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ABSTRACT

We present the analysis of 7.6-13.2 um infrared (IR) spectrophotometry (R ~ 250) of comet C/1995 Ol
(Hale-Bopp), in conjunction with concurrent observations that extend the wavelength coverage of the spec-
tral energy distribution from near- to far-infrared wavelengths. The observations include temporal epochs
preperihelion (1996 October and 1997 February UT), near perihelion (1997 April UT), and postperihelion
(1997 June UT). Through the modeling of the thermal emission from small, amorphous carbon grains and
crystalline and amorphous silicate grains in Hale-Bopp’s coma, we find that as the comet approached perihe-
lion, the grain size distribution (the Hanner modified power law) steepened (from N = 3.4 preperihelion to
N = 3.7 near and postperihelion), along with an increase in the fractal porosity of larger (greater than 1 um)
grains. The peak of the grain size distribution remained constant (¢, = 0.2 um) at each epoch. We attribute
the emergence of the 9.3 um peak near perihelion to crystalline orthopyroxene grains released during epochs
of high jet activity. Crystalline silicates (olivine and orthopyroxene) make up about 30% (by mass) of the sub-
micron-sized (<1 um) dust grains in Hale-Bopp’s coma during each epoch.

Subject headings: comets: general — comets: individual (C/1995 O1 Hale-Bopp) — infrared: solar system

1. INTRODUCTION

Comets are the least processed remnants from the early
solar nebula era of dust grain formation and subsequent
agglomeration into planetesimals. These early grain forma-
tion processes are important in understanding how dust
grains in the solar nebula condensed, collided, and grew into
centimeter-sized bodies, the building blocks of protoplane-
tesimals, out of which grew our solar system. Linking the
mineralogy and morphology of the rock-forming elements
to the accumulation and growth of protoplanetesimals is
complicated by the fact that meteorites (of which we have a
large sample) have suffered heating and modification in the
accumulation process. Chondrules, a major building block
of inner solar system bodies (such as meteorites), have been
shown to be melted conglomerates (see, e.g., Morfill,
Durisen, & Turner 1998). Comets and the interplanetary
dust particles (IDPs) that comets shed in their comae are the
principal survivors from the early solar nebula.

IDPs have been shown to contain silicates both
amorphous and crystalline in structure (Bradley et al.
1999b). The predominant silicate species are olivine
(Mg, Fe;_,],Si04, where 0<y<1) and pyroxene
(Mg, Fe;_,JSi03, where 0 < x <1). A valueof x=y =1
denotes the Mg-pure end member of the mineral, and a
value of x = y = 0 denotes the Fe-pure end member. Con-
tained within IDPs are what are known as glasses with
embedded metal and sulfides, or GEMS. These GEMS are
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thought to be amorphous silicates, accreted into the outer
solar nebula from the interstellar medium (ISM; Bradley,
Brownlee, & Snow 1997), that are then incorporated into
cometary bodies. Mg-rich silicate crystals are also held
within IDPs (Bradley, Humecki, & Germani 1992) and are
detected through cometary spectra (Hanner et al. 1999;
Wooden et al. 1999, 2000a). If these Mg-rich crystals are
solar nebula condensates, then they must have formed in an
environment close to the Sun (1-5 AU) (Bell et al. 2000).
In this 1-5 AU region, the temperature is hot enough
(~1500 K) that Mg-rich silicate crystals are preferentially
condensed (Grossman 1972). On the other hand, the Mg-
rich crystals may be Mg-rich amorphous silicates that were
annealed at temperatures of ~1000 K (Hallenbeck, Nuth, &
Daukantas 1998). The Mg-rich crystals represent grains
processed at high temperatures in the inner nebula. For
incorporation into cometary bodies, these silicate crystals
were then mixed out to large radial distances (Bockelée-
Morvan et al. 2002) without experiencing reheating events,
since reheating leads to the incorporation of Fe back into
the silicates (Weisberg, Zolensky, & Prinz 1997; Krot, Scott,
& Zolensky 1997). Therefore, Mg-rich crystals in comets
probe physical conditions and processes in the early solar
nebula.

Our knowledge of comet grains results from a combina-
tion of analytical modeling of spectra, the laboratory study
of IDPs, and in situ measurements (e.g., comet Halley and
the future Stardust mission). The constraints on the miner-
alogy, porosity, and size distribution of comet grains from
spectra are consistent with IDPs and in situ measurements.
The affirmation of the analysis techniques is also important
for the study of amorphous and crystalline silicates in iso-
lated pre-main-sequence systems (e.g., Infrared Space
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Observatory Short Wavelength Spectrometer [ISO SWS]
observations of Herbig Ae/Be stars; Waelkens, Malfait, &
Waters 1999). The study of cometary grains provides a
foundation for connecting grain properties to processes in
protoplanetary disk environments.

This paper examines the dust grain morphology of Comet
C/1995 O1 (Hale-Bopp). Since Hale-Bopp was detected at a
large heliocentric distance (~7 AU) and showed activity
(gas and dust production) greater than any other observed
comet at the same heliocentric distance, astronomers were
provided a unique opportunity to monitor Hale-Bopp
through a large range of distances pre- and postperihelion.
An extensive observing campaign was conducted to collect
near-infrared (NIR) imaging data and mid-infrared (~10
um) spectrophotometry at a resolution of R = A\/AX ~ 200
over 0.93-2.8 AU. Using the HIFOGS spectrophotometer,
Wooden et al. (1999) performed an empirical mineralogical
study of the silicate resonance features of Hale-Bopp, iden-
tifying the temperature evolution of the silicate minerals
(especially crystalline orthopyroxene) as the comet
approached and receded from perihelion. Here, that work is
built on by starting with the Wooden et al. (1999) mineral-
ogy. Through grain modeling, we constrain the morphologi-
cal properties of the dust grains, including size distribution,
porosity, and the relative amounts of the materials. The
temperature evolution determined from observations at
various heliocentric distances is key to constraining the
grain properties.

Our observations are presented in § 2; § 3 lists the model
parameters for fitting the synthetic spectra to the data, as
well as presenting general grain properties derived from the
analytical modeling; § 4 presents the model fits to the spec-
tral energy distribution (SED) of Hale-Bopp; § 5 discusses
the results of the modeling; and § 6 summarizes the results.

2. OBSERVATIONS
2.1. HIFOGS Spectrophotometry

Spectrophotometry of comet Hale-Bopp was obtained
using the NASA Ames Research Center High Efficiency
Faint Object Grating Spectrometer (HIFOGS; Witteborn
et al. 1991) at the 2.3 m Wyoming Infrared Observatory
(WIRO) and the 3 m NASA Infrared Telescope Facility
(IRTF). The HIFOGS observations cover four distinct tem-
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poral epochs of the 1997 apparition of comet Hale-Bopp,
pre- and postperihelion, ranging from a heliocentric dis-
tance of 2.8 to 0.93 AU. The HIFOGS spectra discussed
here have an approximately constant resolution of
AN ~ 0.045 um per detector over the wavelength interval
7.6-13.3 um, yielding a resolving power of
R = \/AX ~ 180-350 over the wavelength region. The
HIFOGS entrance aperture is 3” in diameter for all observa-
tions. The details of the HIFOGS observations of comet
Hale-Bopp are presented in Wooden et al. (1999). Table 1
briefly summarizes the HIFOGS observations used in this
work.

The data sets are grouped into four distinct temporal
epochs: 1996 October UT (preperihelion), 1997 February
UT (preperihelion), 1997 April UT (near perihelion), and
1997 June UT (postperihelion). The spectra in each epoch
are scaled to the spectrum with the best spectrophotom-
etry (Wooden et al. 1999). For each set of independent
measurements (composed of grating settings separated by
n+ 1/2 detectors to achieve Nyquist sampling), the two
(or more) interlaced spectra per epoch agree in shape and
flux level with each other within a few percent. Therefore,
the differences in the structure of the 10 um silicate fea-
ture measured by HIFOGS for the inner coma (3”) of
Hale-Bopp are significant and are used in later analysis
(see § 4).

2.2. NIR Imaging

NIR imagery near two of the four temporal epochs
spanned by the HIFOGS observations was used to provide
a lower limit to the scattered flux from the dust grains (§ 3).
Imagery of Hale-Bopp was obtained using the Aerospace
Corp. NICMOS3 camera (AEROCAM) at the WIRO on
1996 September 30 UT (r, = 2.9 AU, A =2.98 AU), near
the 1996 October 11-14 UT HIFOGS observations. AERO-
CAM contains a 256 x 256 pixel HgCdTe array housed in a
side-looking dewar that is cooled to liquid nitrogen temper-
atures (77 K). The spectral region covered by AEROCAM
is 0.8-2.5 um and on WIRO has a plate scale of 0”43 pixel !
with a field of view of 110" x 110”. The filter set used for the
observations was J (1.24 um), H (1.66 pum), and K-short
(2.15 ym) (Rudy, Rossano, & Puetter 1996). Observations
were performed in a staring mode (i.e., no chopping secon-
dary). To correct for the sky signal, sky frames were

TABLE 1
OBSERVATIONAL SUMMARY

o a
T'p

AP Wavelengths

UT Date UT Time (AU) (AU) (um) Scaling Factor

() @ 3 @ ) ©)
1996 Oct 11 ......... 02:06-02:36 2.77 3.02 7.54-12.09 1.00
1996 Oct 12 ......... 02:23-02:42 2.76 3.03 7.50-13.12 1.30
1996 Oct 13 ......... 01:04-02:22 2.75 3.03 7.50-13.12 1.10
1996 Oct 14 ......... 01:16-02:07 2.73 3.03 7.54-12.09 0.95
1997 Feb 14......... 23:25-23:36 1.28 1.75 7.51-13.07 1.00
1997 Feb 15¢........ 23:57-00:24 1.21 1.73 7.44-12.87 1.04
1997 Apr 11......... 01:57-02:03 0.93 1.46 7.50-13.98 1.00
1997 Jun24 ......... 20:25-20:53 1.68 2.56 7.53-13.19 1.00
1997 Jun 25 ......... 20:12-20:47 1.69 2.57 7.52-13.25 1.08

a Heliocentric distance of comet Hale-Bopp.
b Geocentric distance of comet Hale-Bopp.

€1997 Feb 15-16 UT.
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TABLE 2
CoMET HALE-Borp SED DATA SETS
Aperture
Instrument/ A (in um) or Diameter h A Scale Factor  Scale Factor Scaling
UT Date System Photometry Bands (arcsec) (AU) (AU) Derived SSM? Method
(0] 2 (3) @ (5 (6) @) ®) ©)]
1996

HIFOGS 7.5-13.2 3 2.75 3.03 1.0 1.0 .

AEROCAM JHK 3b 2.90 2.98 1.2 1.0 Scaled with SpectroCam-10

SpectroCam-10 7.9-12.5 3b 2.90 2.98 1.2 1.0 7.9 um boxcar average

ISO SWS 6-45 18.9¢ 2.82 3.01 0.18 0.17 11.2 and 10.0 um peaks

ISOPHOT 3.6-25 23 2.81 3.01 0.14 0.14 10.0 um boxcar average

1997

Feb 14-15 ....... HIFOGS 7.5-13.2 3 1.21 1.74 1.0 1.0 .
Feb10............. URCAM JHKL' M" 3b 1.18 1.0 1.2 1.0 M" to MLOF 4.9 um
Feb20............. MLOF¢ 1.2-18.0 9.3 1.15 1.63 0.25 0.37 7.9 um boxcar average
Aprll......... HIFOGS 7.5-13.2 3 0.93 1.46 1.0 1.0 ...
Apr09............. OBO* 1.2-18.0 27.07 0.93 1.43 0.11 0.17 7.9 ym boxcar average
Jun24-25........ HIFOGS 7.5-13.2 3 1.70 2.56 1.0 1.0 ...
Jun10 ..ot MLOF* 1.2-18.0 27.99 1.51 2.04 0.053 0.13 7.9 um boxcar average

4 SSM = steady-state model.
b Synthetic aperture.
¢ Effective aperture derived from 14 x 20 rectangular aperture.

d Photometry from Williams et al. 1997 using Mount Lemmon Observing Facility.
¢ Photometry from Mason et al. 2001 using University of Minnesota O’Brien Observatory (OBO) or Mount Lemmon Observing Facility (MLOF).

obtained at a distance from Hale-Bopp of 200", 400", and
800", to ensure that the sky frames were not contaminated
by the extended dust tail. The three sky frames were com-
bined by taking the median value of the pixels at each loca-
tion in the frame to form a single sky frame for each filter.

