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Abstract

The NASA-JPL Deep Space 1 Mission (DS1) encountered the short-period Jupiter-family Comet 19P/Borrelly on September
about 8 days after perihelion. DS1’s payload contained a remote-sensing package called MICAS (Miniature Integrated Camera Sp
that included a 1024 square CCD and a near IR spectrometer with∼ 12 nm resolution. Prior to its closest approach of 2171 km, the rem
sensing package on the spacecraft obtained 25 CCD images of the comet and 45 near-IR spectra (L. Soderblom et al., 2002, S
1087–1091). These images provided the first close-up view of a comet’s nucleus sufficiently unobscured to perform quantitative ph
studies. At closest approach, corresponding to a resolution of 47 meters per pixel, the intensity of the coma was less than 1% of
nucleus. An unprecedented range of high solar phase angles (52–89 degrees), viewing geometries that are in general attainabl
a comet is active, enabled the first quantitative and disk resolved modeling of surface photometric physical parameters, including
particle phase function and macroscopic roughness. The disk-integrated geometric albedo of Borrelly’s nucleus is 0.029±0.006, comparable
to the dark hemisphere of Iapetus, the lowest albedo C-type asteroids, and the uranian rings. The Bond albedo, 0.009± 0.002, is lower than
that of any Solar System object measured. Such a low value may enhance the heating of the nucleus and sublimation of volat
in turn causes the albedo to decrease even further. A map of normal reflectance of Borrelly shows variations far greater than tho
asteroids. The two main terrain types, smooth and mottled, exhibit mean normal reflectances of 0.03 and 0.022. The physical p
parameters of Borrelly’s nucleus are typical of other small dark bodies, particularly asteroids, except preliminary modeling result
its regolith may be substantially fluffier. The nucleus exhibits significant variations in macroscopic roughness, with the oldest, dark
being slightly smoother. This result suggests the infilling of low-lying areas with dust and particles that have not been able to leave
The surface of the comet is backscattering, but there are significant variations in the single particle phase function. One region
flat particle phase function between solar phase angles of 50◦ and 75◦ (like cometary dust and unlike planetary surfaces), suggesting th
regolith is controlled by native dust rather than by meteoritic bombardment.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

As remnant bodies dating from the earliest stages of
Solar System, comets offer important clues to the proce
involved in planet-building, and to the physical conditions
the primitive solar nebula. During their successive pass
into the inner Solar System, comets undergo outgassing
possibly collisions with other objects. A glimpse at one
their nuclei thus offers a detailed view of the processe
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E-mail address: bonnie.j.buratti@jpl.nasa.gov (B.J. Buratti).
0019-1035/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2003.05.002
s

work on their surfaces through time. The role comets co
play in terrestrial mass extinctions and in the transpor
volatiles and pre-biotic material to Earth renders an
derstanding of these processes particularly compelling.
reservoirs for comets are believed to exist within the v
reaches of the outer Solar System, in the Edgeworth–Ku
belt and in the distant Oort cloud. One important set of qu
tions centers on the relationships between asteroids, co
and Kuiper belt objects (KBOs). Some near Earth as
oids (NEAs) may be extinct cometary nuclei (Hicks, 19
Fernandez et al., 2001; Weissman et al., 2003), whil
least one asteroidal object, the Centaur 2060 Chiron (
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known as Comet 95P/Chiron), exhibits cometary activ
Telescopic views of cometary nuclei in the inner Solar S
tem are precluded by the inevitable fate of a comet a
approaches the Sun: volatiles sublimate and drag su
dust to form a coma that obscures the bare nucleus. M
of the information about cometary nuclei has been obta
by photometric observations at aphelion, when the co
is least bright and most difficult to observe (Jewitt, 19
Meech, 1991). These observations established that co
are small (1–20 km in diameter) and irregular, and g
or slightly red in color (Luu, 1993; Licandro et al., 200
Lowry and Fitzsimmons, 2001). More recently, over
cometary nuclei have been characterized by Hubble S
Telescope CCD observations; in many cases careful
traction of cometary coma has enabled analyses at sm
heliocentric distances (Lamy et al., 2003). Thermal meas
ments established low geometric albedos (0.02 to 0.07
a number of comets, including Arend–Rigaux, Neujmin
and Tempel 2 (Veeder et al., 1987; Campins et al., 19
Tokunaga et al., 1992). Radar observations establish
face roughness on meter-scales (Harmon et al., 1989; C
bell et al., 1989). Rotational periods of comets range fr
a few hours to several days, and they tend to be slig
longer than those of asteroids (De Pater and Lissauer, 2
The spin state often involves complex rotation around n
principal axes, due to the outgassing of volatiles and co
quent torques that alter the angular momentum vector (
ton, 1991). Due to the small size of cometary nuclei a
the inherent difficulties in observing them, a spacecraft
counter represents an unprecedented opportunity to sc
nize and understand them. The first close view of a come
nucleus was obtained by the Vega 1, Vega 2, and Gi
spacecraft in 1986 during their flybys of Comet P/Hall
Although obscuration of the nucleus by a dusty coma p
cluded quantitative, disk resolved photometry, some b
physical information on its nucleus was obtained, includ
a size of about 16 by 8 km (Keller, 1990), and an albedo
0.04± 0.02 (Sagdeev et al., 1986). Telescopic observat
of Halley combined with the spacecraft-derived size yield
a visual geometric albedo of 0.05+0.03

−0.01 (Hughes, 1985).
The NASA-JPL Deep Space 1 Mission (DS1), the fi

interplanetary mission to be propelled by an ion-propuls
drive, encountered the short-period Jupiter-family Com
19P/Borrelly on September 22, 2001, about 8 days after
ihelion. Borrelly is the archetype and eponym of the seco
most common class of comets, the Borrelly group, which
depleted in carbon-chain molecules (A’Hearn et al., 19
yet similar in water and ammonia ratios relative to the m
common Halley group of comets (Fink et al., 1995). T
primary physical properties of Borrelly are summarized
Table 1. During the comet’s rotational period of 25± 0.5
hours, it exhibits an amplitude of 0.95 magnitudes (Lam
al., 1998), consistent with a principal axis ratio of 0.41
one assumes that the change in brightness is due to s
alone and that the lightcurve was obtained when the ax
rotation was perpendicular to the line of sight. This ratio
s

r

-
-

.

