations were taken through the Mould R
filter. The telescope was guided at cometary rates. The nights of 31 March and 02 April were
photometric; cirrus was present intermittently during the other two nights. On each of the
nights of 01 April and 03 April, however, there were photometric periods (as judged by the
stability of the brightness of field stars), during which observations of standard stars from
Landolt (1983) were obtained. The comet was identified by its motion with respect to field
stars; it appeared stellar in all images. Photometric measurements were made within a circular
diaphragm of radius 6.1 arcsec and the sky brightness was measured in an annulus of inner
and outer radii 6.1 and 9.1 arcsec, respectively. The photometry for P/Tempel 2 is presented

in Table 5-8 and plotted in Figure 5-5.
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Figure 5-5. CCD photometry of comet P/Tempel 2, obtained in 1987 April at the KPNO 2.1m
telescope. The Mould R magnitude is plotted versus time. The most likely rotation period for the comet
is T = 8.93 hours.
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Table 5-8, (contd.)

Photometry of P/Tempel 2
N Date UTf  Tel Exp Time'  Airmass mp tc(mR) mR(l,l,O)§
[m] [sec]

44 87/04/03 0246 2.1
45 87/04/03 02:57 21
46 87/04/03 03:08 21
47 87/04/03 03:21 2.1
48 87/04/03 03:32 21
49 87/04/03 0348 21
50 87/04/03 03:58 2.1
51 87/04/03 0420 21
52 87/04/03 05:14 2.1
53 87/04/03 0726 21
54 87/04/03 07:37 2.1
55 87/04/03 07:48 2.1
56 87/04/03 07:59 2.1
57 87/04/03 08:10 2.1
58 87/04/03 08:21 2.1
59 87/04/03 0832 2.1
60 87/04/03 0842 21
61 87/04/03 08:53 21
62 87/04/03 09:04 2.1
63 87/04/03 09:14 2.1

74.7744 122 1954+005 13.64
74.9558 1.19 1964+005 13.74
75.1331 1.16 19.62+005 13.72
75.3536 1.14 1945+ 005 13.55
75.5269 1.11 1954 +005 13.64
75.7919 1.09 19.55+005 13.65
75.9658 1.07 19.52+0.05 13.62
76.3250 104 1962+005 13.72
77.2292 1.02 1955+005 13.65
79.4381 1.17  19.59+005 13.69
79.6169 120 1956+0.05 13.66
79.7953 124 19.54+005 13.64
79.9822 128 1964005 13.74
80.1669 132 19.60+005 13.70
80.3475 137 19.65+005 13.75
80.5275 142 19.62+005 13.72
80.7067 148 19.69+005 13.79
80.8859 1.55 19.71+£0.05 13.81
81.0628 1.63 19.70+0.05 13.80
81.2411 .72 19.69+0.05 13.79

888888888888282888888

¥ UT of the start of the integration.
t Time in hours since UT 1987 March 31 at 0" UT (ID = 2446885.5).
§ mp(1,1,0) = mg - 5 log(RA) - B a; where § = 0.04 mag deg‘l.

5.2.4 Comet P/Halley

Observations of comet P/Halley were made during 1984 October and 1985 January
with the MASCOT CCD camera using the MHO 1.3m telescope. The geometry of the
observations is presented in Table 5-9. A detailed discussion of the observations has been
presented in Chapter 2 section 2.2 and in Meech, Jewitt and Ricker (1986) and will not be

repeated here. The observations are presented in Table 5-10 and are plotted in Figure 5-6.
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Table 5-9

Geometry of Comet P/Halley

Date Tel. Seeing No. R(AU) AAU) «°
Diameter [arcsec] of obs.

84/10/22 1.3 =2 4 5908 5535 9.3
84/10/24 1.3 =2 7 5891 5485 9.2
84/10/27 1.3 =2 2 5.865 5411 9.0
85/01/18 1.3 2-3 1 5.123 4303 6.6
85/01/19 1.3 2-3 6 5.114 4304 6.8
85/01/20 1.3 2-3 7 5.104 4305 7.0
85/01/21 1.3 2-3 1 5095 4307 72
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Table 5-10
Photometry of P/Halley

N Date UT*  Tel Exp  Time' Airmass mp +o(mp) mg(1,1,0)3
[m] [sec]

84/10/22 9:48 1.3 900  9.8069 126 2049+030 1275
84/10/22 10:58 1.3 1200 10.9705 1.11  20.84+0.15 13.10
84/10/22 11:29 1.3 1200 11.4858 1.07 2080+030 13.06
84/10/22 12:29 1.3 1100 12.4875 1.07 21.08+030 13.34
84/10/24 8:19 1.3 900 56.3156 1.70 20.62+0.50 1291
84/10/24 8:41 1.3 900 56.6908 153 20.58 £020 12.87
84/10/24 9:01 1.3 57.0144 142 2046 +020 12.75
84/10/24 9:17 13 57.2836 134 2049+0.15 12.78
84/10/24 9:33 1.3 57.5514 128 20.77+020 13.06
10 84/10/24 10:01 1.3 57.0150 120 2031+£0.15 12.60
11 84/10/24 12:15 1.3 60.2553 1.06 2049 +020 12.78
12 84/10/27 9:13 1.3 129.2125 131  2127+£020 13.60
13 84/10/27 9:29 1.3 129.4875 125 21.16+020 1349
14 85/01/18 3:14 1.3 3.2406 1.19 1938+0.10 12.54
15 85/01/19 2:56 1.3 26.9261 122 1914010 1230
16 85/01/19 3:29 13 27.4872 1.14 1911030 12.27
17 85/01/19 4:39 1.3 28.6528 1.07 1922+£0.15 1238
18 85/01/19 5:12 1.3 29.2067 106 1944+0.10 1260
19 85/01/19 7:23 1.3 31.3903 128 1951+0.10 12.67
20 85/01/19 7:58 1.3 31.9758 143 1940+020 1256
21 85/01/20 2:35 13 50.5894 126 1932+0.10 1248
22 85/01/20 3:39 13 51.6564 1.06 1931+£025 1247
23 85/01/20 4:11 1.3 52.1908 106 19.00+0.10 12.16
24 85/01/20 5:17 1.3 53.2892 1.07 19.04+0.15 1220
25 85/01/20 5:53 1.3 53.8756 109 19.15+010 1231
26 85/01/20 6:23 1.3 54.3833 1.13  19.19+025 1235
27 85/01/20 6:57 1.3 54.9450 121 1928+0.10 1244
28 85/01/21 2:42 1.3 74.6958 123 1901+015 12.17

OO H WN -

82828288282383888588888

¥ UT midtime of i integration
T Obs (1-13) hours since 1984 October 22 at 0h UT (JD = 2445995.5)
Obs (14-28) hours since 1985 January 18 at 0 UT (D= 2446083 5)
§ mp(1,1,0) = my - 5 log(RA) - B o; where B = 0.018 mag deg (see Chapter 4).
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Figure 5-6. CCD Photometry of comet P/Halley obtained during 1984 October and 1985 January
with the McGraw-Hill 1.3m telescope. The data are consistent with periods greater than about 18 hours,
but undersampling prevents the determination of the period.
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5.3 Analysis

Although there is no reason to assume that the rotational brightness variations will be
sinusoidal in nature, this is a reasonable approximation to the behavior. For each data set x°
is computed as a function of period for the best fitting sinusoid in a range of periods from T =
1 to 30 hours. Note that although periods may be longer than 30 hours, the time base of the
observations is insufficient for period searches longer than about 30 hours. The results of the
minimum J? searches are plotted in Figures 5-7 and 5-9 through 5-11 and the minimum
frequencies indicated in the figures (2 7/ T) are listed in Table 5-11. For comets P/Neujmin 1
and P/Encke where observations were obtained during 2 separate observing runs, the period
search has been conducted separately for each data set. In addition, the data were combined
by correcting for the finite light travel time, where t=1_, - A/c where 1, is the time of the
observation and ¢ = 2.997 x 108 m s! is the speed of light, and the data were reduced to the
brightness for R = 1, A=1 AU and o = 0 deg (see Eq. 2.1). The reduced magnitude is listed
for all comets in Tables 5-2, 5-5, 5-6, 5-8 and 5-10. Only comet P/Arend-Rigaux had a
measurable coma which extended beyond the observing diaphragm and the brightness had to
be scaled as R?A. The results of the combined fits for P/Neujmin 1 and P/Encke are shown in
Figures 5-9b and 5-10b. A similar combined search was not conducted for comet P/Halley
because of the onset of sustained sublimation which had reduced the amplitude of the nucleus
variations to 30% of the 1984 October range by 1985 January. The best estimates for the
periods of all the comets are listed in Table 5-12 and discussed below.

As a check of the validity of the first period search technique, a second period search
was conducted for each data set using the "string-length" method of Dworetsky (1983). For
each trial period the data are ordered according to phase and the total length of the line

segments joining successive points in the phase diagram is computed:
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Table 5-11

Rotation Frequencies [2 © / T] From Figures 5-7 to 5-11

Comet o [rad hr'!l] @, 0, w,
P/Arend-Rigaux 0.6576 0.9280

P/Tempel 2 1.4071 1.6798

P/Neujmin 1 (4m) 0.9939 1.2598 0.7332

(2.1m) 0.9827 1.2312 1.4842  1.7546
(both) 0.9917 1.2489

P/Encke (4m) 0.2825 0.5628
(2m) 0.2776 0.5556 0.8333 1.1111
(both) 0.27 0.55
P/Halley (Oct) 0.3775 0.4941 0.7550 1.3417
(Jan) 0.6729 0.9566
i=n-1

L= ), [m-m ) + 0,-0_)2 + [my —m) + @ - 671"

i=1

(5.1)

The quantity ¢, is the trial phase and m, is the magnitude which has been scaled so ‘as to give
equal weight to both quantities in Eq. 5.1. The period which yields the minimum string lengh
value should be the best estimate of the period. This technique of phase dispersion
minimization assumes no specific form for the light curve. In practice, the string-length
results are noiser than the minimum )? search because no constraint is placed on the light
curve shape. Reassuringly, however, the two methods yield consistent results. The periods

as determined using the string-length method are also listed in Table 5-12.
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Table 5-12

Measured Nucleus Rotation Periods

Comet x2 Period  String Period Other Measurements
[hrs] [hrs]
P/Arend-Rigaux  13.5410.05 13.5410.05 13.5 A'Hearn, 1986
27.31 Wisniewski et al., 1986
13.47+0.02 Millis et al., 1987
P/Neujmin 1 12.67+0.06 12.73£0.06 25.27 Wisniewski et al., 1986
P/Encke 22.47+0.07 22.410.1 ———
P/Tempel 2 8.9310.1 8.87+0.1 = e
7.48+0.1 7.51£0.1
P/Halley (Oct) 9.37+0.1 24.34+0.3 LeFevre et al., 1984
16.64+0.1 16.6£0.2 >10 West & Pedersen, 1984
254310.1 25.580.2 >24 Jewitt & Danielson, 1984
33.2840.1 33.040.2 53.9740.03 Belton et al., 1986
(Jan) 13.13+0.1 54.1240.03
18.67+0.1 19.0+0.2 . >24 Sekanina, 1985
31.2+0.6 48.12 Morbey, 1985
53.04 Sekanina & Larson, 1986
52.8+2.4 Kaneda et al., 1986
53.5+1 Sagdeev et al., 1986
177.6 Millis & Schleicher,1986
350.4 Festou et al., 1987

5.4 Discussion

54.1 P/Arend-Rigaux

The results of both period searches show minima at frequencies of @, = 0.658 and @,
= 0.928 rad hr'!, which correspond to periods of T, /2 =9.56 hr and T,/ 2 = 6.77 hr (where
the rotation period, T, is twice the lightcurve period because of rotational symmetry). These

two periods are aliased by the 24 hr sampling interval. From the 22 plot in Figure 5-7, the
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minimum corresponding to @; is only slightly deeper than the miniumum corresponding to
@,. Itis therefore difficult to distinguish which is the correct period based on this data alone.
Several other groups obtained data at nearly the same time. Millis et al. (1987) find a period

near 13.5 hours. Therefore,

T, = 13.54+0.05 hr (5.2)

is adopted as the true period of rotation. A sinusoid of this period is superimposed on the data
in Figure 5-2. It is interesting to note that Wisniewski et al. (1986) claim to have found a four
peaked light curve for the rotation just as was the case for comet P/d'Arrest; their period is
exactly twice T).

Comet P/Arend-Rigaux had an extended low surface brightness coma during the
observations; it is therefore reasonable to ask whether the brightness variations could be due
to the intrinsic activity of the comet. If the brightness changes were caused by the injection of
dust into the coma, the ejected dust would pass from the inner to the outer diaphragm on a
timescale z,, .. =d /v, where v [m s'1] is the grain ejection velocity (approximated by the
Bobrovnikoff relation v = 600 R0, R in AU (Delsemme, 1982)), and d [m] is the projected
diaphragm radius. The diaphragm crossing time is of the order of ¢, . .= 10*s. No
time-delayed brightness enhancements are seen in the outer diaphragm photometry (see Figure
5-2). Thus, it can be concluded that the variations are not due to ejection of refractory grains
into the coma. As discussed in Jewitt and Meech (1985), the variations could be caused by
volatile grains, but in this case the variations would likely be modulated by the rotation of the
nucleus. In Figure 5-8 the surface brightness of the coma is plotted at both maximum and
minimum brightness. The figure shows that the brightness variations are primarily confined

to the inner coma. Finally, as shown by Millis ez al. (1987), the variations are caused by an

irregularly shaped nucleus and not by albedo variations on the surface.
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Figure 5-7. Results of least squares period searches for comets P/Arend-Rigaux and
P/Tempel 2. 12 versus frequency (rad hrlyis plotted. The locations of the deepest minima are

listed in Table 5-11.
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Figure 5-8. Surface brightness (in linear, arbitrary units) of comet P/Arend-Rigaux versus
projected distance from the nucleus (in arcsec). The surface brightness (indicated by dots) is the
average within concentric annuli_about the nucleus. One hundred units of surface brightness
correspond to 17.37 R mag arcsec?. The uppermost profile corresponds to 1985 January 21, 07:58
UT (maximum brightness), the middle profile to 1985 January 21, 11:52 UT (minimum
brightness), and the lower profile (shaded) is the difference between the first two curves. Error bars
are mostly too small to be plotted on the scale of this figure. The figure shows that the
photometric variations in comet P/Arend-Rigaux are confined to the innermost region of the coma.
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54.2 PINeujmin 1

The results of both period searches show minima at several different frequencies.
These are listed in Table 5-11. There are relatively few data points for P/Neujmin 1 compared
to P/Arend-Rigaux; for this reason the period for the individual observing runs is not well
determined - there are several deep minima aliased by the 24 hour sampling interval (see
Figure 5-9a). The combined data set period search yields two deep minima at frequencies near

®, =0.99 and w, = 1.25 rad hr! (see Figure 5-9b). The deepest minimum, at

T, = 12.67£0.06 hr (5.3)

is adopted as the rotation period of the nucleus. The fact that the same period was determined
at two separate heliocentric distances suggests that the variations in brightness were not
caused by irregular activity since this would change as a function of distance.

The only other known measurement of the rotation period of this comet is by
Wisniewski et al. (1986), who again find a complicated 4 peaked light curve. Their period, T
=25.27 (see Table 5-12) is twice the period adopted here.

5.4.3 P/Encke

The results of the period searches show minima at frequencies near @; = 0.28 and @, =
0.56 rad hr! for both the period searches for the individual observing runs and the combined
data set (see Figures 5-10a and 5-10b). The minima are approximately the same depth for the
separate solutions, whereas @, is the deeper minimum in the combined solution. It is difficult

to distinguish between the two periods T, and T, =T,/ 2; the period
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Figure 5-9. (a) Results of a least squares period search for comet P/Neujmin 1. 3
versus frequency (rad hrl) is plotted. Period searches were computed separately for the 1985
September and 1986 October data. The deep minima are separated by the 24 hour daily
sampling alias. Although several minima appear equally deep during each month, the location
of the deepest is the same during the two runs. The locations of these deepest minima are listed
in Table 5-11.
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Figure 5-9. (b) Results of a least squares period search for P/Neujmin 1 using the
combined 1985 September, 1986 March and 1986 October data. The data have been corrected
for light travel time [t=¢,, - A/ c] and reduced to mR(l.l,O) at unit R, A and at phase angle «
=0. The frequencies marked ®,; and , in Figure 5-8a and listed in Table 5-11 are the deepest
in the combined data set.
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Figure 5-10. (a) Results of a least squares period search for comet P/Encke. y° versus
frequency (rad hr™*) is plotted. Period searches were computed separately for the 1985
September and 1986 October data. The deep minima are separated by the 24 hour daily
sampling alias. The locations of these deepest minima are listed in Table 5-11.
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Figure 5-10. (b) Results of a least squares period search for P/Encke using the combined
1985 September and 1986 October data. The data have been corrected for light travel time [¢ =
t,ps - 4/ c] and reduced to mp(1,1,0) at unit R, A and at phase angle a = 0.
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T, = 22.47£0.07 hr (5.4)

is adopted as the rotation period of the nucleus since it gives a 2 peaked lightcurve as expected
for a rotating body. As in the case of comet P/Neujmin 1, the fact that the same period was
determined at two separate heliocentric distances suggests that the variations in brightness
were not caused by irregular activity.

The rotation period was determined by Whipple (1982) using the halo method. The
halo method period for P/Encke, T,,,,= 6.5 hr, does not agree well with the value found
here. There is no minimum in either Figures 5-10a or 5-10b at ® = 1.93 rad hr'!
corresponding to this period. Whipple and Sekanina (1979) have also modelled the secular
variation in the non gravitational acceleration of this comet as resulting from precession of the
polar axis due to anisotropic mass loss from an oblate nucleus with a rotation period of 6.25 +

0.25 hr. The Whipple and Sekanina period determination is based on the halo method.

5.4.4 PlTempel 2

The results of both period searches for this comet yield minima at the frequencies @, =
1.41 and @, = 1.68 rad hrl, corresponding to nucleus rotation periods T, = 8.9 £ 0.1 and T,
=7.5+0.1 hr (see Table 5-12 and Figure 5-7). The two periods are aliased by the 24 hr
sampling interval, and without further observations, the true period cannot be determined.
The possible period, however, may be compared with the halo method determination

(Whipple, 1982) of T = 4.8 hr.
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54.5 P/Halley

The period searches in the two P/Halley data sets yield numerous %2 minima (see
Figure 5-11). Selected frequencies for some of the deepest minima are listed in Table 5-11.
Only minima corresponding to periods greater than 5 hours are listed since continuous
observations during intervals of 5 hours rule out any periods of shorter duration.
Unfortunately, no single period was found which provided good agreement with the data
from both 1984 October and 1985 January. Although it was concluded in Chapter 2 that the
invariance of the reduced magnitude [mg(1,1,0)] implied that the bare nucleus was visible at R
> 5.9 AU, it could be argued that the brightness fluctuations were due to the transient ejection
of matter from the nucleus (Sekanina, 1985). However, the observed decrease in the range of
the brightness fluctuations, from 1.0 mag at R > 8 AU, to 0.8 mag at R = 5.9 AU, to 0.3 mag
atR = 5.1 AU, strongly suggests that the mechanism producing the fluctuations is nucleus
rotation but diluted by increasingly large amounts of coma. It is possible that fluctuations in
the relatively strong coma in 1985 January modify the apparent period.

A controversy presently exists as to what is the correct rotation period for P/Halley.
Prior to the onset of activity in comet P/Halley as it approached perihelion, numerous other
investigators attempted unsuccessfully to determine the rotation period (e.g. Le Fevre ez al.,
1984; West and Pedersen, 1984; Sekanina, 1985; Morbey, 1985). Most likely, photometric
errors and incomplete sampling were the two main reasons for the failure to find the nucleus
rotation period. On the one hand, aggregates of observations by different observing groups
are susceptible to relative systematic errors of measurement and are therefore very difficult to
compare. For example, Le Fevre et al. (1984) report brightness variations consistently about
a factor of 2 greater than those reported by either West and Pedersen (1984) or Jewitt and
Danielson (1984). The large amplitude is probably caused by observational error; no other

investigators saw brightness variations this large. On the other hand, subsets of observations
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Figure 5-11. Results of a least squares period search for comet P/Halley. 77 versus
frequency (rad hr'l) is plotted. Period searches were computed separately for the 1984 October
and 1985 January data. The deep minima are separated by the 24 hour daily sampling alias.
The locations of these deepest minima are listed in Table 5-11. None of the deep minima from
the two runs are coincident. The data were not combined to search for a fit because during 1985
January sublimation had begun and the nucleus was only contributing 30% to the total
brightness.
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taken using a single detector and telescope are free of systematic errors but are too small to
firmly establish the period.

Sekanina and Larson (1986) have used the morphology of the images of P/Halley from
1910 to infer a rotation period near 53 hours. Belton et al. (1986) have combined all
pre-perihelion photometry of high quality and suggested a similar period of either 53.97 or
54.12 hours. These periods are in agreement with those determined by the spacecraft flybys:
T =529+ 1 hr (Kaneda et al., 1986) and T = 53.5 £ 1 hr (Sagdeev et al., 1986).

More recently, Millis and Schleicher (1986) have reported nightly brightness
fluctuations in the coma of P/Halley near perihelion, during 1986 March and April. They
obtained their observations with a conventional single-channel photometer and several
interference filters isolating both gas bands and continuum windows. These investigators
found strong evidence for a periodicity of 177.6 hours (7.4 days) in their data. They interpret
the brightness fluctuations as due to changes in cometary activity as more and less active areas
on the nucleus are brought into the sunlit hemisphere by rotation. It is interesting to note that
the spectrophotometric observations of P/Halley presented in Chapter 4 also show a variation
of the type reported by Millis and Schleicher. The photometry from Chapter 4 shows a slow
day-to-day brightness variation (only seen in the molecular emission bands). Figure 5-12
shows the variation of the CN(Av=0) flux as a function of JD. (The variation of the
C,(Av=0) band is remarkably similar). The observations, however, cover a timebase too
short to independently determine the period.

There has been considerable discussion attempting to reconcile the 7.4 day period found
by Millis and Schleicher and the 2.2 day period seen elsewhere (Wilhelm, 1987; Sekanina,
1986). Sekanina (1986) proposes that the rotation period is 7.4 days and that the comet
precesses with a period of 2.2 days. Wilhelm (1987), on the other hand, argues that the
rotation period is 2.2 days and the precession period is 14.8 days. Finally, Festou et al.

(1987) propose a rotation period of 14.6 days with a precession of 2.088 days! It is apparent
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Figure 5-12. Temporal variation in the CN(Av=0) gas band as observed during 1985
November with the MKII spectrograph at MIT's McGraw-Hill observatory (see Chapter 4).



Chapter 5 141

that the period of rotation for P/Halley is still controversial; however, it is safe to conclude that
the period, whatever it is, is long. The best hope of settling the matter will be to observe the

comet as it recedes from the sun, when the coma no longer contributes most of the light.

