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An overview of the Kuiper belt dust disk is provided in this chapter. Mutual collisions among
Kuiper belt objects should produce a dust disk in the outer solar system similar to the observed
circumstellar dust disks. As the Kuiper belt dust particles migrate toward the Sun due to Poynting-
Robertson drag, they are perturbed by the giant planets. Mean-motion resonances with Neptune
and gravitational scattering by Saturn and Jupiter alter their orbital evolution dramatically. As
a result, large-scale structures are created in the disk. Descriptions of the dynamics involved,
and the numerical simulations required to unveil the disk features, are included. Implications for
extrasolar planet detection from circumstellar dust disk modeling are also discussed.

1. KUIPER BELT DUST PARTICLES

Interplanetary dust particles (IDPs) are a natural com-
ponent of the solar system. They originate primarily from
collisions among asteroids and disintegration of comets near
the Sun. There is a continuous size distribution from par-
ent objects that are tens or hundreds of kilometers in di-
ameter down to fragments that are submicrometer in size.
Particles smaller than ~1 µm, however, the so-called “blow-
out” size for the solar system, are removed from the solar
system on timescales less than or equal to a few hundred
years by solar radiation pressure. The term “dust” in gen-
eral refers to particles in the micrometer-to-millimeter size
regime. The zodiacal light that is visible to the naked eye
right after sunset or right before sunrise, when the sky is
clear and dark, is simply the reflection of sunlight by IDPs
near 1 AU. An estimated 15,000 to 40,000 tons of IDPs fall
onto Earth every year (Grün et al., 1985; Love and Brown-
lee, 1993). Although the particle environment in the outer
solar system is not well understood, impact data collected
by in situ sensors, such as those onboard Pioneer 10 and
11 and Cassini, also indicate the existence of IDPs beyond
the orbit of Jupiter.

Shortly after the discovery of 1992 QB1 (Jewitt and Luu,
1993), Stern (1995, 1996a,b) modeled the collision activi-
ties among the Kuiper belt (KB) objects, and arrived at the
following conclusions for KB dust particles: (1) the quasi-
steady-state collision production rate of objects a few kilo-
meters to a few micrometers in size is between 3 × 1016 and
1019 g yr–1; (2) there should be a relatively smooth, quasi-
steady-state, longitudinally isotropic, far-infrared emission
near the ecliptic in the solar system’s invariable plane; and
(3) recent impacts should produce short-lived (i.e., with
~10-yr windows of detectability), discrete clouds with signi-
ficantly enhanced, localized IR emission signatures super-

imposed on the smooth, invariable plane emission. Simi-
lar short-lived dust enhancements are expected in the zo-
diacal cloud. Backman et al. (1995) also modeled the KB
dust population, and the resulting far-infrared emission
independently at the same time. In addition to mutual col-
lisions among KB objects, they included solar radiation
pressure, Poynting-Robertson (PR) drag, and sublimation
in the model. The innermost edge of the dust structure was
assumed to end at the orbit of Neptune. The modeled KB
dust population has a wedge geometry centered at the eclip-
tic, and is symmetric in longitude.

A second possible mechanism to produce KB dust par-
ticles was proposed by Yamamoto and Mukai (1998). Based
on the interstellar dust (ISD) flux measured by the impact
detector on the Ulysses spacecraft (Grün et al., 1993), they
analyzed the outcome of ISD impacting the large KB ob-
jects. The results showed that the secondary ejecta produc-
tion rate could be between 1.2 × 1013 g yr–1 and 9.8 ×
1014 g yr–1, although most of the particles are in the 10-µm
or smaller size regime.

Even before 1992 QB1 was discovered, the survey from
the Infrared Astronomical Satellite (IRAS) and the subse-
quent observations by other telescopes in infrared and sub-
millimeter wavelengths revealed many circumstellar dust
disks around nearby stars (e.g., Aumann et al., 1984; Back-
man and Paresce, 1993; Greaves, 2005). As the number of
discovered KB objects continues to increase, it is not un-
reasonable to argue that the outer solar system is an analog
to those observed systems, but at a more mature evolution-
ary stage. The existence of a collision-produced dust disk
in the KB region appears to be further strengthened.

Once dust particles are created in the KB region, they
will spiral slowly toward the Sun due to PR drag (e.g., Wyatt
and Whipple, 1950; Burns et al., 1979). This unique Sun-
ward motion makes KB dust particles stand out from their
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much larger parent KB objects. Rather than remaining in
the KB region, their dynamical path takes them on a long
and very different journey toward the inner solar system.
Liou et al. (1995a, 1996) performed a detailed numerical
simulation of the orbital evolution of KB dust particles. The
results indicated that gravitational perturbations from the
four giant planets have a profound impact on their orbital
evolution. Mean-motion resonances (MMRs), close encoun-
ters, and gravitation scatterings often interrupt their Sunward
motion. As a result, the distribution of the KB dust particles
is anything but uniform. Large-scale structures are part of
the KB dust disk, as seen from afar (Liou and Zook, 1999).

Small asteroidal IDPs in the zodiacal cloud can be
trapped into exterior MMRs with the Earth, and form a ring-
like structure with certain distinct patterns (Jackson and
Zook, 1989). Perturbations by an unseen planet could be
used to explain features embedded in the dust disk sur-
rounding β Pictoris, as proposed by Roques et al. (1994)
and Lazzaro et al. (1994) after the infrared and optical ob-
servations of the system (Smith and Terrile, 1984). Similar
structures have also been observed for other systems, such
as Vega and ε Eridani (e.g., Aumann et al., 1984; Greaves
et al., 1998). Since the solar system is the only planetary
system where the exact planet configuration (number, or-
bits, masses) is known, understanding features of the zo-
diacal cloud, and correlating features of the KB dust disk
with the giant planets, may provide insights into modeling
extrasolar planets based on the observed features on circum-
stellar dust disks (see chapter by Moro-Martín et al. for ad-
ditional details).

2. ORBITAL EVOLUTION OF KUIPER
BELT DUST PARTICLES

The orbital motion of KB dust particles is dominated by
the gravitational attraction of the Sun. The resultant elliptical
motion for particles on bound orbits is well known. Parti-
cles smaller than ~1 µm usually do not remain on bound or-
bits upon release from their parent bodies due to solar radia-
tion pressure (Zook, 1975). In addition to the Sun’s gravity,
the orbits of KB dust particles respond to the gravitational
perturbations of the planets as well as to forces due to solar
radiation and solar wind, including solar radiation pressure,
PR drag, and solar wind drag (e.g., Burns et al., 1979). Al-
though these perturbing forces are generally much smaller
in magnitude than the gravitational attraction of the Sun,
they produce, acting consistently and over long time peri-
ods, significant evolutionary changes in the orbits of KB
dust particles.

To model the structure of the KB dust disk properly, an
analytical approach and numerical simulations are both
needed. The former provides a key to understanding the
physics involved, and can be used to verify results from the
numerical simulations. The latter provides realistic and
quantitative orbital elements needed to build a model KB
dust disk. They are described in some detail below.

