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investigations of the resonant trapping of asteroidal dust
particles.

Dynamics of co-rotational resonance

The gravitational perturbations on the orbit of a dust particle
in the Solar System can be separated into four distinct categor-
ies: short-period perturbations, resonant perturbations, secular
(long-period) perturbations and direct scattering due to close
encounters with the planets. The short-period perturbations are
due to the gravitational attractions at planetary conjunction that
repeat with the synodic period. The perturbations are resonant
if the ratio of the periods of the bodies is a ratio of two small
integers. Secular perturbations are due to the long-term averages
of the forces between the planets and give rise to variations in
the orbital eccentricities and inclinations. For particle diameters
ranging from a few to a few hundred micrometres, non-gravita-
tional forces are also important, particularly (1) light pressure
and Poynting-Robertson light drag, and (2) solar wind drag due
to the scattering of incident protons'. Drag forces remove
angular momentum from the particles causing them to spiral in
towards the Sun on timescales that increase directly with their
diameters and are ~5 x 10° years for spherical, 12-um diameter,
astronomical silicate particles’.

Until the terrestrial planets are encountered, secular perturba-
tions and drag forces largely determine the orbital evolution.
The problem of describing orbital evolution due to secular per-
turbations in the presence of non-gravitational forces has been
solved for asteroidal particles. Dermott et al.’ have shown that
the concepts of free and forced eccentricities and inclinations
that arise from the solution of the secular perturbation equations
without drag remain valid in the presence of drag. In particular,
the proper inclinations remain constant whereas the proper
eccentricities, ey, decay with the semimajor axis, 4, according to
the two-body formulation of Wyatt and Whipple™, that is,

dey 5 e (1—ep) )
da 2 a (2+3e§)
and is independent of particle size. The forced inclinations and
eccentricities can be calculated once the drag rates are specified’.
Strong resonant interactions come into play as the particles
spiral through the asteroid belt and encounter the Kirkwood
gaps that correspond to mean motion resonances with Jupiter.
Because the particles are moving away from Jupiter, that is,
because their orbits and that of Jupiter are diverging, capture
into resonance is unlikely and passage through these jovian
resonances has little influence on the orbital elements'>**. But
the same particles move on orbits that converge on those of the
terrestrial planets and, although the terrestrial resonances are
weaker than the jovian resonances, evolution on converging
orbits allows capture into resonance®. We confirm this by direct
numerical integration of the full equations of motion for 12-um-
diameter asteroidal particles using the RADAU fifteenth-order
integrator program with variable time steps taken at Gauss—
Radau spacings®. We consider spherical astronomical silicate'
particles of density 2.7 gcm™> for which the ratio of radiation
pressure to gravitational force, B, is 0.037. The average force
due to the solar wind is taken to be 30% of the Poynting-Robert-
son light drag force, varying on a 1l-year cycle from 20% to
40% (ref. 1). The initial distributions of the proper inclinations
and eccentricities are the same as those of the brighter asteroids
in the main belt. Under these conditions, numerical integration
of the orbits of 912 particles originating in the main belt shows
that ~20% of these particles are trapped in first-order co-
rotational resonances outside the Earth’s orbit (Fig. 2).
If we retain only the leading term in the disturbing function
of the particle, then the equation of motion of the resonant
argument, ¢, defined by
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FIG. 2 Orbital evolution of 12-um-diameter asteroidal dust particles of
density 2.7 gecm ™2 and 8=0.037, showing capture into (and escape
from) p: (p+ 1) resonances outside the orbit of the Earth (see text and
equation (2) for definition of § and p). The orbits of 912 particles with
initial elements identical to those of a bias-free set of main-belt
asteroids were integrated numerically. This plot shows the orbital history
of the 28 of the 114 particles originating in the inner part of the belt
that were trapped in resonance with the Earth.

is that of a damped harmonic oscillator and the acceleration of
¢, ¢, is given by

$=—(Gm/a)f(a, p)e' sin ¢—(p+ iy (3)

where p is an integer, 4 is the mean longitude, @ is the longitude
of perihelion, Gm is the gravitational mass of the Earth, a is the
semimajor axis, e the eccentricity, @ =a/d’, f(a, B) is a function
of Laplace coefficients and f that increases markedly with
increasing p, 7 is the average rate of change of the mean motion
n’ due to the action of drag, unprimed quantities refer to the
orbit of the Earth and primed quantities refer to the orbit of the
dust particle'*.

