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A numerical solution for the multiple scattering of light in
spherical axisymmetric geometry is used to simulate observations
of a model comet atmosphere as it would be seen by a near-flying
satellite or by general wide-angle imaging techniques that might
resolve the nucleus. We consider a spherically symmetric dust
distribution, an axisymmetric dust jet, and a hollow cone of dust
about the subsolar point. We calculate the specific intensity of
both single- and multiply scattered light. Nucleus visibility and
overall coma appearance is examined for varying phase angle.
The appearance of the hollow cone is found to be especially sensi-
tive to viewing geometry; at a phase angle of 90° it bears a strong
resemblance to the “northern area of activity” observed by Giotto
at Comet Halley. We also calculate the azimuth-integrated inten-
sity, used by Thomas and Keller (1990, Ann. Geophys. 8, 147-
166), as a measure of particle fragmentation Halley’s coma, and
examine the extent to which line-of-sight attenuation depletes the
azimuth-integrated intensity near the nucleus, and multiple scat-
tering enhances it. © 1993 Academic Press, Inc. :

1. INTRODUCTION

High-resolution imaging techniques have begun to re-
veal details of the inner comas of comets. Observations
of various comets show structures in the dust—gas out-
flow of the inner coma, and images of the near-nucieus
environment of Comet Halley have provided details on
the nucleus itself and its jet-like emission of dust. We
note, in particular, several outstanding properties of Hal-
ley which were evident in images taken by the Giotto
Halley Multicolour Camera (HMC). First, for the period
of the encounter, the images indicated that dusi-gas
emission was concentrated in a few collimated, sunward-
facing jets. There was apparently negligible dust and gas
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emission from the shadowed side of the nucleus (Huoeb-
ner et al. 1986, Keller and Thomas 1989), and the same
major surface emission sources may have been active in
Halley’s 1910 apparition {Sekanina 1990). Second, within
100 km of the surface, the radial profile of the observed
intensity was flatter than the p~! dependence expected
for constant-velocity radial outflow (where p is the line-
of-sight impact parameter, essentially equal to the radial
distance from the comet center in the image plane;
Thomas and Keller 1987). 1t has been argued this is indic-
ative of particle fragmentation in the outflowing dust
{Szegd et al. 1988, Thomas and Keller 1990). Third, de-
spite the fact that dust emission was concentrated on the
sunward face of the nucleus, the overall coma appeared
quite homogeneous, with a ratio of scattered light inten-
sity integrated over the sunward hemisphere to the inten-
sity integrated over the antisunward hemisphere of only
3.2: 1 (Keller and Thomas 1989). One explanation for this
homogeneity may be near-nucleus breezes blowing dust
tangentially to the antisunward portion of the coma (Kel-
fer er al. 1990). These near-surface breezes may repre-
sent a means of feedback between the discrete jet sources
and the rest of the inactive surface (Sekanina 1990). In
order to interpret such results, and relate them to modeis
of dust—gas flow in the inner coma, it is essential to be
able to simulate images of the coma.

The earliest work on simulation of near-nucieus images
was by Hellmich and Keller (1981) in preparation for the
Giotto fly-by. They modeled single-scattered light in a
spherically symmetric dust coma and allowed for consid-
erable surface reflection. They calculated relations be-
tween coma optical depth and nucleus visibility and de-
fined a contrast function quantifying the brightness of the
nucleus relative to its surrounding coma. Halley’s nu-
cleus proved to be relatively clear in HMC images, ex-
cept at the base of the sunward dust emission region,
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corresponding to a line of sight through the optically
deepest portion of the coma; and the nucleus appeared
very unreflective. Hellmich and Keller’s results implicity
predicted a steepening of the intensity profile with re-
spect to the line-of-sight impact parameter p near the
nucleus, due to acceleration of the dust. In the actual
HMC observations, any acceleration effects steepening
the intensity profile near the nucleus were overwhelmed
by flattening effects, in particular by particle fragmenta-
tion.

Huebner et al. (1988) focused on an expianation for the
deviations in the observed Giotto HMC intensity profiles
from the p~! dependence expected for uniform ejection of
dust over the nucleus surface, with constant-velocity ra-
dial flow. They showed that overlapping cones of dust
emission at the surface could account for the observed
deviation. They modeled nuclens emission as originating
at several separated point sources on the surface, with
each point source emitting into a cone. Far from the nu-
clens all the cones overlap, and appear as if they resulted
from a single point source of approximately radial out-
flow. As the line of sight approaches the nucleus it fails to
intersect all the cones, leading to a flattening of the profile
due to a relative depletion in the dust column density
near the nucleus.

Thomas and Keller (1990) used the azimuth-integrated
intensity in HMC images to infer the surface integral of
dust over a closed volume surrounding the nucleus,
which by Gauss’ Law measures the sources enclosed in
the volume. The behavior of the azimuth-integrated in-
tensity in function of p indicates that an increasing Gaus-
sian volume encloses an increasing source, and they ar-
gue that particle fragmentation in the outflow accounts
for the extra source. Thomas and Keller (1991) have also
compared HMC observations with measurements by
other Giotto instruments and placed constraints on the
optical properties of the dust, the total dust production
rate, and the dust-to-gas ratio. They estimated a maxi-
mum observed optical depth of about 0.4, measured
transverse through the brightest jet.

The appearance of the jets was investigated by Reit-
sema et al. (1989), who found the Giotto HMC coma
images could be well fit with three jets of Gaussian angu-
lar cross section, and that about 26% of the coma bright-
ness was due to an unstructured dust background. They
used the dust jet distribution as a diagnostic of collima-
tion and lateral dispersion of outflow. Kitamura (1986)
modeled a hydrodynamic, time-dependent axisymmetric
dust—gas jet and found that the jet develops a hollow
cone structure. Kordsmezey and Gombosi (1990) used a
dust—gas hydrodynamic model to establish to relation be-
tween jet strength and opening angle and explore related
jet variation with respect to time. They found the jet
structure varied with the amount of dust production, and
that a subsolar dust spike forms if there is sufficiently
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strong emission. Kitamura (1990) modeled the interaction
between two jets, determining shock formation between
the colliding jets, and he speculated on optical signatures
of the shock waves in scattered light from the dust.

Quite recently, Weaver er al. (1992) have used the
Hubble Space Telescope (HST) to record high spatial
resolution images of Comet Levy 1990c. The resolution is
much lower than that of the Giotto HMC: pixel size is
about 78 km in the image plane, so the nucleus is not
resolved, but the images reveal details of the inner coma
and its evolution in time. Two sets of photographs taken
6.5 hr apart show an arc of dust propagating outward
through the sunward portion of the coma. There was a
broad, approximately axisymmetric, sunward dust emis-
sion feature; and the radial intensity profile followed the
e~ law.

On greater length scales, dust is blown antisunward by
radiation pressure, and comas are approximately parabo-
loids about the nucleus (the fountain model}. Eddington
(1910) discussed qualitatively the coma appearance on
this scale. Isophote patterns for fountain models have
been studied by Mokhnach (1938, 1958a,b), and Wallace
and Miller (1958): for isotropic constant-speed emission,
the density integrated along the line-of-sight varies as
p~ !, and the intensity follows this profile, just as for the
spherically symmetric coma discussed above. More re-
cently Sekanina (1987) has developed an elaborate nu-
merical model which simulates large scale coma images
for dust emission from a rotating nucleus. On this scale,
light scattering can be treated with great simpiifications
over our work, but Sekanina has demonstrated the utility
of coma image simulation for understanding nucleus
emission.

