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Using observations of the infrared sky brightness by the
Cosmic Background Explorer (COBE)! Diffuse Infrared Back-
ground Experiment (DIRBE) and Infrared Astronomical Satel-
lite (IRAS), we have created maps of the surface brightness
Fourier-filtered to suppress the smallest (< 1°) structures and
the large-scale background (>15°). Dust bands associated with
the Themis, Koronis, and Eos families are readily evident. A
dust band associated with the Maria family is also present. The
parallactic distances to the emitting regions of the Koronis,
Eos, and Maria dust bands were found to be 1.4 to 2.5 AU. A
weak dust band associated with the Eunomia/lo family is evi-
dent, together with another weak and previously unattributed
dust band, which may split further into two band pairs, poten-
tially associated with the Hygiea or Vesta family. The bright-
nesses of the blended Themis/Koronis bands and the Eos dust
band vary with ecliptic longitude, such that the northern or
southern component of the band pair becomes brighter when its
tilt brings it into the ecliptic plane. We attribute the brightness
variations to the motion of the Earth within the emitting region,
and conclude that at least some dust-band particles are on
Earth-crossing orbits. For the Themis and Koronis families,
the tilt is sufficient that the Earth may pass to the edges of the
emitting region, where the density is highest, leading to ““glints”
two or four times a year. We compared the observed distribu-
tions to theoretically motivated, empirical models for the three-
dimensional distribution of asteroid family dust. In the torus

! The National Aeronautics and Space Administration/Goddard Space
Flight Center (NASA/GSFC) is responsible for the design, development,
and operation of the Cosmic Background Explorer (COBE). Scientific
guidance is provided by the COBE Science Working Group. GSFC is
also responsible for the development of the analysis software and for the
production of the mission data sets.
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model, the dust is distributed among the asteroid family mem-
bers with the same distributions of proper orbital inclination
and semimajor axis but a random ascending node. In the mi-
grating model, particles are presumed to be under the influence
of Poynting—Robertson drag, so that they are distributed
throughout the inner Solar System. The migrating model is
better able to match the parallactic variation of dust-band lati-
tude as well as the 12- to 60-pm spectrum of the dust bands.
The annual brightness variations can be explained only by the
migrating model. Upper limits are placed on the dust density
associated with the Nysa and Flora families—both of the large,
inner-belt families with wide inclination dispersions. The asso-
ciation of five (and potentially seven) dust bands with the largest
asteroid families suggests that dust bands are an integral part
of asteroid families. If nonfamily asteroids produce dust at a
rate similar to that of the families with the lowest dust density,
then they can account for the brightness of the zodiacal light
in the ecliptic. 01997 Academic Press

I. INTRODUCTION

The interplanetary dust bands, first discovered in obser-
vations by the Infrared Astronomy Satellite (IRAS) (Low
et al. 1984, Hauser et al. 1984), provide a link between an
asteroidal source of interplanetary dust and the present
cloud that now fills the inner Solar System and produces
the zodiacal light. A similar link for a cometary source of
meteoroids is provided by the discovery, also in the IRAS
data, of narrow dust trails, first in the orbit of P/Tempel
2 (Davies et al. 1984, Sykes et al. 1986) and then, in a
systematic survey, in the orbits several other periodic com-
ets (Sykes and Walker 1992). These discoveries made it
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possible to directly observe the regions where interplane-
tary dust is produced, and now we hope to trace the connec-
tion between its source and its present distribution. This
connection is difficult because the dust bands and trails
are low-surface-brightness enhancements on the very
bright and relatively smooth zodiacal light.

In this paper we study the asteroidal dust bands using
new observations and theoretical calculations. Based on
the fact that the dust bands come in pairs with peak lati-
tudes comparable to the largest concentrations of aster-
oids, they were quickly associated with the Hirayama
(1918) asteroid families (Dermott et al. 1984). A dust band
can form as the consequence of the catastrophic disruption
of a main-belt asteroid: the shattered fragments disperse
and comminute to produce a long-lived, edge-brightened
torus of dust (Sykes and Greenberg 1986, Sykes et al. 1989).
The Poynting—Robertson lifetimes of the small particles
that probably produce the observed infrared emission are
smaller than the time it takes to form a band pair, so these
particles are spread from the asteroid belt throughout the
inner Solar System (Reach 1992). The asteroid families
themselves may be the result of a primordial disruption of
a large parent asteroid, after which the fragments commi-
nute to the present distribution (Chapman et al. 1989,
Marzari et al. 1995). Because the dust bands are associated
with asteroid families, their observed properties, including
their existence or nonexistence for each asteroid family,
reveal unique information about the evolution of the as-
teroids.

The new observations of the infrared sky brightness are
those of the Diffuse Infrared Background Experiment
(DIRBE) aboard the Cosmic Background Explorer
(COBE) satellite (Boggess et al. 1992). The improved cali-
bration and rapid, redundant sky coverage make the
DIRBE observations more suited than the earlier IRAS
observations for studying the time-variable emission from
the Solar System, and the wider range of wavelengths has
already allowed the first detection of the dust bands in
scattered light (Spiesman et al. 1995). The observing strat-
egy for DIRBE was designed to modulate the Solar System
emission because it is the dominant source of sky bright-
ness and therefore must be accurately removed before any
conclusions can be drawn about the cosmic background
radiation, which was the primary goal of the COBE mis-
sion. The investigation described here was partially moti-
vated by the need to understand the structure of the inter-
planetary dust cloud as part of the effort to model the
diffuse infrared emission from the Solar System.

Our approach is to determine the distribution of dust
responsible for the observed dust bands. To this end, we
compare empirical models for the dust distribution to the
observed surface brightness, both having been processed
similarly. A different and complementary approach has
been taken by the group at the University of Florida (cf.
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Dermott et al. 1996), who use the physical forces (solar
gravity and radiation pressure, and Poynting—Robertson
and solar wind drag) known to influence dust particles to
simulate the evolution of particles of asteroidal origin. This
approach has the advantage of being implicitly self-consis-
tent and physical, taking the dust from ‘“‘source to sink.”
It has also led to the discovery of the Earth’s resonant
dust ring (Dermott et al. 1994b); however, the dynamical
approach is only as accurate as the assumptions built into
its initial conditions and the physical forces that are as-
sumed to operate on the dust. In a previous paper (Reach
1992) and more completely in the present paper, it was
shown that previous models for the distribution of dust
responsible for the dust bands (Dermott et al. 1985, Sykes
and Greenberg 1986) were incorrect, having neglected a
physical force that in fact dominates their distribution.
More recent numerical simulations including the Poynt-
ing—Robertson effect confirm its dominant influence on
the evolution of dust particles (Dermott et al. 1994a). In
light of the large number of assumptions required for the
numerical simulations to be tractable, and the wide range
of possible initial conditions for the dust, we have preferred
to use physically motivated but empirical formulas for the
dust density as a function of position. The three-dimen-
sional models can be tuned to match the observations,
from which we learn what is the true distribution of inter-
planetary dust.

II. OBSERVATIONS AND DATA REDUCTION

A. DIRBE Zodiacal Light Maps

We created a set of zodiacal light maps using the weekly
sky maps from the DIRBE dataset. The combination of
the orbit of the COBE satellite (in which DIRBE resides)
and the rotation of the field of view about the satellite spin
axis allows DIRBE to completely map half of the sky in
1 week. To improve signal-to-noise and minimize the effect
of non-Solar System contributions to the sky brightness, we
combined weekly maps into monthly zodiacal light maps
as follows. Diffuse galactic emission from the interstellar
medium and unresolved starlight were subtracted from
each weekly map using estimates of their brightness in
all wavebands (Hauser 1996). The diffuse starlight was
subtracted using a model that reproduces the number-
magnitude counts of a wide range of galactic infrared
sources (Wainscoat et al. 1992). The interstellar medium
was subtracted by correlating the 100-um map with 21-cm
line observations of the HI column density, and then by
correlating each DIRBE waveband with the scaled 100-
pm template (Weiland et al. 1996). All pixels containing
point sources were masked. Then four consecutive weekly
maps were rotated such that the Sun is in the center, and
the overlapping unmasked pixels were combined. We com-
bined the values for a given pixel by interpolating their
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brightness to a time corresponding to the middle of the
month. Thus the entire map is referred to a fixed time,
which is important for reducing the variations due to small
changes in the position of the Sun from one observation
to another. The maps have a much-reduced contamination
from galactic emission, as well as being relatively free of
point sources. This latter effect is due to the fact that fixed
point sources move from week to week in our corotating
coordinate system; a pixel that is masked for one week
does not affect the average for the monthly map.

As a complement to the monthly zodiacal light maps,
which are effectively ““snapshots’ of the variation of bright-
ness with latitude and solar elongation, we used the obser-
vations tangent to the Earth’s orbit, i.e., at a solar elonga-
tion of 90° leading or trailing the Earth, to create all-sky
zodiacal light maps. The diffuse emission of the Galaxy
was removed as described above. Separate maps were cre-
ated for observations leading and trailing the Earth. The
DIRBE elongation-90 maps have less integration time per
unit area than the IRAS HCON 1 and 2 maps, because
the DIRBE field of view was rotating about the spacecraft
orbital axis, effectively spreading the integration time over
the 60°-wide viewing swath. What the DIRBE observations
lack in sensitivity, however, is made up for by the improved
photometric stability and redundancy of coverage. The
fluctuations in the IRAS maps at the spatial frequencies
of interest here are dominated by calibration drifts between
successive orbits, rather than true detector noise. A given
longitude, observed 90° elongation leading the Earth, was
reobserved trailing the Earth 6 months later. Thus, compar-
ing the leading and trailing elongation-90 maps allows us
to observe both the true temporal variation of the observed
brightness and seasonal effects due to the motion of the
Earth in its orbit. The COBE mission lasted 41 weeks, so
the leading (or trailing) map covers some 79% of the eclip-
tic. The gaps in the leading and trailing maps do not over-
lap, so the region with overlapping coverage is 58% of
the ecliptic.

