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ABSTRACT 

Properties of the zodiacal dust bands are derived from fits to Infrared Astronomical Satellite profiles of the 
ecliptic Three observations lead to the conclusion that the dust-band material is spread oyer a range ot helio- 
centric distances between the asteroid belt and the Sun: parallax, color temperature and wavelength depen- 
dence of the band latitudes. The orientations of the midplanes of the bands are found to be typical ot 
asteroids. A model of “migrating bands,” wherein dust is produced near the asteroid belt and spirals into the 
Sun under the influence of Poynting-Robertson drag, is used to explain the range of heliocentric distances ot 
dust-band material. 
Subject headings: dust, extinction — interplanetary medium — meteoroids — minor planets 

1. INTRODUCTION 

Both comets and asteroids contribute solid material to the 
interplanetary medium, but it is not yet clear whether one 
source produces the bulk of the material. While the asteroidal 
origins of many meteorites have been inferred from mineralóg- 
ica! evidence and comparison to asteroidal spectra (Wetherill 
& Chapman 1988), the small number and severe selection 
effects (specifically, Earth-crossing orbits and large size) do not 
readily allow extrapolation to all meteoroids. Similarly, the 
cometary origin of many meteors, determined through their 
orbital elements derived by time-lapse photography and radar 
(Ceplecha 1987; and Sekanina & Southworth 1975), are severe- 
ly influenced by selection effects (Earth-crossing orbits and 
high encounter velocity). Analysis of interplanetary dust par- 
ticles collected in the stratosphere (Sandford 1987) and the 
polar ice caps (Maurette et al. 1987) has revealed evidence for 
both cometary and asteroidal dust, but once again selection 
effects (Earth-crossing orbits and low encounter velocity) make 
it difficult to determine whether the bulk of the dust is com- 
etary or asteroidal. In this paper we analyze the Infrared 
Astronomical Satellite (IRAS) observations of the diffuse infra- 
red background in order to determine the extent to which the 
asteroids are a source of interplanetary dust. Asteroids and 
comets probably contribute different fractions of material with 
different sizes. In this paper we concentrate only on particles 
that dominate the infrared emission (20-200 jum; Reach 1988, 
hereafter Paper I). 

There must be a source of interplanetary dust grams, 
because their lifetimes are short. Poynting-Robertson drag 
causes the particles that produce the zodiacal light to spiral 
into the Sun at a rate that increases inversely with heliocentric 
distance (Wyatt & Whipple 1950); the time for a particle with 
radius s > 1 gra to spiral from the Earth’s orbit into the Sun is 
~400//? yr, where ß ^ 0.2/s (/un) is the ratio of solar radiation 
pressure to gravity for particles with density 2.5 g cm 3 (Burns, 
Lamy, & Soter 1979). The particles that produce the bulk of 
the infrared zodiacal emission and visible zodiacal light are 
~40 /un in radius (Paper I). The Poynting-Robertson lifetimes 
of such particles are of order 7 x 105 yr, in agreement with 
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solar flare exposure ages of collected interplanetary dust par- 
ticles (Sandford 1986). Thus the inner solar system would be 
rapidly depleted of dust without a continuing, or very recent, 
source. Further, if the source of dust is exterior to the Earth’s 
orbit, then a steady-state distribution, with the number density 
increasing inversely with heliocentric distance, will be rapidly 
established. Particles in the 20-200 /un size range are being 
continuously produced as fragments in meteoroid collisions; 
indeed, collisional models indicate that the number density of 
small particles may be increasing with time, while the number 
density of larger particles may be decreasing with time near the 
Earth (Grün et al. 1985)—an arrangement that could not last 
indefinitely. The relationship between the size distribution 
observed near the Earth, the solar system distribution of inter- 
planetary grains, and the source region of the dust is sufficient- 
ly complicated that it has not yet been possible to disentangle 
the most likely origins—asteroidal or cometary of the dust. 

With the discovery by IRAS of extensive dust trails, related 
to comets (Sykes et al. 1986), and the dust bands (Low et al. 
1984), related to asteroid families (Dermott et al. 1984), it 
became possible to study the origin of interplanetary meteor- 
oids by direct observation of the source regions. Comets have 
been known to produce large meteoroids ever since the parent 
comet (P/Tempel) of the Leonid meteor shower was discovered 
in 1866. The separation of cometary ejecta into a plasma tail 
and a dust tail demonstrated that comets produce small par- 
ticles whose orbits are affected by radiation pressure. The dis- 
tribution of particles in the coma of P/Halley was determined 
by spacecraft during the most recent passage of the comet 
through the inner solar system (McDonnell et al. 1987 ; Mazets 
et al. 1986), and meteoroids were detected out to at least 
250,000 km from the nucleus. The dust mass-loss rate for P/ 
Halley, in particles smaller than 10 gm radius, was observed to 
be 3 x 105 g s"1 (McDonnell et al. 1987). Larger particles 
ejected into dust trails are probably the principal mass-loss 
mechanism for comets (Sykes & Walker 1992), so an appre- 
ciable fraction of the mass of old comets is in the form of dust 
trail particles. 

From IRAS observations, it is now known that particles 
extend over a significant fraction of the orbit of several 
comets—most notably comet P/Tempel 2, whose dust trail was 
detected over 60° of mean anomaly (Sykes, Lien, & Walker 
1990). But the comet dust trails are very sharp (angular widths 
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<3'), and they do not correspond to broad structures in the 
infrared background, so the connection between the cometary 
meteoroids and the more diffuse interplanetary dust complex 
must be indirect or evolves very rapidly. The “type 2” dust 
trails (Sykes 1988) are extended structures that may connect 
smoothly to the diffuse infrared background. However, even 
though the surface brightness of the type 2 trails is only a factor 
of a few smaller than that of the bands, the total flux—and 
hence the mass of dust—is much smaller for the trails than the 
dust bands, which extend across the entire sky. 

