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Abstract. Transient spectral redshifted absorption events in the spectryhiPaftoris (3 Pic) have been attributed to comet-

like bodies falling toward the staFélling Evaporating Bodiesor FEB) and evaporating in its immediate vicinity. Dynamical
models shows that these bodies originate from circular orbgl#U. After an eccentricity increase due to planetary pertur-
bations, they end up as star-grazers. The physics of the cloud generated by the body’s sublimation is highly influenced by the
physico-chemical conditions inside the body. Thus it is necessary to investigate the composition and the behavior of the materi-
als within the body in order to explain the observed features. The physico-chemical evolution of the bodies has been simulated
during all the phases before and during their FEB state. First the fluctuations in the gas production rates of volatile solids in the
first phase when the refractory materials have not yet evaporated has been studied. Later on, the refractory crust of the object
evaporates even if the core still contains volatile solids. The simulation then shows a phase lag between the production rate of
volatiles and of refractory materials during the periastron passage. The influence of dynamical and physical parameters on the
FEB phenomenon are also investigated. We find that only a heterogenous population of bodies can produce all the absorption
features that have been observed so far. These results are important for the understanding of the FEB phenomenon and can lead
to a revision of the FEB sublimation model.

Key words. stars: individualp Pic — methods: numerical — comets: general — stars: circumstellar matter —
stars: planetary systems: formation

1. Introduction 1.2. Falling Evaporating Bodies and their chemical
composition
1.1. B Pictoris o _ _ _
Independent of disk imaging, transient spectral absorption

. . events occurring in metallic lines have been monitored for
The dusty and gaseous disk surrounding the southern §f@fera| years around Pictoris (Vidal-Madjar et al. 1994:

B Pictoris {5 Pic) (Smith & Terrile 1984) is considered today @ 4range et al. 1996). These events tend to vary on very short
a key example of a young pl7anetary system in its early dynag,e_scales (days or even hours), and have been interpreted as
ical history, with an age of 16-10° yr. Such kinds of systems .o jting from the transit across the line of sight of sublimating
are characterized by a large amount of dust thlusks the giar grazing comet-sized bodiega(ling Evaporating Bodies
stellar light. At the present stage of evolution, the primordial, FEBSs). A model has been developed that reproduces the ob-

O_ptic?‘"y thick dis|$ has. already been removed and the Preseflyed events (Beustetal. 1990, 1996, 1998) with many of their
disk is optically thin. It is known today that the dust we dete¢l, 5 acteristics.

is not a remnant of this primordial disk, but rather composed

of second generation material continuously replenished from In spite of its ability to correctly explain the features ob-
inside the disk by larger, planetesimal-like bodies (see reviesarved, this earlier model is very sensitive to supposed physico-
by Artymovicz 1997; Vidal-Madjar et al. 1998; Lagrange et achemical properties of the evaporating bodies. Any change in
2000). chemical composition has arfitect on the simulated spectral
absorptions, both in terms of compared strengths of variable
lines expected, and of dynamics of the corresponding species
once escaped from the FEBs. In previous models, the assump-
tion was that FEBs have the same chemical composition as
Send gprint requests toH. Beust, Solar comets, i.e. refractory compounds having Solar relative
e-mail:herve.beust@obs.ujf-grenoble. fr composition abundances.
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Direct measurements of the chemical composition of the

variable features attributed to FEBs is not straightforward, as

the depths of these components does not depend only on the \\

abundance of the corresponding species, but also on the filling Refractory matenials
factor of the absorbing clouds in front of the stellar disk. It has \\\\\

been shown by comparison of variable features occurring in “\\*\\§
doublet lines that the absorbing material was mostly clumpy
(Vidal-Madjar et al. 1994; Lagrange et al. 1996). Modeling
(Beust et al. 1996) showed that the projected size of the ionic
clouds escaping from the FEBs onto the stellar surface actuall
depends on the dynamics of the species they contain; more
over, the dynamics tends toftér from a given element to an-
other (due to the variations in the sensitivity to radiation pres-
sure). Consequently, measuring the chemical composition of
FEBs from their spectral signatures cannot be performed in-
dependently of dedicated modeling. In this context, it has thus
not been possible to heavily constrain the chemical composi-
tion of FEBs. All that can be stated today concerning refractory
species, all what can be stated today is that Solar (i.e. cometary)

composition is compatible with the observations and with they 1. structure of a FEB. During the simulations, the evolution of

modt_als within one orde_r of magnitude. C_onversely, the CORImctionsT (r,t), P(r,t), Ni(r,t) as well as the sublimation rates of the
position of the stable circumstellar gas is better constraingglect are computed.

(Lagrange et al. 1998), with the result that refractory species

indeed have Solar relative composition. If we assume this sta- _ _
ble gas also to be linked to FEBs (because it needs to be perfi&ur work, we have focused on the relative amount of volatile
nently refilled; see Lagrange et al. 1998), then we may suppggerefractory material that is evaporated during the FEB phe-

that this also applies to the chemical composition of the FEB§Menon. In Sect. 2, we roughly describe the method used and
themselves. focus on the improvements made to simulate the sublimation of

refractory materials. In Sect. 3, we study the first phase of the
evolution of the body, when the eccentricity of the object pro-
1.3. The initial composition of the Falling Evaporating  gressively grows so that heliocentric distances can be reached
Bodies were the refractory compounds begin to sublimate. In Sect. 4,
we present the results concerning the evaporation of the refrac-
The present work is the continuation of work published byry crust, and in Sect. 5 the evaporation of the remaining nu-
Karmann et al. (2001, hereafter KO1). In that paper we focusedus. The role of a dust cloud around the object is discussed in
on the quantity of volatile materials contained in the object ar8kct. 6. Finally, in Sect. 7, we investigate the influence of the
we developed a model of the evolution of FEB progenitors amngodel parameters on the production and on the lifetime of the
simulated the first phase of their life, when they stayed on cisbject, and in Sect. 8, we present the implications of this study
cular orbits. It turned out that FEB progenitors are probablyr our present knowledge of the FEB evaporation process. Our
not icy in the major part of their volume. Depending on thgeneral conclusions are presented in Sect. 9.
age ofp Pic, the size of the object, and the distance to the star,
it can be either free from ice, or composed of a small mixed
dust-ice core surrounded by a thick refractory crust. This resgit 1€ method
was very important; indeed in previous work we had always aghe method was described in KO1. Here we summarize it and
sumed that those bodies should be made of mixed dust and g&scribe its evolution since that time.
without any diferentiated structure, and part of the evaporation
model was based on this assumption.