B. Locating the Zodiacal Dust Bands

The dust bands are low-contrast features in the zodiacal
light, and they appear in pairs approximately symmetrically
located with respect to the ecliptic. High-pass filtering
allows the bands to be seen easily in our monthly zodiacal
light maps, with a signal-to-noise comparable to that ob-
tained with the IRAS data (cf. Sykes 1988). In order to
quantitatively measure the locations and brightnesses of
the dust bands, we have edited the Fourier transforms of
the surface brightness as a function ecliptic latitude. First, a
profile I, from either the elongation-90° map or the monthly
skymap, was Fourier transformed into #(I). Second, a
smoothed version was created by taking the inverse
transform
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FIG. 1. Surface brightness profile of the ecliptic from a COBE

DIRBE 25-um waveband monthly zodiacal light map. The upper, thick
curve shows the total surface brightness, /. The lower curve shows the
filtered profile, I;, obtained with the Fourier method described in the
text, emphasizing structures with vertical angular size between 3° and
15°. It has been scaled by a factor of 10 and shifted for clarity; the plotted
quantity is 10/; + 30. The middle curve is the difference I — I;, shifted
vertically for clarity because it is so nearly equal to /; the plotted quantity
is I — If - 5.

I, = 77 (e 7],

where f is the spatial frequency; this effectively isolates
the low spatial frequencies in the profile without introduc-
ing high-frequency ringing. Third, a noise-suppressed pro-
file was created with the inverse transform

I'= 7 7)1 — e 1Y),

this effectively suppressed the high spatial frequencies. The
filtered profile was then created as

L=1I—1I.

This technique enhances structures with angular scales in
the range f;! < 6 < fx!. We found that the outer (=10°
and *17°) dust bands are sufficiently broad to require
fs! = 15°, while they benefit from a low noise level with
fx! = 3° The inner dust bands are narrower; they require
both a flatter background, obtained by setting fi! = 7°,
and a higher resolution, obtained by setting f§' = 1°. An
example of a latitude profile, /, filtered profile, I;, and the
difference between these profiles is shown in Fig. 1. It is
evident that nearly all of the structure has been extracted
from the original profile, and no traces of the dust bands
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are evident in the difference profile. Maps of the filtered
brightness for 25-um observations in February 1990 in the
direction leading the Earth are shown in Fig. 2, both for
the larger-scale dust bands (a) and in more detail near the
ecliptic for the smaller-scale dust bands (b). Finally, the
filtered elongation-90 maps leading and trailing the Earth
are shown in Fig. 3.

The dust bands at +10° and * 1.4° are prominent in
the filtered maps. Further, an additional band pair at
+17° appears in the larger-scale map, and substructure
in the =1.4° band appears in the smaller-scale map. The
full widths at half-maximum brightness of the northern
and southern components of the *=10° dust band are
around 3.5°, whereas those of the *=1.4° dust band are
around 1.5°. These widths are the same as found by a
Gaussian and polynomial decomposition of the total
(unfiltered) surface brightness (Reach 1992), and are not
related to the lower spatial-frequency cutoff of the Fou-
rier filter; however, it is very likely that a smooth part
of the dust-band emission has been removed by the
filtration process. Very extended emission related to the
dust bands has been noted before (Reach 1992, Jones
and Rowan-Robinson 1993). Looking ahead to the results
of the dust-band models that we derive in this work
(Fig. 16), there is very extended emission from the dust
bands at high ecliptic latitudes. In this work we consider
the structured part of the surface brightness because it
contains the clear signature of the dust bands; therefore,
we will have to apply the same Fourier filtering to any
models to be compared to the data.

To measure the latitudes precisely, we fitted vertical
slices from each map with several Gaussians. While the
Gaussian shape is not theoretically motivated, it is a conve-
nient fitting function and is able to reproduce the filtered
profiles adequately. For the wide-scale monthly maps (e.g.,
Fig. 2), a minimum of 3 Gaussians was required (one for
the marginally resolved *1.4° band pair and one each for
the northern and southern components of the +10° band
pair), but a significantly better fit was achieved with a 6-
Gaussian fit (2 each for the =1.4°, +10°, and *17° band
pairs). The improvement of the y? goodness-of-fit for a
particular slice as the number of Gaussians increases is
shown in Table I. A further improvement in goodness-of-
fit was achieved by an 8-Gaussian fit to this slice. The
additional Gaussians correspond to a splitting of the =10°
band pair into two; the additional band pair has a latitude
+7°. This additional apparent band pair, however, does
not persist at all elongations and is not well detected; we
will conservatively neglect it for now. Slices from the
smaller-scale monthly maps (Fig. 2b) are well fitted by a
combination of 4 Gaussians, 2 each for the +1.4° and *+10°
band pairs.

Images similar to those shown in Fig. 2 were generated
for each of 10 months, for leading and trailing observations,
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for the 25- and 60-um wavebands (a total of 40 maps).
These images were used to determine the variation of the
band location and parallax with time of year. For the wider-
scale monthly maps, a 3-Gaussian fit was performed at
each longitude, while for the smaller-scale monthly maps,
a 4-Gaussian fit was performed. For the two months (Feb-
ruary and July) with best separation between the ecliptic
and galactic planes, we created maps in the other 8 wave-
bands (an additional 32 maps). These images were used
to determine the location and brightness of the dust bands
at different wavelengths.

C. Parallax of the Dust Bands

The perceived separation between northern and south-
ern components of a band pair increases as a function of
solar elongation, because the distance from the Earth to
the emitting region decreases. The separations for the band
pairs are shown in Fig. 4. Four sets of points are shown in
(a) and (b), corresponding to the 25- and 60-um observa-
tions, leading and trailing the Sun. The separation for the
+17° band pair, shown in (c), was measured for only one
image. The parallactic widening of the band-pair separa-
tion with increasing solar elongation is clear for all three
band pairs. The solid curves in Fig. 4 are fits of a simple
“ring-pair”” model (described below) to the parallactic vari-
ation of separation with elongation.

D. Tilt of the Dust Bands

The latitudes of the dust bands vary as a function of
observation date as well as solar elongation. This effect is
easily seen as the smooth, sinusoidal longitude variation
of the northern and southern components of each band
pair in the elongation-90 maps (Fig. 3), as well as the
change in the centroid of the dust bands from monthly
map to monthly map. In Fig. 5, the annual variation of the
average of northern and southern component latitude is
shown. Points were obtained from the elongation-90 maps
as well as the monthly zodiacal light maps (where the
portion between 80° and 100° was used). There is a clear
trend of the centroid as a function of heliocentric longitude,
which we interpret as being due to the tilt of the centroid
of the emitting region with respect to the ecliptic. The solid
curves are sinusoidal fits, which are used below to define
the “ring-pair” model of the dust bands. The locations
where the midplane of a dust band crosses the ecliptic
plane can be determined graphically from this diagram
(Dermott et al. 1988): they correspond to the dates when
observations leading and trailing the Earth have equal and
opposite geocentric ecliptic latitudes. The locations of the
ascending and descending nodes are shown in Fig. 5 as
dashed lines. It is noteworthy that both the ascending node
(at 86 = 3° for the +1.4° bands and at 92 *+ 4° for the +10°
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FIG. 2. Fourier-filtered sky brightness at 25 um, from the DIRBE monthly zodiacal light maps for February 1990. The top panel has been
processed to pass emission with vertical angular scales between 3° and 15°, and the botton panel uses a Fourier filter that passes emission with
vertical angular scales between 1° and 7°. The projection is part of a face of a quadrilaterized sphere, which is the native pixelization scheme used
in analyzing the DIRBE data. Grid lines of differential ecliptic longitude (A — Ag) and ecliptic latitude () are superposed and labeled. The color
table is according to the rainbow, with faint levels deep blue and bright levels red. The *=10° band pair, associated with the Eos asteroid family, is
clearly evident in both panels as two curved regions of enhanced brightness, with the northern component stretching from (A — Ao, B) = (70°, 9°)
to (120°, 13°) and the southern component stretching from (70°, —6°) to (120°, —11°). The separation between the northern and southern components
of each dust band increases systematically with distance from the Sun due to parallax (see text). The bright dust band through the middle of both
panels, but clearly resolved only in the lower panel, is the *1.4° band pair, associated with a combination of the Koronis and Themis asteroid

families. In the upper panel, emission from another band pair is evident at +17° latitude; we associate this dust band with the Maria asteroid family.
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FIG. 3.
Observations trailing the Earth (A < Ag), with Fourier filter passing emission on 3° to 15° angular scales. (b) Observations leading the Earth (A <
Ao), with Fourier filter passing emission on 3° to 15° angular scales. (c) Observations trailing the Earth (A < Ao), with Fourier filter passing emission
on 1° to 7° angular scales. (d) Observations leading the Earth (A < Ag), with Fourier filter passing emission on 1° to 7° angular scales.

bands) and the descending node (at 262 * 5° for the =1.4°
bands and at 268 =+ 4° for the +10° bands) occurred during
the COBE mission, and they are separated by 176 = 6°,
consistent with the 180° separation expected for the inter-
section of a plane with the Earth’s orbit.

TABLE I
Multiple-Gaussian Goodness-of-Fit Dust Bands Included

No. Gaussians x> —17 —-10 —14 0 +1.4 +10 +17 Other
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“Blend of —1.4° and +1.4° bands.