The asteroidal dust bands are clearly extended, and they 
contain a substantial fraction of all of the dust in the asteroid 
belt (Reach 1991b). Further, the ratio of the volume density of 
infrared-emitting particles in the bands to that of particles near 
the Earth’s orbit is nearly equal to the inverse ratio of the 
heliocentric distances, as would be established in the steady 
state if the dust is transported by Poynting-Robertson drag 
(Reach 1991b). If the density decreases as the inverse of helio- 
centric distance out to some maximum distance, R, then the 
dust was produced at, or beyond, R. Thus the source of inter- 
planetary dust is likely to be at or beyond the asteroid belt. If 
the association between the asteroid families and the dust 
bands is correct (see Sykes et al. 1989, and Sykes 1990 for 
critical discussions of the origin of the dust bands), then an 
asteroidal origin (predominantly in the dust bands) for the 
bulk of the 20-200 fitn interplanetary dust particles is likely. 

In this paper we present a new analysis of the connection 
between the asteroid belt and the interplanetary dust complex. 
Using IRAS low-resolution (0?5) scans of the ecliptic at wave- 
lengths of 12,25,60, and 100 /mi, we have measured the bright- 
ness and width of the dust bands for all available viewing 
geometries. The dust bands are clearly resolved, with widths of 
several degrees. Previously, the dust bands have been studied 
after the broad zodiacal emission has been removed via a 
median filter or local surface subtraction (Sykes 1990) or 
Fourier decomposition (Dermott et al. 1988). Analysis of 
unfiltered high-resolution (2') images of the inner dust bands 
reveals two sharp structures, the positions of which match with 
the Koronis and Themis asteroid families (Sykes 1990). It is 
evident from comparison of the low-resolution and high- 
resolution data that there is a substantial amount of emission 
at intermediate spatial frequencies, between the sharp dust 
bands and the smooth background. This emission is from 
material that has evolved from the dust bands, and it demon- 
strates the connection between asteroids and interplanetary 
dust near the Earth. 

2. SEPARATION OF ASTEROIDAL AND LOCAL DUST 

The most distinctive features of the dust bands are their 
shapes and spectra. In this section we present a method of 
separating the bands from the much brighter and smoother 
emission of local dust using their shapes. The data used are the 
0?5 resolution, 0?25 sampled profiles of the ecliptic made by the 
IRAS. These profiles are contained in the Zodiacal Observa- 
tion History File (version 2; cf. IRAS Explanatory Supplement 
1988); a typical profile is shown in Figure 1. The bands are 
evident as “ bumps ” at latitudes of approximately ±10° and 
± 1?4 with respect to a mean ecliptic latitude of +0?8. These 
will be referred to as the “outer” and “inner” band pairs, 
respectively. There are four well-detected bands, two for each 
major band pair, in each profile of the ecliptic. Since the varia- 
tions with observation date and orientation of the separation 

Fig. L—An IRAS profile of the ecliptic, showing the observed 25 fim 
surface brightness (squares) as a function of geocentric ecliptic latitude. The 
smooth line through the observations is the combined polynomial and Gauss- 
ian fit. The Gaussian portion of the fit is also shown separately (lower curve) on 
a twice-enhanced scale (right-hand border). The profile was made on UT date 
1983.1376, with a constant solar elongation € = 90?7, crossing the ecliptic at 
longitude À = 240?2. 

and mean latitudes of the two bands of a band pair contain 
information about their distance and midplane (as discussed in 
the following sections), we fit the northern and southern com- 
ponents of a band pair independently. Further, the observed 
location of the bands depends on the wavelength of emission, 
so we fit scans in different IRAS bands independently. 

The band peaks are well fitted by Gaussians, with the 
smooth zodiacal emission fit by a fourth-order polynomial 
baseline within 16° of the ecliptic. There is a total of 18 free 
parameters for each profile of the ecliptic: five for the baseline, 
three each for the four Gaussians, and a coefficient of the 
H i column density (Heiles & Habing 1974; Cleary, Haslam, & 
Heiles 1979) to represent the high-latitude Galactic infrared 
emission (Boulanger & Perault 1988). No |ß|<16° scans 
passing within 10° of the Galactic plane were used, due to the 
strong fluctuations in the infrared background there. Even at 
high galactic latitudes, fluctuations in the Galactic 100 /un 
emission dominate the zodiacal dust bands so that we could 
not use our fitting scheme reliably for the 100 /mi data. In the 
actual fitting scheme, the number of detectable Gaussians in a 
profile was reduced whenever a strong point source, or an 
anomalous Galactic feature poorly fitted by the H i map, was 
present within the expected domain (central latitude ± average 
width) of a band. Features sharper than Io and brighter than 1 
MJy/sr-1 were deemed anomalous. Profiles at 12 /mi were 
most strongly affected by this procedure, because the number 
of point sources that dominate over the background brightness 
is much larger than at longer infrared wavelengths. There are 
867 profiles with fits for all four Gaussians at 25 /mi and 60 /mi, 
and 190 profiles with fits at 12 /mi, 25 /mi, and 60 /mi. In Table 
1, the mean amplitude, center, and width of the bands are 
summarized for the three wavelengths. For each quantity, the 
range of values obtained in the fits are indicated after the “ ±.” 
(For the peak latitudes of the bands, the annual and parallactic 
variations were subtracted before calculating the range.) The 
statistical measurement uncertainties are substantially smaller 
than the range of observed values; systematic effects, both real 
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TABLE 1 
Gaussian Properties of the Dust Bands 

Band 12 /mi 25 /mi 60 /mi 

A. Peak Surface Brightness (mJy sr ^ 

N outer   0.4 + 0.2 1.1 + 0.5 0.8 + 0.4 
N inner  1-1 + 0.5 3.0 + 1.0 1.5 + 0.5 
S inner   1.4 ± 0.3 2.9 ± 1.2 1.6 ± 0.6 
S outer   0.6 ± 0.3 0.8 ± 0.3 0.7 ± 0.4 

B. Geocentric Latitude of Peak 

N outer   9?7±0?1 9?6 ± 0?1 9?6 ± 0?2 
N inner  1.4 ±0.1 1.4 ±0.1 1.4 ±0.1 
Sinner   -1.4±0.1 -1.4±0.1 -1.4±0.1 
Souter   -9.7 ±0.1 -9.6 ±0.1 -9.6 ±0.1 

C. Full Width at Half-Maximum Brightness 

N outer   3?3 ± 1?3 3?7 ± 1°1 3?2 ± 1?5 
Ninner  3.3 ±1.1 3.3 ± 1.2 3.2 ± 1.2 
Sinner   3.7 ± 1.3 3.3 ± 1.2 3.4 ±1.4 
Souter   2.8 ±1.1 3.1 ±0.8 3.0 ±1.4 

and false (from the fitting method), dominate the quoted 
ranges. 