In addition te radiation intensity, measurement of opti-
cal polarization has proven to be a tracer for coma dust
properties. Using @ and U to denote the linear polariza-
tion parameters, and V the circular polarization parame-
ter, the degree of polarization, (/2 + @F + V)], is
scaled to eliminate sharp gradients present in the inten-
sity (Eaton et al. 1991). Detailed intensity and polariza-
tion maps of the near-nucleus region (r < 3400 km) of
Comet Levy 1990c have been made by Renard et al.
(1992). In accord with earlier studies (Dollfus and Suchail
1987, Eaton er al. 1988) they find polarization varies
when jets are present, with polarization a maximum in
the jet at 500-1000 km from the nucleus. Renard et al.
interpret these results as showing the physical properties
of the dust change during outflow. Sen er al. (1990) sug-
gest a tack of polarization observed near Halley’s nucleus
may be due to multiple scattering effects of fresh dust
ejecta. Metz and Haefner (1987) also suggest that multi-
ple scattering prevailed near the nucleus during their
March 1986 observations of circular polarization at
Comet Halley.

To date, light-scattering effects related to wide-angle
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c¢oma imaging have been discussed only in qualitative, or
approximate terms. Most image analysis considers only
single-scattered light, and often neglects line-of-sight at-
tenuation. Line-of-sight attenuation will deplete the ob-
served intensity, especially near the nucleus where the
greatest optical depths occur. Multiple scattering of light
will enhance the intensity, again preferentially near the
nucleus, acting as a ‘‘source’ in the Gaussian volume
considered by Thomas and Keller; it may also brighten
jet features. Multiple scattering may explain the observed
depletion in polarization near the nucleus during out-
bursts and in the presence of jets. So far no one has
quantified multiple scattering in image interpretation.
Both line-of-sight attenuation and multiple scattering will
depend strongly on viewing geometry.

1n order to model coma radiative transfer we have de-
veloped a multidimensional numerical successive ap-
proximation solution for the multiple scattering of light in
an axisymmetric atmosphere (Chick and Gombosi 1992,
hereafter Paper I). We apply it here to the simulation of
images taken by a near-flying satellite such as Giotto or
by general wide-angle imaging techniques. The calcula-
tions provide insight into light scattering and viewing ge-
ometry effects in the imaging of comets. They will also
provide a tool to relate flow patterns from dust-gas hy-
drodynamic modeling of comas to observations (for sam-
ples of such modeling see Gombosi et al. 1986, Kitamura
1986, 1990, Korosmezy and Gombosi 1990, Konno et al.
1992).

2. THE MODEL FOR LIGHT SCATTERING

The numerical successive approximation solution for
the multiple scattering of light has already been described
in Paper I; we summarize briefly the outstanding features
and the details unique to the image simulation. The coma
is assumed to be a spherical shell of radius ry,,, centered
about a spherical nucleus of radius R. We have taken the
nucleus' albedo to be zero, which should be a good ap-
proximation (see for example Keller et al. 1987). The
model coma and the coordinate system are shown in Fig.
1; position 1s r(r, #); direction is 2(®’, &), where O’ and
@' are the direction angle and azimuth, respectively, in
the spherical reference at r. For consistency with Paper I
we have denoted the direction coordinates in this refer-
ence with a prime. Due to axisymmetry, the position azi-
muth, ¢, never appears explicitly in the solution. Parallel
solar rays are incident from the direction £, = —e, in Fig.
1, described by J(rp.x, 6, £2) = 7858:(42 - £&) for 8 such
that £ - e, < 0, where §; is a two-dimensional delta
function and § is the solar constant. We simulate both a
spherically symmetric coma and a coma with a sunward,
axisymmetric dust distribution at the subsolar point.

In the absence of external forces, constant isotropic
dust ejection from a point source (or constant radial out-
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FIG. 1.
and direction is §X©°, @) in the spherical reference at r.

The model coma and coordinate system. Position is v{r, 4),

flow uniformly over the nucleus surface) yields a spheri-
cally symmetric coma, with an extinction coefficient

atr) = K70, (1)

r2

The extinction coefficient is related to the dust cross sec-
tion for scattering and absorption, o, and the number
density of dust, n, by @ = no. We assume the cross
section o is constant throughout the coma. The charac-
teristic optical depth in the radial direction from the sur-
face to infinity is 7. The r~2 form follows either from the
analysis of Mokhnach (1958b), or by invoking the conti-
nuity equation.

To simulate a coma with an axisymmetric dust jet, the
extinction coefficient is parameterized as

alr, ) = R—;E (X — 1) exp(—6*/W?) + 1], (2)

where # is position angle measured off the subsolar point,
X is the jet strength, and W is the angular width (Kita-
mura 1986). This parameterization superposes a Gaus-
sian cross section jet over a spherically symmetric back-
ground, of characteristic depth 4. For comparison to the
work of Thomas and Keller (1990}, we note that this pa-
rameterization is consistent with a constant radial out-
flow of dust over the nucleus surface at r = R, with
variation in source strength, ¢, with angle off the subso-
lar point. This can be seen by assuming constant radial
flow, and considering the continuity equation

V.pv= %% (rn(r, 8)) = QB)S(r — R), (3)
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where v is the radial speed, and Q is measured in particles
sec~! area™!. Integrating with respect to r,

n(r, 8)

2
- BB @
vr

If we convert the number density to an extinction coeffi-
cient as in Paper I, we arrive at Eq. (2).

Reitsema et al. (1989) noted that the width W should be
sensitive to the dust size distribution and to tangential gas
flow out of the jet; large particles should be concentrated
in the center of the jet, smaller particles in the wings.
Reitsema et al. found the jets observed by Giotto HMC
were well-fit by Gaussian cross sections, W = 50°_85°
(although they consider a cone of dust emission with its
vertex at the surface). Hubble Space Telescope images of
Comet Levy 1990c also indicate this axisymmetric Gaus-
sian parameterization is realistic, with W = 135° (Weaver
et al. 1992). We also simulate a hollow cone of emission
at the subsolar point by replacing # in Eq. (2) with 6 — 6.,
where 6. is the opening angle of the cone edge.

The specific intensity of light is

Splr, 026}

I, ) = S78,(2 - Dy)e o

+ J’sb{r,ﬂ] ds e—fﬁa(r—:'ﬂ) ds’ O!(l‘ - Sﬂ)h I
9 47 4n

dQ'P(2 - )I(r — 542, £2), (5)

alr—sily) s

where \ is the single-scatter albedo; P is the phase func-
tion, parameterized by the Henyey-Greenstein function
(see Paper 1), where g is a parameter (0 = g < 1) charac-
terizing the forward peaking of the phase function with
scattering angle, g = (1 is isotropic scattering, and g - 1
is complete forward scattering. The path length from po-
sition r to the boundary of the domain in direction — 42 is
sp(r, £2); an explicit formula is given in Paper L. The pa-
rameters i, P, and « are taken to represent an average
over dust size distribution and wavelength of light; A and
P are assumed to be constant throughout the coma. To
solve for the specific intensity, we discretize in position
and define discrete ordinates in direction. f(r, £2) is de-
composed into unscattered light, [y, single scattered
light, f,, and light scattered two or more times, I»;. The
unscattered and single scattered light is found by numeri-
cal evaluation of analytic solutions. Light scattered two
or more times is determined by successive approximation
(**lambda iteration’) to an equation in the form of Eq.
(5).

To construct an image for an arbitrary viewing position
external to the coma, we must interpolate values of the
specific intensity of diffuse light emerging from the atmo-
sphere. The computed values are available at positions
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FIG.2. Toconstruct an image, we interpolate the computed specific
intensity emerging at the top of the coma.

{(rmax, 6:): k = 1, K} in directions {(@/, ¢/): i = |, N, j =
1, M}. Referring to Fig. 2, for each ©; < /2 we scan
through observation azimuth @ at arbitrary values, 0 <
®" < 7. At each value of ®", we determine the position
angle of emission 8, and the direction azimuth &', A sin-
gle point in a simulated image is thus {rg,,, 8, ©;, ®'},
and is found by interpolating the numerical solution on
the f-angle grid, and interpolating in direction azimuth,
@', Details on the computation are given in Appendix A.