5.5 Comets as Slow Rotators

Ideally, to decide on the basis of the measured rotation periods whether or not comets
are slow rotators in the sense defined in Chapter 2 (i.e. the rotation is slow compared to the
time for sublimation to drop sufficiently so that dust is not dragged into the coma), the thermal
properties of the nucleus must be known. Unfortunately, little is known about the thermal
properties. The spacecraft measurements of P/Halley suggest a very low density (Whipple,
1986) and a low thermal conductivity (Combes et al., 1986). The suggestion of a very
porous, low density surface for a comet is reminiscent of asteroid and lunar regoliths.
Radiometric techniques can very successfully determine asteroid diameters assuming that little
energy is radiated into the dark hemisphere from the regolith. The measurements of the
rotation periods of comets show that the comets tend to have slightly longer periods than do
asteroids of comparable sizes (Jewitt & Meech, 1987b). If a comparison between the asteroid
and comet thermal properties is at all valid, the implication is that the comets are slow rotators.
In fact, because the sublimation is such a strong function of temperature (see Egs. 2.6, 2.7
and 2.10), only a small temperature drop is required to dramatically reduce the sublimation.

There is observational evidence that in fact the comets do sublimate primarily in the
sunlit hemisphere. Non-gravitational accelerations are observed for nearly all comets; if
sublimation were isotropic, there would be no net accelerations. Also there are many
observations of sunward jets and fans which give evidence of very strong sunward
sublimation. For P/Halley, the activity as observed from Giotto was almost exclusively from

the sunward hemisphere (Whipple, 1986).
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5.6 Conclusions

1.

The rotation periods of P/Arend-Rigaux, P/Neujmin 1 and P/Encke have been determined
to be 13.5410.05 hr, 12.6710.06 hr and 22.47+0.07 hr respectively.

Constraints have been placed on the rotation periods of comets P/Tempel 2 and P/Halley.
The period of P/Tempel 2 may be either 8.93 or 7.48 hours. P/Halley has a long rotation
period, > 18 hours; however, the question of whether it is 2.2 days with a precession
period of 7.4 days or whether it is 7.4 days with a precession period of 2.2 days is still

very much controversial. Of course it may be that neither of these periods is correct.

Comets have rotation periods which may be considered long from the perspective of

computing sublimating ice models.
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Chapter 6 - Grain Sizes in Cometary Comae

6.1 Introduction

Most of the light observed from comets is scattered from the grains in the coma; the
physical characteristics of the grains determine the nature of the scattered radiation. Comet
dust may be material which has not been substantially thermally or chemically altered since the
formation of the solar system; therefore it is important to be able to use ground-based
measurements to infer grain properties. There have been very few detailed studies of the
scattering properties of cometary grains; most of the work to date has concentrated in the
thermal infra-red. Optical spectrophotometric measurements have been made by Remillard
and Jewitt (1985) and by Newburn and Spinrad (1985). Both investigations conclude that
comet dust is slightly reddened with respect to the solar continuum. This chapter discusses
optical spectrophotometric measurements of the scattering from grains and compares the
scattering in the optical to that in the near and thermal infrared. Light scattered from cometary
grains is reddened with respect to the solar continuum and the amount of reddening is
observed to decrease with increasing wavelength, consistent with the scattering from particles
with radii @ > 2 um. The work presented in this chapter is a brief summary of Jewitt and
Meech (1986); it is discussed here because of its relevance to nucleus sublimation models

(Chapter 8).

6.2 Observations

Optical observations of the spectra of nine comets were taken using an intensified image

dissector scanner (IIDS) on the 2.1m telescope at Kitt Peak on the night of 1985 February 16
and 17 UT. A journal of observations is presented in Table 6-1. The IIDS was placed at the
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£/7.7 Cassegrainian focus, giving a focal plane image scale of 12.3 arcsec mm!. A reflection
grating of 300 line mm! was used in the first order giving a dispersion of about 3.4 A per
channel and a wavelength range from 3500 A t07000 A. All observations were taken through
a circular diaphragm of 8.4 arcsec projected diameter. The instrumental resolution through
this diaphragm was measured to be 13 A full width at half maximum (FWHM). Sky
subtraction with the IIDS was performed using simultaneous observations of the sky by
chopping 100 arcsec EW from the object position. When gas emission bands were noticed at
the sky positions, separate sky observations were taken at positions 0.5 deg from the comet.
Possible instrumental asymmetries between the object and sky beams were cancelled by
periodically chopping the comet from one beam to the other.

On both nights the seeing and the guiding uncertainties (1.5 arcsec and 1 arcsec FWHM,
respectively) were small in comparison with the spectrometer diaphragm. Absolute flux
calibration of the spectra was achieved using observations of the stars Feige 34, BD+8°2015,
Hiltner 600, Ross 640, EG 247 and Grw +70°5824 at similar airmasses (Oke, 1974; Stone,
1977). Spectra of an internal Helium-Neon-Argon source were taken throughout each night
to provide wavelength calibration and quartz-halogen continuum spectra were taken for use as
flat-fields. Each of the spectra was divided by the nightly- average flat fields prior to
linearizing the wavelength scale. The Kitt Peak mean extinction was applied to all
observations. Intercomparison of the standard star spectra showed that the flux calibration
was internally consistent to better than 5% in each channel. Systematic differences among the
spectra of the standard stars were less than +6% from 3500 A t0 6500 A wavelength (i.e.:
gradient errors were < +2% per 1000 A). Slightly larger systematic effects were occasionally
seen from 6500 A to 7000 A; therefore, this region is not included in the analysis. The flux
calibrated spectra for three of the comets are shown in order of increasing heliocentric distance
in Figure 6-1. The degree of success of the sky subtraction of the [IDS may be judged from
the removal of the night sky line at 5577 A. The figure shows a range of cometary spectra
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Figure 6-1 Optical spectra of three of the comets observed with the IIDS. The sky subtracted flux density
Fad s1m? A1y within a circular diaphragm of 8.4 arcsec diameter is plotted versus the wavelength A (A)
for each comet. No smoothing has been performed on the measured flux densities. Some of the gas emission
bands have been identified in the figure.
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Table 6-1

Journal of IIDS Observations

Date 1985  Comet UTT Airmass* Exp  Sky R A o
[sec] chop [AU] [AU] [deg]

Feb 16  P/Shoemaker (1984s) 06:20 1.27 1080 EW100 1.39 0.56 363

Feb16  Levy-Rudenko 08:31 128 1200 S2160 1.44 064 36.2
Feb16  P/Tsuchinshan-1 10:25 1.14 1800 N1800 1.58 062 132
Feb16  P/Schaumasse 12:06 140 1200 N1920 1.52 1.18  40.6
Feb17  P/Arend-Rigaux 03:57 127 1800 EW100 1.67 072 136
Feb17  P/Gehrels-3 05:53 130 1600 EW100 346 296 152
Feb17  P/Faye 07:20 125 2600 EWI100 2.62 1.67 8.0

Feb17  P/Wolf-Harrington 08:30  1.67 2000 EW100 2.13 123 148
Feb17  P/Smirnova-Chemmykh 11:57 1.64 1200 EWI100 3.76 363 152

T Universal Time of the middle of the integration.
¥ Airmass at the midtime.

from emission-band dominated to continuum dominated. Some of the emission features are

identified in the figure.

6.3 Analysis

The physical quantity of interest is the scattering efficiency of the solid grains, Q (4).
For practical reasons, however, the spectra are described in terms of the reflectivity, S(4),
which is proportional to Q (A) for an optically thin coma. The spectra were used to compute
the reflectivity by dividing the comet flux densities at each wavelength by the solar spectrum
of Arvesen et al. (1969), which was smoothed by a Gaussian of FWHM equal to the

spectrograph resolution. The color of the dust is related to the slope of the continuum



Chapter 6 150

reflectivity. Therefore, only those regions determined to be free from gaseous emission bands
were used in this analysis. The wavelength intervals (or continuum windows) 3520-3700 A,
4390-4450 A, 5760-5820 A, 6150-6200 A and 6380-6500 A were determined to be free of
molecular bands in each of the comet spectra (by inspection). The reflectivities within these
continuum windows are plotted in Figure 6-2 for the spectra shown in Figure 6-1. The
plotted reflectivities are normalized to the mean of the reflectivities in the wavelength range
5760 < A [A] < 5820. Figure 6-2 shows that the reflectivities of the comets increase with
increasing wavelength, indicating that the cometary grains are red.

In order to easily compare the spectra, which have very different brightnesses, a
normalized reflectivity gradient between wavelengths A, and A, was defined in Jewitt and

Meech (1986) as a convenient measure of the grain color:

[dS /dA]
S

mean

S'(A Ay = 6.1)

in which dS/dA is the rate of change of the reflectivity with respect to wavelength in the

interval A; to A,, and S, is the mean reflectivity in the observed wavelength range:

S, = N Z 5,0 (6.2)

The S'(A;.4,) are expressed in % / 10° A. Grain reddening is indicated by S’( Ap.Ay) > 0.

Least squares fits to the reflectivities in the continuum windows were computed for each of
the 9 comets. These values are listed in Table 6-2, and the results of the least squares fits are
plotted in Figure 6-2. The formal errors of the least squares fits are small compared with the

possible systematic errors (£ 2% / 10 A), in all comets except P/Gehrels 3 and
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Figure 6-2 Optical reflectivities computed by dividing the spectra from Figure 6-1 by the solar spectrum.
The reflectivities are normalized to unity in the continuum interval 5760 < 4 (A) < 5820. Only those
wavelengths observed to be free of molecular emission bands in all nine comets are plotted in the figure.

Dashed lines on each plot are the linear least-squares fits to the normalized reflectivities The comets are plotted
at a fixed scale for comparison.
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Table 6-2

Optical Reflectivities

Comet S'(ApAy) Mgy, m(1,1,0)
[%/10°A]

P/Shoemaker 1984S 182 15.67 14.14
P/Levy-Rudenko 52 15.67 13.92
P/Schaumasse 102 17.29 14.56
P/Tsuchinshan-1 72 1591 1492
P/Arend-Rigaux 142 15.84 14.52
P/Wolf-Harrington 162 16.45 13.98
P/Faye 14£2 16.94 13.97
P/Gehrels-3 116 19.07 14.60
P/Smirnova-Chernykh 163 17.59 12.71
P/Halley' 9+2 11.06 10.34

T Measurement from Chapter 4.

P/Smirnova-Chernykh. The optical normalized reflectivity gradients of the 9 comets vary
from (5 £2) to (18 + 2) %/103 A. Also listed in Table 6-2 is the brightness in the continuum

window centered between 5760 < A [A] <5820 as computed from:

Mgy = 2.5 log (F,) - 28.58 (6.3)

where the constant was chosen such that the mg,o, magnitudes are approximately equal to the
V magnitude. The table also lists the brightness corrected to unit R and A, assuming a linear

phase coefficient of §=0.04 mag deg':

m(1,1,0) = m 2.5log R°A) - Ba. (6.4)

5790
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6.4 Scattering as a Function of Wavelength

In order to obtain useful physical information about the physical nature of the scattering
grains, it is necessary to look at the normalized reflectivity gradient as a function of
wavelength since the scattering depends on both the particle size and the wavelength. As
discussed in Jewitt and Meech (1986), the normalized reflectivity gradients in the near infrared
may be computed from broadband photometry. The justification for using the broadband
measurements is discussed in Jewitt and Meech (1986) where a comparison is made between
the reflectivities computed using broadband photometry and near infrared CVF spectra. The
normalized reflectivity gradients, S'(4,,4,) [% / 10° Al, in the J-H and H-K near infrared

wavelength intervals were computed using:

i 100.4Am -1
S'Ophy) = 20/ AX) e 6.5)
100.4Am+ 1

in which Am equals the comet color minus the solar color (both in magnitudes), and A4 = A,

— A,, the difference in the effective wavelengths of the broadband JHK filter pairs, measured
in microns. Eq. 6.5 is derived under the approximation that the reflectivity is a linear function
of A in the infrared.

The normalized reflectivity gradients in the optical, combined with those in the
near-infrared as presented in Jewitt and Meech (1986), are shown in Figure 6-3. Each
horizontal line segment represents one comet reflectivity, where the endpoints of the line
indicates the bandpass used. The circles (with 1 sigma error bars) indicate the mean value for
each wavelength region. The scatter among the S'(A;,A,) is much larger than the typical
uncertainties, and is indicative that there are real differences between the grain populations in

different comets. As shown in Jewitt and Meech (1986), these differences do not appear to be
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Figure 6-3 The normalized reflectivity gradient, §(4;,4,), measured in %/ 103 A, is shown as a function
of the wavelength of observation A (in um). Each comet is represented by a horizontal bar connecting the end
point wavelengths 4, and 4,. Neutral scattering is indicated by the dashed horizontal line at §(4;,4,) = 0.

Reddening of the scattered radiation is indicated by S’ > 0 while enhanced blue scattering is indicated by §* < 0.
The mean §° within each measured wavelength interval is plotted with a black dot and the 1 ¢ standard
deviation on the mean is shown with a vertical line. The figure shows that the color of the scattered radiation
varies systematically with the wavelength of observation.
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correlated with cometary brightness, heliocentric distance or phase angle. It is quite clear
from this figure that the reflectivity gradient decreases as a function of increasing wavelength.
The horizontal dashed line at zero represents neutral scattering. The mean values of the
reflectivity gradients for each wavelength region (from Jewitt and Meech, 1986) are presented
in Table 6-3 below. The first entry in the table is from Feldman and A'Hearn (1985); this

seems to continue the trend into the UV which is seen in the optical and near IR.

Table 6-3

Normalized Reflectivity Gradients

M A, S(A;,Ay) o #of Comets
0.26 0.31 =45 - 5
0.35 0.65 13 5 9
1.25 1.65 3.2 1.6 19
1.65 2.20 0.5 1.3 18
2.20 3.50 <-24 0.7 3

As seen in Figure 6-3, for A > 2 um, the scattered radiation is blue. Blue, or Rayleigh
scattering occurs when the particles are much smaller than the wavelength of radiation. This
suggests that the mean particle sizes for the comets in the figure is near 2 um. A simple
argument concerning the interference between a tangential ray and a ray passing through the
center of a non-opaque homogeneous sphere (Van de Hulst, 1957) illustrates this. For a
sphere of radius a, the number of wavelengths contained in a distance 2ais N,=2a/ A for the
tangential ray and N, =2 a/ (A n,) for a ray passing through the center, where n, is the real
index of refraction. The phase difference between the two rays will be Ap=2T AN =2X
(n,-1), whereX=2ma / A is the size parameter. Constructive interference occurs if Ag =

2 T m; the largest maximum is when m = 1, when X, . =7/ (n,— 1). Grains small
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compared to a wavelength have X << X, ., and satisfy the Rayleigh approximation Q =&
X4 o< A4, so that the scattered radiation is relatively blue. For larger grains satisfying X >

X the scattering efficiency falls from the maximum asymptotically towards the

max’
large-particle limit (Q, = 1) and scattered radiation in this regime is relatively red. The neutral
scattering observed near A = 2 um in comets would result if the grains satisfied X =X, , or
equivalently, a = 1/ [2(n, — 1)]. A typical index of refraction for glassy terrestrial rocks is n,
= 3/2 (Pollack et al., 1973), which gives a = A. Therefore, the approximate particle radius a =
2 um would give a wavelength dependence of the scattering similar to what is observed.
Scattering at wavelengths 12 <2 um would correspond to the X >X, _ regime and could
qualitatively account for the reddened optical continua. Scattering at wavelengths A > 2 um,
corresponding to X <X, ., would produce blue continua, as suggested by the available K-L
measurements. As discussed in Jewitt and Meech (1986), several other methods (radiation
pressure analysis on the trajectories of the particles in comet tails, thermal IR measurements of
the emissions from grains, grain phase functions) yield similar results for typical grain sizes.

This simple interpretation of Figure 6-3 has obvious shortcomings. Specifically, there
will be a distribution of grain sizes present in the coma, and the particles will have complicated
morphologies, much like the Brownlee particles collected from the Earth's upper atmosphere
(Brownlee, 1978). Also, no reference is made to the expected angle dependence of the
scattered radiation, nor to the wavelength dependence of the complex refractive index. More
detailed Mie scattering calculations are presented in Jewitt and Meech (1986) to compute the
cross-section weighted mean particle size for many different refractive indices and power-law
grain size distributions. Using grain size distributions inferred from the dynamical analysis of
the effect of radiation pressure on cometary tails, the resulting mean particle radius computed
from Mie theory is near 2.2 um.

Recent in situ spacecraft observations have allowed direct comparison of the particle size

distributions in comae with the results presented here. Micron sized grains were detected in
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the coma of P/Giacobini - Zinner by the ICE spacecraft (Gumett et al., 1986). Measurements
from the Giotto and Vega spacecraft suggest a power-law grain size distribution with an index
of =3.5 (McDonnell et al., 1986; Simpson et al., 1986). Grains were detected with radii as

small as 10-8m, however, the cross section weighted mean for the inferred distribution and

observed range of particle sizes yields a > 1 um, which is consistent with the

mean

ground-based continuum reflectivity measurements.
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6.5 Conclusions

1. The normalized rate of change of the reflectivity of cometary grains with respect to the
wavelength of observation, decreases as the wavelength increases. The continuum color
changes progressively from red to neutral as the wavelength increases from the optical (4

= (.5 pm) into the near infrared (4 > 2 um).

2. The observed wavelength dependence of the reflectivity gradient is consistent with an
origin by scattering from um sized or larger, slightly absorbing spheres. Although
optically small grains (a < A) are undoubtedly present in the comae of the observed

comets, the scattering cross section lies in particles which are optically large (a > ).
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Chapter 7 - Effects of Radiation Pressure on the Coma
7.1 Introduction

One of the implicit assumptions used in the sublimation model in Chapter 1 is that the
dust grains flow radially outward in the coma, producing a surface brightness profile which
varies as the reciprocal of the projected distance from the center. This morphology has long
been an assumption of cometary science, but there has been little attempt at observational
verification. In an optically thin coma, the surface brightness is directly related to the number
density of grains in the coma, hence it is related to the dynamics within the coma. Not only is
the variation of surface brightness as a function of distance from the center important in the
understanding of the coma dynamics but the knowledge of its behavior is essential if
observations using different sized apertures are to be scaled properly for comparison.

The radial surface brightness profile in an optically thin spherical coma is given by :
B(p) = K, jN(r) dl 7.1)

where N(r) is the number density of grains as a function of distance from the nucleus, [ is the
distance along the line of sight through the coma, and KX is a constant which depends on the
size and scattering efficiency of the grains. The projected distance from the nucleus in the
plane of the sky, p, is related to ! and #, the radial distance, by p = (*? - 2)12. If N(r) is

known, models of the surface brightness distribution may be calculated from Eq. 7.1. In the
case where the grains move at a constant velocity, v, from a nucleus with a constant

production rate of dust, integration of Eq. 7.1 gives:
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B(p) =K, /p. (7.2)

This derivation of this equation is discussed in some detail in Appendix 4. The restriction that
the grains move at a constant velocity is not valid in a small region near the nucleus where the
grains, which are dragged into the coma by the sublimating gases, have not yet reached their
terminal velocities. However, the terminal velocity of the dust is reached within about 10* -
10° m from the nucleus (see Appendix 6 for a discussion on the terminal grain velocity in a
gas flow). For typical comet observations, say near a geocentric distance A= 1 AU, the angle
subtended by this region is 8= 0.1 arcsec. This acceleration zone, X ,, is typically
unobservable because of the effects of seeing.

This chapter discusses one of the first systematic studies of the surface brightness
profiles of a random sample of comets. The need to obtain accurate coma photometry at
surface brightnesses equal to a small fraction of the brightness of the night sky constitutes a
formidable observational challenge, and is no doubt partly responsible for the dearth of
published profile measurements. Linear two dimensional photometers, of a kind available
only in the last decade, are virtually a prerequisite for this work. A simple radial outflow
model for the dust modified by the effects of radiation pressure will be shown to accurately
model most of the comets in the study. The work presented in this chapter is a brief summary

of Jewitt and Meech (1987).

72 Observations

The present observations were taken using the 4m and 2.1m telescopes at Kitt Peak
National Observatory. In September 1985, the 4m was used with an 800 x 800 pixel Texas
Instruments CCD (TI #2) at the £/2.6 prime focus. The image scale was 0.29 arcsec per 15

um pixel, giving a field of view 230 arcsec on a side. In March 1986, the 2.1m was used
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with a similar CCD of the same specifications (TI #3) placed at the /7.7 Cassegrainian focus.
The 2.1m image scale was 0.38 arcsec per 30 um pixel and the field of view was 150 arcsec
on a side. Both chips had a root mean square readout noise of about 18 electrons. Sensitivity
variations among the pixels on each CCD were removed using flat field exposures taken each
night on the illuminated interior of the observatory dome. The reduced images were
photometrically calibrated using standard stars from the lists by Oke and Gunn (1983) and
Christian et al. (1985).

Images of comets P/Halley, P/Giclas, P/Maury, P/Whipple, P/Gunn, P/Giacobini-
Zinner, P/Shoemaker 3, P/Kojima, P/Daniel and P/Gehrels 3 were obtained. These comets
were all small in comparison with the field of view, so that the instantaneous brightness of the
night sky could be determined from the individual CCD images. A journal of observations is
presented in Table 7-1. The seeing on each night was 1-1.5 arcsec FWHM at the 4m and
2-2.5 arcsec FWHM at the 2.1m. The telescopes were autoguided on field stars and
differentially tracked at cometary rates during each integration; however, neither of the
telescopes were able to consistently reproduce the motions of the comets to better than = 1
.arcsec. Consequently, the innermost regions of each comet (p < 3 arcsec) are affected by
image smear as well as by seeing. The two comets known (from spectroscopy) to possess
significant gaseous emission (P/Giacobini-Zinner and P/Halley) were imaged using a narrow

band continuum filter centered at A__, = 7007 A (A = 89 A FWHM). The remaining comets

cent
were imaged through the Mould R (A = 6500 A, AL = 1280 A) filter. Comets P/Maury,
P/Giclas, P/Daniel, P/Gehrels 3 and P/Gunn were also imaged in the Mould V (A = 5460 A,
A = 870 A) filter. The V and R filter profiles were found to be identical within the
uncertainties of measurement (consistent with the continuum nature of these comets). CCD

images of each of the ten comets are presented in Figure 7-1. The comets are arranged in

order of increasing R in the figure. The scale bars indicate 30 arcsec in the plane of the sky.
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Figure 7-1 CCD images of ten comets arranged in order of increasing R. All of the images
were taken through the Mould R filter except for P/Giacobini-Zinner and P/Halley which were
imaged through continuum filters. The scale bars represent 30 arcseconds on the plane of the
sky. North is to the top and East to the left in these images. See Table 7-1 for details
concerning each image.
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Table 7-1

Journal of Profile Observations

Comet Date UT' Teld Filter Airmass Exp R A 0 Scale
[m] [sec] [AU] [AU] [deg] [m arcsec 1]
1985
P/Halley 921 10:04 4 7005A 154 100 247 235 239 171x 10°
P/Giclas 9/21 10:17 4 R 1.13 15 184 104 255 7.56x 10°
P/Maury 9/22 05:10 4 R 129 150 221 131 146 9.53x10°
P/Whipple 9/22 07:14 4 R 169 150 336 252 109 183x10°
P/Gunn 9/22 10:09 4 R 121 120 464 437 124 3.18x10°
P/Giacobini-Zinner 9/23 1220 4  7005A 1.18 30 1.06 051 69.6 3.71x 10°
1986
P/Shoemaker 3 3/05 05:32 21 R 1.02 600 198 105 140 7.64x10°
P/Kojima 3/05 06:13 21 R 111 450 242 165 179 120x10°
P/Daniel 3/06 0825 2.1 R 101 300 255 166 120 121x10°
P/Gehrels 3 3/06 10:31 21 R 171 300 3.58 259 2.6 1.88x 108

T UT of the middle of the integration.
§ Telescope diameter in meters.