.

L . . . 2.1. General assumptions
Because of the lack of ice in the object, this evaporation P

scenario needed to be revised. Indeed, volatile compounds (@ased on the results of KO1, we can now say that FEB most
sociated water, CO) were assumed to be released by the FHgsdy originate from more or less circular orbits at 4 to 5 AU
with cometary abundance, i.e. with an abundance roughly eqfraim the star and that their surface is likely to be covered by a
to that of the refractory compounds. As the volatile specidsick, refractory crust.

mostly do not feel an intense radiation pressure from the star, The FEB is considered as a porous sphere of matter, com-
they were supposed to play the role of retaining the metalfposed of a refractory crust and a core of mixed ice and refrac-
ions in the vicinity of the nucleus. If the ice is restricted to tories (see Fig. 1). The object is trapped in a mean-motion
small core in the object, the scenario becomes more compésonance with a Jupiter-sized planet. Its orbit will undergo
cated. We have to know if some volatile material can leaeesecular evolution that brings it from a nearly circular to a
the object during the sublimation, and how much. In fac$tar-grazing orbit. Therefore, féierently from K01, where we
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investigated the equilibrium on a circular orbit at a given digquation and the gasftlision equation. The heat transported
tance to the star, we need to consider here orbits that arelfarthe gas that dliuses throughout the matrix, i.e., the sensi-
from circular. We thus need to compute at every step the tare heat, is computed as a source term in the heat equation.
diation flux received from the star. We no longer consider tide mode of diusion of the gas is always the Knudsen mode,
dust as inert matter, and compute its sublimation at the surfaas.it has been confirmed a posteriori by the simulations. The
Nevertheless, as this sublimation occurs only in a zone closentw feature taken into account here is the erosion at the surface
the star, at 81 AU (Beust et al. 1998), we still assume that thevhen the refractories sublimate. This erosion is computed at
refractory sublimation rate is equal to zero at distances greatach step as follows:
than 0.4 AU. _Also, as shown by the simulation;, mo;t of th dr dv 1 Q@ , Q.(t)
dust sublimation occurs at the surface of the object, since onfy = NaE - 2 o Aar© = -——,
the surface layers reachfiuaiently high temperatures at pe- e P pi
riastron; as a consequence, we assume the dust as completbgrer is the radius of the object, the volume Q.(t) the sub-
inert inside the object. In order to reduce the complexity difnation rate at the surface (mass loss per surface unit and unit
the model, other phenomena such as fragmentation of the bedifime).p; represents the mass concentration of speé¢ieass
have not been considered. As in K01, the object is considefegt unit volume, taking into account the porosity). Therefore,
as a “fast rotator”. In some cases, a “synchronous rotator” Hie reduction of the radius of the object at a given instant is
also been considered. directly proportional to the sublimation rate at the surface.

1)

2.2. Dynamical evolution 2.4. Numerical resolution

In order to simulate the evolution of the internal physical prd&3ecause of the spherical symmetry of the object, we can dis-
cesses of the object, we have to know at any moment its disetize it into concentric shells of equal depth @ihe system of
tance to the star. We must therefore simulate the mouvemeauations of our model is solved by numerical integration for
of the object on its orbit and the secular evolution of the ospecified boundary conditions. The scheme used at each time
bit. However, this dynamical evolution is not the topic of oustep is a Douglas-Jones predictor- corrector scheme (Douglas
study, so we will not go into detail in this article. The dynam& Jones 1963), which has the advantage of being stable and
ical evolution of a FEB is described and discussed by Bewgmple to use.

& Morbidelli (1996, 2000). All we need to know here is that In order to have a good accuracy in the places where the
the orbital eccentricity of the object is subject to a gradual isublimation occurs, we have chosen dr within the range of
crease that brings it te 1 within 1P—15 x 10°yrs. In order 10cm to 1 m. The drawback of this uniform spatial discretiza-
to render our simulation self-consistent, we recompute hdien is that we ended up with a huge number of shells where
this secular evolution together with the physical behavior #fe temperature and pressure values had to be computed at each
the body. For the purposes of dynamical evolution, the bodytigie step. This takes a lot of time, even on a modern computer.
taken as a mass-less particle in a mean-motion resonance Whis problem has been solved when we noticed on the first
a Jovian-like planet; its motion is integrated with a classical 4gimulations that the main physical processes occurs in small
order Runge-Kutta integrator with adaptative time-step. Marggions of the object: at the interface between its core and its
parameters can influence the dynamics of the object, and th&rgist. Therefore we grouped the shells in the regions far from
fore the quickness of the growth of the eccentricity of the orbihe surface and the interface between the crust and the core,
where pressure and temperature were supposed to evolve lin-
early withr. By doing this, we have multiplied thefeeiency

of the code by a factor of several hundred.