3. IMAGE SIMULATION RESULTS

We present simulated observations of the total diffuse
specific intensity, 7, + I.,, for an observer located at a
distance rq = 1000 comet radii from the center of the
comet, for varying Sun—comet—observer phase angle, 6;.
The false-color plots are intended to show the qgualitative
bright and dark features of the image; the reddish color
was included only to enhance the appearance. Incident
solar rays arrive from the left in the diagrams. The nu-
cleus is at the center of each diagram and has unit radius,
For each phase angle, we also show the corresponding
cross sections of the specific intensity along the ¥y = 0
(Sun-comet) axis of the images. The total diffuse specific
intensity is shown in solid circles at each discrete direc-
tion angle ; in the cross section, and the corresponding
single scattered component, I, is shown with an open
circle.

There is a discontinuity in the image when the line of
sight is tangent to the nucleus. This discontinuity was
noted by Hellmich and Keller (1981; see their Fig. 5 for
7o = (.6). In general high-curvature effects appear in the
solution near this discontinuity, and many discrete ordi-
nates are required to accurately resolve the abrupt curva-
ture. The discrete ordinate scheme concentrates several
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ordinates with lines-of-sight just off the limb in the high
curvature region, a few ordinates with lines-of-sight into
the nucleus, and the rest distributed over the ‘‘open
sky.” We have used an azimuthal quadrature order of 7
for these diagrams, with azimuth ordinates ®; concen-
trated on the sunward half of the image. The left (sun-
ward) portion of the cross section plots corresponds to
&3 = 7, and the right (antisunward) portion to ®; = 0.

To determine sufficient discrete ordinate resolution we
gradually increased the quadrature order until all limb
curvature effects appeared to be resolved in single-
scattered images, and used these ordinates for the I.,
iteration. This approach is not completely satisfactory
because curvature and slope increase in the ., iteration,
but do not appear to change the result significantly. At
worst, it appears that in some cases we cannot distin-
guish a jump discontinuity from a very sharp but con-
tinuous fall-off in intensity across the nucleus’ limb, or a
continnous cusp at the limb.

3a. Simulated Images of a Spherically
Symmetric Coma

We first show simulated images for a spherically sym-
metric coma, Figure 3 is for a ¢coma of characteristic
optical depth 7o = 0.5, and Fig. 4 is for 7 = 3. For
calculation of [, the coma was truncated at r,, = 35
comet radii for 7o = 0.5, and the code was run for five
iterations. For the case 74 = 3 the coma was truncated at
Tmax — 100 comet radii, and the code was run for 11 itera-
tions. Optical properties for Figs. 3 and 4 are chosen to
maximize all scattering effects. The single scatter albedo
is A = 1, which puts an upper limit on multiple scattering
effects. The Henyey—Greenstein phase function parame-
ter is g = 0, corresponding to isotropic scattering. This
also maximizes scattering effects, since forward-
scattering will tend to transport light directly through the
coma with less spatial or directional redistribution. 1n
Figs. 5 and 6 we investigate the effect of forward-scatter-
ing,

In Fig. 3a the phase angle is 8, = 0°, opposition, so the
Sun is directly behind the observer and we see backscat-
tered light, “‘Isophotes’ are circular about the nucleus.
The nucleus appears as a dark disk in the center of the
image. The light arriving from just off the limb is the
brightest portion of the image due to a maximum number
of scattering sites along the line-of-sight, an exaggerated
limb brightening effect. Referring to the y* = 0 cross sec-
tion for this image, we see this effect is accentuated in the
multiply scattered component, [.;. As the line of sight
passes from the limb to the center of the nucleus the
signal is increasingly depleted since the decreasing opti-
cal depth supplies fewer and fewer scattering-sites.

In Fig. 3b the phase angle is 8; = 45°. A bright ¢crescent
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of light forms on the sunward (left) side of the image. The
radiation field changes abruptly across both the sunward
and antisunward limbs. This variation is sharpened in the
multiply scattered components. The antisunward nucleus
edge, especially, is just barely resolvable in the single
scattered field, but appears as a strong discontinuity in
the multiply scattered light.

Figure 3¢ demonstrates the simulated image at phase
angle #y = 135°. Again there is a bright crescent on the
sunward limb of the nucleus which peaks before the limb,
and drops sharply across it. The nucleus appears rela-
tively darker than its surroundings compared to Fig. 3b
because it blocks some sunlight. The shadow swept out
by the nucleus is apparent in the antisunward portion of
the coma in the false-color plot.

The cross section plot for 8 = 135°, Fig. 3¢, shows that
the antisunward Hmb is resolvable as sharp trough in the
intensity. There is a peak of scattered light distinctly be-
vond the antisunward limb. This is explained by noting
that the dust scattering sites act both as a source of scat-
tered light and as a line-of-sight attenuation, and as the
line-of-sight’s tangent point approaches the limb, the
concentration of scattering sites increases. As the line-of-
sight approaches the nucleus through shallow optical
depths to within about 2 comet radii off the antisunward
limb, the net effect is to sample an increasing ‘‘signal’,
so the image brightens. Within 2 comet radii the optical
depth becomes deep enough that the net effect is attenua-
tion, and the image is increasingly dimmed. This effect
may be present in Keller and Thomas’ ({989) analysis of
the antisunward limb of Halley (see their Fig. 2).

Figure 3d shows the simulated image for phase angle
6, = 180°, with the comet nucleus eclipsing the Sun. The
single-scattered component shown in Fig. 34 is discontin-
uous across the limb, dropping to zero behind the nu-
cleus, but the multiply scattered component /., fills in the
gap. The brightness peaks distinctly beyond the limb,
again showing that as the line-of-sight optical depth in-
creases there is a trade-off between the role played by the
scattering sites as sources and as attenuation. Also, this
brightness peak is again sharpened in the multiply scat-
tered component.

Figure 4a shows a spherically symmetric coma, 7o = 3,
viewed at opposition, phase angle 6, = 0°. The top cross
section shows the whole domain and the lower is a blow-
up of the near-nucleus region. The jump in intensity
across the limb is less dramatic than in Fig. 4a, and the
nucleus is barely resolvable, due to obscuration by dust.
The center of the image has an intensity peak: compared
to Fig. 3a, optical depths are now large enough on both
sides of the limb that line-of-sight attenuation dominates,
and there is a slight trough in the intensity at the limb.

The peak in intensity in the center of the image is still
apparent at §, = 45° in Fig. 4b. The variation in /; is
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almost smooth, but the multiply scattered component ac-
centuates jumps across the limbs, so the nucleus can be
resolved. The extent of the bright sunward crescent is
increased over Fig. 3b. At 8, = 135°, Fig. 4c, the nucleus
is a dark disk silhouetted against the coma. A bright max-
imum forms distinctly to the left of the dark disk,
whereas in Fig. 3c a bright crescent formed at the left
disk edge.

At 8y = 180°, Fig. 4d, the nucleus again eclipses the
Sun. The antisunward shadow is illuminated purely by
multiply scattered light, and the high dust density for this
case allows light to ““migrate’” into the region after many
scatterings. Scattered light filis in the antisunward
shadow, and the shadow cast by the nucleus appears
much brighter than in Fig. 3d. The total number of nu-
merical iterations represents an average number of pho-
ton scatterings before emergence from the domain, there-
fore the solution converges very slowly in the
antisunward shadow. Bright intensity peaks form well
beyond the limb, with line-of-sight attenuation of incident
sunlight the dominant effect in the long optical depths
within 4 comet radii of the limb.