NIR imagery of Hale-Bopp was also obtained with the
University of Rochester Third Generation IR Camera
(URCAM; Goetz et al. 1998) at WIRO on 1997 February
10UT (r, = 1.21 AU, A = 1.74 AU). The camera contains a
256 x 256 InSb array housed in a down-looking dewar
cooled with liquid helium to an operating temperature of
~10 K. The wavelength region covered by URCAM is 1-5
um and on WIRO has a plate scale of 0”25 per pixel, or a
64" x 64" field of view. The broadband filter set used was J
(1.25 pm), H (1.65 ym), K (2.23 um), L (3.81 um), and M’
(4.67 um), which correspond closely to the standard filter set
(Elias et al. 1982). Observations were performed in a staring
mode, with sky frames taken between source frames. These
sky frames were also obtained at a distance of 120” north of
the coma center to avoid contamination from extended
emission from Hale-Bopp. The sky frames were median-
combined to form a single sky frame for each filter.

Data reduction for all of the images included correction
of the pixel-to-pixel variations on the chip by dividing by
flat-field frames, subtraction of the sky signal with the sky
frames, and flux calibration using values based on observed
standard stars to produce flux-calibrated images (Joyce
1992). For AEROCAM, Elias et al. (1982) standard HD
161903 was used for flux calibration, and for URCAM
images, Elias et al. (1982) standard HD 162208 was used for
flux calibration. Synthetic apertures were applied to the
images to obtain photometric data points (see § 2.3). A full
analysis of these images will be presented in a future paper
(D. Harker et al. in preparation).

2.3. Assembly of Data Sets for SEDs

The assembled SEDs (or A\F, vs. \) are composed of data
obtained from a total of seven separate data acquisition sys-
tems. SEDs include data from the HIFOGS and photomet-
ric points derived from our own images (AEROCAM and
URCAM). Other data sets used are (1) the /SO SWS (6-45
pm) spectrum obtained on 1996 October 6 UT (Crovisier et
al. 1997); (2) ISOPHOT (3.6-25 um) photometry points
obtained on 1996 October 7 UT (Griin et al. 2000);? (3) mid-
IR (7.9-12.5 um) photometric points derived from images
obtained on 1996 September 30 UT with the Cornell Uni-
versity SpectroCam-10 imaging spectrograph on the 5 m
Hale Telescope at Palomar Observatory (T. L. Hayward
1997, private communication; for details of the observa-
tions, see Hayward & Hanner et al. 1997); (4) bolometric
photometry points (1.25-18.0 um) obtained on 1997 Febru-
ary 20 and 1997 June 10 UT at the Mount Lemmon Observ-
ing Facility (MLOF) and on 1997 April 09 UT at the
University of Minnesota O’Brien Observatory (OBO; for
details of the observations, see Williams et al. 1997 and
Mason et al. 2001). Details are summarized in Table 2.

At each particular epoch, the relevant data sets are scaled
to the corresponding HIFOGS data set for that epoch. The
ISO SWS spectrum is scaled by matching the 10.0 and 11.2
um resonance features to the corresponding resonance fea-
tures measured by the HIFOGS. Photometric data points
are derived from the images by using a synthetic aperture of
3", the size of the HIFOGS entrance aperture. All photo-
metric data sets with a 7.9 um photometry point are scaled
to a photometry point derived by averaging the HIFOGS
over the width of the 7.9 um filter (i.e., ““boxcar” average,

3 See http://www.mpi-hd.mpg.de/galileo /iso/HaleBopp/prelim.html.
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with A\ = 0.5 um). The ISOPHOT photometry is scaled to
the HIFOGS spectrophotometry at 10 gm, because the sig-
nal-to-noise ratio (S/N) in the ISOPHOT data was highest
at 10 um. Photometric data points calculated from the
URCAM images are scaled by matching the M" (4.8 um)
point to the Williams et al. (1997) 4.9 um data point. The
AEROCAM observations are concurrent with the Spectro-
Cam-10 observations; therefore, there is no relative scaling
correction performed between these two data sets.

A comparison is made between the derived scaling factors
and scaling factors calculated assuming a steady-state
model (SSM). The SSM for a comet assumes that grains are
being ablated off the nucleus at a constant rate and travel
through the coma at a constant velocity. This results in a
brightness profile for the coma that is inversely proportional
to the projected distance from the nucleus (Jewitt 1991).
Gehrz & Ney (1992) derived aperture and distance correc-
tions, based on the SSM, that can be applied to temporally
different flux observations. Differences between our derived
scaling factors and the scaling factors based on the SSM can
be the result of (but are not limited to) factors such as (1)
aperture geometry (i.e., flux from a square aperture with an
effective diameter scaled to a circular aperture); (2) jet activ-
ity in the coma producing deviations on short timescale
from the SSM assumptions; and (3) jet activity in the coma
producing spatial variations in the coma that are measured
by the larger apertures and not by the smaller apertures.
The largest discrepancy between SSM scaling value and the
determined scaling value is for the 1997 June UT epoch. The
Mason et al. (2001) values are scaled by a factor 59% greater
than that predicted from the SSM.

3. THE GRAIN MODEL

Model spectra are constructed from the emission from
dust grains of five distinct and separate mineral species:
amorphous olivine, pyroxene, and carbon and crystalline
olivine and orthopyroxene. At each epoch, for each mate-
rial, the grain size distribution has the same functional form,
with the amorphous materials ranging in radius 0.1-100 um
and the crystals ranging in radius 0.1-1 gm. Crystals are
modeled as solid particles at every epoch, while amorphous
materials are modeled as fractal, porous dust grains.

The properties of the dust grains in Hale-Bopp’s coma
are constrained by constructing synthetic spectra using
grain-scattering theory and by fitting these synthetic spectra
to the assembled spectral and photometric SEDs of comet
Hale-Bopp. The methods used are similar to techniques
used by previous authors to model dust emission (Reach
1988; Lisse et al. 1998; Hanner et al. 1985; Hanner, Veeder,
& Tokunaga 1992, 1996; Krishna Swamy et al. 1988), but
use more recent optical constants for putative cometary
dust species.

Some authors have successfully modeled the scattering of
sunlight in the optical and NIR by using fractal aggregates
(Yanamandra-Fisher & Hanner 1999; Petrova 1999). How-
ever, sunlight scattered by the dust grains in the coma can
be closely approximated by using a simple blackbody
(Gehrz & Ney 1992). Using a 5770 K blackbody to represent
the light scattered from the dust grains assumes that the
grains are comparable in size to the wavelength of light.
Since the grains in Hale-Bopp have been found to be small
(a < 0.5 um; Williams et al. 1997; Jones & Gehrz 2000), the
reflected light in the NIR will be bluer than the solar values.
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Therefore, using this approximation will place a lower limit
on the flux due to scattered light.

The shape and relative strength of the IR emission from a
grain is dependent on the intrinsic properties of the dust
(shape, size, and composition), as well as the temperature of
the grain. Dust grains are primarily heated through solar
radiation and cooled through thermal radiation. Other
heating and cooling processes, such as interaction with the
solar wind and volatile sublimation, are negligible and are
ignored in our radiative equilibrium calculations (Lisse et
al. 1998; Lien 1990). To calculate the temperature of the
dust grains in the coma, it is assumed that the dust grains
are in radiative equilibrium with the solar radiation field.
Once the temperature of a grain is determined, the flux pro-
duced by a collection of grains of various radii can be easily
calculated by assuming a grain size distribution.

The thermal emission from an optically thin collection of
grains of a single mineral species at a particular heliocentric
distance and wavelength is calculated by integrating over a
grain size distribution characterized by a minimum and
maximum grain radii ¢p and @y,

m;
Np ‘max

Fem()\,rh) = p

n(a)7a® Qem (a, \) B[\, Ty(a)| da , (1)

where N, is the number of particles at the peak of the grain
size distribution if the peak of n(«) is normalized to unity
(§ 3.1), A is the geocentric distance of the dust grain, n(a)da
is the grain size distribution and therefore represents the
number of grains between a and @ + da, Qem(a,\) is the
emission efficiency for a grain of radius a at wavelength A
and is based on the intrinsic properties of the grain (by
Kirchoff’s Law, Q. 1s equal to the absorption efficiency of
the grain, Q,ps), and T is the heliocentric distance—depend-
ent (r,-dependent) dust temperature for a single grain size,
a. If it is assumed that there exist multiple mineral species of
separate grains within the coma of the comet, the total flux
is the sum of the fluxes from the separate mineral species.
The resultant model spectrum is compared with the obser-
vations of Hale-Bopp, and the particle size distribution and
relative contributions of the minerals are adjusted to pro-
vide the best x2 (reduced x?2) fit to the observed data, where
v is the number of free parameters (Press et al. 1992).

For the analysis of Hale-Bopp, model spectra are com-
puted by integrating over a grain size range of ¢y = 0.1 um
t0 dmax = 100 um. The lower limit of 0.1 um is chosen
because micrometeorite and IDP research reveals that a 0.1
um grain apparently represents the basic structural unit of
larger grains and is not easily fragmented to smaller sizes
(Hanner 1983; Bradley 1994). Depending on the grain size
distribution, >90% of the thermal flux in the 10 ym region
arises from grains with radii less than 20 gm (Hanner et al.
1985). Therefore, the grain size distribution is truncated at
100 um in radius to avoid excessive computational cycles.
Some models were run out to 1000 gm within the fitted
parameter ranges of the grain size distribution, and the
resultant mid-IR flux level and feature shapes were identical
to those of models truncated at 100 gm.

3.1. Grain Size Distribution and Model Grain Properties

Adopting a size distribution of grains in the coma is
necessary to calculate the measured flux from the dust.
However, the grain size distribution for comets is not
well established. Commonly, a power-law distribution,
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n(a)da < a=“da, is adopted. For many comets, Hanner
(1983) has shown that a modified power law of the form

ao\" (ap\"
=|1-— — 2
)= (1-2) " (2) o)
provides an adequate model for infrared data ranging from
3.5 to 20 um. In this equation, ¢ is the minimum grain
radius (0.1 um), N is the slope of the distribution at large a,
and M is related to the radius of the peak of the size distribu-

tion (i.e., the grain radius at which the grain size distribution
rolls over) by

M+ N
ap = d % . (3)
Typically, 3.7 < N < 4.2 for comets (see Hanner 1984).
Model spectra presented in this paper are calculated by
adjusting N and M in the Hanner size distribution to pro-
vide the best fits. For use in equation (1), n(a) is normalized
by the value at the peak of the size distribution, or n(aj).

Divine & Newburn (1987) propose a grain size distribu-
tion based on equation (2), but one in which the peak (a,)
and the width (M) of the distribution can be varied sepa-
rately. To limit the parameter space for the model SED fits,
and for direct comparison with other works (Hayward,
Hanner, & Sekanina 2000, hereafter HHS; Li & Greenberg
1997), we do not use the Divine & Newburn grain size distri-
bution in this work. In addition, Harker (1999) finds that
using the Hanner size distribution provides better overall
fits to the HIFOGS data, compared with fits derived using a
straight power law or a Halley-type grain size distribution
(o =—-2.0 for a < 0.62 yum; oo = —2.75 for 0.62 ym < a <
6.2 um; o = —3.4 for a > 6.2 um; Krishna Swamy et al.
1988). However, note that other authors (Lisse et al. 1998)
do not find the Hanner grain size distribution to be
adequate for modeling the emission from other comets, such
as C/Austin 1990 V, C/Levy 1990 XX, and C/Okazaki-
Levy-Rudenko 1989 XX.

