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Transient redshifted events monitored in the spectrum of S Pic-
toris have been interpreted for many years as resulting from the
evaporation of numerous comet-like bodies in the vicinity of this
stars. This motivated the investigation of dynamical mechanisms
responsible for the origin of these star-grazing comets. Among vari-
ous ideas, a model involving mean-motion resonances with a jovian-
like planet was proposed a few years ago and applied to the j Pic-
toris case (H. Beust and A. Morbidelli 1996 Icarus 120, 358-370).
According to this model, the 4:1 and possibly the 3:1 mean-motion
resonances are able to generate numerous star-grazers from an ini-
tially dynamically cold disk of planetesimals. In this paper, detailed
numerical simulations of this dynamical process over a large num-
ber of particles are presented, showing in particular that the model
is robust toward the presence of additional planets around the star.
The question of the evaporation rate of the comet-like bodies is also
investigated, showing that, in order to explain the observed spectral
events, the comet-like bodies should be larger than 10-20 km, rather
than 1 km as previously conjectured. This in turn makes it possi-
ble to estimate the typical density of the planetesimal disk required
to explain the observed spectral phenomena, i.e., ~108 bodies per
astronomic unit in the resonance at 4 AU from the star.

Apart from the main redshifted spectral events, a few blueshifted
events were observed over the past few years. These spectral events
are clearly distinct from the main redshifted ones and cannot be con-
sidered as outliers, although they are far less numerous. In the sim-
ple framework of the mean-motion resonance model, these events,
which should correspond to bodies moving on differently oriented
orbits, should not be expected. We show that assuming the presence
of a terrestrial-like planet, well inside the orbit of the jovian planet,
may generate these additional events. Close encounters with a ter-
restrial planet may extract some particles from the resonance, and
bring some of them to star-grazing orbits, but with a different orbital
orientation, so that they generate blueshifted events.

The question of the refilling of the resonance is investigated. Two
basic models may be invoked: First, collisions among planetesimals
may replenish the resonance. This appears to be possible, but the
mass density of the planetesimal disk in the vicinity of the resonance
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needs to be ~10 Mg per astronomic unit or more, which is hardly
realistic. Planetary migration may be a second possible mechanism.
A migrating resonance can capture new bodies as it sweeps the
disk. We show that this model is realistic only if the migration
velocity is high enough, i.e., compatible with models invoking a
tidal interaction with the disk, but the reality of this mechanism in
the B Pictoris disk must be questioned.  © 2000 Academic Press

Key Words: extrasolar planets; planetesimals; celestial mechan-
ics; resonances.

1. INTRODUCTION

The dusty and gaseous disk surrounding the southerigstal
Pictoris (¢ Pic), discovered 15 years ago (Smith and Terrile
1984), is regarded today as the leading candidate for an ext
solar young planetary system. Although several planets orbi
ing other main-sequence stars were discovered in the past ye
(Mayor and Queloz 1995, Marcy and Butler 1996, Butler anc
Marcy 1996, Butleet al. 1997),8 Pic is still a unique example
of a young planetary system in its early dynamical evolutionar
phase (see recent reviews by Artymowicz 1997, Vidal-Madja
et al. 1998).

The age of the star itself is nevertheless still controversia
Paresce (1991) first attributed an age of 20° yr, attributing
its underluminosity to a low metallicity effect. This conclusion
was furthermore questioned by Laetal. (1995). Attributing
the underluminosity to extinction, they concluded th&tic was
a truly pre-main-sequence star hardly older thahytrOBrunini
and Benvenuto (1996) and Artymowicz (1997) reinvestigate
this question, concluding that on the mere basis of HR diagra
comparisons, it was virtually impossible to distinguish betwee
~10” and~10° yr, but that the star cannot be much older. Re:
cently the stellar parameters pfPic have been remeasured by
the Hipparcos satellite (Crifet al. 1997), leading in particular
to a new estimate of the distance of the star (1%282 pc) that
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was about 18% above the previously commonly assumed valugic (Grininet al. 1994, Gradyet al. 1996, Lecavelieet al.
hence the underluminosity of the star appears now considerab®97b, Chengt al. 1997). In some cases, a FEB-like scenaric
weaker than initially assumed, if existing. Consequently, an abas been invoked for the concerned stars (Gretial 1996,
younger than 10yr appears now much less compatible wittGradyet al. 1997).
the data. Moreover, Vidal-Madja&t al. (1998) claimed recently A key issue concerning the FEB scenario is the identificatio
that 8 Pic does not seem to have been in the vicinity of anyf a triggering dynamical mechanism capable of putting nume
star-forming region for at least the lastx3L0’ yr. In conclu- ous bodies on star-grazing orbits, out of a Keplerian rotatin
sion, the age of the star very probably lies betweenl®’ and disk on quasi-circular orbits. Various mechanisms were prc
1.5x 10° yr. posed, all of them involving the gravitational perturbations by a
B Pictoris definitely appears today as a young main-sequerieast one planet. These were discussed in Beust and Morbide
star close to its ZAMS stage. Its disk cannot thus be a protopldi996), and the basic conclusions are the following:

etary disk characteristic for young stars. This strongly supports The so-calledKozai mechanisneoncemns orbits initially

models like those of Lecaveliest al (1996) or Artymowicz hrighlyinclined with respect to the orbital plane of a giant planet

(1997), describing the disk as a “second generation” StrUCtLU . .
; L : . nder secular perturbations, these orbits evolve toward lov
replenished from inside by larger bodies. The question of the

) o . inclined, but star-grazing orbits (Bailet al. 1992). This is the
presence of large bodies W'”"T‘ the d|§k appears there_foren(])(;in source of Sl?n—graging con(1ets i?the Solag System. Unfo
crucial interest. In fact, theoretical studies (see, e.g., L'SS‘.”I Srruately, this model has a rotational invariance that predicts ¢
1993) show that planetary systems are expected to form Wltfgllnis oo o X .

: ; . . ymmetrical infall of the FEBs, which is not compatible with
atimescale consistent with the age of the star. Although no dlr? X

C o .
evidence of planets was detected arognglic as of yet, there he statistics on the avallaple data._ .
e Secular resonancdgvhich require the existence of at least

are str.ong inQications in fa\(qr of the presence of at Iea;st %o planets) were invoked by Levisatal. (1995) as a possible
giant (]9V|an-!|ke) planet orbiting the star: a planet on ashghtlgOurce for thes Pic FEBs. Indeed, in the Solar System, tie
eccentric orbit (Lazzaret al 1994, Roquest al. 1994) could cular resonance in the asteroid belt is an important source

. s&
generate a_t least part of the gsymmetnes obseryed betwe(_a uﬁ-grazing asteroids (Farinek al. 1994); the FEBs gener-
two extensions of the dusty disk (Kalas and Jewitt 1995). Simi- . . ) L
. ) S . . ated by this dynamical source present dynamical characteristi
larly, a planet with a slightly inclined orbit could be responsible

. . . compatible with the data, in particular a nonaxisymmetric infall
for the observed inner warp of the disk (Mouillet al. 1997). lﬁlpwever, invoking the sole action of a secular resonance as

Photometric variations have also been claimed as being possi W rce for EEBs turns out to be a probably nongeneric pictur

?Eeec;?/é?grérti;sitgggaljg\glgl:) pgi?i;mgzg ?{th%sstﬁgijvre?;sﬁe strength of theg resonance is indeed particularly large in the
) ' ' : Solar System, due to the specific position and masses of Jupi

that this could alternatively be caused by the transit of a denasﬁd Saturn, and in fact all other secular resonances in the So
dusty cometary cloud.

Surprisingly, the study of the gaseous counterpart of the duS&ster_n are much weaker. The same appears very unlikely
. ' occur in other planetary systems, although the additional role
disk also provides clues for the presence of planets. Thank 1o . .

lar resonances in FEB dynamics cannot be excluded (¢

a favorable edge-on orientation, the gaseous disk was detec%%cow)
spectroscopically (Kondo and Bruhweiler 1985, Vidal-Madjar ) . :
) . . . .+ e Mean-motion resonanceare also a potential powerful
et al. 1986), and it has been the subject of intense investigations o )
. ] . . source of star-grazers. More specifically, the 4:1 and, to a le
since that time. The survey of various spectral linesi(Qég i, ) ; . :
extent, the 3:1 mean-motion resonance with a massive plar
Feu, etc.) revealed that, apart from a deep central stable compo- . .
) . . a moderately eccentric orb& & 0.05) are able to generate
nent, transient absorption features, usually redshifted, frequen . g .
. o -~ numerous FEBs from a rotating disk of planetesimals. The dy
appear or disappear. These additional features evolve within one

i . namical properties of these FEBs match fairly well those the
day or even less (Boggessal. 1991, Vidal Madjaet al 1994, were deduced from the observation of FEBs towaiic. This
Lagrangeet al. 1996, and references therein).

These re .rﬁhe_nomenon is highly generic, and it is active as soon as ol
peated spectral events have been successfully i et is present on a moderately eccentric orbit

preted as the signature of the evaporation of kilometer-sizBd P y '

bodies in the vicinity of the star, on star-grazing orbits. This After several years of observations, we have classified tt

model has been termed the Falling Evaporating Body (FERrious kinds of spectral events observed ingheic specturm

scenario. This scenario has been extensively studied in redei three distinct sets (Beust al. 1998):

years. Dynamical simulations reproduce the observed events it.ow velocity feature¢LVFs) were the first to be identified,

many of their characteristic details (Belwettal 1990, 1996, being the most frequently observed. They are usually deep (ty