In order to determine the wavelength dependence of the 
band properties, we analyzed the differences and ratios of band 
properties obtained from simultaneous scans (at different 
wavelengths). The mean <12 — 25) and <60 — 25) differences 
between the band separations and widths were found to be 
statistically significant (using the paired i-test). For the outer 
band pair, the separation between the northern and southern 
components is 4.1% ± 0.7% larger at 12 /mi wavelength com- 
pared to 60 jum wavelength. The sense of the wavelength- 
dependence is such that the bands are wider, and the 
separations between northern and southern components of a 
band pair are greater, at shorter wavelengths. This would be 
the case, for example, if the emitting region has a gradient in 
temperature, such that the warmer material is closer to the 
Sun. The relationship between heliocentric and geocentric lati- 
tude is illustrated in Figure 2. One may show that the fraction- 
al shift öß of the band-pair separation Aß is related to the 
fractional shift SR in the radius of the band pair as Sß/ß = 
-SR/R(R2 - 1). If the radius of the 60 /mi emitting region is 
2.5 AU, then the radius of the 12 /mi emitting region is 2.0 AU. 

Fig. 2.—Schematic illustration of the relationship between heliocentric lati- 
tude, ßh, and geocentric latitude, /?, for an object at heliocentric distance, R, 
and altitude, z. An object that moves closer to the Sun, at constant heliocentric 
latitude, is seen from the Earth at a higher geocentric latitude. 

1983 day number 
Fig. 3.—Ecliptic latitude of the peak brightness of the dust bands, plotted 

as a function of the observation date. The annual modulation of the latitudes is 
due to the tilt of the band-pair midplanes with respect to the ecliptic; when the 
Earth was above the band-pair midplanes, they were observed at negative 
ecliptic latitude. The annual variation breaks into two sinusoidal variations for 
each band, because lines of sight leading and trailing the Earth (observing 
opposite celestial hemispheres) were observed on opposite halves of each IRAS 
orbit. 

3. GEOMETRY OF THE DUST BANDS 

The latitudes of peak brightness of the dust bands as derived 
from the Gaussian fits are shown in Figure 3 as a function of 
observation date, and in Figure 4 as a function of ecliptic 
longitude. The symmetries between the northern and southern 
components of the outer and inner band pairs are clear, as well 
as the following trends. First, there is a sinusoidal annual 
variation of the band latitudes, with the northern and southern 
components of a band pair oscillating, in phase, about their 
mean position, maintaining roughly constant separation. (For 
each band, there are two sinusoidal variations in Fig. 3, 

Fig. 4.—Ecliptic latitude of the peak brightness of the dust bands, plotted 
as a function of the geocentric longitude of the line of sight. The expected 
sinusoidal variation is evident but confused, since the Earth moved around the 
Sun during the IRAS observing lifetime, and since the solar elongation of the 
line of sight was modulated with an approximately monthly timescale. 
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because scans “leading” and “trailing” the Earth in its orbit 
observed areas on opposite sides of the sky.) Second, there is a 
“ sawtooth ” pattern (Fig. 3) superposed on the annual varia- 
tion, in which the northern and southern components of a 
band pair vary out of phase. These effects are combined with 
each other in a systematic way that may be easily disentangled, 
by computer if not by eye, given the IRÁS pointing informa- 
tion (time, ecliptic longitude, and solar elongation) for each 
profile. Similar effects are seen in the variation of the latitude of 
peak brightness of the smooth zodiacal emission (Hauser 1988; 
also Reach 1991a, hereafter Paper 2), and they are well under- 
stood. The annual variation is due to the changing altitude of 
the Earth with respect to the midplane of the band pairs, and 
the “ sawtooth ” pattern is due to the changing solar elongation 
angle used in the IRAS program of sky mapping. These effects 
are used to measure the inclination and distance of the band 
pairs in the following subsections. 

3.1. Inclination of the Dust Bands 
Consider a simple model of the dust bands: each band pair 

consists of two parallel rings, with radius R, centered on the 
Sun, separated from each other by a distance 2z, and inclined 
with respect to the ecliptic by an angle i, with midplane inter- 
secting the ecliptic with longitude of ascending node Q. The 
rings are presumed to be circular, based on the expectation 
that the forced eccentricities of particle orbits near the asteroid 
belt are small (^ < 0.04; Dermott et al. 1984). The relationship 
between the heliocentric and geocentric latitudes of the bands 
are illustrated for clarity in Figure 2. The geocentric latitude of 
the northern band is 

ßN = tan 
z + R tan i sin (Àh — Q) 

cos 6 + y/R2 — sin2 6 _ 

and the geocentric latitude of the southern band is 

(1) 

ßs = tan 1 — z + R tan i sin (Àh — Q) 

cos e + ^/R2 - sin2 € . 
(2) 

where Xh is the heliocentric longitude at which the line of sight 
intersects the band, and e is the solar elongation of the line of 
sight. The variation of the band latitude contains symmetric 
and asymmetric terms. The average of the latitude of the north- 
ern and southern bands is the symmetric term, a sinusoidal 
variation with heliocentric longitude, while the difference is 
(twice) the asymmetric term (discussed in the next section). If 
the line of sight is tangent to the Earth’s orbit (e = 90°), as is 
nearly true for the majority of IRAS scans, then the average 
latitude is 

tan ß = tan ßN + tan ßs 

= - f tan ¿ sin f >1 - Í2 + sin"1 — ) , (3) 
VR2-! V “ R/ ’ w 

where À is the geocentric ecliptic longitude of the line of sight, 
and the upper (lower) sign in the ± refers to a line of sight that 
leads (trails) the Earth in its orbit. The IRAS profiles of the 
ecliptic were made at constant e, and approximately constant À 
at low latitudes, so equation (3) can be used to model the 
sinusoidal oscillations in the mean latitude. There are three 
model parameters (i, Q, and R) to be determined. The phase 
difference, A</>, between the annual variation of the mean lat- 

itude for scans leading and trailing the Earth can be used, 
in principle, to measure the radius of the bands, since R ^ 
sec A(¡)/2 (see eq. [5] of Paper II). However, the phase differ- 
ences are not sufficiently accurate to determine the band-pair 
distances; band distances are better measured through paral- 
lax (see next section). 

