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, _ i j. I. Introduction

The apparition of comet P/Halley during 1985 and 1986 permitted extensive

observations of all types to be made. One important technique which was available only

shortly before this apparition was the ability to obtain CCD images of the coma using

various filters. This project deals with the analysis of selected CCD images of the coma

of comet P/Halley which were taken using specially designed filters that isolate regions

of a comet's spectrum such that only sunlight which has been scattered by the dust in the

coma is recorded. The data addressed here are subsets of two larger datasets which also

contain images taken with filters designed to pass regions of the spectrum which in

addition to dust continuum include the spectral emissions of certain gas species and

spectra. One of the sets of CCD images were taken with the 61-inch Wyeth telescope at

the Oak Ridge Observatory by Dr. R.E. McCrosky of the Center for

Astrophysics/Smithsonian Astrophysical Observatory. The second set of data were taken

with the 61-inch telescope on Mt. Lemn_n by Dr. Uwe Fink and co-workers at the Lunar

and Planetary Laboratory of the University of Arizona. Since the object of project is the

study of the dust distribution as evidenced in so-called "continuum" images the second

complementary set of data were linear cut spatial profiles of dust extracted from long-slit

CCD spectrograms of comet Halley.

_ _ The modeling analysis objective of this project is to make use of the skills acquired

in the_development of Monte Carlo particle trajectory models for the distributions of gas

species in cometary comae (Combi and Smyth 1988 a&b) as a basis for a new dust coma

model. This model will includes a self-consistent picture of the time-dependent dusty-gas

dynamics of the inner coma and the three-dimensional time-dependent trajectories of the

dust particles under the influence of So!_ gravity and solar radiation pressure in the outer

coma. Our purpose is to use this model as a tool to analyze selected images from the two

sets of data with the hope that we can help to understand the effects of a number of

important processes on the spatial morphology of the observed dust coma. The study will

proceed much in the same way as our study of the spatially extended hydrogen coma

(Combi and Smyth 1988b) where we were able to understand the spatial morphology of

the Lyman-alpha coma in terms of the partial thermalization of the hot H atoms produced

by the photodissociation of cometary H20 and OH. _17-' _,}_)

The processes of importance to the observed dust coma include:

(1) the dust particle size distribution function,

(2) the terminal velocities of various sized dust particles in the inner coma,
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(3) theradiation scattering properties of dust particles, which are important both

in terms of the observed scattered radiation and the radiation pressure

acceleration on dust particles,

(4) the fragmentation and/or vaporization of dust particles, and

(5) the relative importance of CHON and silicate dust particles as they contribute

both to the dusty-gasdynamics in the inner coma (that produce the dust particle

terminal velocities) and to the observed spatial morphology of the outer dust

coma.

(6) the time and direction dependence of the source of dust.

In work completed to this point in time we have made substantial progress in

addressing directly points 1-4 and 6 At this time we find ourselves just short of

describing our results in two papers: one describing the dust model and application to

dust coma images, and a second using that model to study time-variable sunward and

antisunward spatial profiles of dust in comet Halley. Preliminary results, summarizing

both aspects of the work were presented at the 1992 meeting of the Division for Planetary

Sciences held in Munich, Germany (Combi and Fink 1992). A copy of the talk is

attached as an appendix to this report. This work is to continue as part of a new 3-year

effort which has been tentatively approved by the Planetary Atmospheres program.

H. Development of the Dust Model

The basic framework of the dust model lay in the core of the hydrogen coma model

discussed in detail in the papers by Combi and Smyth (1988 a& b). It is a fully 3-D time-

dependent Monte Carlo particle trajectory model that builds up an entire coma by tracing

out the trajectories of many individual particles. For the published gas coma model the

particles are individual atoms, radicals and molecules; for the dust model the particles are

obviously individual dust particles. Recently Jewitt and Luu (1990) have published the

results of a Monte Carlo dust coma model applied to observations of Comet P/Tempel 2.