Micrometer-sized dust particles typical of comas
should scatter light preferentially in the incident direc-
tion, so in Figs. 5 and 6 we compare images with isotropic
scattering, g = 0, and forward-scattering, g = 0.75. The
coma is spherically symmetric, of optical depth =y = 1. In
Fig. 5 we compare y' = 0 cross sections of simulated
images at 0, = 45°. At this phase angle light must be
reversed from its incident direction through 135° in arder
to reach the observer; isotropic scattering does this more
efficiently than forward-scattering, and thus gives a much
brighter image. For g = 0.75, a larger fraction of the
intensity is due to JI-,, because in order for the light to be
reversed in direction it must be scattered many times,

A forward-peaked phase function allows scattered light
to follow its initial direction more closely, and light pene-
trates efficiently through the coma. In Fig. 6, we consider
phase angle 8, = 135°, where we observe light coming
from near the incident direction; thus the image is much
brighter for g = 0.75 than for g = 0. For g = 0 the
multiply scattered intensity peaks beyond the sunward
limb; the image is dimmed close to the limb where light is
scattered out of the incident direction by the highest opti-
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cal depths. For g = 0.75, the same optical depths at the
limb present little attenuation, and intensity peaks at the
limb.

We believe that our results for g = 0.75 are qualita-
tively correct, but it is difficult to be certain of the accu-
racy. The “‘triple-Gauss’’ quadrature scheme we use for
direction angle ' (described in Paper I) allows us to
resolve the abrupt variation in the intensity near the nu-
cleus; however, it does not yield an accurate evaluation
of the scattering integral in Eq. {5) when the phase func-
tion is strongly forward-peaked. This problem is dis-
cussed by Lewis and Miller (1984). Tests we have per-
formed on our code indicate the results should be
accurate for g = 0.5; more testing is needed for g > 0.5.

Thus comparing images of shallow and deep spheri-
cally symmetric comas under high scattering conditions
shows the nature of multiple scattering around the nu-
cleus, and the discontinuities that occur in the solution at
the nucleus limb, extending the visibility study of
Hellmich and Keller (1981). In the optically shallower
case (g = 0.5), bright crescents form at the limb of the
nucleus, and there is an abrupt jump in intensity across
the limb, so the dark nucleus edge is visible. Multiply
scattered light tends to enhance the crescent that forms
on the sunward edge of the nucleus and sharpen the sil-
houette of the antisunward edge.

The overall pattern of a dark disk with bright maxima
just beyond the limb is in qualitative agreement with the
isotropic scattering results of Adams and Kattawar (1978)
and the forward-scattering results of Kattawar and Ad-
ams (1978}, both based on a Monte Carlo approach. They
plotted ‘‘radiance vs nadir angle’” for a constant-density
spherical shell atmosphere, 79 = 0.25 and 7, = 1, but with
fmax = 6471/6371 =~ 1.016 earth radii. A discontinuity
across the limb (or horizon) is not apparent in their plots;
their model atmosphere may be such that this effect is
smoothed out, although the ““precipitous fall”” Kattawar
and Adams (1978) note in their **radiance vs height distri-
bution’” plot hints at this property (see their Fig. 7a).

In the optically deeper coma (ry = 3), long optical
paths obscure the nucleus and smooth out the intensity
discontinuities across the limb; the nucleus is outlined by
a shallow trough in intensity rather than an abrupt jump.
High scattering conditions lead to an apparent brighten-

FIG, 3,

Symmetric coma, 7o = 0.5, for varying phase angle. (a) 8, = 0°: The Sun is directly behind the observer and we see backscattered light.

“Isophotes”’ are circular about the nucleus, and limb brightening is evident. (b) #; = 45°: A bright crescent of light forms on the sunward side of the
image. The abrupt jump in intensity across the limbs of the nucleus is enhanced in the multiply scattered component. {c) 8, = 135°: The nucleus
appears relatively darker than its surroundings because it blocks some sunlight. (d) 8, == 180° The nucleus eclipses the Sun.

FIG. 4. Symmetric coma, 7o = 3, for varying phase angle. (a) 8, = 0°: Obscured by dust, the nucleus is barely resolvable, and the center of the
image has an intensity peak. (b) 8, = 45°: Variation in the [, component in almost smooth across the limbs, but jumps in intensity develop in the 7.,
component. (c) §; = 135° A bright maximum forms distinctly to the fefl of a dark disk; the nucieus casts a shadow in the right-hand portion of the
image. (d) 8, = 180°: The nucleus eclipses the Sun. Scattered light fills in the antisunward shadow.
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FIG. 5. Comparison of isotropic (top) and forward-peaked scatter-

ing (bottom) for §, = 45°. Isotropic scattering reverses photon direction
efficiently and gives a brighter image. For forward-scattering, a larger
fraction of light is due to [.,, since photons must be scattered many
times for their direction to be reversed.

ing of the nucleus center, and bright maxima in the image
which are distinctly separate from the nucleus. A sym-
metric coma is unrealistic for Giotto HMC imaging of
Halley, however, and the next sequence of images shows
a model designed to approximate the Giotto viewing con-
ditions.

3b. Simulated Images of a Coma with an Axisymmetric
Dust Jet

The simulated images in Fig. 7 show a coma with an
axisymmetric dust jet of width W = 0.3 radian extending
in the sunward direction from the subsolar point, Its
strength is X = 14.0, and the background optical depth
7o = 0.05. The transverse optical depth through the coma
on a line-of-sight passing just off the subsolar point is 7 =
0.5 when viewed from 8, = 90°. This is a chosen in view
of Thomas and Keller’s recent estimate of the maximum
optical depth observed by Giotto HMC of about 0.4
(Thomas and Keller 1991). In this case, the coma was
truncated at rma, = 15 comet radii for calculation of /..
We again set g = 0 and A = 1 to put an upper limit on
scattering effects. The jets observed by Giotto are not
exactly at the subsolar point and may project toward the
camera. We cannot reproduce this effect exactly with an
axisymmetric jet, but by viewing an axisymmetric jet at
two phase angles, we can qualitatively investigate scal-
tering effects present in the images.

For Fig. 7a, 8; = 45°, the jet projects out toward the
observer, and the specific intensity builds to a peak near
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the sunward limb. We cannot see the nucleus edge in the
center of the jet because it is obscured by scattered light.
In Fig. 7b, the phase angle is 6 = 107°, corresponding to
the Giotto phase angle at the time of the HMC imaging.
The sunward edge of the nucleus is visible as a sharp
jump in intensity across the limb. In both images the dark
antisunward edge of the nucleus is silhouetted against a
relatively bright antisunward coma. Since the coma is
very tenuous antisunward of the nucleus, there is no de-
tectable intensity peak beyond the antisunward limb (as
there was in the spherically symmetric comas of Figs. 3
and 4).

For comparison we also show several stronger jets.
Figures 8, 9, and 10 show jets of transverse optical depth
t=1,7=2,and r = 3, respectively. The strengths are
X = 33,70, and 108, respectively. In Fig. 8, for both 6, =
45° and g, = 107°, the intensity builds to a peak at the
sunward limb. As the intensity of the jet increases, this
maximum separates from the limb and moves sunward, it
becomes difficult to distinguish a jet projecting toward
the observer from one projecting away, and the nucleuns
edge is not sharply silhouetted at 6y = 107°. For r = 3,
Fig. 10, the intensity maximum in the jet is clearly dis-
tinct from the limb. The magnitude of the peak brightness
in the image increases significantly between the + = 0.5
and 7 = 1 cases (by about 25% at 8, = 45°, and the
fraction of light in the maximum due to I.., als¢ increases
between these two cases. With increasing jet strength,
r = 2 and 7 = 3, the spatial extent of the illuminated
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FIG. 6. Comparison of isotropic (lop) and forward-peaked scatter-
ing (bottom) for §; = 135°. For isotropic scattering, the image is dimmed
close to the limb. Forward-scattering allows light to penetrate effi-
ciently through even the deepest portion of the coma, and brightness
peaks at the limb,
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ction

FIG.7. Simulated images of a coma with an axisymmetric dust jet; transverse optical depth = = 0.5. (a) 8, = 45°: The jet projects out toward the
observer. The nucleus edge in the center of the jet is obscured by scattered light. (b) 8, = 107°: The jet projects away from the observer, and the
sunward edge of the nucleus is visible as a sharp jump in intensity across the limb.