2.1. Radiation Pressure, Poynting-Robertson Drag,
and Planetary Perturbations

Solar radiation incident on a stationary surface area, A,
perpendicular to the solar direction produces the force

Fr =
S0AQpr

rs
2c

r̂s (1)

where rS is the unit position vector of the surface element
with respect to the Sun, rs is the distance from the Sun to
the surface element, S0 is the solar constant or radiation flux
density at unit distance, c is the speed of light, and Qpr is
the efficiency factor for radiation pressure weighted by the
solar spectrum. Radiation pressure varies with heliocentric
distance as the flux density of sunlight, which has an inverse-
square dependence (Burns et al., 1979).

Because the gravitational attraction of the Sun also has
an inverse-square dependence on the heliocentric distance, it
is customary to eliminate rs by introducing the dimension-
less quantity

β = =
S0AQpr

GM  mc

radiation pressure force

solar gravitational force
(2)

where G is the Newtonian gravitational constant, M  is the
mass of the Sun, and m is the mass of the particle. The Sun
radiates nearly all its energy in a narrow waveband around
0.6 µm so that the transition from geometric optics to Ray-
leigh scattering occurs in the micrometer size range. The
efficiency Qpr is usually calculated from Mie theory for ho-
mogeneous spheres (van de Hulst, 1957).

Given the particle mass and β, then, the resulting force
field acting on a stationary particle is

F  + r = –
G(1 – β)M  m

rs
2

r̂s (3)

Thus, the effect of radiation pressure reduces by a fac-
tor of (1 – β) the gravitational mass of the Sun as “seen”
by the particle. A nonradial force component is also usu-
ally present on an arbitrarily oriented surface, but averages
out on a sphere or any other body with rotational symme-
try about rS.

Kuiper belt dust particles are not stationary, however.
Their orbital motion within the electromagnetic and particle
radiation fields of the Sun induces drag forces (Burns et al.,
1979), namely PR drag and solar wind drag, respectively.
Although these drag forces are weak compared to the ve-
locity-independent radial pressure force component, they
dissipate energy and momentum and thereby cause the par-
ticles to eventually spiral into the Sun. The PR drag can be
thought of as arising from an aberration of the sunlight as



Liou and Kaufmann: Stucture of the Kuiper Belt Dust Disk 427

seen from the particle and a Doppler-shift-induced change
in momentum. To the first order in v/c, where v is the mag-
nitude of v, the inertial velocity of the particle, the PR drag
force acting on a spherical particle is

FP-R =
v ⋅ r̂s

c

v
c

–– r̂s

S0AQpr

rs
2c

(4)

Except for the efficiency factor Qpr, equation (4) does not
depend on the wave nature of light and has also been de-
rived in a corpuscular formulation (Klacka, 1992). Thus,
forces due to collisions with solar wind particles are analo-
gous to forces due to radiation. The ratio of solar wind pres-
sure to radiation pressure is very small, hence solar wind
pressure can generally be ignored. However, the ratio of so-
lar wind to PR drag is much larger because of the greater
aberration angle and Doppler shift for solar wind particles
than for photons. The contribution of the solar wind to the
drag forces on dust particles is typically parameterized as
a constant fraction sw of the PR drag. The numerical value
of sw is commonly taken to be 0.35 (Gustafson, 1994). The
total drag force on the dust particle can thus be written as

Fdrag =
v ⋅ r̂s– (1 + sw)

c

v

c

S0AQpr

rs
2c

r̂s – (1 + sw) (5)

The last perturbing forces to be considered are the gravi-
tational forces due to the planets. This contribution to the
total force on a given dust particle, assuming n planets, can
be written simply as

Fpl = –
GMim

ri
2

r̂i
i = l

n

∑ (6)

where Mi, ri, and ri are, respectively, the mass of the ith
planet, the distance from the ith planet to the particle, and
the unit position vector of the particle with respect to that
planet. Regarding the orbital evolution of KB dust particles,
one primary effect of planetary perturbations is to trap the
particles into MMRs, particularly the exterior MMRs with
Neptune. An MMR occurs when the orbital period of the
dust particle is a simple ratio of integers to that of the per-
turbing planet. For example, a 2:1 exterior MMR with Nep-
tune occurs when the dust particle evolves to an orbit such
that its orbital period is twice that of Neptune. While in an
MMR, the orbital energy gained by the dust particle from
the perturbing planet counterbalances its orbital energy loss
due to the drag forces (e.g., Weidenschilling and Jackson,
1993). Its sunward motion is temporarily halted. Resonant
trapping does not last indefinitely, however. Eventually the
trapped particle escapes the MMR and continues its sun-
ward spiral. Not all KB dust particles become trapped in
MMRs with the planets. Rather, resonance trapping is a

probabilistic phenomenon (e.g., see section 2.3). If a dust
particle closely encounters a planet during its sunward trek,
it may suffer another primary effect of planetary perturba-
tions. It may be gravitationally ejected from the solar system.

Combining the gravitational forces on the KB dust par-
ticle from the Sun and planets, the radiation pressure force,
and the PR and solar wind drag forces, the complete equa-
tion of motion for the particle can be written as

mv = – ∑GM  m

rs
2

GMim

ri
2

i = l

n

r̂s – r̂i +

S0AQpr

rs
2c

v ⋅ r̂s1 – (1 + sw)
c

v
c

r̂s – (1 + sw)

(7)

For a given set of initial conditions, the solution of this
equation yields the orbital evolution of the corresponding
KB dust particle. The next section describes what can be
learned about this evolution using an analytical approach.

2.2. Analytical Approach

When a KB dust particle is released from its parent body
(with zero relative velocity), it immediately “sees,” due to
radiation pressure, a less massive Sun. This reduction in
centripetal force (or, equivalently, gain in orbital energy)
causes its new semimajor axis, an, and eccentricity, en, to be

1 – β
1 – 2β(a/r)

an = a (8)

(1 – 2βa/r)(1 – e2) 0.5

(1 – β)2
en = 1 – (9)

where a and e are the semimajor axis and orbital eccentric-
ity, respectively, of the parent body, and r is the radial dis-
tance from the Sun when the dust particle is released. De-
pending on the point at which the dust particle is released
(the factor a/r in the above equation), an can become nega-
tive. If that happens, the dust particle simply leaves the solar
system on a hyperbolic orbit (Zook, 1975).

For a dust particle that remains on a bound elliptical orbit
around the Sun, its orbit immediately begins to evolve un-
der the influence of PR and solar wind drag. Since the drag
forces are in the opposite direction to the particle’s veloc-
ity, energy and angular momentum are extracted from the
particle’s orbit, decreasing both the orbital semimajor axis
and the eccentricity. Note from equations (1) and (5) that
there is no force component of the combined radiation pres-
sure force and drag forces that is normal to the orbit plane.
Hence there is no change in the orbital inclination for a par-
ticle due to these effects. The time-averaged rates of change
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for a and e due to the drag forces are given by Burns et al.
(1979) as

(2 + 3e2)

(1 – e2)3/2

da

dt

η
a

Qpr= – (10)

e

(1 – e2)1/2

de

dt

η
a2

5

2
Qpr= – (11)

where η = (1 + sw)S0r2
0A/mc2 and r0 is the heliocentric dis-

tance at which the solar constant S0 is measured. The char-
acteristic orbital decay time for a circular orbit, in the ab-
sence of planetary perturbations, is easily found by setting
e = 0 in equation (10) and integrating.