However, their model is steady-state, and spherical. Ellis and Neff (1991) have recently

developed a numerical dust model for neutral or charged dust for comparison with dust

experiments on Vega 1 and 2 and Giotto. However, their results state that the dust

particle terminal velocities required to match their model to data are 1.7 times the values

implied by conventionally dusty gasdynamics. Unfortunately, the resulting dust

velocities would exceed the velocity of the gas that is accelerating the dust! Clearly this

is not possible.
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The standarddustcomatreatmentgoesbackto thepioneeringwork of Finsonand

Probstein(1968)which considersthedustto consistof apopulationof particleshavinga
variation of sizeswith a sizedistribution determinedby somepower law in particle

diameter. Theparticlesareconsideredto haveaconstantdensity,p(a)= Po,independent

of particlesize,. Thelight scatteringpropertieswhich areneedednotonly to describethe
observedscatteredradiationbut also to calculatethe radiationpressureaccelerationon

eachparticlesizeareconsideredto besimply proportionalto thegeometriccrosssection

of the particle. The latter two conditionsimplying that the light scatteringefficiency,

Qscat, andtheradiationpressureefficiency,rlrp, bothequalunity.
From polarizationmeasurementsof CometHalley (Mukai, et al., 1987)it is clear

thatcometarygrainsat leastsharetheopticalpropertiesof amaterialcalledastronomical

silicate. Hoban,et al. (1989)haveanalyzeddustimagesof cometHalley in this context,
howevernot with adetailedcomamodel like is that underdevelopmentfor this project.

Althoughwecertainlyexpectthatmanyrealcometarygrainsarenot sphericalbut maybe

quite irregular,theadoptionof Mie theorywhich assumessphericalparticleshasproven

to be quite useful by other investigators. Figure 1 showsa plot of the resultsof Mie

calculationsby Hobanet al. which wehaveadoptedfor the light scatteringpropertiesin
ourmodel.

In Figure 2 are shown the results of Hellmich and Schwehm(1983) for the

radiation pressureefficiency asa function of size for darkdielectric material which is

believedto be indicative of cometarydust particle. Notice that the radiation pressure

efficiency dropsprecipitouslyfor very small particlesandpeaksfor particleswho sizes

arein the rangeof thewavelengthof thepeakof the solarradiation. We haveadopted

thisasthestandardradiationpressureefficiency.
Therefore,for thiswork wehavebegunby adoptingtheopticalpropertiesof dark

absorbingspheres.Probablythemostuncertainaspectof this problemis not theoptical

propertiesof the dust grainsbut their densities. Although it hasbeen traditional to
assumedensitiesof 1to 3 g cm-3 it is likely thatcometarygrainsareporousaggregates

andthereforehavea densitywhichdecreaseswith increasingradius. Lamy et al. (1987)

havesuggestedadustdensityof theform

p(a)= 2.2-1.4a/(a0-a).

wherea = particleradiusandao= 2 microns.We havechosenthisasastartingpoint for

our studies.
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Figure 1. Single Particle Mic Scattering Efficiency as a Function of Particle
Radius. The values of Qscat as calculated by Hoban et al. (1989) for the two IAU
continuum filters are plotted. These calculations have been adopted in out dust coma
model.

(10t

0001

I0-11 10-'/ tO-I i0 -s tO-'_
o (ml

Figure 2. Radiation Pressure Efficiency, _lpr, for Prospective Cometary Grains.
The values of _lpr calculated by Hellmich and Sehwehm (1983) are shown for
nonabsorbing (olivine) and absorbing (magnetite) grains. We have adopted the curve for
the absorbing magnetite grains in our model.



Probstein (1968) lay the groundwork for all subsequent treatments of dusty

gasdynamics in terms of his model that is included in full hydrodynamic calculations

(Wallis 1982; Marconi and Mendis 1983; Gombosi et al. 1986). An empirical method

outlined in papers by Sekanina (1981) and Sekanina and Larson (1984) approximates the

results of a full hydrodynamic calculation in a simple parametrized form which gives the

dust particle terminal velocity given the dust-to-gas mass ratio, the gas production rate

and the particle size and mass. It provides an excellent approximation to the results

produced by the full hydrodynamics. We have verified this by reproducing the results of

the Halley dust distribution in the paper by Gombosi (1986).