-

e

Table 1
Borrelly: major characteristics

Albedo 0.029± 0.006a

Principal axes (km) 4.0± 0.1× 1.58± 0.06a

Rotational period 25± 0.5 hoursb

Period 7 yearsc

Perihelion 1.36 AUc

Orbital inclination 30◦c

Orbital eccentricity 0.62c

Discovery Alphonse Borrelly (France), 190
OH production 2× 1028 molecules/sd

a This study.
b Lamy et al. (1998).
c JPL Horizons database (www.horizons.jpl.nasa.gov).
d A’Hearn et al. (1995).

Fig. 1. The closest image (Near_1) obtained by the MICAS CCD camer
September 22 2001 at 22:26:43 UT. The distance to the surface is 355
the resolution is 47 m/pixel, and the solar phase angle is 52◦.

consistent with the values of 4.0 ± 0.1 and 1.58± 0.06 km
for the principal axes determined by the highest resolu
image returned by DS1 (Fig. 1). The dust production dur
the encounter was several factors of 10 below that of
Halley encounter, permitting a nearly clear view of the n
cleus (Soderblom et al., 2002). Images show a fan-sha
jet emitted from a discrete active area on the sunward
of the comet, and at least two collimated jets. DS1’s payl
contained a remote-sensing package called MICAS (Mi
ture Integrated Camera Spectrometer) that included a 1
square CCD, a near IR spectrometer with∼ 12 nm resolu-
tion, an Active Pixel Sensor Camera, and a UV spectrom
Prior to the closest approach of 2171 km, the remote-sen
package on the spacecraft obtained 25 CCD images o
comet and 45 near IR spectra. The main results of the fl
the behavior of MICAS, and the IR spectra have been

http://www.horizons.jpl.nasa.gov
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scribed elsewhere (Soderblom et al., 2002). The maxim
spatial resolution attained was 47 meters per pixel.

In this paper we describe the results of the first quan
tive, disk resolved photometric study of a comet’s nucle
Our results include the derivation of fundamental pho
metric quantities such as the geometric and Bond albe
the solar phase curve and phase integral; the derivatio
disk-integrated physical photometric parameters such a
single scattering albedo, the single particle phase func
and macroscopic roughness; and disk resolved rough
and particle phase functions. Finally, we construct a ma
normal reflectances on the comet’s surface to study how
range and distribution of these albedos relates to the com
geologic features and evolution.

2. Observations

During the 90-minutes before closest approach, the
CAS CCD camera acquired 25 images spanning a ran
solar phase angles of 88◦ to 52◦. The images are listed i
Table 2, along with relevant timing and geometric inform
tion. These images are the first resolved views of a come
nucleus entirely unobscured by dust, as well as the first m
surements of the surface of a cometary nucleus at large p
angles. When the nucleus of a comet is visible at aphelio
is possible to observe it only over a restricted range of s
solar phase angles. For example, the maximum excursi
phase angle at 3 AU is 18◦. Since large phase angles a
necessary to accurately determine both the roughness
surface and the single particle phase function (Helfenste
al., 1988; Buratti, 1991), these observations enable the
determination of these physical photometric parameters
comet’s surface.

The images were obtained with a frame transfer CCD
tector consisting of an array of 1024× 1024 pixels, each
having a field-of-view of 9 µrad. The CCD camera carried
filter system; it exhibited a broadband response in the 50
1000 nm range with an effective wavelength of 660 nm. In
gration times ranged from 1.75 to 0.077 seconds. The im
were radiometrically and geometrically calibrated using p
cedures and files developed at JPL and USGS Flagstaff.
flight bench calibrations at JPL included measurement
geometric distortions on the image field, the flatfield and
diometric response of the CCD. During cruise, the radiom
ric calibrations were affirmed by observing standard tar
including Mars, Jupiter, andα-Bootes (Arcturus). Prelimi
nary results on Borrelly’s geology, its shape, the morph
ogy of its jets, and its photometry have been discusse
Soderblom et al. (2002). The best resolution image, obta
at a distance of 3556 km from the comet’s surface, is sh
in Fig. 1. Figure 2 is an image of 19P/Borrelly obtained w
the Large Format Camera at the 200-inch Hale telescop
16 September 13:00 UT, approximately one week prio
Deep Space 1’s encounter.
,
f

s

-
e

a

-

Fig. 2. An image of 19P/Borrelly obtained with the 200-inch Hale telesc
on Palomar Mountain and the Large Format Camera (R-filter) on 16
tember 2001 13:00 UT. The solar phase angle is 41◦ and the heliocentric
distance is 1.36 AU. The image is approximately 100,000 km square.

Absolute radiometric calibrations of the camera app
to be good to at least the 10–15% level. Extrapolation
the average surfaceI/F given in Soderblom et al. (2002
to 0◦ degrees results in a geometric albedo of 0.024. (I is
the specific intensity andπF is the incident solar flux.) Ac
counting for an opposition surge of 0.25 magnitudes,
ical of a C-type asteroid (Helfenstein and Veverka, 198
yields a geometric albedo of 0.03, in good agreement
that derived in Section 3 from HST (Lamy et al., 1998) a
ground-based photometry (Rauer et al., 1999) and the D
determined size.