If we include the planets, the situation becomes more
complex. As mentioned previously, the sunward spiral of
bound KB dust particles may be temporarily halted by cap-
ture into MMRs with the planets, or the particles may be
scattered out of the solar system. Liou and Zook (1997)
studied analytically the evolution of dust particles trapped
in MMRs with the planets. Their findings are summarized
below.

The radiation pressure force changes the location of an
MMR with a planet. The new shifted location is

p

q
aR = aP(1 – β)1/3  ≡ aP(1 – β)1/3K2/3

2/3

(12)

where aP is the semimajor axis of the planet, and p and q
are two integers that specify a particular, p:q, resonance.
The parameter K, defined as the ratio p/q, is larger than one
for an exterior MMR, less than one for an interior MMR,
and equal to one for a 1:1 MMR. For a given exterior MMR,
the larger β is, the closer its location is shifted toward the
planet. Conversely, for a given interior or 1:1 MMR, the
larger β is, the farther its location is shifted away from the
planet. In the circular restricted three-body problem (where
the planet is in circular orbit), the resonant angle of the par-
ticle, ϕr, is defined as (e.g., Allan, 1969)

ϕr = pλd – qλp + l1ϖd + l2Ωd (13)

where λp is the mean longitude of the planet, and λd, ϖd,
and Ωd are the mean longitude, longitude of pericenter, and
longitude of ascending node of the dust particle, respec-
tively, and the D’Alembert relation requiring that l1 + l2 =
q – p. The resonant angle is related to the dominant terms
in the disturbing function that control the motion of the par-
ticle in an MMR. The “order” of an MMR is given by the
quantity |q – p|. In general there are three types of MMR
(e.g., Allan, 1969):  eccentricity type (e type, where l2 = 0),
inclination type (I type, where l1 = 0), and mixed type
(where l1 and l2 are nonzero integers). The lowest-order
terms in the corresponding disturbing functions of these
three different types of MMR are of the first, second, and

third orders in eccentricity and inclination, respectively. The
first-order MMRs are all e types, whereas the second-or-
der MMRs can be both e types and I types. The mixed-type
resonances occur only at the third- or higher-order reso-
nances. Since the order of an MMR largely determines the
strength of the resonance, e-type and I-type MMRs are more
common than mixed-type MMRs.

In Liou et al. (1995b), the time variation of the Jacobi
“constant” due to drag forces was expressed in spherical
coordinates and used to study the effects of radiation pres-
sure, PR drag, and solar wind drag, in a restricted three-
body system. Liou and Zook (1997) further analyzed this
method to determine the explicit time evolution of the ec-
centricity and inclination of a dust particle trapped in an
arbitrary MMR with a planet. The three coordinate systems
used in these studies are the inertial frame (ξ, η, ζ), the
rotating frame (x, y, z), and the spherical rotating frame (r,
θ, φ). The rotating frame (x, y, z) is rotating with constant
angular velocity around the collocated ζ and z axes, with
the x axis lying along the line from the center of mass (CM)
of the system to the planet. The transformations from (ξ,
η, ζ) to (x, y, z) and from (x, y, z) to (r, θ, φ) are

ξ = x cos t – y sin t

η = x sin t + y cos t
(14)

and

x = r cos θ cos φ
y = r cos θ sin φ
z = r sin θ

(15)

respectively. Figure 1 shows the geometry and relationships

Fig. 1. Geometry and coordinate systems used in the circular
restricted Sun-planet-dust three-body system. The coordinate sys-
tem (x, y, z) is co-rotating with the planet, with the x axis point-
ing from the origin to the planet. The elements I, Ω, ω, and f are
the orbital inclination, longitude of the ascending node, argument
of pericenter, and true anomaly of the dust grain, respectively. The
angles ϕ and θ are the longitude and latitude angles of the dust
grain in the (x, y, z) coordinate system as defined by equation (15).
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between these three coordinate systems. In a circular re-
stricted three-body system, the Jacobi “constant,” C, can be
approximately described in terms of the orbital elements,
when the dust particle is far from the Sun and the perturb-
ing planet, by

C ≈
a

+ 2
(1 – β)

(1 – β)a(1 – e2) cos I ≡ CT (16)

where the identity is traditionally called the Tisserand cri-
terion (e.g., Moulton, 1914). Following the derivation in
Liou et al. (1995b), the time derivative of the Jacobi “con-
stant,” C, in a system with radiation pressure, PR drag, and
solar wind drag is given by

C = 2(1 + sw) 2
2

+ θ2 + (φ cos θ)2 + φlp cos2 θ
c

βμ1

r

r

(17)

where µ1 is the mass of the Sun and c is the speed of light.
The unit of mass is the sum of the Sun (µ1) and the planet
(µ2). The unit of length is the distance between the Sun and
the planet. The unit of time is the orbital period of the planet
divided by 2π while lp = 1 in these units. As K equals the
ratio of the orbital period of a dust particle in resonance
with a perturbing planet to the orbital period of that planet,
then, in such normalized units, the orbital period of the dust
particle, T, is 2πK.

Equation (17) can be used to investigate the stability of
a dust particle in different MMRs with a planet. When a
dust particle in a prograde orbit is trapped in an interior
MMR with a planet, its orbital angular velocity is usually
larger than that of the planet. Thus, in the rotating reference
frame, the particle’s φ

.
 is usually positive. This means that

all terms on the righthand side of equation (17) are positive
and C increases with time. The dust particle is eventually
forced, by the expansion of the forbidden region, to leave
the resonance. When I = 0 (the planar case) and C increases,
a dust particle trapped in an interior MMR with constant
semimajor axis must have its eccentricity decreased, as indi-
cated by equation (16). When the eccentricity reaches zero,
the ever-increasing C will force the semimajor axis to be
decreased. The dust particle is forced out of the resonance
and continues its sunward spiral. As the eccentricity de-
creases, the dust particle’s aphelion distance moves farther
away from the planet. This means that gravitational scat-
tering is not the mechanism that ejects the dust particle out
of the resonance. Rather, it is released from resonance be-
cause no net positive orbital energy is given by a planet’s
perturbation on a dust particle in circular orbit and the drag
forces then predominate.

When a dust grain is trapped in a 1:1 MMR with a
planet, C also increases with time. This implies that either
its orbital eccentricity or its orbital inclination, or both, must
decrease, as indicated by equation (16). In actual practice,
both occur simultaneously (Liou et al., 1995b). Eventually,

the increasing C, and the resultant expanding forbidden
regions, force the dust particle to change from a tadpole or-
bit to a horseshoe orbit and, finally, to escape the resonance
via close encounters with the planet.

When a dust particle is trapped in an exterior MMR with
a planet, its orbital angular velocity is smaller than that of
the planet. The last term on the righthand side of equa-
tion (17) is negative on average. It is possible to have a so-
lution such that C

.
 = 0, which might suggest that the par-

ticle would remain in a quasistable trap; however, in an
inclined orbit, the eccentricity value required to maintain
C
.
 = 0 is a function of the inclination. As the inclination of

a dust particle in resonance varies in time, it is especially
doubtful that this condition can be maintained.