Radial surface brightness profiles were computed by averaging the coma signal within
concentric annuli about each photometric center. The averaging algorithm took proper account
of those pixels which straddled the boundaries between annuli. Bad pixel values were
replaced by the average of the signals in adjacent pixels. Uncertainties in the coma profiles
were dominated by the uncertainty in the brightness of the night sky. Statistical uncertainties
in the local sky level were typically of order 0.1%, on scales of a few tens of pixels on the
CCD. However, on scales of a few hundred pixels (comparable to the projected dimensions
of the larger comets), the sky level was observed to vary with a considerably larger range,

probably resulting from small differences between the flat field and the sky illumination.
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Images of stellar fields showed that the detector response was independent of position on the
CCD to better than 1% peak to peak over the full width of the chip. Also, measurements of
the sky brightness at different positions around each comet were consistent to better than
0.6% peak to peak in every case. Therefore the 1 6 sky brightness uncertainty was estimated
as £1% of the mean sky brightness. This is probably an overestimate of the sky uncertainty
around the smaller comets. In Figure 7-2 the surface brightness in magnitudes arcsec? is
plotted versus the log of the projected distance from the center (log[p]) for 4 of the comets in
Figure 7-1. On a log-log scale such as in the figure, the surface brightness profile
corresponding to the canonical radial outflow model described in the introduction would have

a slope of m = —1. The logarithmic gradient :

_ dInBE)]

d In[p] @.3)

is therefore a convenient way to parameterize the curves.

The surface brightness units are R filter magnitudes arcsec2, except for comets P/Halley
and P/Giacobini - Zinner, for which the magnitudes are in the AB, system of Oke and Gunn
(1983). Practically, AB,q = V for an object with a flat spectrum. The brightness of the night
sky near each comet is indicated in the figure by a horizontal bar on the right hand axis. The
error bars in the figure illustrate the effect on the profiles of changing the adopted sky
brightness by * 1%. The plotted errors are thus systematic in nature; the statistical errors in
each profile may be estimated from the local scatter of the individual measurements. Diagonal
lines in the lower left of each panel of Figure 7-2 indicate gradients m = -1 and m = —3/2 for

visual reference.
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Figure 7-2 The continuum surface brightness profiles of four comets. The surface brightness (in R filter
magnitudes per square arcsecond) is plotted versus the logarithm of the radius (in arcseconds) of the center of the
annulus within which the surface brightness was determined. The brightness of the night sky is marked in each
panel by a short horizontal bar on the right hand axis. Diagonal lines in the lower left of each plot indicate
gradients m = -1 and m = -3/2. Continuous lines drawn through the data represent radiation pressure models
computed according to the procedures described in the text. Error bars illustrate the systematic uncertainty in each
profile which would be caused by a + 1 % error in the determination of the surface brightness of the night sky.
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7.3 Interpretation and Discussion

Of the 10 comets observed, only three have profiles with the expected m = —1 slope
(P/Maury, P/Gunn and P/Daniel), all of the others have steeper slopes. It is to be expected
that at some point the profile will become steep because of the effects of radiation pressure
which will accelerate particles moving originally in the sunward direction into the tail. The
distance, Xp, at which this occurs will be:

2
v

X, = —¥ (7.4
2Bg,

where v or is the terminal grain velocity and f is the ratio of the radiation pressure acceleration
to the solar gravitational acceleration, g, at a distance R from the sun as discussed in
Appendix 5. The parameter f3 e Qp, / p a where a is the particle size, p is the particle density
and Qpr is the radiation pressure scattering efficiency. For distances X, <p < Xp both gas
drag and radiation pressure effects should be minimal and the comae should follow the
expected m = —1 profile. The value of X, can yield information about the value S, if the
particle velocities can be estimated.

The empirical Bobrovnikoff/Delsemme law (v = 600 R5, Delsemme, 1982) is often
used to provide a reasonable approximation to the grain terminal speed (i.e. v or = Vvp), since
the optically dominant micron-sized grains should be well coupled to the gas, at least near R =
1 AU. The coma of a comet at R = 1 AU, containing grains with 8= 1 would have a length
scale Xp =3 x 107 m. Viewed from geocentric distance A = 1 AU, this length subtends 40
arcsec, and so is comparable to the dimensions of the observed comets. On scales p » X the

coma becomes highly distorted by radiation pressure and is traditionally called the type II

(dust) tail. The shape and orientation of the tail may be used in syndyne/synchrone analyses
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to constrain the characteristics of the tail grains and their source, however this will not be
discussed in this chapter.

A Monte Carlo computer program is described in Jewitt and Meech (1987) which was
written to calculate surface brightness profiles of cometary comae by accounting for solar
radiation pressure and for various adopted nucleus steady state source functions. The profiles
computed from the radiation pressure model depend on the length X, and on the phase angle
o. The effects of grain size distributions were simulated by summing the models over broad
distributions in X,,. The effect of the radiation pressure on the models is seen in Figure 7-3,
which is a plot of the model surface brightness versus projectegi distance from the nucleus.
The different curves in the figure represent models for different values of X,. When X, = oo,
there is effectively no radiation pressure acting on the coma, and the m = —1 slope is seen. As
the radiation pressure effect increases, X, decreases and there is a slope change or "knee" in
the curves. In the limit that all grains are immediately accelerated into the tail, m approaches
-3/2. These profiles cannot be interpreted, however, without knowledge of the phase angle.
The effect of changing the phase angle for a model at fixed X (here, 20 arcsec at R=A=1
AU) is seen in Figure 7-4. At a = 0°, radiation pressure acts parallel to the line of sight, and
the profile gives m = -1. At a =900, the knee gives the value of the angle subtended by Xp.

Profiles of the model comae are plotted in Figure 7-2 as solid lines passing through the
data. The data for all comets are well fit by the models, with the exception of P/Halley,
P/Giacobini-Zinner and P/Whipple, which are too steep to be fit. The best fitting parameters
are presented in Table 7-2 (from Jewitt & Meech, 1987). The table lists values of X, and v grz
/ B for each comet to which a fit is possible (comet P/Gunn is omitted from the table since its
uncertain profile does not strongly constrain Xp). The Bobrovnikoff velocity for the distance
of each comet, vp, and v, = (vg,2 / P12 are also listed. Studies of the tails of comets (Saito
et al., 1985) indicate that in general B < 1 for most comets; therefore v, is an upper limit to the

coma grain velocity.
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Figure 7-3 Sample surface brightness profiles of Monte Carlo model comae (from Jewitt & Meech,
1987) are shown as a function of the dimension X R (expressed in arcseconds). The parameter provides a
measure of the importance of radiation pressure to the shape of the coma. Successive profiles have been
vertically offset for clarity and the zero point of the vertical axis was arbitrarily chosen. The models have 1
arcsec resolution and refer to a comet at R = A = 1 AU viewed from phase angle a = 90°. Calculated
points are shown by dots, while connecting lines have been added for clarity. Note that the gradient m —
-lasXp scandm— -1.5asXp > 0.
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Figure 7-4 The surface brightness profile of a particular Monte Carlo model coma (from Jewitt &
Meech, 1987) as a function of the phase angle, a. Successive profiles have been vertically offset for clarity
and the zero point of the vertical axis was arbitrarily chosen. The calculations refer toacometatR=4=1
AU, with Xp =15 x 10’ m (corresponding to 20 arcsec). Profiles computed for other values of X o show

a qualitatively similar dependence on the phase angle.
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Table 7-2

Parameters of Fitted Models

Comet Xg [m] vgr2 /B (m2s2) vB[ms'l] vy ms 1)
P/Giclas <1.6x 10° <56x103 440 <75
P/Shoemaker3 (74-15)x10®  (22-45x10% 430 150 - 210
P/Maury >2.3 x 100 > 5.6 x 103 400 > 75
P/Kojima <1.4x100 <28x10° 385 <50
P/Daniel > 3.1 x 109 > 5.6 x 103 375 > 75
P/Gehrels 3 <24 x 107 <23x 104 320 <150

The Bobrovnikoff velocities are inferred from visual observations of expanding halos and
probably refer to the gas. The fact that the values of v, in Table 7-2 are all < v, implies that
the dust is not well coupled to the gas.

There are several possible reason for the failure of the models to fit three of the comets
(P/Halley, P/Giacobini-Zinner and P/Whipple). One assumption of the model is that the coma
has a constant source function, i.e. the coma is in steady state. In the case of P/Halley, this is
certainly not always the case. Images taken in March 1986 (see Figure 8-4a) show dramatic
night to night changes, which imply changes on a shorter timescale. The Giotto spacecraft
images, too, showed that much of the activity was confined to jets of material leaving the
nucleus (e.g. Keller et al., 1986). Variations in the source function should produce ripples in
the coma, provided the timescale for change is of the order 7= vgr/ (Bgp)- Variations on
much shorter or longer timescales would produce ripples either too small or too large to be
discerned from the profile. It is very likely that the radiation pressure models fail to match the
profile of P/Halley simply because the assumption of steady state is violated. However,

lacking profiles as a function of time, this hypothesis cannot be verified.



Chapter 7 176

Another assumption implicit in the model is that the grains do not change their scattering
properties as a function of distance from the nucleus. A possible mechanism for changing the
scattering properties has been developed by Delsemme and Miller (1971) who proposed that
icy grains escape from the nucleus and form a halo. The grains subsequently sublimate as
they travel outward from the nucleus, causing a rapid drop in the surface brightness of the
coma. This idea has been pursued by several investigators. Jewitt et al. (1982) observed the
profiles of three comets and found that the icy halo model represented the observations for
only two of the comets. More recently, from the study of several surface brightness profiles,
Baum and Kreidl (1984, 1986) and Baum et al. (1986) have come to the conclusion that
because the surface brightness falls off more rapidly than the expected I/p, the grains in the
comae must be fading due to sublimation of ice. Whereas the existence of icy grains in
cometary comae is certainly expected, the results of Baum et al. (1986) and Baum and Kreidl
(1984, 1986) do not prove the existence of ice grains as they claim. They do not take account
of the effects of radiation pressure which is certainly present (as evidenced by the existence of
dust tails), nor do they model the effect of the viewing geometry (specifically the phase
angle). Both of these factors greatly influence the shape of the profile as seen in the figures
above from Jewitt and Meech (1987). Additionally, as shown by Hanner (1981), the
maximum distances reached by dirty water ice grains near R = 1 AU are of order 10*- 10° m,
whereas as seen from Table 7-1 and Figure 7-1 this scale length is not resolvable due to the
effects of seeing.

It therefore seems likely that until time series observations of cometary surface
brightness profiles are obtained (to determine source function variability), combined with
models which correctly account for the effects of radiation pressure and viewing geometry,

the existence of icy grains cannot be proven from surface brightness observations.
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7.4 Conclusions

1. The continuum radial surface brightness profiles of ten comets have been measured from
charge coupled device images, with surface photometry accurate to about 1% of the
brightness of the night sky. Except in a limited central region, a majority of the coma
profiles are steeper than the canonical m = -1 profile anticipated from a symmetric, steady
state coma source.

2. Seven of the ten measured comets (P/Giclas, P/Shoemaker 3, P/Maury, P/Kojima,
P/Daniel, PGehrels 3, and P/Gunn) show profiles which are consistent with simple models
which account for the effects of solar radiation pressure (profiles of P/Maury, P/Daniel and
P/Gunn are also consistent with the absence of radiation pressure, within the uncertainties
of measurement). The photometric gradients decrease from m = -1 for p <X, tom = -3/2
for p > Xp, where Xj, is the extent of the coma in the direction towards the sun, as a result
of solar radiation pressure.

3. The scale lengths, X, computed from the profiles imply grain terminal speeds which are
less than the Bobrovnikoff speed.

4. Profiles of three comets (P/Halley, P/Whipple and P/Giacobini-Zinner) have m < -3/2 and
cannot be fitted by the steady state radiation pressure models considered here. -The steep
profiles probably reflect variations in the strength of the nucleus source. Such variations in
P/Halley are known from independent photometry.

5. Several processes, including solar radiation pressure, the sublimation of ice grains and
variable mass loss from the nucleus may all give rise to coma profiles with gradients
different from m = -1. The present data provide no clear evidence for a significant
population of icy grains in these comets. The effects of ice grains on the measured surface
brightness profiles are not easily separated from the effects of radiation pressure and of

possible source variations.
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Chapter 8 - Modelling Comet P/Halley - All Observations
8.1 Introduction

The preceeding five chapters have discussed in detail observations and methods of
obtaining information about specific properties of the nucleus and coma (e.g. dust albedo,
phase function, rotation period, dust particle sizes, and radiation pressure effects in the coma).
The simple H,O-ice sublimation model used in Chapter 2 to explain the onset of sublimation
in comet P/Halley near R = 6 AU will now be re-examined in view of these measurements.
New photometry is added to the data from Chapter 2 to form a lightcurve covering the
distance range 1 <R < 11 AU and spanning = 20 magnitudes (a factor of 108 in brightness).

This is the first comet lightcurve to cover such a large range in brightness.
82 Observations

Historically, analysis of the cometary brightness as a function of R relied on visual
observations made when the comet was bright at small R; often the observations were made
by many different observers and telescopes. These observations were made with different
effective diaphragms; corrections to a standard system were very difficult. For this reason,
the observations comprising the lightcurve presented here are those made primarily by the
author using CCD detectors and employing consistent observing techniques. The techniques
and instrumentation are very similar to those used by Jewitt and Danielson (1984), whose data
are also included in the lightcurve. The NASA Infrared Telescope comet Halley monitoring
program (Tokunaga et al., 1986; Tokunaga, 1986(a-c); Hanner et al., 1987) also produced a
large number of P/Halley magnitudes made in a self consistent manner. Therefore, the IRTF

measurements are also included in the lightcurve.
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Table 8-1

Geometry of P/Halley Observations

Dates Telescope R A a Ref.!
[AU] [AU] [deg]
1981 Dec Palomar Sm 12.7 11.8 2 1
1982 Oct Palomar Sm 11.0 10.9 5 1
1984 Jan Palomar Sm 8.2 72 2 1
1984 Oct MHO 1.3m 5.9 5.5 9 2
1985 Jan MHO 1.3m, IRTF 5.1 43 7 2,3
1985 Mar IRTF 45 4.7 12 3
1985 Aug MHO 1.3m, IRTF 2.8 32 18 34
1985 Sept IRTF, KPNO 4m 24-26 2.5-2.8 21-23 34
1985 Oct IRTF 2.0 13 24 3
1985 Nov IRTF, MHO 1.3m 1.5-19 0.6-1.1 1-24 34
1985 Dec IRTF 1.3-14 0.7-0.8 45-49 3
1986 Jan IRTF 0.9 1.3 49 3
1986 Mar KPNO 2.1m, IRTF 0.8-1.1 0.7-1.1 59-65 45
1986 May IRTF 2.0 1.7 30 6
1986 July IRTF 2.5 29 20 6
1986 Oct KPNO 2.1m 39 4.6 9 4
1986 Nov IRTF 4.1 4.6 11 6
1987 Mar KPNO 2.1m 54 4.6 7 4
T 1-Jewitt & Danielson (1984) 2 - Meech et al. (1986)
3 - Tokunaga et al. (1986) 4 - This work
5 - Hanner et al. (1987) 6 - Tokunaga (1986a,b.c)

The lightcurve is shown in Figure 8-1. The date, telescope, R, 4, and phase angle for
each observing run contributing data to the figure are listed in Table 8A-1. Details of the
observational techniques are provided in Jewitt and Danielson (1984), Tokunaga et al. (1986),
Hanner et al. (1987) and in Chapters 2 and 5 of this thesis. Additional data from MIT's
McGraw-Hill observatory in 1985 August were obtained and reduced in a similar fashion to
the observations discussed in Chapter 2. The observing conditions in August were slightly
non-photometric, hence the magnitudes in the figure are lower limits only. The 1985
September, 1986 March and 1986 October observational details may be found in Chapters 5

and 9. For all photometric measurements made after the coma developed (1985 J anuary), the
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Figure 8-1. Halley lightcurve from recovery at R = 11 AU to R = 5.4 AU postperihelion. The mp
magnitude is plotted versus JD. The sources of data used in the figure are listed in Table 8-1.
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sky brightness was measured separately, offset from the nucleus to avoid coma
contamination. The continuum magnitudes (ms5q, = V) obtained from spectroscopic data
taken in 1985 November are discussed in Chapter 4. All magnitudes have been reduced to the

mg bandpass (4,,,, = 0.65 um, AL = 0.1 pm) by assuming solar colors (Allen, 1976). All

ent
measurements inside of R = 2.5 AU were made through continuum interference filters to
avoid contamination from emission lines. Only the J magnitudes were used from the infra-red
data to avoid the possibility of thermal contamination. At these near infra-red wavelengths,
gas emission bands are not a problem. All magnitudes obtained with coma present have been
corrected to a 10 arcsec diameter diaphragm assuming a I/p coma: Am = -2.5 log(¢,/¢),
where ¢, = 10 arcsec and ¢ is the photometry diaphragm (arcsec).

The morphological development of the coma from recovery through perihelion and
beyond is illustrated in Figure 8-2. Figure 8-2a shows six pre-perihelion images; all except
the image at R = 1.9 AU are CCD images. The geometric parameters relevant for the figure
are listed in Table 8-3. In the figure the comet appears stellar through R = 5.9 AU, although
at this distance weak but sustained coma production had begun (see Chapter 2). AtR=2.8
AU the coma is readily apparent (note, the first 4 sections of Figure 8-2a all have the same
angular scale). Once sustained sublimation began the brightness-increased rapidly (see Figure
8-1) and the coma increased in size. At R =19 AU the plasma tail began to form. The
Schmidt photo in Figure 8-2a is one of the first to show a tail. For approximately 2 months
near perihelion the comet displayed a spectacular plasma tail which varied on timescales from
minutes to days. Two examples of the structure of the plasma tail are shown in Figure 8-2b.
Photometric measurements near perihelion obtained brightness estimates for only a very small
region inside the coma.

The central region of the coma just one month past perihelion is shown in the first image
of Figure 8-2c. Care must be taken when obtaining photometric measurements from images

with strong coma to properly center the diaphragm. The center is located in the CCD image



Chapter 8 183

Figure 8-2. (a) Pre-perihelion development of comet P/Halley. All of the relevant
parameters pertaining to the figure are listed in Table 8-3. One of the recovery images on
1982 Oct 16 taken by D. Jewitt is shown in the upper left of the figure. The line segments
and the box marking the positions of the comet in the first two frames are 7 arcsec in length.
At R =5.9 AU the coma was first beginning to develop, although it is not visible in the third
frame. The box surrounding P/Halley is 16 arcsec in length. The bottom row shows the
rapidly developing coma. The last frame shows one of the earliest photos of the developing
plasma tail at R = 1.9 AU. North is to the top and East to the left for all frames.
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Figure 8-2. (b) Changing P/Halley plasma tail just after perihelion (which occured on 1986
Feb 9). The figure shows how the morphology of the tail changed between two observing
runs. Dramatic changes were even apparent in the tail on nightly timescales. The long
dimension of the figure is = 2.5 deg. Other relevant observational parameters are presented in
Table 8-3.
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Figure 8-2. (c) Post-perihelion development of comet P/Halley. All of the relevant
parameters pertaining to the figure are listed in Table 8-3. Note the brightness asymmetry
around perihelion passage by comparing this figure to Figure 8-2a. In particular, the image
taken at R = 5.65 AU post-perihelion exhibits substantial coma whereas the image taken at R

= 5.89 AU pre-perihelion was only just developing a coma.
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by displaying only the highest data numbers. For the image at R = 0.82 AU the photometric
center is displaced approximately half the way from the apparent center to the edge of the
coma in the direction of the star. There is pronounced sunward emission from the comet.
The other images in Figure 8-2c depict the comet at increasing post-perihelion heliocentric
distances (see also Table 8-3). Comparing the appearance of the comet at R = 5.65 AU
post-perihelion (Figure 8-2c) to the image at R = 5.9 AU pre-perihelion (Figure 8-2a) shows a
striking brightness asymmetry.

One possible cause of a perihelion brightness asymmetry such as seen for P/Halley,
could be due to the penetration of a thermal wave into the nucleus. This would make the
nucleus hotter post-perihelion at a particular R compared to the same R pre-perihelion. The
spacecraft observations of P/Halley, however, suggest that this is not the case. The nucleus
was observed to be covered with a crust of very low thermal conductivity (Combes, et al.,
1986) which suggests that insufficient heat would penetrate into the interior to cause such a
large brightness asymmetry. Weissman (1986) postulates that the asymmetry is a seasonal
effect caused by the comet's northern hemisphere suddenly becoming exposed to sunlight just
past perihelion, rapidly heating previously unheated regions of the nucleus. According to
Weissman, the rapid heating causes severe thermal stress which cracks the dusty surface,
creating large active areas. A brightness asymmetry has been observed in other comets in
addition to P/Halley. If the asymmetry was always such that the comet was brighter
post-perihelion, then this would suggest that the cause was a thermal wave. However, the
mechanism of seasonal variation would be favored if approximately equal numbers of comets
were brighter pre-perihelion as were brighter post-perihelion. There is presently insufficient

observational data to distinguish between the two mechanisms.



Chapter 8 190

8.3 Discussion

8.3.1 Comparison of Pre- and Post-Encounter Information

Table 8-2 presents all the information used in the H,O model developed in Chapter 2 and
of the values known after the spacecraft encounter. Inspection of the table shows that the
values of those parameters which were well-constrained by observations at large R are
consistent with those values obtained during the encounter. Specifically, observations prior to
the onset of sustained sublimation yielded a value for the product of the cross section times the
albedo (see Eq. 2.3). When combined with the albedo as constrained from the model, this
gives the average nucleus radius as 2.8 < 8 [km] < 8. Spinrad (1986), used the approximate
nucleus dimensions as observed from Giotto to estimate a volume for the nucleus of P/Halley.
This yields a radius for a sphere of the same volume of f, = 6.2 km. When using the
nucleus/dust albedos derived from ground-based measurements prior to the encounter, (see
Chapter 3), the average radius is in close agreement with the value of Spinrad (1986). The
rotation lightcurve, although unable to yield a definitive period, suggested a long period (see
Chapter 5), and from the amplitude a nucleus axis ratio of =2.5:1. Again, both values agree
with the post-encounter nucleus properties. The primary result of the sublimation model,
namely that the vaporization was controlled by water ice, was upheld after the encounter
(Mumma et al, 1986; Krankowsky et al., 1986; Woods et al., 1986).