The global dust model proceeds by picking a certain number of dust particles to

run in the whole simulation. Twenty-eight dust particle sizes whose radii are distributed

logarithmically, following those of Gombosi (1986). The distribution of dust particles of

a given size are taken from the Hanner-type distribution. For Halley Gombosi (1986)

gives the values of the appropriate parameters in the expression which best describes the

in situ data. The scattered radiation which contributes to the observed brightness is

calculated from the Qscat in Figure 1, the dust particle cross section, 4ha 2, and the

abundance weight from the Hanner expression. Following Hoban et al. the model

routinely generate maps at wavelengths corresponding to the two IAU continuum filters

at 4845/I. and 6840/I. Figure 5, which will be discussed in the next section of this report

in more detail, shows an example of the 2-D coma map produced by the model.

Individual trajectories can be weighted according to a prescribed time dependence,

either the long term secular heliocentric distance variation, or more interesting the short

time periodic variations which have been observed in comets Halley and more recently in

comet Levy that indicate the effect of the illumination of active areas as the nucleus

rotates. For the secular variation of comet Halley we have adopted the power laws found

by Schleicher (1991 private communication) of r -2.3 for pre-perihelion and r -1.9 for

post-perihelion realizing that these may ultimately have to be adjusted to account for

heliocentric distance variation in the overall dust terminal velocities. Individual

trajectories can also be included (or not included) in order to produce images of dust

comae produced from restricted areas on the nucleus such as sunward-hemisphere

emission, for example. Subsequent sections of this report will illustrate this capability

also.



IIl. Dust Coma Observations

Two examples of dust coma images taken by Dr. R.E. McCrosky are shown in

Figures 3 and 4. Figure 1 shows the dust coma of comet P/Halley taken with the IAU

filter at 4840/_. Figure 2 shows the dust coma of comet P/Halley taken with the IAU

filter at 6840 ._. One possible problem with the 4840/_ IAU filter suggested by Hobart et

al. (1989) is that the wavelength range covered includes not just continuum but is

contaminated by a small amount C2 (1-0) emission. However, comparison of these two

images shows only minor differences which can not be accounted for by the addition of

C2 emission to the 4840/_ image.
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Figure 3. Image of Comet P/Halley at 4840/_. Shown in a contour plot of an

image of comet P/Halley taken with the 61-inch Wyeth telescope at Oak Ridge
Observatory on December 30, 1985. The image has been fiat-field corrected and
background subtracted.
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Figure 4. Image of Comet P/Halley at 6840/_. Shown is a contour plot of an image of

Comet P/Halley taken with the 61-inch Wyeth telescope at Oak Ridge Observatory on
December 30, 1985. The image has been fiat-field corrected and background subtracted.

An interesting and important set of data has become available relating to the

distribution of dust in comet P/Halley. As part of the ongoing collaboration with Dr.

Uwe Fink of the University of Arizona, we have analyzed spatial profiles (generally

sunward and antisunward) of the gas species C2, CN, NH2 and O(ID) in Comet Halley

with a time-dependent model which accounts for the 7.4-day periodic variation of the gas

production rates (Schleicher et al. 1990). The involvement of this PI for the gas coma

work is funded under a separate grant (NAGW-1907). In addition to the gas species data

there exists the corresponding spatial profiles of the dust continuum which were actually

generated in the process of production of the gas species profiles, since the dust



continuum must be subtracted in order to obtain gas species profiles. The interesting

aspect of these data are that sets of adjacent-day observations were made several times

during the 1985-1986 apparition of the comet: December 8 and 9, January 10, 11, and 12,

March 1 and 2, and April 14 and 15. The most interesting set is that in April where the

Schleicher et al. 'light curve' was continuously observed with excellent time coverage.
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Figure 5. Spatial Profile of Dust Continuum at 6520/_ on April 14.3, 1986. The
sunward (+'s) and antisunward (o's) spatial profiles of dust continuum in Comet P/Halley
as derived from long-slit spectra taken with the 61-inch telescope at Mt. Lemmon on
April 14.3, 1986. The spectrum was recorded on the downward part of the gas
production variation (Schleicher et al., 1990) the signature of the high production rate is
seen at the outer part produced roughly from one-half to one day before the observation

time can be easily seen as the 'bump' outside about 10,000km.

