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ABSTRACT
The morphology of the Eridani dust ring is reproduced by a numerical simulation of dust particles captured
into the 5: 3 and 3: 2 exterior mean motion resonances with a 0.3 eccentcftyM planet at periastron at

a semimajor axis of 40 AU. The morphology will differ when the planet is at apastron, in about 140 yr. Moderate
eccentricity planets in outer extrasolar systems will cause observable variations in the morphology of associated
dusty rings.

Subject headings: circumstellar matter — planetary systems — stars: individei&r{dani)

On-line material: color figure

1. INTRODUCTION particles carefully placed in individual resonances, here we
initially distribute dust particles over a range of semimajor axes
and eccentricities and search for stable dust configurations that

| can account for the four peaks observed in the submillimeter

images of the: Eri system.

The Infrared Astronomical Satellite measured far-infrared
fluxes from the vicinity of main-sequence stars (Aumann et a
1984), including the nearby systems Vega and Formalhaut,
which are of moderate age, %, at the end of the era when
rocky planets are expected to form. Recently, submillimeter 2 NUMERICAL INTEGRATION
wavelength images of stars with infrared excesses have re-
vealed structure in some of these disks. Formalhaut has a dust We numerically integrate the orbits of dust particles using a
ring with a central cavity (Holland et al. 1998), VegaPic- conventional Burlisch-Stoer numerical scheme. The forces on
torus, and HR 4796A have secondary dust emission peaks andhe particles are gravity from a central star and one planet and
central cavities (Wilner et al. 2002; Holland et al. 1998; Jay- P-R drag from the central star. The motion of the dust particles
awardhana et al. 1998; Koerner et al. 1998), HR 4796A has awas restricted to the plane containing the planet and star. The
ring evident in scattered light from the central star (Schneider ratio of the force from radiation to that from the gravity of the
et al. 1999), and Eridani has a 60 AU dusty ring with four  central star is parametrized with the dimensionless parameter,
peculiar peaks of emission (Greaves et al. 1998). HR 4796A 3, which depends primarily on particle size (Burns et al. 1979).

andp Pic are younger, at ages of onhi 0’ yr, whereas Eri Length scales are given in units of the perturbing planet semi-
(HR 1084) is a nearby 0.5-1 Gyr old K2 \0.86 M, ) star major axis,a,, and timescales in units such tkeM, = 1 ,
(Soderblom & Dappen 1989; Song et al. 2000). whereM, is the mass of the central star. The ratio of the planet

Because of the short lifetime of the dust particles in these mass to the stellar mass is denoteduas
disks, and the scarcity of gas, the dust must continually be Dust particles see a reduced radial force from the central star
replenished from collisions of larger orbiting bodies, possibly because radiation pressure opposes gravity. This causes the lo-
analogous to Kuiper belt objects. Hence, the disks in the oldercation of the mean motion resonances with the planet to shift
systems are commonly called debris disks. Dust particles inradially by a factor of1 — 8)*° . However, the magnitude of the
our solar system spiral toward the Sun owing to radiation drag P-R drag force caused by relativistic effects depends on the ratio
forces, known as Poynting-Robertson (P-R) drag, and inter- of the particle velocity to the speed of liglt,timesg. Because
actions with the solar wind (Burns, Lamy, & Soter 1979). Grav- of our choice of units, the speed of light, is in units of
itational perturbations from planets can scatter the particles or(GM,/a,)">. We have adoptedc/ (GM,/a,)"* =5 x 10* ,
capture them into orbital resonances with planets (e.g., Dermottwhich corresponds to having a stellar mas$ & ., and a planet
et al. 1994). Since the lifetime of captured particles can greatly radius of 25 AU. Because of the weak dependenasoof stellar
exceed the lifetime of particles that are not captured, resonantmass and planetary semimajor axis, our simulations should scale
trapping can sculpt the dusty disk. to outer solar systems, such as thEri disk, with the caveat