One of the surprising results of the encounter was the very low nucleus density, p, =
80-300 kg m> (Whipple, 1986), which is similar to that of Terrestrial snow. Other
characteristics determined from the encounter, such as the extremely localized, uneven mass
loss from the nucleus were not explicitly incorporated in the models in Chapter 2, even though
completely uniform sublimation was not expected. The sublimation models were never

intended to reproduce the detailed behavior of the comet, only the general characteristics
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Table 8-2

Halley Model Parameters

Property Var.  Halley Model Reference Current Values Reference
Albedox Cross  p,B.2 (1.24+0.03)x 105 Meech etal. 1986  Not measured
Section m?
Geometric Albedo p, 0.02-0.15 Meechetal. 1986  0.04 (A=0.5-0.9um) Sagdeev et al. 1986
Chap. 3
Emissivity € 0.85-0.90 A
Phase Coefficient [ 0 A 0.018 dust Meech & Jewitt '87
[0.04 nucleus]
Nucleus Radius B,  2.8-8km Meechetal. 1986 16x10x 9 km Wilhelm et al 1986
16x8x7.5km Whipple, 1986
B,=6.2km Spinrad, 1986
Grain Size a 1-1.5 um A ~few um mean Jewitt & Meech,'86
many sub pm McDonnell et al.
1986
Grain Density P 700-1300 kg m3 A
Nucleus Density p,  700-1300kgm™ A 80-300kgm™  Whipple, 1986
Thermal X negligible A low {Ortho/Para} Mumma et al. 1986
Conductivity low {hightemp}  Combes et al. 1986
Mass Loading v 1 A 0.2 McDonnell, '86a
0.05-1 Newburn & Spinrad, 0.22 - 0.45 Hanner, 1987 &
1985 Whipple, 1986
Grain Velocity v Bobrovnikoff A << Bob. v Chapter 7
Brightness Range Am R>6AU-->1  Meechetal. 1986, Not Measured
R=59AU ->8 Jewitt & Danielson,
R=5.1AU->3 1984
Axis Ratio ab =25:1 Meechetal. 1986  2:1 Whipple, 1986
Period T "slow" Meech etal. 1986  Most Activity Whipple, 1986
> 18 hours sunward
22vs74dy See Chap. 5
Optical Depth T optically thin A 1<0.3 Keller et al. 1986

in Coma
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Table 8-2, contd.

Halley Model Parameters
Property Var.  Halley Model Reference Current Values Reference
Composition — H0 A H,0 (80%) Mumma et al. 1986
CO (17-20%) Krankowsky et al.
CO, (3.5%) 1986
Woods et al. 1986
Sublimation - Uniform A jets, 0.3-0.5 active  Reitsema et al 1986
Larson et al. 1986
Dust Density vs.  —- 142 dependence A =~ 1/r* near nucleus  McDonnell et al.
distance 1986b
Levasseur-Regourd
et al. 1986

A = assumed in the modelling

which are manifestations of the water-ice composition.

Given improved values for some of the nucleus characteristics (see Table 8-2) in addition
to more brightness data, the H,O sublimation models have been re-computed. One of these
models is shown superposed on the data in Figure 8-3. Pre-perihelion, the model compares
well with the general brightness increase from recovery througﬁ perihelion; however, it does
not (nor is it expected to) reproduce short-term variations. The post-perihelioh data are
significantly brighter than predicted by the model. The seasonal effects suggested by
Weissman (1986) cannot be included in the model in the absence of reliable information
concerning the nucleus spin state. In principle, it would be possible to arbitrarily change the
fraction of the surface area of the nucleus sublimating post-perihelion in order to fit the data.
In the absence of an understanding of the nechanism causing the asymmetry, a forced fit is
unjustified. Further refinements to the model are also unjustified because many of the

parameters are already poorly constrained (e.g. the fraction of the nucleus sublimating, the gas
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mass loading etc.). Furthermore, it would be impossible to model the rapid brightness
variations caused by irregular outgassing seen in the comet near perihelion. Figure 8-4a
shows the dramatic changes in the appearance of the inner coma of P/Halley during four
consecutive nights in 1986 March (see Table 8-3 for observational information). The
changing direction of dust emission is even more clearly shown in Figure 8-4b which shows
contour plots of the images in Figure 8-4a. Figure 8-5 shows an image of P/Halley obtained
at R = 6.65 AU post-perihelion from CTIO (see Table 8-3) which shows a strongly
asymmetric coma. As seen in Chapter 7, asymmetric comae (which result from radiation
pressure and from asymmetric ejection) will affect the surface brightness profile. However,
since brightness estimates are made within a very small diaphragm (5 arcsec radius) even such
strong asymmetries are little noticed.

Therefore, it can be concluded that while such simplified models cannot ever reproduce
the observed lightcurve in detail, they are extremely useful for understanding general

characteristics and basic nucleus properties.

8.3.2 The Visual Lightcurve

Since this is the first comet lightcurve to be observed over such large ranges in
heliocentric distance and brightness with sophisticated electronic detectors, it is of interest to
compare this lightcurve with that observed visually. The visual lightcurve has traditionally
been used for analysis of the behavior of other comets (see for example Delsemme, 1985;
Meisel & Morris, 1982; Whipple, 1978; Whipple & Sekanina, 1979). An impressive
lightcurve has been published by Green and Morris (1986) combining observations at large R
(> 5 AU) made with electronic detectors with visual observations made at smaller heliocentric
distances. In Figure 1 of their paper they plot the quantity H = mag - 5 log (4) (a quantity

which has no physical meaning since the A dependence of the coma brightness changes with
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Figure 8-3. P/Halley lightcurve and H,O sublimation model (see text for discussion).
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Figure 8-4. (a) Images taken on consecutive nights in 1986 March showing the dramatic
changes in the inner coma over the 4 nights. In particular, the shape of the coma changes in

addition to the direction of maximum emission. North is to the left and East to the top in all of
these images.
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Figure 8-5. Image of P/Halley taken with the CTIO 1.5m telescope on 1987 May 1 when
the comet was at R = 5.65 AU. (See Table 8-3 for relevant parameters). Note the very
asymmetric coma. North is to the right and East is at the bottom in this figure.
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R) versus time. A comparison of their lightcurve with Figure 8-3 (when plotted as H versus
time) shows an increasing brightness discrepancy between the two curves, reaching roughly 5
magnitudes near perihelion.

There are several reasons for this discrepancy. Firstly, the visual observations are
unfiltered, they therefore contain light from both gaseous emission and scattering from the
dust. It is therefore difficult to model the visual data because of uncertainties in the dust to gas
ratio. Secondly, unlike the lightcurve presented in this chapter, no fixed diaphragm was used
for the visual observations. The sublimation model computes the brightness expected within a
diaphragm of fixed angular size. If the effective diaphragms used in the observations are
unknown or different (depending on the size of the telescope used, the magnification and how
much of the coma is used in making the brightness estimate) the data cannot be meaningfully
compared to the model. Thirdly, the human eye is a subjective non-linear detector, unlike the
CCD detectors and infrared photometers used for the lightcurve presented in Figure 8-3.
Again, corrections for this non-linearity are difficult. Observations by different visual
observers often show scatter of many magnitudes. For these reasons, and because the
quantity, H, is a non-physical parameter, visual lightcurves are not useful for quantitative

comparison with the type of models presented here and in Chapter 2.
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8.4 Conclusions

1. A lightcurve for P/Halley covering a range in brightness of 20 magnitudes is presented.
The main features of the lightcurve are an initial portion (R > 6 AU) in which the comet
obeys the inverse square law, a rapid brightening due to water sublimation at smaller R,

and a pronounced pre-post perihelion photometric asymmetry.

2. Results from the simple H,O sublimation model developed in Chapter 2 compare
favorably with the results from the recent spacecraft rendezvous. In particular, the
nucleus size, shape, albedo, composition and crude rotation period were well

constrained from remote observations made at large R.

3. Revision of the model input parameters post-perihelion shows that the model is able to
match the general photometric behavior of the comet from recovery through perihelion.
Detailed brightness variations and the post-perihelion brightness asymmetry (possibly
due to seasonal effects) are not well described by the model. This type of simple
modelling is therefore a very powerful tool for learning about several basic properties of
the comet nucleus but is clearly inadequate for studying detailed properties of the

lightcurve.

4. Lightcurves obtained visually (without electronic detectors) are different from CCD

lightcurves and are not useful for this type of quantitative analysis.



Chapter 8

202

Table 8-3

Photographic Figure Information

Figure Comet Telescope Date UTS Filter Exp R A o Scale
[sec] [AU] [AU]  [deg] [arcsec]
82a P/Halley ‘Palomar5m 19820ct16 11:50 g 240 11.04 1093 52 60
*Palomar Sm  1984Jan08 0625 g 300 816 723 17 60
MHO 1.3m  19840ct24 0841 R 900 589 548 91 60
MHO 1.3m  1985Aug27 11:16 R 360 278 3.11 187 60
KPNO 4m 1985 Sept 23 12:04 contf 600 244 228 242 120
KPNO Schmidt 1985Nov6 -—  — 420 185 093 17.0 2400
8-2b P/Hally KPNO Schmidi® 1986Mar22 12:02 - 600 103 075 659 9000
CTIO Schmidt® 1986 Apr30 0023 - 900 162 077 28.4 9000"
8-2c P/Halley KPNO21m  1986Mar08 12:25 cont 20 0.82 110 603 150
KPNO 2.lm  19860ct31 12336 cont 300 390 462 93 100
KPNO 2.Im 1987 Apr02 0525 R 240 539 459 69 140
CTIO 1.5m  1987May0l 02:49 R 200 565 521 9.6 215
84a P/Hally KPNO2Im  1986Mar05 12:45 comt 5 078 117 572 150
KPNO 2.Im  1986Mar06 12:42 cont 10 0.80 1.14 583 150
KPNO 2.lm  1986Mar07 12:46 cont 10 081 112 593 150
KPNO 2.lm  1986Mar08 12:25 cont 20 0.82 110 603 150
8-5 ©P/Halley CTIO15m  1987May0l 02:49 R 200 565 521 9.6 215

§ UT midtime of exposure.
* Observations provided by D. Jewitt, private communication.

i Continuum filter k

= 7007A, AL = 79A FWHM.

% The plates were dlgmzed using the Kitt Peak PDS microdensitometer.
T Long dimension, approximate only.
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Chapter 9 - Dynamically New Comets
9.1 Introduction

The main goal of the research up to this point has been to develop a simple water-ice
sublimation model for comet P/Halley based on ground-based observations made when the
comet was at large heliocentric distances, R 2 5 AU. It is when comets are at large R, bcyoﬁd
the distance where H,O sublimation is significant, that they are potentially the most interesting
because it is only then that we may hope to observe the nucleus. The model was able to
successfully show that for P/Halley, the sublimation from a water-ice nucleus explained the
onset of activity which produced a sustained coma near R = 5.9 AU. Furthermore, the model
was used to place constraints on several physical characteristics of the nucleus. It is the aim
of this chapter to compare the Halley model to a less well studied group of comets which are
active at distances where water-ice sublimation is negligible (R > 6 AU). It is hoped that such
comparison will provide some insight into the nature of the activity in these distant comets.

Oort's (1950) deduction of the existence of a large reservoir of comets with aphelia
between 50,000 and 150,000 AU was based upon a small sample of comets (N = 19) for
which "original" orbits were well determined (with an average mean error in the reciprocal of
the semimajor axis, I/a, of 30 x 106 AU-!). The term "original" orbit refers to the orbit of
the comet prior to the effects of planetary perturbations as it approaches perihelion. For
comets with very large a, only an extremely small fraction of the orbit is ever observed;
therefore, the effect of planetary perturbations can be accurately calculated only for the
passage through the inner Solar System at the time of discovery. According to Oort's theory,
comets are scattered into the inner Solar System as a result of gravitational perturbations
associated with the passage of nearby stars. In order to reconcile the observed distribution of

1/a with the scattering theory, Oort (1950) and Oort and Schmidt (1951) made the assumption
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that the dynamically new comets (those just perturbed into the inner Solar System)
subsequently fade after their first passage and are no longer observable, presumably due to a
loss of highly volatile ices. If real, this fading would imply a basic difference between short
period comets such as P/Halley, and the dynamically new comets. On the basis of this
assumption it would therefore be expected that dynamically new comets would be
exceptionally bright and active at large R, perhaps due to sublimation of ices more volatile
than water, and that there would be a significant pre- to post-perihelion brightness asymmetry
for the dynamically new comets.

In order to embark upon any systematic study of the photometric behavior of the
dynamically new comets as a class, it is necessary to summarize what is known about them.
In this regard, two important questions must be addressed. First, what evidence is there that
the dynamically new (hereafter referred to simply as "new") are different from old, more
evolved comets? Second, what are the morphological and physical characteristics of comets

active at large distances from the sun?

9.1.1 Differences Between New and Old Comets

There is conflicting evidence with regard to the fading of the new comets, or the
differences in brightness of new versus old comets. As was mentioned in Chapter 1, one of
the pieces of evidence suggesting that water ice is a main constituent in most comets is the fact
that the non-gravitational accelerations caused by irregular outgassing from the nucleus vary
as a function of R in a manner which is consistent with water ice sublimation. Such
perturbations on the orbit are random and tend to destroy the ability to compute an accurate
orbital history, hence original orbit for a comet. Marsden and Sekanina (1973) have since
re-examined the distribution of original semimajor axes, selecting only those comets with

perihelia, g, beyond 3 AU since the nongravitational forces are negligible beyond this distance
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(Marsden et al. 1973). They found that the clustering of 1/a corresponds to an aphelion
distance of 50,000 AU, at the low end of the range suggested by Oort. The consequence of
decreasing the size of the Oort cloud of comets is that the change in the cometary orbital
velocity caused by the passage of a star is much smaller than previously thought; probably
insufficient to bring a comet directly from the Oort cloud into the region of the Solar System in
which the orbit may be affected by planetary perturbations. As summarized by Weissman
(1986), comets which come into the observable region may already have perihelia near the
region of the outer planets. Consequently, new comets may lose their highly volatile
constituents prior to ever reaching a region of observability. There would therefore be no
reason to expect a brightness difference between the new and old comets.

In a subsequent paper, Marsden et al. (1978) computed new osculating orbits
(depending only on the gravitational attraction of the sun, and referred to the date of perihelion
passage) for 110 comets and used these with additional orbital determinations to compute the
original and future orbits for 200 comets. The sample of comets included those for small ¢;
the modifications due to the nongravitational forces were considered. They divided the
computation into two accuracy classes depending upon (1) the mean error of 1/a, (2) the time
span of the observations determining the orbit and (3) the number of planets whose
perturbations were taken into account. They found a significant difference in the relative
numbers of new and old comets between the two classes. In the class where the orbits were
the most accurately known, class I, as many as 55% of the comets were new, whereas in
class II the fraction of new comets fell to about 21%. The definition of a new comet was
somewhat arbitrarily given as those comets for which (1/a) orig < 100 (in units of 106 AU).
The larger proportion of old comets in class II, where the orbits were less accurate, was
interpreted as evidence for fading by Marsden ez al. (1978). If a comet fades substantially
after its first passage through the inner Solar System it will be observed over a smaller portion

of its orbit on successive passages, hence a greater probability of inclusion in class IL.
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Delsemme (1985), on the other hand, suggested on the basis of the lightcurves of 11
comets, that the new, quasi-new and short period comets are not substantially different from
each other in the sense that their sublimation is all controlled by water. He asserted that this is
evidence that the new comets are not fresh from the Oort cloud but have spent several
revolutions slowly diffusing into the inner Solar System. Delsemme evaluated the nature of
the sublimation by determining r, for each comet, the characteristic heliocentric distance which
separates the sublimation steady state from the radiative steady state. The quantity r_ is
defined to be that distance at which the solar energy spent in re-radiation is approximately 40
times that spent in sublimation (Marsden et al., 1973). That is, for distances beyond r,
energy spent in sublimation is less than 2.5% the energy spent in re-radiation and the
sublimation drops rapidly. Delsemme determined the value of r, by comparing the lightcurves
to the best fit water ice vaporization curves and finding the distance at which the comet was 4
magnitudes fainter than an extrapolation to the inverse square law behavior for sublimation at
small heliocentric distances.

There are several problems with the interpretation made by Delsemme. The comets that
he selected were chosen because the observations in each case were made by a single observer
(Beyer or Bobrovnikoff). This avoided difficulties with systematic errors, however, most of
the comets were observed over a very limited range of heliocentric distances. In fact, in over
60% of the cases, r, was determined by extrapolation. Furthermore, even with data from a
single observer, there was sufficient scatter in the data that a few points could substantially
influence the fits for r . Finally, Delsemme did not include any comets in his sample which
were known to be active at distances where water ice sublimation would not be significant.
With the exception of comets P/Halley, Kohoutek (1973 XII) and Delavan (1914 V) which
were observed near 4 AU, all of the other comets were not observed beyond about R = 2.5
AU. It seems, therefore, that his results are not conclusive.

Interestingly, Whipple (1978) analyzed a set of observations made by Beyer and
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Bobrovnikoff which included the same sample as the data used by Delsemme (1985), and
concluded that the brightness variations as a function of R were different for the new and old
classes of comets (precisely the opposite of the conclusion reached by Delsemme!).

Unfortunately, the rate of brightening was measured using a parameter, n, as determined from

H =H+5log (A) +2.5 nlog (R) 0.1

where H_| is the observed magnitude, and H is the absolute magnitude at unit R and unit A,
the geocentric distance. The value of n was determined from a least squares solution for H
and n from Eq. (9.1) over whatever range of R and A the observations were made. Eq.9.11is
a non-physical representation of the brightness variations of a comet as a function of distance
from the sun. The value of n is a function of the range of R over which the observations are
made. At the distances at which radiative éteady state dominates, the comet obeys
approximately an inverse square law, hence n =2. When sublimation becomes significant the
dependence of brightness with R becomes much steeper. The point at which the transition
between the two regimes occurs depends on many parameters such as albedo, rotation rate,
nucleus size, etc. (see Chapter 2 for a complete discussion for the particular case of comet
P/Halley). Since no attempt was made to determine n over the same range of R for each
comet, it is impossible to interpret the results as showing a systematic difference in the
behavior of new versus old comets.

Kresdk (1977), like Delsemme (1985) submitted that there is no difference between the
new and the old comets with regard to absolute brightness, change in brightness as a function
of R, asymmetric light curves, spectral characteristics (dust to gas ratio) or morphology of the
dust tails. Kresdk maintained that in previous analyses where differences between the two
groups of comets were noted, selection effects biased the results. Also, Roemer (1962)

stated that "comets moving in nearly parabolic orbits do not differ in any fundamental way
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from those of the Jupiter family that move in ellipses of short period . . . objects that brighten
slowly with decreasing heliocentric distance and objects that brighten more rapidly may be
found among either short-period or parabolic comets”. Finally, with respect to the ratio of the
dust to gas production in new versus old comets as determined spectroscopically, Donn
(1977) concluded from the analysis of 85 comets that there is no evidence for a systematic
difference between the new and the old comets.

It would appear from the above discussion that there is no conclusive evidence either for
or against a claim that there is a systematic difference between the new and the old classes of
comets. Part of the difficulty lies in the fact that all of the cometary observations comprise a
very heterogeneous set of data which is plagued by observational selection effects which are

extremely difficult to take into account. Some of the effects which can bias the data include:

¢  Absolute brightness of comet
Cometary orbital characteristics

<

0  Variations in the method of brightness measurement (nuclear magnitude as opposed
to total integrated magnitude which depends on the aperture size used, etc.) -
brightness estimates for a particular comet can vary by over a factor of 100
depending on the observer and type of measurement made.

0 Different telescope/detector/filter combinations

0 Improvement in instrumentation/techniques as a function of time

0  Uneven geographical distribution of observers (affecting comet discovery and range
of R over which the comet is observed) - particularly noteworthy is the
preponderance of observers in the northern hemisphere

¢  Weather

0  Social Factors (popular interest in a particular comet, events which interrupt
observations).

With the present increase in computational ability and the existence of a fairly sizeable set of
accurately determined original orbits, it is useful to re-examine the question regarding

differences between the new and old comets. It is possible to reduce the severity of one of the
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major selection effects, namely the variation in the method of brightness measurement. This
can be done by examining the farthest distance at which a comet was last detected. This
transforms an uncertain magnitude determination into a simple yes/no value which is a much
less sensitive function of the observer.

Figure 9-1a shows the result of plotting the farthest heliocentric distance at which comets
on nearly parabolic orbits were observed versus time. The orbital data are from Marsden ez al.
(1978) and Everhart and Marsden (1983, 1987) who present original and future orbits for 251
comets, 137 of which fall into the class I accuracy category. The figure shows only class I
comets with perihelion passage dates after 1900. The approximate heliocentric distances
corresponding to the dates of observation for each comet (found in the extensive compilation
by Kronk (1984)), were computed from a 2-body ephemeris program utilizing the orbital
elements from Marsden's (1986) Catalog of Cometary Orbits. The vertical bars on the data in
Figure 9-1a do not represent errors in the distances; rather the length of the bar is 0.1 times the
perihelion distance in AU. The effect of the bars is to add a third dimension to the figure.

The data for the new comets [(1/a)

orig < 100] is presented in the top panel of Figure 9-1a and

the data for the old comets [(I/a)_,. > 100] is presented in the bottom panel. Because the

orig
division between the new and the old comets is somewhat arbitrary, Figure 9-1b illustrates the

effect of assuming that the new comets have orbits where (1/a) < 500. There is no

orig
substantial difference between the two figures, except that many of the large g comets in the
[(1/a) orig 100] group of Figure 9-1a are now found in the [(1/a) orig < 500] group of Figure
9-1b.

Figure 9-1 quite clearly shows a difference between the dynamically old and new
populations. The scatter in both populations of comets is due in part to intrinsic brightness
differences among the comets and also to selection effects. The effect of improved

instrumentation and techniques is seen in the top panel where there is a general increase with

time in the distance at which the last observations of a comet are made. It is significant that
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Figure 9-1a. Farthest heliocentric distance at which the comet was observed versus date (years)
for 107 comets with nearly parabolic orbits. The upper panel plots the dynamically new comets for
which (1/a) orig < 100; the lower panel shows the old comets for which (1/a) > 100. The

ori
quantity (1/a) is’in units of 10®AU. See text for discussion. ¢
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this trend is less conspicuous in the bottom panel. The fact that there are a number of old
comets (between 1960 and 1980) which were observed out to distances of only 2 - 4 AU and
the absence of such a group in the new comets, suggests that the old comets tend to be
intrinsically fainter. In general, all of the comets with large ¢ are observed to larger distances
than those of small g. Because comets at large g are never at small R, in order to observe
them at all, they must be exceptionally bright. Approximately 34% of the new comets shown
in Figure 9-1a have g > 3, whereas the same number for the old comets is near 14%. When
considering the comets in Figure 9-1b, these numbers become 33% and 9%, respectively.
Apparently there are many more exceptionally bright new comets than old comets, in
agreement with the conclusion of Marsden et al. (1978). It is worth noting that it is near 3

AU that a rapid increase in water ice sublimation is expected (although as was seen in Chapter
2, H,0 sublimation can begin at R = 6 AU). The mean farthest distance seen for the new
comets in Figure 9-1ais R = 5.5 AU and for the old comets R =4.3 AU (R = 4.1 AU if the
unusual cases of comet Stearns 1927IV and comet Humason 1962VIII are not included).
More than 1/3 of the new comets are observed beyond 6 AU whereas only about 1/10 of the
old comets are. Apparently many more new than old comets are observed beyond the
distances where H,O ice sublimation is expected to cause activity, suggesting that there is a

different mechanism for activity in these comets.