On April 14.3 the comet was on the downward part of the production rate variation

whereas by April 15.3 it had passed the minimum and was on the upward part of the

curve. Comparison of the sunward and antisunward spatial profiles as shown in Figures 5



and6 clearly shows evidence of just this type of variation. The portion of the April 14.3

profile outside of 10,000 km clearly shows the effect of the raised production rate at the

previous maximum which occurred from one-half to one and one-half days previous to

the observation. The April 15.3 profile on the other hand clearly shows the turning-on of

the sunward ejecting dust, and also shows that the 'bump' seen on April 14.3 has moved

out past the end.
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Figure 6. Spatial Profile of Dust Continuum at 6520 ,_ on April 15.3, 1986. The

sunward (+'s) and antisunward (o's) spatial proftles of dust continuum in Comet P/Halley
as derived from long-slit spectra taken with the 61-inch telescope at Mt. Lemmon on
April 15.3, 1986. The spectrum was recorded on the upward part of the gas production
variation (Schleicher et al., 1990) so the high production rate seen at the outer part of the
April 14.3 profile seen in Figure 3 has since moved out of the inner coma. The turning-
on of the next active region can be seen in the inner part of the sunward profile.
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Theuseof a time-dependent model for the dust production based on the knowledge

of the gas production source in combination with the observed profiles helps separate out

the effects of production rate variations from dust particle decay and provide hard

evidence for the correctness of the variation of dust particle initial (so-called terminal)

velocities. In the next section is a discussion of the analysis of the March 1.5 and 2.5

spatial profiles. Analysis of the April 14/15 set will proceed during the next grant year.

IV. Time-Dependent Aspherical Modeling of Halley's Dust Coma

This portion of the project involves the analysis of spatial profiles of the dust

continuum which were generated in the process of construction of the gas species profiles

of the gas species C2, CN, NH2 and O(1D) in Comet Halley (Fink, Combi and DiSanti,

1991). Explicit time-dependence has been incorporated into the dust model as a

parametrized version of the 7.4-day periodic variation of the gas production rates

(Schleicher et al. 1990). The interesting aspect of these data are that sets of adjacent-day

observations were made several times during the 1985-1986 apparition of the comet:

December 8 and 9, January 10, 11, and 12, March 1 and 2, and ApriI 14 and 15.

On March 1 the comet was on the downward part of the production rate variation

whereas by March 2 it had passed the zninimum and was on the upward part of the curve.

At the top of Figure 7a the observed sunward and antisunward profiles have been

averaged to approximately "average-out" the effects of day/night asymmetry and

radiation pressure. Below this is the result of the model with the 7.4-day period

variations corresponding to the same phase lag we found for the gas species (Combi and

Fink 1993). It is clear that dust terminal velocities for the important "optical size range"

obtained from standard dusty-gas drag calculations provides approximately the correct

propagation speed for the varying production rate signal.

In Figures 7b and 7c the actual sunward and antisunward profiles are shown and

compared with models where a day/night dust production asymmetry has been included.

For this calculation the asymmetry was incorporated as separate weightings for the

dayside and nightside hemispheres. What is interesting is that a larger asymmetry (4:1) is

required for the March 2 profile which is produced primarily near the peak of the

variation as opposed to the March 1 profile (1.2:1) which is produced closer to the

minimum. It is clear from this result that the dust emission is a complex function of both

time and spatial vector direction since the day/night asymmetry clearly varies with time,

and that a substantial nightside ejection is also required in agreement with the close-up

Giotto images (Keller et al. 1986). It should also be mentioned here that these are

11





preliminary results and that neither the dust size distribution nor the optical properties

(e.g. Qscat) have been optimized to "fit" the sunward/antisunward radiation pressure

asymmetry. It is clear that the radiation pressure distortion is larger in the data and the

slope steeper (possible fragmentation?) than the model, although the qualitative

agreement is good.