Structure predicted in the dust distribution in the Kuiper belt that the particle drift rates should be a factor of a few times
is primarily a result of resonance trapping (Liou & Zook 1999; lower.
Moro-Martin & Malhotra 2002). Wilner et al. (2002) suggested  With the exception of Wilner et al. (2002), most simulations
that the two peaks seen at 1.3 mm in the Vega disk could beof dust dynamics in planetary systems have been carried out
explained by the capture of dust particles into the 2 : 1 exterior for low-eccentricity systems. As Wilner et al. (2002) found,
mean motion resonance with a high-eccentricityVi3 giant high-eccentricity planets can cause strong azimuthal density
planet at a semimajor axis of 40 AU. Ozernoy et al. (2000) contrasts in the distributions of objects trapped in outer reso-
proposed that the morphology of the submillimeter images of nances, such as the 2:1 and 3:1 mean motion resonances.
the e Eri system could be caused by dust particles trapped in Typically we find that the azimuthal contrasts are lower in the
high-libration orbits associated with the 3 : 2 mean motion res- outer resonances than those closer to the planet. Previous sim-
onances with &0.2 M, planet in a circular orbit. While Oz-  ulations have predicted that resonances close to the planet such
ernoy et al. (2000) considered the morphology caused by dustas the 4:3, 3:2, 5:3, and 7 : 4 resonances efficiently trap
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and hold dust particles in the Kuiper belt (Liou & Zook 1999; semimajor axis. The radius of the ring was estimated to be
Moro-Martin & Malhotra 2002). We restrict our simulationsto  approximately 60 AU, which would correspond to a planet
the region containing these resonances. semimajor axis of about two-thirds this, or 40 AU. Assuming
We began the simulations with 300 dust particles distributed a stellar mass of 0.81,, , the planet orbital period is 280 yr.
randomly in the semimajor axis between 1.1 and 1.5 times theThe total time of our simulations2(x 10* times the planet
planet's semimajor axis. Longitudes of periastron and mean period) corresponds té6 x 107 yr.
longitudes were chosen randomly. Dust particle eccentricities Dust particles can be trapped ifka- q: k  exterior principle
were chosen to lie between zero and 0.4. We ran each simuimean motion resonance with resonant arguments of the form
lation for2 x 10* planetary orbit periods. The positions of all
the particles were recorded every planetary year; consequently, ¢ =(K+gA—K\,—pw + (p— 0w, Q)
the phase of the planet was the same during each output of the
integration. We binned the particle positions, counting the po- wherep is an integer between 0 amgl A and\ , are the mean
sitions of the particles at each output of the simulation. The longitudes of the particle and planet, respectively, andnd
resulting spatial distributions and semimajor axis distributions w, are the longitudes of periastron. We consider the particle
are shown in Figure 1 for the planet at periastron and at apas+o be trapped in the resonance whglibrates about a particular
tron. All dust particles contributed to the time-integrated dust fixed value. Take the planet’s longitude of periastron as a ref-
distributions; however, particles that were quickly ejected from erence angled§, = 0 ). In resonance, the resonance angle
the system, or quickly impacted the star or planet, contributed ¢ ~ nr, wheren is odd if g is even anch is even otherwise.
less to the integrated dust distributions. Particles that remained For the mean longitude of a dust particle very close to the
trapped in resonances for long periods of time contributed sub-planet to be strongly locked to that of the planet, the resonance

stantially to the dust distribution. responsible is likely to be the = 0 one. In this case,
In Figure M, we show the particle distribution restricted to
the semimajor axis between 1.2 and 1.3, containing the 3:2 nm + kA,
resonance, and between 1.3 and 1.37, containing the 5: 3 res- = kTq &)

onance, for the simulations shown in Figuresahd b when

the planet is_at Pe“?s”on and at apastron. Only one family of For the 3:2 resonance and when the planet is at periastron
resonant orbits dominates for both resonances, and the phaseC( — w, = 0), we find dust particles neax = 0 + 21/3
= w, = 0), =0 + .