As stated in § 3, the intrinsic properties of a dust grain
are contained within the optical efficiency of the grain,
Qem. Variations in grain properties such as size, shape,
and composition (including mineralogy and porosity) are
contained within the optical efficiencies. Mie theory
(Bohren & Huffman 1983; van de Hulst 1957) is the most
common technique used throughout the literature (Lisse
et al. 1998; Hanner et al. 1996; Hanner, Lynch, & Russell
1994) to compute the optical efficiencies for grains of
given radii, a, and wavelength-dependent indices of
refraction, n and k. Mie theory provides the needed flexi-
bility for computing emission and absorption efficiencies
for radiative equilibrium and flux spectrum computa-
tions. However, Mie theory has limitations, since it
calculates the emission from perfectly spherical particles.
In particular, Yanamandra-Fisher & Hanner (1999; also
§ 3.2.3) demonstrate that Mie spheres do not adequately
reproduce the correct wavelengths of resonances from
silicate crystals.

Dust grains in meteorites and IDPs often are inhomoge-
neous in shape and composition and highly porous (Bradley
1988). Therefore, fractal, porous dust grains composed of
vacuum inclusions in a carbonaceous or siliceous matrix are
modeled. Vacuum (for which n = 1.0 and k = 0.0) is mixed
into the dust grains to create a grain density that varies with
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size,

p(a) = po(a/0.1 ym)”~ (4)

where the grain radius, a, is greater than 0.1 um, py is the
density of the bulk material, and D is the fractal dimension
of the dust. Solid spheres are represented by D = 3, while
for porous spheres D < 3. The fractional filled volume (per-
cent porosity) of the grain is then

f=1-(aja)"™, (5)

where ap = 0.1 ym.

To produce these fractal porous dust grains, an effective
medium theory (EMT) is employed. EMTs generally used
in the literature are Maxwell-Garnett (1904) and Brugge-
man (1935). Both theories have been found to provide simi-
lar results (Lisse et al. 1998; Chylek & Videen 1998; Wollff et
al. 1994; Bohren & Huffman 1983). However, for an EMT
to provide adequate modeling of porous grains, the vacuum
inclusions must be Rayleigh-type inclusions spread uni-
formly throughout the grain matrix (Chylek & Videen 1998;
Krishna Swamy 1997; Wolff et al. 1994; Bohren & Huffman
1983). Bruggeman theory best satisfies these conditions by
not distinguishing between the two media being mixed and
therefore producing a randomly inhomogeneous medium
(Wolff et al. 1994; Bohren & Huffman 1983). This contrasts
with Maxwell-Garnett theory, which distinguishes between
grain matrix and inclusion. For example, Kozasa, Blum, &
Mukai (1992) examine the optical properties of aggregate
grains and find that Maxwell-Garnett is a reasonable choice
for aggregates that have uniform structures, but is not appli-
cable for those aggregates that have nonhomogeneous
structures.

Since spherical particles are implicitly assumed when
using Mie theory, Mie theory will not adequately model the
emission from particles in which porosity has produced a
significant deviation from sphericity. Bazell & Dwek (1990)
showed that EMT (either Bruggeman or Maxwell-Garnett)
failed to adequately model fractal, porous grains for a frac-
tal dimension of D < 2. Therefore, as in Lisse et al. (1998),
we take the conservative approach of using a small devia-
tion from a solid sphere, or 2.5 < D < 3.0. The values
D = 3.0, 2.857, 2.727, 2.609, and 2.5 were chosen in the
modeling to correspond with values used by Lisse et al.
(1998).

The parameters adjusted for the construction of synthetic
spectra for comparison with the HIFOGS spectra and aper-
ture photometry are N (slope in the Hanner grain size distri-
bution), M (which determines the peak grain size in the
Hanner grain size distribution), D (which determines the
degree of fractal porosity in the grains), and N, (the number
of grains at the peak of the grain size distribution [i.e., scal-
ing factor] for each material). As stated above, for a particu-
lar epoch, the values of N, M, and D are the same for each
material (excluding the crystalline silicates, which always
have a value of D = 3.0 [solid particles]; § 3.2.3). By adjust-
ing these parameters, the x2 (reduced x?) of the fit is mini-
mized to provide the best fit to the data. To aid in
performing the calculations (dictated by limiting the num-
ber of CPU cycles), the parameters N, M, and D were
binned. The slope of the grain size distribution, N, was
adjusted £0.1. The peak of the grain size distribution, a,, as
determined by N and M, was also adjusted by a value of
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£0.1 um. Therefore, to achieve the range in a,, M was
adjusted by a factor of =N.

The shape of the model SED is very dependent on varia-
tions in the slope of the size distribution (N), the fractal
dimension (D), and the peak of the grain size distribution
(ap, and therefore M). Since the model is initially fitted to a
flux point at 7.8 um, adjustments in N, D, and a, will affect
the model fit most significantly in the 3—5 um region, as well
as longward of 12.5 ym. While there is a degree of degener-
acy between these three parameters, they are tightly con-
strained with respect to one another. For example,
steepening the slope of the grain size distribution (increasing
N) will raise the flux in the 3—-5 um region. This rise in flux
can be corrected by decreasing the fractal dimension, D (i.e.,
grains of greater fractal porosity). However, this decrease in
D will decrease the flux in the region longward of 12.5 um,
thereby providing a poorer fit to the data.

At all epochs except 1997 April UT, the 1 o uncertainties
in the model parameters are given by those parameter values
that produce fits with x> = x2. + Ax? (Press et al. 1992),
using the theoretical value for Ay? (= 8.18) for the number
of parameters p = 7, the number of data points Ny, and
the number of free parameters v = Ny — p. Since the 1997
April UT HIFOGS data have small 3 o uncertainties, the
theoretical value of Ax? resulted in an unrealistically small
range of parameters; instead, the point of divergence of a
multidimensional 2 ellipsoid from *flat-bottomed” to
“steep-sided ” was empirically used (§ 4.3) to define the
range of acceptable parameters.

Confidence in the quantitative results inferred from the
models is aided by model-independent factors, such as (1)
the highly accurate photometric capabilities of the
HIFOGS, required to identify subtle changes in the spectral
shape of the cometary spectra, including the flux level and
slope outside of the 10 um silicate feature; (2) the moderate
spectral resolution of the HIFOGS (R ~ 180-360), suffi-
cient to clearly identify the crystalline silicate resonance fea-
tures in the spectra; and (3) similar findings from other
authors on the grain properties in Hale-Bopp (§ 5.5; HHS;
Mason et al. 2001).

3.2. Dust Composition

The mineral assemblages are probable components of
cometary dust, as exemplified by chondritic porous inter-
planetary dust particles (CPIDPs; Bradley et al. 1996).
Modeling grain aggregates of various mineralogical com-
positions, however, is beyond the scope of this work. For
this analysis, grains of separate mineral stoichiometries
and crystallographic phases are utilized to compute the
thermal emission spectra and determine the relative
abundances of minerals in comet Hale-Bopp’s coma. By
definition of their stoichiometry, minerals are crystalline
in form. By observation, materials of the same stoichiom-
etry as the crystalline minerals, but in a disordered (i.e.,
amorphous) form, have much broader resonances, char-
acteristic of absorption features in the ISM (Li &
Greenberg 1997; Demyk et al. 1999). Both amorphous
and crystalline forms of minerals are common in IDPs
(Bradley et al. 1999¢) and Antarctic micrometeorites
(AMMs; Bradley et al. 1999b) and are also observed in
dust-forming asymptotic giant branch (AGB) stars
(Waters et al. 1999; Tielens et al. 1997), pre-main-
sequence Herbig Ae/Be stars (Waters & Waelkens 1998),
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and comets (Bregman et al. 1987; Krishna Swamy et al.
1988; Hanner et al. 1996; Lisse et al. 1998). In the follow-
ing discussion, the amorphous form of materials are
referred to as amorphous minerals and the crystalline
form of materials as crystalline minerals. Furthermore,
mineralogy denotes both the mineralogical composition
and form (crystalline or amorphous) of the material com-
posing the grain.

3.2.1. Amorphous Silicate Grains

Indices of refraction of amorphous silicate minerals
(olivine and pyroxene) published by Dorschner et al.
(1995) are used in the modeling because of the complete-
ness of their wavelength coverage. In addition, Dorsch-
ner’s laboratory methodologies are aimed at synthesizing
interstellar materials. Both amorphous olivine and amor-
phous pyroxene produce broad resonance features in the
10 and 20 um spectral regions. Specifically, amorphous
olivine produces resonances that peak at 9.8 and 17 um,
and amorphous pyroxene peaks at 9.3 and 18 um. The
combination of the strong, broad, amorphous silicate res-
onances contributes to the width of the “10 um silicate
feature,” extending from as short as 8.2 um to as long as
12.5 um. The short-wavelength rise of the silicate reso-
nant feature (8.2-10 wum) can be attributed to the emis-
sion from amorphous pyroxene grains (Hanner et al.
1994), while the long-wavelength decline (11.2-12.5 um)
can be attributed to the emission from amorphous olivine
grains. Neither olivine nor pyroxene contributes signifi-
cantly to the emission (1% of the total emission) at
wavelengths shorter than the 10 um silicate feature (<8.2
um). However, amorphous silicates can contribute as
much as 10% of the total emission at wavelengths long-
ward of the 10 um silicate feature (2 12.5 um).

A higher Mg content corresponds to a lower refractive
index k (lower attenuation) in the ultraviolet, visible, and
NIR (UVIS/NIR). The more Fe in the mineral, the stronger
the absorptivity in the UVIS/NIR (Dorschner et al. 1995).
Therefore, grains with less Fe and more Mg will be poor
absorbers of solar radiation and cooler than their Fe-con-
taining counterparts. Figure 1 illustrates the behavior of
amorphous pyroxene grains with various Mg content by
plotting temperature versus Mg content for four grain radii
at each epoch in which Hale-Bopp was observed. In addi-
tion, larger grains are cooler than smaller grains (Fig. 2).
Small grains are *“superheated ” (Gehrz & Ney 1992), com-
pared to perfectly absorbing conducting spheres of the same
radius and at the equivalent heliocentric distance. A Mg
value of x = y = 0.5 for the amorphous olivines and pyrox-
enes provides the best fit to the data set, based on the spec-
tral shape of the 10 um emission feature (Harker 1999; Fig.
3). This roughly equal abundance of Mg and Fe in the amor-
phous silicates in Hale-Bopp matches the overall Mg/Fe
ratio of anhydrous particles that are composed of many
submicron subunits of different composition, including
IDPs (Bradley 1988) and comet Halley cluster particles
(Schulze, Kissel, & Jessberger 1997).

Figure 4 shows the effect of increasing the fractal dimen-
sion D on the absorption efficiency of a 10 um radius amor-
phous pyroxene grain. At low fractal dimensions, i.c., at
high porosity, 10 um-sized grains become less absorbent at
short wavelengths and begin to show an emission feature in
the 10 and 20 um regions.



