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ABSTRACT

Context. HD 141569, a triple star system, has been intensively obdeand studied for its massive debris disk. Until recently, i
was rather regarded as a gravitationally bound triple aydiat recent measurements of the HD 141569A radial veloegnmsto
invalidate this hypothesis. The flyby scenario has theeeforbe further investigated to test its compatibility witle tobserved disk
structures.

Aims. We present a study of the flyby scenario for the HD141569 mysy considering 3 variants: a sole flyby, a flyby associated
with one planet embedded in the disk and a flyby with two pkairethe disk. We discuss the merits of each one to reproduce th
scattered light observations of the disk.

Methods. We first use analytical calculations to reduce the paransgtace of the 2 stellar companion’s orbit and then perform N-
body numerical simulations of the flyby encounter, using gigetic integration, taking into account the gravitatiomfluence of the
stars and the planets on massless test particles.

Results. The binary orbit is found to be almost fixed by the observai@onstraint on a edge-on plane with respect to the observer
If the binary has had an influence on the disk structure, itishbave a passing time at the periapsis between 5000 andy@a0¢
ago and a distance at periapsis between 600 and 900 AU. lapfsars that the best scenario for reproducing the diskhotogy

is a flyby with 1 planet embedded in the disk. For B2 planet, its orbital eccentricity must be aroun@ @hile for a 8M; planet, it
must be below (.. In the two cases, its apoapsis is about 130 AU.

Conclusions. Although th global disk shape is reasonably well reprodusedhe observed features cannot be explain by the present
model and the likehood of the flyby event remains an issuéhtostenario explored in this paper. Dynamically speakirig 141569

is still a puzzling system.

Key words. Celestial mechanics - (Stars:) planetary systems - Methdi®dy simulations - Methods: analytical - Stars: indiveédt
HD 141569

1. Introduction previous studies have either considered the case of giianidh
. ) ) bound companiong (Augereau & Papalojzou 2004; Quillen]et al
HD 141569, a triple star system, has been intensively obsler) or the case of a flyby (Ardila et]al. 2005). The internal

and studied for its circumstellar dusty disk imaged in @@l Fisi sty ctures might be explained by the gravitationalyyba-

lightin the visible and at near-infrared wavelengths. Bystem jon of an unseen planet at large distance, around 25a

is located at 9% 10 pc and its age is estimated ta:3 Myrs p003) but also by alternative mechanisms, such as dust migra

(Weinberger et di. 20DQ; Merin et|gl. 2004). The disk is @SSO {500 4 gaseous disk (Takeuchi & Artymowlicz 2p01). Thedatt

ated to the central star (B9.5 Ve) while the two other compasii gcenarig is successful in producing annular structureiscd:

(M2 and M4) form-a binary. , i . notaccount for the observed non-axisymmetric of theseifeat
The resolved images of the disk, showing a complicateghe combined @ect of a planet and external perturbers has only

morphology, have generated a lot of discussion in the tilé€a pheen considered in one study, without successfully repriodu
about the systems dynamics (see Tble 1 for a summary). Figkhe structures(Ardila et HI. 2405).

of all, this disk is in transition to a debris disk: althoughs o ) i
a dusty optically thin disk with a fractional disk luminasiof New millimeter observations of the gas digk (Dent e} al.
Lais/L, ~ 8.4x 102 (Bylvester et d[. 1996), the gas mass is né@005) and Augereau et al., in prep) , which give better con-
negligible. It could in fact represent most of the mass atcorStraints on the radial velocity of the primary star, showttha
ing to[Jonkheid et al[(20p 6Mgas = 80Mg, Maug = 2.2 M, the diferential ve!ocny between the binary and the cent_ral star
for grains with radius sizes betweenufn and 1 cm), although (5.8 + 0.3 km s') is larger than the system escape velocity (2
the spatial distribution of the gas and of the dust maediThe km s*) so that the flyby scenario seems therefore to be the
influence of the gas on the dust dynamics has been theref@}@st plausible. Therefore, we propose in this paper to exten
taken into account by Ardila etfa[. (2905), but other autars-  Sively study the flyby scenario, as it is the least studiedaup t
sider only classical N-Body simulations without gas (Atggr NOW. In Sect[lz we summarise the avf';ulable observationseof th
& Papaloizou[2004f Wyaft 20p5). Quillen ef] a. (2P05), on thdisk and the stars astrometry constraints. In order to lepsor
other hand, only considered the gas in their simulations. duce the observations, we discuss Betent scenarios (Fig] 1):
The dynamical status of the external binary is also questidhsole flyby (Secf]3), a flyby with 1 planet embedded in the disk

able: in order to reproduce the external structures of tsk, di (Sect[}) and a flyby with 2 planets embedded in the disk (Sect.
E). In Sect[fs, we compare our approach to previous studigs an

Send offprint requests  to: R. Reche e-mail: discuss in particular the likelihood of this scenario. Weliiy
Remy .Reche@obs.ujf-grenoble. fr summarise and conclude in Sd]:t. 7.
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Table 1. Summary of recent papers on the dynamical modelling of thelKlT569system.