Sky brightness at 25 um from DIRBE skymaps using only observations at 90° from the Sun. Panels (a) to (d) from top to bottom. (a)

E. Search for Faint Dust Bands

To reach the ultimate sensitivity limit of the DIRBE
observations for detecting faint dust bands similar to those
already detected, the data must be coadded in a way that
maintains coherence of features with the morphology of
dust bands. The monthly maps are already coadded over
time as much as is possible before the changing location
of the Sun, which is both the approximate geometric center
as well as the heating source of the dust, smears the paral-
lactic variation of dust-band latitude with solar elongation.
Similarly, the elongation-90 maps can include only a nar-
row range of solar elongations before systematic variations
of the brightness make it impossible to see faint features.
Thus it is possible only to view small portions of the
DIRBE data without smearing the dust bands.

The dust-band brightness, however, varies relatively
mildly with ecliptic longitude, and the variation of the
latitudes with longitude is very nearly sinusoidal. There-



THREE-DIMENSIONAL STRUCTURE OF ZODIACAL DUST BANDS

f g
22

20
18
16

14
4.5
4.0
3.5

L L L L L O

g b ba b by

NS
: S i
:\n\]nnvu\un!ul\n?@w||||||||

3.0
2.5

2.0
1.5 : . s ' :

L e R I B

TTTT

Band—pair separation (°)

L2 L s s s s B s
e b e b N

70 80 90
elongation

100 110 120

FIG. 4. Separation between northern and southern components of
the (a) =10° (b) =1.4°, and (c) £17° band pairs plotted as a function of
the solar elongation. Symbols are coded to indicate the wavelength and
the direction (leading or trailing) of the observations, with ¢ and + for
25 um leading and trailing, and [J and * for 60 um leading and trailing,
respectively. The separations for the +=17° band pair are shown only for
25-um leading observations; they are much more difficult to measure
because of confusion from galactic emission and sidelobes of the +10°
bands.

fore, a first-order ‘‘correction” can be made that allows
profiles at different longitudes to be coadded. We shifted
each column in the elongation-90 maps by the centroid of
the =1.4° dust band. We assume that the other dust bands
have tilts and nodes not greatly different from those of
the +1.4° bands, which is evidently true for the £10° bands.
Then we averaged the cleanest columns—those without
strong galactic emission and away from the beginning and
end of the mission—to produce a profile of the surface
brightness. The profile derived from the relatively high
spatial frequency DIRBE map (Fig. 3, bottom panels) is
shown in Fig. 6. Features in this profile are all likely to be
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“real” sky features; fluctuations due to detector noise are
negligible. The +1.4° and =10° band pairs are clearly evi-
dent, as are some other similar features that are nearly
symmetrically located with respect to the ecliptic. The =17°
band pair is present but weak in this profile, because the
Fourier filter used in this figure decreases the amplitude
of wide features. Two other potential band pairs are evi-
dent at =13° and *6°. The centroid of the *+6° band pair
is noticeably nonzero in this profile, indicating that its
midplane orientation is significantly different from that of
the *£1.4° band pair.

To determine whether they are true band pairs, it must
be confirmed that they extend across all ecliptic longitudes.
These fainter band pairs are not readily evident in the
DIRBE maps, but they are all evident in the IRAS maps
produced by Sykes (1988), who identified and labeled
them. While the bands are nearly straight and extend over
a wide range of longitudes, there are some gaps. The fact
that the bands are faint even in the IRAS maps makes it
difficult to assess whether the gaps are true breaks in the
bands or places where the scan pattern and galactic confu-
sion make the bands undetectable. The evidence is strong
enough that we consider the faint bands to be real. Because
they are so faint, we will not compare them in detail to
three-dimensional models. We will, however, return to
them later when assessing the total number of dust bands
and their relationship to asteroid families.
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FIG. 5. Centroid of the +1.4° (a) and *=10° (b) band pairs, plotted
as a function of the ecliptic longitude of the Sun. Symbols are coded to
indicate the wavelength and the direction (+ for leading or * for trailing)
of the observations. Small symbols were derived from the elongation-90
maps, while larger (more sparse) symbols were derived from the monthly
skymaps. The ascending and descending nodes, where the centroid is
equal and opposite for leading and trailing observations, are indicated
by vertical lines.
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FIG. 6. Surface brightness profile (at 25 wm) obtained from the
DIRBE, elongation-90°, Fourier-filtered (1-7° scale) skymap, after rotat-
ing to compensate for the tile of the dust-band midplane. Several band
pairs are indicated and labeled by the asteroid family with which they
are associated: K + T, Koronis + Themis families (blended); Eun,
Eunomia/lo family; M, Maria family. The structure labeled ““?” re-
mains unidentified.

F. Brightness Variations of the Dust Bands

A qualitatively new effect is evident in the DIRBE elon-
gation-90 maps: the brightness of the dust bands varies as
a function of ecliptic longitude. For the 1.4° bands, the
northern component is bright when the southern compo-
nent is faint, and vice versa. We refer to these phenomena
as “glints” for the 1.4° bands. A similar effect is visible for
the 10° bands, as discussed below. Inspecting Fig. 3, one
can see that the southern component of the *+1.4° band
pair has glints in the trailing direction at longitudes around
100-200° and in the leading direction at longitudes around
200-300°. The northern component has glints in the trailing
direction from the beginning of the mission to 30° longitude
and in the leading direction from 70 to 180°. We infer that
the glints are caused by an intersection of the emitting
region with the Earth’s orbit; that is, the Earth passes
through the emitting region. If the Earth passes into the
northern component of the band pair, its brightness will
increase, whether we observe it leading or trailing the
Earth’s orbit. In the ecliptic longitude maps shown in Fig.
3, the northern and southern glints are roughly 180° apart,
and the leading and trailing maps are roughly 180° out
of phase. In this picture, the brightness as a function of
longitude is directly related to the density of the dust band
as a function of distance from its midplane, and we map
the density by moving vertically within the dust band.

In the DIRBE maps, the £1.4° band pair is a blend of
the Koronis and Themis dust bands. If the Koronis and
Themis dust orbits have significantly different ascending
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nodes near 1 AU, then we expect the glint pattern to be
repeated with two phases. Furthermore, the glint pattern
for each individual band pair can have two distinct mor-
phologies. The tilt of the dust-band midplane corresponds
to the forced inclination, i;, due to planetary perturbations
(Dermott et al. 1985). The half-separation between north-
ern and southern components of a band pair corresponds
to the proper inclination, i,, of the orbits. The scenario we
described above, with one glint per year per northern (and
southern) component, describes the situation when i; < ij,.
If, on the other hand, i > i,, then the Earth will pass
completely through each component of the dust band,
emerging from the entire cloud twice a year. In this case,
there are 2 glints per component per year. Thus in all, we
might expect up to 4 glints per component per year (for
both the Themis and Koronis families). Further substantial
complications of the picture occur because the forced incli-
nation of the particles at 1 AU is different than in the
asteroid belt (Dermott et al. 1996). Thus, even though the
edges of the dust bands in the spatially filtered map have
a well-defined sinusoidal variation of latitude (suggesting
their origin as a planar sheet of material), the entire dust
torus from an asteroid family has a warped surface, with
the warp depending on particle size. Because of the confu-
sion of the observed brightness distribution as well as the
complexity of the anticipated variations, we do not address
this effect in detail in the remainder of this paper.

The +10° dust-band brightness also varies with ecliptic
longitude, and the variation is qualitatively similar to that
observed for the *+1.4° dust bands. The brightness of the
dust band is correlated with its ecliptic latitude: when the
dust band is closer to the ecliptic, it is brighter. For the
+1.4° bands, the brightness varies with longitude by ~50%,
and for the =10° bands, the brightness varies with longitude
by about 25%. This effect is simply explained as a reflex
of the vertical motion of the Earth within the dust-band
torus. The dust density is relatively higher at the northern
and southern edges of the torus, and we observe higher
surface brightness when we are closest to the edges. The
brightness variations would not occur if the material re-
sponsible for the dust bands were located in the asteroid
belt (Dermott et al. 1985, Sykes and Greenberg 1986). Thus
the brightness variation is another indication that the £1.4°
and *=10° dust bands must contain particles in Earth-cross-
ing or near-Earth-crossing orbits.

G. Brightness and Spectrum of the Dust Bands

The dust bands are evident in several of the DIRBE
wavebands, and the spectral energy distribution of the dust
bands is one of the most important observational proper-
ties that will allow us to distinguish between different mod-
els for their nature. We confirm the detection of the dust-
bands at 1.25 um in the DIRBE data (Spiesman et al.
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1995), with an albedo for 90° scattering of ~0.08 and an
albedo normalized by the Hong (1985) phase function of
~0.15. The dust bands are observable in both thermal
emission and scattered sunlight, and they should therefore
be observable at visible wavelengths. The fact that they
eluded detection until the advent of infrared space astron-
omy is largely due to their low contrast and large angu-
lar size.

Accurate photometry on the dust bands is problematic
because they are extended, low-contrast features with a
spectrum not dissimilar from that of the zodiacal light. For
this work, we measure the spectrum of the dust bands from
the Fourier-filtered maps, keeping in mind that the filtering
probably removes part of the dust bands themselves, which
have power on a wider range of angular scales than passed
by our filter; the results obtained in this section can only be
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FIG. 7. Latitude profiles at wavelengths of (a) 12 um, (b) 25 wm,

(c) 60 um, and (d) 100 wm from Fourier-filtered maps that emphasize

emission on angular scales between 1° and 7°. A three-Gaussian fit is

superposed as a smooth curve approximating the observations. (e = 88°,
leading Earth’s orbit).