The annual variation of the mean latitude determines i and 
Q. For each profile with successful fits to the northern and 
southern component of a band pair, we determined the average 
latitude. Using equation (3) as a model, we found the best- 
fitting inclination, i, and ascending node, Q, for each band pair. 
The results are shown in Table 2, together with representative 
values for dust near the Earth’s orbit. For the smooth cloud, 
the tabulated heliocentric distance is the mean heliocentric dis- 
tance of dust contributing to the total infrared brightness seen 
from the Earth (Paper II), and ßh is the half-width at half- 
maximum of the local dust density (Reach & Heiles 1988). The 
dust bands are clearly distinct from the local dust. The different 
Q for the bands and the smooth cloud results from the different 
secular perturbations felt near the asteroid belt as opposed to 
near the Earth (as discussed in more detail in § 5); the simi- 
larity of the band orbital elements to those of Jupiter indicate 
the strong influence of the most massive planet on the dust 
band particle orbits (Dermott et al. 1985). 

3.2. Distances to the Dust Bands 
The distances of the dust bands from the Sun can be deter- 

mined parallactically from the variation of the band-pair 
separation as a function of solar elongation, e (the angle 
between the line of sight and the Sun). Lines of sight with larger 
e intersect the bands closer to the Earth, so that the bands have 
a greater geocentric angular separation. Using equations (1) 
and (2), the separation between the two Gaussians of a band 
pair is 

A tan /? = (tan ßN - tan ßs) = pL . . (4) 
cos e + -yfR2 — sin2 e 

IRAS profiles covered the range 60° < € < 120°, but successful 
band fits were only possible over the range 80° < e < 110°. 
(Most scans at extreme elongations were made at longitudes 
where the Galactic plane crosses the ecliptic and were therefore 
excluded.) Near e = 90°, the first-order expansion of equation 
(4) is 

A tan /L 
2z 

/r2 
i + 

v/K2-l 
(5) 

The variation of band-pair separation with solar elongation 
are shown for a subset of the IRAS scans made between 1983 
March 30 and April 13 in Figure 5. A line may be fitted 
through the data, and from equation (5) the ratio of the e = 90° 
intercept to the slope is approximately sJr2 — 1. From this 

TABLE 2 
Geometry of the Dust Bands 

Band i Q Rp(AU) ßh 

Outer band   1?3 ± 0?2 91° + 2° 1.9 ± 0.2 8?2 + 0?2 
Innerband  1.1+0.2 102+5 1.8 + 0.2 1.2 + 0.1 
Smooth cloud   1.3-1.7a 53-79a 1.3 14 

a Values of i and Q for dust near the Earth’s orbit (first value; from Paper I), 
and for dust near the ecliptic (second value; from Paper II). 
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FIG 5 —Separation between the northern and southern bands of the outer band pair (a), and the inner band pair {b), as a function of the solar elongation of the 
line of sight, for IRAS 25 »m scans made between 1983 March 30 and April 13. The separation between the northern and southern components of a band Pmr is 
greater for higher elongation lines of sight because these lines of sight intersect the bands at smaller geocentric distances. Curves through the data are least-squares 
fits of eq. (4), and the “ parallax distance ” is indicated in the lower right of each panel. 

subset of IRAS scans, the outer band pair is 2.04 ± 0.04 ÁU 
from the Sun, and the inner band pair is 1.32 ± 0.05 AU from 
the Sun. 

We identified several approximately month-long periods 
during which the IRAS observing strategy systematically 
varied the solar elongation between about 80° and 100°, and 

we were thus able to determine the distance to the bands at 
several different longitudes. Thé derived locations of the bands 
are shown as a function of heliocentric longitude in Figure 6. 
In Figure 7, the same data are plotted in polar form; each point 
has been placed according to the parallactic distance and the 
heliocentric longitude where the line of sight intersects the 

FIG. 6.—(a) Parallax distances of the outer band pair and (b) the inner band pair as determined from separate segments of the IRAS data base, are shown as a 
function of the heliocentric longitude at which the line of sight intersects the band pair. The lengths of the error bars are the uncertainties in thefits of eq. (4) to e 
elongation-dependence of the band-pair separation (see Fig. 5). Filled circles are derived from the 25 fim scans, and open circles are denved from 60 /mi scans. 
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TABLE 3 
Spectrum of the Dust Bands 

Vol. 392 294 

270° 

shown. Both the outer band pair (squares) and inner band pair (triangles) are 
shown. Filled circles are derived from the 25 pim scans, and open circles are 
derived from 60 fim scans. 

band. By connecting the points, it is possible (in principle) to 
determine the shape of the bands and test the hypothesis of 
azimuthal symmetry. If the bands were eccentric, for example, 
the points in Figure 7 trace an ellipse. The scatter in the data is 
too large to reveal the subtle forced eccentricity expected for 
particles influenced by Jovian perturbations (ef ^ 0.04; 
Dermott et al. 1988). We can set an upper limit of ^ < 0.3 from 
Figure lb. The weighted mean values of Rp, the “parallactic” 
distances, are given in Table 2 and plotted as a straight line in 
Figure 6, with dashed lines indicating statistical uncertainty. 

The heliocentric angular separation of the bands was 
derived from the geocentric separation and Rp, and the results 
are shown in the last column of Table 2. The heliocentric 
separation between the bands should correspond to the incli- 
nation of the particle orbits. The fact that we derive an inclina- 
tion that is smaller than that of the Eos asteroid family suggests 
that the dust band particles are probably not associated with 
the entire family, but rather with the debris from collisional 
destruction of an asteroid with inclination that is smaller than 
the Eos family average. If the parent asteroid of the dust band 
was an Eos member, its inclination was at the lower (2 a) limit 
of the distribution of family member inclinations (Sykes 1990). 

4. SPECTRA OF THE DUST BANDS 

The amplitudes of the Gaussians that fit the peaks of the 
dust bands were used to determine their 12/25 /mi and 60/25 
/mi colors. The medians and dispersions of the color ratios are 
listed in Table 3. For each band pair, the blackbody color 
temperature that best matches the color ratios is also listed; 
the uncertainty in the temperature was derived from the dis- 
persion of the color ratios together with the goodness-of-fit of a 
single blackbody. The temperatures are those that would be 
obtained by rapidly rotating blackbodies at distances from the 
Sun of 2.3 ± 0.3 AU (outer band pair) and 1.8 ± 0.2 AU (inner 
band pair). The colors of the dust bands also correspond to 
those calculated for the grain composition and size distribution 
models that match the spectrum of dust near the Earth’s orbit 
(Paper I), if the grains are heated by the solar flux at 2.3 and 1.8 
AU, respectively. 