FIG. 8. Simulated images of a coma with an axisymmetric dust jet; transverse optical depth r = 1. (a) 8, = 45°: The magnitude of the brightness

peak in the center of the jet increases by about 25% over the 7 = 0.5 case. (b) 6, = 107°: As in Fig. 7b, brightness peaks at the limb, sharply
delineating the nucleus edge.
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FIG. 9. Simulated images of a coma with an axisymmetric dust jet; transverse optical depth r = 2. (a) 8, = 45°: The magnitude of the brightness
peak in the center of the jet decreases slightly from the 7 = 1 case. (b) 8y = 107°: The brightness peak separates from the limb and moves sunward.

FIG. 10. Simulated images of a coma with an axisymmetric dust jet; transverse optical depth 7 = 3. (a) 8, = 45°; The magnitude of the brightness
peak in the center of the jet continues its gradual decrease from the 7 = 1 case. (b) 8, = 107°: The brightness peak is now far to the left of the limb
and it is difficult to distinguish a jet projecting toward the observer from a jet projecting away. The nucleus edge is no longer sharp.

)
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portion of the image increases, but the peak brightness
actually decreases slightly from the r = [ case.

The overall appearance of the jets resembles those ob-
served by the Giotto HMC., In all cases multiple scatter-
ing is significant only near the base of the jet on the
sunward limb of the nucleus. With the high-scattering
A = 1, light scattered two-or-more times accounts for
about 10-15% of the signal for X = 14 (+ = 0.5), and
about 30% for X = 108 {r = 3). Multiple scattering does
not accentuate bright/dark features as it does in the opti-
cally deeper symmetric comas of Figs. 3 and 4. Thomas
and Keller are justified in neglecting multiple scattering in
their image analysis, especially since A may be considera-
bly less than 1. In view of our resuits the jets observed by
Giotto appear rather dim if their transverse optical depth
is on the order of 1/2: the strongest part of the jet was
only 50% brighter than the surrounding nucleus (Keller et
al. 1987), which supports the idea of dark, low-scattering
material. The jets observed by Giotto appear more con-
centrated and collimated, indicating the model jet we
have used might be replaced with a cone of emission at
the nucleus surface; we address this in the next section.

3c. Simulated Images of a Hollow Cone of Emission
Centered at the Subsolar Point

Both Kitamura (1986) and Kordsmezy and Gombosi
(1990) found time-dependent hydrodynamic flow proper-
ties which tend to “‘hollow out’ an axisymmetric dust
jet. To model this phenomenon, we modified the extinc-
tion profile in Eq. (2} by replacing 8 with § — 8. This
makes a conical sheli of dust about the subsolar point,
with opening angle 8.. We set 8, = 0.5rad = 28°, W= 0.1
rad, X = 10, and 7y = 0.05. The grey-scale images in Fig.
11 demonstrate that the appearance of the coma is very
sensitive to viewing geometry. In Fig. 11a, 8, = 25°, the
observer is just ‘‘inside’’ the cone. We see a bright cone
edge to the right of the dark subsolar point. In Fig. 11b,
fy = 45°, and we are now ‘‘outside’’ the cone; the base of
the cone gives a bright ‘‘double-flare’” structure. In Fig.
lic, 8o = 90°, the conical structure is most evident, In
Fig. 11d, 64 = 135°, the cone structure is lost, and we see
a uniform band of light on the left limb.

The results for 8; = 90° appear strikingly similar to the
HMC image of Halley’s ‘‘morthern area of activity,”
shown (for example) in photographs in an article by
Thomas and Keller (1987). In that article Thomas and
Keller consider the possibility that the ‘‘northern area”
was the hollow cone predicted by hydrodynamic simula-
tions, but argue against its presence in the images. There
were filaments of dust which emanated from at least four
small sources near the base of the “‘northern area.”
Thomas and Kelier suggest that these filaments merge
into the outflow and appear as streaks which give the
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impression of a single hollow cone; but they acknowledge
their argument is not conclusive.

4, SIMULATIONS OF AZIMUTH-INTEGRATED
INTENSITY

The jets observed by Giotto HMC appear as overlap-
ping cones of emission, and Huebner et al. (1988) showed
that viewing geometry of the complicated surface emis-
sion can account for the observed deviation from p~!
slope in intensity, Thomas and Keller (1990) considered
the integral of the observed intensity over viewing azi-
muth @ for a given line-of-sight impact parameter p,
multiplied by the impact parameter: in our notation,

Z=p[ "+ 1Ly do. ©)

Thomas and Keller called Z/(27) the ‘‘azimuthal average
intensity.’’ They derived an approximate relation be-
tween Z and the surface integral of dust flux over a Gaus-
sian volume enclosing the nucleus: again in our notation,

#;m'-dsot(vcosx)z ¥}

where v is the speed of the dust, and x the angle between
the dust velocity and the surface normal of a *‘view
cone”’ (see Appendix B). By examining the quantity Z for
Giotto HMC images, and making heuristic arguments
about the spatial behaviour of (v cos y), Thomas and
Keller used Eq. (7) to put constraints on the viewing
geometry effects discussed by Huebner et af., and sug-
gest that the depletion of intensity near the nucleus can-
not be accounted for exclusively by such effects.

In Appendix B we summarize the argument made by
Thomas and Keller, and clarify some points, Impact pa-
rameter p characterizes the size of a volume enclosing
the nucleus in Eq. (7}, and by Gauss’ Law, if dust parti-
cles are not born in the outflow (i.e., by fragmentation),
the product {r cos x) Z should be constant with p. Obser-
vations from Giotto HMC data indicate the quantity Z is
constant beyond about 100 km of the nucleus, but de-
pleted near the nucleus (see Thomas and Keller 1990,
Fig. 6). Regardless of the angle-dependence of the sur-
face source, if dust particles follow constant-velocity ra-
dial trajectories, the term {v cos x) will be nearly con-
stant; this should be its background and asymptotic
behavior. Thomas and Keller examine possibie dust ac-
celeration mechanisms and argue that net acceleration
effects should either not significantly increase (¥ cos x)
near the nucleus or decrease it. They argue, therefore,
that the extent to which Z is depleted near the nucleus
indicates particle fragmentation is occurring in the out-
flow.
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C Comet Rad d Comet Radii
FIG. 11. Simulated images of a coma with a conical shell of dust about the Sun—comet axis. {a) 8, = 25° The opening angle of the dust cone is

28°, so the observer is “‘inside’’ the cone. The dark nucleus is visible in the center. (b) 8, = 45°: The observer is “‘outside’” the cone of dust. (c) 8, =
90°: The cone is viewed from the side, and resembles the *‘northern area of activity” observed at Halley by the Giotto HMC. (d) §, = 135°: The cone

appears as a bright band, and its structure is not visible.

Most of Thomas and Keller’'s analysis assumes opti-
cally tenuous conditions, where line-of-sight attenuation
and multiple scattering can be neglected. We investigate
the extent to which deviations from the unattenuated sin-
gle scattering approximation, Eq. (B2) in Appendix B,
will affect the measure of Gauss’ Law. Line-of-sight at-
tenuation will deplete the azimuth-integrated intensity,
and multiple scattering will enhance it, acting as an effec-
tive source in the Gaussian volume analysis. To give a

precise quantification of these effects, we calculated Z
for our model comas.