469

TABLE II
Brightness of the Dust Bands and Zodiacal Light?
Wavelength

(nm) +10° +1.4° +17° Zodiacal light?
1.25 0.005 = 0.001 0.009 = 0.002 — 0.40

12 026 *=0.05 029 =*=0.04 0.08 = 0.02 36.7

25 075 =0.05 061 *0.06 0.2 =0.03 69.0

60 041 *=0.05 024 *=0.04 0.13 *£0.03 21.8

100 03 =02 018 *=0.1 — 7.7

“ Surface brightness in MJy st~

b Zodiacal light model at elongation 90°, latitude 0°.

compared with similarly processed theoretical predictions.
Slices through monthly zodiacal light maps at 12, 25, 60,
and 100 um that were Fourier-filtered to enhance the small-
scale dust bands are shown in Fig. 7. The amplitudes of
Gaussians fitted to the peaks of the inner dust bands are
shown in Table II. Similarly, slices through maps filtered
to enhance the larger-scale dust bands are shown in Fig.
8. The inner dust bands are present but blended, so we
fitted them with a single Gaussian (just to keep them from
interfering with the other bands). The *10° bands are
clearly seen at 12-60 um and perhaps at 100 um. The
“noise” level is substantially higher in the 100-um maps;
this noise is not only instrumental noise but primarily galac-
tic infrared emission, which is smeared throughout the
images by our monthly averaging (despite our attempts to
remove the galactic emission by subtracting a template
based on the H I column density). The fact that the galactic
100-um emission can occasionally mimic the dust-band
morphology was also found to be a limiting factor in ob-
serving them with the IRAS data (Love and Brownlee
1992). We include in Table II photometry for the =17°
bands at 12-60 um and photometry for the other bands
at 1.25 um derived from maps coadded over 2 months.
The 100-um and longer-wavelength emission from the
dust bands is only marginally detected. The spectrum of
the =10° dust band at 12, 25, and 60 wm is approximated
by a blackbody with a temperature of 208 K. Extrapolating
this fit to the DIRBE 100-um waveband one expects 0.2
MJy sr™!, which is smaller than the level of fluctuations
due to galactic emission. Similarly, the spectrum of the
+1.4° dust band at 12, 25, and 60 wm is approximated by
ablackbody at 250 K. Extrapolating to 100 wm, one expects
0.1 MJy sr™!, which is again comparable to galactic and
instrumental “‘noise,” but is consistent with the Gaussian
fit results. The spectrum we obtain here for the +10° dust
band is somewhat warmer than that obtained in an earlier
analysis of the DIRBE data, in which the +10° dust band
was found to have a color temperature of 185 K (Spiesman
et al. 1995). Part of the difference is due to an improved
calibration of the DIRBE data, but most is due to pro-
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leading Earth’s orbit).

cessing techniques, underscoring the difficulty of spectro-
photometry of the dust bands.

The color temperature of the dust bands is noticeably
cooler than that of the zodiacal light itself. Using a three-
dimensional model of the interplanetary dust distribution,
optimized to match the time variation of the brightness
observed by DIRBE (Reach et al. 1996b), the brightness
of the zodiacal light on Day 100 perpendicular to the
Earth’s orbit (¢ = 90°) and in the ecliptic (8 = 0°) is listed
in Table II. The color temperature between 12 and 25 um
is 260 K, while between 25 and 60 wm, it is 320 K. Recent
observations of the spectrum between 5 and 16 um by the
midinfrared camera on the Infrared Space Observatory
find a temperature around 262 K for a line of sight at
100° elongation; the temperature and the lack of spectral
features support a ““dirty silicate’” composition and particle
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sizes ~10-200 wm producing the zodiacal emission (Reach
et al. 1996a). Evidently the 60-um emission is depressed
with respect to the nearly blackbody spectrum from 5- to
25-um brightnesses because the grains do not emit effi-
ciently at wavelengths larger than their size; the 60-um
emissivity is about 0.7 for the zodiacal light (Reach et al.
1996a). It is possible to model the dust bands using a single
temperature for the 12-, 25-, and 60-um bands, yielding a
color temperature of 208 K. Thus not only is the color
temperature of the dust bands cooler than that of the
zodiacal light, but also the spectral shape is different. This
could indicate that the dust-band particles are larger than
the zodiacal light particles on average (because larger parti-
cles emit efficiently at long wavelengths). On the other
hand, if the emitting region is spread over a wide range
of heliocentric distances, the spectrum is coupled to the
radial distribution, so it is not straightforward to interpret
the spectrum of the line-of-sight integrated radiation with-
out a three-dimensional model.

H. High-Resolution IRAS Maps

To see the structure of the dust bands on scales smaller
than the 42’ beam of DIRBE, we created an image of the
ecliptic plane from the IRAS Infrared Sky Survey Atlas
(ISSA, Wheelock et al. 1994). A model for the zodiacal
light has been removed from the ISSA (Good 1994), but
this model included only a smooth functional form that
does not remove the peaks of the dust bands. It may re-
move the larger-scale portion of the dust-band emission,
but we will consider only spatially filtered observations
that are not much affected by the zodiacal light subtraction.
The image is a mosaic of 17 ISSA plates, covering a
40° X 20° area centered on ecliptic longitude A = 355° and
latitude B8 = 0°, using the HCON 2 data only. This region
is free of significant galactic dust emission, as evident by
the lack of significant structured 100-um emission. The
individual plates were reprojected onto a cylindrical pro-
jection with 800 X 400 square pixels. Profiles of the surface
brightness as a function of ecliptic latitude were con-
structed by coadding in four 200-column ranges of ecliptic
longitude, and the profiles were spatially filtered by remov-
ing a boxcar average. One of the profiles is shown in Fig.
9. The profiles clearly show four individual peaks. The
location of each peak changes nearly linearly with ecliptic
longitude, as expected due to the tilt of the midplane with
respect to the ecliptic.

III. MODELS FOR THE DISTRIBUTION OF ASTEROID
COLLISIONAL DEBRIS

A. Ring-Pair Model

First we describe a simple ‘““‘model” for the dust bands—
with no physical justification—that can be used to calculate
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FIG. 9. Spatially filtered 25-um surface brightness from a mosaic of
ISSA plates. The high resolution of the IRAS observations allows the
+1.4° dust band to be cleanly resolved into two separate band pairs,
which are seen here as four peaks in the surface brightness as a function
of ecliptic latitude.

their locations to first order. We suppose the apparent
“band pairs” on the sky correspond to “‘ring pairs” in three
dimensions. The rings are presumed parallel to each other,
but tilted with respect to the ecliptic. The ring-pair system
is described by the vertical separation, the ring radius, and
the ring thickness. Equations for the separation of the
band-pair latitudes as a function of solar elongation and
observation date are given in an earlier paper (Reach
1992). One example of a fit to the parallactic observations
is shown in Fig. 4. Few of the months were as easy to
interpret as that shown in Fig. 4, because the Milky Way
crosses through the viewing swath and makes it impossible
to measure the latitude of either the northern or southern
component of a band pair during part of the mission. In
Fig. 10, the parallactic radius is displayed as a function of
the heliocentric longitude for each observation for which
it was possible to measure the radius. (The heliocentric
longitudes refer to the location where the line of sight
crosses a ring with the parallactic radius.) There is evidently
no trend of radius with longitude. We can use these obser-
vations to place a weak limit on the forced eccentricity
of the particles: e; < 0.15 for the *=10° band pair, and
e; < 0.2 for the =1.4° band pair. These limits are much
larger than the eccentricities deduced from numerical and
analytical studies of particle orbits under the influence
of planetary perturbations and Poynting—Robertson drag
(Dermott et al. 1996). A summary of the properties of the
ring-pair model is given in Table III. The parallactic radii
and tilts are similar to those obtained from a similar analy-
sis of the IRAS data (Reach 1992), but the ascending node
is somewhat different.
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b. Torus Model

We now consider a more realistic model for the dust
bands that has been proposed on physical grounds. The
dust bands are presumed to be formed as a result of the
collisional disruption of an asteroid (Sykes and Greenberg
1986). After the disruption, the fragments disperse due to
the kinetic energy imparted to them. First, they fill the
orbit of the progenitor; then they are spread by differential
precession by Jupiter to create the torus. The time scale
for torus creation is of order 10° years. The distribution
of particles in the torus was shown graphically by Dermott
et al. (1985), and equations for the number density were
derived by Sykes (1990). For each asteroid family with
known mean orbital elements, a dust-band model can be
calculated from these equations and compared with the
observations; however, there are two complications that
make such a calculation uninteresting. First, the dust band
could be due to (or dominated by) debris from disruption
of an individual family member with orbital elements sig-
nificantly different from the family mean. Further, the or-
bital elements of the dust particles will have substantial
dispersion, due to the origin from various family members,
kinetic energy imparted by the catastrophic disruption that
formed them, and the subsequent mutual collisions and

TABLE III
Ring-Pair Model Parameters
Band pair R, (AU) z (AU) i Q
*10° 24 +03 039 = 0.06 0.82 = 0.12 80 £9
*14° 1.7 £ 02 0.040 = 0.007 0.76 = 0.12 88 £9
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gravitational perturbations. Sykes (1990) demonstrated the
effect of dispersion in the elements by convolving the dust
distribution with Gaussian distributions in (a, e, i) with
widths (da, e, &). The spread of orbital elements changes
the location and shape of the dust bands. The convolutions
are computationally time consuming, but an ad hoc equa-
tion that approximately reproduces the convolved distribu-
tion is

e R
n(r) =e | () 1+Ur< . ) i
o) [1 *%( é”

where ¢ = z/r. The basic parameters for a band are (R,
6:, 6;). The forced eccentricity of the band particles can
be taken into account with the parameters (e;, ;) by shift-
ing the center of the distribution from the Sun to a point
ae; away, toward the direction opposite w; (Dermott et al.
1985). The shape parameters that can be used to tune Eq.
(1) are p, (adjusts perihelion/aphelion ratio), v, and p,,
(adjust sharpness of perihelion/aphelion enhancement), v;
(adjusts central density), and p; (adjusts sharpness of lati-
tude peaks). The model band shown in Fig. 4 of Sykes
(1990) is reasonably reproduced with the nominal parame-
ters p, = 1, v, = 0.6, pp, = 2, v; = 0.2, and p; = 4. The
radial and vertical profiles of this model are shown in Fig.
11. The vertical and radial edge enhancements, due to the
fact that particles spend the most time at the extrema of
their orbits, are evident in the model torus as four peaks.
The perihelion and aphelion peaks essentially overlap on
the sky, so we see a band as a pair of enhancements where
the line of sight crosses * 4.