The path of a particle librating in a 5: 6 corotational resonance
with the Earth is shown in Fig. 3. Without drag, the path would
have mirror symmetry about the mean Earth-Sun line. But drag
introduces a phase lag into the equation of motion, with the
result that the path is asymmetric; as the particles pass through
perihelion, they approach the Earth closer in the trailing
direction (behind the Earth in its orbit) than in the leading
direction.

Predicted ring structure

By setting the left-hand side of equation (3) to zero, we find that
the phase lag is 2 maximum (]sin ¢ |~ 1), when

[(Gm/d)f(a, B)e'| ~|(p+ D] (4)

and the strength of the resonance is just sufficient to counteract
the effect of drag on the particle’s semimajor axis. While the
particle is trapped in resonance, drag acts quickly to increase
the particle’s eccentricity ¢’ and the strength of the resonance™.
Paradoxically, this leads to resonance disruption on timescales
< 10% years (Figs 2 and 4). This is caused by the onset of chaos
due to resonance overlap™ and, probably more importantly,
direct particle scattering due to close encounters with the
Earth®®* ®, once drag has reduced the particle’s perihelion to
inside thé Earth’s orbit. The disruption timescales are smaller
than, but comparable with, the collision lifetimes of the
particles’, and interparticle collisions will have to be considered
in a more complete analysis of the ring’s structure.
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FIG. 3 The path of a 12-um-diameter asteroidal dust particle trapped
in a 5:6 resonance with the Earth is shown, not in an inertial frame,
but in a frame centred on the Sun and co-rotating with the Earth’s
mean motion (the Earth is near-stationary in this frame). The motion of
the particle is tracked over one complete libration period of the resonant
argument. Particles of this size experience large drag forces, with the
result that their paths are not symmetric about the Sun—Earth line.
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FIG. 4 a, The relative probability of capture into, and b the average
trapping time T in, p: (p +1) resonances outside the orbit of the Earth
of 12-um-diameter asteroidal dust particles. The orbits of 912 particles
with initial elements identical to those of a bias-free set of main-belt
asteroids were integrated numerically. The p values of the 169 particles
that were trapped in resonance are shown in a, and their average
trapping times in those resonances are shown in b.

The structure of the ring produced by resonant trapping is
estimated from our numerical integrations. We consider main-
belt asteroidal particles, because the high orbital accentricities
of both cometary particles and particles deriving from the dis-
ruption of near-Earth asteroids make resonant trapping highly
improbable'®?. The sizefrequency distribution of asteroidal
particles is such that the effective area of dust, and hence the
thermal flux from the ring observed in a given IRAS waveband,
may be dominated by flux from the near-smallest particles in
the distribution (that is, particles with radii > A/2x—where A
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FIG. 5 Top, numerical simulation of the structure of a heliocentric ring
of asteroidal dust particles in a frame centred on the Sun and co-rotat-
ing with the Earth. The cloud of particles that appears to trail the Earth
in its orbit has a peak particle number density (colour-coded white)
~10% greater than that of the background zodiacal cloud. The resolu-
tion of the image is (0.04 x 0.04 au). Bottom, higher-resolution image
(0.01 x 0.01 au) of the numerical simulation shown above. On this scale,
the eccentricity of the Earth’s orbit (e =0.0167) is apparent and the
Earth’s path in the co-rotating frame is depicted by the small 2: 1 ellipse:
motion around this ellipse is clockwise. The Earth passes through peri-
helion in the first week of January, and is closest to the trailing part of
the ring in the first week of October.