9.1.2 Characteristics of Comets Active at Large Heliocentric Distances

Now that the possible existence of a brightness difference between the new and the old
comets as a class has been suggested, it is reasonable to address the question of whether or
not there are particular physical or morphological characteristics which can be used to
discriminate between the two classes. Furthermore, is there a difference between the old

comets which are active at large distances (say R > 6 AU) and the dynamically new comets
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active at large distances? The answer to this question will address the fundamental problem of
whether the nature of the activity seen in comets at large distances (beyond the H,0
sublimation zone) is the same for the two groups of comets. Ultimately, the goal is to
determine whether or not the comets first entering the inner Solar System from the Oort cloud
are compositionally different from the periodic comets. Table 9-1 presents a summary of the
characteristics of comets in nearly parabolic orbits which are active beyond about 6 AU. The
comets in the table comprise a subset of the class I comets used in Figures 9-1a and 9-1b, and
include both the new and old comets. The name and the designation is given for each comet
in column 1, in addition to the years during which the comet was observed. The approximate
date of perihelion passage, T(yr), and the perihelion distance, ¢ (in AU), as obtained from

Marsden (1986) are listed in columns 2 and 3. The values of (I/a) . from Marsden et al.

orig
(1978) and Everhart and Marsden (1983, 1987) are listed in column 4. In column § an
estimate of the distance of the formation of the tail is given based on the dynamical analysis of
Sekanina (1975) and the descriptions found in Kronk (1984). The values from Sekanina are
enclosed in parentheses because they are computed as opposed to observed quantities.
Finally, in the last column are additional comments which relate to the activity. Although the

table includes both new and old comets, nearly 80% of the comets listed have (1/a) .. < 500.

orig

The most obvious characteristic common to all of the comets in Table 9-1 is that they
possess comae and in many cases tails out to very large distances. Roemer (1962), Belton
(1965) and Sekanina (1975), among others, have all commented upon the fact that the dust
tails of distant comets exhibit a peculiar appearance. The tails are nearly parallel sided and
very narrow, the width of the tail being determined by the width of the coma. The coma in
these specific cases tends to be sharply bounded at the head of the comet; the transition to the
low surface brightness tail is quite abrupt. Figure 9-2a shows three of the dynamically new
comets (Stearns 1927VI, Baade 1955VI and Wirtanen 1957VI) from Table 9-1 which

possessed tails of this type.
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Table 9-1

Characteristics of Comets Active at Large Distances

Comet T q (1/a )m-g Tail Other observations
[years] [AU] x10°AU
Kohoutek (1973 XII)  1973.99 0.142 20 <42 AU Found = 5.1 AU, mag 16
(1973-1974) with coma. Last obs. @
4.8 AU, near mag 22
Morehouse (1908 IT)  1908.98 0.945 174 >2.1 AU CO™ dominated spectrum
(1908-1909)
Mellish (1915 IT) 1915.54 1.005 75 >2.6 AU mag= 16 @ 5.7 AU
(1915-1916) nucleus split in 1916
fan shaped tail
Jones (1946 VI) 1946.82 1.136 44 =77 AU last obs at 8.2 AU
(1946-1948)
Wilson (19831) 1987.30 1.200 30 Discovered at R=3.6AU
(1986-present) with bright coma,
Ikeya-Seki (1968 I) 1968.15 1.697 842 >2.1 AU last obs =6.7 AU w/coma
(1967-1969)
Pajdusakova-Mrkos 1948.37 2.107 34 >5.6 AU last obs =6.7 AU w/coma
(1948-1950) (1948 V)
Humason (1962 VIII)  1962.94 2.133 4935 >5.6 AU CO* dominated spectrum
(1961-1965) iontail at 3.1 AU
outbursts near 6 AU last
obs = 9.7AU w/coma
Baade (1922 I) 1922.82 2.259 21 >5.2 AU
(1922-1924)
Geddes (1932 VI) 1932.72 2.314 45 (5.5 AU) last obs =7.4 AU w/coma
(1931-1934)
Wirtanen (1949 I) 1949.33 2.517 498 >39 AU last obs at 6.8 AU
(1948-1951)
Minkowski (1951 ) 1951.04 2.572 37 (2.6-5.5AU) last obs =7.3 AU w/coma
(1950-1953) 20 arcsec across
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Table 9-1, contd.
Characteristics of Comets Active at Large Distances
Comet T q (11a) ;g Tail Other observations
[years] [AU] x10%AU
Shoemaker ' (1985 XII) 1985.68 2.696 487 >6 AU extensive coma and tail
(1984-present) at4.9,6 AU
Lovas (1975 VII) 1975.64 3.011 36 >4.8 AU last obs =7.3 AU
(1974-1977) tail faint & broad
Wirtanen (1947 VII)  1947.67 3.261 34 >49 AU Last obs @ 9.6 AU
(1948-1950)
Gehrels (1971 1) 1971.02 3.277 1582 =74 AU never brighter than 16
(1972-1973)
Thomas (1969 I) 1969.03 3.316 1502 (3.3 AU) last obs = 8 AU, diffuse
(1968-1971)
Cernis (1983 XII) 1983.55 3.318 78 comaat9 AU, 11.25 AU
(1983-present) (R = 11.6 July 1987)
Kopff (1905 IV) 1905.79 3.340 28 >3.6 AU last obs = 6.4 AU diffuse,
(1904-1907) at mag near 16
nucleus split in 12/1905

Bowell (1982 1) 1982.19 3.364 30 (12 AU)  a=300-400 wm, low vel
(1980-present) narrow tail, obs =14 AU
Stearns (1927 IV) 1927.22 3.684 623 6 AU coma to >11 AU, last obs
(1927-1931) (3.9-5.6AU) atl11.5 AU. C2 obs near

narrow 4 AU (van Bies., 1927b)
Baade (1955 VI) 1955.61 3.870 42 >5AU a > 100 pm, low velocity
(1954-1957) (4-12AU)  last obs = 7.8 AU, diffuse

(12-30? AU) narrow tail
Hartley (1985 XVI) 1985.74 4.000 35 obs. @ 6 AU, diffuse
(1984-present)
Van Biesbroeck (1936 I) 1936.36 4,043 19 (=4 AU) last obs = 6.5 AU, diffuse

(1935-1938)
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Table 9-1, contd.
Characteristics of Comets Active at Large Distances

Comet T q (1/a)y;g Tail Other observations
[years] [AU] x10°AU

Haro-Chavira (1956 I) 1956.07 4.077 39 >5AU a> 100um, low velocity

(1954-1958) (6-15? AU)  narrow tail, 7AU diffuse

Shajn-Comas-Sola 1925.68 4181 35 none Last obs. @ 6AU-diffuse

(1925-1927) (1925 VI) total mag near 16

Humason (1959 X) 1959.94 4267 40 >4.6 AU Last obs =6.1 AU, diffuse

(1960-1961) narrow tail

Sandage (1972 IX) 1972.87 4.276 69 >4.5 AU last obs. =7.1 AU, diffuse

(1972-1974) (4-8 AU)

Wirtanen (1957 VI) 1957.67 4.447 17. >6 AU Lastobs. @ 9.4 AU

(1956-1960) (>7 AU) mag near 10 @ 4.5 AU
Nucleus split at 4.9 AU

Abell (1954 V) 195423 4.496 82 >74 AU Last obs =7.4 AU, diffuse

(1955-1956) (5-7.3 AU)

Elias (1981 XV) 1981.63 4,743 142 >S5AU narrow parallel tail

(1981-1983?) last obs =5-6 AU

Sandage (1973 X) 1973.85 4812 536 >4.8 AU last obs = 6.5 AU diffuse

(1973-1975)

Araya (1972 XII) 1972.97 4,861 476 >49 AU obs @ 7 AU mag =16

(1972-19757)

Shoemaker ' (1984 XV) 1984.68 5.489 1624 >7.8 AU at R=7.8 AU coma

(1984-present) (R =9.0July 1987)

West (1977 IX) 1977.55 5.606 33 >7.5AU fan-shaped tail

(1976-1979) last obs = 7.5 AU, tail

Lovas (1976 XII) 1976.83 5.715 142 >6.8 AU last obs = 6.8 AU with

(1977-1978) possible fanned tail

van den Bergh 1974.60 6.019 11 > 6.8 AU last obs = 8.4 AU, diffuse

(1974-1976) (1974 XIII)
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Table 9-1, contd.
Characteristics of Comets Active at Large Distances

Comet T q (1/a)

orig

[years] [AU] x10%AU

Tail Other observations

Schuster (1975 I) 1975.04 6.881 51 >9.7 AU last obs = 9.7 AU, tail
(1976-1978) narrow and faint
TClass 2 comets.

Although the tail of comet Stearns is difficult to see in the photograph, descriptions
indicate that it was nearly identical in appearance to the tails of comets Baade and Wirtanen.
Four more recently observed comets are shown in Figure 9-2b. All except comet Torres,
which does not yet have a well-determined orbit, are dynamically new. Comets Elias and
Bowell have particularly striking examples of the tail type discussed above. The tails are
narrow and parallel sided, and the comae are sharply bounded - almost spherical. Comet
Torres is very similar in appearance to comets Bowell and Elias; based on this and its
brightness at R = 3.6 AU, it will not be surprising if this comet is active out to large distances.
The coma and tail of comet Wilson is somewhat similar to those of the other three comets, but
the coma is not as sharply bounded. It should be noted that this comet is at a smaller R, and
has a much smaller perihelion distance (g = 1.2 AU) than do the other comets in this figure.

Sekanina (1975) has analyzed comets with this type of tail using the "Bessel-Bredikhin”
mechanical theory to account for solar radiation pressure. Sekanina models the tails as a
distribution of particles emitted at particular times (as opposed to a single particle size emitted

continuously). He has shown for the well-observed comets Baade 1955 VI and Haro-Chavira
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Figure 9-2a. Comparison of three "Oort comets” with tails at large R. The figure shows the
form of the dust tails which are characteristic of comets active at large R. Table 9-8 lists
specific information about the photographs. The comet Stearns (19271V) photograph is
reproduced from Van Biesbroeck (1927a) and comets Baade (1955 VI = 1954h) and Wirtanen
(1957 VI = 1956¢) from Roemer (1962).
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Figure 9-2b. Comparison of four more recent "Oort comets". The appearance of the coma is
similar for all four comets (photo details in Table 9-8). Comet Torres does not yet have a well
determined orbit, so it is not yet known to be dynamically new, although its brightness and
morphology suggest that it may be new.
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1956 1 that the particles were subject to very little radiation pressure acceleration, less than 1%
of the solar gravity. The ratio of the radiation pressure to the solar gravity is related to the

particle size by :

F
=2 =B =573x10" 2 9.2)
g

ap

where p [kg m™3] is the particle density, Q is the radiation pressure efficiency and a g[m] is the
particle radius (for a derivation of Eq. 9.2 see the discussion in Appendix 5). Given typical
icy grain densities (and assuming Q = 1), Sekanina concluded that the tail grains were large
(a, = 100 pm). His dynamical analysis of the particle trajectories indicated that for many
comets the tails were formed at very large distances (see Table 9-1). Furthermore, because
the tails did not widen appreciably as a function of distance from the nucleus, Sekanina
estimated that the grain ejection velocities, and therefore the particle velocity dispersions were
very small.

To summarize Sekanina's conclusions, particles with a narrow size distribution (= few
hundred pm) ejected within a limited range of times at low velocity, give rise to the
characteristic appearance of the narrow, parallel-sided tails. Sekanina infers that the grains are
dragged into the coma by sublimation of ices more volatile than water. Although the list of
comets in Table 9-1 which have the parallel-sided tail is incomplete, there are trends which
suggest that this type of tail is a characteristic of the distant comets, in particular those with
large q. The comets with the characteristic tails are shown in Table 9-2, in addition to the
comets whose tails were definitely not parallel-sided.

Sekanina (1975) maintained that "the occurrence of the characteristic tail in an incoming
comet depends on the availability of highly volatile materials at the surface of the comet's

nucleus, and therefore on the circumstances at the formation of the comet and during its past



Chapter 9 226

evolution, but definitely not on the distance the comet will reach at perihelion”. However,
there appears to have been no case of a small g comet observed at large R which had this type
of tail (see for example comet Wilson in Figure 9-2b). Based on the particular example of
comet Kohoutek 1973 XII, Sekanina attributes the lack of a tail to the fact that for a small ¢

comet the tail is projected along the solar radius vector and therefore in the line of sight as seen
from Earth. It is not clear that this is always the case for small g comets. All of the comets in
= 623.

Table 9-2 have (I/a) .. < 500 with the exception of comet Stearns which has (1/a)

orig orig

Although the list is probably incomplete, it is noteworthy that so many of the comets are new.
The connection between the narrow tails and comets active at large R must be

approached cautiously, because although it appears that it may be an indicative property of

comets which are active at large R, there is at least one example of such a tail on a short period

comet. A narrow dust tail associated with P/Tempel 2 was discovered in the infra-red by the

Table 9-2
Comet Tail Types
Comet q (1 /a)on-g Comet : q (1 /a)o,ig
AU x10°AU AU x10°AU

Parallel-Sided Tail Other Tail Type

Bowell (1982 1) 3.364 30 Mellish (1915 II) 1.005 75
Stearns (1927 IV) 3.684 623 Lovas (1975 VIII) 3.011 36
Baade (1955 VI) 3.870 42 West (1977 IX) 5.606 33
Haro Chavira (1956 I) 4.077 39 Lovas (1976 XII) 5715 142

Humason (1959 X)  4.267 40
Wirtanen (1957 VI)  4.447 17
Elias (1981 XV) 4743 142
Schuster (1975 1II) 6.881 51
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IRAS satellite (Davies et al. 1984). A dynamical analysis of the tail by Eaton et al. (1984)
indicated that the tail was comprised of sub-millimeter sized particles ejected at low velocity at
least 1500 days prior to the IRAS observations (1983 July 12-18). This gives the ejection
date as earlier than 1979 June. The tail may be associated with the 1978 December 22
outburst reported by Johnson et al. (1981).

All of the evidence thus far presented in the introduction provides a tantalizing
suggestion that (i) the dynamically new comets are intrinsically brighter than the old comets,
(ii) that the low ejection velocity narrow tails found on many large ¢ comets may (but not
necessarily) be indicative of sublimation from ices more volatile than water and (iii) that these
tails are mostly associated with the new comets (with large g). A quote from Roemer (1962)
strengthens these conclusions: "when a long-exposure photograph a few days after the
discovery of Comet Humason, 1960e, revealed a tail of the characteristic appearance, I even
went so far as to predict (correctly) that this comet was far from the sun and moving in an
orbit with large perihelion distance". It would therefore seem from an observational point of
view, that the comets which have these morphological characteristics at discovery should be
carefully monitored as a function of R in order to ascertain the nature of the activity.

Prior to the recent apparition of comet P/Halley, very few comets were observed over a
large range of R, and even fewer of these observations were made in a consistent manner by a
single observer. It is therefore difficult to analyse historical observations of most of the
distant comets. It is only recently that linear two dimensional detectors have become available
which when combined with an increased interest in comet observations should enable some of
these comets to be observed over large ranges in R. Of all of the comets on nearly parabolic
orbits which have been discovered within the last decade, comet Bowell 19821 stands out.
This comet is unusual because of the large number of observations which were obtained from
discovery through perihelion in the UV, optical and near IR wavelength regions. Because of

the large amount of observational data for this comet, it provides the best test for sublimation



Chapter 9 228

models of ices more volatile than water. The remainder of this chapter will concentrate on the

results of this type of modelling for comet Bowell.

9.2 Comet Bowell - Observations at 13.6 AU

Comet Bowell 19821, discovered in 1980 at heliocentric distance R = 7.3 AU (Bowell,
1980), has the most hyperbolic orbit known (eccentricity, € = 1.057). This comet is

dynamically new, with a value of (1/a) . = 30, and is probably making its first passage

orig
through the inner Solar System from the Oort cloud (Everhart and Marsden; 1983, 1987).
The large eccentricity is due to an extremely close encounter with Jupiter. The major
characteristics of 1982l as determined from observations around perihelion (1980-1984) are
summarized in Table 9-3. The comet is known to exhibit substantial activity at distances
beyond which H,O sublimation is expected to be significant (R 2 6 AU, see Chapter 2). Its
lightcurve is quite different from that of P/Halley, in which the activity is controlled largely by
H,O sublimation (Meech et al, 1986). There has been one reported detection of H,O ice in
the near infra-red spectrum of this comet (Campins et al., 1983); however, the identification is
controversial (A'Hearn et al., 1984a). Other near infra-red spectra of this comet show no
evidence for H,O ice (Jewitt ez al., 1982; A'Hearn ez al., 1984a), and water-ice sublimation

models are unable to reproduce the lightcurve (Jewitt, 1984). More volatile ices, typified by
N,, provide a better (but not perfect) match to the near - perihelion photometry (Jewitt, 1984).
The best match to the photometry is provided by an inert coma, however, the solid grain coma
was found to expand at the very low velocity v=09 0.2 m s'1 (Jewitt, 1984; Sekanina,
1982). Sekanina (1982) uses dynamical analysis to estimate the ratio of the radiation pressure
acceleration to the gravitational acceleration of particles in the tail; this indicates that comet

Bowell has an unusual particle size distribution, with a deficiency of particles with radii a , S

300-400 pm. Given the unusual properties of the comet and the likelihood that H,0
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Table 9-3 - Comet Bowell Observations
Discovery through Perihelion

Property Value Method Reference
Grain Size 300-400 pm Radiation Pressure Sekanina (1982)

> 10 um IR obs /Mie calc. Jewitt et al. (1982)

> 100 um IR obs Hanner & Campins (1986)
Grain velocity 0.78 ms’! Tail width; length  Sekanina (1982)

09ms? Coma expansion  Jewitt (1984)
"Tumn on" R=11-12 AU Tail length Sekanina (1982)

R=10 AU Coma expansion Jewitt (1984)
Composition contiinuum R>5 AU  spectra (vis) Cochran & McCall (1980)

Jewitt et al. (1982)
Johnson et al. (1984)

no ice signature near IR, CVF Jewitt et al. (1982)
A'Hearn et al. (1981)
A'Hearn et al. (1984a)
Campins et al. (1982)

2.2 um feature CVF Jewitt et al. (1982)
OHR>5 AU photometry A'Heamn et al. (1982)
A'Hearn er al. (1984b)
3.45 um feature near IR Campins et al. (1983)
CNetc.normalatq  spectra A'Hearn et al. (1984b)
Grain albedo 0.06-0.14 near IR Jewitt et al. (1982)
Hanner et al. (1981)
Grain Temp. 140-155K (R=4-5AU) IR Jewitt et al. (1982)
174K (R=3.5 AU) IR Hanner & Campins (1986)

Nucleus Size p,R_2<6x10° CCD photom. Jewitt (1984)
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sublimation was not responsible for its activity at R 2 6 AU, an attempt was made to observe

this comet at extremely large R in order to obtain information about the physical processes

controlling the activity on the nucleus.

9.2.1 Observations

The present observations were obtained on UT 1986 November 3 with the Kitt Peak

2.1m telescope and an 800x800 Texas Instruments charge coupled device (CCD) at the /7.5

focus. The chip was used in a 2 by 2 pixel averaging mode, giving a plate scale of 0.38

arcsec per 30 um effective pixel and a field of view of about 2.5 arcmin. The ephemeris for

comet Bowell was provided by Marsden (private communication, 1986). An extremely faint,

low surface brightness object was identified as the comet by observing its motion with respect

Table 9-4

Observational Parameters

ID
-2440000

UT Exp Tel Filter X

(mid) [sec] [m]

Airmass

o(1950) 3(1950)

R(AU)$ A(AU)$ Phase
[deg]

6737.6373
6737.6734
6737.7373
6737.7726
6329.9444

3:17:41 900 2.1
4:09:42 900 2.1
5:41:41 500 2.1
6:32:35 900 2.1
10:40:00 900 4

AR R RAR

1.32
1.23
1.20
1.26
1.84

00:17:57.0t  00:06:07
00:17:56.0 00:06:07
00:17:56.4  00:05:58
00:17:55.5  00:05:55
00:01:32.6'1 -01:38:46

13.562 12.745 2.41

11.006 10.003 0.20

' Positions as measured at the telescope offsetting from nearby SAO stars. The positions are accurate to
approximately 15"

Positions accurate to approximately 330".

Y Asobtained from the ephemeris provided by Marsden.
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to the field stars between exposures. Four images of 900 s each were taken through a Mould
R filter, (an interference filter which avoids the red leaks associated with the broadband filters)
with the telescope tracked at sidereal rate (see Table 9-4 for observational parameters). The
seeing was estimated .to be approximately 2.4 arcsec FWHM as measured from the radial
profiles of stars. Extinction due to less than ideal photometric conditions was estimated to be
no more than = 10%. A background subtracted summed image of comet Bowell, made by
shifting the individual images according to the ephemeris motion (giving an effective exposure
of 1 hour), is shown in Figure 9-3a. Slight deviations in the flatness of the background in the
image can make accurate magnitude estimates of an extremely low surface brightness object
such as comet Bowell very difficult. For this reason a polynomial fit to the background has
been subtracted from the image in Figure 9-3a. A line diagram of the same image showing the
location of the comet with respect to trailed stars is given in Figure 9-3b. Unmarked diffuse
features in Figure 9-3a are faint field galaxies. An additional observation of this comet was
made on UT 1985 September 21 (R = 11.0 AU) using the Kitt Peak 4m telescope (see Table
9-3) during photometric conditions. The same CCD (TI#2) was used at the f/2.6 prime focus,
yielding an effective plate scale of 0.29 arcsec per 15 um pixel and a field of view of 3.9
arcmin on a side. The seeing during the observation was estimated at 1.2 arcsec FWHM.
Comet Bowell appeared as a centrally condensed object with an extended diffuse coma.
Unfortunately because only one image of the comet (through the Mould R filter) was obtained
during the observing run, confirmation of the observation by observing the motion was
impossible until 1986 October 30 when the field was re-imaged. The diffuse object seen at
the 4m was not visible, confirming its identification with 19821.

The brightness profile of the comet at R = 13.6 AU is shown in Figure 9-4. The
brightness was measured as a function of projected distance from the nucleus along a line
drawn perpendicular to the projected orbit. The orbit of comet Bowell lies nearly in the

ecliptic (inclination = 1.7°), therefore a profile measured perpendicular to the orbit plane will
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Figure 9-3. (a) CCD image of comet Bowell at R = 13.6 AU, taken UT 1986 Nov. 3.
Four 900 s images were shifted according to the motion of the comet, and a cubic spline was
fit to the sky background near the comet and subtracted to produce this 1 hour effective
exposure. North is to the left and East to the top. The comet appears diffuse, with a total
integrated magnitude within a diaphragm of 15 arcsec radius of mg = 20.5£1.0. The field of
view of the image is approximately 100 x 100 arcsec. (See Table 9-8).
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Figure 9-3. (b) Line diagram of Fig. 9-3a showing the location of the brighter field stars and
galaxies with respect to the comet. The circle indicates the position but not the size of comet Bowell. A
scale bar is shown for reference.
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Figure 9-4. Surface brightness profile E-W through comet Bowell at R = 13.6
AU. The profile is the mean surface brightness within a band of width 7.6 arcsec
centered on the comet. The level of the sky background is shown by a straight line.
Several stars contaminate the profile; these are indicated by dots.
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Figure 9-5. Plot of the coma radius versus JD and heliocentric distance.
Perihelion (¢=3.364 AU) is marked with a vertical line. The least squares fit to the
radius prior to 1984 is shown as the dashed line, the fit including the new data is
shown as the solid line. The velocity of expansion isv=11+0.2m s'l. The data
point at JD = 2446737.6 represents a lower limit and is not included in the fit.
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not be affected by radiation pressure since it will only accelerate dust along the line of sight.
From Figure 9-4 an estimate of the lower limit of the radius of the comais P;; 4, =15£2
arcsec. A similar measurement from the 4m image yields P;; 4 = 36 £ 3 arcsec. These and
earlier radius measurements (Jewitt, 1984; Baum ez al., 1986) are plotted against the Julian
Day Number (JD) in Figure 9-5. The large error bars assigned to measurements from Baum
et al. (1986) reflect the fact that the radii were obtained from profiles which were computed in
circular annuli centered on the nucleus instead of from cuts perpendicular to the orbital plane,
and hence may contain the effects of radiation pressure. It is clear from Figure 9-5 that the
coma size is not symmetric with respect to perihelion (represented by a vertical dashed line) as
would be expected for a normal coma (Mendis & Ip, 1976). A least squares fit to the data in
Figure 9-5 (excluding the lower limit at JD = 2446737.6) gives the coma expansion velocity v
=1.1+0.2msl. The fit is shown as the solid line in Figure 9-5. There is good agreement
with the previous best fit by Jewitt (1984) of v=0.9+0.2 m s'1, shown as a dashed line in
the figure. The inferred time of coma formation (the time at which the coma radius was zero)
is D, = 2443934 £ 900 days (R = 10 AU), is also in agreement with previous determinations
by Jewitt (1984) and Sekanina (1982).