C. Migrating Band Model

If an asteroid collision is sufficiently old, then it loses
particles due to the Poynting—Robertson effect. A particle
with radius s (>0.1 wm) in a circular orbit with semimajor
axis ris predicted to spiral into the Sun in (Burns et al. 1979)

mpr = 700Q ' psr? years. )
Here Q is the coupling efficiency between the solar radia-
tion pressure and the particle; for particles with s > 1 um,
QO = 1. Based on the size distribution of particles collected
in Earth orbit, the zodiacal emission is produced by parti-
cles with radii of order 10-100 wm (Reach 1988). Thus, if
they start at r = 3 AU, particles of the size that produce
the zodiacal emission would spiral into the Sun in 10° to
10° years. This is in fact faster than the time it takes to
form a torus by differential jovian precession (Sykes and
Greenberg 1986). Therefore, particles produced by colli-
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sional comminution in the present dust torus are expected
to be spiraling in toward the Sun. The continuity equation
for the Poynting—Robertson effect leads to a density of
such particles proportional to 1/r. Therefore, the toroidal
distribution originally considered by Dermott et al. (1985)
and Sykes (1990) is unlikely to apply to the dust. The torus
model is effectively identical to the ring-pair model, if only
the spatially filtered brightness is considered. Observations
of the parallax and color temperature of the dust bands
by IRAS (Reach 1992) and by DIRBE (Tables II and III;
also Spiesman et al. 1995) have already revealed that the
dust-band emission is apparently not coming from the as-
teroid belt. The parallactic radii deduced above are in
disagreement with the torus model for the major asteroid
families, for which R, = g = 2.7-2.8 AU.

We consider now an alternative model that incorporates
the toroidal distribution of material expected from the
orbital elements of the debris, as well as the expected
transport of particles into the inner Solar System by
Poynting—Robertson drag. The bands are presumed to
have a vertical structure similar to Eq. (1), but a radial
structure that is 1/r out to the asteroid belt. This model
was compared with the IRAS observations and found able
to predict the parallax, color temperature, and width of
the observed dust bands (Reach 1992). A migrating band
model may be obtained by setting 8, > 1, p, = 1, e; = 0,
and v, > 1, so that Eq. (1) becomes

n(r, £) = % 8 [1 41 <£>p‘] . 3)

U; 6{

The tilt of the bands (i, {);) can be included in a coordinate
transformation, so that {is relative to the midplane of the
dust. The forced eccentricity is neglected here because
the particles do not have a common heliocentric distance.
Numerical simulations of orbits starting in the asteroid belt
and evolving under Poynting—Robertson drag and plane-
tary perturbations show that the forced eccentricity varies
from e; = 0.04 at a = 25 AU to ¢y = 014 at a = 1 AU
(Dermott et al. 1996); these small eccentricities can be
safely neglected in our three-dimensional models. Slices
through a migrating model for the Eos asteroid family are
shown in Fig. 12, for comparison with the torus model
density map in Fig. 11. The vertical distribution has the
same edge-brightening effect as for the torus model, which
leads to the band-pair morphology on the sky.

Unlike the torus model, there is a noticeable difference
between the morphologies of the migrating model maps
at different wavelengths. The peaks, which we view as the
“bands” on the sky, are broader at 12 um than at 60 um.
The brightness of dust at a given distance from the Sun is
proportional to the volume density weighted by the Planck
function at the dust temperature appropriate to that dis-
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FIG. 11.

Torus model. (a) Vertical profile of the model torus with the nominal parameters and two other values of v;, showing the effect of v;

on the central density. (b) Vertical profile for nominal profiles and two other values of p;, showing the effect of p; on the sharpness of the high-
and low-latitude peaks. (c) Radial profile for the nominal parameters and two other values of p,, showing the effect of p, on the density of the
inner edge of the torus relative to the outer edge. (d) Map of a cut through the model torus in the r—z plane.

tance. Dust near 1 AU (3 AU) has a temperature of 280 K
(160 K), and its spectrum peaks around 18 um (32 wm).
The DIRBE 12-um waveband is dominated by dust in the
Wien portion of the spectrum, for which the brightness is
a very steep function of the temperature. Thus at 12 um,
the emission is dominated by the part of the line of sight
closest to the Sun. This portion of the line of sight is
relatively closer to the Earth (for lines of sight with solar
elongation greater than 90°), so the 12-um emission will
appear to occupy a larger angular extent out on the sky.

Because of the different mean heliocentric distances of
the emitting regions, the spectra predicted by the migrating
and torus models are significantly different. For the torus
model, the spectrum is largely determined by the tempera-
ture of particles at perihelion. The families with the bright-
est dust bands have g = 2.7-2.8 AU, so the infrared dust-
band emission is expected to have a color temperature
around 170 K, if the optical properties of the asteroidal
debris are similar to those of interplanetary dust particles
near the Earth. For the migrating model, the emission
derives from all along the line of sight, with weighting

toward nearby positions. As a result, the 12-um emission
is brighter than the 60-um emission for the migrating
model, while the opposite is true for the torus model. The
observed spectrum of the dust bands (Figs. 7 and 8) is
indeed warmer than the 170 K predicted by the torus
model. Combined with the fact that the parallactic radius
of the emitting region is smaller than that of the asteroid
belt, the relatively warm observed spectrum supports the
migrating model.

The fact that the migrating model predicts dust crossing
the Earth’s orbit has two important implications. First, we
note that the migrating model predicts a nonnegligible
brightness toward the ecliptic poles. Thus those who hope
to model the zodiacal light to search for the cosmic infrared
background radiation must consider a contribution from
the dust bands even in the faintest parts of the sky (Hauser
1996, Reach et al. 1996b). Second, we note that if a dust
band is sufficiently inclined with respect to the ecliptic,
then the migrating model predicts that the Earth will actu-
ally pass through the dust bands in the course of year. If
our interpretation of the brightness variations of the +1.4°
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FIG. 12. Slices through a sample migrating band model in the r—z plane. Each panel shows contours of the density normalized to the peak,
with contours spaced logarithmically by factors of 1.58. (a) Nominal parameters, (b) v; = 0.1, (c) v; = 0.5, (d) p, = 0.75.

and *=10° dust bands is correct, then the detection of this
effect conclusively rules out the ring-pair or torus models.

D. Jones and Rowan-Robinson Model

A substantially different model for the interplanetary
dust cloud shape was proposed by Jones and Rowan-
Robinson (1993; hereafter, JRR). It is asserted by JRR
that they propose a physically justifiable model of the dust
cloud, but in fact they have made the following ansatz:
“An assumption of the model is that the zodiacal cloud is
formed by the perturbations of the dust in asteroidal bands
as it passes close to the orbit of Mars.” This assumption
is both theoretically unjustified and in conflict with obser-
vations by spaceprobes that have flown past Mars. In the
JRR model, the zodiacal cloud consists of two parts: a
smooth cloud extending out to Mars’ orbit, then a banded
cloud between Mars’ orbit and the asteroid belt. Mars is
a very small planet, and its gravity does not exert much
influence on dust dynamics. Jupiter is 3000 times more
massive and, besides the Sun, dominates gravitational
forces for particles more than 0.1 AU from Mars. Terres-
trial planets do have some influence on asteroidal dust,

through resonances. Earth has been shown to temporarily
trap particles in mean-motion resonances, leading to a
circumsolar dust ring with radius just outside the Earth’s
orbit (Jackson and Zook 1989, Dermott et al. 1994a, Reach
et al. 1995). A similar ring due to resonant trapping by
Venus may be evident in the Helios spaceprobe observa-
tions (Reach, Leinert, and Jayaraman, in preparation).
Mars may produce a similar (but probably much smaller)
ring due to orbital resonances. But numerical simulations
show that the banded distribution of asteroidal dust per-
sists as particles spiral inward past Mars (Dermott et al.
1994b).

There is direct observational evidence that Mars does
not significantly affect the structure of the zodiacal cloud.
the zodiacal light has been observed by spacecraft that
went past Mars’ orbit, notably Pioneer 10 (Hanner and
einberg 1974). Particle detectors have also flown through
the cloud, notably aboard Galileo (Griin ef al. 1995a) and
Ulysses (Griin et al. 1995b). The volume density of inter-
planetary dust near the ecliptic apparently does not have
an abrupt decrease beyond 1.52 AU, in contradiction with
the JRR model. In fact, the Pioneer 10 zodiacal light obser-
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TABLE IV
Largest Asteroid Families

Family i’ a; a’ o, e N°
Themis 1.359 0.166 3.142 0.043 0.15 267
Koronis 2.105 0.042 2.865 0.028 0.049 147
Nysa 2.695 0.477 2.398 0.055 0.17 107
Flora 4.457 1.508 2.240 0.015 0.14 338
Eos 10.112 0.270 3.015 0.007 0.074 220
Eunomia 13.113 0.311 2.626 0.038 0.15 100
Maria 14.986 0.208 2.555 0.016 0.094 38

“Number of members that are numbered asteroids (Zappald et al.
1994).

vations, which are sensitive to the same particles we are
observing with DIRBE, suggest that the density decreases
smoothly as ! from the Earth’s orbit to at least 3 AU.
Thus, the observations show no effect in the dust distribu-
tion due to Mars. For these reasons, we do not consider
the JRR model in detail here.