is the waveband of the detector—that are also large enough to
satisfy the resonance strength criterion given by equation (4)).
These particles also have the highest phase shifts, with the result
that the dynamics of resonance is in the non-adiabatic regime™
(for which analytic theory is only a guide) and reliable results
must be obtained by numerical integration. The drag rates on
very small particles can be too high to allow resonance trapping,
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the critical size varying with the particle’s eccentricity ¢’ and the
p value of the resonance®®. To obtain a detailed description of
the structure of the ring, the dynamics of a wide range of particle
sizes need to be considered. The size-frequency distribution of
asteroidal particles near the Earth is uncertain, especially if
asteroidal particles are not the dominant source of the zodiacal
cloud. We estimate that asteroidal particles of diameter 12 pm
and density 2.7 g cm ™ are close to the critical size for trapping
into the most significant resonances. We have also shown that
the dynamics of particles of about this size can account for the
observed plane of symmetry of the background zodiacal cloud’.
Here we estimate the structure of the ring from the dynamics of
these particles alone.

We consider that a particle is trapped if it remains in a given
resonance for at least ~500 years, or more than one libration
period. On integrating the orbits of 912 particles, we find that
up to 20% of the particles are trapped in first-order resonances
with p: (p+1) ranging from 3:4 to 17: 18 with occasionally even
higher values of p. Figure 4a shows the relative probability of
capture into the individual resonances. We determine the average
trapping time for particles in these resonances empirically (Fig.
4b). The trapping times decrease sharply with increasing p as
the locations of the resonances get closer to the Earth and the
probability of close encounters increases. The overall distribu-
tion of particles in the ring at any given time is a convolution
of the quantities given in Fig. 4a and b with the distributions of
the positions of the particles in the various resonances, as tracked
in the rotating reference frame, from the time of capture to the
typical time of release.

Our final model is a simulated ‘image’ binned in pixels of
0.04 x 0.04 Au (Fig. 5). The 5:6 resonance shown in Fig. 3 has
five lobes, with the Earth residing asymmetrically in one of those
lobes. All other resonances have similar structures, only the
number of lobes varies. The resultant image obtained by super-
position of the various paths weighted according to the probabil-
ity of capture and the trapping times shows that, in a rotating
reference frame, the trapped particles form a near-uniform ring
around the Sun that co-rotates in inertial space with the Earth.

The peripheral arc-like structures in the ring are artefacts
caused by the limited number of single-size particles considered
in the model. We consider, however, that the other noticeable
features in Fig. 5 are real. First, the existence of a cavity in the
ring at the location of the Earth (see also ref. 30). Figure 5 also
shows that apart from an asymmetry in the mean position of
the Earth in the ring’s cavity, there is also a marked asymmetry
in the longitudinal variation of the particle number density. The

FIG. 6 a, (Left-hand column) variation of the
peak (near-ecliptic) brightness of the large-

increase in resonance strength—and the corresponding decrease
in phase shift with increasing p value—disperses the longitudes
of the perihelia of the particle paths in the rotating frame in
the leading direction, while concentrating the longitudes of the
perihelia in the trailing direction. This results in a marked
enhancement of particle number density behind the Earth in its
orbit, as if the Earth had a trailing cloud of dust permanently
in its wake.

Observed zodiacal cloud asymmetry

The observed trailing-leading asymmetry is most clearly
revealed by exploiting the IRAS observing sequence. To obtain
good all-sky coverage, the elongation angle used by IRAS was
not held constant at 90°, but was shifted systematically from
scan to scan over periods of a few weeks to ensure complete
coverage of the sky. For the first two-thirds of the mission, the
elongation angle, while being kept within about 10° of 90°, was
incrementally increased from scan to scan for scans in the trail-
ing direction, whereas for scans in the leading direction the
elongation was incrementally decreased. These regularities allow
us to increase the signal-to-noise ratio by using all the data
obtained in a given period (of a few weeks) to obtain (1) the
average brightness for an elongation angle of 90°, and (2) the
Earth’s ecliptic longitude when that elongation angle was
measured.