The surface brightness of the coma of comet Bowell is < 1% of the surface brightness of
the night sky in the R filter (see Figure 9-4), making accurate photometry extremely difficult.
The best estimate of the magnitude within an aperture of radius 5 arcsec is mp(5") =21.7 =
1.0 mag at R = 13.6 AU, where the large uncertainty is due to sky subtraction error and to
variable extinction. AtR = 11.0 AU the magnitude within an aperture of radius 5.0 arcsec is
mp(5") =20.0£0.2. As a matter of interest, a crude estimate of the rotal brightness of the
coma can be computed. AtR = 11.0 AU the brightness is mp = 17.9 and at R = 13.6 AU myp
= 20.5; even at 13.6 AU the comet is not particularly faint, but its diffuseness makes it hard to
detect. In previous observations, the grain cross section within a diaphragm of 5 arcsec

radius remained constant (Jewitt, 1984) at C = (1.6 = 0.3) x 10° m? [where C = 2.24x10%
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R? A 100-4(mgun)}mp(5") / p: and p = 0.06 (Hanner et al., 1981) is the geometric albedo of

the grains]. The new photometry shows that the total cross section has decreased by about an
order of magnitude to C = (1.8 £0.3) x 108 m2 at R =11.0 AU and C =7 x 107 m? (within a
factor of 2) at R = 13.6 AU. The quoted errors reflect not only the statistical uncertainty, but
also the uncertainty in assuming a brightness profile which falls off as the inverse of the
projected distance from the nucleus. Thus, the photometry suggests that the coma production
is declining, and that the decline began at about the same critical heliocentric distance at which

the activity began (R = 10 AU).

9.2.2 Nature of the Activity - CO, Sublimation

9.2.2.1 Possible Mechanisms

Numerous hypotheses have been put forth to explain the existence of a coma at large R,
including (i) sublimation from small amounts of "super-volatiles” such as CO, or C,H, at
large R (Mukai, 1986; Houpis & Mendis, 1981) (ii) gravitational perturbations by the sun on
a dormant coma which is a remnant of the comet's formation (Sekanina, 1982), (iii)
electrostatic snap-off (Jewitt, 1984), or (iv) chemical instabilities (Donn & Urey, 1956) and
phase transitions in the ice at low temperatures (Smoluchowski, 1981; Hanner & Campins,
1986). Of all these processes, the one which provides the most natural explanation for the
appearance of a coma near R = 10-11 AU is the sublimation of material more volatile than
H,O. In particular, it is intriguing that near R = 10 AU, the momentum carried by
sublimating CO, would just be sufficient to drag sub-mm particles into the coma from a
nucleus of a few km radius. The equation relating the largest particle radius, a_,;, which may
be lifted from a nucleus of radius R, and density p,, to the gas mass loss rate (umyQ) where Q

is the molecular production rate is given by:
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Aerie = - 2“ ik ‘;th ©-3)
64 Py Pn R G

This relation is derived in Appendix 6. The quantities f and v, are the drag coefficient (which
depends on the momentum transfer during collisions) and the gas thermal velocity,
respectively, and G is the gravitational constant. It is assumed that the grain density Py = P
The mass loss rate is a model dependent parameter. Figure 9-6 shows the critical grain radius
as a function of R for a CO, nucleus. The mass loss rate is obtained from a CO, sublimation
model as discussed below in section 9.2.2.2.

The existence of CO, has been inferred in other comets. Comet Schwassmann-
Wachmann 1 orbits the sun between 5-7 AU and has dramatic outbursts in which CO* has
been detected (Cochran et al. 1980). It has been suggested that the sublimation of CO, or CO
which is suddenly exposed to the surface is directly related to the comet's activity (Cowan and
A'Hearn, 1982). In addition, CO,* is frequently observed in cometary plasma tails. Recent
observations of sudden increases in the column density of CO,* ions in the tail of comet
P/Halley suggest that CO, probably plays a role in the outbursts (Feldman et al., 1986). The
birth and probable death of the coma of 1982l near R = 10 AU, the existence of sub-mm
grains in the coma and the ability of CO, sublimation to drag large grains from the coma at

this distance all motivate a closer look at the CO, sublimation hypothesis.
9.2.2.2 CO, Sublimation Model

In order to evaluate the feasibility of CO, sublimation for comet Bowell, a comparison is
made of the available broadband photometry corrected to a 5 arcsec radius diaphragm (the

present photometry, that summarized by Jewitt, 1984 and photometry from Hanner & Veeder,
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Figure 9-6. Log of the critical radius (in m) for the maximum spherical particle to
be removed from the gravitational field of the nucleus for a given CO, sublimation
model as a function of heliocentric distance. The model is described in the text and the
parameters are listed on the figure.
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1984) to a simple CO, sublimation model. The CCD R magnitudes (this paper) have been
converted to the J bandpass (used by Jewitt, 1984) assuming (R-J),,, = 0.57 (Johnson,
1966). The model assumes equilibrium sublimation from a nucleus of negligible conductivity,
and is analogous to the model successfully applied to comet P/Halley (see Chapter 2 fora

complete description). Unfortunately, in the case of comet Bowell, relatively few of the input
parameters are well known. What is known is an upper limit to the product of the 0.65um
geometric albedo and cross section of the nucleus (Jewitt, 1984; see also Table 9-3), C, < 6 x
105 m2; in addition, the analysis of the tail morphology provides a good estimate of the mean
particle size (Sekanina, 1982). Observations (Jewitt, 1984; Hanner et al., 1981) also indicate
that the albedo of the grains is low (a value of p = 0.06 is adopted). Figure 9-7 presents a
comparison of the CO, model with the J magnitude within a 5" radius diaphragm. It is
interesting that the sublimating CO, model is able to fit the broadband photometry quite well.
Also shown in Figure 9-7 is a "constant cross section" model which shows the brightness
variation that an extended source would have within a fixed diaphragm as the geometrical
factors change (dashed line). This model fits the photometry well near perihelion, but is
inadequate at larger distances.

A strict analogy with P/Halley would suggest that CO-and not CO, should be the
dominant volatile since the abundance of CO relative to H,O is near 20% in P/Halley (Woods
et al, 1986), whereas the abundance of CO, relative to H,O is only about 3.5% (Krankowsky
et al., 1986). Models for the much more volatile CO are compatible with the comet Bowell
data only for very high grain/nucleus albedos; however, high grain albedos are inconsistent
with measured values (Jewitt, 1984; Hanner et al., 1981).

The velocity as a function of the distance, r, from the nucleus may be computed from:

-b- +b-
th v°]+(vm—bln[.‘f“‘——v—‘-] } 9.4
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Figure 9-7. ] magnitudes within a 5 arcsec radius diaphragm are plotted versus
JD. The heliocentric distances and dates are marked at the top of the graph. The CO,
sublimation model described in the text is shown as the solid line, the dashed curve
represents the brightness variation that comet Bowell would have as the distances R, A
and the phase angle changed if the intrinsic coma brightness remained unchanged.
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where b and c are constants which depend on the nucleus and dust properties, v is the initial
grain velocity and v, is the grain velocity at r. The terminal velocity is reached as r —eo.
Equation 9.4 is derived and discussed in Appendix 6. Both constants, b and c are a function
of the mass loss rate from the nucleus. The CO, sublimation model discussed above was
used to predict the terminal velocity of the 300 um grains of comet Bowell. The results are
shown in Figure 9-8 which plots v,( <) as a function of heliocentric distance. The upper curve
neglects the effects of the gravity of the nucleus. From the figure, it is apparent that v/ ) for
the grains should be on the order of 20 m s'! at perihelion (R = 3.36 AU), decreasing as R
increases. However, the observed grain velocities are only v = 1 m s’1, near the expected
escape speed from the nucleus. It is difficult to reconcile the slow coma expansion with the
expected 20 m s! terminal speed for the grains. One possible solution to this dilemma could
be offered if the mass of dust ejected into the coma at high speed near perihelion were
negligible compared to the total mass of dust present in the coma. The mass of dust in the
observing diaphragm is equal to the integral of the mass loss rate over the time it takes the
grains to cross the diaphragm. Therefore, if the comet experiences high ejection velocities and
high mass loss for a relatively short time, it is possible that the total amount of material ejected
at high velocity would represent only a small fraction of the total mass of dust in the coma and
would hence be undetected. Unfortunately, calculations indicate that the high terminal
velocity is sustained for a period of time long enough that the high velocity dust grains should
have been readily detectable. Although the CO, model has difficulty explaining the observed
low velocity of the grains, the initiation of the coma near R = 10-11 AU and the apparent turn
off at the same distance most strongly suggest sublimation of a volatile, most likely CO,.
For grains moving at 1 m s°, the diaphragm crossing time is on the order of 1 year. The
comet has now been observed for more than 6 years, significantly longer than the diaphragm
crossing time. The long diaphragm crossing time effectively provides a long time constant for

photometric changes. The nearly constant coma cross section at R < 10 AU suggests that the
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mechanism producing the coma has been continuous and was not a single impulsive ejection
at large R. The suggestion of an ice phase transition (Hanner and Campins, 1986) thus seems
unlikely on the basis that the coma was active both before and after perihelion whereas a phase
transition would occur on the inbound journey as the comet first began to heat and would not

naturally produce continued activity at the same distance post-perihelion.

9.3 Comet Cernis

There are currently several dynamically new comets which are at small enough R that if
they possessed active comae similar to that of comet Bowell, they should still be visible. One
comet in particular seemed like a good candidate; comet Cernis (19831 = 1983 XII). Comet
Cernis was discovered near perihelion (g = 3.32 AU) with a photographic brightness near 9th
mag (MPC 8089, Marsden, 1983). Positions for this comet were reported in the Minor Planet
Circulars during 1983-1985. The fact that the comet had many astrometric positions
measured over two years of its orbit (suggesting that the orbit was well known) and the fact
that it was dynamically new, I/a orig = 78 (see Table 9-1), suggested that it might still be
observable in 1986.

Observations of comet Cernis were made using the CTIO Curtis Schmidt and IITaJ
unfiltered plates during photometric conditions. The plate scale of the Schmidt is 96.6 arcsec
mm-l, giving a field of view of = 5° x 5°. The comet was identified on two consecutive
nights by noting its motion relative to the field stars. The comet appeared extended and diffuse
at R = 8.99 AU (A = 8.50 AU, o = 5.8°), and was not far from its predicted position.
Positions obtained from plate solutions were sent to Brian Marsden (MPC 10891, Marsden
1986b) who used them to update the orbital elements. No attempt was made to obtain
magnitude estimates from the plates since the comet images were trailed and in very dense star

fields.
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Additional observations of comet Cernis were obtained on 1987 May 1 using the CTIO
1.5m telescope with an 800 x 800 Texas Instruments CCD at the /7.5 Cassegrain focus. The
CCD was used in 2 x 2 pixel binning mode, giving an effective plate scale of 0.544 arcsec per
30 pm pixel and a field of view of = 215 arcsec on a side. The chip was preflashed to a level
of =~ 200e” above bias to remove any potential nonlinearity. The 4m prime focus CCD
Grinnell system and data acquisition software were used remotely from the 1.5m in order to
make use of the Grinnell's ability to blink pairs of images. The telescope was guided at
sidereal rate and Cernis was identified by its motion with respect to field stars. Exposure times

were limited (180 s) so that Cernis would trail by less than =1 pixel during an integration.

Table 9-5

Comet Cernis Photometry

Date D Tel R A o Apert A mag R.' Ref
(-2440000] [AU]  [AU] [deg] [arcsec] [um]

19870501 6916.6963 CTIO 1.Sm 1125 1066 43 87 0.65 19424010 1927 1

6916.7184 87 065 19.03:0.10 18.88 1

6916.7404 87 055 19.6240.10 - 1

6916.7935 - 87 - 0.65 19.18+0.10 19.03 1

109 0.65 1891+0.10 19.00 1

131 0.65 18.7410.10 19.03 1

198308 09  5555.5 IRTF 3m 333 307 176 74 125 12361005 1258 2

74 165 12.03%0.05 2

74 225 11.94%0.05 2

198308 10  5556.5 9.5 125 12224005 1276 2

9.5 1.65 11.85+0.05 2

9.5 225 11.7240.05 2

198308 11  5557.5 9.5 125 12244006 1278 2

¥ Aperture diameter in arcsec
+ Mould R magnitude, assuming solar colors; corrected to 10 arcsec diameter diaphragm (see text).
§ 1= present work; 2 = Hanner, 1984.




Chapter 9 247

Images were taken through Mould V (4_,,,= 0.546 um, A2 = 0.11 um) and R (4,
~0.65 um, A4 = 0.1 um) filters. Sensitivity variations were removed by dividing the images
by dome flat field exposures. Extinction corrections were made assuming the CTIO mean
extinction (Gutiérrez-Moreno et al., 1982) and absolute calibration was achieved from
measurements of the standards SA 107-106, SA 108-478, SA 109-381 and SA 112-223
(Landolt, 1983). Photometry of fieldstars in the Cernis frames indicated that the sky was
photometric to within 1-2%. Two images of Cernis are shown in Figure 9-9. The motion of
the comet is clearly visible. The comet appears diffuse, with a coma extending at least 108 m
at the comet. The reduced data are presented in Table 9-5. In addition to the photometry

| obtained at CTIO, there is some near infrared photometry reported in the literature for Cernis
(Hanner, 1984). This is also included in the Table. Feldman and A'Hearn (1985) have
observed comet Cernis in the UV, but these observations will not be included in this
discussion. The R magnitudes listed in column 10 of Table 9-5 have been corrected to a
standard diaphragm size (10 arcsec diameter), assuming a I/p surface brightness profile. The
(J-R) solar color of 0.55 was used to correct the J magnitude measurements of Hanner (1984)
to the R bandpass.

It is not possible to compute a sublimation model for cémet Cernis as was done for
P/Halley and comet Bowell because there exist accurate magnitudes at only two distances.
However, the Cernis photometry may be compared with the general shape of the lightcurves
for the other two comets. In Figure 9-10 the data for comets P/Halley and Bowell are plotted.
The R magnitude (assuming (R-J) = 0.55 for Bowell) is plotted versus the heliocentric
distance. For P/Halley only the preperihelion lightcurve is plotted, whereas both pre- and
post-perihelion data are plotted for Bowell. The comet Cernis R magnitude measurements
from Table 9-5 are also plotted in the figure as filled circles. The comet Cernis data seem to

match the comet Bowell data amazingly well, even though the data were not shifted to match
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Figure 9-9. Two images of comet Cernis taken on 1987 May 1 with the 1.5m telescope at
CTIO. The UT start time of each exposure is indicated in the figure, other observational
parameters may be found in Table 9-8. The motion of the comet between the 2 frames is
easily visible. The length of the bar marking the position of the comet corresponds to
approximately 108 m at the comet in the plane of the sky. North is to the left and East to the
top.
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Figure 9-10. Comparison of the sublimation model lightcurves of comets P/Halley (H,0) and
Bowell (CO,). The R magnitude within a 10 arcsec diameter diaphragm is plotted versus heliocentric
distance. The CO, sublimation curve does not show the rapid brightening that the H,0 curve does
between 3 < R [AU] < 6. The comet Cemis observations listed in Table 9-5 are plotted for comparison.
The limited Cernis data suggests that this comet may be very similar to comet Bowell with respect to
the sublimation of volatiles.
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the Bowell observations! Both comets Bowell and Cernis have a very different behavior
compared to P/Halley as a function of distance from the sun. The rapid onset of sublimation
apparent for P/Halley is not present for either Bowell or Cernis. It appears, from the limited
data on Cernis, that its lightcurve may be very similar to that of comet Bowell. It is expected
that Cernis will be visible at least as far out as Bowell (R > 14 AU); further observations are

planned.

9.4 Other Dynamically New Comets and Comets Active at Large R

Very few CCD observations exist of the other dynamically new comets and comet active

at large R which may be currently observable. During the course of this research,

observations have been obtained for the comets listed in Table 9-6.

Table 9-6

Other Active Comets Currently Observed

Comet q 1/a R..§ R, T

orig current obs

[AU] [x 106 AU] [AU] [AU]

Wilson (19861) 1.200 30 1.6 2.71,1.21
Torres (1987j) 3.624 ? 3.7 3.65
Shoemaker (1985 XII) 2.696 487 6.7 4.92,6.05
Hartley (1985 XVI) 4.000 35 6.6 6.22
Shoemaker (1984 XV) 5.489 1624 9.00 7.81
P/Schwassman-Wachmann 1 5.772 -—-- 5.90 592...
[Shoemaker (19870) 5.464 ? 5.7 eeemeeeee- ]

¥ Asof 1987 July
T Distances at which observations have been obtained.




Chapter 9 252

Insufficient data exist for the computation of sublimation models for these comets; however
continuing observations are planned for all. The discovery of comet Wilson at R = 3.6 AU
pre-perihelion was especially fortunate as this will enable extensive observations to be made
over a large range of R for the purpose of modelling the brightness. Comet Wilson was
especially active at R = 2.7 AU when it possessed a dust tail of length > 4 x 10% m at the
comet. Comet Shoemaker 1985 XII had an even longer tail (> 8 x 108 m) at nearly R =5
AU! Both comet tails are shown in Figure 9-11. The existence of such extensive activity at
these distance suggests that both comets will probably be observable far beyond the region of
significant H,O sublimation.

Comets Torres and Shoemaker (19870), recently discovered, do not yet have sufficiently

well-determined orbits to compute values of I/a,,; .

There are reasons to suggest that both
comets may be of interest with regard to activity at large R. An image of comet Torres is
shown in Figure 9-2b, where its appearance is similar to three new comets. Comet 19870 is
especially interesting because of its exceptionally large perihelion distance. At discovery at R
= 5.57 AU (Shoemaker, 1987), its brightness was approximately 16th mag with a 30 arcsec
coma. For comparison at a similar distance P/Halley was near mag 20 pre-perihelion and had
very little coma. There have been very few comets with such large ¢ which have not been
very active at large R.

In Figure 9-12 a comparison is made of nine dynamically new and active comets at
distances 2.7 < R [AU] < 13.6. Information concerning each image is listed in Table 9-8.
The scale bars indicate lengths of 108 m at the distances of the comets. The most striking
aspect of this figure is the extensive comae which most of the comets have at distances beyond
the zone of H,O activity. Many of these comets should continue to be observable for several

years; hopefully sufficient data will be obtained so that sublimation models can be used to

understand the nature of their activity.
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Figure 9-11. Long dust tails of comets Wilson and Shoemaker (1984f = 1985XI]I) at large
R (see Table 9-8 for details of photographs). The tail of comet Wilson extends > 4 x 108 km
at the comet in the plane of the sky, and that of comet Shoemaker extends > 8 x 108 km.



Shoemaker (1985 XII)
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Figure 9-12. Comparison of "QOort comets" and comets which are active at large R. The
comets are arranged in order of increasing R. Detailed information concerning the
observational circumstances of each comet is listed in Table 9-8. The scale bars correspond to
approximately 108 m at the comet in the plane of the sky. North is left and East to the top in
these images. Two images of comet P/Schwassmann-Wachmann 1 at R = 5.92 AU are
presented, one to show the inner structure of the coma, and the second to show the extent of

the coma. The image of Cernis at R = 8.99 AU was taken with the CTIO Schmidt telescope
and digitized with the PDS at Kitt Peak headquarters.
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Figure 9-12. Continued.
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9.5 Comet Stearns (1927IV)

Historical observations of active comets have not been used in this research because of
the difficulty in analyzing and interpreting non-linear photographic data from many different
sources. The one exception is for comet Stearns (1927 1IV) for which an extensive set of
observations exists, primarily made by one observer. This comet is of special interest since
prior to comet Bowell, it held the record for being observed at the largest distance, R = 11.5
AU (Van Biesbroeck, 1932). This comet, like Bowell, was active at very large distances
from the sun, and in many ways the two comets are similar. Both comets displayed extensive
comae to R > 10-11 AU and both showed the peculiar narrow tails characteristic of many
comets active at large R. The only known published photograph of Stearns appears in Figure
9-2a, which may be compared with images of more recently observed comets active at large R
in Figure 9-2b. Comet Stearns possessed a tail similar to those of comets Bowell and Elias,
however, it is difficult to see the tail in Figure 9-2a.