1998). ically 50% of the continuum in various lines), and their redshif
This kind of spectral activity is no longer limited to tisePic  velocity with respect to the central component ranges betwe

case. Several A-type and Herbig stars exhibit spectral chand€s-20 and 50 kms. They evolve on timescales on the order

or events that are more or less comparable to those observedfane day, but may be present during several days. This in fa
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helped us to estimate their frequency, on the basis of the FBBance model described in Beust and Morbidelli (1996). Henc
scenario (Beustt al. 1996), leading to a bulk frequency of sevthe mean-motion resonance model appears reinforced.
eral hundreds of events per year, with a peak-8fper day in ~ The purpose of this paper is first to simulate (Section 2) th
the periods of highest activity such as December 1992 (Lagranmgean-motion resonance model, in a numerical way, and cor
et al. 1996). pare the results to the observational/modeling statistics of tf
High velocity featuregHVFs) were not immediately identi- observed FEBs. We also investigate the crucial question re
fied. They are more distinct and deeper in the UV linesi(Al lated to the lifetime of FEBs toward evaporation, and we tes
Mg ) (Lagrange-Henret al. 1988, 1989). These peculiar elethe robustness of the mean-motion resonance model toward t
ments may reach infall velocities larger than 300 krh s presence of additional planets. We show afterward in Section
In Caul lines, components of HVF type were identified somehat the marginal family of blueshifted LVF-like spectral events
what later (Beuset al. 1991). Their redshift is typically on the recently identified (Crawforet al. 1998) is not explained by
order of 100 km st. They are shallower than the HVFs in thehe model, at least in its simple formulation, but that adding :
UV lines, as their relative depth rarely overcomes 10%, but thésrrestrial-like planet orbiting the star well inside the orbit of the
are broader than LVFs. They vary very rapidly, within a fewnain jovian planet may account for them. The terrestrial plane
hours at most (Lagrangs al. 1996). Globally they are less fre-extracts some particles from the 4:1 resonance, which subs
guent than LVFs. The frequency ratio with respect to LVFs mayuently evolve to star-grazing orbit, following a secular—but
be roughly estimated to/20 or 1/10; it must be noted that the nonresonant—dynamics. In Section 4, we investigate the que
higher the redshift, the less frequently the corresponding cotien of the refilling mechanism of the resonance, which is nece:
ponents seem to occur. Indeed, the most extreme events (alsanry if one wants the FEB phenomenon to last over the prese
300 km s1) have been fairly rarely observed (like in Lagrangeage of the star. We show that basically two mechanisms are pc
Henri et al. 1988), although the corresponding UV lines havsible: the resonance may be refilled by collisions or thanks t
been reobserved since that time with HST. the migration of the planet. The relevance of both models an
Very low velocity feature@/LVFs) were the last ones to betheir implications concerning the mass of the planetesimal dis
observed (Beugtt al. 1998). They were identified in Gdines, are then discussed. Our conclusion is presented in Section 5.
thanks to ultra-high (19 spectral resolution, because at lower

resolution, they appear blended with the central stable compo-
nent, their velocities ranging from10 to+10 km s? with a 2. TESTING THE MEAN-MOTION RESONANCE MODEL

1
FWHM of 5 km s . The VLVFs.ar.e as_deep, and even deepeé,_il_ A Large-Scale Simulation for the 4:1 Resonance
as the LVFs and may vary on similar timescales. Note also tha

they verify the correlation noted in Lagrangeal (1996) that  In Beust and Morbidelli (1996), we analytically showed that
makes the width of the variable lines an increasing function tfe 3:1 and 4:1 mean-motion resonances with a jovian-like plan:
the redshift velocity. Estimating their frequency is even less easyge possible active sources of FEBs, and we successfully check
as they may be detected only with UHRF. However, on the basigr model with numerical integrations of the dynamical evolu-
of the UHRF data analyzed in Beugdtal. (1998), we may claim tion of a few test particles. We concluded that the 4:1 mear
that their frequency is probably at least comparable to that mibtion resonance is expected to be the most powerful source,
LVFs if not higher. almost every particle trapped into this resonance is able to d
In the frame of the FEB scenario, these various kinds afmically evolve up to eccentricigy~ 1, while in the 3:1 case,
events were successfully interpreted as resulting from diffenly those particles having initiallg = 0.2—-0.3 may be subject
ent stellar distances of the evaporating bodies when they créssuch an evolution.
the line of sight (Beuset al. 1998): HVFs are due to bodies In Beustet al. (1998), comparing the evolution of a few test
passing at less than 10 stellar radii (hereaRgr (~0.08 AU), particles to the observational data, we constrained the orbit
LVFsto bodies passing (approximatively) between 10 an&.30 parameters of the jovian-like planet responsible for the phe
(~0.24 AU), while VLVFs are due to bodies passing furthenomenon. The best fit was achieved vath= 10 AU, € = 0.07,
away, up to the evaporation limit for refractory materisghndw’ = —70° with respect to the line of sight. Hegg is the
(~0.4 AU). Recall that we are observing variations in metakemi-major axis of the planet, its orbital eccentricity, aneb’
lic lines, and that evaporation of dust is required to generdts longitude of periastron. This work gave however no informa:
the observed metallic gas. The various characteristics of tien about the statistical properties of the orbits of FEBs comin
different variable features (velocity, depth, variation timescalpm various mean-motion resonances, in terms of both distr
and line width) appear as a natural consequence of the differbation of events velocities and number of expected events.
FEBs distances from the central star. Moreover, it was shownObtaining this kind of statistical information requires us to
in Beustet al. (1998) that the velocity ranges of the three typesumerically integrate the evolution of a large number of tes
of spectral events were even better modeled by taking into garticles. We thus carry out numerical simulations of 10,00(
count the dependence of the FEB's longitude of periastron tst particles, initially taken in/close to the 4:1 mean-motion res
the periastron distance, as predicted by the 4:1 mean-motion i@sance, using the Mixed Variable Symplectic integratol
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developed by Levison and Duncan (1994). The planetary orbital o ' IR ]
data we assume are those listed above. The mass ratio betweel e :

the planet and the star is assumed to be 0.001 (leading to a plane!
~twice as massive as Jupiter), as in Beust and Morbidelli (1996),
but, as noted in that paper, this last parameter is not by itself a
very critical one.

The line of sight is assumed for simplicity to lie in the orbital
plane of the planet. This choice is guided by the edge-on location
of the 8 Pic disk as viewed from the Earth. However, as noted by
Kalas and Jewitt (1995), the actual tilt angle falls probably in the
range 2-5°. Moreover, there might be an additional inclination I gy
angle of the orbit of the planet with respectto the equatorial plane 5 '95 5 '96 507 5 '98
of the disk. That was indeed proposed by Mouidiegl. (1997) ’ semi—major axis (AU)
as a possible origin for the observed inner warp of the dust disk

(Burrowset al. 1995). Hence a residual tilt angtel0° between FIG. 1. Result of the integration of 10,000 bodies in the 4:1 resonance

the line of sight and the orbital plane of the Suspected jovi%ﬁe locations of all particles at= 150,000 yr in a4, €) space is indicated by
ots. The gray rectangle outlined by white lines shows the initial location of th

planet cannot be excluded. Hence we also performed the S%ﬁcles.The V-shaped curve denotes the border of the resonant region of the

calculations assuming a nonzero tilt angle. The results appg@bnance. Resonant particles are located above this curve. A clear distinct
to be almost identical to those presented below assuming a zameears between particles which actually did undergo a FEB-like evolution, ar
angle; such that we will not present them here. those which did not staying at low eccentricity.

Inthe first run, we test the efficiency of the 4.1 resonance. The ) o )
initial semi-major axes are therefore randomly chosen (with urip@t reaches an high enough eccentricity to allow the periastra
form probability function, and this applies for all random choicedistance to enter the dust evaporation zone,d.€ 0.4 AU; in
depicted below) between 3.967 and 3.968 AU, and the initial 8¢ Present case, this means 0.9. Such a body is then able to
centricities similarly between 0 and 0.1, so that most of theg@n_erate spectral events in metallic lines when crossing the li
are initially inside the 4:1 resonance. The inclinations are chosgrsight. o o
randomly between<Oand 5. All other orbital angular param- _ AS noted in Beust and Morbidelli (1996), the characteristi
eters are randomly determined, so that all possible initial redéne for a given particle taken initially &= 0 inside the reso-
nant configurations are described. Once a given particle reacf@gce for becoming a FEBﬁlO‘_‘ planetary revolutions. It may
a periastron distance closer than the evaporation distance forldg-Smaller if the initial eccentricity is significant. This is well
fractory material (approximately 0.4 AU; see Beetsal. 1998), |Ilustrated_|n Fig. 2, where _the total number of computed evem_
we check whether its orbit actually crosses the line of sight, aR§" Year (i.e., the FEB arrival frequency averaged over 1 yr) |
if this is the case, the corresponding spectral FEB event is coRiotted as a function of time. The activity clearly becomes higl
puted, in terms of stellar distance and projected velocity orfe" 1Gyr. As the orbital period of the assumed planet B4 yr,
the line of sight. we see that this is compatible with“planetary revolutions or

Figures 1-4 describe the results of this simulation. In Fig. & Pitless.
the location of all particles at=150,000 yr is shown in
(a, € space. We see that roughiyl /5 of the initial particles are n
subject to a FEB-like evolution, while the other particles remai g
at low eccentricity. This is mainly due to two reasons. First, n(;’
all are placed inside the resonance. In order to make this app&
clearly, the V-shaped borders of the resonance region,ig)( ™~
space (see Beust and Morbidelli 1996) have been superpo:»g
to this plot. Hence the nonresonant particles are located belng
this region. Second, the efficiency of the FEB-generating mec.
anismsnsidethe resonance appears to bd0% after~1P yr. .,
The efficiency cannot reach 100%, contrary to what could be ds
duced from the phase portraits displayed in Beust and Morbide 5
(1996). The latter were valid for particles having initially a neg 0 ‘
ligible libration amplitude of their resonant motion. Numerica 0 10 2 10° 310
integrations show that if the initial libration is large enough, nc Time (years)

FEB-like evolution is Obt_amed' The presenF simulation never- FIG. 2. Histogram of the bulk frequency of FEB-like spectral events as ¢
theless shows that FEB-like behaviors are fairly common amopgciion of the time elapsed since the beginning of the computation. The activi
resonant particles. We recall here that we define a FEB as a beeyomes high after16° yr.