— the order of the resonance (3:1 or 4:1);

— the initial eccentricity of the object;

— the mass ratio between the Jovian planet and the star;
— the eccentricity of the planet’s orbit;

— the semi-major axis of the orbit. 2.5. Physical and dynamical parameters

All these parameters are integrated into the simulation and &ve take the same parameters as in KO1 for ice, albedo and
the subject of a specific comparative study. thermal emissivity of the object. The refractory matter is repre-
sented by only one species, the thermal characteristics, density
and sublimation rate of which are taken from the literature.
Most of the time we consider obsidian which is a relevant
The main physical process involved in our model is the phaskeoice according to what is observed in the Solar System, and
transition of volatiles and refractories. Initially, the material igvhich is generally used (Draine & Lee 1984), but we also
considered to be in thermodynamical equilibrium. Most of tHavestigate the influence of a less volatile refractory species
time, inside the object the gas is close to saturation and so @raphite) and a more volatile one (magnetite). The characteris-
tomatically compensates for local loss or gain of gas due to g&s of all material used are taken from the literature. The values
diffusion towards the surface or the interior. At the surface, wsed and the corresponding references are listed in Table 2 from
have free sublimation with an external pressure equal to zerBeust et al. (1998). For a typical run, the object is considered to
The evolution of temperature and pressure inside the die trapped in a 4:1 mean-motion resonance with a planet hav-
ject is constrained by a set of equations involving the heag a mass of @01 of the mass of the star, and an eccentricity

2.3. Physical model
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Table 1. Parameters used for a typical run of our sublimation.
= Mpia/M, 0.001 @ ]
Radius 10km g 600 L i
Refractory material obsidian <=
Refractoryvolatile mass ratio 1 %
Porosity 0.8 p
Semi-major axis value 4 AU =
®
For a 4:1 mean-motion resonance: .8 500 1
Initial eccentricity 0.1 §'
Eccentricity of the planet 0.07 w
|
For a 3:1 mean-motion resonance: ‘ ‘ ‘ ‘
Initial egcgntnaty 0.2 470 480 490 500
Eccentricity of the planet 0.1 Time(years)

Fig. 2. Evolution of the sublimation rate of the volatiles at the sur-

of 0.07. The initial orbit of the object has an initial eccentricitfzalce over a few revolutions, when the object has an eccentricity equal
. Y . 0 0.4. The minima of the curve correspond to the periastron passages,

of 0.1. We also tested objects trapped in 3:1 mean-motion reso-
. . L - and the peaks to the apoastron passages

nance, with an initial eccentricity of®, and an eccentricity of
the planet of AL (see Tlebault & Beust 2001 for justification).
For clarity, all the parameters are listed in Table 1. The inflz

ence of most of the parameters will be investigated in Sect.

1200 b

5

[/

3. First phase: The eccentricity growth up
to the refractory sublimation limit

3.1. Description

Initially, the FEB is on a quasi-circular orbit in a mean-motio
resonance. Its eccentricity then grows to nearly +16°yrs.
We define the first phase of this evolution as the time span wt gn
the periastron of the orbit is far enough from the star so that 13:3
object never enters the zone where refractories undergo sub-
limation (this zone is defined here a8.4 AU from the star).
Therefore, only sublimation of volatile materials (ices) occurs.
The simulations describe the evolution of the productidﬁg- 3. Evolution of the sublimation rate of the volatiles at the surface
rates of volatiles of the object. In this evolution we can distiriveraged over the evolution of the orbit, when the eccentricity of the

guish two kinds of variations. The first and more obvious va/f2ect grows from @5 to Q9. The rapid growth of the computed rate

L. N . . ._at the beginning of the evolution matches the evolution of the simu-

ation is a regular oscillation of the sublimation rate on a time . . I
. . . . lated object towards its equilibrium.

scale equal to the orbital period of the body, as shown in Fig. 2

It follows the motion of the body along its orbit, but surpris-

ingly, the sublimation rate is larger at apoastron, and smaller ?2

e production rate (mo
o
o
(@)

800 - b

Il n n n Il n n n Il n n n Il
2 10* 4 10* 6 10*
Time(years)

o

of the evolution of eccentricity. It shows up when we average

periastron; one would indeed expect that the production ratqQ production rate along the orbit, for relatively thin crusts

the nu_cleus should be Iarge_r at periastron. . (7—8km) (Fig. 3). As the eccentricity increases, the mean sub-
This apparent paradox is que to the damping of the h‘?i?ﬁation rate of volatiles decreases. This time the sublimation

wave by the crust of refractories. When the crust reache§a§e is directly related to the production at the core. The crustis

thickness of at least 100m, the core does not see any ch fefore not sfiicient to average the wave of heat. The sum of

in the hfeat flu>$ coming from the surface on the time scal_e 8 ergy received by the object along one orbit is calculated by
one orbital period. Therefore the temperature at the core is fﬁlt

L ) . fegrating the radiation flow received from the star over this
most constant on this time scale, leading to an apprommatB

. . . . &riod of time:
constant sublimation rate of volatiles at the interface between

the core and the refractory crust. TFR2 - dt T dt 2 4y dt
Then, the quantity of gas released by the object is entirdly = & o f & oc f 2dv

controlled by the dtusion of the gas through the surface. The Ozﬂ - 3/2 o o

gas outflow is smaller when the temperature is higher (K01, . d_" (1-¢) o (1 - e2)3/2f dv

Eq. (11)). Therefore, at periastron the gafusies less easily o d?(1+ecosy)? d?(1 - ecosv)?

through the upper part of the crust, and the production rate be- 32 2T dy

comes smaller. The second variation occurs on the time scalé® (1~ &) fo al-e&) )




C. Karmann et al.: Evolution of Falling Evaporating Bodies aroamictoris 351

Distance to the star (AU) Distance to the star (AU)

1.5 1. 050.40.5 1. 1.5 1.5 1. 0.5 0.3 0.5 1. 1.5
Il Il Il Il t t t t y t n
—— ‘ i i i i i i i

—
o
[N

Evaporation rate(mol/s)
5l\)
T
L
Evaporation rate(mol/s)

—

q = 0.4 AU
L L L

—
O

L L 1 L L L L 1 L 10 L L L L 1 L L L L 1

-50 0 50 -50 0 50

Time (days from periastron) Time (days from periastron)
Distance to the star (AU)

1.5 1. 0.5 0.2 0.5 1. 1.5

—_
(@)
~2
il
I

—
(@]
@

[
(@)
[S

Evaporation rate(mol/s)

Fig. 4. Production rate of refractories (thick line), and volatiles (thin

10t i - O{Z AU Y B P ] line), for subsequent passages at the periastron at, respectively, 0.4 AU
-50 0 50 (top—left), 0.3 AU (top) and 0.2 AU (left). The distance to the star is
Time (days from periastron) displayed on the top of figures for information.