12/25 60/25 Tbb(K) Rsp(AU) 

Outer band   0.29 ± 0.06 0.68 ± 0.08 180+ 13 2.3 ± 0.3 
Inner band  0.34 ± 0.05 0.50 ± 0.06 209 + 11 1.8 + 0.2 
Smooth cloud3  0.67 0.32 269 1 
Asteroid belt  0.27-0.14 0.61-0.83 150-180 2.3-3.2 

3 Values of 12/25 and 60/25 colors (Paper I) and the blackbody color 
temperature (Paper II) refer to dust near the Earth’s orbit; the total brightness 
observed along a line of sight at € > 90° has a somewhat cooler color 
temperature. 

The spectrum of the inner band pair is clearly “warmer” 
(both higher 12/25 and lower 60/25 colors) than the outer band 
pair, and we infer that the dust in the inner band pair is closer 
to the Sun. The range of temperatures and color ratios expected 
from dust in the asteroid belt is shown in the last row of Table 
3 for comparison. The dust in both band pairs is warmer than 
would be expected if the dust were distributed within their 
parent asteroid families. This conclusion is in agreement with 
the parallactic distances derived in the previous section and 
indicates that dust has migrated inward from the asteroid belt. 

5. INTERPRETATION 

The parallactic (§ 3.2) and spectroscopic (§ 4) distances of the 
extended band pairs are both smaller than the distance to the 
asteroid belt. In contrast, when viewed at high resolution, 
bands are seen which are located in the asteroid belt (Sykes 
1990). Thus, material in these bands is distributed along large 
ranges of heliocentric distance. We therefore conclude that the 
material migrates inward from the asteroid belt, where it is 
produced. The physical mechanism for such migration is 
Poynting-Robertson drag. In this section we derive a model for 
the dust bands that includes migration of the material from its 
site of formation. The model is a step toward understanding 
the putative connection between the asteroids and the inter- 
planetary dust complex. 

5.1. Formation ofthe Dust Bands 
We consider the following scenarios for production of the 

dust in the asteroid belt: recent catastrophic disruption of a 
single ~ 15 km asteroid (Sykes & Greenberg 1986) or comet, 
and comminution of debris left over from the formation of 
the major Hirayama families (Sykes et al. 1989). If the Hira- 
yama families formed as a result of catastrophic disruption 
of an asteroid (Gradie, Chapman, & Williams 1979), then the 
difference between these scenarios is only the size of the 
parent asteroid and the time elapsed since its destruction. 
Both scenarios are able to explain the dust bands, but they 
provide a somewhat different context for interpretation of the 
observations. 

Suppose that an asteroid is catastrophically disrupted in the 
asteroid belt. The collision imparts some kinetic energy to the 
fragments of the asteroid, and if this energy exceeds the gravi- 
tational binding energy, then the fragments disperse. For a 
collision that disrupts an asteroid larger than a few kilometers 
in diameter, the kinetic energy may not be sufficient to disperse 
the fragments, and a gravitationally bound “rubble pile” 
results (Davis et al. 1985). For collisions that do impart suffi- 
cient kinetic energy to the fragments that they can disperse, the 
excess kinetic energy is likely to be small compared to the 
orbital energy. Thus the fragments retain essentially the same 
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orbit as the parent asteroid (which no longer exists), with some 
small dispersions in orbital elements. The orbits precess due to 
Jovian perturbations, and the orbital nodes spread across all 
longitudes after ~ 107 yr (Sykes & Greenberg 1986). At this 
time, the fragments occupy a toroidal volume bounded verti- 
cally by the inclination of the parent asteroid and bounded 
radially by the perihelion and aphelion of the parent object. 
Because the particles spend more time near the extrema of their 
vertical motion, the torus is effectively edge-brightened. There 
are significant enhancements in the particle density near the 
perihelion and aphelion of the particle orbits. (See Sykes 1990 
for illustration and mathematical form of the dust torus.) The 
appearance of the dust torus to an observer on the Earth is two 
parallel bands (a band pair) stretching across the sky. 

Suppose now that the formation of the asteroid families pro- 
duced debris with a range of sizes, including both the observed 
family members and smaller fragments. Let us define a critical 
fragment size, below which the time scale for mutual collisions 
is shorter than the time since the destruction of the parent 
asteroid of the family. If a significant fraction of the parent 
asteroid is converted into fragments smaller than the critical 
size, then mutual collisions among fragments will create dust. 
The theoretical equilibrium size distribution, obtained by bal- 
ancing collisional gains and losses, is a power law of the form 
dn/dm oc m-a, where a = 11/6 (Dohnanyi 1970). The evolution 
of the dust size distribution and the fading of a dust torus as it 
ages was modeled by Sykes & Greenberg (1986). 

Whether the dust we observe is the result of the formation of 
the asteroid family, or the relatively recent disruption of a 
family member, we obtain essentially the same initial distribu- 
tion of material in the asteroid belt. The only significant differ- 
ence in the predicted current appearance of the bands is that 
under the second hypothesis (debris left over from family 
creation), the orbital elements of the dust band particles are 
related to the parent body of the entire asteroid family, while 
under the first hypothesis (recent asteroid collision), the orbital 
elements are related to those of a smaller asteroid that no 
longer exists. Thus if the orbital elements of the band material 
are not the same as those of the known family members, the 
second hypothesis is unlikely. Agreement of the band orbital 
elements with those of the family members does not necessarily 
rule out the first hypothesis, since the recent asteroid collision 
may have involved a family member. 