05 | ' . ; L 4

eccentricity

6000 | e'=0.07 © = —70° |

pure 4:1

4000

2000 r
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This of course raises the question of the refilling mechanisrm ' 007 o — —70°
of the resonance. If the characteristic time for a resonant pa<S ' pure 4:1
ticle to evolve frome~0 toe~1 is typically 1® yr, and ifit  § 30 8
is assumed to be destroyed at that stage, then some mechan a
must replenish the resonant region from the disk; otherwise thi
resonance should be cleared out rapidly and the phenomen» 5,
should disappear. This in fact shows up already in Fig. 2, wher §
the events frequency drops toward the end of the run, as a cons®
quence of the absence of any refilling mechanism. In fact, ther’s
are some potential mechanisms that could help refilling the re:E
onance, such as collisions among planetesimals, or pIanetag

migration. These are discussed in Section 4.2. z I
The timescale for clearing out the resonance may in fact de 0 : :
pend on the initial conditions that we assumed in our run. Testin 0 Ting (years) (+ 12640000) 60

different initial eccentricity of inclination distributions, we de-

note variations that are in any case less than 50%, so that th€lG.3. Same as described in the legend to Fig. 2, but enlarged over a mu

basic conclusion remains. This timescale also appearsto dep‘éﬁ)ﬂel’ time span. This makes a sinusoidal-like modulation of the FEB activit

on the mass of the perturbing planet. In fact. various tests Sh%\(ﬁr a few years appear. Such a modulation was expected as a consequenc
. - T . the resonant dynamics (see text).

that is almost exactly proportional tg 1, whereu is mass ratio

of the two primaries; this may be explained as follows: when the

mass of the planetis small compared to that of the star, the topoEB activity correspond to the planet's semi-major axes equs
ogy of the resonant Hamiltonian (i.e., the level curved displayggspectively to 4.8 arn20 AU. Moreover, if the planet is too far
in Beust and Morbidelli 1996) does not depend very much on them the star, then the mechanism will be much less efficient, ¢
mass of the planet. Besides the perturbing Hamiltonian itselfiige resonant bodies will have to reach higher eccentricity va
obviously proportional ta., and subsequently the same applieges to enter the observable FEB regime. We therefore consid
to the temporal derivatives of the orbital elements. Hence the AU to be a realistic value for its semi-major axis to be use
characteristic time for exploring the same dynamical evolutiQR our simulations.

is justocl/ . Now, if we wanted our timescale to be comparable Finally, Fig. 4 compares the simulation results with the obser

to the age of the star, the planet should be 100 or 1000 times Igggonal data. Here, for each particle that crosses the line of sig
massive that we assumed. It would thus be a terrestrial planet,

butin that case, the width of the resonance would be too small to
allow a significant activity. Collective effects also seem not k i ' ' T n

, ) ) 300 e'=0.07 @ = —70°
compatible with FEBs generated by an Earth-sized planet (¢ pure 4:1
below). i

/s)

Figure 3 shows an interesting fact. It is a detailed enlarg E .
ment of Fig. 2 over a few years at a typical date. In Beust a= R00 |-
Morbidelli (1996), we claimed that the FEB activity due to thi=
resonant process is expected to present a periodic modulat §
due to the fact that the resonant particles tend to pass at p H 100 L
astron at specific dates. This is well reproduced in our simu & I
tion. As noted in Beust and Morbidelli (1996), this might ac@
count for the activity changes over a characteristic timescale g [
~2 yrthat have been observed between successive observati [
campaigns. However, the observational data are not numer ! B i
enough to say whether these activity changes are really ps 0 10 20 30 40 50
odic, as predicted. Note that in Fig. 3, the temporal period of t... Distance to the star (R.)
modulation is~6 yr, i.e., one-fourth of the_ orbital per!Od of the FIG. 4. Plot of the redshift velocity of all computed FEB events, as a
planet. From an observational point of view the period of teMnction of stellar distance when crossing the line of sight. The gray boxe
poral modulation of the FEB activity cannot be determined ygtutlined with white lines) denote the combined observational/model-depende
It should not be shorter than 2 yr, since the latter is the minimegnstraints on the three different kinds of observed features (HVFs, LVFs, ar
timescale on which some activity changes have been detecféld'Fs)' Note that the borders of these zones are only approximate and somewt

. . arbitrary. They may be considered accurate~®0-30%. The constraint in
On the other hand, it should not be Iarger thab5 yr, other- velocity is of course purely observational, but the distinction in stellar distanc

wise 2 yr would be a too short temporal delay for detecting amgtween HVFs, LVFs, and VLVFs is deduced from our model (Betmst 1996,
change. The 2- and 15 yr bounds on the period of modulationiebs).

ol
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(i.e., when it generates the spectral event), the observable re ~ 40 F ' 007 o — —700 ]
shift velocity of the generated variable component is plotted as % pure 3:1
function of the stellar distance. As shown in the plot, thismay b £
directly compared to the statistical observational/modeling dag 30 ]
concerning the various kinds of variable features observed: tI:
data corresponding to HVFs, LVFs, and VLVFs are sketched ¢,
the plot as gray boxes outlined with white lines. The fit appear% 20 r ]
fairly good. In particular, for a given stellar distance, the veloc %
ity of the incoming FEBs is constrained within a rather narrows | IH. H i
10°

range (this is less true for HVFs), which is in good agreemerg 10r
with the observational data. This is precisely due to the fact thig
the longitude of periastron of the particles is constrained asz
function of the periastron distance by the resonant dynamics. 0 > 10° 3 10
the longitude of periastron of the incoming FEBs had a randot Time (years)
distribution (i.e., an axisymetrical infall), the dots would spread
over a much wider area toward both redshifted and blueshiftedFIG. 5. Same as described in the legend for Fig. 2, but for the 3:1 cas
velocities. In Fig. 4, the valuer’ = —70° was fixed in order to The events frequency is much less than that in the 4:1 case.
achieve the bestfit of the observational boxes (Betest 1998). .

é:[. resonance to generate numerous HVFs would require us

An extra-band of events nevertheless appears in Fig. 4 tﬁ

does not seem to fit into the observational boxes. This band c&F>YMe the semi-major axis of the plaidb be<2 AU, which

cerns LVF- or VLVF-like events that would appear at velocitieeMS less realistic than 10 AU. The bulk velocity range (for

larger than 100 km's". Such events were never observed. Infacg,'ven §te_| lar d_istance) of the FEBs generated by the 3:1 res
we believe these events to be mainly fictitious. The reasonis t gpice 1S |ﬂe3t;cal to thag of thet'4.l Ie"e'.“f’ ?o.thechoulﬂ tr;ot k
they all correspond to long-lived bodies that have already pas %Imgws edirom an observational point of view. For all thes

through their minimum periastron distance following the res¢<35°Ns W€ will consider in the following the 3:1 mean-motior

nance forced dynamics, i.e., bodies that have already been e\;gspnance as a negligible FEB source compared to the 4:1 or

grat_mg foralong tlme., inany case _much Ionger_that forthe otrgzrg_ The Gradual Evaporation of Bodies

odies. Hence, considering the high evaporation rates needéd,

most of the corresponding bodies should have fully evaporatedrhe numerical simulations presented above have shown tt

before reaching the corresponding zone. This in fact will shatlve resonant bodies may become FEBs withih yiQi.e., less

up below (Fig. 8) when we will take into account the graduahan 1@ planetary revolutions. In Beust and Morbidelli (1996),

evaporation of the bodies. we expressed the concern that this delay might be too long cor
We may conclude that the quantitative numerical simulatiopsired to the time needed to entirely evaporate a FEB. In fac

confirm the validity of the 4:1 resonance model for the generatitime evaporation rates required to produce the observed spec

of the observed FEBs arouigdPic. events are approximately 4@mes larger than what is reported

_ for Solar System comets(L0?° molec st or~3 x 10° kg s ?;
2.2. The 3:1 Resonance

As the 3:1 mean-motion resonance is also a potential, t 555 [ ™~ ' N =007 o - —70° 1
probably less powerful source of FEBs, we perform similar sin pure 3:1
ulations, taking 10,000 particles randomly chosen with senE
major axis in the 3:1 resonance range 4.795-4.82 AU (the i_E
resonance is larger than the 4:1; see Beust and Morbidelli 192:
The other parameters are the same as before. Figures 5 arx
illustrate the dynamics inside the 3:1 mean-motion resonan.2 ]
They must be compared to Figs. 2 and 4. We see thatthe 3:11> 100 T 1
onance actually generates some events, butis much less effic% £ i ' ]
than the 4:1 resonance. This is precisely because in the 3:1 ¢4
the particles with an initial eccentricitg0.25 do not normally &
evolve toward high eccentricity values. Hence a FEB-like ew:
lution in the 3:1 resonance, starting with an eccentrigify1 is : : '
the exception rather than the rule. We note also in Fig. 6 th 0 10 Distanfc? —— SS?ar (®) 40 50
contrary to the 4:1 case, the particles do not reach the immedia.c ’
vicinity of the star £10R,). In other words HVFs are to be ex-  FiG. 6. Same as described in the legend for Fig. 4, but for the 3:1 cas
pected to appear very rarely from the 3:1 resonance. Forcing they a few events are generated, and HVFs are virtually excluded.

200 | .
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see Festoat al. 1993),i.e./~3 x 10’ kg s! (Beustet al. 1996).  __
This high rate should in fact not surprise. It was deduced fron=
LVF observations, i.e., for bodies typically passing-@t15 AU
from the star. Hence the FEBs are very close to the star, which
itself approximately 10 times brighter than the Sun (Cefal.
1997). VLVFs
The problemis thatassuming this evaporationrate, akilometes | LVFs
sized body should only resist a few periastron passages befog 10 |
being completely evaporated. Hence the large number of even E
we accounted in the preceding simulations may appear fictig HVFs
tious, as the corresponding bodies may be fully evaporated sz
before being able to generate them. This may particularly cors 1072 f : ] ] .
cern HVFs, asthey are generated by the bodies having the clost 1072 107! 1 10 10% 1031
periastron values, i.e., those which have already undergone tl.. Radius (km)
largest numb.er of pe”a.Stron pa;sages in the evap,oratlo_n ZonlglGJ. Minimum periastron reached before complete evaporation for bod
before reaching the periastron distance under C0n5|derat'0n-ies trapped within the 4:1 mean-motion resonance with the assumed jovian-lil
We need therefore to investigate the way rocky/icy bodig@gnet, starting witke = 0.05 as a function of the initial radius of the body. The
may evaporate. Let us first try to model them as comets (thigshed line corresponds to the full use of the evaporation rate of Eqg. (1), whi
assumption is discussed below). The observation of the Ffw solid line was obtained with the same functiop, but trunf:ated at 0.4 AU
'gbe gray areas correspond to the various ranges in stellar distances where

phenomenon as spectral variations in metallic lines is I’elatcorresponding kinds of observable events are generated. In the white area,

to the evaporation of refractory materials (i.e., dust partideaﬁrticle is too far away from the star to allow the evaporation of refractory ma
Hence it only occurs close to the stegq4 AU or 45 R,; see terial, so that no observable spectral event is to be expected from such a bod
Beustet al. 1998). However, the activity of a cometary nucleus

is expected to start at much larger distances, releasing volatiles

and (unevaporated) dust particles. As the dust/gas mass rﬁg% able to compute how long a given body trapped in the 4:

in comets is usually close to 1 (Greenberg 1998), our main e an_motion resonance may survive before being destroyed

rameter is the outgassing r_ate of the co_met-like body. In so rtgassing. Hence, for a typical dynamical evolution simulate
comets, the rate depends highly on the distance to the star, drt(J)