whereF is the radiation flux at the stellar surfade, is the At this moment it becomes a potentially observable Falling
radius of the stard. the distance to itT the orbital period, Evaporating Body.
v the true anomaly, analthe semi-major axis. Finally
In this phase, the refractory crust of the object is progres-
— sively sublimated, as volatiles continue tdtdse through it

Bo vi-€. (3) towards the surface. The simulations have been used to study

the production rate of this material. The results are shown in
The energy recieved is therefore a decreasing function of rﬁ@' 4. The production of refractories always shows a sharp
eccentricity. Basically, when the eccentricity is high, the bo%ak at periastron. This peak becomes considerably greater as
undergoes a stronger radiation flux at periastron, but alsqua periastron gets closer to the star. For large periastron values
weaker one at apoastron. By virtue of Kepler's second law, tfiep 4 Au), it remains significantly smaller than the production
object spends more time at apoastron, so that the lafetes of yolatiles, even if the production rate reaches a minimum at
dominant. periastron, as explained above. At somewhat intermediate pe-

For very thick &8 km) crusts (and consquently very smaltiastron values~<0.3 AU), the sublimation of refractories now

cores), this evolution is not so obvious. The sublimation rataercomes that of volatiles at periastron, even if now the pro-
is almost constant over this phase. This means that the crustustion of volatiles exhibits a little peak during the periastron
then sificiently large to average the temperature wave ovempassage. For small periastron value8.2 AU), the production
time period of 18yrs. of refractories is by far the dominant phenomenon at perias-
tron, while the production rate of volatiles jumps by one order
of magnitude at the same time. The peak of volatiles at perias-
tron is due to the quantity of volatile gas which is contained by
the refractory material before its sublimation. If that refractory
matrix disappears, then an important amount of volatile gas is
4.1. Description §uddenly released. It is importan_t to notice tha_t this produc-

tion is far weaker than the production of refractories, as long as
The second phase of evolution begins when the object ¢ne crust has not disappeared, and still protects the core from
ters the refractory-sublimation zone on a part of its orbisublimation.

4. Second phase: The sublimation
of the refractory crust
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In the core, the sublimation of volatiles remains weak as
long as a crust is still present, even when it has become very
8 | thin. Therefore the size of the core is not reduced very fast by
sublimation, and at the end, the surface of the object meets the
sublimating surface of the core. Then the third phase begins,
described in Sect. 5. This result was not intuitive: one could
| have thought that the core should disappear before the crust, or
10° | - that the crust would always have a minimal size, but this is not
the case. This is mainly due to the fact that the major part of
the heat received by the object is used for the sublimation on
the surface, withoutféecting the core.

maximum evaporation rate (mol/s)

0 4

0.4 0.3 0.2 0.1 0 5. Third phase: The sublimation of the nuclei
periastron (AU)

Fig. 5. Sublimation rate of refractories at each periastron for a sing?e'l' Description

object. As long as the FEB undergoes periastron passages, it loses
some matter at its surface, and its size progressively decreases
If the object still contains an icy core, the study described in
S Sect. 4 shows that there is a time when the crust surrounding
4.2. Simplified model this core disappears completely, and when the core reaches the
Wéface. The moment when this happens is constrained by the
i '%al size of the crust. However, as we have shown before,
e size of the core is small, so it is likely that the surface of the
éect reaches the surface of the core near the end of its evolu-
on, and this is what we observe in our runs. For an obsidian-
Mathematically we can see that, as the surface sublimation r gd FEB of 10km _and with a core of radius 4 km, the_ core
is an exponential function of a polynomial ih, and as the ISappears at a p_enastroq of roughly 0.18AU. The_ penastron
value corresponding to this event is not very sensitive to the

thermal reemission is proportional ¢, these two processes ‘ f the simulat t for the refract ‘
rapidly become predominant to heat conduction towards fjarameters ot the simutation, (except for the re ractory mate-
[, for which the parameter values are dramatically impor-

![r;s_ll_de of the body, which can be approximated as proportlorig}}]t. We will focus on this in Sect. 7.2.1). After this, the FEB

Theref build a simplified model of th ; enters its last phase, where the core undergoes free sublima-
erefore we can build a simplified model of the surfagg, , 4; the surface, and therefore produces considerably more

of the_: object where its interior is ignor_ed, and the heat balanga s et us discuss first what is occurring between two
pnlyt;nvol\égs_the RNO ;f)roceshses mentlrc:ped above and the h’l riastrons. When the object leaves the refractory sublimation
ing by radiation flux from the star. This way, we can easi one, the core continues to sublimate volatiles, and it is possi-

compute how much refractory material is evaporated, and hB‘ﬂé that a new crust forms during the few years preceding the

the body’s size is reduced. next periastron. Three questions then arise:
Figure 5 displays the sublimation rate of the refractories

at each periastron in the framework of this simplified model.- What will the thickness be of this crust?

We can see that the main part of the sublimation takes place Will it disappear at the next periastron?

over a small range of periastron values. At too large distances, What consequence does it have on the production of refrac-
the temperature is too low to evaporate a great quantity of ma- tories and volatiles at the passage to the next periastron?
terials, and at small distances, the object becomes too small.

An important point is that, with standard parameters, the objdRecall that the orbital period of our objects trapped in a mean-
disappears very quickly. As a general rule, the body can hardfytion resonance at 4 AU is around 6 years. The passage at the
go to a periastron smaller than 0.1 AU. This result is essentg@riastron, in the refractory sublimation zone, lasts only around
for the interpretation of the FEB phenomenon. From obsenE3 days, and therefore is considerably shorter. So it is likely
tional characteristics, it was convenient to classify the observibét a temporary crust would form between two periastrons.
spectral variation towargPic in 3 subsets (Beust et al. 1998)Our simulations can give the answer of whether the object is
VLVFs (Very Low Velocity Features), LVFs (Low Velocity likely to disappear during the following periastron. The simu-
Features), and HVFs (High Velocity Features). This distinctidations have been used to observe the evolution of the radius of
appeared to be related to the distance of the body to the ke object and the radius of the core during this phase and the
when it crosses the line of sight. HVFs correspond to the clgeeceding one. This evolution is shown in Fig. 6. The left panel
est periastron passages, and are only consistent with periast@mfirms that the core, in the crust sublimation phase, does
valuess0.1 AU. HVFs are actually less frequent than LVFs andot shrink very much. Then, when the crust has disappeared,
VLVFs, but they are still commonly observed features. the radius of the object and that of the body become identical.