3. Disk-integrated photometry

Disk integrated photometric measurements as a func
of solar phase angle yield some of the fundamental para
ters of a planetary surface: the geometric albedo, the p
integral, and the Bond albedo, a necessary paramete
thermal modeling. A disk integrated phase curve was der
for Borrelly by integrating the DNs in each pixel of the im
ages listed in Table 2, and then scaling the derived bright
to a common spacecraft distance. Coma was subtracted
each image by estimating its intensity from the ambient d
sky. Typically the intensity of the coma was only 1–2%
the intensity of the surface; on the final image it was m
less than 1%. The results are shown in Fig. 3, together
ground based and HST observations of Borrelly’s nucleu
smaller solar phase angles of 3◦ to 38◦ (Lamy et al., 1998
Rauer et al., 1999; Weissman et al., 1999). The ground-b
observations have been corrected to the maximum of
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Table 2
Images used in this study

Expos. Image file name Image UTC Range (km) α Sun–spacecraft–comet ang

0.154 snip21_06_51.pds 21:05:47 83380 87.6 92.4
0.874 CCD_far_1_4.pds 21:06:17 82882 87.6 92.4
1.750 CCD_far_1_5.pds 21:06:47 82385 87.6 92.4
0.307 snip22_00_11.pds 21:59:07 30358 85.0 95.0
0.307 snip22_01_11.pds 22:00:07 29366 84.9 95.1
0.307 snip22_02_11.pds 22:01:07 28374 84.7 95.2
0.307 snip22_03_11.pds 22:02:07 27382 84.6 95.4
0.307 snip22_04_11.pds 22:03:07 26390 84.4 95.6
0.307 snip22_05_11.pds 22:04:07 25398 84.2 95.8
0.307 snip22_06_11.pds 22:05:07 24407 84.0 96.0
0.307 snip22_07_11.pds 22:06:07 23416 83.8 96.2
0.307 snip22_08_11.pds 22:07:07 22425 83.6 96.4
0.307 snip22_12_36.pds 22:11:32 18056 82.3 97.7
0.307 snip22_13_36.pds 22:12:32 17069 81.9 98.2
0.307 snip22_14_36.pds 22:13:32 16082 81.4 98.6
0.307 snip22_15_36.pds 22:14:32 15097 80.9 99.1
0.307 snip22_16_29.pds 22:15:25 14228 80.4 99.6
0.154 snip22_17_06.pds 22:16:02 13621 79.8 100.0
0.109 CCD_mid_1_2.pds 22:20:25 9341 75.5 104.3
0.109 CCD_mid_2_2.pds 22:21:30 8297 73.8 106.0
0.109 CCD_mid_4_1.pds 22:23:16 6616 69.9 110.0
0.077 CCD_mid_5_3.pds 22:25:43 4387 59.6 120.4
0.077 CCD_near_1.pds 22:26:43 3556 51.6 128.4
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Fig. 3. The disk-integrated phase curve of Borrelly constructed from
CAS images and HST and ground-based observations with the global
ical model summarized in Table 4. The MICAS measurements, with
effective wavelength of 0.660 µm have been merged with ground-b
R-filter data.

relly’s lightcurve, since the spacecraft encounter occu
during that rotational phase.

Figure 4 shows Borrelly’s solar phase curve with exa
ples of other Solar System objects (the curves are norma
to unity at 0◦). Borrelly’s derived phase curve is very simil
to that of the C-type asteroid 253 Mathilde, which was
vestigated by the NEAR spacecraft in 1997 (Veverka et
1997; Clark et al., 1999), and to a composite S-type as
oidal phase curve out to∼ 40 degrees derived by Helfenste
Fig. 4. The phase curves of other airless bodies in the Solar System, no
ized to unity at zero degrees. The phase curve of Borrelly is most sim
to those of other low-albedo bodies, particularly the C-type asteroid
Mathilde. The observations are from Buratti and Veverka (1983), Bu
(1991), Lane and Irvine (1973), Helfenstein and Veverka (1989), and C
et al. (1999).

and Veverka (1989). A measurement of the phase func
of Comet 28P/Neujmin 1 showed it to be less steep than
typical phase curve of C-type asteroids (Delahodde et
2001).



20 B.J. Buratti et al. / Icarus 167 (2004) 16–29

)

Table 3
Geometric and Bond albedos of Borrelly and other small low-albedo bodies

Object pv
* q AB Source

Borrelly 0.029± 0.006 0.28± 0.03 0.009± 0.002 This study
Halley 0.04+ 0.01/ − 0.02 Sagdeev et al. (1986)
Mathilde 0.047± 0.005 0.28± 0.035 0.013± 0.003 Clark et al. (1999)
Deimos 0.068 0.39 0.027 Thomas et al. (1996)
Phobos 0.071 0.30 0.021 Simonelli et al. (1998)
C-type 0.02–0.09 Tedesco et al. (1989)
D-type 0.029–0.05 Tedesco et al. (1989)
Iapetus 0.01–0.10 Buratti and Mosher (1995

(low albedo hemisphere)
Uranian rings 0.032± 0.003 Ockert et al. (1987)

* The derived albedo for Borrelly was obtained at the effective wavelength of the MICAS camera, 660 nm.
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The geometric albedo of Borrelly can be obtained dire
from the measurements in Fig. 3 and the DS1—determ
size. Extrapolating to a phase angle of zero degrees w
Mathilde-like phase curve below 3 degrees, and correctin
the mean of the lightcurve to obtain an opposition magnit
of 15.97, we find that the geometric albedo is 0.029± 0.006
at 660 nm. This value is lower than that of 0.04 assum
by Lamy et al. (1998). The error bars on Lamy et al.’s s
(4.4 ± 0.3 for the major principal semiaxis, and 1.8 ± 0.18
for the minor principal semiaxis) translate into a 35% unc
tainty in the geometric albedo. When given our own er
bars of 21% for the geometric albedo, due also prima
to errors in Borrelly’s effective projected area, the DS1 a
HST results are seen to be fully consistent.