Equation (17) can also be expressed in terms of the
orbital elements of the dust particle. This is accomplished
by averaging all quantities on the righthand side of equa-
tion (17) over one orbital period of the dust particle, yielding

C = 2(1 + sw) –
c

βμ1

T2(1 – e2)3/2

2π2(3e2 + 2)

T

2π cos I
(18)

The condition that C
.
 = 0 when in an exterior MMR requires

the value in brackets on the righthand side of equation (18)
to be zero, which leads to

(= K) =
2π
T

2(1 – e2)3/2

3e2 + 2

cos I

1
(19)

In the special case where I is zero, equation (19) gives
the eccentricity that the orbit of a dust particle will approach
while in a given exterior MMR.

When a dust particle is trapped in an MMR with a planet,
its semimajor axis oscillates around a fixed value. Thus, a =
0 on average. The time derivative of equation (16) becomes

dC

dt

de

dt

dI

dt
= =

∂C

∂e
+

∂C

∂I

e(1 – e2)–1/2 cos I + (1 – e2)1/2 sin I
de

dt

dI

dt
–2(1 – β)1/2a1/2

(20)

Combining equations (18) and (20) and T = 2πa3/2/ 1 – β ,
the equation becomes

de

dt

dI

dt

cos I –
(3e2 + 2)(1 – β)1/2

2a3/2(1 – e2)3/2

(1 + sw)βμ1

a2c

e(1 – e2)–1/2 cos I + (1 – e2)1/2 sin I =

(21)

This expression relates the time rates of change of the ec-
centricity and inclination of a dust particle in an MMR with
a planet. In order to examine the behavior at small eccen-
tricity and inclination, we can expand equation (21) to the
second order in the combined powers of eccentricity and
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inclination. For dust particles in prograde orbits, the second-
order expansion is

[e2 + I2] = A 1 –
1

K
– e2 – I2

3

K

1

2

d

dt
(22)

where

A =
2(1 + sw)βμ1

a2c
(23)

For a 1:1 MMR (K = 1), and assuming that, as in the classi-
cal (no drag involved) secular perturbation theory, the varia-
tions in eccentricity and inclination are decoupled from each
other, this yields

e = e0 exp t

I = I0 exp
A

t

3A

2

4

–
⎛
⎝⎜

⎞
⎠⎟

–
⎛
⎝⎜

⎞
⎠⎟

(24)

where e0 and I0 are the initial eccentricity and inclination
when the particle becomes trapped. Therefore, in a 1:1
MMR, both eccentricity and inclination of the dust particle’s
orbit decrease exponentially with time.

Equation (22) can also be used to investigate the behav-
ior of particle orbits in interior and exterior e-type or I-type
MMRs (MMRs of mixed-type require higher-order terms).
In an exterior MMR, K is larger than 1. In an interior MMR,
K is less than 1. Introducing a constant Q, and again assum-
ing decoupling for small e and I, the general solutions can
be written as

K
–

–

t
K A(K – 1)

K

K
t

3A

3A

1 – exp
3A

⎛
⎝⎜

⎞
⎠⎟

+ – Q
⎡
⎣⎢

⎤
⎦⎥

⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

e2 = e0
2 exp

⎤⎤

⎦
⎥

⎛
⎝⎜

⎞
⎠⎟

+ –
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

A
t–

A

A
t

2

2Q
1 – exp

2
I2 = I0

2 exp

(25)

There are three possibilities for the value of Q: (1) Q = 0;
(2) Q = A(K – 1)/K; and (3) Q equals some nonzero value
other than A(K – 1)/K. For possibility (1), the eccentric-
ity of the dust particle’s orbit increases with time and ap-
proaches the fixed value (K – 1)/3 at exterior MMRs
(where K > 1) and decreases with time at interior MMRs
(where K < 1). For possibility (2), the eccentricity decreases
exponentially with time while the inclination increases with
time and approaches the fixed value 2(K – 1)/K  at exte-
rior MMRs and decreases with time at interior MMRs. For

possibility (3), both e and I can increase, depending on the
value of Q. The most common resonances for IDPs in pro-
grade orbits in the solar system appear to be e-type reso-
nances (e.g., Jackson and Zook, 1992; Marzari and Vanzani,
1994). For such resonances, equation (25) simplifies to

–
K – 1

3

K – 1

3K
t

3A
e0

2 – exp +e2 =

A
t–

4
I = I0 exp

(26)

Equation (18) is valid also for dust particles in retrograde
orbits. In such orbits, cos I is negative, and the righthand
side of equation (18) is positive. Thus, the value of C for
all retrograde orbits always increases with time. In the spe-
cial case where I = 180° (the planar case), the eccentricity
of the particle’s orbit increases without limit, regardless of
what resonance it is in. No permanent trapping is possible.
The eccentricity of a dust particle in retrograde orbit in-
creases much more dramatically with time than that of a
dust particle in prograde orbit when they are both trapped
in the same MMR. This implies that in the same MMR and
with the same starting eccentricity, a dust particle on a pro-
grade orbit tends to be trapped longer than one on a retro-
grade orbit.

In the three-dimensional case, if the inclination of the
particle’s orbit is close to 180°, one can define an angle σ =
π – I, and expand equation (21) to the second order in e and
σ in a way similar to that done above for prograde orbits.
Again, assuming decoupling for small e and σ, the solutions
can be written as
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For Q = 0, the eccentricity increases exponentially while
σ decreases (I increases toward 180°) exponentially with
time. For Q = A(K + 1)/K, the eccentricity also increases
exponentially while σ increases (I decreases away from
180°) and approaches a fixed value 2(K + 1)/Kσmax = .
This places the inclination of the dust particle’s orbit in the
range less than 90°. This means that the dust particle can
evolve from a retrograde orbit into a prograde orbit in such
a resonance. At inclination near 90°, equation (21) becomes

= – < 0
dI

dt

πA

2T

(3e2 + 2)

(1 – e2)2
(28)

where A is given by equation (23). This implies that it is im-
possible for a dust particle on a prograde orbit to evolve
into a retrograde orbit while trapped in an MMR.
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The predictions made by the analytical theory described
above can be tested by means of numerical integrations.
Liou and Zook (1997) performed such calculations. Two of
their examples are shown here. Figure 2 illustrates the or-
bital evolution of a dust particle with β = 0.26 trapped in a
1:1 MMR with a Jupiter-like planet. The exact resonance
location is at a semimajor axis equal to 4.71 AU. The ini-
tial eccentricity and inclination of the dust particle’s orbit
are 0.1° and 10°, respectively. While trapped in the MMR,
the dust particle’s orbit evolved from a tadpole-like orbit
to a horseshoe-like orbit until close encounters with the
planet eventually ejected it out of resonance after about
213,000 years. While trapped, its eccentricity and inclina-
tion both decreased in good agreement with the analytical
predictions from equation (26).