Figure 8a shows the 2-D modeled images of the 6840 ,/_ coma corresponding to the

spatial profiles discussed above. The results discussed in this section have been

presented at the 1992 Division for Planetary Sciences Meeting in Munich, Germany

(Combi and Fink 1992).

V. Modeling Images of the Coma in Two Dimensions

The other (actually the main) part of this study is to try to understand the observed

2-D morphology of the dust coma as seen in filtered CCD images of comets (in particular

comet Halley) in terms of the detailed physics of dust particles and their ejection from the

inner fluid coma of the comet. Although the reproduction of 1-D spatial profiles is

encouraging in terms of the average value of the dust terminal velocities and their average

radiation pressure acceleration, the true test comes when trying to reproduce full 2-D

images. Keller and co-workers (e.g. see Keller and Meier 1976) demonstrated the

importance of analyzing 2-D images of the hydrogen Lyman-alpha coma in a series of

papers published over a number of years. Hydrogen atoms, like dust particles, are subject

to a strong antisunwardly directed radiation pressure acceleration. The work of Keller

showed that the speed distribution of H atoms leaving the inner coma was of the utmost

importance in producing the observed shapes of the isophotes in the outer coma.

The principle goes back to a number of old papers beginning with Eddington's

(1910) original fountain model, and culminated with the papers by Wallace and Miller

(1958) and Haser (1966). For a point source of particles ejected at a single speed and

subjected to a single antisunwardly directed acceleration, the "coma" which results

appears to have circular isophotes which terminate discontinuously at the projected

boundary of the paraboIoid of rotation whose vertex is located at a distance of v2/2b

where v is the outflow speed and b is the acceleration. The brightness (which is

proportional to the column density) of the circular isophotes is independent of the viewers

angle with respect to the sun-comet line, although the projected shape of the paraboloid

certainly is.

Keller's work showed that the effective velocity dislribution of H atoms in a bright

comet like Kohoutek had to be composed of a broad distribution of speeds ranging from

1-2 km/s up to speeds exceeding 20 km/s. It was the later papers by Combi and Smyth

13
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(1988b) and Smyth, Combi and Stewart (1991) which showed that a velocity distribution

similar to but much more irregular than the 3 Maxwellians in Keller and Meier (1976) is a

natural by-product of water and OH photodissociation in combination with partial

collisional thermalization of H atoms before they exit the inner coma.

Figures 2 and 3 are quite representative of isophote maps of the dust comae of

many comets which have been reproduced from photographic plates. Curiously, the

isophotes almost always look rather elongated, being more reminiscent of the H Lyman-

alpha isophotes and not as much like more circular ones which the dust models produces.

This is because of the one-to-one-to relationship between the dust particle size, terminal

velocity and radiation pressure acceleration. Although in our formulation this

relationship is complicated by the variable dust density and the non-linear relationship

from the gasdynamic drag, it is still the case that for the range of sizes of dust particles

which dominate the in the visual images that the value of v2/2b is only a weakly variable

quantity. This is analogous to the fact that the critical parameter in the standard Finson-

Probstein method is not the particle size but the parameter (pd), the product of the density

and diameter. The cross section of a dust particle increases as the square of the radius (or

diameter) whereas its mass increases as the cube. Both the terminal velocity (owing to

gas drag) and the radiation pressure acceleration are larger for smaller particles, therefore

the shapes of the isophote distributions over a fairly wide range of particle sizes do not

vary very much.

In order to produce the elongated isophotes such as are seen in the H coma one

requires a range of effective radial outflow speeds but a single value for the radiation

pressure acceleration. However, it is clear from our "more physically realistic" dust

models that we do not get elongated isophotes. Like the H atom coma we require a wide

range of terminal velocities for particles of a certain size rather than just the one-to-one-

to-one relationship between particle size, particle velocity and particle radiation pressure

acceleration.