IV. COMPARISON OF THREE-DIMENSIONAL MODELS
TO THE OBSERVATIONS

A. Largest Asteroid Families

To compare the dust-band observations to models of
their origin in asteroid families, we must first identify the
set of plausible parent families. Asteroid family identifica-
tion is based on concentrations in the phase space of the
proper orbital elements (a’,e’,i"), which must be calculated
from the osculating orbital elements using a theory of plan-
etary perturbations. The number and population of aster-
oid families are contentious owing to the variety of numeri-
cal methods to calculate the proper elements, observations
sufficiently accurate to determine orbits, and, most im-
portantly, methods to decide which concentrations in (a’,
e', i") constitute families (cf. Carusi and Valsecchi 1982).
Zappald et al. (1990, 1994) identified families using num-
bered and multiopposition asteroids, the perturbation the-
ory of Milani and KneZevié¢ (1990), and an automated,
objective, hierarchical clustering technique. The seven
largest asteroid families from Zappald et al. (1994), named
after their least-numbered member and in order of increas-
ing proper inclination, are listed in Table IV. Williams
(1992) identified families visually from stereoscopic projec-
tions of the three-dimensional phase space distributions,
and then evaluated the likelihood of each visually identified
family using Poisson statistics for comparison with a ran-
dom background. Williams’ procedure resulted in a much
larger number of families, and in particular it breaks some
of the Zappald et al. families into subfamilies. If we con-
sider the number of “‘numbered” (i.e., accepted and with
well-known orbit) asteroids in each family, and recognize
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Williams’ families 180—-189 as subunits of Zappald’s Flora
family, then the same seven largest families are obtained.
For comparison, Sykes (1990) considered essentially the
same families, with the concentration at proper inclinations
around 13° named for o instead of Eunomia. Thus despite
disagreement about the total number of families and the
substructure of families, the identification of the largest
asteroid families seems robust. Using the asteroid proper
orbital elements of Milani and KneZevi¢ (1990), we mea-
sured the mean and (Gaussian) dispersion of a’ and i’
(after restricting to the appropriate ranges of eccentricity)
for each family; results are listed in Table IV.

B. Nominal Family Models

The dust distribution in an asteroid family can be calcu-
lated directly from the distribution of orbital elements, with
an arbitrary normalization to be established by comparison
with the observations. The parameters in Egs. (1) and (3)
are directly related to the orbital element distributions. Of
particular importance is the vertical distribution, which is
governed by the mean inclination, i, and its dispersion, &i.
By comparing the dust distributions for a range of i and
oi/i to our models for a range of J; and v;, we found the
following relations:

v; = 1.05(8i/i)*# — 0.11,

I )
8, = [1 — 1.16(5i/i)"13]/[0.94 — 0.22v;].

We refer to the dust-band model based on the orbital
element distributions of the asteroid families as the “nomi-
nal family models.”” Mean orbital elements for the families
were measured from the asteroid distribution, as described
above, then converted into our model parameters using
Eq. (4).

The models were directly compared to latitude-profiles
of both the DIRBE and IRAS data. The same spatial
filtering was applied to the models as to the data. For the
Themis and Koronis families, we used the IRAS data to
normalize the models, thus determining the dust density.
A slice through the IRAS data is shown in Fig. 13 together
with the corresponding nominal torus and migrating mod-
els; profiles in this figure were high-pass filtered using a
running boxcar with a width of 1°. Similarly, a slice through
the DIRBE data is shown in Fig. 13b together with its
corresponding nominal torus and migrating models; pro-
files in this figure were Fourier filtered as described above.
It is evident that the models have the correct general mor-
phology and are ‘‘the right idea,” but the latitude of the
dust bands is always inside (i.e., at lower absolute latitude)
the models.

C. Optimized Family Models

The nominal family models have the correct general
shape, and need only small adjustments to match the obser-
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FIG. 13. Nominal family models. (Top) High-pass filtered brightness

observed by IRAS (+signs) as a function of ecliptic latitude, together with
corresponding torus (dotted line) and migrating (dashed line) models.
(Bottom) Fourier-filtered brightness observed by DIRBE (+signs) as a
function of ecliptic latitude, together with corresponding torus (dotted
line) and migrating (dashed line) models. In all cases, the observed bands
are closer together than the models predict.

vations in detail. There are two ways to move the latitudes
of the models downward, approaching those of the ob-
served dust band. The obvious way is to adjust the mean
inclination of the dust band downward; this translates di-
rectly into a vertical shift in the latitudes. The second way
is to boost the dispersion in orbital inclinations. This is
somewhat more indirect, and it has the side effect of in-
creasing the widths of the northern and southern compo-
nents of the dust bands at the same time as decreasing
their separations.

For the Themis and Koronis families, the models already
have the correct angular widths but predict latitudes some-
what too high. We found that shifting the mean inclinations
downward was sufficient to bring the models into close
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agreement. The complete set of parameters for the opti-
mized models is shown in Table V, and the optimized
models are plotted together with the IRAS data in Fig. 14.

In addition to the locations of the dust bands, the bright-
ness variations are also predicted by the models. The torus
model predicts dust bands with a constant brightness as a
function of ecliptic longitude. The migrating model, on the
other hand, predicts a strong variation due to the crossings
of the Earth through the emitting region. The observed
“glints” apparently rule out the torus model, but neither
do the glints agree in detail with the migrating model. The
migrating model for the Koronis family that matches the
observed latitudes of its dust bands is shown in Fig. 15,
where we have exactly matched the observing conditions
of the elongation-90 skymaps shown in Fig. 3. The observed
glints are milder—about 50%—than the factor of 3 varia-
tion of brightness predicted by this model. Two effects are
likely to contribute to the disagreement. First, we assumed
that the dust orbits evolve only due to Poynting—Robertson
drag and that their proper and forced inclinations remain
unchanged as they spiral into the Sun. This assumption is
unlikely to be valid, because planetary perturbations in
the inner Solar System are dominated by the terrestrial
planets, while those in the asteroid belt are dominated by
Jupiter. Thus the midsurface of the dust bands is likely to be
significantly warped and the radial distribution significantly
perturbed from the assumed 1/r distribution. A second
effect that could make the longitude variations less severe
than the model shown in Fig. 15 is an increase in the
dispersion in proper inclinations in the inner Solar System,
which might be expected due to the larger collision rate
with cometary dust and meteoroids.

For the Eos and Maria families, a shift in proper inclina-
tion, in the same direction as (but larger than) that required
for the Koronis and Themis families, brings the models
into agreement with observed dust-band latitudes. It is also
possible bring the models into agreement with the data by
boosting the dispersion of orbital inclinations. This effect
was used by Sykes (1990) to bring the predicted latitude
of the Eos family into agreement with the location of the
+10° band on the IRAS SykFlux plates. We found that
increasing the Eos dispersion by a factor of 2.5 (torus
model) to 3.5 (migrating model) has approximately the
same effect as changing the mean inclination, and brings
the model latitudes into agreement with the DIRBE obser-
vations at elongation 90°. The Maria dispersion needs to
be increased by a factor of ~5-10 to match the observed
latitude. This seems like a large increase, but in fact the
nominal dispersion of the Maria family asteroids is very
small. The dispersion of the dust band, i ~ 2°, is similar
for both Eos and Maria. The dispersion of dust orbits is
apparently not directly related to that of the asteroid
family.

In addition to testing the vertical shapes of the models
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TABLE V
Parameters of Dust-Band Models
Parameter Themis Koronis Nysa Flora Eos Eunomia Maria
a. Torus model”
i 1.209 1.955 2.695 4.457 9.112 12.113 14.486
Ai —0.150 —0.150 0.000 0.000 -1 -1 -0.5
o; 0.166 0.042 0.477 1.508 0.270 0.311 0.208
ng® 1.8 5.0 <2 <1 5.0 1.4: 0.9:
R, (AU) 3.142 2.865 2.398 2.240 3.015 2.626 2.555
6 (AU) 0.236 0.070 0.204 0.157 0.112 0.197 0.120
Dr 1.0 1.0 1.0 1.0 1.0 1.000 1.0
Uy 0.366 0.248 0.663 0.161 0.050 0.390 0.149
Do 4 4 4 4 4 4 4
8 1.219 1.978 2.624 3.570 9.186 12.388 14.910
v; 0.318 0.075 3.370 0.533 0.104 0.090 0.050
Di 4 4 4 4 4 4 4
b. Migrating model®
i 1.209 1.855 2.695 4.457 8.612 11.613 13.986
Ai —0.150 —0.250 0.000 0.000 —1.500 —1.500 —1.000
o; 0.166 0.042 0.477 1.508 0.270 0.311 0.208
no’ 0.25 0.43 <04 <0.8 1.0 0.26 0.22
Dr 1.0 1.0 1.0 1.0 1.0 1.0 1.0
o; 1.219 1.978 2.624 3.570 9.184 12.388 14.905
v 0.318 0.079 0.370 0.533 0.109 0.094 0.050
Di 4 4 4 4 4 4 4
R, (AU) 3 3 3 3 3 3 3

@ Parameters from Eq. (1).

b Volumetric cross section (no) at Ry, units 107 AU™L

¢ Parameters from Eq. (3).

using the latitude profiles, we have also tested the radial
shapes of the models by using the parallactic change of
band-pair separation with solar elongation (Fig. 4). We
evaluated latitude profiles for a range of solar elongations,
and compared these to the DIRBE observations, interpo-
lated to the same grid. The optimal values of the mean
semimajor axis for the torus model [R, in Eq. (1)] and the
radial power-law index for the migrating model [p; in Eq.
(3)] were determined by minimizing the mean square er-
rors. For the Eos family, the best fits were obtained with
p: = 1.0 = 0.3 (migrating model) and R, = 3.2 = 0.3 AU
(torus model). There is a qualitative difference between the
parallactic predictions of the torus and migrating models, in
that the torus model predicts the separations to increase
nearly linearly with solar elongation, while the migrating
model predicts a negative curvature. Because some nega-
tive curvature is in fact observed, the torus model never
achieves a good fit, for any value of Ry.