Figure 3 shows the orbital evolution of a dust particle
in a 7:4 exterior MMR (at 42.37 AU) with a Neptune-like
planet with semimajor axis of 30.22 AU. It was trapped for
more than 21 m.y. While trapped, its eccentricity increased
and its inclination decreased gradually with short-term

oscillations. Its eccentricity nearly reached the maximum
value of 0.43 predicted by equation (19). Since I remains
small, the prediction of equation (26) describes well the
secular decrease of the inclination; however, as the eccen-
tricity increases, the second-order prediction for e deviates
somewhat from the calculated value when e is larger than
about 0.3. Since the inclination of the dust particle’s orbit
remains small and decreases with time, the planar-case pre-
diction (equation (26) of Liou and Zook,1997), which is
valid for any eccentricity, gives a better description of the
actual variation of the eccentricity.

While the analytic approach described above gives valu-
able insights into the orbital evolution of dust particles
trapped in MMRs with planets, direct numerical simulations
are needed to reveal the full nonlinear behavior as well as
to assess the importance of phenomena not addressed by

Fig. 2. Evolution of a dust particle (β = 0.26) in a circular Sun-
Jupiter-dust numerical simulation. It was trapped in a 1:1 MMR
with Jupiter for about 213,000 yr. While trapped, its eccentricity
decreased from 0.1 to about 0.01 and its inclination decreased from
10° to 3.5° when it escaped the resonance. The bold curves in
the top and middle panels are calculated using the analytical pre-
dictions of equation (26). The analytical predictions agree with
those from the numerical simulation (the analytical and numerical
results overlap each other from the beginning to about 200,000 yr
in eccentricity and to about 213,000 yr in inclination). The bot-
tom panel plots the resonant angle with time. The orbit of the dust
particle changed from a tadpole to a horseshoe after 200,000 yr.

Fig. 3. Evolution of a dust particle (β = 0.1) in a circular Sun-
Neptune-dust numerical simulation. The particle was placed at a
7:4 exterior MMR (at 42.37 AU) initially. It was trapped for more
than 21 m.y. (a). Its resonant angle oscillated around 180° with
an amplitude of 35° and increased gradually to about 70° before
it escaped the resonance. While trapped, its eccentricity increased
from 0.1 to about 0.43 and its inclination decreased slowly with
large short-term oscillations [solid curves in (b) and (c)]. The
second-order expansion predictions of equation (26) describe well
the secular decrease in inclination but not quite so well the ec-
centricity when e is larger than about 0.3 [dashed curves in the
(b) and (c)]. Since the inclination remains small and decreases with
time, actual variation in eccentricity agrees well with the planar
prediction dotted curve in the middle panel). The short-term varia-
tion in I is due to the precession of the argument of pericenter ω
(dotted curve in the bottom panel). The oscillation period of I is
half that of the precession period of ω.
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the analytic theory, phenomena such as resonance capture
and gravitational scattering.

2.3. Numerical Simulations

The principle behind numerical simulations of the KB
dust particles is rather simple. A numerical integrator is
needed to integrate equation (7). Once the initial conditions
of the dust particles and planets are defined, the process is
carried out by computers. Depending on the available re-
sources, the simulations can cover hundreds to thousands
or more particles. In order to understand how the KB dust
particle distribution is affected by planets, Liou et al. (1996)
and Liou and Zook (1999) undertook a series of numerical
simulations to follow the dynamical evolution of KB dust
particles from their origin in the KB to their ultimate fates,
either spiraling into the Sun or being removed by a planet
through ejection from the solar system. Moro-Martín and
Malhotra (2002, 2003) and Holmes et al. (2003) have per-
formed similar calculations. Since their results are essen-
tially the same as those of Liou and Zook (1999), the sum-
mary below is solely based on the results of Liou et al.
(1996) and Liou and Zook (1999).

The RADAU integrator (Everhart, 1985) was used to
numerically integrate the orbits of KB dust particles char-
acterized by four different values of β:  0.4, 0.2, 0.1, and
0.05. If one assumes a 1 g cm–3 density, the particle diam-
eters corresponding to these values of β are approximately
3, 6, 11, and 23 µm, respectively. Included in the simula-
tions were the gravitational perturbations of the seven most
massive planets (Venus through Neptune), solar radiation
pressure, and PR and solar wind drag. All of the planets
gravitationally interacted with each other and acted on the
dust particles, while the dust particles were treated as mass-
less test particles and exerted no gravitational forces of their
own. Solar wind drag was assumed to be 35% that of PR
drag (Gustafson, 1994), hence sw = 0.35 in equation (7).
Dust particles were assumed to be released from their par-
ent KB objects located at 45 AU with eccentricities of 0.1
and inclinations of 10°. (An additional simulation was also
carried out using 50 23-µm dust particles released from
parent bodies at 50 AU and including only the four giant
outer planets.) Initial longitudes of ascending node, longi-
tudes of pericenter, and mean longitudes of the parent bod-
ies were chosen randomly from 0 to 2π. One hundred parti-
cles were integrated for each value of β, except for β = 0.05,
for which 50 particles were used.

The dynamical lifetimes of the KB dust particles from
this set of simulations are shown in Fig. 4. The lifetime of
a dust particle depends on the PR and solar wind drag rate,
its initial semimajor axis displacement from the parent body
due to solar radiation pressure, MMR traps with planets,
the eccentricity when it escapes an MMR, and ejection by
the giant planets. The actual lifetime of a KB dust particle
is usually several times longer than that predicted by pure
PR and solar wind drag alone.

The numerical simulations show that trapping into ex-
terior MMRs with Neptune dominates the orbital evolution
of the KB dust particles. On average, the 3-, 6-, 11-, and
23-µm particles spent 19%, 24%, 37%, and 47%, respec-
tively, of their lifetimes in exterior MMRs with Neptune.
The smaller the drag force is on a dust particle, the easier
it is for the particle to become trapped in an MMR, and
the longer it remains trapped. Trapping into MMRs with
interior giant planets is rare because gravitational pertur-
bations from exterior giant planets usually make the reso-
nance traps highly unstable, unless the exterior resonances
are very close to the perturbing planet or the resonance is
a 1:1 MMR. Eventually all particles are able to escape the
MMR traps and continue their journey toward the Sun.
However, the majority of them are ejected from the solar
system by Jupiter and Saturn. Only about 20% of the par-
ticles survive the process and make their way to the inner
solar system.

Fig. 4. Simulated lifetimes of IDPs from the numerical simula-
tions. The PR and solar wind drag lifetime for a 23-µm IDP re-
leased from a parent body at 45 (50) AU is only about 13.5
(16.5) m.y. However, due to complex planetary perturbations, the
actual dynamical lifetimes of IDPs are quite different from those
predicted based on PR and solar wind drag alone. One 23-µm IDP
that is trapped in an unusually long 7:4 MMR with Neptune has a
lifetime of 159 m.y. is not included in the bottom panel.
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Numerical simulations unveil a far more complicated
nature of the orbital evolution of KB dust particles. The
simulated results allow us to describe the orbital character-
istics of the KB dust particles in a quantitative manner. It
leads to a more realistic picture of the overall structure of
the KB dust disk described in the following sections.

3. KUIPER BELT DUST DISK

3.1. Expected Distribution of Kuiper Belt Dust
Particles in the Solar System

Under PR and solar wind drag perturbations, the pre-
dicted steady-state distribution of dust particles is symmet-
ric in longitude, as suggested by the models of Stern (1995)
and Backman et al. (1995). It also has a smooth and con-
tinuous radial distribution all the way to the Sun. The ra-
dial dependence of the dust particles can be expressed as

n(r) ∝ r–τ (29)

where n(r) is the spatial density at a heliocentric distance r
from the Sun. The index τ varies from 1 for particles with
near circular orbits to 2.5 for particles with eccentricities
close to 1 (e.g., Bandermann, 1968; Leinert and Grün,
1990).