The study of the energy balance at the surface shows that
can safely ignore at this time the heat exchanges between
surface and the interior of the body. Indeed, when the refrd
tory sublimation zone is reached, the temperature of the surf
goes to very high values (from 1400 K to more than 2200
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Fig. 6. Evolution of the radius of the object and of the core, along with the passages at the periastron, for an object with an initial core radius
of 4km, and an initial object radius of 10 km (and therefore an initial crust depth of 6 km). The right panel shows what is going on when the
crust disappears. Between two successive periastrons, a small crust takes form, the size of which is a few meters. The particular “stair” shape
of the evolution of the radius of the core is not physical: it is a numerical artifact, due to the discretization of the radius in the simulation. Still,
the general form of the curve is still reliable, as it is consistent with what we obtain when we increase the spatial accuracy of the simulation.

The new crust that appears then will be very small, with respaatthe quantity of volatile matter. This is in contrast with the
to the size of the object. previous phase where the object was sublimating a quantity of
refractories considerably greater than the quantity of volatiles.
The right plot of Fig. 6 focuses on the beginning of this N . .
simultaneous sublimation phase. It shows the evolution of tthe The_th|rd figure shows what is going on at the passage of
radius on a few successive orbits. The radius of the body id"g perlastrop. The peaks of the production Tates of volatllgs
monotoneously decreasing curve, which drops by a few 1d refractories are present, and we can notice that there is a

ters at each passage at periastron. The evolution of the radilié d|e|f‘_|y betweer;tg_em, the Tef“';‘f‘f ry c:ne 6_}%963”?9 l:_)ef[?]re
of the core is more irregular. First, it shrinks a little when th € volatile one, and disappearing belore too. This defay in the

original crust is still present. When the thickness of the Crugpparition of the volatile peak s directly linked t9 the time nec-

is reduced to a few meters, the sublimation of volatiles is ag=52" © sublimate the new crust that formed since the last pas-
celerated. Then we see theit each time the radius of the obRg® t.he periastron. When th? new crust is evaporated, then
reaches the radius of the core, i.e. when the refractory cr qvolat!les undergo a free sublimation. Also, th‘? decrease of
disappears completely, the core radius follows, as the core 12 volatile production rate occurs later because it needs some

dius cannot be greater than the radius of the object. Then fyge to crea_te anew C.rUSt' It s a long process, so the decrease
he volatile production rate is slower than the decrease of

have a simultaneous sublimation at each periastron pass & . . ) .
The depth of the crust depends on a few parameters, the i gtrefractory production. We can identify three phases during

significant being the semi-major axis of the orbit, which corft Passage at a periastron: the first one when the sublimation of

straints the period between two periastrons and the average Eﬁgr_actorles dominates, the second one when both produc_tlon
tes are of the same order, and the third one when the sublima-

tance along the orbit. For the value at 4 AU that we have &
g § of volatiles dominates. Therefore, the existence of the crust

sumed (and therefore for an orbital period of 6 years) the crtﬁ'&n

has a size of 3+ 0.5m. This temporary crust is therefore ver>'/nduces a disymmetry of the sublimation process with regard to

small, with respect to the actual size of the body, but it is impotlhe periastron passage, a seasofiace that potentially has a

tant as we will see below, even if it disappears very fast. Noyseat incidence on the observations of the FEB phenomenon.
that this crust disappears at each periastron: the sublimation of The simulations also show the transition between this phase
refractories is soon $ficiently strong to sublimate more thanand the previous one, at the level of the production rate.
4 m of crust at each periastron passage. The production rateBigfire 8 shows the two production rates at the periastron pas-
volatiles and refractories along one orbit are shown in Fig. §ages as the periastron distance decreases. The evolution curve
In the first plot we see what happens during the periastron paé-refractories has been described in the previous phase: it
sage. We see that the production rate of volatiles diminishgg®ws considerably as the periastron value decreases, and falls
progressively after a passage at the periastron. This is evideasdhe object becomes small. This is due to the fact that the
for the apparition of a new crust. At each periastron, while tlsiblimation surface has considerably decreased. The volatile
crust disappears, the volatiles sublimation rate grows consideublimation rate is first very small and constant. It grows pro-
ably. The second plot confirms this fact. It also shows that gtessively while remaining small as the thickness of the crust
the periastron passage, the volatile sublimation rate becordesreases. Then it jumps abruptly when the crust disappears.
similar to the refractory sublimation rate multiplied by a factorhen it follows the same evolution as the production rate of
that is the ratio in the core of the quantity of refractory matteefractories, decreasing with the sublimation surface. The ratio
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g 10 Fig.7. Sublimation rate of refractory matter (thick line), and of
SR volatiles (thin lines), along an orbit, when the surface reaches the core.
5 10 The periastron of the FEB is 0.178 AU. From one plot to another, we
gloz focus on the details of the periastron passage. The small “bumps” of
= : the volatiles’s curve is due to a numerical artifact, related to the dis-
10! . ‘ . ~ cretization of the radius in the simulation. Still, the general form of
—20 0 20 the curve is still reliable, as it is consistent with what we obtain when
Time (days from periastron) we increase the spatial accuracy of the simulation.

between the two sublimation rates is there the same as the ratio 10° f 7

of the dust mass to the mass of ice in the core.