the density peaks with respect to the planet depends on the,,\, ; _ - ;
planet’s orbital .p_hase. The distribution of particles in the 3:2 ‘Z\:‘T; ?oghkes %ljtngft llosthS: ?r? Slé[{gﬁﬁe(xj]bgcaﬁ),slz T/: ﬁ:\r;:ee}oIQtIZd
resonance 'exh|b|ts a threefold symmetry, and 'that of t_he 5! 3the images so that the longitude of the planet is fixed. When
exhibits a fivefold symmetry. When the planet is at periastron, o rasonant argumedt is fixed, we will only find particles

the sum OLFQ.(E pf)artlcle dllstrlpufc;onts '?hthe 362 and d5': ;freso- with these longitudes, causing the concentrations we see in
nances exnibits four peaxs simiiar to those ObSErved IR |Ie o6 1. For the 5 : 3 resonance, when the planet is at peri-

system. . o astron\ = 7 ,+3x/5, +x/5, and when the planet is at apas-
To simulate the effect of the decreasing radiation field, the tron, A = 0, + 2a/5, +4x/5. This fivefold symmetry is also

imuiate . I fa 1 Tied
dust distribution was weighted by® , wherés its radial dis- ¢, qistent with the concentrations seen in Figute 1

tance from the star. The resulting predicted intensity image for In our simulations, we also found particles populating res-
a planet at periastron, and smoothed to the approximate resog,,»ces with other values pf however, these tended to have

lution of the submillimeter observations, is shown in Figure 2 g, 4o jifetimes and so contributed less to the final particle
with the submillimeter image by Greaves et al. (1998) for com- distributions. Wherp # 0 , higher particle densities arise at

parison. The dusty disk is tilted assuming a disk inclination of anales when the particles reach apastron or periastron (see dis-
40 (where O co_rresponds to face-on). This is somewhat h|g_her cugsion in Wilnerpet al. 2002). Forpexampte,zp 1 s fa(vored
than the 25 estimated by Greaves et al. (1998) from the ring for the 3: 2 resonance when the planet is at low eccentricity,

but consistent with th&C” + 15°  estimated from optical line 5 ;sing two peaks in the particle distribution rather than three,

data (Saar & Osten 1997). o : . . . .
The morphology of the dust simulation shown in Figure 2 which is what is seen in the simulations of Liou & Zook (1999).

exhibits two dominant peaks at mean longitudes of approxi-
mately = 3#/5 from the planet, which correspond fairly well
to the two dominant peaks southeast and southwest of the star We have found that the morphology of dusty material trapped
observed in the submillimeter map. Near the planet, a weakerin exterior resonances with a planet can be strongly dependent
arc is displayed in the simulation, which corresponds to the on the eccentricity and orbital phase of the planet. The mor-
weaker arc of emission observed to the north of the star in thephology of thee Eri dust ring seems to be reproduced by dust
submillimeter map. However, the dust emission predicted op- particles captured into the 5:3 and 3 : 2 exterior resonances
posite to the planet is more distant from the star than thatwith a moderate eccentricitg, ~ 0.3 , planet near periastron.
observed south of the star in the submillimeter image. When the planet was more massiyex5 x 10* ) or more

In Figure M, we show particle distributions for restricted highly eccentric (greater than 0.4), the resonances closest to
ranges of semimajor axes. When the planet is at periastronthe planet did not capture and hold particles as efficiently. When
density enhancements caused by the 3:2 resonance add tthe planet mass was below a Saturn mass, the 4 : 3 resonance
those from the 5 : 3 resonance, causing the two dominant peakslso contributed to the particle distribution, resulting in four
seen in Figure & When the planet is at apastron, the concen- dominant symmetric peaks. The asymmetries observed in the
trations caused by the 3: 2 resonance are out of phase withe Eri image were not observed in the dust distribution, so we
those in the 5: 3 resonance. Some substructure is also causecbnsider planets less massive than Saturn unlikely to explain
by the 7 : 4 resonance in Figurea &nd b. the particle distribution. When the planet eccentricity was be-