The phase integral, which describes the directional s
tering properties of a planetary surface, is given by (Ho
1950):

(1)q = 2

π∫

0

Φ(α)sinα dα,

where Φ(α) is the normalized disk-integrated brightne
(Fig. 4). The observations of Borrelly by DS1 at large
lar phase angles enable the first measurement of the p
integral and Bond albedo of a comet. A four-point Gauss
quadrature of Borrelly’s phase curve (Chandrasekhar, 1
yields a phase integral of 0.27± 0.01. The Bond albedo
a value which expresses the fraction of energy refle
from the surface to that received from the Sun, is gi
by AB = p · q . The Bond albedo is a fundamental param
ter for understanding the energy transport, equilibrium t
peratures, and vapor pressures for various surface vola
Borrelly’s Bond albedo is 0.009± 0.002, the lowest of any
object in the Solar System so far measured. Table 3
the geometric and Bond albedos and the phase integr
Borrelly and other small low-albedo bodies for comparis
Between 10 and 30 degrees, the phase coefficient of Bor
is 0.024± 0.002 magnitudes per degree, comparable to
values for 243 Ida (0.027 mags/deg) and 951 Gaspra (0.02
mags/deg), but smaller than that of 253 Mathilde (0.04
(Clark et al., 1999).
e

.

f

The geometric albedo of Borrelly is low, but compa
ble to that of other objects (or specific areas of obje
located primarily in the outer Solar System, including
lowest albedo C-type (carbonaceous chondritic) astero
the dark side of Iapetus, the uranian rings (Ockert et
1987), and other comets. At least 10 C-type asteroids
visual geometric albedos of 0.030 or less, with minim
albedos of 0.02 (Tedesco et al., 1989). The dark hemisp
of Iapetus has normal reflectances as low as 0.01 or lo
(Buratti and Mosher, 1995). Other cometary nuclei h
albedos in the 0.02 to 0.03 range (Campins et al., 1
Veeder et al., 1987), including possibly Halley with
albedo of 0.04± 0.02 (Sagdeev et al., 1986). Finally, seve
asteroids in comet-like orbits have albedos between 0
and 0.038, if one assumes a slow-rotator thermal model (
nandez et al., 2001).

4. A map of normal reflectance

A map expressing the intrinsic reflectivity of a planet
small body is an important tool for understanding geoph
cal relationships on its surface. Albedo maps of other obj
provided decisive clue as to the mechanisms for surfac
terations. For example, the albedo map of Iapetus off
key evidence for an exogenous origin to its dark surf
(Squyres et al., 1984; Buratti and Mosher, 1995). Becau
comet is a dynamic, changing body, an albedo map is e
cially valuable for understanding the evolution of its surfa
Coupled with physical information on the roughness
microtexture of the surface (Section 5) an albedo map re
sents a powerful tool for answering important questions s
as: How large are the variegations in albedo on the com
surface? Are the comet’s active regions connected to a
cific surface reflectivity? Is there evidence for past activ
If so, how much of the surface has been active in the p
Is there evidence for exogenously produced changes o
surface, caused by such processes as meteor or solar
bombardment? How does the albedo of the comet ch
with time?
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Much (often most) of the variations inI/F on a space
craft image are not intrinsic; rather they are caused
changes in the local surface normal vector with correspo
ing changes in the radiant incident and emission angle. (H
I is the intensity of scattered sunlight andπF is the inci-
dent solar flux.) If the image is not obtained at zero so
phase angle, there is the additional effect of the solar p
function, which contains physical information on the s
face, such as its macroscopic roughness, the size and
distribution of particles in the optically active upper layer
the regolith, and the packing state of those particles (S
tion 5). Modeling the changing radiance incident and em
sion angles on a comet is particularly challenging beca
of its nonspherical shape. Although the mathematics of a
axial ellipsoid have been worked out (Noland, 1975), com
cannot in general be approximated by that simple a shap

Here we employ a shape model in which the limb a
terminator are used as continual constraints. The mode
semicircular arcs of a pixel’s width between the limb and

Fig. 5. A map of Borrelly’s normal reflectance. A Lommel–Seeliger (lun
photometric model and the phase curve illustrated in Fig. 3 were adopt
perform photometric corrections.
-

minator along the Sun line. The emission and incident an
for each pixel are then determined from the resulting sur
normal. To correct theI/F in each individual pixel to a nor
mal reflectance (for which all three of the incident, emissi
and solar phase angles are 0◦), we use the Lommel–Seelig
photometric function (see Section 5) for which the norm
reflectance can be derived from (Veverka, 1970):

(2)I (µ,µ0, α)/F = f (α)rnµ0/π(µ + µ0),

wherern is the normal reflectance,µ andµ0 are the cosine
of the emission and incident angles, respectively, andf (α)

is the solar phase function. The functionf (α) contains im-
portant physical information about the surface, which w
be derived in Section 5.

The highest resolution image, which is also the image
tained at the minimum phase angle (Table 2) was use
derive a map of normal reflectances. For a Lommel–See
photometric function, the normal reflectance is equivalen
the geometric albedo. The functionf (α) was determined by
constraining the average of the resulting normal reflecta
to be equal to the geometric albedo determined in Sectio
Figure 5 shows the resulting map in both continuous (t
and contour (bottom) formats. Figure 6 is a scan of nor
reflectances extracted from a line traversing the lengt
Borrelly. Figure 7 is a histogram showing the range in n
mal reflectances on the surface of the comet’s nucleus.