No. 1, 2002 GRAIN PROPERTIES OF COMET HALE-BOPP 585
04 05 06 07 08 09 1 04 05 06 07 08 09 1
el I S B D B S s e e s B B B S B o RS
Ce ° 01pum @& I [ 05um b)
_ 400 . 4 Fo — 400
< F ° g 1 C * . .
P - - | O o -
5 300 — ° s o ° -] 300
S — A A e hd — - o ° —
5 o A o n N a R o n
3 200 R 4 F . — 200
£ - N 1 F a .
I & 1 r 8 7
100 |- a0 | 4 s 100
C - . .
oL L v b b e by e by by b b by do
Lol I D S B B S S e e s e B S B B B o SO
C 10pm <¢) 7 [ 10um d)
__400f 4 F — 400
< C 1 E ]
0] - ® (] 1 r -1
S 300Fa . 4 F —300
& C o e 1 Ee o ]
— - o [ ] - - -
22004 4 . 00 JE" ° =, 200
C 1 . .
§ F . <= I = A e 3
100 [~ A0 | 4 — 100
L A — - e -
- - I A
oL L v b b e by e by by b b by do
04 05 06 07 08 09 1 04 05 06 07 08 09 1

Mg content (x)

Mg content (x)
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3.2.2. Amorphous Carbon Grains

A disordered form of carbon, sometimes denoted “ glassy
carbon,” has been shown to produce continuum emission
similar to that observed in comets (Hanner et al. 1985, 1992,
1996). Glassy carbon (optical constants are from Edoh
1983, as suggested for use by Hanner 1988) is used to repre-
sent the warm, featureless, absorbing grains that produce
the continuum underlying the strong silicate resonances in
Hale-Bopp’s SED. At wavelengths shorter than the 10 gm
silicate feature, most of the underlying thermal emission
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IS 4
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FiG. 2.—Temperature of solid amorphous pyroxene grains (Mg, Fe|_.-
Si03, with x = 0.5) due to insolation at different heliocentric distances, for
grain sizes @ = 0.1, 0.5, 5.0, and 10.0 gum, as labeled. The dashed line shows
the temperature dependence for a perfectly conducting black sphere
[Tes = 278/ (1) 2.

(<8.2 um) is from these warm carbon grains. Although
graphite was commonly used to model emission in the ISM,
the indices of refraction of graphitic carbon are highly ani-
sotropic (orientation-dependent) and temperature-depend-
ent (Draine & Lee 1984). Furthermore, graphitic carbon is
rarely seen in IDPs (Brownlee et al. 2000). Therefore, graph-
ite is not used in modeling the dust emission from Hale-
Bopp. The amorphous carbon grains are hotter than Mg-
rich silicate grains and therefore have a temperature similar
to that of silicate grains with a small Mg/Fe ratio.

The behavior of amorphous carbon grains in the solar
radiation field is similar to that of the amorphous silicate
grains. At equivalent heliocentric distances, the smaller
grains are hotter than larger grains, and the porous grains
are cooler than solid grains of equivalent radius, because
their vacuous inclusions make them less absorbent at UVIS
wavelengths.

3.2.3. Crystalline Silicate Grains

To model the mid- and far-IR emission from crystalline
silicate grains, the indices of refraction for olivine from
Steyer (1974) and for orthopyroxene from Jéger et al. (1998)
were used. However, one problem with these indices is that
they do not extend shortward of 3 um (for olivine) and 2 ym
(for orthopyroxene). That is, they do not cover the entire
wavelength range over which we need to perform radiative
equilibrium calculations (0.2-100 gm). C. Jager (1998, pri-
vate communication) performed a preliminary analysis on
crystalline materials in the UVIS region and found little dif-
ference between the values of the indices of refraction for
amorphous and crystalline minerals. Therefore, for Mg-rich
orthopyroxene crystals we use the indices of refraction of
Mg-rich amorphous pyroxene (x = 0.95) for the 0.2-2 ym
wavelength range. For the same wavelength range, for Mg-
rich olivine crystals, the only available indices of refraction
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N =3.7and M = 3.7 (a, = 0.2 um). Heliocentric distances are 2.8, 1.21, 0.93, and 1.7 AU (a—d, respectively). Plotted are Mg content values (xx) of 0.5 (solid
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the x = 0.5 line and therefore are not plotted. Note that each epoch is plotted on a separate flux scale.

10

T IIII|T|'| T T 1T

Qabs
TT IIII|T|

0.001 Lol Lol L1 1111l
0.1 1 10 100

Wavelength (um)
_IIII|IIII|IIII|IIII|IIII|IIII|IIII_

B b)
1.5 3.000 —

Qabs

0 I|IIII|IIII|IIII|IIII|IIII|IIII_

7 8 9 10 11 12 13 14
Wavelength (um)

FiG. 4—Absorption efficiency of an ¢ = 10 yum amorphous pyroxene
grain (x = 0.5) for () the full wavelength range of the indices and (b) the 10
um region in detail. Plotted are fractal porosity values [/ = 1 — (a/ao)” ]
for D = 3.0, 2.875, 2.727, 2.609, and 2.5, which correspond to fractional
volume percentages of f* = 0%, 48.2%, 71.6%, 83.5%, and 90.0%.

available are for Mg-poor amorphous olivine (y = 0.5).
Indices of refraction for Mg-rich (y = 0.95) amorphous oli-
vine are extrapolated from the Mg-poor (y = 0.5) amor-
phous olivine indices, using the scaling factors derived from
the ratio of Mg-rich (x = 0.95) to Mg-poor (x = 0.5) amor-
phous pyroxene. This is the best approach available, since
at low Mg contents from 0.2-2 um, the values of indices of
refraction decrease with increasing Mg content at the same
rate for amorphous olivine and amorphous pyroxene: the
ratios of the indices of refraction of amorphous olivine at
y=0.5-0.4 equal those of amorphous pyroxene at
x = 0.5-0.4 (Dorschner et al. 1995). Furthermore, at high
Mg contents from 0.4 to 2.5 um, the values of the indices of
refraction also decrease with increasing Mg content at the
same rate for crystalline olivine and crystalline orthopyrox-
ene: the ratios of indices of refraction for crystalline olivine
at y = 1.0-0.9 equal those for crystalline orthopyroxene at
x = 1.0-0.9 (Lucey 1998).

The emission from crystalline silicates is difficult to model
using Mie theory (Yanamandra-Fisher & Hanner 1999).
Therefore, the properties of crystalline grains are con-
strained by looking to CPIDPs of probable cometary origin.
Crystals in CPIDPs are Mg-rich (x > 0.9), solid, and submi-
cron in size (Bradley et al. 1999b). Adopting these con-
straints simplifies the modeling of crystalline grains, since
Mie theory produces unphysical resonances (i.c., resonances
at wavelengths not seen in laboratory transmission mea-
surements) for crystals that are larger than a micron and for
porous crystals of any size. Figure 5 shows these unphysical
resonances by displaying the absorption efficiency com-
puted for a crystalline olivine grain of radius 5 ym, a grain
of radius 1 gm with 10% vacuum, and for comparison, the
laboratory-measured absorption spectrum from Koike, Shi-
bai, & Tuchiyama (1993).
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FiG. 5.—Absorption efficiencies of crystalline olivine. The dashed line
shows the absorption efficiency for a grain of radius 5 xgm computed with
Mie theory using the optical constants from Steyer et al. (1974). The three
crystallographic axes were averaged together equally. The thin solid line
shows the absorption efficiency of a grain of radius 1 gm composed of 10%
vacuum. The vacuum was added using the EMT of Bruggeman (1935) and
the absorption efficiency computed using Mie theory. For comparison, the
thick solid line represents the laboratory-measured absorption of ~0.2 ym—
sized grains.

Different methods are applied for calculating (1) the tem-
perature of the crystals and (2) the emission from the crys-
tals. Separate methods are needed, since Mie theory does
not calculate the correct wavelength position of the crystal-
line resonances (Yanamandra-Fisher & Hanner 1999).
However, Mie theory adequately calculates the height and
contrast of the resonance feature with respect to the contin-
uum, compared with laboratory transmission measure-
ments. Therefore, to calculate the temperatures, Mie theory
was used to compute the absorption (and emission) efficien-
cies of solid, submicron-sized grains.

To calculate the emission from the solid, submicron crys-
tals, we use laboratory measurements from Koike et al.
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(1993) of the optical extinction (normalized by grain radius,
QOext/a) of Mg-rich crystalline olivine and orthopyroxene
powders (y = 0.9 and x = 0.95, respectively). Values of Qcy
are scaled by multiplying by grain radius (between 0.1 and 1
um). The scaled Qcx-values are used in place of the Q,ps-val-
ues calculated from Mie scattering in equation (1) to pro-
duce model flux spectra. Using the scaled Koike optical
efficiencies is adequate for modeling the emission from crys-
talline olivines and crystalline orthopyroxene, since (1) the
grain sizes used in the measurement of Q. /a by Koike et
al. (1993) are 0.2-0.22 um; (2) a< A in the mid-IR, and
therefore the amount of light scattered is negligible, and the
amount of light extincted is approximately equal to the
amount of light absorbed, or Qe = Qe (see Wooden et al.
1999); (3) based on the emission from amorphous silicates,
the 10 um resonance feature shapes do not change for grain
sizes <1 um (Harker 1999); therefore, we scale the Koike et
al. (1993) measurements (by multiplying by grain size) to
represent grain sizes between 0.1 and 1 ym; and (4) the labo-
ratory-measured Q. for crystalline olivine grains with
a ~ 0.2 um from Koike match the values and relative peak
heights of the Mie theory—calculated Q., from Steyer
(1974), excluding the wavelengths of the resonance peaks.
Thus, for the olivine and orthopyroxene crystals, we com-
pute the thermal equilibrium temperatures using Mie theory
and calculate the emission spectra using the grain size—
scaled, laboratory-measured Qcy;.

4. MODELING THE EXTENDED SED

Extension of the SED of comet Hale-Bopp beyond the
7.5-13.5 um spectral coverage of the HIFOGS is possible
using photometric data from our own imaging, as well as
data obtained by other observers on or near the dates of our
observations. Any synthetic spectral model of comet Hale-
Bopp must adequately reproduce such SEDs (§ 2.3). The
key conclusions resulting from the modeling are (1) the rela-
tive abundance of the orthopyroxene crystals increased
close to perihelion (r; = 0.93 AU); and (2) Hale-Bopp’s
grain size distribution steepened (N increased) and the frac-
tal porosity increased (D decreased) during its passage close
to the Sun. Table 3 lists the best-fit model parameters and
their associated 1 o correlated errors. The reduced 2
(x?2 = x?/v) fit for each epoch is discussed in detail in each
of the following sections. Since the bulk of the coma emis-

TABLE 3
MODEL PARAMETERS

Ny
Amorphous Amorphous Amorphous Crystalline Crystalline
" Pyroxene Olivine Carbon Olivine Pyroxene
UT DATE (AU) EpocH N* MP D° (x10%3) (x1023) (x1023) (x1023) (x1023) Ve X2

(€] @ 3) @ 6 © (M ®) &) 10) (11) (12) (13
1996 Oct 11-14........ 2.8 Preperihelion 34 34 28 014+£003 0.15£0.02 0.12+£0.02 0.15+£0.01 0.03+£0.01 542 1.70
1997 Feb 14-15 ....... 1.21  Preperihelion 37 37 25 2484010 125+£0.06 123+0.10 1.554+0.05 0.27+0.05 197 16.36
1997 Apr11............. 0.97  Near perihelion 3.7 3.7 25 273+022 1.78+0.17 222+0.10 3.17+0.10 086=+0.13 125 99.75
1997 Jun24-25........ 1.7 Postperihelion 3.7 3.7 27 123+£0.07 0.51+0.05 0.78+0.05 095+0.03 0.30+0.02 186  7.48

M

a Hanner size distribution: n(a) = (1 — ag/a) (ap/a)™; ap = 0.1 um.

b Peak grain size: a, = ag(N + M)/N = 0.2 um for every epoch.
¢ Fractional filled volume of amorphous grains: f = 1 — (a/ag)

d Number of peak grain size grains (i.e., scaling factor).

¢ Number of free parameters.