It was originally proposed (Dermott et al. 1984) that the 
outer and inner band pairs were associated with the two largest 
Hirayama families of asteroids due to the agreement of the 
band latitudes and the mean inclination of family member 
orbits. Since then, it has been shown (Sykes 1990) that the 
observed latitudes of the a, ß, and y bands are consistent with 
the orbital elements of the members of the Themis, Koronis, 
and Eos families, respectively. (In the low-resolution data, the a 
and ß bands merge into the inner bands ; the y band is the same 
as the outer band.) In order to match the location of the bands 
to the asteroid families, Sykes (1990) increased the dispersions 
of the dust orbital elements by a factor of ~2 over the disper- 
sions among known family members. It is reasonable that the 
dust orbital elements have larger dispersion than the family 
members, because kinetic energy is imparted to them in mutual 
fragment collisions. The apparent agreement of the band lati- 
tudes with the predictions based on the family orbital elements 
is good evidence that the dust was produced by comminution 
of debris left over from the formation of the asteroid families 
(Sykes 1990). 

5.2. Migrating Band Model 
Once there is a distribution of debris smaller than ~ 1 cm, 

whether left over from an ancient event or produced in a recent 
collision, the surface area of the debris is much larger than the 
surface area of the parent body. Since we preferentially observe 
the smaller particles, their evolution is important for inter- 
pretation of the properties of the observed dust bands. Two 
processes dominate the evolution of the dust: collisional com- 
minution and radiation pressure. Mutual collisions tend to 
drive the size distribution of the dust into collisional equi- 
librium, while radiation drag removes smaller particles. Par- 
ticles between ~0.1 jum and 1 gm in radius are actually ejected 
from the solar system, due to radiation pressure (Burns et al. 
1979). More importantly, larger particles are transported 
inward from the site of production to the Sun due to the non- 
radial component of solar radiation pressure in the rest frame 
of the orbiting particle (Poynting-Robertson drag; see, e.g., 
Wyatt & Whipple 1950). The time for a particle, 40 gm in 
radius and produced in the asteroid belt, to spiral into the Sun 
is 7 x 105 yr. The time for the orbital nodes of the debris from 
and asteroid collision to be spread over all longitudes is 
106-107 yr (Sykes & Greenberg 1986). Thus any dust smaller 
than ~ 100 gm radius would spiral into the Sun before Jovian 
perturbations could precess its orbit sufficiently to form a com- 
plete dust band. Further, smaller fragments produced in 
mutual collisions among band-pair particles must have already 
spiraled past the Earth and into the Sun. Thus the dust bands 
are rapidly depleted of the small particles that are believed to 
produce the infrared emission. 

Dust that is removed from the production site by radiation 
drag is replaced by fragments from mutual collisions among 
larger fragments still at the production site. Thus there is a 
continuous production of fragments that are transported 
inward by radiation drag, and an equilibrium number density 
in the source region that depends on the production rate. Con- 
sider the distribution of this dust that is “migrating” inward 
from its site of production. Suppose the particles start with a 
specified (e.g., Gaussian) distribution of orbital inclinations, a 
random distribution of orbital nodes, and low eccentricities. 
The distribution of semimajor axes is initially centered on the 
site of production, but rapidly evolves due to radiation drag. 
The continuity equation for the distribution of orbital semi- 
major axes for circular orbits is (see Leinert, Röser, & Buitrago 
1983) 

where the number of particles with orbital semimajor axis in 
the range a to a + da is defined as n(a)da, and the distribution 
of orbital inclinations is assumed to be independent of a. The 
right-hand side of equation (6) is set to zero because we assume 
that the density of particles at a specific position is constant. 
Since the rate of decay of semimajor axis is inversely pro- 
portional to semimajor axis (Wyatt & Whipple 1950), the 
steady state distribution is n(a) oc a-1. For comparison, inver- 
sion of zodiacal light observations by the Helios spaceprobe in 
the inner solar system revealed a particle density n(r) oc r-13 

(Leinert et al. 1981), Pioneer 10 observations between the 
Earth’s orbit and the asteroid belt yielded n oc r"1,5 (Manner et 
al. 1976), and IRAS observations have yielded n oc r "11 (Paper 
II). The time scale for establishing the steady state distribution 
is similar to the timescale for an individual particle to spiral 
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into the Sun, so we may segregate the debris into two evolu- 
tionary classes: the large fragments that are essentially unaf- 
fected by radiation pressure since the production event, and 
the migrating fragments that are spiraling into the Sun. The 
large fragments can be observed as bands in the asteroid belt, 
while the smaller, “migrating” fragments are distributed 
throughout the inner solar system. 

Now consider the integrated brightness of the migrating 
material, 

I,{ß) = j dsS\(rJh), (?) 

where <fv is the volume emissivity, r is the distance from the 
Sun, ßh is the heliocentric latitude, ß is the geocentric latitude, 
and the integral is to be performed over the line of sight. For 
convenience, we renormalize the volume emissivity of dust at 
distance r from the Sun, 

^Ar,ßh) = iAr,ßh)r-
1 , (8) 

assuming the same size distribution at r as near the Earth’s 
orbit. (The temperature dependence of the grains is included in 
iv9 and the factor r-1 accounts for the density.) The assump- 
tion that the shape of the size distribution does not change as 
dust migrates from the site of production is unlikely to be 
exactly correct; however, only drastic changes in the size dis- 
tribution, such as a significant enhancement of the fraction of 
grains smaller than 1 /am, could affect the infrared spectrum, 
and drastic changes are not expected because of the low colli- 
sion rates. We have implicitly assumed that the particle orbits 
are circular by using r and a interchangeably; this is reasonable 
because asteroid family members are not very eccentric, and 
Poynting-Robertson drag circularizes orbits. 

In Figure 8, the volume emissivity is shown as a function of 
path length along three lines of sight, for a migrating band 
model with outer radius R = 3 AU, proper inclination i = 9°, 

Fig. 8—The volume emissivity along the line of sight for a “migrating 
band ” model with radius R = 3 AU, inclination i = 9°, and dispersion ôi = 
0?9. The three curves are for lines of sight with geocentric latitudes of ß = 0°, 
12°, and 20°, as labeled. The low-latitude emission is produced along the line of 
sight, weighted toward the observer due to the heliocentric radial variation of 
the dust density and temperature. The intermediate-latitude emission is pro- 
duced along the line of sight, but with a “bump” in between the observer and 
the band radius. The high-latitude emission is produced near the observer, 
primarily in a ring with a distance that depends on the ecliptic latitude (see 
text). 