Borrelly exhibits large albedo variegations on its surfa
far more than are typical of other minor bodies. About 9
of the albedos fall between 0.02 and 0.04, a range of a
tor of two, with variations of a factor of three between t
highest albedo and lowest albedo regions of the surfac
contrast, approximately 95% of the surface normal albe
on 253 Mathilde fall between 0.04 and 0.057 (Clark et

Fig. 6. A scan of normal reflectance extracted from the map in Fig. 5 a
the largest dimension of Borrelly.
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Fig. 7. A histogram of normal reflectance derived from the map in Fig

Fig. 8. A geologic map of Borrelly (Britt et al., 2002).

1999), while on Phobos, the small, C-type (probably c
tured) satellite of Mars,∼ 95% fall between 0.06 and 0.0
S-type asteroids exhibit a similarly constrained range:
95% metric on 951 Gaspra is∼ 0.18 to ∼ 0.26 (Helfen-
stein et al., 1994); while on 243 Ida it is∼ 0.19 to 0.25,
Fig. 9. Histograms of normal reflectances for the two major terrain ty
depicted in Fig. 8: mottled and smooth terrains.

with a slight bifurcation between two terrains (Helfenstein
al., 1996). The variegations exhibited by Borrelly are m
typical of the surfaces of small bodies with recent ac
geologic processes or significant surficial alteration me
anisms. For example, albedo variegations of up to a fact
two appear on the saturnian satellites (Buratti, 1985).

Is there a difference in albedo and albedo-range am
the various terrains mapped on the comet? Figure 8
geologic map produced from the Near_1 image (Brit
al., 2002; Soderblom et al., 2002). Histograms for the
primary terrain units (“mottled” and “smooth” terrain) a
shown in Fig. 9. There is a significant difference in albe
between the two terrains: The mean normal reflectanc
the smooth terrain is∼ 0.03, while the corresponding valu
for the mottled terrain is∼ 0.022. However, substantial in
homogeneities and overlap in albedos exist between the
terrains, a fact which is also evident from the albedo m
(Fig. 5).

5. Physical photometric properties

Physical photometric models express the radiation
flected from a planetary surface in terms of the follo
ing physical parameters: the single scattering albedo(w);
the single particle phase function,P(α); a function de-
scribing the opposition effect,S(α), which depends pri
marily on the compaction state of the surface and the
ticles’ sizes and size distribution; and a function desc
ing the macroscopic roughness of the surface,M(µ,µ0, α).
For a surface in which multiple scattering is insignifica
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(which is certainly true of Borrelly; see Veverka et al., 197
Buratti, 1985), the specific reflected intensity is given
(Chandrasekhar, 1960):

(3)I (µ,µ0, α)/F = f (α)wµ0/4(µ + µ0),

where

(4)f (α) = P(α)S(α)M(µ,µ0, α).

The functionf (α) is the surface solar phase functio
which contains physical information about the surface. O
servations at small solar phase angles (0◦ to ∼ 12◦) are par-
ticularly important for understanding the compaction st
of the optically active portion of the regolith: this is the r
gion of the well-known opposition effect, in which the rap
disappearance of shadowing among particles causes a
linear surge in brightness as the object becomes fully
minated. Less compacted, fluffy regoliths tend to have m
pronounced surges, if all other factors, such as albedo
equal. In addition, the coherent backscatter of radiation
contribute to the surge, particularly for high albedo obje
(Hapke, 1990). One widely used model that characterize
shadow-hiding mechanism in planetary surfaces is tha
Hapke (1986). The model characterizes the opposition s
in terms of the amplitude of the surge(B0), and the width of
the surge, which in turn is related to the compaction para
ter h. A higherh corresponds to a more compacted surf
with less space between particles.

Macroscopically rough features, ranging in size fro
clumps of several particles to mountains, craters, and rid
cast shadows and alter the local incidence and emissio
gles. Two models describing surficial roughness have b
developed: In one the surface is covered by a specified
tion of paraboloidal craters characterized by their depth
diameter ratio (Buratti and Veverka, 1985); in the other,
surface is covered by features defined by a mean slope m
(Hapke, 1984). Even though Borrelly appears to be dev
of craters (Soderblom et al., 2002) the idealized crater sh
can represent concavities on its surface. The derivatio
macroscopic roughness offers clues to the impact and
gassing history of cometary nuclei. Comparison of a rou
ness model of a cometary nucleus with similar models
asteroids and other minor bodies will help to establish ev
tionary relationships and similarities among them. Regio
differences in roughness on a cometary nucleus provid
empirical basis for the evolutionary path of a comet,
cluding evidence of past activity in specific regions. Fina
roughness models enable the description of rough fea
below the resolution limit of the camera, because the mode
are scale-invariant.

The single particle phase function is an indicator of
physical character of the individual particles in the upper
golith, including their size distribution, shape, and opti
constants. It can be simply expressed by an empirical
pression that was derived to describe dust in the interst
medium (Henyey and Greenstein, 1941):

(5)P(cosθ, g) = (
1− g2)/(1+ g2 − 2g cosθ

)3/2
,

-

,
-

l

where the scattering angleθ = (180◦ − α) and g is the
asymmetry factor describing the directional scattering pr
erties of individual particles. Ag of −1 corresponds to pur
backscattering,+1 corresponds to pure forward scatterin
and 0 describes isotropic scattering. Small or transpa
particles tend to be more isotropically scattering beca
photons survive to be multiply scattered; forward scat
ing can exist if photons exit in the direction away from t
observer. For cometary nuclei, knowledge of the mean
ticle size is important for understanding the degree to wh
the surface has been subjected to such process as com
tion of particles by meteoritic impacts and annealing me
anisms. Do comets even have regoliths? Another impo
question concerns the degree of physical similarity betw
cometary dust and the particles comprising the surface.