A reasonable solution to this is that as dust particles are accelerated by gasdynamic

drag in the inner 100-300 km of the coma that dust particle fragmentation is a dominant

process. As particles fragment they produce many smaller pieces, however the gas-drag

acceleration is the largest only very close to the nucleus. Therefore small particles

produced by fragmentation of larger particles farther from the nucleus will be traveling at

smaller velocities than small particles produced near the nucleus where the gas-drag is

large.

Particle fragmentation is certainly not a new idea. It has been suggested as a

mechanism to explain radial profiles which vary more steeply than the 1# expected for a

15



point source. It hasalsobeensuggestedmorerecentlyas a possible explanation for the

radial profiles extracted from the Giotto images of the very inner coma comet Halley.

Where the arguments here differ is that we contend that particle fragmentation in the

acceleration region is a common property of all comets which are moderately productive.

It is reasonable to speculate that cometary dust particles themselves are very fragile

and that the gasdynamic drag in addition to accelerating the particles also fragments

them. This fragmentation would occur only in the very innermost coma. If the

fragmentation simply breaks up large particles into smaller ones then the process will

increase the effect surface area per unit mass, explaining the flattened dust profiles in the

Giotto images. Since we can calculated the forces on dust particles from the gas drag

then this sets an order of magnitude as to the bulk strength of the aggregates of cometary

dust.

The modeling difficulty presented by this result means that the dust particle size

distributions inferred by Finson-Probstein analysis may be totally wrong because the one-

to-one-to-one relationship between size, velocity and acceleration no longer holds. Also

the dust particle size distribution itself seen at some distance from the nucleus is a by-

product of the acceleration/fragmentation by gasdynamic drag in the fhst few tens of km

from the nucleus.

To test our hypothesis of dust fragmentation we have run a heuristic dust: size-

velocity distribution. We start with the normal Hanner type distribution we used above to

describe the original dust particle distribution and calculate its terminal velocity from the

Sekanina approximation. Then we redistribute each particle over all possible fragment

sizes. In the realm of Monte Carlo we simply choose some particle size smaller than the

original size for the purpose of calculating the radiation pressure acceleration. A

reasonable and simple choice for the redistribution function is as follows. If "ao" is the

original particle size (for the purpose of calculating the terminal velocity) the fragmented

size is calculated from

a = ao RiP

where Ri = a random number on the interval from 0 to 1, and

p = an adjustable parameter.

In the absence of a fundamental model for the original dust-size distribution and

the dust fragmentation process this form has an adjustable parameter, p, which describes

in some reasonable way the redistribution by the fragmentation of original large particles.
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The choice of Hanner-type distribution is in some sense ad hoc especially when

combined with this heuristic redistribution function.

Figure 9a shows a contour plot of an image of comet Halley obtained at the Oak

Ridge Observatory by R.E. McCrosky. Figures 9 b and c show two models for the

original Hanner-type distribution which yields the more circular isophotes as well as that

obtained using the fragmentation/redistribution model with the parameter p taken to be

1.5. This value yields a reasonable match to the overall radiation pressure distortion as

well as to the shapes of the elongated isophotes.

Although this is far from a unique solution it nonetheless demonstrates that there

clearly cannot be a one-to-one-to-one relationship between particle size, velocity and

radiation pressure acceleration. Furthermore, the production of slower small particles by

fragmentation of originally larger particles make sense physically and is a reasonable

solution to the distribution of dust in the innermost coma of comet Halley as seen in the

Giotto images. Therefore, although the details of the size-velocity relation in the

heuristic model shown here is probably not exactly correct it does contain the essential

elements of the correct distribution, i.e. a distribution of particle velocities for each

particle size. Specifically, the elongated shapes of dust coma isophotes require the

existence of a substantial population of small but slow particles w.hich must be produced

by the fragmentation of initially larger particles.
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