D-3
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TABLE 4
MaAss RATIO TO TOTAL OF SUBMICRON-SIZED GRAINS

Amorphous Amorphous Amorphous Crystalline Silicate/ Crystalline Silicate/

UT Dates Pyroxene Olivine Carbon Olivine Orthopyroxene Carbon Amorphous Silicate
(1) @) 3 4) ®) ©) () ®)
1996 Oct 11-14........ 0.24 0.25 0.21 0.25 0.05 3.8 0.6
1997 Feb 14-15 ....... 0.37 0.18 0.18 0.23 0.04 4.5 0.5
1997 Apr 1 1............. 0.25 0.17 0.20 0.30 0.08 39 0.9
1997 Jun24-25........ 0.33 0.14 0.21 0.25 0.08 3.8 0.7

sion is from grains with radii <1 um, Table 4 lists the mass
fraction of submicron grains for each mineral. The total
mass of submicron-sized grains for each mineral was deter-
mined by summing over the grain size distribution from 0.1
to 1.0 um, to calculate the total number of submicron-sized
grains, and then calculating the mass of the total number of
grains by assuming a bulk density for the carbon grains of
pe = 2.5 gem 3 (Lisse et al. 1998) and a bulk density for the
silicates of p; = 3.3 gcm—3 (Dwek 1985).

4.1. 1996 October UT

The synthetic model SED for this epoch (preperihelion)
encompasses the 10 um HIFOGS spectra and is extended to
include both NIR photometry points and mid- and far-IR
ISO SWS spectra. The synthetic model SED is constructed
by co-adding a blackbody at 5770 K (reflected solar spec-
trum) and the thermal model flux spectrum, which uses

-15

emission from slightly fractal, porous, amorphous grains
(D =2.8) and “hot,” solid, submicron-sized crystalline
grains. Figure 6 shows the SED of Hale-Bopp at the 1996
October UT epoch, compared with the best-fit (x2 = 1.70)
model SED, using a grain size distribution, with a slope of
N = 3.4, that peaks ata, = 0.2 um (M = 3.4). To match the
contrast of the resonance peaks with the underlying contin-
uum in both the mid-IR HIFOGS and far-IR ISO SWS
spectra, the olivine crystals incorporated in the model were
calculated to be 1.9 £ 0.1 times hotter than predicted from
the pure Mg (x = 1) amorphous olivine optical constants
(§ 3.2.3). This increase in temperature corresponds to an
increase of the Q,ps for crystalline olivine in the UVIS by a
factor of 74 compared to our Q,ps extrapolated to high Mg
from Dorschner et al. (1995). The optical constants of Lucey
(1998) are an order of magnitude lower than those of
Dorschner et al. (1995) and yield a much greater discrep-
ancy between the deduced and calculated temperatures. The
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Fi16. 6.—Model SED of Hale-Bopp, compared with the observed SED for 1996 October UT. The SED is constructed from data points from HIFOGS spec-
trophotometry (1996 October 11 and 13 UT, violet circles; 1996 October 12 and 14 UT, green triangles), ISO SWS (1996 October 6 UT, red line), synthetic-
aperture photometry from AEROCAM and SpectroCam-10 imaging (1996 September 30 UT, orange squares), and ISOPHOT (1996 October 7 UT, blue dia-
monds). A synthetic spectral model fit (black line) is constructed from a 5770 K blackbody (dashed gray line) and the calculated thermal model (dashed brown
line). This synthetic model is fitted to the SED with x7 = 1.70 and best-fit parameters N = 3.4, M = 3.4 (a, = 0.2 um), and D = 2.875. The abundances by

number at the peak of the grain size distribution are listed in Table 3.
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empirically determined temperature of crystalline olivine is
currently the best method to determine the flux spectrum for
crystalline olivine until a homogeneous set of optical con-
stants is available over the entire wavelength range
(A = 0.1-50 gm).

At 2.8 AU, the “hot” olivines range in temperature
between 155 and 168 K (between grain sizes 0.1 and 1.0 gm).
The temperature of a blackbody grain at this heliocentric
distance is 166 K. Therefore, the assignment of the black-
body temperature to the crystalline olivines is a good first-
order approximation, as is done by other investigators
(HHS; Wooden et al. 1999). For consistency, the crystalline
orthopyroxene grains are heated by the same factor as the
crystalline olivine grains. Based on the fit at this epoch at 2.8
AU, where there is full far-IR spectra coverage, the model
fits at other epochs are also constructed assuming the
“hot” crystal model.

4.2. 1997 February UT

For this epoch (preperihelion), the best-fit model SED
(x2 = 16.36) is reproduced by co-adding a 5770 K black-
body (reflected solar spectrum) and a thermal model flux
spectrum using a grain size distribution (slope N = 3.7) that
peaks at @, = 0.2 yum (M = 3.7) and a high fractal dimen-
sion for the amorphous materials of D = 2.5 (Fig. 7). Note
that the model SED predicts values greater than the 18.3 um
photometry point. This large discrepancy at 18 um could be
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due to the crystals being warmer than the ““hot crystal”
model at this heliocentric distance or to the uncertainty in
the flux value of the data point being larger than the formal
error by a factor of 4, as presented by Williams et al. (1997).

4.3. 1997 April UT

The best-fit synthetic model SED for the 1997 April 11
UT epoch (near perihelion) was derived by co-adding the
5770 K blackbody to a thermal model flux spectrum calcu-
lated using a grain size distribution, with slope N = 3.7, that
peaks at @, = 0.2 um (M = 3.7), with a fractal dimension
for the amorphous materials of D =2.5 (Fig. 8). The
reduced x? of the fit is x2 = 99.75, which is significantly
larger than at other epochs because the relative photometric
uncertainty of the HIFOGS spectral data are small
(S/N = 100), highly constraining the model through the 7.5—
13.5 um region.

For this epoch only, the 1 o uncertainties in the fit param-
eters are determined experimentally from the shape of the
multidimensional x? ellipsoid, by finding where the sides of
the x2 ellipsoid begin to grow rapidly from the relatively
flat-bottomed portion of the multidimensional surface. The
parameter pairs amorphous pyroxene and amorphous oli-
vine and crystalline olivine and amorphous olivine are the
strongest pairwise correlations. Therefore, these two pairs
of parameters are used to experimentally define Ay? for
1997 April UT; a Ax2-value of 200 is found to encompass
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FiG. 7—Model SED of Hale-Bopp, compared with the observed SED for 1997 February UT. The SED is constructed from data points from HIFOGS
spectrophotometry (1997 February 14 UT, violet circles; 1997 February 15 UT, green triangles), synthetic-aperture photometry from URCAM imaging (1997
February 10 UT, blue diamonds), and photometry from Williams et al. (1997; 1997 February 20 UT, orange squares). A synthetic spectral model fit (black line)
is constructed from a 5770 K blackbody (dashed gray line) and the calculated thermal model (dashed brown line). This synthetic model is fitted to the SED with
X7 = 16.36 and parameters N = 3.7, M = 3.7 (@, = 0.2 um), and D = 2.5. The abundances by number at the peak of the grain size distribution are listed in

Table 3.
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Fi6. 8.—Model SED of Hale-Bopp, compared with the observed SED for 1997 April UT. The SED is constructed from data points from HIFOGS spectro-
photometry (1997 April 11 UT, violet circles) and photometry from Mason et al. (2001; statistically weighted average of 1997 April 9 and 14 UT data points,
red circles). A synthetic spectral model fit (black line) is constructed from a 5770 K blackbody (dashed gray line) and the calculated thermal model (dashed
brown line). This synthetic model is fitted to the SED with x7 = 99.75 and parameters N = 3.7, M = 3.7 (a, = 0.2 um), and D = 2.5. The abundances by num-

ber at the peak of the grain size distribution are listed in Table 3.

the lowest and flattest part of the x2 multidimensional ellip-
soid for correlated parameters. Thus, the errors associated
with the parameters are the correlated errors within our
empirically determined confidence level.

The fractal dimension and peak of the grain size distribu-
tion for the 1997 April UT epoch are the same as those for
the 1997 February UT epoch. The 1997 April UT model
SED is too high compared to the 18.3 ym photometry point.
The poor fit at 18.3 um, compared to the fit at shorter wave-
lengths for 1997 April UT, is comparable to that of 1997
February UT and might be attributable to similar causes.

4.4. 1997 June UT

The best-fit synthetic model SED for this epoch (postperi-
helion) was generated by co-adding the 5770 K blackbody
and the thermal model flux spectrum calculated using a
grain size distribution (slope N = 3.5) that peaksata, = 0.2
um and a fractal dimension for the amorphous materials of
D = 2.6 (Fig. 9). The fractal porosity for the 1997 June UT
epoch is higher (i.e., less porous grains) than that of the
1997 February and April UT epochs. The grain parameters
imply that the porous grains are not as dominant as they
were while the comet was close to perihelion and that the
coma was populated with grains similar to those seen pre-
perihelion, during the 1996 October UT epoch. The implica-
tions of these changes in the grain properties with
heliocentric distance are discussed in § 5. Finally, as with the
1997 February and April UT epochs, the 18.3 um data point
is poorly fitted by the model SED.

5. DISCUSSION

5.1. The ry, Evolution of Amorphous Grains from
SED Modeling

The models (§ 4) suggest that the physical properties of
the dust grains and the relative abundances of the materials
in the coma of Hale-Bopp changed with heliocentric dis-
tance. First, as the comet approached perihelion, the analy-
sis indicates that there is (1) a drop in the amount of flux
from large amorphous grains (>5 um radii), (2) an increase
in the fractal porosity of these large amorphous grains, and
(3) an increase in the contrast of 9.3 um crystalline ortho-
pyroxene resonance peak with respect to the strong, broad,
amorphous silicate resonances. Second, the subsequent
reversal of these changes was witnessed postperihelion, as
the comet increased its heliocentric distance.

On the other hand, there are some grain properties that
remained relatively constant with r,. The grain radius at
which the grain size distribution peaks is @, = 0.2 ym at all
epochs. The relative abundance by mass of submicron-sized
crystalline olivine and crystalline orthopyroxene grains, rel-
ative to the total number of submicron-sized grains,
increased by only 20% close to perihelion. Therefore, at all
epochs, the submicron-radii silicate grains are generally a
mixture of 70% amorphous and 30% crystalline grains. By
mass, the total silicate (amorphous and crystalline) to car-
bon ratio is ~4, significantly smaller than the ratio of ~40
determined for comet Halley (Krishna Swamy et al. 1988).

In 1996 October UT, at 2.8 AU preperihelion, the mea-
sured 10 um flux from Hale-Bopp is dominated by small,
moderately porous, amorphous silicate grains (a 1 um
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F16. 9.—Model SED of Hale-Bopp, compared with the observed SED for 1997 June UT. The SED is constructed from data points from HIFOGS spectro-
photometry (1997 June 24 UT, violet circles; 1997 June 25 UT, green triangles), and photometry from Mason et al. (2001; statistically weighted average of 1997
June 9 and 10 UT data points, orange squares). A synthetic spectral model fit (black line) is constructed from a 5770 K blackbody (dashed gray line) and the cal-
culated thermal model (dashed brown line). This synthetic model is fitted to the SED with x2 = 7.48 and parameters N = 3.7, M = 3.7 (a, = 0.2 um), and
D = 2.7. The abundances by number at the peak of the grain size distribution are listed in Table 3.

radius amorphous grain is 20% porous). Also, there is a sig-
nificant contribution to the flux from larger grains with low
porosity (a 10 um radius amorphous grain is 40% porous;
§ 4.1). Large particles are thought to originate on the sur-
face, becoming entrained in the gas outflow (Shoshany et al.
1999). Large, highly porous grains (= 80% vacuum) domi-
nate the emission over the large, less porous grains (less than
68% vacuum) of the same radii (Xing & Hanner 1997).
Highly porous grains would have been easily detected if they
were present in the coma. Thus, the highly porous grains
present at smaller heliocentric distances are not present in
appreciable numbers at this heliocentric distance. The slope
of the grain size distribution at this epoch is well constrained
to N = 3.4, close to the slope of the interstellar power law of
N = 3.5 (Mathis, Rumpl, & Nordsiek 1977).