Relatively little observational data exist from which independent determinations of the
physical characteristics of the comet may be made. However, it is of interest to see if the
photographic lightcurve is compatible with sublimation from H,O or any more volatile ices.
Photographic observations from 1927 - 1932 (Van Biesbroeck, 1930 & 1932; Burton, 1927)
are listed in Table 9-7. The photographic magnitude is plotted as a function of date in Figure
9-13. Several sublimation models were computed for both H,O and CO, in an attempt to
match the observations. Admittedly, there are very few constraints on the model, however,
selecting a range of parameters which encompassed those which were appropriate for
P/Halley and Bowell, water sublimation was able to reproduce the data fairly well, especially
the apparent brightening near perihelion. This was only possible, however, by introducing a
shift in the absolute brightness of approximately 10 magnitudes! An arbitrary shift is

allowable because the effective observing "diaphragm" of the observations is unknown; it is
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Table 9-7

Summary of Comet Stearns (1927IV) Observations

Date (UT) D R A o mag
(1927-1931) -2420000 [AU] [AU] [deg] (photographic)
1927

0313 4952.5 3.69 3.04 8.5
03 15.305 4954.805 3.68 3.01 9.5
03 16.404 4955.904 3.68 3.00 11.0
03 26.275 4965.775 3.68 2.88 12.0
03 31.241 4970.741 3.69 2.84 9.5
04 22 4992.5 3.70 2.75 10.5
04 22.224 4992.724 3.70 2.75 9.5
04 28.208 5998.708 3.70 2.77 9.5
05 06.266 5006.766 3.71 2.80 9.5
0507 5007.5 3.71 2.81 10.0
0520 5020.5 3.72 2.92 9.0
05 25.293 5025.793 3.73 2.98 10.0
06 22.218 5053.718 3.78 3.38 12.0
06 25 5056.5 3.78 3.43 11.5
07 02.214 5063.714 3.80 3.55 12.0
07 20.220 5081.720 3.84 3.84 12.5
07 26 5087.5 3.85 3.94 12.3
08 02.191 5094.691 3.87 4.05 12.5
08 30.081 5122.581 3.96 4.43 12.8
09 21.061 5144.561 4.03 4.66 13.5
10 28.010 5181.510 4.17 4.86 13.5
1201 5215.5 4.32 4.87 14.0
1928

01 25.348 5270.848 4.58 471 12.5
02 16.303 5292.803 4.69 4.68 13.5
0226 5303.5 4.75 4.67 13.0
03 15.301 5320.801 4.84 4.69 13.0
03 24.307 5329.807 4.89 4.72 13.0
04 13.264 5349.764 5.00 4.81 13.8
04 18.213 5354.713 5.03 4.84 14.0
04 22.284 5358.784 5.05 4.87 14.5
09 08.202 5497.702 5.87 5.97 14.5
09 19.142 5508.642 5.94 6.04 14.5
10 06.178 5525.678 6.04 6.13 15.0
11 04.020 5554.520 6.22 6.30 15.5
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Table 9-7

Summary of Comet Stearns (1927IV) Observations

Date (UT)
(1927-1931)

JD R A o mag
-2420000 [AU] [AU] [deg] (photographic)

1929

04 14 5715.5 7.23 7.48 8 15.5
06 15.317 5777.817 7.63 7.82 7 16.0
07 05.226 5797.726 1.75 7.87 7 15.5
07 28.193 5820.693 7.90 7.92 7 16.0
07 31.244 5823.744 7.92 7.93 7 16.0
09 03.141 5857.641 8.13 7.99 7 16.0
09 28.059 5882.559 8.29 8.07 7 16.5
10 01.207 5885.707 8.31 8.08 7 16.5
10 02.154 5886.654 8.31 8.08 7 16.0
10 04.194 5888.694 8.33 8.09 7 16.0
1122 5937.5 8.63 8.40 6 16.5
1930

04 22.345 6088.845 9.57 10.03 5 16.5
04 23.36 6089.86 9.58 10.04 5 16.5
07 01.295 6158.795 10.00 10.21 6 16.5
09 17.22 6236.72 10.48 10.13 5 16.5
09 18.131 6237.631 10.48 10.13 5 16.5
10 22.112 6271.612 10.69 10.23 5 17.0
11 18.107 6298.607 10.84 10.43 5 17.5
12 22.039 6332.539 11.05 10.83 5 17.0
1931

02 14.09 6386.59 11.37 11.63 5 17.5
03 12.077 6412.577 11.53 11.97 4 barely vis.
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Figure 9-13. Photographic magnitude versus Julian Day Number (JD) for comet
Stearns (1927VI). Data are from Table 9-7. The solid line represents the H20 model
as described in the text. The heliocentric distances are indicated at the top of the figure.
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likely to be very large. The error bars in the figure (X 1 mag) have been arbitrarily assigned to
the data to reflect this uncertainty. Additionally, a systematic shift of a few magnitudes may
be expected because of the unknown photometric system used. However, a brightness
discrepancy of 10 magnitudes is very unlikely to occur from systematic errors alone.

The sublimation model assumed a nucleus of the size of P/Halley, however, if the
nucleus were 100 times larger than P/Halley, the greater brightness of Stearns could be
accounted for. The size implied would be on the scale of the largest asteroids, and is very
unlikely for a comet. Not only was the comet bright out to large R, but the comet had an
observable coma out to R = 11 AU. This suggests that the large sublimating area may have
come from a coma of icy grains. It is possible that some process, perhaps sublimation of a
super-volatile at large R, produced the coma and that when the comet neared perihelion (3.7
AU) H,0 sublimation began from the coma grains causing the observed brightening. Comet
Bowell is believed to have also had detectable sublimation from icy grains. A'Hearn et al.
(1982) observed that OH emission first appeared near 4 AU and then gradually decreased as
the comet approached perihelion. They interpreted the appearance and disappearance of OH

as due to vaporization of ice from the grains.
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9.6 Conclusions

1. Comet Bowell has been observed at R = 11.0 and at the record distance R = 13.6 AU.
The comet is still active at this great distance; it has an extended low surface brightness
dust coma with a radius greater than 15 arcsec (> 1.38 x 108 m at the comet). The
surface brightness of the coma is less than about 0.5% of the brightness of the night sky.

The total integrated red magnitude of the comet is mg = 20.5.

2. The mean expansion rate of the coma has been constant at v = 1.1 £ 0.2 m s'! over the 6

years since discovery, with coma initiation occurring near R = 10-11 AU pre-perihelion.

3. Although all previous observations were compatible with a coma of constant cross
section, the recent photometry (R = 11.0 and 13.6 AU) shows that the coma is at last
fading. The demise of the coma starting near R = 10 AU post-perihelion mirrors the
inferred appearance of the coma at R = 10 AU pre-perihelion. This critical distance
strongly implies that sublimation of a volatile ice is the cause of the activity. CO,isa
plausible candidate volatile in view of its known presence in other comets, and also in
view of the fact that the momentum condition for dragging large (300-400 um) grains
from the nucleus is first satisfied near R = 10 AU. The major difficulty with the CO,
driven coma model is that it does not easily explain the observed constant slow

expansion speed.

4. Comet Cernis has been observed at R = 8.99 and R = 11.25 AU. The comet is still

active; a = 108 m coma is visible.
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5. A comparison of the sublimation models for comets P/Halley and Bowell with the Cernis
photometry at R = 11.25 AU and R = 3.33 AU (Hanner, 1984) shows that Cernis is
probably very much like Bowell with regard to its activity. Neither Bowell nor Cernis
show the rapid onset of sublimation present in the P/Halley H,O sublimation model.
Comet Cernis will probably be visible at least to the distance at which Bowell was last

observed.

6. Continuing observations of several other comets at large R (Shoemaker 1985 XII,
Hartley 1985 XVI, Shoemaker 1984 XV, P/Schwassmann-Wachmann 1) indicate that
many comets are active beyond the zone where H,O sublimation is significant.

Observations of these comets over a large range of heliocentric distances are needed.
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Table 9-8

Photographic Figure Information

Figure Comet Telescope Date UT!  Filter Exp R A o Scale’
[sec] [AU] [AU] [deg] [arcsec]
9-2a Steans’  Yerkes24"  1927Mar12 - — 1440 369 304 13 0
Baade?  USNO 1955 Auumn  — - — 39 =37 =10 -
Baadet  USNO 1955 Auumn — = - — 39 =37 =10 -
Baade?  USNO 1955 Autumn - — — 39 =37 =10 --
Wirtanen? Flagstaff40" 1957 Jul21  — 10320/GG13 1800 446 404 12 -
Wirtanen® Flagstaff40" 1958 Apr27 - 103aD/GG11 7200 4.85 444 11 -
Wirtanen? Flagstaff40" 1958 May 23 - 103a0 3660 493 424 9
9-2b Wilson  KPNO2.Im 19860ct31 3:22 R 100 271 261 214 150
Bowell™ Palomar 1.5m 1982Mar23 -  rif — 337 316 17 480
Toes  CTIO 1.5m 1987 May 02 2:22 R 60 365 276 87 215
Elias"®  Palomar5m 1982Mar31 819 R 200 506 413 46 215
9-3a Bowell ~KPNO21m 1986Nov03 5:04 R 3600 13.56 1275 24 100
9.9 Cemis CTIO1Sm 1987MayOl 6:39 R 180 1125 1066 43 215
Cemis  CTIO 1.5Sm 1987 May 01 6:57 R 180 1125 1066 43 215
9-11 Wilson ~ KPNO2Im 19860ct31 322 R 100 271 261 214 150
Tail KPNO 2.1m 19860ct31 3:59 R 500 271 261 214 150
1985XII KPNO2.Im 19860ct30 8:56 R 900 492 430 9.7 150
Tail KPNO 2.Im 19860ct30 9:30 R 900 492 430 97 150
9-12 Wilson ~ KPNO2.Im 19860ct31 322 R 100 271 261 214 140
Bowell™™ Palomar 1.5m 1982Mar23 -- — 337 316 17 480
Torres CTIO 1.5m 1987 May 02 2:22 cont® 400 365 276 87 200
Bowell™ KPNO2.1m 1981 May 04 4:23 R 300 447 366 86 -
1985XII KPNO21m 19860ct30 856 R 900 492 430 9.7 140
Elias™  Palomar5m 1982Mar31 819 R 200 506 4.13 4.6 200
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Table 9-8, contd.

Photographic Figure Information

Figure Comet Telescope Date UT'  Filter Exp R A o  Scale’
[sec] [AU] [AU] [deg] [arcsec]
SW1 CTIO15m 1987Mayl 922 V 60 592 578 98 200
SW1 CTIO15m 1987Mayl 922 V 60 592 578 9.8 200
SW 1™ Palomar 1.5m 1981 Feb - — 629 530 19 160
1985 XII KPNO 2.Im 1987 AprO1 3:08 R 470 605 665 72 140
1985 XVI CTIO 1.5m 1987 May 01 848 R 80 622 551 7.0 100
1984 XV KPNO2.Im 19860ct30 4:32 R 300 781 718 58 70
Cemis  CTIO Schmidt 1986 May 7  6:30  IIlaJ 2400 900 850 57 280
Cernis  CTIO 1.5m 1987 May 01 6:39 R 180 1125 1066 4.28 200
Bowell ~KPNO21m 1986Nov03 504 R 3600 13.56 1275 241 75

UT midtime of exposure
Size of image field in arcsec.

<O ¥ 0n —+

215°.
Photos from Roemer (1962) - Plates II and IIL

%* %k

Images provided by D. Jewitt, private communication.
e = 0.65 um, A4 = 0.1 um.
e = 0.58 um, 44 = 0.01 pm.

T Thuan-Gunn (1976) magnitude system, 4 .,
2 CTIO continuum filter, A,

1985 XII = Shoemaker (1984f)
1985 XVI = Hartley (1984v)
1984 XV = Shoemaker (1984r)

Photo from Van Biesbroeck (1927a) - Figure 2.
Tail is described by Van Biesbroeck as extending approximately 10 arcmin in length at position angle
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Chapter 10 - Summary | Future Work

It has been shown that by comparing simple H,O ice sublimation models with
observations as a function of R, information concerning several physical characteristics of a
comet nucleus may be obtained. In particular, as was shown in Chapter 2, the H,O
sublimation model for P/Halley indicated that the albedo of the nucleus was low, the comet
rotated slowly, and most importantly that the activity seen at R = 6 AU was due to H,0 ice
sublimation. Subsequent refinements of the physical properties of both the nucleus and dust
grains in the coma (Chapters 3-7) and information obtained from the spacecraft encounter all
upheld the early conclusions. The simple sublimation model was able to reproduce the
general brightening (but not the short-term brightness changes) from recovery through
perihelion quite well (Chapter 8).

The success of the model to correctly yield information about important basic physical
properties of a well-observed comet, lead to its application with less well-observed comets.
The long-standing problem of whether or not a compositional difference exists between the
periodic comets and new comets from the Oort cloud was addressed (in Chapter 9) by the
application of the sublimation model to the dynamically new comet Bowell. Comet Bowell is
the best observed comet of its class; it was recovered at R = 7.3 AU and observed fairly
frequently through perihelion, after which the observations nearly stopped. The observations
at R = 11.0 and 13.56 AU presented in this thesis show that the comet is still active. The
observations are consistent with activity caused by sublimation from CO, ice.

Statements concerning a comparison between the compositions of new and old comets
cannot yet be made based on this one comet. There are several dynamically new comets
which are presently known to be active beyond the region of H,O sublimation (R > 6 AU).
Very few observations are being made of these comets, probably because of the incorrect

belief that comets cannot be observed to large distances. Some of my future research will be
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to observe these comets a few times per year until they become unobservable. (The timescale
for these observations is several years). The data collected over a large range of distances can
then be compared to sublimation models. It is hoped that observations of these comets will
yield a consistent picture about the behavior of comets at large distances, and in particular,
address the question regarding the compositional differences between new and old comets. At
present, little observational work is being done in this area, so in effect, observations of the

very distant comets are opening up a new branch of cometary investigations.
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Appendix 1 - Calculation of Ephemerides

Al.l1 Geocentric Two Body Orbit

The motion of a particle (comet) of mass m in a central force field, where the force is

Newton's law of Gravitation is given by:

(Al.l1)

where M is the mass of the central body (in this case the sun, M = 1.989 x 103 kg), and G =
6.673 x 1011 Nt m? kg2 is the Gravitational constant. The product GM is often written as ;

so that Eq. Al.1 becomes:

F=-pror (A1.2)

According to Kepler's first law, the comet moves in a plane which contains the sun. The path
of the comet is described by a conic section of eccentricity, e, with the sun at one focus. The
path is given by (Pollard, 1976):
2
h™/n

r= —m (A1.3)
1+ ecos (V)

where mh is the angular momentum of the comet, and the angle, v, is called the true anomaly.
It is the angle measured from the point of closest approach to the sun, perihelion to the

position, r, on the orbit. The shape of the orbit is determined by the values of the semi-major
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axis, a, and the eccentricity. The orientation of the orbit is determined by the parameters t, £2
and @, which are the inclination of the comet's orbital plane to the Earth's orbital plane
(ecliptic), the longitude of the ascending node, and the argument of the perihelion,
respectively. These values are defined in Figure A1-1. The final parameter which is required
to compute the position of a comet is v, which describes the position on the orbit as a function
of time.

The basic procedure for computing the position of a comet at a particular time (or a series
of positions as a function of time - an ephemeris) is as follows. The comet orbital elements
refer to the position of the sun and the plane of the ecliptic. Using a coordinate system
centered on the sun and defined by the plane of the ecliptic, spherical trigonometry is used to
convert the angular orbital elements into heliocentric ecliptic rectangular coordinates. The
coordinate system is rotated to refer to the celestial equator, an extension of the Earth's
equator. Since the coordinates of interest are those positions which are refered to the Earth,
the geocentric equatorial rectangular coordinates are computed by translating the coordinate
axes. Finally, the geocentric rectangular coordinates are converted to the standard coordinates
on the celestial sphere (used for observing): the right ascension () and declination (). The

notation used throughout the computation follows that of Smart (1971).

Al.1.1 Heliocentric Ecliptic Coordinates

Referring to Figure A1-1 the coordinate axes are defined such that the x-axis lies in the
plane of the ecliptic and is defined to be in the direction of the vernal equinox, ¥. The y-axis is
also in the plane of the ecliptic. The sun, S, is at the origin. The point P, indicates the

intersection of the comet's position vector, r(t) with the celestial sphere:
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Figure Al-1

Comet’s Orbital Plane

Plane of the Ecliptic

The symbols used in the Figure are defined as follows:

Ecliptic - mean plane of the Earth's orbit
Node - point at which the comet's oorbit crosses the ecliptic
- point of intersection of the projection of the comet's radius vector
with the celestial sphere
Vernal Equinox - the ascending node of the ecliptic on the celestial equator (the projection
of the Earth's equator)
Longitude of - angular measure from the direction of the vernal equinox to the
ascending node ascending node in the plane of the ecliptic
inclination - angle between the plane of the comet's orbit and the ecliptic
argument of - angular measure from the ascending node (in the orbital plane of the
perihelion comet) to the direction of perihelion.
true anomaly - angular measure from the point of closest approach to the sun,

perihelion to the position, 7, on the orbit
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x, = rcos (P,Sy)
y; = rcos (P,SB) (Al4)
z, =r cos (P,SK).

Using the law of cosines, cos (a) = cos (b) cos (c) + sin (b) sin (c) cos (A), where the

variables are as in the figure below,

Figure Al-2

the cosines of the angles in Egs. A1.4 can be written as follows:
cos (P,Sy) = cos () cos (@ + V) + sin (£2) sin (® + V) cos (180 -1)
cos (P,SB) = cos (® +v) cos (90 - Q) + sin (@ + V) sin (90 - Q)cos (1) (Al5)
cos (P,SK) = cos (90) cos (w + V) + sin (90) sin (w+ v) cos 90 -1).
Substituting Eq. A1.5 into Egs. A1.4 gives:
x, =1 [cos (Q) cos (@ + V) - sin (Q) sin (@ + V) cos (1)]
y; =T [cos(® + V) sin (Q) + sin (@ + V) cos (£2) cos (V)] (A1.6)

z, =1 [sin (® + V) sin (V]

where r, the heliocentric distance, is defined as follows:
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1/2
2 2 2
c=[Rey+ 7]
Eqgs. A1.6 are the heliocentric ecliptic rectangular coordinates of the comet.

Al.12 Heliocentric Equatorial Coordinates

The ecliptic plane is inclined by an angle €, known as the obliquity of the ecliptic, to the
plane of the celestial equator. Converting from heliocentric ecliptic coordinates involves a
rotation about Sy by the angle €. The heliocentric equatorial rectangular coordinates are then
given by:

X=X
y =y, cos (€) - z; sin (¢) (AL.D)

z=y, sin (€) + z, cos (€)
Al.1.3 Comet’s Geocentric Right Ascension and Declination

The first step in the computation of the geocentric spheﬁcal coordinates of the comet
requires a translation of the origin from the sun to the Earth (E). In the translated coordinate
system, where the Earth is at the origin (see Figure A1-3), let (X, Y, Z) be the coordinates of
the Sun with respect to the Earth (or conversely, the heliocentric rectangular coordinates of the
Earth with respect to the sun are given by (-x’, -y’, -z"), where the primes refer to the Earth).
Let the comet be at point P, and the coordinates of the comet with respect to the Earth be (&,
1, {). Therefore,

E=x+X
n=y+Y (A1.8)
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(=2z+Z

a=[e2enerz]”

where A is defined to be the geocentric distance, or the distance between the Earth and comet.

The coordinates of the Sun with respect to the Earth may be computed in the same manner in
which the heliocentric ecliptic coordinates for the comet were obtained, taking t = 0 for the
Earth. Instead of an exact computation, the position of the sun may be interpolated from
tabulated values at intervals of a few days. Alternatively, positions of the sun at any time, ¢,

may be computed from approximate formulas provided in the Almanac for Computers.
Although only approximations, the positions are sufficiently accurate for the computation of

cometary ephemerides.

Figure A1-3
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©
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Figure A1-4 depicts the celestial sphere centered on the Earth. As in Figure A1-1, one of
the coordinate axes (&) is defined by the direction of the vernal equinox. However, unlike
Figure Al-1, the celestial equator defines the £-7) plane. As before, the position of the comet
is denoted by P. The intersection of the projection of the line EP cuts the celestial sphere at R.
The right ascension () is the angle measured eastward from the vernal equinox along the
celestial equator to the point where the great circle passing through Q and R cuts the celestial
equator (7). The declination (6) is the angle TR. The right ascension and declination can
act)
Figure Al-4

Celestial Equator E »C(n)

YE) o |

be obtained from the coordinates (&, 17, {) by using the law of cosines. This gives:

& =Acos (REY)
N =Acos (REC) (A1.9)
€ =Acos (REQ)

where:

cos (REY) = cos (o) cos (3) + sin (o) sin (3) cos (90)
cos (REC) = cos () cos (90 - o) + sin (8) sin (90 - o) cos (90) (A1.10)
cos (REQ) = cos (90 - d)
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Substitution of Egs. A1.10 into Eqs. A1.9 results in the following expressions relating the

geocentric rectangular coordinates to the spherical coordinates of the comet:

&€ = Acos (o) cos (O)

N = Asin (o) cos () (A1.11)
{ = Asin (9),
or after rearranging:
tan (@) = 1 tan® _¢ A= g (AL12)
€ sin(a) 1 cos (o) cos (J)

Al.14 Position on the Orbit as a Function of Time

From the previous discussion it appears that the computation of the o and 6 of the comet
is fairly straightforward. However, there is one parameter, namely the true anomaly, which
has not yet been discussed. Kepler's second law states that the time rate of change of the area
swept out by the sun-planet (or comet) radius is constant. Physically, this says that angular

momentum is conserved. Mathematically, this is expressed as

1 2dv dA
5 r T —-a—constant (A1.13)

where the constant is just #/2. Combining Eq. A1.13 with Eq. A1.3 yields a differential

equation for v as a function of ¢. Takingp = 1 | u, the differential equation is
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dv S TR (Al.14)
[1+ ecos (V)] p

For a parabolic orbit e = 1 (the energy per unit mass, - u/ 2a, is zero) and Eq. Al.14 is

directly integrable.

24y

1 3/ v) _ W _
T tan (5) + tan (—2-) = == @ (A1.15)

J7

The constant of integration in Eq. A1.15, 7, is the time of perihelion passage. An iterative
solution to equation A1.15 produces the desired (z) for a parabolic orbit.
In the case of elliptical motion (e < 1; energy < 0) Eq. A1.14 is not directly integrable, so

another method of solution must be found. A change of variables:
1+e
tan (2) = (—)" an(%) (AL16)
2 l1-e 2

is introduced so that Eq. A1.3 becomes:
r=a[l-ecos(E)] (Al1.17)

where for elliptic motion p = A2 / = a(1 - e?). The angle E is called the eccentric anomaly.

With the change of variables, Eq. A1.14 becomes:

[1-ecos(E)]dE = \/-E3 dt (A1.18)
a
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Equation A1.17 is easily integrated, with the solution

E-esin(E) =n@t-v) =M (A1.19)

Equation A1.18 is known as Kepler's equation, and it can be easily solved numerically. The
quantity 1) = [u/ @] =2 n/ T is the mean motion, where T is the period of the comet.

A similar parameterization may be used for hyperbolic motion, however, in practice there
are very few comets on orbits which are sufficiently hyperbolic that a separate solution is
needed. The parabolic solution is sufficient for both parabolic orbits and nearly parabolic

orbits.

Al.2 Refinements of the Two-Body Ephemeris

Al.2.1 Perturbations

In general, a comet will not follow an unperturbed orbit where the only gravitational
interaction is with the sun. This orbit is called the osculating orbit. The orbit is perturbed by
close approaches to the planets. After accounting for the influence of the planets, most
comets still exhibit non-gravitational motion. It was this type of motion which lead Whipple
(1950,1951) to infer that the nucleus of a comet is a solid body. The perturbations arise from
anisotropic ejection of material from the nucleus, which creates jet forces. It is especially
important to account for both the effects due to anisotropic ejection of material and planetary
perturbations if one is attempting to recover or re-observe a periodic comet as it approaches
the sun from aphelion. However, for comets close to the sun which are being observed, the
orbital elements are frequently updated to include these effects. In most cases the simple

two-body ephemeris is sufficiently accurate to find comets for observation.
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Al.2.2 Aberration, Light Travel and Topocentric position

Strictly speaking, the effects of aberration, the finite light travel time (comets are
observed at their positions for time ¢ = Lresent ” A/ c, where c is the speed of light), and the
fact that the observer is on the surface of a sphere, not at the center of the Earth, must be
accounted for. However, in most cases the deviations from a two-body orbit are small
compared to other errors; therefore the corrections are omitted. Without going into a detailed
discussion about the magnitudes of these effects, it should suffice to say that the simple
two-body program was sufficiently accurate to find over 80% of the objects attempted.
Failures may have been due in part to (1) mis-estimated brightness, (2) poor elements (orbits

for newly discovered comets) and (3) using elements far from epoch of osculation.
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Appendix 2

Relationship Between Albedo, Size and Brightness of the Nucleus

There is a simple relationship between the apparent brightness, the geometrical cross
section and the geometric albedo of the surface of a comet nucleus. The comet nucleus
scatters solar radiation incident upon its surface. The relationship between the brightness of

the sun and the brightness of the nucleus is:

FO
m_-m=-2.5log [ F'] (A2.1)

c

where mg, is the apparent magnitude of the sun, m is the apparent magnitude of the comet
nucleus (a measured quantity), F s the solar flux (1360.74 J s’ m™2) incident at the Earth
and F, is the flux incident at the Earth which has been scattered from the comet. All quantities
in Eq. A2.1 refer to a specific wavelength or bandpass. Both the magnitudes and the flux
densities are typically specified for a particular wavelength region, or bandpass. The solar
flux at the Earth is just Fo =L/ (4 © R, where L = 3.8268 x 1026 J 5! is the solar
luminosity and R, = 1.495 x 10'! m is the mean Earth-sun distance (R, = 1 Astronomical
Unit [AU]).