) Efore, we compute following Eq. (3) the mass loss for eacl
ping sharply further out tharv4 AU (see, e.g., recent measure-

I by FI | ick orbital period, and check how long a body with a given initial
ments on Hale-Bopp by Flammetal 1998). Rickman (1992) radius may resist. This in turns gives the minimal periastrol

introduces a dimensionless empirical functg(n) that gives a i<t ce that the body may reach. In these computations, v
convenient fit for the KO sublimation flux of an icy nucleus as<q me the density to be equalltg cnm

a function of the heliocentric distance(in astronomic units), 14 results in illustrated in Fig. 7, which plots the minimum

ignoring seasonal effects: periastron reached in the evolution, as a function of the ini
tial radius. The dashed line corresponds to the outgassing re

ro\ 215 5003 —4.6142 ; '
g(r) = 0.11126< > |:1+< ) ] ) described by Eq.(1). We see that bodies smaller tha@ km

-
T
(e
o
(]

tron reached (A
npe Ie([a1s

[
o

2.808 2.808 radius should not even survive long enough to enter the zone
observable spectral events. HVFs should be expected only fro

We have of course no coherent model for cometary activity gbdies larger than-50 km.
the vicinity of a star likeg Pic, but we will use this law as  However, we believe that this extreme picture does probabl
a first attempt. We apply here a scaling factor in order to sgbt match the reality. We must note first that the model we ar
9(0.15AU)=3x 10" kg s}, i.e., the value required to explaingdiscussing is in fact a very crude estimate of the secular activit
the observed spectral events at a typical stellar distance for LVGga comet. It is in fact well known for solar comets that while

This leads to an estimate for the mass loss datgdt(r) as outgassing water, a comet releases dust grains, and that som
dm 9(r) the grains (namely the larger ones) remain at the surface of tl
—(@) = <7) x 3 x 10’ kg st (2) nucleus, leading tothe formation of arefractory mantle atthe su
dt 9(0.15 AU) face of the comet (see, e.g., Festeti al. 1993), with

We are then able to derive the mass loss of the body over awht(t)"%consequence ofa sha_rp qfop in Fh? Qutgassing activity, a
ubsequently to a longer lifetime. This is indeed the model the

orbital period as S : _
P is frequently assumed for evolved cometary nuclei (Sekanin

dv 1991, Flammeet al. 1998). This remains however valid as long

T i (3) asthe refractory mantle does not itself evaporate, i.e., as long
we are not in the FEB regime.

whereP stands for the orbital period of the bodfor its orbital In order to investigate this scenario, we computed anothe

eccentricity, and for the true anomaly along its orbit. We areextreme picture, now assuming that the outgassing activity |

_ P(1—¢)%2 ?rdm

Am —
T 0 dt

(r(v))

1+ ecosv’
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prevented as long as the refractory material constituting the m&ach of the 10,000 test particles computed is assigned a radi
tle does not evaporate. In practice, we now assume the same putandomly chosen following a classiaat®® differential size
gassing rate law as in Eq.(1), but truncated at stellar distancistribution
larger than 0.4 AU. The result is illustrated by the solid curve ~35 4
of Fig. 7. We see that smaller bpd|es are now able to enter the p(r)dr = 2_5< r ) ar (> F'min). )
observable FEB area before being fully evaporated. Note how-
ever that, even in this case, 1-km-sized bodies do not resist Ion@'I
e

min min

enough to reach small periastron distances (they only genervayt a given minimal radiusyp. Note that following this dis-

i 0, i I . .
VLVFs), and that 10-km-sized bodies hardly achieve this. Bog-Pution, 82% of the bodies verifyimin <1 < 2rmin (the mean
radius is 93rmin). Hencer i, may be regarded not only as the

ies larger than~30 km are not very sensitive to the shielding_. . : . . .
. nimum radius, but also as the typical radius of the particles
effect of the presence of a crust, so that the solid and the das :
t each timestep, the amount of mass lost by each part

curves almost coincide for a radius larger than 30 km. : : :
. : cle is computed, following Eq. (3) and assuming that the out
There is also another reason why we think the last trun-" = "~ .
. - . assing is truncated at 0.4 AU. Whenever the integrated ma
cated evaporation model to be more realistic. Our bodies ate

- ) . QRS reaches the initial mass, the particle is removed from tt
assumed to originate from the 4:1 mean-motion resonance WU ation
the planet, |.e.?4 AU from 8 Pic, which is itself an A-type _stgr. In the case where,;;— 1 km is assumed, almost no FEB
Hence, modeling them as comets may appear unrealistic. <|er\]/_ent is produced, as most bodies evaporate almost instan
deed, our FEBs are much more likely asteroid-like bodies rathér P . P

than pure comet-like bodies. Note however that we have no i({é%ously. Conversely, assuming = 15 km leads to a resilt in

about where these bodies diofm, as the resonance must pacrms of number of FEB events generated (Fig. 8) that should |

. . . . . onsidered as realistic. Comparing to Fig. 4, we note that mar
continuously replenished with new bodies which may probab, : . .
. - : -fewer events are present, especially in the HVF domain. We s
be taken in the vicinity, but that may also have formed in a si

nificantly different area. This means that our FEB progenito%sls0 that the remaining events concentrate in a velocity bar

. : rrower than that in Fig. 4. In Fig. 9, w mpare the relativi
may be made of a mixture of dust and ices, but that they sholj3owe than that 19 19 S, € compa e the gat
) importance of the different families of variable events, in or-
present in any case a refractory surface mantle that prevents . : : : L
; o . r to make direct comparison with the observational statistic
ice from free sublimation. Hence we are back to the idea tha . . . .
ven in the Introduction (and in earlier papers such as Beu

. . . I
the activity of these bodies should be very low until they reacg} al 1998). LVFs and VLVFs appear indeed to dominate th

the FEB zone. Their lifetime against evaporation should not b}%tribution, while VLVFs concentrate into a very narrow ve-

funptlon of their past dynamical hlstory_befo_re_ entering the FE gcity range. As expected, the ratio between HVFs and LVF
regime, but may rather depend on their activity during the F ) .
iS small, and perhaps somewhat too small. This ratio depen

phase, i.e., the situation depicted by the solid line of Fig. 7. . ! . C
The reality is then probably closer to that last picture. Al fact highly on the evaporatlgn model assumed, Wh'ch IS S.t”
though one should not forget that the present description.r"j‘s.ther crudp. Ifwe d9 not. take |nt_o acc.oun.t the eyaporauon (i€
very crude. For instance, tidal and/or outburst effects, which™€ consider the situation depicted in Fig. 4), it jumps up tc
probably disrupt individual bodies into several pieces when get-
ting sufficiently close to the star, are ignored. Our computa-
tion seems however to imply that the FEB phenomenon cot  3gg [ . o T el
hardly be explained with a population efl-km-sized bodies, - 4;
while a population of bodies mainly larger than 10 km wouI@::
be better suited. In reality there is probably a wide size speg
trum in the FEB population, but small bodies probably do n=
survive long enough to become observable, while larger or2
do. The largest bodies (radigs40 km) among this popula- N H ]
tion should be expected to resist down to genuine star-graz > 100 r : y e 1
orbits, leading to the most extreme HVFs that are sometins o ]

0.07 &' = =70° 4
1 evaporation

200

eloc

observed. w :

- _ _ 2 ol ]
2.4. Revising the Simulation -
_ This size spectrum selection effect was not taken into accol b 16 58 8% i 50
in the simulation outputs displayed in Figs. 4 and 6, as the Distance to the star (R.)

simulation were purely dynamical. We thus expect the events

to be less numerous than accounted for in those figures, es é{IG. 8. Same as described in the legend to Fig. 4, but now the gradu:
. eR/aporation of the bodies was taken into account. The minimum ragdivaas

cially in the HVF.reglme, ,as most bodies ShOUId_nOt SurVIV?et to 15 km, and the outgassing profile was truncated for distances larger tf
down to small periastron distance values. We thus introduce #)g au. The events appear less numerous, particularly for the HVFs, and th

evaportion model illustrated above in the dynamical simulatiogoncentrate into a narrower velocity band.
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- T 7 . tion. The actual population in the resonance may be estimat
—_ s 1 e'=0.07 w = =70 . . .
1 + evaporation |  betweer~2x 10° and 5x 10° bodies, or a local linear density
of planetesimals between3 x 10" and~10° bodies per astro-
nomic unit. The latter result depends actually on the mass thatv
assume for the planet, as this parameter affects the width of tl
V-shaped resonant region ia,(€) space (Beust and Morbidelli
1996). This dependence is nevertheless not very strong, as t
width of the resonance scales as the square root of the me
of the planet. Hence, assuming a 10 times less massive plar
than initially assumed (i.e., a planet less massive than Satur
would only require to increase the needed population by a fa
tor 3. Taking into account the uncertainty on the planetary ma:s
0 ‘ ] (we only assume it is a jovian-like planet), we may safely es
—-200 0 200 ) i - )
Redshift velocity (km/s) timate the local density as betweex 20’ and 2x 10° bodies
per astronomic unit, values around®Jer astronomic unit be-
FIG. 9. Under the same conditions as described in the legend for Fig. ihig the most probable. This is comparable (once scaled to larg
this plot shows histograms of the predicted velocity distributions for the thr ellar distances) to the o slowly evaporating bodies (or-
major families of variable spectral features. The relative populations and iq . ting bodies: L benl 1996 timated
corresponding velocities must be compared to the basic observational statisti ng. evaporating bo |es,' see e.cav_e al ) estimate
listed in the Introduction. to exist over a~20 AU-wide region in the outer system by
Lecavelier (1998), to account for the CO replenishing rate o
the disk. Note that this only concerns the populatidthin the

. , resonance.
1/4 or more, and all we can say here is that taking eVapO_This estimate was made on the basis of the simulation di:

ration into account seems to be necessary to better match the "~ ~7 - "
observations y prayed in Fig. 8, where we had assumed initial eccentricitie

We also see in Fig. 8 that with respect to Fig. 4, the hig[kéetween 0 and 0.1 for our test particles. The efficiency of th

velocity LVF-like events, i.e., those corresponding to distanCﬁgB mechanism depends however on the initial eccentricity c

from the star exceeding 1®. and velocities larger than e particle. A particle having an initially larger eccentricity will