A plot of the variation with elongation angle of the peak
near-ecliptic brightness of the broad-scale zodiacal background
observed by IRAS in three wavebands from 9 to 11 July 1983
is shown in Fig. 6a (Fourier methods are used to separate the
smooth, large-scale zodiacal background from the signals
associated with the narrower asteroidal dust bands™). We have
obtained similar plots for all the other periods of the mission
for which data were obtained that encompass an elongation
angle of 90° and that are not overly contaminated by noise
deriving from proximity to the Galactic plane. Variations of the
average brightness for an elongation angle of 90° with the ecliptic
longitude of the Earth in both the trailing and leading directions
are shown in Fig. 6b.

There are three reasons why the peak brightness of the zodi-
acal cloud should vary with ecliptic longitude when viewed at a
constant elongation angle®'. These arise from the forced eccentri-
cities of the dust particle orbits®, from the inclination of the
plane of symmetry of the cloud with respect to the ecliptic and
from the Earth’s orbital eccentricity. By modelling a cloud of
asteroidal dust particles’, we have shown (1) that the Earth’s
orbital eccentricity is the dominant effect and (2) that the peak

scale background zodiacal cloud with elonga- 40| | 40¢

tion angle, in three separate wavebands. The L

data in the leading direction (that is, in the 36|

direction of the Earth’s orbital motion) are from . 30+t B

9 to 17 July 1983 (open circles). The data in T [ 72 I S B

the trailing direction (that is, in the direction &

opposite to the Earth’s orbital motion) are from > i 80— T T T

4 to 12 July 1983 (filled circles). The best-fit E 80 ] r X3 25 pm
straight lines are used to determine the peak = i 750 o - .
fluxes corresponding to an elongation angle of x 70 7 B T g o, .
90°. b, (right-hand column) variation with the = I = r ° e

Earth’s ecliptic longitude (or time of the year) of x 60"~ ' : : ot

the peak (near-ecliptic) brightness of the large- o . i . . . .
scale zodiacal cloud observed by IRAS in three a. 40 ! ’ ‘ 60 30| ! ' " 60 um -
separate wavebands at an elongation angle of [ Hm - .
90° in the trailing direction (solid line and filled 30 W 1 30 M
circles) and in the leading direction (broken line 3 * 1 i Tl o ,,//’ﬂt’/ ° 1
and open circles). In all cases except one, the Py | | S
magnitudes of the error bars of the points 85 90 95 0 90 180 270 360

(derived from plots similar to those in a) are
too small to show.
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TABLE 1 Variation of the peak fiux observed by IRAS
Longitude of Earth

Waveband for peak flux Mean fiux
um Direction (degrees) (Mlysr™)  Flux ratio (T/L)
12 T 98+t6 36.82+0.13 1.035+0.007
12 L 97+13 35.59+0.21
25 T 106 +5 76.52+0.16 1.031+0.004
25 L 118 +17 74.19+0.26
60 T 5+11 30.34+£0.13 1.045+0.016
60 L 345+ 26 29.03+0.44

These measurements were made at an elongation angle of 20° in the trailing
(T) and leading (L) directions.

brightness in both the leading and trailing directions should
occur when the Earth is close to perihelion, that is, at an ecliptic
longitude of 102.3°. These variations are clearly observed in both
the 12-um and the 25-um wavebands (Fig. 60 and Table 1).
The weighted average of the ecliptic longitudes of the Earth
associated with the peaks of the sine curves fitted to the 12-pm
and 25-um data is 103+5°. The data in the 60-um waveband
are not consistent with those in the other wavebands. This could
be due to a contribution of thermal flux from the Galaxy, but
this needs to be verified. But ratios of fluxes are insensitive to
calibration errors, and Fig. 65 shows that in all three wavebands,
at all times of the year, observations in the trailing direction are
brighter than those in the leading direction by 3 or 4% (the
precise mean ratios for each waveband, that depend on fitting
sine curves through the data, are given in Table 1).