The unique derivation of physical parameters requires
acquisition of measurements at certain critical solar ph
angles (Helfenstein and Veverka, 1989). To characterize
opposition surge, observations at solar phase angles les
12◦ (ideally less than 6◦) are required. Observations at lar
phase angles (> 50◦) are required to characterize roughne
(although careful analysis of limb darkening at smaller ph
angles is also an effective means to understand rough
see Buratti and Veverka, 1985). Finally, the determina
of the single particle phase function needs measuremen
both large and small phase angles. DS1 observations cou
with ground-based measurements at small phase angle
fer a range in viewing geometries to derive the first phys
photometric parameters for a comet’s nucleus. In part
lar, the observations at large solar phase angles are k
understanding the degree of macroscopic roughness:
observations are not possible from Earth because come
come active at the small heliocentric distances required
large solar phase angles.

Physical photometric models have been fit to a wide
riety of objects, including the asteroids 951 Gaspra (Helf
stein et al., 1994), 243 Ida (Helfenstein et al., 1996),
253 Mathilde (Clark et al., 1999). One criticism of ph
tometric models is that they are limited by the physica
idealized assumptions that go into them. But with the la
number of planetary bodies that have been studied,com-
parisons among objects are valuable in understanding t
comparative properties and their interrelationships.

5.1. Global photometric parameters

The measurements in Fig. 3 can be fit to Eq. (3) to de
global photometric parameters for Comet Borrelly. Us
a model that fits a mean slope angle(θ), single scattering
albedo(w), and asymmetry parameter(g), and the opposi
tion surge amplitude and width, we find the values listed
Table 4, along with the equivalent parameters of other sm
bodies for comparison. The compaction state of Borrel
regolith is lower than that of other small bodies, althou
we note that with only a single (ground-based) data poin
the region of the opposition surge, we do not consider
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Table 4
Physical photometric parameters of selected small bodies

Object w g Mean slope angle (◦)a h B0 Source

Borrelly 0.020± 0.004 −0.45± 0.05 20± 5 0.0084± 0.005 1.0± 0.5 This study
253 Mathilde 0.035± 0.006 −0.25± 0.04 19± 5 0.074± 0.003 3.18± 1.0 Clark et al. (1999)
Deimos 0.079 −0.29 16.4 0.068 1.65 Thomas et al. (1996)
Phobos 0.054 −0.13 21 Simonelli et al. (1998)
243 Ida 0.22 −0.33 18 0.02 1.53 Helfenstein et al. (1996)
951 Gaspra 0.36 −0.18 29 0.06 1.63 Helfenstein et al. (1994)
C-type 0.037 −0.47 20 0.025 1.03 Helfenstein and Veverka (1989)
S-type 0.23 −0.27 20 0.08 1.60 Helfenstein and Veverka (1989)
Moon 0.25 −0.25 20 0.05± 0.01 1.0± 0.1 Buratti (1985), Hillier et al. (1999

a The best-fit depth-to-diameter ratio for the crater roughness model, which was fit only to the Borrelly data, is 0.32.
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Fig. 10. The Henyey–Greenstein asymmetry parameter(g) as a function of
single scattering albedo(w) for small bodies. Borrelly exhibits the mo
similarity for these parameters to C-type asteroids.

result solid. Borrelly shares the strong backscattered p
function of C-type asteroids (Fig. 10) and it is even m
backscattering than Mathilde.

5.2. Disk resolved photometric properties

Although disk-resolved images at moderate spatial r
lution (> 100 m) exist only between solar phase angle
52◦ and 70◦, some disk-resolved information on the mac
scopic roughness and on the single particle phase fun
can be derived. The effects of macroscopic roughness
come pronounced at these phase angles, and the func
form of a surface scan of the reflected intensity vs. the p
tometric longitude depends sensitively on the slope a
or depth-to-diameter ratio of rough facets (Hapke, 19
Buratti and Veverka, 1985). For the crater-roughness mo
the position of an inflection in the scan is a function
the depth-to-diameter ratio of asperities on the surface.
ure 11 shows the positions of six scans ofI/F extracted
from the nucleus of Borrelly; two of the scans are in m
tled terrain, and four of the scans are in “smooth” terr
(see Fig. 8). A best-fit crater-roughness solution for eac
these scans is shown in Fig. 12 and summarized in Tab
with an equivalent Hapke roughness parameter for com
-
l

,

Fig. 11. The location of scans ofI/F which were extracted from Near_
for fits to roughness models. From right to left, the lines are one thro
six.

son. Disk-resolved differences in roughness clearly exis
the surface of Borrelly, with “smooth” terrain actually ten
ing to be somewhat rougher (although the “smoothest” s
is at the narrow point of the nucleus, in smooth terrain).
base of Borrelly’s jets tend to be low-albedo regions loca
in the mottled terrain (Soderblom et al., 2002). This ob
vation is consistent with comet’s surface becoming prog
sively darker as brighter volatile material is outgassed.
“smooth” terrain which is higher in albedo and more unifo
in albedo may thus be relatively unaltered terrain. It may a
be uniform due to cometary dust that fell back onto the
cleus. Our results suggest that the effect of outgassing
make the surface of the comet smoother, as well as dark
lag deposits are left behind. The narrowest part of Borr
may also be the most outgassed, as it is the smoothest.

Disk resolved information on the single particle pha
function can also be derived from the images at high
medium resolution. The surface solar phase function,f (α),
which contains information about the physical nature of
surface, can be approximated at phase angles of 50◦–70◦ by:

(6)f (α) = P(α)M(α).

Figure 13 gives thef (α) derived from Eq. (3) for three
regions of the comet that could be followed through the
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Fig. 12. The scans from the two terrains (Fig. 11), fit to roughness models summarized in Table 5. Except for one scan, the “smooth” terrain is slighugher
(although this difference is not significant within the goodness of the fit to the models.)
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Table 5
Regional roughness solutions

Line Terrain Q, depth to diameter θ , mean slope angle (◦)
(±0.04) (±3 degrees)

1 Mottled 0.29 20
2 Smooth 0.29 20
3 Smooth 0.39 25
4 Smooth 0.17 13
5 Mottled 0.29 20
6 Smooth 0.34 23

Lines are read right to left from Fig. 11.