Near perihelion, changes in the grain properties that are
required to fit the measured HIFOGS data, as well as the
SEDs, include an increase in the fractal porosity (1 and 10
um grains contain 70% and 90% vacuum, respectively) and
an increase in the slope of the grain size distribution to
N = 3.7. The slope of the grain size distribution is in the
range determined for other comets (§ 5.5). In Hale-Bopp’s
coma, the particles in the arcs formed by the jets contain
grains smaller than in those between the arcs, as evidenced
by their hotter relative temperatures (HHS) and by their
higher polarization (Jones & Gehrz 2000). These small
grains contribute to a strong NIR excess (DiSanti et al.
1999) and to a significant increase in the mid-IR continuum
flux (Wooden et al. 1999) above that predicted by the
' A~! relation (Gehrz & Ney 1992). Therefore, close to

perihelion there are more smaller grains being produced
(Table 3; HHS; Williams et al. 1997). As for the less porous
large grains, they might have existed in the coma near peri-
helion, but were not seen because of the high flux from the
more porous grains.

During 1997 June UT, when the comet was observed
postperihelion at a heliocentric distance of 1.7 AU, the
large, less porous grains once again began to dominate the
thermal emission. As the comet recedes from the Sun, the
fractal dimension of the porous grains begins to revert
toward its value at 2.8 AU (preperihelion in 1996 October
UT).

5.2. The Presence of *“ Hot,” Mg-rich Silicate Crystals

Nonporous, small (<1 um) crystalline grains, analogous
to those in CPIDPs, adequately model the crystalline reso-
nance features at each temporal epoch. The “hot ” silicate
crystals are 1.9 times hotter than the radiative equilibrium
temperatures calculated for the pure Mg amorphous grains
of the same mineral composition. By mass, the submicron-
sized crystalline silicates make up 30%-38% of the silicates
in Hale-Bopp. The abundances of silicate crystals relative to
the total grain population are constrained by the model
analysis to be nearly constant at all epochs, with a slight
increase close to perihelion (see Table 4).

5.2.1. Plausible Causes for *“ Hot” Silicate Crystals

The modeling requires that the silicate crystals are “ hot.”
This model result suggests that “hot” crystals are either
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part of some aggregate that warms them, or that the crystal-
line silicates contain a small amount of Fe and are not pure
Mg crystals. The crystalline olivine resonance peak at 11.2
um evident in the spectra implies a high Mg content of
x =y >0.95 (Jager et al. 1998). This high Mg content is
consistent with the most primitive, highest Mg content
(y > 0.95) materials found in CPIDPs and AMMs (Bradley
etal. 1999b) and in Halley pyroxene and olivine grains (clus-
ters C and D in Table 2 of Schulze et al. 1997). Therefore,
based on the location of the crystalline resonance features,
the crystals are not “hot” as a result of an increased Fe
content.

The crystals producing the resonances are not themselves
aggregates of crystals, because the wavelengths of their peak
resonances require isolated crystals. Yanamandra-Fischer
& Hanner (1999) modeled the emission from single and
aggregate (with 2 and 5 constituents) tetrahedral-shaped
grains of crystalline olivine. For the single grain, the signa-
ture crystalline olivine ““11.2 um > resonance feature peaks
at 11.2 um. The ““solid 7 aggregates (30% overlap between
constituents) produced a resonance peak ~11.13 ym, while
the “fluffy ” aggregates (10% overlap of the constituents)
produced a resonance that peaked at a shorter wavelengths
(<11.1 um). The crystalline olivine resonance is sharpest in
the 1997 April 11 UT HIFOGS spectra, with a peak wave-
length of 11.175 4 0.045 um based on only a single grating
setting (Wooden et al. 1999). Thus, the crystalline resonan-
ces are probably not produced by fluffy aggregates of crys-
tals. The inferred crystal grain size distribution in comet
Hale-Bopp peaks at @, = 0.2 um and is truncated at 1 um.
These small crystalline grains are consistent with the size of
the constituents of CPIDPs of probable cometary origin.
Thus, based on the grain size distribution, some of the crys-
tals are probably isolated solid particles.

As a final possibility, an absorbing organic mantle (as
proposed by Greenberg & Hage 1990) around the crystals
could warm them to the temperatures calculated from our
modeling. To produce a resonant feature in amorphous sili-
cates to match the emission from Hale-Bopp, Li & Green-
berg (1998) made their large bird’s nest aggregates very
porous (~98%). Furthermore, it is unknown what the effect
of an absorbing organic mantle has on the resonance fea-
tures from the crystals. Calculations of aggregate grains
with crystals are not tractable at this time. Calculations are
needed to determine the amount of organic material needed
to heat individual crystals to the temperatures that match
the observations.

5.2.2. Increasing Contrast in Orthopyroxene
Crystals near Perihelion

Near perihelion, the 9.3 um crystalline orthopyroxene
resonance grew, in contrast to the broad amorphous fea-
tures. At perihelion (0.93 AU), the temperatures of crystal-
line olivine and crystalline orthopyroxene are modeled to be
~220 and ~320 K, respectively. The temperature difference
between the crystalline olivine and the crystalline orthopy-
roxene is sufficient to make the abundance of orthopyrox-
ene crystals increase in contrast to the other mineral species
near perihelion. The relative abundance of the crystalline
olivine to orthopyroxene crystals is 5:1 at 2.8 AU and
decreases to 3.8:1at0.93 AU.

The olivine crystals are cooler than the orthopyroxene
crystals, a model result opposite to the empirical determina-
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tion by Wooden et al. (1999) based on Lucey (1998) optical
constants. At 0.93 AU, the crystalline olivine radiative equi-
librium temperature (220 K) is cooler than either the black-
body temperature (~290 K) assigned by HHS or the
measured 10 gm continuum temperature (~410 K) assigned
by Wooden et al. (1999) to the crystalline olivine. The crys-
talline orthopyroxene radiative equilibrium temperature
(320 K) also is hotter than the empirical temperature (245
K) determined by Wooden et al. (1999) for the crystalline
orthopyroxene. Thus, the radiative equilibrium model anal-
ysis indicates that crystalline olivine is more abundant rela-
tive to crystalline orthopyroxene. Even so, orthopyroxene
crystals are still an important crystalline silicate in comet
Hale-Bopp. Pyroxenes are also a significant mineral compo-
nent of comet Halley, as shown by the reanalysis of Halley’s
in situ mass spectrometer measurements (clusters C and D
in Table 2 of Schulze et al. 1997).

Only the HIFOGS mapping of the coma near perihelion
revealed any differences in the ratio of olivine to orthopyr-
oxene crystals, and only in the sunward direction. Figure 10
shows the spectra centered on the nucleus and offset 5” in
the sunward direction. Model fits to the sunward spectrum
suggest that the peak of the size distribution is the same as
that observed toward the nucleus (a, = 0.2 um). However,
the derived mineralogy differed. Crystalline olivine is
increased by 29% and crystalline orthopyroxene is increased
by 43%, while amorphous olivine is decreased by 35% and
amorphous pyroxene and amorphous carbon are decreased
slightly, by ~13%. The crystalline olivine-to—crystalline
orthopyroxene ratio decreases from 3.7 in the nucleus to 3.3
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Fi6. 10.—Model flux spectra of Hale-Bopp (curves), compared with the
HIFOGS spectra (circles) obtained on 1997 April 11 UT (1, = 0.93 AU) on
the nuclear region and offset 5” sunward (3”5 S, 3”5 W). Overlaid on each
spectrum is the 1997 April UT best-model fit. The model spectrum uses
fractal porous grains (D = 2.5) calculated using the Hanner size distribu-
tion, with N = M = 3.7, which corresponds to a peak grain size of ¢, = 0.2
um. For the 5" offset spectrum, the model fit has been scaled down by a fac-
tor of 4 to fit the observed flux.
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in the sunward direction. The increase in the orthopyroxene
crystals by 43% in the sunward direction supports the con-
cept that the 9.3 ym emission is a combination of crystalline
orthopyroxene (9.3 um peak) and amorphous pyroxene (9.3
um shoulder), as discussed further in § 5.5. Also, the
increase in crystalline silicates sunward is in the direction of
strong jet activity, supporting the idea that these grains
might be dredged up from deep within the nucleus, rather
than being lifted off the surface of the comet, as discussed
below.

5.3. Hypothesis for rp-dependent Grain Properties

The coma of Hale-Bopp contained a large reservoir of
small (<0.5 ym) grains (Williams et al. 1997; Hanner et al.
1999). This small grain reservoir increased as the comet’s
heliocentric distance decreased, and it is demonstrated in
the models by a steepening of the grain size distribution. In
addition, the fractal porosity of large, amorphous grains
also increased close to perihelion. Higher porosity grains
are hotter than lower porosity grains of the same grain radii,
and the hotter grains dominate the flux. Highly porous
grains could have dominated the emission, but are not
detected in appreciable numbers at large heliocentric distan-
ces (r, ~ 2.8 AU). Highly porous grains only appear in the
coma near perihelion (< 1.5 AU).

The model analysis leads to two hypotheses: either dust
grains ejected by the jets into the coma contain amorphous
grains of greater porosity (i.c., material is being dredged up
from inside the nucleus), or the dust grain properties in the
coma are modified by some mechanism (e.g., fragmenta-
tion) that increases the grain porosity and releases crystals.
DiSanti et al. (1999) suggest that the strong NIR continuum
atr, $1.5 AU is a consequence of grain fragmentation. The
modeling of the SEDs suggests that the entire grain size dis-
tribution steepens at r;, <1.2 AU and that the grain porosity
increases. That is, there are more (by number) smaller
grains, and the grains are more porous. Insolation can cre-
ate areas of large gas and dust production. In Hale-Bopp
these jets acted like sprinkler heads as the nucleus rotated,
with a mean period of ~11.3 hr (Sarmecanic et al. 1997;
Schleicher et al. 1997; Licandro et al. 1998; Jorda et al.
1999), expelling large amounts of dust into the coma. The
change in the grain properties near perihelion might be a
consequence of the delivery of grains from within the
nucleus into the coma by strong jet activity. Thus, the grain
properties near perihelion might be representative of early
solar nebula grains.

5.3.1. Release of Porous Particles from Nucleus

Recent modeling of comet nuclei reveals that the comet
nucleus itself is very porous and that nuclear pore size
increases with decreasing heliocentric distance (Shoshany et
al. 1999). Generally, pores free small grains from a fairly
thick layer below the surface of the comet. For Hale-Bopp,
the effective maximal dust grain size is computed to be 10
um, based on a computed pore size of ~100 ym and a crys-
talline ice layer of thickness ~1-4 m (Prialnik 1999). The
crystalline ice layer is significantly thinner than that deduced
for other comets, but thicker than that expected for a new
comet. This is consistent with the small number of perihe-
lion passages experienced by Hale-Bopp (Marsden 1999).
As the comet approaches perihelion, gas pressure increases
the size of the nuclear pores in regions where large amounts
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of gas are being generated (i.e., jets). Particles could be liber-
ated from deep inside the comet, altering the observed grain
size distribution. These larger particles from deep within the
nucleus are likely to be more pristine and more closely
resemble the composition of the early solar nebula than
those released from the surface.

As the jet activity on the nucleus begins to subside, the
pores decrease in size with the decrease in gas pressure.
Therefore, the amount and size of dust grains being liber-
ated from inside the nucleus decreases. The pore sizes
change with time as ice around the pore is melted (Shoshany
et al. 1999). A decrease in the solar insolation results in the
pores closing or becoming clogged with icy material. Gas
can still pass through pores of any size, but the dust will only
pass through those pores large enough for the grains to
escape (Shoshany et al. 1999). Closing of cometary pores is
a plausible reason for the comet’s exhibiting such a dramatic
decrease in postperihelion dust production (Wooden et al.
1999, 1997), but not in gas production, and for the reversion
of grain porosity toward large heliocentric distance, preperi-
helion values.