~100 km s, have almost disappeared. As explained abov%r?dergo an eccentricity pumping effect much more easily. Thi

this was expected, as the corresponding bodies have usuall;}SaYyhy we tested two other situations, one with @niial < 0.05
. . . and another with & eniiia <0.3. In each case, we scale the
ready fully evaporated before reaching this zone. Even if some.. o el = e
. N N Initial semi-major axis distribution in order to match the corre-
of these events still survive in Fig. 8, we see in Fig. 9 that their ondina width of the resonance
contribution to the statistics of LVFs is negligible. We canno%pIn trlleg f\iAr"st case g < 0.05) the' results are comparable to
however ever exclude an event observed as a high-velocity Lvtﬁ— se fore<0.1 ( lots vér ,similar 0 Figs. 4 andp8 are ob-
like feature, but the fact that none as of yet were detected rematln% =01 p y 9s. |
: . I ained), but the peak events frequency is now only 10 even
consistent with the predictions. . .
. : . er year. Comparing to the observed FEB frequency, this lea
The present modeling of the evaporation process is of cour%ea opulation estimate betwee® k 10° and 3x 10 bod-
still very crude, and we will reinvestigate it in more details i|% popuiati : w x

future work. Nevertheless we belive that taking it into accouft> " the resonance. Taking into account that the width of th

leads to a picture more realistic than that obtained by the plipesonance |s|.no¥)v only«O.(;OfO?U, ;hi Iong density est|m§1te
dynamical simulations. Hence, in the following we will alwaysur.ns out to lie between and ax per astronomic
include the evaporation model in the simulations. unit. : . C
Obviously, assuming a lower initial eccentricity limit would
lead to an even higher estimate. However, independently frol
the fact that this is already a high density, we do not think thi:
The present simulations make it possible to estimate the to-be realistic. Indeed, in tree< 0.05 run, thenonresonanbod-
tal population of bodies within the resonance. Figures 2 areb located outside the resonance appear to have reached, ur
3 show that the peak (i.e., the steady-state regime expectedhresonant perturbations, eccentricities ranging between 0 a
average rate of events is abou60 events/year per $@arti- ~0.1 at the end of the simulations 310° yr). The same ap-
cles. If we take into account the evaporation, this reduces fbies also for thee < 0.1 case. Hence the “natural” eccentricity
~30 events/year. Now, the statistics of the observations reve@persion of the disk in the vicinity of the resonance appears
that the actual number of observable (not necessarily observes)roughly 0.1, so that the corresponding run should be consi
FEB spectral events gf Pic is as high as several hundreds pegred as the most probable, keeping in mind that other sources
year, with a peak 0f~3000 or more (8 per day) in the periodperturbations (additional planets, secular resonances, etc.) w
of highest activity. We may thus estimate the 4:1 resonancedibtend to possibly increase this limit. This is the reason why
be actually~20-50 times more crowded than in our simulawe have first presented the resultséor 0.1.

10

5 10 ¢

Number of events
.

2.5. The Planetesimal Population of the Resonance
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300 T — T SOE = 9 more powerful disturbing effect on the FEB mechanism. Indee
e'=0. o = =70 . ..
4:1 + evaporation { Whenever the resonant bodies reach large eccentricity valug
1 they must cross the orbit of the inner planet, with the possibl
{  consequence of close encounters or even collisions. The pal
71  cles which undergo such an encounter are likely to be extract
from the resonance. If the planet is massive enough, the FE
generation process should not survive the encounters, all pat
1 cles being extracted from the resonance before having reach
1 eccentricity large enough to be observed as FEBs. In fact, v
tested this hypothesis numerically (results not shown here), wi
the conclusion that even a Uranus-sized inner planet is able
totally preventthe FEB phenomenon. In such a case however, t
; L5 iy AT I R T 1 inner planet could itself generate FEBs from its own resonance
0 10 20 30 40 50 the first planet acting as a distant perturber. Conversely, if th
Distance to the star (R.) inner planet is small (say, terrestrial-like) the situation shoul
FIG. 10. Same as described in the legend to Fig. 8, but now for initi.a[l]c,)t drama_tlca,”y_ Cha”ge W'th, reSpe(_:t_to the Qne—planet case, a
eccentricities between 0and 0.3. The it of the observational boxes is much wotdS Situation is investigated in detail in Section 3.
but taking into account the statistical uncertainties, it could still be considered An outer planet has a potentially much weaker disturbin
as acceptable. effect, as it always remains for the FEBs a secondary dista
perturber. Hence the basic mechanism of FEB generation |
Alternatively, we tested also a high eccentricity case, namatyean-motion resonances should survive in that case.
0 < enital < 0.3. That choice was guided by the present dynami- If an outer planet is strong enough to significantly affect the
cal status of the asteroid belt, and also by the fact that we wantEB generating mechanism, its mass should be of the sar
to test the worst possible case in terms of velocity confinemesttier of magnitude as that of the first planet. If the first planet i
for the FEB event velocities. In fact, Fig. 10 shows that even ibmparable to Jupiter, a valuable issue is then to check whett
that case, an acceptable velocity confinement is obtained. Thefé suspected mechanism is robust toward the presence of
of Fig. 8 appears however much more satisfactory. Conversedgditional Saturn-like planet, located somewnhat further awa
the peak events frequency reaches now 120 events per yeafrdm the star than the main jovian one.
terms of density estimates, the requirement is now oryLP’— We have simulated the FEB generation process adding :
2 x 10" bodies per astronomic unit. additional planet orbiting the star at =20 AU. with initial
It is in fact thought that the present eccentricity distributiogccentricitye” = 0.02. This planet was assumed to be 30% a
within the asteroid belt was not initial, but rather due to the dynassive as the first one, in order to mimic the Jupiter—Satul
namical sculpting by planetary perturbations (resonant or n@gnfiguration. The results are illustrated in Fig. 11, which ma
over the entire age of the Solar System. The eccentricity disper-
sion within the initial asteroid belt should then be less. Hence

200

100

Redshift velocity (km/s)

assuming a eccentricity dispersion among our test particlessi 300 r . " e=0.07 @ = -30° 1
as the one we assumed initiallg £ 0.1) could indeed appear __ 4:1 + evaporation + Saturn ]
more realistic. g £
2.6. Other Planets. The Robustness of the Model 2 200 |- g 4
=
-

An important issue concerning the resonant mechanism p'g
posed as a source of FEBs is its robustness. All the calculati(%
presented above fit into the frame of the restricted 3-body prc:
lem, i.e., a negligible mass patrticle perturbed by primaries ¢
biting on a stable orbit. This is strictly valid if only one plane"a%:
is present, but in the more realistic situation of a hypothetic™ 0 i e
complete planetary system, the validity of the above results m 1
be questioned. In other words, we need to test the robustnes o i 1B i 2'0 : 3'0 S in : b
the model toward the presence of other planets in the disk. Distance to the star (R.)

Of course, as we do not know anything about the hypothetical
planetary system of Pic, we cannot explore all possible plan- FIG. 11.  Same as described in the legend to Fig. 8 (4:1 resonance), b
cany confgurations. Inany case,  stong disifcion shoud S5 s S s, Co% e ol ot oo o
made petwetlanuterandlnn‘er planets Wlt_h reSpe_C,t to the malr,]remain, but the velocity cénfinement of the events is wgrse. Note tF:1at in ord
one. Itis obvious than an inner planet, i.e., orbiting the star ig; get a correct fit for the velocities, we must set= —30° instead of-70° as
side the location of the jovian resonance, has a potentially muglgig. 8.

100
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be directly compared with Fig. 8. The events appear to be soneéthat kind to be observed. In Bewtal. (1991), the detection of
what more dispersed on the (stellar distance, redshift velocigy)-zero velocity (blended with the central one) component wa
plane than in Fig. 8, so that the present observational data seeported. In Lagrange-Heret al. (1992), two weak blueshifted
to be better fitted by Fig. 8. We stress however that both situm@mponents were reported, and similar features are also ©
tions can probably not be distinguished from an observatiorsdrved in some (unpublished) data taken in 1996, with blueshif
point of view, taking into account the limited observational tenreaching almost-100 km s!. Blueshifted components were
poral coverage of the spectrum of the star. Hence the mechanalso marginally identified in Felines with the IUE satellite by
appears robust toward the presence of other planets orlfitin@ruhweileret al. (1991). Therefore, the 1997 blueshifted events
Pic, at least orbiting the star at larger distance than the main oskould just be considered as the strongest ever observed in
Recall however that we have not investigated the possitgePic spectrum. Note that they are not the most blueshifted ev:
role of secular resonances that are introduced in the planetabgerved. The LVF-like blueshifted events appear much less fr
system as soon as more than one planet exists. Fargtedla quently than the redshifted ones. Considering our observation
(1994) showed that in the Solar System,theecular resonance temporal coverage (which is far from being total), a rough fre:
(involving Saturn) is an active source of Sun-grazing asteroidgjency estimate leads t010 blueshifted events per year. This
and it was suggested by Levisen al. (1995) that this could must be compared to the several hundreds of redshifted LVF
apply to thes Pic case as well, without invoking anything elsethat are needed to be compatible with the observations (Beu
However, we have already discussed that this is too far froehal. 1996).
being generic to be considered as likely. Combined with the fact that they are also usually weakel
Much more generic is the case of overlapping mean-motitinis is the reason why we did not pay much attention to th
and secular resonances. This actually occurs in the Solar Sytsteshifted events until now, considering them as outliers fron
tem’s asteroid belt (Morbidelli and Moons 1993, Moons antthe main distribution. Such a conclusion no longer appears sc
Morbidelli 1995) and makes the mean-motion resonances musfactory. It seems that a distinct, much less crowded famil
more efficient in pumping the eccentricity of resonant bodies t§ FEBs should be considered as responsible for this new ol
Sun-grazing values than in the case where only Jupiter exists. ¥éevational fact. This new conclusion is dictated by the result
cannot exclude that such a situation applies to the cagePid  of the simulations presented above. In Fig. 8, the blueshifte
as well, but here it is virtually impossible to explore the wholevents should appear as dots in the LVF stellar distance regic
parameter space. We note however that all studies show thatlibe with negative velocities. Now, the lower edge of the dot:s
overlapping of different kinds of resonances tends to strengtha&mea in Fig. 8 is very sharp, showing that without any additiona
the FEB phenomenon rather than prevent it. In presence of sperturbation, no outliers toward blueshifted velocities shoul
ular resonances, for instance, also the 3:1 resonance and d&axpected from such a distribution. Changingdtie= —70°
the 5:2 resonance could become a very active source of FEBdue basically shifts vertically (at least in the LVF domain) the
(Morbidelli and Moons 1995), while we showed above that dots area on the plot, but this would shift most of the LVF distri-
is only marginally active without additional planets. Activatingoution down to blueshifted values, instead of producing outliers
additional mean-motion resonances is the major effect that &his is clearly due to the sharp lower edge of the dots area |
additional outer planet can produce on the FEB phenomenoifkig. 8.
In the frame of the FEB scenario, a blueshifted event is easil
3. INNER TERRESTRIAL-LIKE PLANETS. obtained from a FEB that is oriented somewhat differently. Fo
BLUESHIFTED EVENTS a typical LVF-generating body, having a periastron distance c
~20R,, an event in the correct redshifted domain (i-e20 to
We now investigate the effect of inner planets on the FEB40 km s with respect to the star) is obtained for a longitude
mechanism. As explained above, the disturbing effect of an inr@rperiastroneo >~ +20° with respect to the line of sight (see
planet is expected to be much stronger than that of an ousémulations in Beuset al. 1996). The—14 km s* component
planet, as resonant bodies must cross its orbit before becomihgerved on June 19, 1997 (Crawfetdal. 1998) can be due to
astar-grazer. Moreover, adding a terrestrial-like inner planet maimilar body, but witho >~ —10°, i.e., a 30 shift. The output
help in understanding the origin of a small family of blueshiftedf a the corresponding simulation is shown in Crawfetdl.
events that has been observed in recent years. (1998).