The orbital evolution of KB dust particles becomes very
complicated when planetary perturbations are considered,
as described in section 2. Figure 5 shows the dramatic dif-
ference in semimajor axis distribution from numerical simu-
lations with (solid histograms) and without (dotted lines)
planets. Seven planets are included (Venus through Nep-
tune) in the “with planets” scenario. It is obvious that to
have a reliable description of the structure of the KB dust
disk, planetary perturbations must be included. Hence de-
tailed numerical simulations of the orbital evolution of KB
dust particles are needed. However, due to the long orbital
lifetimes of KB dust particles, such simulations are limited
by the available computer resources. The first attempt by
Liou et al. (1995a, 1996) included only 80 particles in the
simulation. It was later increased to 400 particles by Liou
and Zook (1999). All their simulations were carried out
using the implicit Runge-Kutta integrator, RADAU, with an
adjusting step size control (Everhart, 1985). The particles
in the simulations had diameters ranging from 3 to 23 µm.

Moro-Martín and Malhotra (2002, 2003) followed the
same approach, using a more efficient multiple time step
symplectic integrator based on the algorithm developed by
Duncan et al. (1998) and with the radiation forces added.
Hundreds of dust particles were included in their simula-
tions using updated orbital element distributions of the KB
objects as initial conditions. They extended the particle size
range to 100 µm in diameter. In addition, they validated the
underlying ergodic assumption utilized by various groups
to create dust disk models based on a limited number of
particles. Holmes et al. (2003) used RADAU in their nu-

merical simulations with up to 1017 dust particles in some
of their test scenarios. Their simulated KB dust particles
ranged from 4 to 100 µm in diameter. They also included
the Lorentz force in some of their simulations, although for
particles larger than about 10 µm this effect is negligible,
and for smaller particles the effect is still marginal unless
they are charged to an unreasonably high potential.

Overall, results from numerical simulations performed
by different groups are consistent with one another. The
major features unveiled regarding the distribution of KB
dust particles in the solar system can be summarized as fol-
lows: (1) Trapping into exterior MMRs with Neptune dom-
inates the orbital evolution of dust particles 5 µm and larger.
The main resonances are the 2:1 and 3:2 exterior MMRs.
(2) Trapping into MMRs with Uranus is rare because gravi-
tational perturbations from Neptune usually make the reso-
nance trap highly unstable. (3) Once particles escape MMRs
with Neptune, they continue to spiral toward the Sun.
(4) About 80% of the particles are eventually ejected from
the solar system by Jupiter and Saturn. (5) The remaining
particles evolve all the way to the Sun. None of them are

Fig. 5. Semimajor axis distributions from numerical simulations
with (solid histograms) and without (dotted lines) planets. The
distributions are different for particles of different sizes. One
hundred dust particles and seven planets are included in each simu-
lation.
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ejected from the solar system by the terrestrial planets. Their
orbital elements near 1 AU resemble those of asteroidal
IDPs, rather than cometary IDPs. Note all planets are treated
as point masses in the simulations. In reality, there is an-
other possible sink mechanism for particles — accretion
onto the planets. This effect may reduce the percentage of
KB dust particles entering the inner solar system slightly.

3.2. Structure of the Kuiper Belt Dust Disk
Beyond Jupiter

A simple way to construct a model KB dust disk from
numerical simulations based on a limited number of par-
ticles was described in Liou and Zook (1999). Positions of
dust particles from each small output interval over a long
simulation were accumulated. To represent a steady-state
distribution, the simulation must cover the lifetimes of the
particles, i.e., from the beginning (when they were created)
to the end (when they were ejected from the solar system,
or when they reached the Sun). The result is a three-dimen-
sional spatial density distribution of KB dust particles in
the solar system. It can be processed further to create col-
umn density or brightness distribution maps with appropri-
ate thermal property assumptions. Viewing geometry can
also be easily implemented from different locations, and
with different viewing directions. This approach, examined
in detail by Moro-Martín and Malhotra (2002) and shown
to be both practical and reliable, was adopted by Moro-
Martín and Malhotra (2002, 2003) and by Holmes et al.
(2003) for their KB dust disk models, and by others for
nearby circumstellar dust systems (e.g., Quillen and Thorn-
dike, 2002; Deller and Maddison, 2005).

Plates 9a and 9b show the steady-state column density
maps of the simulated 23-µm KB dust particles, as viewed
from above the north ecliptic pole. Under PR and solar wind
drag alone (without planetary perturbations), the column
density remains constant as illustrated by Plate 9a. When
planetary perturbations are included, however, the result-
ing column density map is very different (Plate 9b). The
orbits and positions of the four giant planets are also added
to the map for reference (epoch of June 1, 1998). The dra-
matic concentrations and gaps correspond directly to the fea-
tures outlined in section 3.1. The ring-like structure along,
and outside, Neptune’s orbit consists of particles trapped
in MMRs with Neptune. Additional variations along the ring
are caused by the overlapping geometric patterns of the two
dominant resonances: 2:1 and 3:2 exterior MMRs with Nep-
tune. As a result, two arcs are observed, one leading and the
other trailing Neptune along the orbit. Another significant
feature of the ring is the lack of particles near where Nep-
tune is located. Since dust particles in stable MMRs tend not
to pass near that perturbing planet (in this case, Neptune), a
column density minimum (a dark “hole”) is formed around
Neptune.

Numerical simulations show that trapping into MMRs
exterior to a planet is much easier, and the traps last longer,

than does trapping into interior MMRs (e.g., Jackson and
Zook, 1992; Marzari and Vanzani, 1994). The smaller the
drag force is on a dust particle, the easier it is for the dust
particle to become trapped into an MMR, and it will re-
main trapped longer. Therefore similar but perhaps more
prominent structures, such as rings and arcs, around the
orbit of Neptune are expected for larger KB dust particles.
No obvious ring- or arc-like patterns are seen around the
orbit of Uranus. It is simply difficult for dust particles to
be trapped in stable and long-term exterior MMRs with
Uranus while being perturbed by Neptune. The exception
is the 1:1 MMR with Uranus. Only a few particles were
observed to be trapped in that resonance for long periods
of time from the numerical simulations. The resulting ring-
like feature is not as prominent as those caused by exterior
MMR traps with Neptune.

A brightness distribution map can also be developed with
reasonable assumptions of the thermal properties of the dust
particles. A simulated face-on image is shown in Plate 10.
The signatures of giant planets are: (1) the deviation of
radial brightness profile from the PR and solar wind drag
one that monotonically increases toward the Sun, (2) a ring-
like structure along the orbit of Neptune, (3) a brightness
variation along the ring with an opening (a dark spot) lo-
cated where Neptune is, (4) a seasonal variation of the dark
spot that moves along with Neptune’s orbital motion, and
(5) a relative lack of particles inside about 10 AU. The ra-
dial brightness variation inside 10 AU is controlled by two
competing factors. The first factor is that Saturn ejects about
40% of the KB dust particles that approach it from outside
its orbit and Jupiter ejects about 67% of the particles that
approach its orbit from outside, leading to a combined
depletion of about 80%. The second factor is the r–2 bright-
ness weighting factor of the particles. The combined effects
cause the brightness to temporarily decrease at 10 AU and
increase again inside about 5 AU.