Figure 12a shows Z for the spherically symmetric coma
of g = 1,2 =0, A = [, observed at §;, = 90°. Again, this
case accentuates all transport effects. The single-scat-
tered light, shown in open circles at each direction angle
ordinate, shows the effect of strong line-of-sight attenua-
tion near the nucleus. At this high optical depth, the over-
all depletion in the single-scattered light for the points
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FIG. 12. The quantity Z = p X (azimuth-integrated intensity), plotted versus p.

necarest the nucleus limb in the image reaches about 75%.
The total scattered light, [} + 7.,, is enhanced over the
single scattered light near the nucleus. Far from the nu-
cleus the I, component becomes dim and the single scat-
tered light accounts for an increasing fraction of the
signal. With decreasing line-of-sight attenuation the
quantity tends asymptotically to the constant value im-
plied by Eq. (B3).

Figure 12b shows Z for the more realistic axisymmeltric
dust jet case, for the conditions described in Fig. 7. With
a transverse optical depth of 0.5, there is less dust
present around the nucleus than in the spherically sym-
metric coma of Fig. 12a, and both line-of-sight attenua-
tion and multiple scattering are greatly reduced over the
spherically symmetric case. Both effects are apparent
only very near the nuclteus. For the peints nearest the
nucleus limb in the image plane, the overall depletionin /,
is almost 309%. Recalling Egs. (2)-(4), the jet model is
equivalent to constant-speed radial outflow from & point
source (with angular source variation), and as discussed
in Appendix B, {cos x) is virtually constant for these
conditions. With increasing p, line-of-sight attenuation
diminishes, and the I»; component becomes negligible.
The quantity Z is then well-approximated with unattenu-
ated single-scattered light, and is proportional to pd®" [
nds, which is constant, due to its relation to a Gaussian
integral enclosing a constant source, as described by Eq.
(B8) in Appendix B.

There is no question optical depth attenuation can ac-
count for the general shape of the observed profiles (com-
pare Thomas and Keller 1991, Fig. 4). We show that for
an idealized jet with transverse optical depth of 1/2, a
30% depletion can be accounted for; whereas the ob-
served depletion is only about 20%. However, Thomas
and Keller (1991) argue that Giotto in situ measurements
combined with HMC images prove optical depths are

insufficient to account for the observed depletion by a
factor of 2.

Our results quantify multiple scattering as a source of
light which decreases with p; multiple scattering there-
fore tends to steepen the slope of the azimuth-integrated
intensity rather than flatten it. Our results also give an
exact calculation of the attenuation of the single-
scattered light, which does tend to flatten the slope. The
significance of multiple scattering and attenuation de-
pends on the optical depth of the coma, The multiple
scattering effects will also depend strongly on the scatter-
ing properties of the dust grains.

5. DISCUSSION

Our results give a survey of light scattering effects
present in near-nucleus inner coma imaging. Multiple
scattering will brighten jet features and may silhouette
the antisunward limb. Exaggerated limb brightening ef-
fects occur for optically deep comas. The optical depth
for the model jet in Fig. 7 is small enough that no dra-
matic effects are present, which reinforces Thomas and
Keller's analysis. The maximum optical depths observed
by Giotto HMC are well constrained as being less than 1
(Keller et al. 1987); Thomas and Keller (1991) estimate an
optical depth of 0.4 transverse through the base of the
brightest jet, but they point out that if the fly-by had
occurred a day later the nucleus might not have been
visible due to an outburst. So although the dramatic ef-
fects we show for symmetric comas of 7y = 0.5 and 3 are
probably not present in Giotto HMC images, our ap-
proach should be useful for futore comet observations.

Multiple scattering effects will depend on the optical
properties, P, and especially A, of the coma material.
Divine et al. (1986) reviewed optical properties of comet
dust. Phase functions for comet dust are thought to be
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forward peaked (perhaps 0.5 = g = 0.8; see Divine et al.,
Fig. 20). They reported estimates of the single scatter
albedo which were uncertain, but quite absorptive, rang-
ing from A = 0.05 to 0.3-0.5. More recent work (Dollfus
1989, Mukai et al. 1987, 1991) suggests that scattered
light is determined by two separate types of particles:
large dark aggregate flakes, and tiny high-scattering
grains. Doilfus reviewed the polarization effects ob-
served in Halley’s coma; observations show a distinct
signature of fluffy, very dark aggregates of small parti-
cles, with the apggregated flake much larger than the
wavelength of scattered visible radiation, and the small
particles of which it is composed less than 10 wm in size.
Within 100 km of Halley’s nucleus, Dollfus reports the
coma was much more reflective, and the slope of polar-
ization with phase angle is altered; he explains this by
either a dense cloud of small grains or ice crystals. Mukai
et al. (1987) used polarization data to fit a refractive index
for coma dust of about (1, &) = (1.385, 0.035), which is
not necessarily absorptive, and may suggest an additional
presence of smaller grains with a higher-scattering na-
ture. Tiny grains may also dominate polarization during
outburst conditions, at large phase angles (80-110"
Dollfus 1989, Mukal ef al. 1991), and in jets (Eaton ef al.
1988, 1991). In support of a two-component dust coma,
Hanner and Campins (1986) interpret observed thermal
emission from comet Bowell as coming from large dirty
ice grains of low albedo and a component of scattered
light as coming from small cold ice grains of higher al-
bedo.

Questions remain concerning the appearance of the
jets in Giotto HMC images, modeling of particle evolu-
tion in the outflow, and related dust-gas flow in the
coma, such as near-surface tangential breezes and jet
structure. The Huebner et al. analysis of viewing geome-
try effects essentially assumes collisionless outflow: the
Jjets overlap but do not interact with each other. Kitamura
(1990) has modeled the three-dimensional hydrodynamic
interaction between coma jets with dust particle-size as a
parameter. The resulting jet structure depends on the
density of the background coma; in general the colliding
jets each have a hollow-cone structure. The cones are
separated by two shock fronts, with a sheet of com-
pressed gas between the fronts which may extend to 100
km from the nucleus. Small dust particles concentrate in
the compressed gas sheet and should leave a signature in
scattered polarized light.

Thomas and Keller's use of a Gaussian volume to dem-
onstrate the occurrence of particle fragmentation circum-
vents viewing geometry problems, but quantification of
variation of the term {» cos x) in function of p is very
difficult {(see Appendix B). Kitamura's work emphasizes
that the complicated acceleration of outflowing dust
should be modeled with a realistic hydrodynamic calcula-
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tion and a spectrum of particle sizes. A recent one-di-
mensional hydrodynamic model with dust fragmentation
by Konno et al. (1992} indicates an extremely high frag-
mentation rate would be required to account for the ob-
served deviations from a p~! dependence in the intensity
profiles; they conclude other processes must be at play.

Jet outflow from the nucleus surface will perturb a
comet’s orbit. The jets observed at Halley appeared colli-
mated; this collimation may enhance the efficiency of
momentum transfer to the nucleus {(Sekanina 1990). It is
not clear if jet collimation is an effect of surface emission
or if it occurs in the outflow. Kérésmezey and Gombosi
(1990) discovered a collimated spike which can form in a
jet due to dust—gas hydrodynamic effects. Jet activity
should lead to strong erosion of the nucleus at the vent
(Sekanina 1990), and emission from a deep vent might
also explain the collimation.

Three-dimensional dust—gas hydrodynamic models of
inner comas which include a particle-size cascade due to
fragmentation, and comet nucleus models, will provide
input for answering these questions. The images taken by
both the Giotto HMC and by Weaver et al. (1992) with
the HST indicate the axisymmetric jet model should be a
fundamental tool for future image analysis. The spheri-
cally symmetric model may be valid for new comets or
young comets either before a nonvolatile mantie de-
velops or following a purge (‘*blow-off "} of their mantle
(see for example the Rickman et al. 1991 model of short-
period comet aging). As demonstrated in the hollow cone
case of Fig. 11, the appearance of flow patterns can be
very sensitive to viewing geometry, and our code will
provide an essential link between dust-gas hydrody-
namic modeling of comas and observations.