3.1. Blueshifted Events 3.2. A Terrestrial-Like Planet as a Source

In a recent paper (Crawforet al. 1998), we reported the de- for the Blueshifted Events

tection on June 19 and 20, 1997, of a strong transient spectrals discussed above, the pure mean-motion resonance mo
eventin thes Pic spectrum, comparable to the regular LVFs, butannot account for the blueshifted events, so that one must lo
blueshiftedby more than 10 km's with respect to the main cen-for an additional source, i.e., something to add to the basic modk
tral component. Revising data we have been gathering for makgditional planets are the only source of perturbations we ma
years, itturned out that these blueshifted events were not the fadtl in the disk.
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The features of small bodies dynamics in our Solar Systespproximately twice as large as their initial semi-major axis
suggest that the existence of a terrestrial planet inside the #el, ~80% of the semi-major axis of the perturbing planet
resonance location could solve the problem. In fact, the baJibe condition that the particles have an apoastron inside tt
idea is the following: orbit to the first planet allows one to conclude that the secor

) S planet should not be located further away from the star tha

* As the resonant bodies undergo an eccentricity increagg, only ~25% of the orbital distance of the first one. Such
they must cross the orbit of the terrestrial-like planet. planetary configuration (two giant planets rather close to eac

e Because t.heterrejstrlal—llke planetis notvery massive, MQgher) appears fairly unlikely, as such a system would prok
of these crossing bodies should not be drastically affected, aé}qy not be dynamically stable, or would have difficulties ta
should keep evolving inside the 4:1 resonance, becoming “reg,
ular,” redshifted FEBs at high eccentricity. The inner terrestrial planet hypothesis seems therefore mc

* A minority of the bodies are expected to undergo a cloggely for our purpose. In our simulations we thus added to th
encounter with the terrestrial-like planet, causing them to Bgg; jovian planet, witha’ = 10 AU, € =0.07, an Earth-sized
ejected from the 4:1 resonance with the major planet. planet orbiting the star a&” =0.8 AU with zero eccentricity.

* These bodies are thus extracted from the main FEB geng a1so took into account a mutual inclination 6fds a typical
ating process, but once extracted, they keep evolving under fassible value. The only critical point in the choice of the ter
perturbations of both planets (essentially the major one), butikrial planet's orbital elements is trtmust be small enough
anonresonantanner. _ /S0 as to extract bodies from the 4:1 resonance only when th:

* The nonresonant secular evolution causes the eccentrigifg at very large eccentricity. Only in this case, in fact, may w
of these bodies to evolve between an inner and an upper boyiithe that the extracted bodies evolve to star-grazing eccentr
These boundaries are expected to be located at high eccentrlﬁgt,y,mdeed values o&” larger than~1 AU turn out not to give
since the bodies are already at high eccentricity when they Risfactory results.
extracted from the resonance. In some cases, the upper boungecayse the bodies undergo close encounters, we have u
of this evolution may be high enough to allow those particles {g; the simulation thewirr_ruvs3 integrator, a modified version
becomenonresonanbbservable FEBs. . of swiFt written by H. Levison and M. Duncan that takes close

* The highe phase of nonresonant bodies occurs for a difcounters into account (Levison and Duncan 1994). We al
ferent periastron orientation than for the resonant bodies, thyiSsded to take a timestep much smaller than that in previol

explaining why the spectral events associated to nonresonggi|ations, in order to correctly compute the motion of the
FEBs are blueshifted. More precisely, we showed in Beust apg estrial-like planet.

Morbidelli (1996) that for resonant bodies, the peak eccentric-The result is displayed in Fig. 12. We note that the basi

ity in the secular evolution (in a planar problem) occurs fQsonant (and redshifted) FEBs are still present, showing that

w —w'=180, i.e., with a periastron pointing toward the 0P 4rth-sized planet is not powerful enough to extract most of tr
posite direction of that of the planet. For nonresonant bodigsygies from the resonance.

the peak occurs fotr =w’. This may be understood as fol-
lows: The secular dynamics is described by the equations of
motion after averaging over the short periodic terms. Outside a
mean-motion resonance, averaging is done over the mean |
gitudesi and}’ of the particle and the planet; inside the 4::

D EIE TR TR A O T e R S e
e'=0.07 & = -75°
4:1 + evaporation + Earth

resonance it must be done over the planet’s mean longitude E 200 J
along a libration cycle of the resonant anglé 4 A — 3w . This E
leads to different averaged equations, namely to different sect
evolutions. 3
o
) 0 F i

We could also think the blueshifted events family to be gene =
ated by the 4:1 resonance of another Jupiter-sized planet loce=
somewhat further away from the star. However, this could WOE
only if the particles trapped into such a resonance do not get & .
close to the orbit of the first planet; otherwise they would ur  -200 - 1
dergo strong perturbations, or even close encounters that wc B = ; ; : ,
eject them from the resonance. This is fact provides severe ¢ 0 10 20 30 40 50
straints. The 4:1 resonance is located at a semi-major axis ec, Distance to the star (R.)
to ~40% of that of the perturbing planet. During a FEB-like N _

FIG. 12. Same as described in the legend to Fig. 4 (4:1 resonance), but

evolution, the semi-major axis of a given resonant particle tﬁs case, an Earth-sized planet, orbiting the star at 0.8 AU was added. The ba

not subject to drastic changes, as it only “brat'es around a M&&4dnant FEB phenomenon remain, but a few blueshifted nonresonant FEBs
value. As they reach the FEB-regime=t{ 1), their apoastron is obtained. A better fit is obtained here with= —75° than withw = —70°.
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P —————r——————— 4. MASS AND TIME-SCALE RELATED QUESTIONS

4.1. General Features

Most of the unsolved questions concerning the FEB scenar
and its implications are related to timescales, roughly at evel
level of the model.

Concerning the FEB phenomenon itself, the fact that som
! LVFs seem to last several days long is not straightforwardly ex
& \ plained. At the stellar distances under consideration, the tran:
i time of a FEB across the line of sight indeed does not excee
I‘H 4 6 or 7 h. Consequently, a given component observed two col

‘E secutive nights cannot be attributed to the same body, in tt
31 framework of our model. This is why we had suggested on th
]

5 basis of a statistical study that several consecutive passages
# | different FEBs might account for these observations. Alterna
%k, tively we could observe chains of bodies moving in the sam
RN S B N 5 orbit and passing sequentially in front of the line of sight, muct
0 ' Lt c e like the recent observations of Comet Shoemaker—Levy 9 in th
0 100 _ E00 300 vicinity of Jupiter. In fact when reaching small periastron values

©e the FEBs are probably tidally broken up into several individua

FIG. 13. Evolutionary track of four characteristic particles inside the 4:pieces. In Beusgt al. (1996), we had shown that a disruption
resonance with the jovian planet, once perturbed by the terrestrial-like plan@gar periastron would cause the fragments to be back at peri
ina(@ — =’ € space. tron as a chain of comoving bodies.

This hypothesis was also supported by the fact that despite
éjélration of several days, the LVFs components exhibit variatior
in their shape within a single night or even less (Lagrasigg.

Jt 86), suggesting the successive passage of individual objec

evertheless this does not explain the more or less global ev
lutionary trend detected over a timescale of order of one mont
O(Ferletet al. 1993). Concerning this very point, there is still an

L "-?’.1/?—"‘;—'_1\/'\_.!

We also note that a much less crowded family of blueshift
events appears between 0 aatlo0 km s*. These correspond
to the nonresonant FEBs discussed above, and well simulate
few blueshifted events observed in {Bé&ic spectrum, in terms
of both blueshifted velocity range and frequency.

Finally Fig. 1?_, iIIusFrates the vafious dynan_’nicall evolutions N ovious lack of data
four typical part|cle§ in thedy — o ; a) plane, i.e., in the saMme  As discussed above, the question of the evaporation rate of t
space as that used in most of the figures of Beust and Morb|dall|

. dies is not definitely solved. A more refined analysis is clearl
(1996). These tracks must then be compared to the analytlc%&eded and will be carried out in future work. We may howeve

stress that a population consisting of bodies mainly in the radit

Green track This particle is trapped in the 4:1 resonance buange 10-20 km or larger is probably much more suited tha
itis not (yet) subject to any eccentricity increase. As mentionedpopulation made up exclusively of kilometer-sized bodies, &
above, this concerns roughly 50% of the particles, which limigich small bodies probably do not resist long enough again
the efficiency of the process. evaporation.