We consider that the asymmetries of the Earth’s resonant ring
that arise from (1) the position of the Earth near the trailing
edge of a cavity in the ring and (2) the cloud of asteroidai
particles that trails the Earth in its orbit, act together to produce
the observed trailing-to-leading flux ratios. If we assume that all
the particles in the zodiacal cloud are asteroidal and of diameter
12 pm, then we calculate that the asymmetry between the trailing
and leading flux due to the ring is as high as 12%. But recent
calculations, using two new results (that the particles in the dust
bands are asteroidal and constitute 10% of the cloud, and that
the ratio of the thermal flux from the asteroidal families to that
from the entire main-belt of asteroids is 1:3.4), lead us to esti-
mate that about one-third of the zodiacal cloud is asteroidal in
origin® (see also Reach®?). Therefore, if only one-third of the
cloud is made up of asteroidal particles (that is, particles of low
orbital eccentricity) that can be trapped in the ring, the asym-
metry in the flux will decrease from 12 to 4% which is comparable
to the observed value. But the dust in the zodiacal cloud must
have a size-frequency distribution and its effect has to be studied
carefully. Because asteroidal particles in the cloud with diameters

<5 um do not get trapped in the ring, they will tend to decrease
the amount of asymmetry, whereas the larger particles in the
cloud, although less in number, have higher probabilities of
capture into resonances (because of their smaller drag rates) and
will increase the flux from the ring. Using data from the Cosmic
Background Explorer (COBE) satellite, we will obtain a more
precise estimate of the trailing-leading asymmetry, not only at
25 um but at a range of wavelengths which will enable us to
develop a more sophisticated model of the ring that includes a
range of particle sizes. Precise measurements of the ratio of trail-
ing flux to leading flux will allow us to determine the contribu-
tion of asteroidal particles to the near-Earth region of the
zodiacal cloud, and may place constraints on their size-
frequency distribution.

From the model shown in Fig. 5, we can predict two effects
due to the Earth’s epicycle: (1) a yearly variation in the flux
ratio, and (2) a higher probability of interplanetary dust particles
encountering the Earth at certain times of the year. Both of these
effects will be a maximum in the second half of the year (around
September/October) when the Earth is closest to the trailing
cloud. This annual variation of the asymmetry will provide
further constraints on the number distribution of asteroidal par-
ticles in the zodiacal cloud, and can be determined from the
COBE data which has more accurate flux calibration as well as
extensive coverage in both elongation angle and wavelength. The
release of particles from the ring due to close encounters may
make the ring act as a funnel which directs particles in near-
circular orbits into the Earth’s upper atmosphere. This may
prove to be a mechanism for the delivery of carbonaceous
material from the asteroid belt to the Earth. Further studies are
needed to determine the fraction of particles actually colliding
with the Earth.

This mechanism of ring formation is not exclusive to the Earth
and can be extended to other terrestrial planets. Both Mars and
Venus will favour the capture of larger particles which have
lower drag-rates. This is because even though the particles have
lower drag rates near Mars, the martian mass is only 10% of that
of the Earth’s and the martian resonances are correspondingly
weaker. In the case of Venus, the particles are moving with a
higher drag-rate. Mercury is unable to capture significant num-
bers of particles because of its very low mass and the higher
drag-rates of particles close to the Sun.

Extending this phenomenon outside our Solar System, the
discovery of large disks around stars like B Pictoris (by IRAS)
and Fomalhaut® suggests that resonance effects may play an
important role in the detection of other planetary systems.
Resonances can give rise to features like arcs and gaps in the
disk of dust surrounding the star, indicating the presence of a
planet which may otherwise be undetectable' . O
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