6. CONCLUSION

We have applied the numerical solution of Paper 1 to
the simulation of images of a coma as it would appear to a
near-flving satellite such as Giotto. The appearance of
symmetric comas and dust jets was examined in detail,
nucleus visibility was studied, we considered the effect of
forward-scattering, and single- and multiple-scattering ef-
fects were quantified. We examined simulated images of
a coma with hollow cone of dust, as predicted by dust—
gas hydrodynamic modeling. The cone’s appearance was
very similar to the ‘‘northern area of activity’’ on Halley,
observed by the Giotto HMC.

Keller et al. (1987) and Thomas and Keller (1990) ne-
glected multiple scattering in analyzing Giotto HMC im-
ages, and our results confirm this approximation. The
magnitude of the scattering effects we have noted de-
pends on the optical depths and on the optical properties
of the scattering material in the coma. The optical depths
observed by Giotto at Halley were relatively thin, but
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during an outburst they should be much greater. The
results presented here indicate that in such an outburst,
multiple scattering might play a significant role within
about 10 comet radii from the nucleus. Estimates of a
single scatter albedo A for comet dust are quite low, but
strong evidence exists for at least some high-scattering
material in the coma.

We also quantified line-of-sight attenuation and multi-
ple scattering effects in the azimuth-integrated intensity
used by Thomas and Kelter (1990) to estimate dust parti-
cle fragmentation. We showed that line-of-sight attenua-
tion can easily account for general shape of the intensity
profiles observed by Giotto at Halley, but we must defer
to their arguments based on in situ measurements of Hal-
ley’s dust environment.

The image simulation code we have developed will be
an essential link between future dust-gas hydrodynamic
modeling of comas and observations. Working in axisym-
metric geometry allows great flexibility, and our ap-
proach should be useful for work related to Giotto HMC
images, interpretation of new imaging (such as the HST)
which might resolve comet nuclei, and any future comet
fly-by missions.

APPENDIX A: CONSTRUCTING AN IMAGE FROM THE
NUMERICAL SOLUTION

To simulate an image, we must interpolate the specific intensity em-
erging along discrete ordinates at the outer edge of the coma, r = rpy,,.
Referring to Fig. 2, the observation position is ry(ro, 8, 0). The discrete
ordinates are specified in the spherical reference at each position in the
coma; we denote this reference with a prime, so that a given direction
ordinate is £X®;, (Dj'). A few sample ordinates are shown emerging from
the top of the coma. For case in drawing, we suppress the third dimen-
sion by considering the special case where " = 0and @' = 0; as a
concrete example, the direction angle is chosen as ®' = @,. Coordi-
nates in the reference rotated to the observation point are denoted with
a double prime.

For each @ < 7/2, and every ®" (0 < ®" < 2), there is a position
Hrmax, 0, &) and direction 2(@;, &} = R(—¢) - R,(—8) - (@], D'} such
that r + s£2 = r, for some s. That is, a light ray originating at r in the
direction £2 intercepts ry and contributes to the image. In order to inter-
polate the intensity of this ray from our numerical solution, we must
determine ¢ and ¢'.

For a given ®, and ®" we proceed to find § and ®’. We first solve the
system

cos(@} = cos(8" — B])

Fo = Foax €05 6" + 5 cos O] (Al)
5 = rycos 0" — ryuy cos O
for s, cos @, and cos 8”. Then the relation
r(rmaxs 4, ¢) = R_v(_HU) * r(rm;\xs 6”; P — 77) (Az)

determines the position angles 8 and ¢ on the outer edge of the coma
where the observed light originates. For a given @", the appropriate
value of @' is determined from the relation
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R,(8) - R (¢} - w(rg, B, 0) = Trmex. 0, 0) + s4AB], 7).  (A3J)
To generate an entire image, for each 8] < «/2 we scan through the
image plane azimuth ®" at convenient values (such that 0 < & < 77, due
to symmetry). For each ®", we determine the position angle of emission
8, and the direction azimuth &’. A single point in a simulated image is
thus f(ro.. 8, ©/, @), it is found by interpolating the numerical solution
on the angle grid, #, and interpolating in direction azimuth, @'. The
point’s location in the image plane is x” = sin &’ cos(®” — ), ¥" = sin "
sin(®” — ), and the impact parameter, p, 15 approximately equal to
(x"Z + y’-’l)lﬂl.

APPENDIX B: EXAMINATION OF THOMAS AND
KELLER’S ARGUMENT FOR DUST FRAGMENTATION

As areference for future dust—gas flow modelling, we summarize and
clarify Thomas and Keller's argument.

(a) Idealized Intensity Profiles for Tenuous Conditions

Under optically tenuous conditions, single-scattered light should be a
good approximation for the scattered radiation field. The single-
scattered component at the observation point ry and in direction 2 is

S s L, . E s
I(rg, 2) = Iiiry, £} = 7 f(} ds e-Jrdsatn—s@ g-[3 dsain=sft-s'

AP(LY - e, — s4B. (B}
If we neglect all attenuation, assume the optical properties A, P, and &
are spatially constant, and substitute @ = no, we have

SA .
1, @) = =2 0P - ) fo ds niry — 590). (B2)

For a spherically symmetric coma, corresponding to constant radial
outflow from an isotropic source, and ¢y ® p, the integral in Eq. (B2) can
be approximated as (see also Eq. A2 of Paper [},

A% r%-p2

0 ds niry — 582

Iiry, ) =2 (%) a P(L) - L))

= pn- 0y (15—’—“) (B3
D
Therefore we expect that for constant radial outflow from an isotropic
source, the observed specific intensity will vary with impact parameter
as p~!. Giotto HMC line-of-sight intensities show a slope flatter than —1
near the nucleus, with the intensity effectively “‘depleted’” by about
20% (see Figs. 6d and 6e in the Thomas and Ketler 1990 article).

As long as the radial dust distribution varies approximately {or at
least asymptotically) as r=2, the integrand will be sharply peaked near
the tangent point, s = (r§ — p2)2. If we limit the range of integration to a
small region about the tangent point, [(r2 — p2'"? — 8, (r] — p)? + 8],
where p <€ § <€ ry, Eq. (B2) becomes

Lir, D) = % cP - ) [ A5 ds nln - s0). (B2)
o L

This property makes it possible to approximate the ‘‘view cone' as a
cylinder (see further).

(b) Relation to Gauss’ Law

We examine Thomas and Keller's analysis in detail. The volume
enclosed by the lines-of-sight is actually an open-ended cone, but for a
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very elongated cone the contribution from the open end is negligible, so
only the surface integral over the side of the cone is considered:

§ = ﬂgsidc + éend = éside' (B4)
The surface integral over the side of the cone is
af of
§ nveas=[7aw [*dsnie - s v - 52 - [ o —]

= f;ﬁ dd” f: ds nirg ~ sq|v(ry — s82)| [fe % £,| cos x,
(B3)

where f is a mapping from the (3" X s) planc to the cone surface, given
explicitly as [ = [(sp/ry) cos @, (sp/ry) sin D, (s/re)(ry — p?)'7], and
where L is the length of the cone. The cosine of the angle between the
velocity v, and the surface normal, £ X f;, is cos x. The magnitude of
the surface normal is

for % £] = 2 (B6)
L]

so the cone size is characterized by p.

Again we assume the integrand will be sharply peaked near the tan-
gent point, and restrict the range of integration to the small region about
the tangent point. To motivate this, we note that for constant-velocity
radial flow the cosine of the angle between the velocity and the surface
normal is

P
Iy — 58|

cos x = (B7)

- P
(s2+ 13 — 2sVrL — pi’

Noting ¢ = vn(R), we can introduce Eqgs. (4), (B6), and (B7) into Eq.
(BS5) and evaluate the expression analytically; we can also write a simi-
lar equation for the end of the cone which can be evaluated analytically.
It can be verified that the sum these two results is 4w R*(, which is the
enclosed source. More importantly, we note that if we consider only the
contribution from the cone side, Eq. (B5), and limit the interval of
integration for the variabie s to the small region near the tangent point,
evaluating Eq. (BS) gives 2w R*Q(2 — (p/8)* + ...}, which is the en-
closed source accurate to order (p/8)?. For concreteness, in Giotto im-
age 3416, p = 10-40 km, ry = 2.56 = 10* km; and for image 3036,
p = 10-300 kim, ry = 1.24 X 10° km (see Thomas and Keller 1950,
Table I and Fig. 6).