Red trackThis particle evolves inside the resonance from an In Beust and Morbidelli (1996), we also claimed that the time
initially very low eccentricity up tae~ 1. It does not have any needed for a given body to become an observable REBR yr
close encounter with the terrestrial-like planet, and thus beconiieghe present simulations) may appear too short compared
a “regular” FEB, generating redshifted events; the age of the system. We may however, stress that the situati

Black track.This particle is suddenly extracted from the resadepicted in the present simulations is very favorable for FEL
nance at high eccentricity by a close encounter with tlevolution, as the eccentricity of the jovian planet is fixed at 0.07
terrestrial-like planet, and thus undergoes a nonresonant dynamBeust and Morbidelli (1996), we showed that assuming a
ical evolution which causes its eccentricity to fluctuate betweeccentricity that reaches these values only temporarily, thanl
rather high boundaries, but never in the FEB regime. to secular evolution, may cause the typical delay to jump fron

Blue track.The same applies to this particle, but its nonresd-0* up to~10° planetary revolutions, i.e., a typical time of a few
nant dynamics after an encounter with the terrestrial-like plankdP yr. After this time however, the FEB phenomenon should b
causes its eccentricity to reach high values to enter the FEBpected to stop, due to the depletion of the resonance. Now, t
regime, but with a longitude of periastron different than that afge of the star, even if controversial, is estimated to be at lea
the particle corresponding to the red track. This particle becom&® yr, and it is more probably closer to 49r (Paresce 1991,

a blueshifted events-generating FEB. Lanzetal 1995, Brunini and Benvenuto 1996, Cribal 1997,

computed curves displayed in that paper:
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Artymowicz 1997). Hence the FEB phenomenorgd?ic should onant particles along their orbit rather than resonant ones.
have ended a long time ago. The mechanism must obvioubly more accurate, one should take into account that the re:
be replenished at its source. Two possible basic scenarios mamnt particles that have already reached large eccentricity crc
be invoked: either new bodies continuously enter the resonardarger portion of the disk, and move at larger relative velocitie
due to mutual collisions and/or gravitational scattering or theith respect to the bodies they collide with. They should there

resonance sweeps the disk, capturing new bodies. fore have a shortdg,. The difference however depends on the
radial extent of the particles’ disk, which is unknown. More-
4.2. Analysis of the Two Proposed Scenarios over, one should not forget that at large eccentricity the res

nance is much larger (its width increasing efs because the

mechanisms that force changes in the particles’ semi—majoraﬁ' ) IS ell)thlrd—order resccj)_?fgnclte), f}p :]h.attejec_tmn from t{_f res
thus allowing their injection into the resonance: mutual col}@NC€ becomes more difficult, which in turn Increasgs The

sions and gravitational scattering due to close encounters vvriﬁ?l dependence ¢fo on the eccentr'|C|t3'/ IS thergfore compll—'
ted and cannot be derived by this kind of simple analysi

larger bodies. A guantitative analysis of these mechanisms G o
quires a detailed knowledge of the disk’s composition (nunj> that for simplicity we assumig to be the same for all
ber of particles, size distribution, orbital distribution, bodie odies. . .

strength, etc.) and is therefore beyond the scope of the preselﬁquatlon (5) has solution

paper. Nevertheless, knowing the number of bodies required to N t

be in the resonance in order to produce the FEB phenomenon out _ 14 = (6)
and the typical timescale for increasing the eccentricity to stellar- Nin teb

grazing values, it is possible to infer the density of bodies in t?

4.2.1. Collisions and encountersThere are two possible

disk and the replenishment rate of the resonance, with the f 1e computation ooy requires knowingteor. T.h's.'s t.h?
ard part, becaugg, clearly depends on the dominating injec-

lowing simple argument. . S ; o s
In a steady-stage regime, we can write the conservation of %\r/]\f:\]/ee?“t?nr;tn;scgr?jgfrtg ar;ir:lr;] ttehee :';krseccr)lngse'rug?":'\écg
number of planetesimals per unit time within the resonance as 9 arg
tcon Must be much larger thapgg; otherwise most of the reso-

Noyt N N: nant bodies would be ejected from the resonance before reac
n = tﬂ + ft o (5) ing stellar-grazing values of the eccentricity. Assumigng =
coll Feoll FEB 10tegg (i.e., 16 yr) one gets from (6Ngu:= 5Nin, namely 16—

In this formula, Nj, is the linear particle density (number oflgi bodies pe; aztronomlctggllt. (Iiagﬁ: thamq)l.t'Such?;I]oml:e

particles per astronomic unit) that is required in the resonan(?:efco"tsel'(aj‘)mS 0 tﬁ compatl 'Ial_V\_” i e resut_ mgtvg E{Jh ol h

to produce a large enough number of FEBs (see Section 2/Byiact, 1o yris the mean coflision ime estimated through a
rticle in the box computation for a disk &f =2 x 10° par-

Remember that this number takes into account only the b . ) X -
ticles per astronomic unit @=4 AU, with mean eccentricity

ies larger than some minimal radiyg,, because the bodies of L X . .
smaller size evaporate too quickly to produce observable FE@%: 0.05, meaninclinatioki) = 0.025 (in radians) and aradius

(see Section 2.4). Similarlioy; is the linear particle densityr Of 15 km. This is derived simply writing
outside of the resonance (still considering only bodies larger 1 N
thanryn). If the resonance did not lose bodies by the FEB phe- —— = gr? v,
nomenon,Ni, and Noyt would be equal. Moreovek, is the Leol 2rah
typical time for a particle to suffer a collision/encounter that
causes a semi-major axis change larger than the width of

resonancetggg is the typical time to increase the eccentricit)(lvherevO _ JGM./ais the circular velocity at distanee With
- *

to ~1 inside the resonance (i.ex10° yr) and f is the effi- these assumptions, and noting that gravitational scatterin
ciency of the FEB process on resonant particles (roughly O.H' P ' 9 9 9

see above). The left-hand side of this equation accounts for figggligible for such velocities and 15-km-radius bodies, we de
[lye the quoted estimate ftyy. In conclusion, we consider that

number of particles that are injected by collisions/encounte . - L
P J y e replenishment of the resonance by the collisional activity i

into the resonance in the unit of time; on the right-hand side,” "~ . . .
the first term accounts for particles ejected from the resona&cg diskis a plausible mechanism, provided tNgf;/ Nin ~ 5.

by the same mechanisms and the second term for the particle4.2.2. Planet migration. It has been recently shown that,
lost by the FEB process. In Eqg. (5) we consider the same tygidring their early history, the planets’ orbits are very likely to
cal timet, for particles both inside and outside the resonancaiigrate. This might be due to the scattering of planetesima
This is motivated by the fact that the amplitude of the radial m@Fernandez and Ip 1984) or by tidal interaction with the disl
tion of the particles during one orbit (namelg@®) ~0.4 AU) (Ward 1997, Trillinget al. 1998). This kind of mechanism is

is far above the width of the resonanee)(006 AU ate=0.1), invoked for accounting for the orbits of the giant extra-solal
so that the resonant particles should mostly encounter nonnglsnet recently discovered in the immediate vicinity of their

(@)

Qereh is the thickness of the disk, andhe mean relative ve-
ocity of the bodies. We expect to hakie~ 2a(i) andv =~ () vy,
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parent star (Mayor and Queloz 1995, Buttdral. 1997). The better suited to the present case. Ward (1997) distinguished tv
location of mean-motion resonances moves together with tkieds of migrations (types | and Il), and gave the correspondin
migration of the planet, sweeping the small bodies disk. It rates

well known that if the planet moves toward the central star, the

inner mean-motion resonances (the 4:1, for example) capture Mp\ (o2 [ vo 3

most of the bodies during the sweeping process. It is reasonable up ~ Cl(ﬁ) < M )(€> Vo, (11)
to expect that such a mechanism might be at work today in * ¥

the 8 Pic disk, sustaining the FEB phenomenon until the final c\?

stabilization of the planetary system. Planet migration inghe Ui~ CZO‘(U_()) vos (12)

Pic system has been recently invoked also by Lecavelier (1998)
as away to force outer bodies trapped in resonances to migra
eccentricity and release an amount of dust sufficient to pres
the dust disk.

Let us now assume a steady-state situation, where the r

itrec is the gas sound speed, atnds the surface density of
ehi& disk,c; andc; are coefficients of order unity anrdis typi-
cally 10-3 or 1074, If we assume a temperature of 150 K and a

. . . ) ) B’lcal, linear mass density of Mg per astronomic unit, both
nance is continuously refilled by migration and cleared out

: : locities appear to be 1By or 10-5vy, and we getNgy/ Nin
the F.EB phenomenon. The planet IS assumed to mlgrate Yafbies ranging between 1®and 102, showing that now there
velocityu, so that the 4:1 resonance migrates at velocif/34.

- ; is a high overdensity in the resonance. The resonance is movi

Asforthe collision model (Eq. 5).We write here the conse.rva'ltm% fast that the resonance is refilled quicker than it is cleared ot

of the number of planetesimals in the resonance per unit t'm%e believe nevertheless that the present description is erronec

W in that case.

472BNgyu = fNjp—, (8) First, invoking the tidal interaction with a gas disk suppose:

tres that a massive enough disk exists. In fact there is actually son

gas in theg Pic system, which is seen as the central stable cil

cumstellar component permanently seen in the spectral lines
Nout 4213 fw © B Pic next to the FEB variaple ones. In Lagramgeal. (1998),

Ny Utres” it was shown that such a disk could be sustained by the FE

activity or a weak stellar wind, provided there is some volatile

Inthe model by Fernandez and Ip (1984), the migration is caus@dterial somewhere in the disk to stop the gaseous metallic ior

by ejection of planetesimals by a massive planet. The radihis amount of gas is nevertheless small and may be unable

displacement of a protoplanet of madg caused by the ejection generate any tidal interaction. Moreover, its location within the

whereW is the width of the resonance, which yields

of a massm, of planetesimals is estimated to disk is very poorly constrained. Hence the relevance of the Wal
(1997) and Trillinget al. (1998) model for thg Pic case remains
Aa Me guestionable.
a exp(—Z(\/E B DW) -L (10) Second, when the resonance is moving very fast, the efficien

of the resonant trapping drops, so that it is not sure whether t

According to Fernandez and Ip (1984), the outer planets Urames$illing mechanism is that active. Moreover, the dynamical evo
and Neptune migrated by several astronomic units during thiition of the resonant, particles could be affected by the motio
formation. Now, Jupiter is about 20 times more massive. Henoéthe resonance, perhaps cutting off the FEB phenomenon,
displacing a Jupiter-sized (or twice as much) planet locatedeathancing it. The integrations we present here would then n
10 AU by several astronomic units would require ejecting a maapply to this case. Obviously a dedicated study must be carrie
or planetesimals comparable to the mass of Jupiter. This mayt in order to investigate this issue. This will be the subject o
appear more difficult. As a matter of fact, the radial displacemefuture work.
of Jupiter inthe early Solar System is estimated to be only 0.2 AUNote finally that if the motion of mean-motion resonances is
(Liou and Malhotra 1997). severely constrained by the semi-major axis migration of th

If we thus assume a migration rate of 0.2 AU if 4@, we get planet, the eventual secular resonances in the planetary syst
Nout/ Nin >~ 30, which is significantly above what was deduced imay move much more drastically during the same time. Th
the previous section. In fact, the migration rate assumed here isatal migration of thev;g andvg resonances in the early Solar
small that a large overdensity outside the resonance is require8ystem history is estimated to bel AU (Gomes 1997). Hence
order to bring into the resonance a sufficient number of bodiegcular resonances, although probably not able to generate 1
In other words, the resonance must be strongly depleted witEB phenomenon themselves, may help (i) activate some of tl
respect to the rest of the disk. mean-motion resonances (3:1 or 5:2) and make them sourc

The model based on the tidal interaction with a protoplanef FEBs and (ii) excite the whole disk by a rapid sweeping
tary disk described by Ward (1997) and Trillieg al. (1998) throwing fresh bodies into the mean-motion resonances. Th
seems to produce more important migrations, and could apppamt should be investigated in future work.