Fig. 9.—Model profiles of “migrating” bands created by particles that 
originate at Æ = 3 AU. Each curve corresponds to a model with a specified 
orbital inclination; the dispersion in inclinations is 10% for each model. The 
profiles show the integrated brightness, observed from the Earth at solar elon- 
gation € = 90°, as a function of geocentric ecliptic longitude. The brightness 
profiles are normalized with respect to the volume emissivity of dust near the 
Earth’s orbit, so the scale of the vertical axis are effective path length in AU. 
(Wiggles in the low-inclination band models at high latitudes are due to round- 
off error in integrating over the tail of the inclination distribution.) 

and inclination dispersion ôi = 0?9. The three lines of sight 
have the same solar elongation, e = 90°, but different latitudes: 
ß = 0°, 12°, and 20°. The low-latitude and high-latitude emis- 
sion are produced relatively locally, while the intermediate- 
latitude emission is produced along the line of sight, with a 
“bump” between the observer and the band radius. The 
“bump” occurs when the heliocentric latitude of the line of 
sight is equal to the inclination of the particle orbits. For ß > i, 
the distance along the line of sight from the observer to the 
bump is 

_ sin i/sin ß 

•s/l — (sin i/sin ß)2 ^ ^ 

Thus a local maxiumum in the emissivity for each ß (as long as 
ß > i) occurs in a ring that is elevated above the ecliptic, as is 
evident from the peak in the ß = 20° curve in Figure 8. The 
latitude of peak emission from the bands can therefore be 
associated with a particular distance along the line of sight, 
and this distance determines the spectroscopic and parallactic 
distance of the bands. There is no “ bump ” for ß < i, because 
the heliocentric latitude of the line of sight is always less than 
the inclination of the particle orbits. The low-latitude (ß < i) 
emission is produced along the line of sight through the bands 
with a monotonically decreasing emissivity. Thus it is not pos- 
sible to separate low-latitude emission from migrating dust 
from low-latitude emission from the rest of the interplanetary 
dust: the spectral and parallactic distances are the same. 

In Figure 9, the results of integrating equation (7) over the 
line of sight are shown for model bands with a range of orbital 
inclinations from i = 1?5 to 11°; in all cases, the dispersion in 
the inclination distribution is 10%. The line of sight is perpen- 
dicular to the Earth’s orbit (e = 90°), as is typical for an IRAS 
scan, and the curves show the brightness as a function of geo- 
centric latitude. Each curve is normalized with respect to the 
volume emissivity at the Earth’s orbit, <fv(l, 0), so the vertical 
axis is an effective path length. The effective path length may be 
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converted into a surface brightness by multiplying by <fv(l, 0) 
(from Paper I), and then multiplying by the density ratio 
between the migrating band and the total density at the Earth’s 
orbit. The migrating dust is clearly visible at all latitudes, and 
models with an inclination greater than 5° do not drop to half 
peak brightness until ß > 20°. 

In Figure 10, model profiles are shown for four different 
wavelengths, corresponding to the IRAS and CORE mid- 
infrared filters. The profiles are normalized as in Figure 9. The 
migrating bands have a spectrum that is significantly cooler 
than local dust, in agreement with observations of the spec- 
trum of the dust bands. The spectrum of the dust bands peaks 
between 25 fim and 60 ¿¿m, while the spectrum of dust near the 
Earth’s orbit peaks between 12 ¿un and 25 ¿un (Paper I), and 
the total brightness of dust near the ecliptic peaks near 25 ¿un 
(Paper II). 

Figures 8 and 10 show that migrating dust is visible at all 
latitudes, but brightest at latitudes slightly higher than the 
inclination of the particle orbits. The reason for this shift is that 
the bands are centered on the Sun and not the Earth; hence 
when viewed at e = 90°, their smaller distance from the Earth 
shifts their apparent position to higher latitude. Further, the 
geocentric latitude of the bands depends on the wavelength of 
observation. At shorter wavelengths, we see more emission 
from dust that is closer to the Earth. Migrating dust “ passing 
overhead,” seen along the line of sight toward the ecliptic pole, 
has the same spectrum as any other dust near the Earth’s orbit; 
dust still near the production site is cooler, and can only be 
seen at relatively low latitudes (<9?5 in the example shown in 
Fig. 10). 

5.3. Comparison of the Model with the Observations 

The basic observational data on the bands derived in §§ 2-4 
from the low-resolution IRAS data may be summarized as 
follows: The bands are broad (widths ~3°), and the peak 
brightness shifts to higher latitudes at shorter wavelengths (§ 2); 
the parallactic distance of the band material from the Sun is 

ß 
Fig. 10.—Model profiles of a “migrating” band created by particles that 

originate at R = 3 AU, with common inclination i = 9° and dispersion 
Si = 0.9°. Each curve corresponds to the central wavelength of an IRAS (or 
CORE) filter, as labeled. The vertical axis is scaled as in the previous figure. 

smaller than that of the asteroid belt (§ 3); and the color tem- 
perature of the band material is warmer than expected for dust 
in the asteroid belt but consistent with that expected for dust at 
the derived parallactic distance (§ 4). 

In order to use the migrating band model to explain the 
properties of the bands, we have generated models with a range 
of i, Si, and R, and analyzed them the same way the observa- 
tions were analyzed. Model band profiles were computed 
between ecliptic latitudes ±16° with a 0?25 step size, and a 
fourth-order polynomial baseline similar to a typical IRAS 
scan was added. The profile was then decomposed into a pair 
of Gaussians and a fourth-order baseline using the same soft- 
ware as used to analyze the data (§ 2). The dependence of the 
Gaussian properties on the model parameters is generally 
straightforward: (1) the separation between the northern and 
southern components of a band pair is a measure of the mean 
orbital inclination of the band material; and (2) the width of a 
band is a measure of the dispersion in orbital inclinations. The 
radius of the band affects both of these properties in the same 
way (by increasing the widths and separations), but it cannot 
be measured from a single scan. 

The observed separation and width of the outer bands are 
best fitted by a migrating band model with i = 8?5, Si = 0?4 for 
R = 2.7 AU. As noted above, the band radius cannot be deter- 
mined from the widths and separations alone. For this, we 
simulated the parallax measurements (§ 3.2) by fitting model 
profiles with elongations e = 80, 90, and 100°. While the paral- 
lactic distance Rp (as derived in § 3.2) of a migrating band 
increases with R, the relationship between Rp and R is not 
quite linear; models with Æ = 1.5 to 3 AU give parallactic radii 
of Rp= 1.5 to 2.7 AU. The observed parallactic radius of the 
outer band pair was Rp= 1.9 AU, corresponding to a model 
with R ~ 2.0 AU. The observed parallactic radius of the inner 
band pair was 1.8 AU, corresponding to a model with R ^ 
1.9 AU. 