10% | ]

6. The role of the dust

te (mol/s)

A gquestion that may be asked of our model is whether the pré&
duction of dust by the FEB couldfact the results. In Solar § .
comets, the dust production is triggered by the evaporation Gf 101 ]
volatiles through its surface. We may expect this process to @
present in our FEBs. The situation may bé&elient depending g L 1
whether refractory material evaporates or not. When only the
volatiles evaporate, the preceding results show that the pres- ' ' — =
ence of a dust coma around the nucleus should not drastically 0 5000 10 1.5 10
affect the evaporation rate of volatiles. As a matter of fact, an Time (years)
optically thick dust coma surrounding the nucleus is basicaljg. 8. Evolution of the production rate at each periastron passage for
equivalent (as seen from the inner volatile core) to a body witgfractories (top curve) and volatiles (bottom curve), during the last
a larger radius. The evaporation rate of volatiles appeared A@ments of the FEBs life. Refractories are dominant until the com-
to depend on the radius of the surrounding refractory matrplete su_blimation of the crust, where the strong growth of the volatiles
Hence we should expect the role of the dust to be minor, ~ Production occurs.

When refractory material evaporates, it occurs at the sur-
face. An optically thick dust cloud may stop dust sublimatiomnit of surface at the level of the nucleus, then the dust density
at the surface, displacing it to the outer edge of this cloud. sledistancel to the nucleus is
need to estimate the size of this cloud. Suppose that dust is pro- r2Q
duced at the surface of the FEB. For simplicity we consider that - ust. (4)
all dust grains have the same rad&ggtypically 0.1-1um) and Ve
that the dust cloud expands spherically with a constant velocitherer is the radius of the body. If the dusty particles do
ve (typically 1kms™). If Qqustis the dust production rate pernot sublimate and keep expanding radially, then we showed in
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Beust et al. (1990) that the optical depth generated by thedeer simplification, this gives us a filerential equation
grains should read for dg as:

_ 3Quust® 0 5) LdCo) __ Qe %6 sirf 0
4sodve d sing’ ve d(do)  Qaust?SiNG  \Jo2 | sir? 9 — 20sind cosd

whered is the tilt angle with the nucleus — star direction, anﬂlong the nucleus — star axis, characterizedby0, the equa-
¢ is the density of the dust particles. In this condition, constagt, reduces to

optical depth surfaces are parabolic-like surfaces around the

-(12)

nucleus, verifying the polar equation 1 @ 1 &d_é (13)
0 ve dt Qudust 2

d= Sng % ©) This equation has the following solution

whered, is the distance in the nucleus — star direction. We ex- t+ K

pect dust sublimation to occur at the level of such a surfadle(t) = dosinal tanh( - ) (14)

typically the one corresponding to= 1.
When dust production is triggered by volatile sublimatiorwith
we may expect that the gas to dust production mass ratio is
close to unity. Assuming this and the above quoted maximudga = r +/ Qutust and tc= L A/ Qaust, (15)
volatile production rates~10’ mol/s), we find that forr = 1, Qe ve ¥ Qe
do ranges typically between 100 and 1000km. This is vefy this equatiorK is a constant fixed by the initial conditions;
small compared to the star and the size of the orbits, and valjz ., is the final equilibrium value fody andt, is a character-
dates the hypothesis of spherical symmedeyis nevertheless jstic time for reaching it.
significantly larger than the nucleus. Hence we might expect of course this description holds only dbsina > T, i.e. if
dust sublimation not to occur at the surface of the FEB. Quust > Q.. If this is not the case, theth, decreases down to
As we consider that the dust is not evaporated, this estimgig surface of the FEB and no dust cloud is able to survive.
must be considered as an upper limit. In a more realistic dghe sublimation is tooficient to let a dust cloud expand. This
scription, we may consider that the sublimation of dust occusguation appears to occur in most of our simulations, as we
along a surface with polar Eq. (6). This surface will be subjegtsume tha€yys; should be roughly equal to the production
to erosion due to dust evaporation, that we will describe agae of volatiles. In the second phase (Fig. @)ust > Qe as
variation of the characteristic sizlg. The decrease ak is due soon as the FEB is closer to the star thah35 AU. In the
to the sublimation of dust along the surface. It may be slow@gird phase, only after periastron (Fig. 7) may we héxe>
by the arrival of fresh dust coming from inside as a result of thg, but only by a factor less than 10. This givegina < 3R
spherical expansion. Consider a circular layer in this surfacegfdt, < 30s. We thus see that as soon as dust sublimation

thickness d at tilt angled. The mass sublimated withit s injtiated, the dust coma that has been extending around the
2 FEB during its apoastron passage is immediately blown away
dMsup = 2702 sinOQsdd = ZHdSQeW dt, (7) by dustsublimation and reduced to virtually nothing if present.
si

This justifies the fact that we neglected dust in our simulations.
whereQg is the surface sublimation rate of the refactory mate-
rial given in KO1 (which depends only on the temperature). T
mass that flows through the surface due to spherical expansio
is given by: The results presented above concern a given set of initial pa-
5 . rameters. We investigate now the sensitivity to these parame-
dMiow = 271“pue sing coss dt, (8) ters. They can be classified into two subsets: dynamical and
where is the angle between the outflow velocity and the nop_hysical (intrinsic) paramete_rs. We recall here that the default
mal to the surface. After some algebra, we derive param_eters for the su_bllma_tlons presented below, apart from

specific changes, are listed in Table 1.

Anfluence of parameters

) .
27r2Qqustt) SINF 0 ot ©

deIow = .
V62 + sir? 6 — 26 sing cosd 7.1. Dynamical parameters

If after ct, the dust sublimation surface has moved lypithe The quicker the evolution of the eccentricity, the smaller is
total mass balance will be the number of orbits required to reach close periastron values.
d(d) 211260 Therefore we exp_ect a quicker eccentricity growth to _allow it to
dMbaiance= 2pd? sing (_) d(do) = =% 4(dp). (10) reach smaller periastron values, and so better explains HVFs.
d(do) e Many dynamical parameters may influence the eccentric-
We must also have ity growth. Here we investigate the mass of the perturbating
planet, the eccentricity of the perturbating planet, the order of
dMpaiance= —dMgypi + AMsow. (11) the resonance, and the initial eccentricity of the object.
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Fig. 9. Minimum periastron that FEBs can reach, versus their size, foig. 11. Quantity of refractory matter sublimated per second at each
values ofu of (from top to bottom) 005, 0001 and (002. periastron passage, versus the periastron distance, for eccentricity val-
ues of (from top to bottom).@ et Q07. Recall that the dynamical
process that brings the eccentricity up to 1 is only activeefer 0.05
(Beust & Morbidelli 2000).