In Figures 1 and 2, we have given axes in units of the planet’slow 0.15, the azimuthal density variations in the dust distri-

3. SUMMARY AND DISCUSSION
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Fic. 1.—(a) Dust distribution for a planet at periastron with a ratio of planet mass to stellar jnas40* and eccentrégity 0f3 . The dust particles

haveB = 0.1. The star and planet are denoted as filled squares at the origin and at a radius of 0.7 from the origin, respectively. Axes are given in units of the
planet semimajor axisb] Same asd), but the planet is at apastroit) Semimajor axis distribution for the particle distribution showndh (d) Particle distributions

are shown for limited ranges of semimajor axes for the simulations displayed in BigsdLb. Particles in the 3: 2 resonance are shown for the planet at
periastron {op left) and at apastrorbgttom left). Particles in the 5 : 3 resonance are shown for the planet at periatipright) and at apastrorbgttom right).

bution were too low to account for the morphology in the centricity. Our model dust concentrations are a result of seg-
e Eri disk. regation in the phase of a resonant angle rather than caused by
Our model differs from that proposed by Ozernoy et al. a large libration amplitude. Furthermore, because of the ec-
(2000) in a number of ways. The period of the orbital planet centricity of the planet, our model predicts that the morphology
in our model is 280 yr, which should cause the pattern to revolve of the dusty ring will vary as well as revolve as the planet
about the star by1°3 yr*, faster than the-0?7 yr* estimated orbits about the star.
by Ozernoy et al. (2000), where the model planet semimajor The initial conditions of our simulations cause many of the
axis is~60 AU rather than-40 AU. Our model planetislocated particles to be trapped in the resonances and at fairly low
to the north of the star, rather than to the west of the star. Oureccentricity. It is possible that low-eccentricity planetesimals
model planet mass is similar to theirs but at a moderate ec-exist in the system and that they are the source of the dust
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Fic. 2.—Right: Simulated intensity distribution based on the simulation shown in Eidodla 0.3 eccentricity planet at periastron of a planet to stellar mass ratio
of 107“. Left: For comparison, the 850m submillimeter emission map of theEri system (this is Fig. 1 of Greaves et al. 1998). The location of the star is denoted
in both panels as a star symbol. For the simulated intensity distribution, we have chosen a disk inclinatforvb&r0 is face-on. The dust distribution has been
weighted byr 2 to simulate the intensity field from the star and then smoothed to the approximate resolution of the submillimeter images. We estiengiemntitat
is currently located to the north of the starght panel; filled circle) at a declination of about9°27'20" (epoch 1998, as from Fig. 1 of Greaves et al. 1998). Axes
for the simulation are given in units of the semimajor axis of the plafet the electronic edition of the Journal for a color version of this figure.]

particles that we see. Alternatively, the planetesimals in the the outskirts of extrasolar systems. If so, then the resulting dust

system are farther out and the dust particles become trappedlistributions would not only revolve (Ozernoy et al. 2000) but

in the resonances as they spiral in toward the planet. Furtherwould also be dependent on the orbital phase of the planets.

simulations would be required to differentiate between these This is an exciting prospect because there would be variations

possibilities. In either case, resonant capture into these resoin the dust morphology on observable timescales.

nances is less likely and less prolonged when the planet mass

or eccentricity is high. If the planet mass is too low, then it

cannot be responsible for clearing a gap or central region in  This work would not have been carried out without helpful

the dust distribution. Additional and more massive planets discussions with Joel Green and Dan Watson. This project was

would be required to do this. supported in part by NSF award PHY-9987413 for the REU
It is possible that high-eccentricity planets are common in program at the University of Rochester.
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