5.3.2. Fragmentation of Grains in the Coma

Fragmentation of larger grains into smaller grains could
both steepen the grain size distribution and increase grain
porosity. Grains can become fragmented through such
mechanisms as collisions. Jones et al. (1994) showed that,
given a population of porous and solid grains, processes
such as collisions will tend to destroy solid grains, rather
than the more porous grains. In the coma, the more porous
grains will tend to outlive less porous grains. Let us consider
grains to be aggregates of small (<0.2 ym radii) particles. If
the aggregates are cohesive, they act as a ““large’ particle.
On the one hand, the breakup of such an aggregate into
smaller pieces would actually decrease the overall porosity
of the grain population. However, this is not what we see in
our models of Hale-Bopp. On the other hand, if the aggre-
gates break apart by losing small particles or constituents,
then they can be considered an effectively more ““ porous”
particle if the grains retain the large collecting area while
becoming deficient of material. Therefore, the large aggre-
gates become more loosely ““stuck ” together. Grains from
the surface of the comet might have already been exposed to
UV radiation or a significant high-energy particle flux from
the solar wind and become “ carbonized,” making them far
more cohesive (Strazzulla & Baratta et al. 1992 and referen-
ces therein) and less likely to fragment than nonirradiated
grains from the interior. Interior grains at smaller heliocen-
tric distances are likely candidates for fragmentation and
therefore could become highly porous.

5.3.3. Possibility of Organics in the Dust

At small heliocentric distances (1, <1.5 AU), a strong,
distributed source of CO (possibly associated with organic
materials in the dust) has been detected at a significantly
larger spatial distribution than the 1/r falloff of the coma
material (gas and dust) inferred from IR observations (Di
Santi et al. 2001). The source of the distributed CO might be
associated with organic materials within the dust (DiSanti
et al. 1999). Other molecules, including HNC, CN, C,, and
H,CO, can also come from complex organics in the nucleus
(Rodgers & Charnley 2001). The sublimation of an organic
polymeric ““glue,” such as polyoxylmethylene (POM),
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might have led to the fragmentation of grain aggregates in
comet Halley’s coma (Bohnhardt, Fechtig, & Vanysek
1990). If dissociation of organic materials in the dust (e.g.,
materials analogous to aliphatic compounds, identified in
IDPs by Brownlee et al. 2000, or POM, as noted by Cottin
et al. 2000) is the source of the CO, then the organics in the
dust can serve as further evidence of pristine grains dredged
up from the nuclear interior near perihelion.

Using the spectral synthesis modeling tools, pure water
ice, dirty water ice, CO ice (Quirico & Schmitt 1997), and
some organic materials (e.g., tholin; Khare et al. 1984) were
incorporated into the grains using Bruggeman mixing
theory. The evaporation of these materials from 2.8 to 1.2
AU might have explained the evolution of the grain size dis-
tribution and porosity. However, these materials produced
strong resonances not present in the spectral data. We are
not able to suggest what organic material could produce the
distributed source of CO or, when released from the dust,
could increase the grain porosity.

We suggest that near perihelion (r, <1.5 AU), highly
porous, large grains are released from greater nuclear
depths. Possibly, the subsequent fragmentation of these par-
ticles steepens the grain size distribution and further
increases grain porosity.

5.4. Relating Hale-Bopp’s Grains to CPIDPs

The closest samples to comet grains are CPIDPs collected
from the Earth’s stratosphere. CPIDPs are believed to be
comet grains, based on their high velocities (v > 16 km s~ 1)
and eccentric orbits (Brownlee et al. 1995). CPIDPs are dis-
tinguished from other IDPs by their chondritic composi-
tion, low density, high porosity, lack of layer-lattice silicates
(Bradley et al. 1992), and the high Mg content of their crys-
tals (y ~ x20.95; Bradley et al. 1999b). CPIDPs are aggre-
gates of GEMS (Bradley et al. 1997) and both an
amorphous carbon— and an aliphatic-rich carbonaceous
matrix (Brownlee et al. 2000). GEMS are Mg-rich, amor-
phous silicate spherules (=~0.1 ym in size) that contain
Fe/Ni and FeS nanoparticles. CPIDPs are dark particles
(highly absorbing at visible wavelengths) because of their
Fe/Ninanoparticles, and not because of their carbonaceous
matrix (Brownlee et al. 2000). Despite the phase separation
of the Mg into the amorphous silicates and the Fe into
Fe/Ninanoparticles, GEMS-rich CPIDPs have spectra well
matched to the interstellar absorption feature (Bradley et al.
1999¢). The interstellar absorption feature could arise from
Fe-bearing amorphous olivine (Li & Greenberg 1997) or
from a continuous distribution of ellipsoidal Fe-bearing
amorphous pyroxene (Demyk et al. 1999). Thus, modeling
Hale-Bopp’s amorphous silicates by Fe-bearing, chondritic
composition (x = y = 0.5), amorphous olivine and amor-
phous pyroxene grains is the best approach now, even
though the recent laboratory research shows that the Mg-
and Fe-bearing mineral phases are separated in CPIDPs.

Isotopic measurements of CPIDPs yield evidence of the
existence of presolar silicates (Messenger, Keller, & Walker
2002). However, only one of the approximately 30 silicates
identified in the IDPs as being presolar (by its '°0 /17O ratio)
is identified mineralogically as forsterite (a pure Mg olivine
crystal). In addition to the oxygen isotopic measurements,
many CPIDPs contain extremely high deuterium enrich-
ments (6D ~ 42700 parts per million) on micron and sub-
micron size scales. The partial preservation of presolar
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molecules, i.e., a D-rich carbonaceous phase, as well as the
existence of presolar silicates, supports the pristine nature
of CPIDPs.

The composite nature of CPIDPs can serve to diminish
the sharper crystalline structures, in contrast to the broad
amorphous features (Brownlee et al. 2000). Spectra of whole
CPIDPs reveal weak resonances at 9.3, 10.5, and 11.2-11.4
um, attributable to Mg-rich pyroxene and olivine crystals
(Bradley et al. 1999a, 1999c). These resonances are small
deviations from the amorphous silicate resonances. How-
ever, when these particles are ultramicrotome thin-sec-
tioned, the crystalline resonances show up in much greater
contrast than in the bulk particles (Molster et al. 2001;
Bradley et al. 1999¢). Despite the lack of a direct spectral
comparison of the same particle prior to and after thin-sec-
tioning, the contrast of the crystalline resonances appear to
be diminished when these crystals are part of larger aggre-
gates. Few published spectra of CPIDPs have crystalline
resonances with as strong a contrast as is evident in Hale-
Bopp’s 10 um feature. Hale-Bopp’s strong 10 um silicate
feature and high-contrast crystalline resonances suggest
that Hale-Bopp’s aggregates are smaller than those present
in other comets or CPIDPs collected in the stratosphere.

The most fragile CPIDPs are those pyroxene-rich
CPIDPs that shatter into a cluster of smaller pieces upon
impact with the collector; these are the so-called cluster
IDPs. The spectra of pyroxene-rich cluster IDPs best match
the spectra of comet Hale-Bopp (Wooden et al. 2000a).
Cluster IDPs are extremely porous, highly fragile, contain
Mg-rich crystalline material, and represent some of the most
pristine particles in the solar system (see Wooden, Harker,
& Woodward 2000b for a summary of their pristine qualifi-
cations). From the CPIDP spectra in the literature, it can be
inferred that if crystals are parts of aggregate grains, then
the smaller the aggregate grains (analogous to thin sec-
tions), the more distinguishable will be the crystalline reso-
nances. Hopefully, future laboratory work will emphasize
comparing the spectra of CPIDP particles with the spectra
of thin sections of the same CPIDP. This laboratory work is
a critical part of spectroscopically assessing the crystalline
content of aggregate particles. Computing the heating of
crystals as parts of aggregates is also an important avenue
of future work. The porous, GEMS-rich component of
CPIDPs might serve to warm the poorly absorbing Mg-rich
crystals by their contact with the more absorbent silicate
materials made dark by the Fe/Ni inclusions in GEMS
(Brownlee et al. 2000).

5.5. Comparison with Other Grain Models for Hale-Bopp

Other investigators have modeled the emission from dust
grains in Hale-Bopp’s coma. The epochs of the observations
modeled either coincide with or are within two weeks of the
HIFOGS epochs. While our results are similar to the find-
ings of these other investigators, our results differ in that we
determine the temperature of the crystalline silicates (and
thereby create the “hot” crystal model) using the 1996
October UT SED, model a distribution of grain porosities,
and constrain the peak of the grain size distribution using
the flux in the 3—-5 um region, which includes both the ther-
mal and scattered light from the dust grains. Without taking
into account the scattered light, model fitting to the thermal
NIR SED yields a different peak grain size and grain poros-
ity. For example, we find that for 1997 April UT, using the
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approximation that the scattered light is from grains of
approximate size of the wavelength (§ 3), at 3.6 um the scat-
tered light accounts for 3% of the measured flux.

Williams et al. (1997) computed a model fit of the
photometry points at A = 3-5 um, using a grain size distri-
bution of solid grains that peaks at a, = 0.15 um for the
1997 February UT epoch. In contrast, our fits show that a
good match to the SED requires a size distribution of
porous grains that peaks at larger grain radii; @, cannot be
smaller than 0.2 um for a fit that includes fractal, porous
grains.

HHS examine spectra obtained on 1997 March 28 UT at
3-5and 7-13 um. They use a model consisting of a size dis-
tribution of amorphous carbon grains whose flux spectra
are computed using Mie theory plus submicron silicate
grains whose flux spectra are computed using laboratory-
measured emissivities, with the silicate grains assigned a
blackbody temperature corresponding to the heliocentric
distance of the observation epoch.

The thermal spectral models of HHS are similar to our
models in that both models compute the emission spectra of
hot, submicron, amorphous carbon grains that are the pri-
mary flux contributor to the NIR excess and mid-IR pseu-
docontinuum. This pseudocontinuum is also attributed to
carbon grains by Wooden et al. (1999). HHS find that the
best fit to the spectra of the nuclear region on 1997 March
24 UT uses the Hanner grain size distribution with a mini-
mum grain size of ay = 0.05 um, a slope of N = 3.7, and a
peak grain size of @, = 0.13 um. By fitting the thermal grain
model to NIR spectra of Hale-Bopp without including
a scattered-light component, HHS derive a smaller peak
grain size, which produces model fits outside our 1 o
uncertainties.

To fit the 9.3 um feature near perihelion, HHS use pure
Mg amorphous pyroxene grains and pyroxene-rich IDPs in
an emissivity ratio of about 3.5: 1. Given their assumption
that the mineral components have similar sizes and temper-
atures, their results are that the most abundant silicate is
amorphous pyroxene (~40%) and that the pyroxenes
together constitute about two-thirds of the submicron-sized
silicates, with ~20% crystalline olivine and ~15% amor-
phous olivine constituting the other one-third of the submi-
cron silicate grain mineralogy. We use a size distribution of
0.1-100 um Fe-bearing amorphous pyroxene grains
(x = 0.5)and 0.1-1.0 gm Mg-rich crystalline orthopyroxene
grains in a ratio, by number, of approximately 2 : 1. Overall,
at each epoch, we find equal mixtures of pyroxene and oli-
vine minerals. The notable exception is during 1996 Octo-
ber, when we find that the olivines outnumbered the
pyroxenes by a ratio of 1.6:1. HHS use pyroxene IDPs
“Spray 1 and “ Key ” in their modeling. A fraction of the
pyroxene IDP mass is in pyroxene crystals (Bradley et al.
1992, 1999b). The mass fraction required for an IDP aggre-
gate to show the 9.3 um resonance probably depends on the
size of the IDP aggregate (§ 5.4). HHS attribute the 9.3 um
feature solely to amorphous pyroxene. We attribute the 9.3
um feature to a combination of amorphous pyroxene and
crystalline orthopyroxene.