If an extraterrestrial intelligence were observing our solar
system and had the image of Plate 10, it would know (if its
knowledge was similar to or better than ours) that at least
one giant planet at about 30 AU exists in our solar system,
from signatures (1), (2), and (3). With continuous observa-
tions that determine the motion of the dark spot along the
ring [signature (4)], it could easily obtain the orbital location
of Neptune using Kepler’s Laws. With quantitative numeri-
cal modeling of signatures (1) to (3), it could place strong
constraints on the mass of Neptune. Since Uranus does not
trap particles effectively due to its orbital location, nor is it
massive enough to eject particles from the solar system, it
will not be recognizable from the KB dust disk. From sig-
nature (5), it could identify the existence of at least one
other giant planet that is preventing dust particles from
entering the region inside about 10 AU. It may be difficult
to know, however, since Jupiter and Saturn are very close
to each other, whether there is only one planet or two plan-
ets around that location. The masses of Jupiter and Saturn,
or the effective mass of a single planet between 5 and
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10 AU, can be estimated based on the radial brightness pro-
file near that region. The terrestrial planets — Mars, Earth,
and Venus — are not recognizable from the KB dust disk
observation.

3.3. In Situ Measurements: Pioneer and
Voyager Data

The best evidence to support the existence of the KB dust
disk comes from in situ data. The dust detector onboard Pio-
neer 10 measured IDP impacts all the way to 18 AU where
the detector ceased to function (Humes, 1980). The inter-
pretation is that the spatial density of 10–9 g IDPs is essen-
tially constant to 18 AU (Humes, 1980). In addition, the
plasma wave instruments onboard Voyager 1 and 2 also
provided evidence of IDP impacts on the spacecraft out to
almost 100 AU (Gurnett et al., 1997, 2005). The two most
likely sources of dust particles in the outer solar system are
Oort cloud comets and KB objects. Dust particles coming
from the Oort cloud comets cannot produce a constant spa-
tial density distribution unless the parent comets release a
dust cloud of particles having a perihelion distribution that
increases with q2, where q is the perihelion distance (Liou
et al., 1999). The modeled spatial density of the 23-µm KB
dust particles (with a mass of about 10–9 g) within 10° from
the ecliptic, between 5 and 20 AU, is approximately con-
stant (Liou and Zook, 1999). The difference is less than a
factor of 3, which is consistent with the Pioneer 10 data, and
within the detection uncertainty of the instruments (Humes,
1980).

Quantitatively, the Voyager data are difficult to model
since the instruments were not designed to detect dust. This
is not the case for the Pioneer impact detectors. Landgraf
et al. (2002) modeled the distributions of KB dust particles
and particles from two other cometary sources, and showed
that the former is needed to account for the actual measure-
ments from the Pioneer 10 and 11 detectors, especially out-
side 10 AU. The fits to the two sets of data are shown in
Fig. 6. The data also provide a constraint on the produc-
tion rate of the KB dust particles. According to Landgraf
et al. (2002), it is about 5 × 107 g s–1 for particles with sizes
between 0.01 and 6 mm. This estimate is consistent with
the production rates calculated by Stern (1995) and by
Yamamoto and Mukai (1998), when modeling uncertainties
are considered.

3.4. Characteristics of Kuiper Belt Dust
Particles Inside 5 AU

The majority of the KB dust particles are ejected from
the solar system by Jupiter and Saturn. As a result, the
column density inside 5 AU is very low. This pattern is not
very sensitive to particle size since the gravitational scat-
tering timescale is much shorter than the drag timescale.
When converting to a brightness map, however, the region
inside 5 AU is actually brighter than that outside of 5 AU

(Plate 10). None of the KB particles inside 5 AU are ejected
from the solar system by any terrestrial planets. Based on
the simulated distributions in eccentricity, between 0.05 and
0.55, and in inclination, between 3° and 28°, when KB dust
particles cross the orbit of Earth, Liou et al. (1996) con-
cluded that KB dust particles behaved more like asteroidal
IDPs than cometary IDPs.

Moro-Martín and Malhotra (2003) reexamined the dis-
tribution of KB dust particles in the inner solar system with
more particles included in the simulations. Their results
placed the Earth-crossing KB dust particles between 0.05
and 0.75 in eccentricity, and between 0° and 30° in incli-
nation. Although the distributions are similar to those ob-
tained by Liou et al. (1996), they stated that KB dust par-
ticles were actually more like cometary IDPs than asteroidal
IDPs. The cause of this discrepancy is in the cometary IDP
benchmark samples Moro-Martín and Malhotra (2003)
adopted. They used the “cometary” IDP distributions from
the study by Kortenkamp and Dermott (1998), which fol-
lowed the orbital evolution of IDPs released from Jupiter-
family short-period comets. However, cometary IDPs should
also include those from Halley-type short-period comets as
well as those from long-period comets. In other words, the
cometary IDP distributions at 1 AU should be extended to
almost 180° in inclination, and close to unity in eccentric-
ity. Good examples to illustrate the eccentricity and incli-
nation distributions include the annual meteor showers (at
Earth) such as Leonids (associated with 55P/Tempel-Tuttle,
inclination ~162°, eccentricity ~0.92), Quadrantids (asso-
ciated with 96P/Machholz, inclination ~72.5°, eccentricity
~0.68), and η Aquarids (associated with 1P/Halley, incli-
nation ~163.5°, eccentricity ~0.96). The inclination distri-
bution is especially important since it can increase dust par-
ticles’ Earth encounter speeds up to 72 km/s. Qualitative
descriptions such as asteroidal- or cometary-like are always
somewhat subjective. However, when the total population
of comets (rather than just a subgroup) is considered, it is
probably reasonable to argue that the eccentricity and incli-
nation distributions obtained from the numerical simulations
of Liou et al. (1996) and by Moro-Martín and Malhotra
(2003) are closer to those of asteroidal IDPs rather than
cometary IDPs.