Table 6
Regional roughness and single particle phase functions

Region Depth to diameter Mean slope angle Asymme
(Q) (θ , degrees) parameter(g)

Central bright 0.39± 0.08 25± 5 −0.25± 0.03
Small end bright 0.34± 0.07 23± 5 −0.38± 0.05
Small end dark spot 0.3± 0.1 20± 7 0.05± 0.03

range of solar phase angles: the central bright region, a b
region on the small end, and a dark region on the small
These curves were fit to the crater roughness model a
single parameter Henyey–Greenstein single particle p
function to yield the values listed in Table 6 (the equival
Hapke mean slope parameter is listed for comparison).
though differences in roughness are modest, we find sub
t

-

Fig. 13. A model of best-fitf (α) and roughness for various regions o
served through a range of solar phase angles. The fits are summari
Table 6. The particle phase function for the dark spot is nearly isotro
which is not characteristic of other planetary surfaces.

tial differences in the particle phase function between th
various terrains, a result that indicates there are variation
particle size, shape, and composition on the comet’s sur
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The highest albedo region of the comet contains the part
that backscatter less than the comet as a whole, indic
small particles that are transparent to visible photons, su
grains of ice. Although no water ice was observed on the
face of the comet (Soderblom et al., 2002), the photom
properties provide evidence for it. This result also affirms
view that the high albedo “smooth” terrain is the least o
gassed region of the comet. An alternate explanation is
the greater degree of multiple scattering in the higher alb
region “isotropizes” the reflected light, as multiply scatte
photons tend to be reflected in random directions. We
this explanation unlikely, as “high” albedos on the come
surface are still too low for multiple scattering to be at
significant (Veverka et al., 1978). However, the most isotr
ically scattering segment of the surface is that of the sm
dark spot. This region is similar to those forming the bas
active jets (Soderblom et al., 2002), and it is very likely
outgassed region of the comet. Its phase function, whic
isotropic to within the errors of our model fit, is very simil
to that of the coma (Soderblom et al., 2002). Since the vi
phase function of the coma is due to cometary dust, ou
sults imply that the dark spots may consist of a lag dep
of a material that is similar to the dust in the coma, or e
of dust that has fallen back onto the surface.

6. Summary, discussion, and future work

The Deep Space 1 flyby of Comet 19P/Borrelly provid
the first close-up view of a cometary nucleus unobscure
its coma. The images provided an opportunity to perform
first disk-resolved photometric studies of a comet. The
ages were obtained at large solar phase angles ideal fo
derstanding macroscopic roughness and the phase func
of individual particles, both properties that are importan
understanding the current morphology and evolutionary
of the comet. Our major results are following.

6.1. Low albedo, and wide range of albedos

Borrelly has an extremely low geometric albedo, co
parable to the lowest albedo objects in the Solar Sys
such as the dark hemisphere of Iapetus (Buratti and Mo
1995), the darkest C-type asteroids (Tedesco et al., 19
and the uranian rings (Ockert et al., 1987), as well as o
comets (Campins et al., 1987; Veeder et al., 1987). Com
are unique among these objects in that they commonly
etrate the inner Solar System. The low albedo material
is shared by Borrelly and many objects in the outer S
System has been loosely linked with pre-biotic material,
comets have been proposed as the transport mechanism
bringing these precursors of life into the inner Solar Syst
The non-detection of water by DS1 on the surface of B
relly (Soderblom et al., 2002) suggests a devolatized sur
rich in a low-albedo lag deposit of opaque, refractory ma
rials.
s

t

-
s

,
,

-

or

Unlike other very low albedo objects Borrelly exhib
a large range in albedo, up to a factor of three. (The
ception of course is Iapetus, but its surface appear
be an admixture of two separate components; see Bu
and Mosher, 1995.) Because individual areas on the co
have different single particle phase functions, which s
gests different particle sizes, shapes, or size distribu
some of the change in albedo may be due to particle
As a whole, Borrelly is backscattering, a characteristi
shares with other planetary surfaces (e.g., Buratti, 1
Clark et al., 1999). However, at least one area of Borr
scatters isotropically between 52◦ and 76◦, a characteristic
not shared by any other planetary surface, but rather
cal of cometary dust, including that emitted from Borre
(Soderblom et al., 2002).

The Bond albedo of Borrelly is only 0.009, lower th
any so far measured for an object in the Solar Syst
This low value is in part responsible for the high temp
ature of 300–345 K observed for Borrelly’s surface dur
the encounter (Soderblom et al., 2002). If such low Bo
albedos are typical of comets, it means that the com
highly absorbing surface drives the heating and subli
tion of volatiles. A feedback mechanism would result as
comet became active: As the surface sublimates, outg
and darkens, its Bond albedo becomes less, making it
more absorbing.

6.2. Physical photometric parameters

In addition to differences in the single particle phase fu
tion, Borrelly exhibits differences in macroscopic roughn
on its surface. The “mottled” terrain, which seems to be m
extensively outgassed due to its lower albedo and wha
pear to be outgassed regions, is slightly smoother than
“smooth” terrain. This result suggests that the outgas
and annealing process leads to a smooth crust. Alternat
(or in addition), low-lying areas of the dormant regions co
act as collection basins for cometary particles that do
leave the surface. The net result would be a smoothing o
comet’s surface in these regions. Within our error bars,
global roughness of Borrelly is similar to that of other sm
bodies.