FALLING EVAPORATING BODIES IN THE 8 PICTORIS SYSTEM 185

4.3. Disk Mass Estimates 500 Km,rmin =15 km, ando = 1 g cn73, (14) becomes

In Section 2.5 we estimated that inside the resonance, the N
linear density of bodie®\;, should range between210” and M <. ~ 6.8 Mg x i (15)
2 x 10° bodies per astronomic unit. In the previous section, dif- - 1AV

ferent models for refilling the resonance allowed us to derive o . )
estimates for the density outside the resonavge Recall that N the collisional refilling model, we estimaté,, between 19

S .
these densities are computed for bodies larger than a minir3f 16 AU~*, which leads to a mass estimate between 6.8 ar

value rmin (~15 km). It is now of valuable interest to trans-68 Me per astronomic unit.

late this into a mass estimate. The linear mass density is giver{*SSUming now the refilling by planet migration due to plan-
by etesimal scattering, we deriw,; values between & 10° and

6 x 10° per astronomic unit ok, -, ranging now between 45
. and 450Mg per astronomic unit.
M; = / Noutp(r)é—lnpr3dr, (13) Conversely, if we consider now the planet migration veloci:
3 ties of Ward (1997)N,,: ranges now betweenx210* and 2x
10° AU, and the correspondiniyl; . between 15 x 10~2
wherep(r) is the size distribution introduced in (4), that is norand 0.15Mg AU~ which is now more reasonable. Recall how-
malized for the bodies larger thagi, (becauseéNy, stands for €ver from the previous section that this model is questionab
the linear density of bodies larger than this size), atide mass from the point of view of (i) the presence of a massive gaseot
density of the bodies. disk able to generate tidal interaction, (ii) the efficiency of the
In the integral (13), the size distribution has been arbitrariffocess of capture into resonance, and (iii) of that of eccentrici

truncated to some maximum sizga to avoid divergence. In PUmping within the resonance.

fact, with ther 35 size distribution, all the mass is concentrated What should these estimates be compared to5Tiie sys-
into the largest bodies. tem is thought to be much younger than the Solar System,

In the asteroid belt the 35 size distribution is no longer that the comparison should be done with the surface density

valid for asteroids larger than30 km (Durdaet al. 1998). This Solid material in the primitive Solar System, more specificall
size distribution arises from self-similar collision equilibrium atVith the primordial asteroid belt. The present mass of the a;
all sizes (Dohnanyi 1969). The largest bodies have significdRf0id belt is very low -5 x 10~ Mg, for a width of~1 AU),
gravity so that their collisional regime is affected. In the morUt comparison with the surface density outside the main be
crowded system of Pic, we expect the collisional regime toleads one to think that most of the primordial mass within the
extend somewhat beyond this limit, as the disk is more collisioR€lt was lost. Rescaling the asteroid value torth&? power
ally active. For the same reason, the simulations of Detda  |aw that seems to apply in the rest of the Solar System yielc
(1998) assumed that the size distribution within pienordial & “Primordial” mass density ot-40 g cnt?, i.e.,~9.5Mg per
asteroid belt followed the—3* law up to bodies as large as sevastronomic unit (Weidenschilling 1977). This mass estimate fall

eral hundreds of kilometers. Thus, we decide to assummg for at the low end of the range deduced from the collision mode
the size of the largest solar asteroid, Ceres, isg= 500 km. \We recall however that our mass estimate does not take into é
The mass estimates we derive below should then be considef@dnt the contribution of the bodies larger than 500 km, whils
valid for bodies up to Ceres-sized. It is plausible, however, thée Weidenschilling (1977) estimate should concern the entil
larger bodies exist in the disk (possibly of size comparable fass. Now, the mass estimate that we obtain from the mod
that of the terrestrial planets), the total mass ingtRic system of planet migration due to planetesimal scattering seems to |

being higher by an unconstrained factor. completely unrealistic. o
From (13), the linear mass density carried by bodies smallerconversely, the estimate deduced from the migration mod
thant may results in by Ward (1997) seems more realistic, but the model itself in th

contest of thed Pic system is questionable.
20 Another important issue is the amount of mass evaporated |
r ; e
My = Zn Noutrr?]inp< max 1). (14) the FEB process over the age of the system..Taklng our estime
3 for Ni, (which does not depend on the refilling model that we
assume), the total mass withinthe 4:1 resonaneedt 1 (width

Note that this estimate has a strong dependencg,grwhose 0.006 AU) falls within the range (still assuming the same siz
value is very model dependent. Small changes of the latfiptribution and truncating a@ax= 500 km)

would introduce large changes in the total mass estimate. Recall

thatrmin, was deduced from an estimate of the evaporation rate 9.0x 1073 < Mgq < 9.0 x 1072 Mg. (16)

of the FEBs when crossing the line of sight. This estimate is

model-dependent (see Beastal. 1996), and should be consid-The characteristic time for a given particle to become a FEI
ered as accurate within one order of magnitude only. With= is ~10° yr. This should also correspond to the characteristi

min
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clearing time of the resonance. We should then expect all thg the FEBs were treated as negligible mass test particles. T
mass located within the resonance to be consumed by the Fgiestion of the collective particle behavior of a planetesima
process within that time. We noted however in our integratiomksk near mean-motion resonances with a perturbing planet w
that the efficiency of the FEB mechanism among a given popukmalytically investigated by Hahet al. (1995), although this
tion located within the resonance is oni0% (the factorf as- study was limited to Lindblad resonances, which for nearly
sumed above). Hence only 40% of the mass quoted above shd(dglerian disks correspond to first-order mean-motion resc
be consumed within POyr. The FEB process is also possiblynances ifi: (m= 1)), which is not the case here (4:1). Their
not permanently active. As explained in Beust and Morbidelliasic conclusions should however at least qualitatively hold fc
(1996), it is efficient only if the eccentricity of the perturbinghigher order resonances.

planete is larger than~0.05. The present simulations have been According to their analysis, the main length scale of the col
performed assuming = 0.07. In Beust and Morbidelli (1996), lective response isy/2¢, where

we claimed that’ possibly undergoes secular oscillations be-

tween a minimum and a maximum value, over a typical period . 2mGo My (18)

of a few 1@ yr, as is the case with Jupiter in our Solar System. amrez  3mM,’

These eccentricity oscillations would not completely inhibit the . ) .

FEB phenomenon: as shown in Beust and Morbidelli (1996) aM'ere M. is the mass of the star,is the distance to the star,
confirmed by the simulation in Section 2.7 that includes the &f- 1S the mass density of the disMf =2rro), and< is the
fects of an additional Saturn-like planet, the FEB phenomen6fcular angular velocity at distancgrelated tovl, by Kepler's

is activated roughly during the period treat- 0.05. Then, con- third law). Numerically, withM; ~ 10 Mg AU, we gete = 2.3 x
sidering a typical case where the planetary eccentricity had@ >/m, andrv/2e ~2.7x 10°2/,/m AU. Collective effects
sinusoidal oscillation betweah= 0 ande’ = 0.1, we would ex- are expected to occur provided the length scale exceeds bc
pect that the FEB process is active half of the time. In this cad, the characteristic spacing among the bodies, which is typi
we would just be lucky (at a 50% level) to witness an activeally v/ Mparticie/0, and (ii) the radial excursions of the particles
phase today. If the maximum eccentricity is smaller than 0.0 the disk, i.e., A(e) (Ward and Hahn 1998). Condition (i) is
the FEB process should be less frequently active; if it were t§8Sily fulfilled. In fact, assuming a typical planetesimal to have
rarely active, the chance to observe it at the present time wogid5-km radius, we obtain a spacing a25 10~* AU, which is

be small. Hence we may consider as reasonable a FEB acti@jaller tham /2¢. Condition (ii) implies that the typical eccen-
during 50% of the time over the age of the system. Assumir#ity of the particles in the disk should be smaller than 0.0034
a clearing-out time of~1CP yr during activity, the resonance is threshold value i; irre_'alistically small. The existgnce 0
should have been refilled500 times since the formation of thethe FEB phenomenon implies that the mean eccentricity of th
star (~108 yr ago). At each of these times40% of M1 is con- particles in the disk is of order 0.05, i.e., 15 times larger. We

sumed by the FEB process. Therefore the total mass consurifgféfore conclude that the disk is too dynamically excited t
by the FEB process over 4§r results in carry density waves, so that collective effects can be complete

neglected.
18 MEB < Mconsumed< 18 MGB- (17)
5. CONCLUSIONS

These values are comparable to the mass existing in the disk in a

1 AU range, according to our estimates based on the collisionaln this paper, we have numerically investigated the dynamic
model for resonance replenishment. This would imply that tté particles in mean-motion resonances with a jovian-like plane
FEB phenomenon has been able to remove a significant fractisha potential source for the FEB phenomenon. The main resu
of the mass of the primordial planetesimal disk. A similar situ@e the following:

tion has probably occurred in the primordial asteroid belt during

The 4:1 mean-motion resonance is a very efficient sourc
the early ages of the Solar System.

for FEBs. The dynamical properties of the simulated FEB:
match fairly well those deduced from previous observations an
related modeling. Moreover, the mechanism appears robust t
According to the collisions model, the frequency of the FER/ard the presence of additional outer planets withingHeic

phenomenon seems therefore to require the planetesimal digktem.

mass density to be typically10 Mg per astronomic unit. This e A population made of bodies larger than 10 km seems be
amount of mass is far from being negligible. It is then of valuer suited to produce FEBs, than kilometer-sized bodies whic
able interest to investigate whether self-gravity effects may ahould evaporate too quickly.

fect the dynamics of the particles trapped within the resonancee The rare blueshifted events recently identified may be ex
in particular inhibiting the secular increase of the eccentricifylained by the presence of a terrestrial-like planet orbiting th
up to stellar-grazing values. Collective effects were of courséar inside the 4:1 resonance location. More data and statisti
not been taken into account in the simulations described hembput these blueshifted events are clearly needed in order to

4.4. Collective Effects
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