Mpa/M - = 0.002

Mpya/M. = 0.001 exists, but is not as large. It only allows the FEB to approach a
Mya/M. = 0.0005 | little closer to the star.

7.1.3. The initial eccentricity of the object

1 Some tests have been done with an initial eccentricity of 0.05
and of 0.1. The results show noffidirence. The growth of ec-
centricity occurs earlier for a higher eccentricity, but the end of

the evolution, i.e. the FEB phase, remains unchanged.
Fig. 10. Rate of refractory matter sublimation at each periastron pas-

sage, versus the distance at the periastron for valueobffrom top
to bottom) 0002, Q001 and (D005. 7.1.4. The 3:1 resonance

0

maximum evaporation rate (mol/s)

L L L L L L L L L L L L L L L L L
0.4 0.3 0.2 0.1 0
periastron (AU)

The 3:1 resonance is mordfieient in some circumstances,
7.1.1. The mass of the planet when the object has a high initial eccentricity. With an eccen-
The mass of the planet is represented in the dynamical mogleﬁlty of0._2 an_d an eccentricity of the planet of 0.1, the dynam-
. iIcal evolution is very fast. Some recent work suggests that the
by u, the ratio of the mass of the planet to the mass of the - : S
star. Tvoically. we consider that the planet has a mass of t ominant mechanism to create FEBs should be this, instead of
- lypicaly, b ' resonance (Tébault & Beust 2001). Figure 12 compares

order of Jupiter, thereforg ~ 0.001. Figure 9 shows the P€he results obtained previously with the 4:1 resonance and the

riastron where the object disappears definitively versus the f&Sults obtained in the same conditions but for a body trapped

dius of the object. Figure 10 shows the quantity of refractorlclar;s the 3:1 resonance. We observe a stronger ability to pene-

sublimated at each periastron passage. As expected, a more

. . Otra}te deep in the sublimation area, due to the quickness of the
massive planet speeds the secular evolution of the FEB, and al-_ . L i
rt1am|cal evolution of the object in the 3:1 resonance. The

lows it to reach smaller periastron distances. We can see t ) S
- . : X objects contained in this resonance are therefore more able to
the minimum periastron is relatively small, betweed AU
Sqenerate the HVF features.

and 0125 AU. However, the rate of sublimation of matter i
far higher with a massive planet.

7.2. Physical parameters

7.1.2. The eccentricity of the planet
y P The physical parameters are the values that influence the quan-

The eccentricity of the planet also influences tlgceency tity of refractory matter sublimated, the total quantity of matter
of the penetration in the sublimation area. Figure 11 showsesent in the object, or the propagation of heat and gas in the
the sublimation rate for €lierent eccentricities. Thefiierence interior.
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parameters.

important as it is the first convincing evidence of the fact that
physically diferent objects produce veryftérent features. In

4 10° | grephjte | this scenario, a wide variety of objects is necessary to produce
obsidian | the variety of the features.
magnetite This is to be crosschecked with the observations of the car-

bon element (in the form of CO, Gor C1v) in the absorption
features, that shows that this element seems to appear mostly in
high velocity features (HVF). Nevertheless, we cannot exclude
an observational bias, as the carbon is detected in the far UV.
Magnetite, which is less tough, sublimates far from the star,
and its sublimation is smoother. Obsidian is a material some-
I ~ | what close to magnetite. These kind of materials are therefore
0 ‘ ‘ 71 those expected in FEBs that produce LVFs and VLVFs features.

L
0.4 0.3 0.2 0.1 0
periastron (AU)
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=
(@]
©
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maximum evaporation rate (mol/s)

) _ _ 7.2.2. Porosity
Fig. 13. Quantity of refractory matter sublimated by second at each

periastron, versus the distance at periastron, for (from left to righthe porosity influences the quantity of matter inside the object.
magnetite, obsidian, and graphite. If there is more matter for a constant sublimation rate the size
of the object will decrease slower.

Figure 14 shows theffect of porosity. We see, as expected,
that lower porosity induces higher sublimation rates and allows
We do not know much about the refractory material containéde FEB to reach closer periastrons. THEeet is somewhat
in the FEB. The choice of obsidian was made to mimic whénportant, even with a moderate porosity (0.5).
is observed on an average in the Solar System (Draine & Lee
1984). But the possible_ refrgctory mafcerials are _stiII variou.§:3. Complete sublimation?
and can show a great diversity of physical properties. If obsid-
ian is a good average, we have also simulated some other lae evolution of eccentricity in a mean-motion resonance is
terials: magnetite, which sublimates very easily, and graphiteeoretically a periodical phenomenon; an object after having
which is very hard to sublimate. passed through a maximum of eccentricity evolves secularly

The results are shown in Fig. 13. We observe that back towards a nearly circular orbit, at which point a new cycle
graphite is tougher than the other materials it is allowed to agtarts again. However, the simulations show that reasonably-
proach very close to the star. The main part of its sublimatisized objects cannot resistfBaiently long to live a whole cy-
takes place betweenlDAU and Q05 AU. Therefore, one could cle. It is even very diicult for them to reach the maximum
think that a FEB composed essentially of carbon or being etcentricity allowed by the dynamics. Only objects that have a
least strongly carbonaceous is less likely to produce the Isize of the order of km or more can do it. Objects of that
velocity features (LVF or VLVF) observed. On the other handype are not realistic, and should be very unusual.
it is apparently the only material able to produce high veloc- This might explain the limited number of blue-shifted
ity features, and it does so vertfieiently. This result is very events. They may correspond in {B€ic dynamic conditions