D. Dust Bands Associated with Other Asteroid Families

The association of bright dust bands with the Themis,
Koronis, and Eos families is convincing. The *£17° band
pair in the DIRBE data was also found in the IRAS data
(Sykes 1988), and its association with the Maria family also

seems convincing. Of the largest asteroid families, Nysa,
Flora, and Eunomia/Io remain to be discussed. It is im-
portant to consider this issue in detail, because we hope
to determine whether dust bands are a general phenome-
non that should be expected for asteroid families. Nominal
models were calculated for each family and compared to
the IRAS and DIRBE observations described above. A
lack of unexplained low-latitude dust bands in the IRAS
data places rather strong limits on the amount of dust
associated with the Nysa or Flora family. In Fig. 9, there
is no evidence for band pairs in addition to those al-
ready discussed.

There remain, however, dust bands in the IRAS and
DIRBE data with morphology similar to those already
discussed but no parent. The map produced by Sykes
(1988) from the IRAS data is the most sensitive search for
dust bands and trails, owing to the near-optimal utilization
of the data. There are seven band pairs in the IRAS data
(see Sykes 1988, Table 1). The «, 8, and y bands correspond
to the Themis, Koronis, and Eos families, respectively. The
M/N bands correspond to the Maria family as discussed
above. The remaining three band pairs are E/F (at *£5°),
G/H (at £7°), and J/K (at =15°). The latitudes of the
J/K bands are just inside the latitudes of a nominal model
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FIG. 14. Same as for Fig. 13, but for the optimized family models.
The agreement of band latitudes is significantly better than for the nomi-
nal models, with the only change that the proper inclination of the dust
is systematically lower than that of the parent asteroid family. Note also
the good agreement between the shape of the observed brightness and
the model, after both are processed with the same spatial filtering.

for the Eunomia family. Because the prominent bands also
have latitudes smaller than those of the nominal family
model, we consider the locations of the J/K bands to be
in good agreement with the Eunomia family. Sykes (1988)
tentatively associated the J/K pair with the Io family,
which, as discussed above, is the same as the Eunomia
family for our purposes. Based on our own coaddition of
the DIRBE elongation-90 maps, we also find the J/K bands
and some combination of the E/F or G/H bands. The
J/K bands have a brightness around 0.1 MJy sr™! after
Fourier filtering. The density needed to make a Eunomia/
Io family model match the observed brightness is listed in
Table V.

The latitudes of the E/F and G/H bands are outside the
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Nysa and Flora families, so we consider such associations
unlikely. Thus there remain two asteroid families with no
dust bands (Nysa and Flora) and two dust bands with no
known parent family (E/F and G/H). The upper limits to
the volumetric cross sections of the Nysa and Flora fami-
lies, obtained by dividing the upper limit to the brightness
by the predicted brightness for a nominal volumetric cross
section of 107 AU™!, are shown in Table V, together with
the full set of parameters to describe the models. It is
noteworthy that both large families without identified dust
bands are in the inner asteroid belt. The proximity to strong
orbital resonances (which indeed shape the present distri-
bution of asteroids themselves) may scramble the dust
produced by the families, such that it does not reach the
inner Solar System in a coherent dust band.

An important distinction between the asteroid family
members and its dust should be recognized. The sharpness
of the dust-band peaks is inversely related to the dispersion
in the proper inclinations of the orbits. In our empirical
model, the sharpness of the peaks is controlled by the
parameter v;, which was determined for each family using
Eq. (4) and the dispersion in orbital elements of the aster-
oid family members. The asteroid families have a wide
range of dispersions, some being compact and well defined
(e.g., Maria) and others either diffuse or with multiple
subfamilies (e.g., Flora). The peak volume density of a
family scales approximately as v;%’>. Between the most
extreme cases of v; = 0.05 (Maria) and v; = 0.55 (Flora),
there is a factor of 6 difference in the normalization of a
model to the same observed brightness. Perhaps it is not
a coincidence that the two large families that are the most
dispersed are those that are not detected, while the some-
what smaller Maria family has a relatively sharp band. Not
only is dust from a compact family more easily distin-
guished from the zodiacal cloud, but also the higher density
of asteroids in a compact family means the collision rate
(and thus the dust production rate) is higher. The upper
limits for both Flora and Nysa are already conservative,
as they were calculated with relatively large values of v;.
For other families, the model densities should be consid-
ered uncertain at the factor of two level.

We have exhausted our list of the seven largest families
defined using the criteria listed above, but the E/F and
G/H dustbands remain unattributed. Generalizing from the
already established associations, we would expect the par-
ent family to be populous and to have a relatively sharp
proper inclination distribution. Further, as the large, inner-
belt families (Nysa and Flora) have no known dust bands,
we might suspect the family to be in the outer asteroid belt.
As this work neared completion another substantial study
of the population of asteroid families appeared (Zappala et
al. 1995), using a significantly expanded list of asteroids and
two different, automated classification methods. The seven
large families we consideredin Table I'V remain, with gener-
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FIG. 15.

Predicted surface brightness for the migrating model for the Koronis family, in a projection identical to the DIRBE elongation-90

maps. The “glints,” where the northern or southern component of the dust band increases in brightness, occur when the Earth moves into the
upper or lower edge of the emitting region, where the volume density of dust is highest.

ally increased populations. In addition, two other families
appear to have very large membership in the new classifica-
tion. They are in fact more populous than in the Maria fam-
ily, which has a dust band, and therefore should be consid-
ered among potential dust-band parents. Both of these
families are associated with very large asteroids—4 Vesta
and 10 Hygiea—and are considered as possible cratering
events (Zappala et al. 1995). The proper inclination of these
two families are such that they could well be the source of
the E/F (Hygiea) and G/H (Vesta) dust bands. Their disper-
sion in proper inclinations is small enough that their dust
bands would be relatively sharp, and neither family is lo-
cated in the inner asteroid belt. If the association of dust
bands with one or both of the Vesta and Hygiea families
stands, then dust bands can be formed by two mechanisms:
(1) catastrophic disruption of a large parent, with the subse-
quent comminution of the debris, and (2) cratering of alarge
asteroid in collisions with insufficient energy to disrupt it.
We can further conclude that dust from one or both of these
asteroids is present in the near-Earth environment, and
some of the collected interplanetary dust particles may be
pinpointed to one of these individual asteroids.

E. Total Surface Brightness of Dust Bands

Thus far we have considered only the spatial-filtered
surface brightness of the dust bands, because this is their
only clearly observable attribute; however, the dust bands
contribute substantially more brightness than survives the
median filtering. The dust distribution passes over and
above the Earth’s orbit, leading to a relatively smoothly
varying surface brightness as a function of ecliptic latitude
above the latitude of the dust-band peaks (Reach 1992).
The total surface brightness at 25 wm, combining the mi-
grating models of the detected dust bands, is shown as a
function of ecliptic latitude in Fig. 16. The peak surface
brightness (at 25-um wavelength) of the model dust bands
around 10° latitude is a full 10 MJy sr™!, of which only 0.7
MJy sr~! survives the Fourier filtering used for comparison

with the observations in Fig. 8. For comparison, this
amounts to some 12% of the zodiacal light brightness at
this latitude and a typical solar elongation of 90°. The
visible zodiacal light should have a comparable fractional
contribution from the known dust bands, because the al-
bedo of the dust bands is not much different from that
of the particles in the remainder of the zodiacal cloud
(Spiesman et al. 1995), and the line-of-sight weighting is
similar for 25-um surface brightness and scattered light.

F. Surface Area and Mass of Dust Bands

For those asteroid families with detected bands, we may
estimate the total surface area for either the migrating or

I, (MIy sr™")

latitude

FIG. 16. The 25-um surface brightness due to asteroid families as
viewed from the Earth. The total of the migrating model surface bright-
nesses for each of the detected dust bands is shown as a function of
ecliptic latitude for a line of sight 90° from the Sun. The brightness is
dominated by the Koronis and Eos families, which have large populations
and relatively sharp distributions of proper inclination.
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torus model by integrating Egs. (1) and (3), respectively.
In terms of the empirical parameters, the total surface area
of particles in a torus model is
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where 7, is the absorption cross section per unit volume
of dust-band particles at Ry. Similarly, for the migrating
model,
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Although it is not directly observed, it is perhaps easier
to understand the total dust content of the dust bands
through their total mass. The mass is clearly related to the
total surface area, but it depends on the particle size: for
spherical particles of single size, s, the mass density is
(nm) = 4/3psn, (as long as the particles are larger than the
wavelength, A/2m at which the cross section was measured).
For lack of an observed size distribution for the dust-band
particles, we will use the Griin et al. (1985) size distribution
of meteoroids near the Earth’s orbit, for which

(nm) =1.24 X 10~ <ﬁ> gcm™,

For reference, this size distribution has a mass-weighted
particle radius of 60 um, and to first order the correction
to a different effective particle size is linear. Using Egs. (5)
and (6) together with the values of n, and other parameters
from Table V for the optimized family models, we calcu-
lated the surface areas and masses for the torus and migrat-
ing models for the Themis, Koronis, Eos, Eunomia/lo, and
Maria families; the results are in Table VI. For families
with no detected dust band (Nysa and Flora), an upper
limit to the surface area was derived from the upper limit
to ngy from Table V and the parameters of a nominal dust
band for that family. As discussed above, the values of ng
are sensitive to the sharpness of the proper inclination
distribution through the parameter v;; on the other hand,
the masses are quite insensitive to v;.