Finally, HHS find that fits to their 1997 February 19 and
1997 March 24 UT data sets yield the same relative abun-
dances of silicate minerals at both epochs, in the nuclear
region and in the jet-produced arcs. However, in the 1997
April 11 UT HIFOGS data set, an increase in the amount of
pyroxene silicates is found in the region offset sunward from
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the nucleus 5”. Despite the differences between these two
models, both models demonstrate that Hale-Bopp con-
tained a large number of submicron-sized grains and that a
large percentage of these grains are of pyroxene mineralogy.

Li & Greenberg (1997) use a model altogether different to
fit the photometry points at 3-20 ym from 1997 February 20
UT. Their grains consist of amorphous silicate cores sur-
rounded by organic refractory mantles. These organic
mantles are orders of magnitude more absorptive than
amorphous carbon and Fe-bearing amorphous silicates.
Therefore, their strongly absorbing model grains are very
hot compared to absorbing particles modeled by other
investigators. Li & Greenberg’s grains are required to be
very large and highly porous to produce model spectra that
exhibit a 10 um silicate feature, as well as grains cool enough
to produce the required 3-5 ym continuum. A single poros-
ity is assigned to grains of every size, unlike the fractal
porosity used in the modeling, which assigns a higher poros-
ity to grains of larger size. They found that by using ~97%
porous grain aggregates composed of amorphous olivine
cores coated with organic residues, the Hanner grain size
distribution produced a good fit to the data at a peak size of
a, ~ 25 um, significantly larger than the models previously
discussed. To examine the contribution from crystalline sili-
cates, they add the emission from bare (i.e., no organic man-
tle), isolated, submicron crystalline grains into their model.
They find acceptable fits when assuming that the crystal
grains composed between 25% and 50% of the silicates by
mass. However, they did not have the spectral resolution to
uniquely determine the fit. We find similar relative masses
(~30%-~40%) of crystalline silicates, depending on the
heliocentric distance of comet Hale-Bopp (Table 4).

Brucato et al. (1999) model the spectrum of Hale-Bopp
(preperihelion) using the mass extinction coefficients of
amorphous carbon, chondritic composition amorphous oli-
vine, and pure Mg crystalline olivine. No amorphous pyrox-
ene is used. Fits to the 1996 October 6 UT ISO SWS 6-45
um spectrum yield submicron-size grain temperatures of
205 K (all minerals), hotter than the blackbody temperature
of 163 K. They include a cooler continuum component, rep-
resenting emission from larger (greater than 50 um), cooler
grains (159 K ~ Tgp), to match the ISO SWS spectrum.
Based on their relative number of large (50—-10° um) to sub-
micron (0.01-1 um) sized grains, they estimate the exponent
of a power-law grain size distribution to be N ~ 2.4. This
power-law grain size distribution is much flatter than
derived from other models for Hale-Bopp. Relative mass
fractions for the submicron grains are 11% for amorphous
carbon, 69% for crystalline olivine, and 20% for amorphous
olivine. They find a crystalline-to—amorphous silicate ratio
of 3.45:1 at 2.9 AU, in contrast to our ratio of 0.5: 1 at the
same heliocentric distance. Brucato et al. also find a large
number of silicates compared to carbon (silicate : carbon =
8:1).

The differences in the Brucato et al. relative abundances
of the grain species result from their assignment of the same
temperature to all submicron-sized amorphous carbon,
amorphous olivine, and crystalline olivine grains. Their sub-
micron carbon grains are cooler than the submicron silicate
grains in our model, and therefore their carbon grains are
more abundant, relative to the silicate grains, than in our
model. Grain temperatures depend on mineralogy and grain
size (§ 3; HHS; Harker 1999). Deriving relative abundances
of various mineral species depends on their relative temper-
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atures (Hanner et al. 1999; Wooden et al. 1999), and the
results of that process must be considered along with the
modeling methodology.

5.6. Comparison with Other Oort Cloud Comets and the ISM

Many comparisons have been made between the silicate
features measured in Hale-Bopp and those of other comets
(Mason et al. 2001; Wooden et al. 2000a; HHS; Wooden et
al. 1999). Much of this work tries to identify whether Hale-
Bopp is a unique comet in terms of its mineralogy, its grain
size distribution, or some combination of both. This is a dif-
ficult concept to address, since the makeup of grains in the
coma is complicated through such processes as grain frag-
mentation or nucleus porosity, which can release early solar
nebula “nuclear” grains (§ 5.3.1). Whether the grains are
“nucleus ” or ““surface ” might be yet another parameter in
comparing comets.

HHS applied their model (preserving the mineral mix
determined from their fits of the emission of Hale-Bopp) to
other comets that exhibited a silicate emission feature. They
found that they could achieve a good fit to comet Mueller
(C/1993 A1) by varying only the peak of the grain size dis-
tribution and the continuum-to-silicate ratio. This implies
that Mueller and Hale-Bopp share a similar mineralogy, but
a different grain size distribution of the absorbing grains.
However, when they fitted the emission from comets 1P/
Halley, Levy (C/1990 K1), Bradfield (C/1987 P1), and
Kohoutek, they found that the 10 um feature was broader
and flatter than that found in Hale-Bopp near perihelion.

The values for N (i.e., the large grain size slope) used in
the models of Hale-Bopp (N = 3.4-3.7) are small compared
with those of model spectra computed for other comets
(Hanner 1983, 1984). This is in agreement with the idea that
most of the thermal emission from Hale-Bopp was primarily
from small particles (Williams et al. 1997, Wooden et al.
1999). The value of N used in the SED models is closer to
that used for the ISM.

Other long-period comets, such as Wilson 1987 VII and
C/1996 Q1 Tabur, show little or no silicate resonance fea-
ture. A deficit of submicron silicate grains is the reason for a
weak silicate resonance feature. However, it is unclear
whether the lack of distinctive crystalline resonance features
is due to a deficit of small crystalline grains or to an absence
of crystals altogether. Harker et al. (1999) found that a mix-
ture of amorphous and crystalline olivine grains produced a
better fit to the emission feature of comet Tabur than amor-
phous silicates alone. Therefore, it is still too early to make
any conclusive statements about the relative mineralogies
among comets. Itis clear that further observations and anal-
yses need to be conducted to understand how large a role
the grain size distributions play in the modeling of emission
from cometary silicates, especially from silicate crystals.
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6. SUMMARY

Through thermal emission modeling of the SED of comet
Hale-Bopp at four distinct temporal epochs pre- and post-
perihelion, some properties of the optically dominant coma
dust grains have successfully been deduced:

1. The slope (N) of the grain size distribution at large
grain sizes steepens (N = 3.4-3.7) as the comet approaches
perihelion.

2. A fractal, porous model of the amorphous silicates
and amorphous carbon grains must be used for each epoch.
As the comet approaches perihelion, the value of the fractal
dimension decreases from D = 2.8 to 2.5, implying that the
number of fractal porous particles increases. Postperihelion,
the fractal dimension increases to D = 2.7 as the comet
recedes from the Sun.

3. The grain size distribution remains peaked at 0.2 um
for each temporal epoch.

4. For the 1996 October UT epoch, the temperature of
the crystalline olivine grains is empirically determined to be
hotter (by a factor of 1.9) than the temperature determined
for pure Mg crystals, using optical constants extrapolated
from amorphous olivine. This implies an increase of the
UVIS part of Q,ps for the crystalline olivine by a factor of 74
to attain such temperatures.

5. The relative abundance of the crystalline olivine to
crystalline orthopyroxene crystals is 5:1 at 2.8 AU and
decreases to 3.8:1at0.93 AU.

6. Throughout Hale-Bopp’s perihelion passage, approxi-
mately 30% of the submicron-sized grains by mass are
silicates.

7. The r, dependence of the emission from Hale-Bopp
can be understood by assuming a porous nucleus model
with pore sizes that increase close to perihelion, releasing
more particles from the interior of Hale-Bopp via active
jets.
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ERRATUM: “GRAIN PROPERTIES OF COMET C/1995 O1 (HALE-BOPP)” (ApJ, 580, 579 [2002])

Davip E. HArRkER
Center for Astrophysics and Space Sciences, University of California, San Diego

Diane H. Wooben
Space Science Division, NASA Ames Research Center

CHARLES E. WoODWARD
Department of Astronomy, University of Minnesota

AND

CarReY M. Lisse
Department of Astronomy, University of Maryland

In our original paper, the parameters for the best-fit model SEDs in Table 3 and the derived mass ratio of the total of submicron-
sized grains listed in Table 4 were incorrectly quoted. For comet C/1995 O1 (Hale-Bopp), for the four epochs UT 1996 September/
October (r, = 2.8 AU), 1997 February (r;, = 1.21 AU), 1997 April (r, = 0.93 AU), and 1997 June (r, = 1.7 AU), the SED model
fits shown respectively in Figures 69 utilize N,(crystalline olivine) larger than that quoted in Table 3 of the original paper. We have
corrected this error in the revised Table 3 given here. This error was propagated into Table 4, which also used incorrect uniform bulk
densities for all minerals in deriving the ratios of submicron grain abundances. A corrected Table 4 is given below, using the
corrected bulk density of pc = 2.5 g cm™~2 for carbon grains and of ps; = 3.3 g cm 3 for silicate grains, and taking into account that
the submicron amorphous carbon and amorphous silicate grains are porous (model parameter D < 3). For the total population of
submicron grains, the derived silicate-to-amorphous carbon ratio is in the range of 8.1-13.3, significantly higher than the range of
3.8—4.5 quoted in our original paper. Furthermore, for comet Hale-Bopp the silicate crystalline-to-amorphous ratio spans the range
1.5-3.7, 3 to 4 times greater than the range of crystalline silicate/amorphous silicate = 0.5—0.9 originally quoted by us.

TABLE 3
MoDEL PARAMETERS
N,
Amorphous ~ Amorphous  Amorphous Crystalline Crystalline
h Pyroxene Olivine Carbon Olivine Pyroxene
UT Date (AU) Erocu N* M® D° (x10%%) (x10%3) (x10%3) (x10%) (x10%) Ve X2
(O] ()] 3 @ & © Q)] ® ©)] (10) an (12 a3
1996 Oct 11-14..... 2.8 Preperihelion 34 34 28 0.14+0.03 0.15+£002 0.12+£0.02 030£0.01 0.03+0.01 542 1.70
1997 Feb 14-15 ... 1.21 Preperiheliion 3.7 3.7 25 248+0.10 125+006 123+£0.10 3.024+0.05 027+£005 197 1636
1997 Apr 11........... 0.97  Near perihelion 3.7 3.7 25 273+£022 1.78+0.17 222+£0.10 6.33+0.10 0.86+0.13 125 99.75
1997 Jun 24-25..... 1.7 Postperihelion 3.7 37 27 1234+0.07 0.51+£005 078+0.05 190£003 030+0.02 186 7.48
 Hanner size distribution: n(a) = (1 — ag/a)" (ay/a)"; ap = 0.1 pm.
b Peak grain size: ap, = ao(N + M)/N = 0.2 um for every epoch.
© Fractional filled volume of amorphous grains: ' = 1 — (a/ay)” .
4 Number of peak grain size grains (i.e., scaling factor).
¢ Number of free parameters.
TABLE 4
Mass RaTio To TOoTAL OF SUBMICRON-SIZED GRAINS
Amorphous Amorphous Amorphous Crystalline Silicate/ Crystalline Silicate/
UT Dates Pyroxene Olivine Carbon Olivine Orthopyroxene Carbon Amorphous Silicate
(O] (@) 3 “ )] Q) (O] ®
1996 Oct 11-14......... 0.18 0.18 0.11 0.48 0.05 8.1 1.5
1997 Feb 14-15 ........ 0.20 0.10 0.07 0.58 0.05 13.3 2.1
1997 Apr 11 0.12 0.08 0.07 0.64 0.09 13.3 3.7
1997 Jun 24-25......... 0.21 0.09 0.10 0.52 0.08 9.0 2.0
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