Whipple’s original icy-conglomerate model for cometa
nuclei traced out a path for the evolution of comet surf
morphology (Whipple, 1950). The original surface was
regular due the comet’s origin as an agglomeration of p
etesimals. As the comet devolatized during successive
sages into the inner Solar System, dark clumps (“glob
which may have been the more rigid, less volatile core
these planetesimals, develop on the surface. These com
tively resistant globs develop into spires or mounds that
break off and be carried away (Donn and Rahe, 1982
even come off the comet in spectacular splitting events
may have been the case with Borrelly about a week be
encounter (Rayman, 2002). A quantitative model for the e
lution of surface morphology (Colwell et al., 1990) sugge
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that whether a comet gets “rougher” or “smoother” with tim
depends on the shape of the original topographic feature
the distance from the sun. In general, comets in the inner
lar System should get rougher with time. However, whet
roughness is in fact increasing depends on whether the g
stay on the surface. Our results suggest that they do not
ternatively, low-lying areas on the comet could be infill
with particles that are unable to leave the surface. Such
filling was observed in high resolution NEAR images of 4
Eros, in the “ponded deposits” that appear to embay pr
isting topography (Robinson et al., 2001).

6.3. The existence of a regolith

The existence of an opposition surge on Borrelly and
preliminary result of a very fluffy surface—more fluffy tha
any asteroid—implies the existence of a regolith. We e
phasize the preliminary nature of this result, which is ba
on a model-fit rather than detailed measurements of a s
(Fig. 3). In fact, the one point obtained at a very small ph
angle lies below our model fit. Our result that regions of
surface exhibit particle phase functions like that of come
dust rather than planetary surfaces offers strong evidenc
the development of a regolith consisting of native dust pa
cles that are unable to leave the comet (Whipple, 1950).
view is also supported by the lack of craters on Borrel
surface (Soderblom et al., 2002), suggesting that meteo
bombardment is not the controlling mechanism in the
velopment of the regolith. Rickman et al. (1990) show t
a stable dust mantle is likely on a short period comet,
though a perihelion distance of 2 AU or greater enhan
its development. It is important in the coming years to
serve Borrelly near opposition at aphelion, during which
opposition surge can be more quantitatively measured
modeled in terms of particle size, size distribution, and co
paction state. In general, this is an important measurem
for comets that has not yet been done. Borrelly will ha
an apparition in the summer of 2005 ideally suited for m
suring an opposition solar phase curve. The minimum s
phase angle will be 0.22 at new moon, with a visual mag
tude of 19.1.

6.4. Relationship with asteroids and meteorites

At least 10 asteroids in comet-like orbits have albe
in the 0.019–0.038 range, suggesting they may be ex
comets (Fernandez et al., 2001). Our results also show
Borrelly has photometric properties very similar to the da
est type of asteroids, the C class (Fig. 10). The solar p
curve of Borrelly is also remarkably similar to that of 2
Mathilde, the only C-type asteroid visited by a spacec
(Clark et al., 1999). However, if Mathilde is typical, C-typ
asteroids are far more uniform in albedo. One model of
comet to asteroid transition has successively larger reg
of the comet converted to inert crust as outgassing progre
(Opik, 1963). This model is problematical from the D
r

t

t

s

data, as the outgassed regions have albedos in the 0.
0.02 range, lower than the darkest asteroids (Tedesco e
1989). One possible modification is to have some dorm
areas covered by particles that have fallen back onto the
face and rendered those regions even more inactive, an
that is also consistent with our result that the dormant reg
of the comet are less rough. These particles would ten
collect in the low-lying regions of the comet, as seems to
the case of the medium albedo(p ∼ 0.025), uniform region
adjacent to the bright spot in the widest section of the com
This model would still lead to more albedo variegations th
are seen on asteroids, although only three low-albedo a
oids have been investigated in detail for albedo variegat
(253 Mathilde, and Phobos and Deimos, which are alm
certainly captured asteroids). Furthermore, models sug
that inactive areas of the comet can be reactivated by
plosive events caused by internal heat sources (Prialnik
Bar-Nun, 1988). Perhaps “space weathering,” the phen
enon that causes S-type asteroids to darken and redden
increased exposure (Chapman, 1996) works on C-type
terial as well. However, Clark et al. (1999) found that
is unlikely that space weathering affected the optical pr
erties of 253 Mathilde. The DS1 images support the i
that the active jets come from regions that are a small f
tion of the comet’s surface area (Sekanina, 1991). Howe
global sublimation of volatiles, driven by Borrelly’s very lo
Bond albedo, may play an important role in the outgass
of comets and the evolution of their surfaces (Weissman
Kieffer, 1981).

The association of numerous Earth-crossing comets
meteor showers has raised the possibility that comets n
be the source of at least some of the carbonaceous c
drites. Proving an association would be important, si
these meteorites could then be considered a sample
comet’s nucleus. Comets were once proposed to be
source of meteorites, due to the difficulty of moving as
oids from the main belt to the inner Solar System (Op
1966), but recent inventories of hundreds of NEAs obvia
that difficulty. The exact connections between comets, a
oids, and meteorites are elusive and a number of details
cerning composition, spectra, structure, and albedo, do
work out. Our results only add to the number of these det
First, the average normal reflectance of Borrelly is at the v
lowest end of the measured range of 0.03–0.11 for carb
ceous chondrites (Gaffey, 1976; Johnson and Fanale, 1
When one considers that the lowest albedos on Borrelly
in the 0.01 range, the discrepancy becomes even more
lematical. A Bond albedo of 0.06 in the visible region h
been measured for one carbonaceous chondrite, Murch
(French, 1980), which is far higher than Borrelly’s. Final
the phase function of Murchison is not nearly as steep as
of Borrelly (French, 1980). If meteorites represent the m
refractory, lowest albedo part of the incoming meteoro
devoid of native volatiles that sublimate in the terrestrial
mosphere, it is difficult to reconcile our results with com
being the source of the carbonaceous chondrites.
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