For comparison, we also include the asteroid population
for each family as derived from the two recent studies
by Zappald et al. (1994) and Williams (1992). The family
population is contentious, because it cannot be guaranteed
that the ranking of families according to the number of
known asteroids is correct. Different definitions of families
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TABLE VI
Masses of Asteroidal Dust Bands
Famlly Mmr (g) Mmig (g) NZapa NWillb
Themis 1.2 x 10'° 5.8 x 10 267 62
Koronis 3.4 x 10 3.7 x 10 147 42
Nysa <1 X 10' <2 X 10% 107 10
Flora <1 x 10% <5 x 10% 338 17¢
Eos 6.7 X 10" 3.2 x 107 220 74
Eunomia ~1 x 10V ~1 x 107 100 22
Maria ~1 x 107 ~2 x 10" 38 14

“ Number of members that are ‘“numbered” asteroids from Zappala
et al. (1994).

® Number of members that are “numbered” asteroids from Williams
(1992).

¢ Williams (1992) family 183 only.

lead to very different population estimates. This applies
especially to the Flora family, which is broken into several
large subunits by Williams (1992) but considered as one
large family by Zappald et al. (1994). Further, there are
obvious observational biases toward inner-belt and high-
albedo asteroids, which are easier to see from the Earth,
and perhaps even to the well-known and lower-inclination
families because observers may spend more time tracking
their orbits.

The dust-band mass is directly compared to the family
population (from Williams 1992) in Fig. 17. The Flora
family moves all the way to the bottom right part of this
figure if it is considered as one large family rather than as
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FIG. 17. Masses of the observed dust bands plotted as a function of
the number of ‘“numbered” asteroids in their associated families (Wil-
liams 1992). For each detected family, the mass calculated from the
migrating (%) and torus (<) is shown as two symbols connected by a
dotted line. Upper limits are shown for the Nysa and Flora families.
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a group of subunits. While there is not a detailed one-to-
one correlation between family population and dust-band
mass, we can nonetheless gain some insight from these
results. Sykes (1990) concluded that the lack of a one-
to-one correspondence between dust bands and asteroid
population indicates that the dust bands are intermittent,
having been produced only by relatively recent collisional
disruptions of individual asteroids. We suggest that the
number of present-day dust bands is large enough, and
the dynamic range of detected dust-band masses is small
enough, that they should be considered relatively perma-
nent features. Thus the lack of a dust band associated with
a large family must be explained. The Eunomia/lo family
evidently has a faint dust band, as discussed above, and
its brightness is reasonable considering its population. If
we believe the population estimates of Williams (1992),
then Fig. 17 suggests that the lack of Flora and Nysa dust
bands is not surprising. The fact that we do not see a
prominent Flora dust band argues against a common origin
for the very large Flora family (as found, e.g., by Zappala
et al. 1992).

V. DUST FROM NONFAMILY ASTEROIDS

While asteroid families produce appreciable amounts of
dust and are detectable through the distinct signature of
their dust bands, these dust bands explain only part of
the observed brightness of the zodiacal light. Above, we
estimated that detected dust bands produce some 12%
of the brightness of the ecliptic. The associated asteroid
families contain some 5% (Williams 1992) to 19% (Zappala
et al. 1994) of the population of numbered asteroids. Num-
bered asteroids are an observationally biased sample and
are not necessarily a valid tracer of dust production: aster-
oid families are relatively less abundant in diameter-limited
samples (Valsecchi et al. 1989). Nonetheless, it is plausible
that nonfamily asteroids produce a significant fraction of
the zodiacal light, as a simple scaling argument shows. Let
us suppose that nonfamily asteroidal dust is distributed
similar to the migrating dust-band model, but with such a
wide range of inclinations that an edge-brightened dust
band is not present:

R
n(r, ) = ny 70 e~ (@5,

The width of the distribution can be directly obtained from
the apparent distribution of asteroids; from the distribution
of IRAS-detected asteroids (Veeder 1986), we find &; =
12°. Adopting Ry = 3 AU as we did for the dust bands,
the mass of asteroidal dust is

ny
=4 X 10" ———] ¢
M=4x%x10 (109 AU1> g
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Also, the brightness through the center of this dust distribu-
tion, viewed from the Earth on a line of sight perpendicular
to the Sun, is

1,(0) ~ 03 ( o > MJy st

107 AU

at a wavelength of 25 um.

The problem thus boils down to estimating the density
of nonfamily asteroidal dust. A trivial upper limit may be
placed by requiring that the surface brightness not exceed
the observed brightness; for a brightness limit of 63 Mly
sr~! (the brightness of the ecliptic minus the contribution
from known dust bands), the volumetric cross section must
be ny < 57 X 107° AU™!, and the mass must be M,qntam <
8 X 10" g. For comparison, the total population of num-
bered asteroids is of order 4000. (We use numbered aster-
oids as a population tracer for lack of a better, unbiased
tracer.) In order for nonfamily asteroids to account for
all of the non-dust-band zodiacal light, the dust mass per
nonfamily numbered asteroid would have to be

% (nonfamily) ~ 2 X 10" g.

For comparison, the dust bands have a dust mass per num-
bered asteroid in the range

9XxX 102 g< % (family) <1 X 10'° g
if we adopt the population estimates from Williams, or
13 M : 15
2 X 10 g<ﬁ(fam11y)<5 X 10" g

if we adopt the population estimates from Zappal4. Thus,
if nonfamily asteroids produce dust at a rate that is similar
to the dusty asteroid families, asteroidal dust could account
for for the entire zodiacal light.

It is, however, likely that nonfamily asteroids produce
less dust than family asteroids. Even known asteroid fami-
lies exhibit a range of dust-band masses, and at least one
prominent family (Nysa) lacks a detected dust band. Fur-
thermore, asteroid families are not just concentrations of
the asteroid populations at given orbital inclinations. In-
stead, they are concentrations in three dimensions of the
phase space of orbital elements: semimajor axis, eccentric-
ity, and inclination. Thus the collision rate among—and
hence the dust production rate by—nonfamily asteroids is
almost certainly lower than that of family asteroids. The
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upper limit to the dust mass per numbered asteroid for
the Nysa family is 2 X 10" g (2 X 10 g) for the Williams
(Zappald) population estimates. To produce all the zodia-
cal light, the nonfamily asteroids would have to produce
10 times as much dust per asteroid as the Nysa family if
the larger family population is correct; however, in the
case of the smaller (Williams) population estimate, it is
still plausible that the asteroids do produce all the inter-
planetary dust responsible for the zodiacal light.

Anindependent estimate of the fraction of the interplan-
etary dust produced by asteroids has been made using the
Earth’s resonant dust ring (Jayaraman and Dermott 1996).
By comparing the observed asymmetry of this ring to that
expected for a population of dust particles with initially
asteroidal orbits, it was found that between 10 and 100%
of interplanetary dust is asteroidal. The result depends
sensitively on the assumed size distribution of asteroidal
particles, and is essentially the lower limit of 10%. We
assign this lower limit to the nonfamily asteroids, because
the asymmetry in the Earth’s resonant ring is observed to
be a smooth function of ecliptic latitude (Reach et al. 1995),
rather than being similar to the dust-band distribution
shown in Figs. 2 and 16. Applying this lower limit, we
infer the mass of nonfamily asteroidal dust per nonfamily
asteroid to be

% (nonfamily) >3 X 10" g.

Such a dust production rate is lower than that of asteroid
families with detected dust bands, as expected, and is com-
patible with the upper limit placed on dust from the
Nysa family.

VI. CONCLUSIONS

Based on our comparison of COBE/DIRBE and IRAS
observations of the structure of the diffuse infrared sky
brightness to empirical models for distribution of dust asso-
ciated with the largest asteroid families, we conclude that
the Themis, Koronis, Eos, Eunomia/lo, and Maria families
produce substantial amounts of dust, while upper limits
are placed on dust produced by the Nysa and Flora families,
and two previously unattributed dust bands are suggested
to be related to one or both of the Hygiea and Vesta
families. The asteroid family orbital elements do not match
those of the dust bands in detail. The radial distribution
of dust is qualitatively different from that of the parent
asteroids: the dust particles we observe now are signifi-
cantly affected by Poynting—Robertson drag, so they are
spread from the asteroid belt through the inner Solar Sys-
tem. Also, the vertical width of the dust distribution is
larger than that of the parent asteroid families, with the
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same effect observed for each detected family. The
enhanced width of the dust distribution probably reflects
both the kinetic energy imparted to the dust when it is
formed or dispersion by mutual collisions later on. The
Nysa and Flora families may not produce easily discerned
dust bands because the asteroids in the parent families
are relatively widely dispersed in proper inclinations;
alternatively, these families are no longer producing dust.
Although the association between families and dust bands
is not perfect, we conclude that dust bands are commonly
associated with asteroid families. Thus it is likely that
dust has been produced in asteroid families ever since
the original events that formed them. Nonfamily asteroids
may produce more dust than the asteroid families, be-
cause there are more of them, but estimates of the
abundance of nonfamily asteroidal dust are still uncertain
by at least an order of magnitude.
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