The amount of light scattered from the comet is a function of the angular separation, ,
between the Earth and the sun as seen from the comet. Figure A2-1 defines the coordinate
system and variables used in this discussion (after Russell, 1916). The computation of F_
requires the integration of the scatterd light from each surface element on the nucleus. The
amount of energy, dE (at a particular wavelength, 1) scattered per unit time, dt, per
wavelength interval, dA, into a solid angle d€2, from an element of surface area do is related to

the specific intensity via:
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Figure A2-1

Object center

phase angle - the angle between the sun and the Earth as seen from the object
longitude of surface element, do, on the object

latitude of surface element on body, measured from the photometric equator as
defined by the intersection of the Earth-object line with the surface of the body

angle between the object-Earth line and the normal to a surface element on the
body

Earth-object distance
Sun-object distance

radius of the body
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dE

I =
dt dQ dA do cos(e)

(A2.2)

where € is the angle between the object-Earth line and the normal to the surface element. The
flux, by definition, is the total energy flowing through the surface per unit time per unit area in

a particular AA; hence from Eq. A2.2
F = I I cos(e) dQ2 (A2.3)

where dQ = dA / A? and the element of area, dA = r? cos(¢) dp dw. From spherical

trigonometry,
cos(g) = cos() cos(Q) + sin(w) sin(p) cos(n/2) = cos(w) cos(P) (A2.4)

Therefore, Eq. A2.3 becomes:

hi3 i1

—_— » =

(p:
2 L2 2
F () = (I—)J I L(@,0) cosX() cos(@) dp do =(=) j@) ~ (A2.5)
A2 A

== p=-"va
2 2

where by definition the limb of the object is at longitude @ =1/2. Eq. A2.5 represents the
scattered flux at any phase angle, ¢, from the cometary nucleus.

The scattered flux and the geometric albedo of the body are related through the Bond
albedo. By definition, the Bond albedo is the ratio of the total amount of scattered radiation to

the inicident radiation. Assuming that the solar specific intensity is isotropic (independent of
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angle), the incident flux at the comet is (7 I), and the energy absorbed per second at the comet
isP,=(x r?) (xI). The power out is computed by integrating F (@) over the surface of a

sphere of radius A centered on the object:

T
- J' F(o) [2 0 A sin(o)] [A dod]
0

T
= 2 A’ f F(o!) sin(cr) dot (A2.6)
0
Therefore, the Bond albedo, A, is given by:

T
27 A2 J' F(o0) sin(c) dat

A = 0 - (A2.7)
[nr] [r1]

which can be simplified using Eq. A2.5, yielding

2 j(o) sin(c) dor. (A2.8)
nl

Ok—-—'a

Let ¢(cx) = j(a) / j(0), where j(0) is the amount of light scattered at zero phase angle. Eq.
A2.8 then becomes:
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A = [j—(o-)] 2 J. (o) sin(o) dot. (A2.9)
nl 0

The term [j(0) / wI] = p is known as the geometric albedo and is defined as the "ratio of the
flux received from a planet to that expected from a perfectly reflecting Lambert (perfectly
diffusing surface, where the intensity varies as the cosine of the angle of emission from
measured from the normal to the surface) disk of the same size at the same distance at zero
phase angle" (in Asteroids, 1982 p. 1161). The second term in Eq. A2.9, is known as the
phase integral: g =2 I ¢ o) sin(c) da.. The phase integral specifies the pattern into which the
surface scatters light.

The final expression relating the geometric albedo, the nucleus cross section and the
apparent brightness at a=0° is obtained by substituting the value for F (a=0) (Eq. A2.5) into
Eq. A2.1. The solar flux, F, at the Earth can beie’xpressed in terms of the solar flux incident

at the comet, F;=nI=L,/[4 ™ R%]=F olR, / R12. The substitutions yield:

D ®R/R)
m_ - m(0) = -2.5log [ —_— ] (A2.10)
(r/4A)" ;0
or using the definition of geometric albedo and rearranging,
2,2
0.4[m_ - m(0
pr? = B A "M m (A2.11)
R?

e

The term m(0) denotes that the brightness was measured at & = 0 deg. If the distances R and

A are expressed in AU, the equation becomes:
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0.4[m _ — m(0)]
prt = 2235x 102 R2A2 10 0

(A2.12)
which is identical to Egs. 2.3 and 3.1. The albedo, p, is a function of the wavelength as are
mg and m(0).

Often the nucleus brightness measurements are not made at zero phase angle. In order to
use Eq. A2.12 the magnitude must be reduced to zero phase angle. The variation of

brightness with phase, m(c), can be expressed as

m(c) =m =m(0) + B o + nonlinear term (A2.13)

where B is the linear phase coefficient [mag deg], and the nonlinear term is due to an
opposition surge seen in asteroids (see Chapter 4 for a more complete discussion).
Representing the phase terms in Eq. A2.13 as a function @(a), Eq. A2.12 may also be

expressed as:

0.4[mo -m]

2 2235x 102 R2A% 10

pr (A2.14)
f(or)

where

fo) = 104%@
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Appendix 3

Latent Heats of Sublimation and Vapor Pressures

The formulae for the latent heats and vapor pressures used in this paper are as follows.

All latent heats, L(T), are in J kg-! and pressures in N m2,

Lyyo(T) =2.863 x 10°- 1.106 x 10° « T (after Cowan and A'Hearn, 1982)

10g(Py1,/760) = -2445.5646/T + 8.2312 x log(T) - 0.01677006 » T

+1.20514 x 10" » T2 1.757169 (Washburn, 1928)
Logy(T) =5.724 x 10° (Smith, 1929)
1og(P,/760) = -1367.3/T + 14.9082 T > 138K

108(Pey/760) = -1275.6/T +0.00683 « T + 13.307 T < 138K

(Eggerton and Edmondson, 1928)
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Appendix 4

Cometary Comae
A4.1 Surface Brightness Profile
Many cometary observations require the knowledge of how the coma surface brightness
varies as a function of the projected distance, p[m], from the nucleus in the plane of the sky.

The surface brightness, B(p), for an optically thin coma is proportional to the number of

particles, n, within the observing diaphragm. That is, B(p) o= n where
n = J‘N(r) odl (A4.1)

The integrand is the product of the number density of particles, N [m3], as a function of
distance, r [m], from the nucleus and the projected diaphragm size, & [m?], at the distance of

the nucleus integrated along the line of sight through the coma, d! (see Figure A4-1).

/—-

To Observer

—

Figure A4-1
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From the equation of continuity, the particles leaving the surface of the nucleus of radius r,

must also pass through a sphere of radius 7, + Ar. Mathematically, this is expressed as:

4w + AD° Ar N(r)
) At

(A4.2)

where Q is the dust production rate in grains s".. Assuming that r, » Ar, and that Ar / At is
the velocity, v, in m s'1 (assumed to be = constant with r) the expression for the number

density as a function of r is:

r 2
Nr) = —2 = = Q - (-rﬂ) (A4.3)

4Tvr 41\:vrn

Therefore, the number of grains along the line of sight into the coma is given by:

oo

_ Qo di
4ntv 12+ p2

n

(A44)

Equation A4.4 is easily integrated using the substitution / = p tan(6), d/ = p sec?(6). Letting
the projected circular diaphragm, o, have an angular radius ¢ [arcsec] at a distance A [AU]

from the earth, the number of grains is:

2
_ Qno’a

= =1 _ A45
4dvp ( )
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The quantity d = 206265 / 1.495 x 10! is the scale factor when both ¢ and p’ are measured in

arcsec (p’ = pd/A). The surface brightness is then

) QMA
BO) = Jrqo (—) na (A4.6)

where F, / R? is the solar flux [J s! m™2] at the distance (R) of the comet, 7 @? is the
geometric cross section of the grains and Q; = Q (4) is the scattering efficiency.

The expression for the surface brightness in Eq. A4.6 is not valid for a diaphragm
centered on the nucleus because here p = 0. At any distance p [m] from the center, the
number of grains is given by Eq. A4.5. The number of grains in a column per unit area [m?]

is then

v _ 0P _ Q
n'(p) = R Ivp (A4.7)

Integrating in circular annuli about the center to get the total number in a column centered on

the nucleus

oA/d oA/d
_ _Qrm _QmoA
._pJ;O(Zn:p)n(p)d --Z—J:Od = 5vd (A4.8)

The ratio between the brightness at a distance p [arcsec] and the brightness at the center is just

n(p) / n(p=0) = % (A4.9)
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Eq. A4.9 is useful for estimating the amount of coma contamination in a sky measurement. In
the case of IR observations, the sky measurements are often made by chopping into the coma.
(Note: This method assumes that the aperture size is small compared to the extent of the coma

so that surface brightness variations across the aperture are negligible).
A4 2 Optical Depth in the Coma

One of the assumptions implicit in the computation of the surface brightness profile is

that the coma is optically thin. The optical depth is defined as the integral

T= J‘ kkpdl (A4.10)

where k; [m? kg'!] is the mass extinction coefficient, p [kg m™] is the particle density, and d/
is the path length. For computing the optical depth, the integrand is more conveniently

expressed in terms of the extinction cross section of the particles and the number density

k, p = 05 [m’] N@ [m”] (Ad.11)

Substituting the expression for N(r) from Eq. A4.3 and integrating yields:

2 oo 2
a Qra Q

Ja = %0 2d1 S= = (A4D)
4v _“1+p vVp

Q
2

4xtvr

T= j:(u aZQs) [
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The condition for an optically thin coma is T« 1. AtR =1 AU a typical molecular
production rate for a water ice comet is Q gas = 1030 molecules sec’. Assuming a maximum
dust to gas mass ratio of 1 (this is an upper limit) and dust grain sizes near @ =1 pm, and p
~103 kg m3, the dust particle production rate is of the order Q < 7.2 x 10!3 grains sec’l.
Using the Bobrovnikoff velocity relation (Delsemme, 1982) of v = 600 R-9° m sec}, the

distance from the nucleus at which T= 1 is

_ (12x10"%) (m) (10%?
- (4) (600)

<10"*m (A4.13)

At R = 1 AU, this subtends an angle of < 0.01 arcsec, which is comparable to the nucleus
radius, and is therefore unresolvable. For comparison, at ¢ = 1 arcsec 7= 102, Therefore,

for all practical purposes, the coma is optically thin.

A4.3 Coma Brightness as a Function of A

As the geocentric distance, 4, from an object increases, the brightness varies as A2,
For an extended coma which has a surface brightness profile which varies as I/p and which is
not contained within the observing diaphragm, the brightness will vary as A~ since the area

of the scatterer depends on A (see Eq. A4.8).
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Appendix 5 - Radiation Pressure

Radiation pressure plays an important role in cometary studies because of its interaction
with the dust grains in the coma. The shapes of the comae and the formation of tails are in
large part determined by the effects of radiation pressure (see Chapter 7). Radiation pressure
analysis of measurements of the shapes and orientations of dust tails has lead to estimates of
the grain sizes within the tails. A very simple discussion of the radiation forces is presented
below.

The force felt by a particle of cross section Qp, 7 a® where Qp, is the radiation pressure
efficiency, depends on the solar luminosity, L, = 3.827 x 10%6[J sl m2], and its distance
from the sun, R. The force is just the time rate of change of momentum, where the
momentum is, p = E / ¢, and ¢ = 2.998 x 108 [m s71] is the speed of light. Therefore, since
the energy absorbed by the particle at a distance R from the sun per unit time is:

E- 0

2
[Q, mal (AS.1)
4 R

the radiation force, F,, exerted is just dp/dt = Elc:

2

Qpr a L
Frp = ——TQ . (AS5.2)
4cR
The gravitational force is just:
GMm
Fg = ~ (A5.3)
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where G = 6.673 x 10°!! [N m? kg 2] is the gravitational constant, M = 1.989 x 10°° [kg] is
the solar mass, and m = 4 wa’ p/ 3 is the mass of the particles with density p. Taking the

ratio F,_/ F, and evaluating the constants yields:
L 1

F
B =2 = 57398x 10 Zr (A5.4)
g pa

In general, the radiation pressure coefficient, Qpr = Qpr(X) is obtained from Mie theory
calculations. It is a function of the parameter X =2 ma/ A and the optical properties of the
grain. As seen in Figure 7a and 7b from Burns et al. (1979) which are the results of Mie
scattering calculations, B is strongly peaked near a = 10”7 m (assuming a solar spectrum).
The interaction of the solar radiation with the particles is strongest when a =4/ 2 z. If the
particles are much smaller than the wavelength of radiation, they do not effectively interact
with the radiation and the scattering efficiency is very low. For very large particles, the
gravitational force is much stronger than the radiation pressure force. Materials which are
strongly back scattering feel a greater change in momentun and typically have higher values of
B than do dielectrics which are forward scattering.

Since cometary dust grains are known to have sizes ranging from sub-micron
(McDonnell et al., 1986) to a few microns (Jewitt & Meech, 1986; and Chapter 6), it is
expected and observed that radiation pressure effects are important in cometary comae. A
particularly interesting illustration of the effects of radiation pressure is seen in the dust coma
of P/Halley. Observations were obtained by D. Jewitt with the IIDS (Image Intensified
Dissector-Scanner) spectrograph at the Cassegrain focus of the Kitt Peak 2.1 m telescope on
1986 May 2 during photometric conditions. The observational technique and initial data
reductions (to obtain reflectiviy gradients) were nealy identical to those described in Chapter

6. The only observational difference in this case was that spectra were obtained at many coma
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positions offset from the nucleus.

As discussed in Chapter 6, the reflectivity gradient, S'(4;,4,), is a convenient measure
of the color of the continuum. The reflectivity gradient is among other things, a function of
the grain scattering efficiency, the grain size and the wavelength of light. The reflectivity
gradient in % / 103 A (measured between 3750 < A [A] < 6850) is plotted as a function of
disttance from the nucleus (measured in arcsec) in the top portion of Figure A5-1. The figure
shows that the grain color is a weak function of position in the coma; redder (hence larger)
particles on the sunward side and bluer (hence smaller) particles on the tailward side. The
color gradient may be interpreted as the result of radiation pressure particle size sorting. For
an assumed density, B is inversely proportional to a (Eq. A5.4). Therefore, the smallest
particles experience the greatest radiation pressure acceleration and are pushed back into the

tail before they travel far from the nucleus on the sunward side.
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Figure AS5-1. The reflectivity gradient in the grain coma of comet P/Halley versus
distance along the projected sun-comet line, measured in arcseconds from the nucleus.
Positive units on the x-axis indicate displacement towards the sun. The graph shows that
the reflectivity gradient is a weak function of position on the coma. The approximate
gradient is dS"/dx = 0.01% per 103 A per linear arcsecond. The observations were obtained
on UT 1986 May 3, when the comet was at R = 1.6 AU, A =0.7 AU.
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Appendix 6 - Grain Terminal Velocity

Although the dynamics of dust in a gas flow near the nucleus is very complicated,
especially considering the highly anisotropic mass loss known to occur from comets (typified
by the jet activity in P/Halley as seen by the Vega and Giotto spacecraft, (see Sagdeev et al.,
1986; Keller et al., 1986), a simple solution to the problem is possible in the case of radially
symmetric outflow. An approximate solution to the problem is especially appropriate in the
case of the dynamically new comets such as comet Bowell where relatively little is known

about the nature of the activity.

Figure A6-1

dust grain

/777

The equation of motion for a dust grain is given by (see Figure A6-1)

2 .GMm
dr _ . 4F (A6.1)
2 2 drag
dt T

m
g

where m, [kg] is the mass of the dust grain, M [kg] is the mass of the nucleus, G = 6.673 x
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1011 [Nt m? kg2] is the gravitational constant and r [m] is the distance from the center of the
nucleus. In the following calculation it is assumed that the dust grains and the nucleus are

spherical with radii a [m] and R [m], respectively. The total drag force, F,

rag’

is the product
of the momentum per molecule, (um,)(v;) with the number of collisions per second. The
quantity (um,) is the mean molecular weight of the gas. The volume swept out by a dust
grain of radius a, in time, ¢, is (ra® v ; 1). When multiplied by the gas number density, N(r)

[molecules m™] this gives the number of collisions in time ¢ (see Figure A6-2).

Figure A6-2

vl [t]

The velocity, v;=v,, - v . is the relative velocity between the grain (vg) and the molecules.
For simplicity, the value of v,; is taken to be equal to the mean thermal speed of the gas in a
direction perpendicular to the surface, (2 k T/ ® pm,)12/ 2 where k= 1.38 x 1023 J degl is
the Boltzman constant. The number density is related to the total production rate of molecules
from the nucleus, Q [molecules s''], viaN(r)=Q /(@ =R ?v,) [R,/r*=N(R,) [R,/ 1%

The drag force is therefore given by

2
Figg=f BT, T 2’ NR)R? [v, -v,] r (A6.2)
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where fis the drag coefficient. Taking 4 & @’ P, /3 asthe mass of a grainand 4 &t Rn3 p,/3
as the mass of the nucleus, where Py and p, are the densities of grain and nucleus,

respectively, and substituting Eq. (A6.2) into Eq. (A6.1) we obtain:

dzr _ C [(V _V)Z_bZ](Rn) (A63)
e T 2a th 2 '
t r
where
3fum Q
c=———r-nh——— and b=v, /a/acrit
81tanthpg

(and where v, = v). The largest grain that can be lifted off the nucleus with a given mass loss

rate 18 [

The size of a_,;, can be obtained by equating the drag force (Eq. A6.2) with the

cri

gravitational force exerted on the grain by the nucleus, GM m g /Rn3. This yields:

9 (um Qv (A6.4)
64 12 P, Py R: G

acn't

With the substitution v = (dr / df) and (d?r / d#?) = v (dv / dr), Eq. (A6.3) is separable:

vdv cR [ dr
= - (A6.5)
R,

where v_ is the initial grain velocity (usually taken to be zero) and v, is the grain velocity in the

gas flow at any distance, r, from the nucleus. Letting x = (v, - v), the LHS of Eq. A6.5
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becomes (with v,, = u):

(x-u)dx='( x dx '“J. dx
x2-b) % - b)) > - b))

and upon integration,

1 2 211" u Vg Vb
= i—ln[b -(vm-v) ]|v=v° --2—bln [——] vav,
vth-v+b
2
+2v Ve v v,-v+b)(v, -v_-b)
=Lb{bln[ 2 ;h ]+u1n th t th o ]}
th+2v \A -v (Vth'vt'b)(vth'vo""b)
(b- Vi +v)(v+v -v) (v, +b-v)(v, -b-v)
L {bm t +uln| 2 e % ]}
2b (b-v +v)(v+vm-v) (vm-b-vt)(vth+b-vo)
1 Vg -Db- vo Vg tb-v,

Integrating the RHS of Eq. A6.5 and combining with the Eq. A6.6 we obtain:

v+bv

1-.li—“=g‘—b {w, b)ln[-\-,—i-—v‘:-] A +b)1n[—-—]} (A6.7)

Although the equation appears formidible, it can be solved numerically by assuming v, = 0

and re-writing Eq. (A6.7) in the form:
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c C,=V
F(v) = c3+clln[ 1 ]+czln[ 2 ]
c,—V 2
(A6.8)
dfFv) _ & %
dv C,-V C,—V

where:

R
¢,=v,-b and c,=v,+b and c;= % [-rl— 1]

forv=v, and v, = 0. Newton's method can be used to obtain a solution with few iterations.
The method is as follows. An initial guess to the velocity, v, is used to compute the value of
the function F(v), and the slope [F'(v) = dF(v)/dv] at that point. A line with this slope is
extended until it intersects the F(v) =0 axis. The point of intersection is the new estimate of v
given by v, =v-F(v)/F'(v). To obtain the terminal grain velocity, v,, let the distance

from the nucleus, r =oo. Figure A6-3 illustrates the form of the function F(v) for the
particular case of comet Bowell discussed in Chapter 9. In practice, the grain reaches its
terminal velocity at 7 « 0. Again, for the particular case of the comet Bowell CO, model, the

distance at which the grains reach v, is at r = 5R,, (see Figure A6-4).
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3.5 Grain Velocity Equation .
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Figure AG6-3. Form of the equation of grain velocity in a gas flow. The constants used
in evaluating the equation are relevant to comet Bowell (see Chapter 9).
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Figure A6-4. Grain velocity as a function of distance from the nucleus. Model input
for mass loss from nucleus assumes the prarmeters relevant to comet Bowell (Chapter 9).
The terminal velocity is reached very close to the nucleus.
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The derivation of the grain velocity in a gas flow described above is only an
approximation to the complicated interaction between the gas and dust near the nucleus in

comets. Specifically, the model does not take account of

O v gas leaving the nucleus # v,, because the gas must overcome surface force fields, in
general, 1/2 v,, <v <2/3v,, (Delsemme & Miller, 1971)

O a particle size distribution of grains

0 icy grains which may sublimate as they leave the nucleus (although not appreciably in
the small region in which the grains come to their terminal velocity)

¢ the adiabatic expansion of the gas which causes it to speed up

O the effects of collisions among the gas molecules.

It is unlikely that the radial outflow of gas would be collisionless, even in the case of
comet Bowell at large distances. The mean free path between molecules is mfp = [N(r) 6] 1,
where o= 10 A? is a typical molecular cross section for collision. In the case of comet
Bowell at 10 AU, the total mass loss from CO, sublimation from a nucleus of R, = 6500 m is
dM/dt = 8 x 102 kg s1. The nucleus temperature at this distance would be 92 K, hence the
thermal velocity would be v, = 102msl. (Note: all of the numbers relating to mass loss
from the nucleus are based on the CO, sublimation model as described in Chapter 9). This
gives a mfp = 50 m at the nucleus, increasing as the square of the distance from the nucleus.
This suggests that collisions will be important. For gas free paths less than 0.1R,
gas-dynamical methods must be used to compute the gas speed (Wallis, 1982). However,
given that the nature of the modelling presented in this thesis is to use simple models using
ground-based measurements of the brightness of the comet as a function of distance, it is not
justified to use the more complex solutions. Furthermore, Wallis found that when the

gas-dynamic models were used, the effect was to decrease the initial gas ejection velocity to a
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small fraction (= 10%) of its original v,,. This is due, in part, to the fact that molecular
collisions remove some of the energy from the gas flow. Therefore, given the nature of the
sublimation models described in this thesis, it is valid to use the thermal velocity (or 0.1v,,).
In the case of comet Halley, it may be more appropriate to use the Bobrovnikoff relationship
for velocity as a function of R (see Delsemme, 1982), since these coma expansion velocities

were based upon observation.
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