The prediction that some KB dust particles can approach
Earth with very low eccentricities and inclinations has a
major implication. It may be possible to capture these par-
ticles intact using aerogel collectors in the near-Earth envi-
ronment, such as the proposed Large Area Debris Collector
(Liou et al., 2007). Although the captured KB dust particles
may have orbital characteristics similar to those of asteroi-
dal IDPs, there are ways to identify them from the collected
samples. The solar flare track density measurement is one
possibility (e.g., Bradley and Brownlee, 1984; Sandford,
1986). Kuiper belt dust particles should have a much higher
track density than asteroidal dust particles simply because
they have a much longer orbital lifetime coming from the
KB region.
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Do KB dust particles contribute significantly to the in-
terplanetary dust complex at 1 AU? The issue was first
raised by Flynn (1994). A simple estimate can be made by
assuming the Pioneer 10 data fit by Landgraf et al. (2002)
indeed represents the distribution of KB dust particles in

the solar system. By comparing the spatial density of KB
dust particles with the IDP spatial density at 1 AU (Grün
et al., 1985), it would appear that KB dust particles repre-
sent about 5% of the IDPs at 1 AU. Of course, there are
uncertainties associated with this estimate. Impact data on

Fig. 6. Dust impact data collected by the Pioneer 10 and 11 detectors. A reasonable fit to the data is accomplished by combining
dust particles from three different sources. KB dust particles are needed to maintain the constant flux beyond about 10 AU. This figure
is adopted from Landgraf et al. (2002).
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the space-facing side of the Long Duration Exposure Facil-
ity (LDEF) suggested the flux of 10–9 g IDPs at 1 AU was
about 50% higher than the Grün et al. (1985) model. There
are uncertainties in the Pioneer data, and in the model fit as
well. This estimate, however, does appear to be consistent
with the solar flare track measurements of the collected IDPs
(Bradley and Brownlee, 1984). Most of the collected IDPs
have space exposure ages of approximately 104 yr, too short
for KB dust particles coming from the outer solar system.

4. IMPLICATIONS FOR EXTRASOLAR
PLANET DETECTION FROM

CIRCUMSTELLAR DUST DISKS

The structure of the KB dust disk and the known con-
figuration of the giant planets serve as a good model for
other circumstellar dust disks. That perturbations of an
unseen planet could explain some of the observed features
of the β Pictoris dust disk was proposed and analyzed in a
series of three papers between 1994 and 1996 (Roques et
al., 1994; Lazzaro et al., 1994; des Etang et al., 1996). Their
main results include: (1) A planet can trap dust particles
into long-term MMRs and create arc-like structures in the
disk; (2) a depleted region around the perturbing planet is
expected; (3) a central clearing zone inside the orbit of the
perturbing planet can be formed; and (4) depending on the
spatial density of particles, mutual collisions among dust
particles may diminish significantly the signatures of the
unseen planet.

ε Eridani is a young star at a distance of only 3.22 pc
from the Sun. The dust disk around ε Eridani was revealed
and imaged using the Submillimeter Common User Bolom-
eter Array at the James Clerk Maxwell Telescope on Mauna
Kea, Hawaii (Greaves et al., 1998). At 850 µm wavelength,
the observations clearly show a dust disk around the star
with an azimuthal brightness variation along the disk. The
disk has a 25° inclination with respect to the plane of sky.
The inner and outer edges of the disk are approximately
30 and 90 AU, respectively, from the star with a peak bright-
ness occurring around 60 AU. The brightness variation along
the ring is about a factor of 2.5. The brightest spot/arc in the
ring is a real feature. The presence of other features (secon-
dary bright spots and a dark gap) along the ring is less cer-
tain since they were identified in only half of the observa-
tional maps. What makes the ε Eridani disk differ from the
β Pictoris disk is its almost face-on orientation. If one com-
pares the pattern of the variation with the modeled structures
of the KB dust disk, one finds global similarities between
the two. Therefore, a simple explanation for the observed
structures in ε Eridani is that they are caused by perturba-
tions from an unseen planet, or planets, orbiting the star.

Liou and Zook (2000) simulated the dust disk with a
single planet on a near-circular orbit. They tested the planet
at 30 and 40 AU from the star, and tested planet-to-star mass
ratios ranging from 1 M  to 5 MJup. Hundreds of dust par-
ticles, ranging from 5 to 100 µm in diameter, were included

in the simulations. They reached the following conclusions:
(1) To have a ring-like structure with a strongly depleted
inner region, a giant planet (planet-to-star mass ratio ≥ Ju-
piter-to-Sun mass ratio) is needed to eject dust particles
from the system; (2) to have an azimuthal variation along
the ring, a planet (Earth-like to Jupiter-like) is needed to
trap particles in MMRs; and (3) to have a single bright spot/
arc in the ring, the 2:1 MMR with a giant planet has to be
the dominant resonance. Quillen and Thorndike (2002)
modeled the ε Eridani dust disk with a single planet that
had a semimajor axis of 40 AU, and with various eccen-
tricities. Three hundred dust particles were included in each
numerical simulation. They concluded that the morphology
of the ε Eridani dust disk was best reproduced by dust parti-
cles trapped in the 5:3 and 3:2 MMRs with a moderate ec-
centricity (~0.3) near periastron.

Kuchner and Holman (2001, 2003) explored the general
geometric patterns of particles trapped in various MMRs
with a planet, with different masses and/or eccentricities up
to 0.6. The characteristics of the dust disk can be classified
into four basic types: (1) a ring with a gap at the location
of the perturbing planet; (2) a smooth ring; (3) a blobby,
eccentric ring; and (4) an offset ring plus a pair of clumps.
Wilner et al. (2002) observed Vega in 1.3 mm and 3 mm
wavelengths and discovered two emission peaks on the dust
disk surrounding Vega, consistent with the pair of clumps
described above. Their numerical simulations suggested the
features could be the dynamical signatures of an unseen
planet with several Jupiter masses, a semimajor axis of
40 AU, and a high eccentricity of 0.6.

Deller and Maddison (2005) explored the dust disk
morphology further by creating a catalog of about 300
simulated dust disks. They varied five parameters in the
simulations: the mass and eccentricity of the single planet,
and the sizes, initial semimajor axes, and eccentricities of
the dust particles. The resulting catalog is a collection of
disk features that can be used as the first reference for any
new circumstellar dust disk observations that show poten-
tial signs of planets.

Trying to infer the existence of unseen planets from cir-
cumstellar dust disks is much more difficult than trying to
model the structure of the KB dust disk (see chapter by
Moro-Martín et al. for additional details). The fundamen-
tal difference between the two is that while the configura-
tion of the planets is known for the solar system, the infor-
mation is completely missing for other circumstellar dust
disks. The numerically produced dust disk patterns depend
on several factors: (1) the number of planets; (2) the mass,
semimajor axis, and orbital eccentricity of each planet;
(3) the size distribution of the dust particles; and (4) the
source region and the orbits of the parent objects of the dust
particles. Even with unlimited computer resources to ex-
plore every possible region of parameter space, there is a
high probability that the final answer may still be ambigu-
ous. Nevertheless, features on circumstellar dust disks will
continue to serve as valuable tools to quantify the likelihood
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of planet(s) in systems where astronomers lack other means
for extrasolar planet detection.

5. CONCLUDING REMARKS AND
FUTURE WORK

It is ironic that while more and more circumstellar dust
disks are being discovered, we have yet to see our own KB
dust disk directly. Due to the low optical depth of the KB
dust disk and the thermal emission from the local zodia-
cal cloud particles, direct infrared observations of the KB
dust disk will continue to be a major challenge, and may
never happen. The Student Dust Counter onboard the New
Horizons spacecraft will provide a nice impact dataset (for
~1.6 µm and larger particles) beyond what Pioneer 10
achieved. The data will further enhance our knowledge of
the dust environment in the outer solar system, and provide
additional constraints on the dust production rate and the
collision history of the KB objects. From the modeling per-
spective, collisions among dust particles will need to be in-
cluded for future numerical simulations. This is very im-
portant for extrasolar circumstellar dust disks since many
of them are optically thick.
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