In the region of integration near the tangent point, s = ry. We set
(sfro)p = p where it appears in the magnitude of the surface normal. It is
necessary to make this approximation in order to introduce the ob-
served intensity as an approximation to the surface flux integral. We
arrive at

\/,2_024..5

2 " o
$. nv-dS=(vcosx)p fo dar [A20 dsnte — s, (B8)

where (v cos x} is an average value of |v{ cos y. Making the approxima-
tion I = 1, and substituting from Eq. (B2"), the right hand side becomes

_ 4y cos xip [m I
- Sho 0 P(—cos f)

dd” (B%

To a good approximation the scattering angle is constant, so the phase
function ¢an be taken outside the integral in Eq. {B9). Combining this
with the relation (B4), we have
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39 S = 4v cos x)Z
Y S e cos 8,)°

where

Z=p f;” I da, (B10)

Eq. (B10) provides a convenient way of eliminating effects due to com-
plicated dust emission at the surface. If the right-hand side increases
with p, the surface integral of the flux will increase with p, and by
Gauss’ Law the enclosed source must increase with p.

Evaluation of (v cos x) is possible for the case of constant velocity
radial outflow. In general

JOZW 40" j; (spfre) vn cos x ds

{vcos x) = (BI11)

2w o
j dp” J’ (splry) n ds
0 0
First consider a constant surface source, (2, and set ¥ = constant. Again

truncating the interval of integration, substituting from Egs. (4) and
(B7), we have

\/r“—‘”: s dsiiry + 52 — 25 VL — p??

{cos x) = —
J‘ d ;’_h: 5 ds/(r} + 5?2 — 2;’\/W)
1
= . (B12)
arctan(d/p) V1 + (p/8)

Since § = p, Eq. (B12) yields (cos x} = 2/w. This result is equivalent to
taking the ratio of Thomas and Keller's Egs. (16) and (18).

For the case of constant-velocity radial flow with angular variation of
the source over the surface of the comet, 0 = ({#), the average cosine
is

J'zfr d "j 2-p2+5 Qo) s ds

f Vii-al-8 (fo + g2 - 2s\/r2 — ph

{cos x) = . (B13)
Vrl-slts o) s ds

d®h
J’ Aottt — 25Vl — p?

The angle specifying the position of emission in the density profile of
Eq. (4) can be determined from

{s/redp sin Oy cos " + cos Oylry — (s/r) V'l — p]
(rk + 52— 25V — phin '

Eq. (B13) is very weakly dependent on p. We evaluated Eq. (B13)
numerically for the Gaussian profile Q(8) given by Eq. (4), r, = 1000
comet radii, the jet parameters of Fig. 7, with § = 10p, and using library
Gauss quadrature in 5 and trapezoidal rule integration in &*. As p in-
creases from 1.5 to 20 comet radii, the value of {cos x} increases by 2%
for 8, = 15°, and negligibly for 6, = 45° and 90°.

cos 8 =

(B14)

(c) Evidence for Particle Fragmentation in the Coma

Thomas and Keller {1990) examine the validity of Eq. (B10) in detail.
They present reasons why the optical properties A and P should not
vary significantly; they also examine the neglect of attenuating optical
depths in Eq. (B2). Calibration offsets should be negligible; contribu-
tions to the intensity from gas emissions, and effects from source vari-
ability should be also be negligible. Grain evaporation and ice reconden-
sation would affect both the number density #, the cross-section o, and



INNER COMA IMAGE SIMULATION

the optical properties {so Eq. B2 would not be valid); the overall effect
is difficult to quantify, but Thomas and Keller argue that it is unlikely
that either evaporation or recondensation could dominate scattering.
They conclude that the spatial dependence of {» cos ¥ }Z determines the
behavior of the right-hand side of Eq. (B10).

Thomas and Keller then make several geometric observations con-
cerning Eq. (B10) and the extent to which the behavior of the term Z,
measured by Giotto HMC, puts a constraint on the source enclosed in
the Gaussian volume:

(1) Referring to their Section 4, they note as a preliminary step that in
the region near the tangent point to which the line-of-sight integral in
Eq. (B8) is restricted, the surface normal is almost entirely in the image
plane (and the Gaussian volume is locally approximately cylindrical). If
we decompose the velocity into a component parallel to the image
plane, vy = v,-e,- + v,-e,, and a component perpendicular to the image
plane v, = v e, then v cos x Is approximately determined by the
component of velocity in the image plane: v cos x = v« (fo- X Lry/(sp).

(2) In force-free flow the dust follows a linear trajectory from its
ejection point on the nucleus at a constant speed, and v, remains con-
stant. In this case, they show geometrically that cos x increases to a
constant monotenically as p increases. In this case if dust is emitted at
the surface in some direction off the surface normal, cos x will increase
to its asymptotic value as p increases, so Z must decrease with p if the
enclosed source is constant. To the contrary, Z is observed to increase.
Therefore either non-force-free flow effects, and/or extra sources in the
Gaussian volume, overwhelm the force-free behavior, and account for
the observed dependence of Z on p.

(3) They consider non-force-free flow:

(3a) In general, » is expected to increase with p near the surface. If
the trajectory is straight, and the enclosed source constant, then Z must
decrease with p; again this is opposite observations. Therefore either
curved flow trajectories, and/or extra sources in the Gaussian volume,
overwhelm the effect of » increasing with respect to p.

(3b) They consider acceleration which changes the direction of the
flow. If dust is blown (tangentially) completely around the nucleus near
the surface, it could exit the Gaussian volume and reenter, yielding a
sign change in cos x, and reduce {cos ). If farther from the surface dust
is not blown completely around the nucleus, (cos x) will be larger, and
the quantity Z will be reduced from the near-surface values if the en-
closed source is constant.

They also consider a flow which is curved near the surface, but even-
tually becomes straight (force-free}. Temporarily fix v, and recall that »
cos x is determined primarily by the component v;. Suppose the direc-
tion of v; curves near the surface. Passage from curved flow to the
asymptotic straight trajectory will be associated with an increase in cos
x with p, as in case (2). With » fixed, a decreasing value of the magni-
tude |v/ corresponds to curvature of the total velocity out of the image
plane, and contributes to a decrease in cos y with p. Conversely curva-
ture into the image plane will contribute to an increase in cos ¥ with p.
Finally, any strong curvature in flow should be associated with speed »
increasing with p, as in case (3a). Thomas and Keller argue that the
acceleration effects which increase (v cos x} with p should offset {or
dominate) effects which decrease (v cos x} with p. Thus again if the
enclosed sources are constant, Z would be constant (or decrease) with
p, opposite observation. Therefore only extra sources in the Gaussian
volume can account for the behavior of Z, implying an extended source
about the nucleus surface, such that the total enclosed source increases
with p.

It is expected grains flowing away from the nucleus will fragment due
to acceleration and heating stresses. Fragmentation will increase the
number density r, and decrease the cross section o, so in principle the
observed intensity could be increased or decreased. Since the argu-
ments summarized above rule out all other possible explanations,
Thomas and Keller argue grain fragmentation in the outflow must ac-
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count for the effective increase in Z with p. Using a simple single
scaltering approximation with optical depths neglected, they calculate a
scale height of 15-20 km for fragmentation, and that a rate of at least 2.7
daughters per parent particle would be required to account for the ob-
served dependence of Z on p.
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