7.2.1. The refractory material
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to objects that have reached this maximum of eccentricity, aaflvolatiles origin enter in a medium filled with ions of refrac-
that have taken the inverse way of the secular dynamical evory origin, and then may take some time to be important in
lution. For example, for the 4:1 resonance, a compact objélce cloud formation process. At last, the volatile production is
(porosity = 0) should have a radius of 1500km to pass thjgredominant, and we can expect the cloud to be progressively
maximum. For the 3:1 resonance, which induces a faster dijled by ions of volatile origin. As we can see, the process of
namical evolution, a radius of 300 km should beffatient”. cloud formation can be very complex in the later phase and it
will have to be fully investigated with dedicated simulations in
the future. Notice that the case when the volatiles are predomi-
nant may only occur at the end of the passage at the periastron,
so “volatile-born” clouds crossing the line of sight should oc-
In KO1, the conclusion of the possible absence of an icy carar only for blue-shifted events, which are not often observed.
led to the idea that the FEB evaporation model needed to Ibenay be another explanation for the lack of observations of
revised in order to handle the lack of volatiles materials. Thidue-shifted events arourgiPictoris and in other systems: if
time, the simulations of the FEB evolution describes a cortie cloud after the passage to the periastron is dominated by
plete scenario of the evaporation sequences that will have tosbene H or H1t gas, the physics inside the cloud would be
introduced in this evaporation model. dominated by those ions, which do not undergo stellar radi-

The quantity and the nature of the matter sublimated whation, and the cloud would have greaffdiulties in develop-
the object enters the refractory sublimation limit probably haweg, as stated before. It is another issue that should be inves-
a direct défect on the observed absorption features. Indeedigated in a future complete study of the cloud. Then, the last
can be observed only if the object develops a large and depsént of importance is the influence of the chemical composi-
enough coma of metallic material, and the quantity of mattton of the objects themselves on the events. It is impossible for
evaporated as well as the respective proportion of refract@ynique type of object to produce all the FEB events observed,
and volatile material in this evaporation can havkeets on and therefore detailed observations of those events should show
the development of the cloud. In order to fulfill this requirestrong diferences in the species of the ions observed if they are
ment, the material escaping from the nucleus must be produed-s, LVFs or VLVFs. Especially, carbonaceous objects are
in sufficiently high quantities and must contain some speciegpected to be the progenitors of HVF, and those events should
undergoing very little radiation pressure. Most of the spettien show G, C1v and other carbon ions (as it seems indeed
tral lines exhibiting FEB variable components concern metallic be the case).
species that undergo a high radiation pressure (Lagrange et alHowever, it does not mean that more fragile materials are
1998). When released by the body, these ions are immediatedy capable of appearing in HVFs. Just as the ice can succeed in
subject to the stellar radiation pressure, so that if nothing elsesfaying in FEBs until complete evaporation because of the for-
able to retain them, they are blown away and the resulting comation of a refractory crust, fragile refractory materials such
is too thin to be detectable. If the ions encounter a dense enoagtobsidian can resist under a crust of tough materials, which
medium that does not fiigr from a strong radiation pressurewould possibly form at distances betweed @nd 01 AU. In
then collisions can prevent them from being too quickly blowthis scenario, we would have a three-layer description of a body
away, and a large coma forms (Beust et al. 1996). Volatiles havigh a crust of tough refractory materials involving probably
historically been candidates for this role, as thefjeswery lit- carbon, an underlying mantle of fragile refractory materials
tle radiation pressure (Lagrange et al. 1998), but it is not sach as obsidian, mixed with tough materials, and a possible
clear: some refractory species can also do the job. Therefame core. This kind of object would certainly show the same
the simulations of this paper are very important as they shéimd of “season ffect” developed here, but it is beyond the
the respective amount of refractory and volatile matter reakbgope of our model.
evaporated by an object.

_The_ scenario drawn h_ere |r_1volves many S|t_uat|ons. First, 8" conclusion
object in the phase described in Sect. 4 that still has a refractory
crust will have a highly predominant refractory evaporatioi order to simulate the physico-chemical evolution of the FEB
with very little volatile evaporation. At this time, theéfect of during evaporation, we have developed the model presented in
volatiles in the formation of the cloud is highly questionable. IK01 to take into account the sublimation of refractory materi-
the following phase, which is the last one, described in Sect.és and the dynamical evolution. We have also optimized the
the ratio between refractory and volatile evaporation is hightyamerical resolution by grouping the spatial intervals. Many
variable, and a very important point is the evolution of the pramportant elements have emerged from these studies. First, it
ductions rates of the object when it crosses the line of sighirns out that the crust of refractory materials finally disap-
and before. First, it evaporates mainly refractory materials, apears before the icy core. Then, we observe a seaffeat e
a few volatiles, then if it crosses the line of sight at this tim&t passages to the periastron: there is a time-shift between the
the cloud will be dominated by ions originating from refractorproduction of volatiles and the production of refractory gas,
matter (mainly metallic ions, but also C and 0 ions). Then tltkie to the formation of a small crust between two passages.
crust disappears and the rates of refractory and volatile mafféle production of the object is subject to the influence of the
become equivalent. At this point, we could say that the clogeriastron value and the moment of the passage to the perias-
is full of matter of both sources but it is not so clear, as iotign during which it crosses the line of sight. The rate of the

8. Consequences for the FEB sublimation model
and observations
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sublimation leads to the idea that all kind of FEB features cabeuglas, J., & Jones, B. F. 1963, Soc. Ind. and App. Math. Jour., 11(1),
not be produced by the same kind of objects, and that the FEBL95
popu|ation is probab|y very heterogeneOUS, especia”y for thepinasse, S., Klinge_r, J., Ritz, C., &_Schmitt, B. 1989, Inte_rnational
kind of refractory materials that are predominant in their com- Workshop on Physics and Mechanics of Cometary Materials, 185
position. Espinasse, S., Klinger, J., Ritz, C., & Schmitt, B. 1991, Icarus, 92, 350
Karmann, C., Beust, H., & Klinger, J. 2001, A&A, 372, 616
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