The straightforward relationships between model param- 
eters and properties derived from fits to the profiles break 
down for low-inclination bands. The problem occurs when the 
separation between the northern and southern components of 
a band pair is less than the width (FWHM) of an individual 
component, so that the two components are severely blended. 
The central latitudes of the inner bands are well determined 
from the Gaussians, and these latitudes are best fitted by a 
migrating band model with i = 1?1. However, the widths and 
amplitudes of the separate Gaussians depend on the shape of 
the baseline. In particular, when the smooth zodiacal emission 
“baseline” peaks at a latitude that is more positive than the 
midplane of the bands, the southern component is found to be 
both wider and higher in amplitude than the northern com- 
ponent; some of the northern component brightness is evi- 
dently included in the polynomial baseline. This effect is 
evident in the data for the inner bands: the northern and 
southern band widths and amplitudes vary—out of phase—as 
the latitude of peak zodiacal emission varies. Thus we cannot 
fit the migrating band model to the inner bands in detail. Note 
that this is not a defect in the data, nor in the fitting pro- 
cedures. The inner bands are known to be a blend of two 
separate band pairs, and it is likely that many bands with 
widths greater than their proper inclination are superposed to 
form a large fraction of the diffuse zodiacal emission (Sykes 
1988). Low-inclination migrating bands cannot be cleanly 
separated from the smooth zodiacal emission because they are 
a large fraction of the zodiacal emission. 
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6. CONCLUSIONS 

The material responsible for the zodiacal dust bands was 
created beyond 2.3 AU from the Sun and has migrated toward 
the Sun. From the variations of the band position as a function 
of longitude, the midplanes of the bands (i.e., their forced 
orbital elements) were deduced (Table 2). Orbits in the inner 
solar system are forced by Jovian gravity, and the forced incli- 
nation and node approach the Jovian values (ij = 1?3, Qj = 
100°) for orbits with semimajor axis greater than ~3 AU; 
orbits with semimajor axis less than 2.3 AU have noticeably 
different forced elements (Dermott et al. 1985). If the band 
material were created in the asteroid belt and rapidly trans- 
ported toward the Sun, the forced orbital elements would 
retain asteroidal values. On the other hand, if the transport 
were slow, the forced orbital elements would assume the values 
appropriate to a test particle resident at each heliocentric dis- 
tance traversed. The time scale for Poynting-Robertson drag 
to change the orbital semimajor axis from a to 0 is tpr ^ 
2 x 103a2s yr, where a is in AU and s is the particle radius in 
fim (Burns et al. 1979). The time scale from orbital element 
forcing by Jupiter is of the same order as the time scale for 
differential precession (Sykes & Greenberg 1986), and the ratio 
of Poynting-Robertson to differential-precession time scales is 

Tprec(tf) \3 AU/ Vio3 cm s 1A200 /un/ ^ ^ 

where vej is the velocity dispersion of particles in the dust band. 
Under the catastrophic disruption hypothesis, i;ej represents 
the ejecta velocity from the asteroid disruption. Based on 
extrapolation from laboratory impact experiments (Fujiwara 
& Tsukamoto 1980) and the escape velocity from a 15 km 
asteroid, we estimate 102 < vci < 104 cm s_1. Particles in the 
size range that dominates the infrared emission have compara- 
ble time scales for orbital changes due to radiation pressure 
and gravitational perturbation. The fact that the measured 
forced orbital elements of the broad bands differ from the 
forced orbital elements of dust near the Earth’s orbit (Table 2), 
in the sense that the orbital elements of the band material are 
closer to those of asteroids and Jupiter, is indicative of its 
origin—beyond 2 AU from the Sun—and the rapid evolution 
of its orbital elements—due to Poynting-Robertson drag. 

Using a migrating band model, we found that the observed 
properties of the outer bands could be explained by destruc- 
tion of a parent body whose proper inclination is i ^ 8?5. The 
dispersion in the inclinations of migrating band particles was 

found to be ôi ^ 0?4, shifting the latitude of peak emission to 
8?3 as observed. If the dispersion in inclinations were due 
solely to the kinetic energy imparted to the fragments when the 
parent body was destroyed, then we deduce that the dispersion 
in the distribution of ejecta speeds was vei ~ 104 cm s-1 (for a 
parent body 3 AU from the Sun in a circular orbit). Since 
additional dispersion is likely to have been produced in sub- 
sequent collisions, we view this as an upper limit, in accord 
with the highest ejecta speeds mentioned above. 

Future advances in understanding the connection between 
the zodiacal dust band will be possible through more realistic 
theoretical modeling of the evolution of asteroid collision rem- 
nants. The fact that parallactic distances determined on differ- 
ent dates appear significantly different (Fig. 6) implies that 
there may be both radial and azimuthal asymmetry in the 
distribution of interplanetary dust. The asymmetry could be 
due to particles that are rapidly transported (i.e., smaller than 
~ 100 /mi) from regions of enhanced collisional activity. 
Observationally, the Diffuse Infrared Background Experiment 
aboard the Cosmic Background Explorer (COBE) will produce 
superior low angular resolution spectrophotometric data on 
the bands, because the gain and background are accurately 
calibrated for COBE data (as opposed to the bootstrap cali- 
bration of extended emission required for IRAS data). It may 
be possible to discriminate material that has migrated from a 
discrete event in the asteroid belt using the different seasonal 
variations of the band brightness and latitude. It may also be 
possible to discriminate relatively cool dust in the asteroid belt 
from migrating dust by deconvolving the infrared background 
spectrum into multiple temperature components. If the spec- 
trum is separated into temperature components for each 
independent observing direction, then the transition in mor- 
phology between dust in the asteroid belt and local dust should 
be evident. The migrating band model predicts that the bands 
will be evident at all heliocentric distances; whether multiple 
bands merge smoothly into the zodiacal cloud, or the cloud is 
morphologically distinct from the bands, remains to be dis- 
covered. 
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National Science Foundation under award no. AST-8818544, 
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