Authors Modelled structures External companions Planet tedlo
y (2001) gap & two rings No No Dust migat due to gas friction
2004) outer ring bound No N-Body iaéional code
outer ring bound No 2D hydrodynamicdeco
spiral arms & inner depletion flyby Yes bddy code, SPH code, collisions
gap & outer ring No Yes N-body gravitation code
500 [ ' ' ‘ 1 so00f' ‘ ' ' 1 s00f’ '
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Fig. 1. lllustrations of the 3 scenarios studied in this paper: a fligby (left panel), a flyby 1 planet (middle panel) and a flyby
+ 2 planets (right panel). The stars and planet locationsiegnesented by large red points, and the various orbits hinayteen
line. See the electronic edition of the Journal for a colasigmn of this figure.

2. Available Observations Augereau et al. (in prep) arfd Dent e} 4. (4005) have mea-
) ) sured the double-peaked C@2}1 spectral profile of the disk
2.1. Overview of the disk shape around HD 141569A. It is thus possible to deduce the radial ve

locity of this star from the CO line and to obtain a far smaller
uncertainty on this measure. To a first approximation, agsgim
a symmetric emission in the blue-shifted and red-shiftetspz
the disk, the radial heliocentric velocity of HD 141569Adsihd

|@%%e{ﬁ?;]aer;hgl lél t(;ﬁt(goﬁ Ovz\l)e;nm%eg::népltinﬁglt(a?F(gg)’ol\él;) tl#]ig)?‘; to be—7.6 + 0.3 km s (mean velocity in the line). Supposing
. that the star masses aré20.5 and 025 M, for A, B and C re-

ing facts appear. spectively (Weinberger etgl. 2000) and that the distantedsn
] ) ) ) HD141569A and the center of mass of the B-C binary is at least
— The main structure is the two rings shape of the disk. Thgg)o AU (projected distancE, Weinberger &t Bl (2000)), tham
two annuli peak at- 200 AU and~ 325 AU from the star. jmum escape velocity is.8 km s <. As the measured velocity
The two bright rings show out of phase brightness asymmg-far above this limit, the two M star companions are not lwbun
tries of up to factors of B-3 for the outer ring in the visible. 1o HD 141569A. In the context of dynamical perturbation af th

The outer ring moreover shows a tightly-wound spiral strugfisk by the companions, the flyby scenario seems therefdre to
ture. The two annuli are separated by a darker ring or “gaRhe most plausible.

which is radially wide compared to the two annuli.
— an extended diuse emission associated with a faint spiral
armis presentin the North-East of the disk and is detected 9pThe flyby scenario
to more than 600 AU. According to the millimeter maps and
using the hypothesis of forward scattering, this spiral Mtou3.1. Kinematic constraints

be a trailing structure with respect to the disk rotation. A ' . . .
other spiral arm is possibly observed, pointing toward ﬂ{Ne define a cartesian coordinate systéyv(Z) whereX points

- Bward the northY toward the east and toward the Earth and
companions.

; : re the originis HD141569A. In this referential fram -
— the disk brightness sharply deqreases between 200 and. ition of the cgenter of mass of the B-C binary will be dezgziibe
AU from the central star until the background level i

: . . . by the coordinatesXp, Yb, Zp) and its velocity byV,, Vi, Vb, .
reached. This behaviour is suggestive of a strong depletl\(xﬁ : X T .
of dust inside 150 AU. already know the presei, Y, (right ascension and dec

lination) andVy, (radial velocity). But the hyperbolic orbit of
the binary around the primary is also defined by the 6 orbital
2.2. Radial velocities & astrometry elements g, e,i, w, Q,u) whereq is the pericenter distance,

the eccentricityj the inclination with respect to the sky plane
Weinberger et aI.O) have measured the radial velsditie (OXY), w the periapsis argumern® the longitude of the ascend-
the HD 141569B and C stars, respectively5+0.6 km s and ing node andi the eccentric anomaly at the observing time. The
-2.4 + 0.7 km s by cross-correlating their spectra to that ofransformation from cartesian coordinates to orbitalsnelets,
standard stars. This method was not suitable for HD 14156@Athe inverse transformation, is defined by a system of 6 non-
due to its lack of lines for comparison with the radial vetgci linear equations from classical keplerian formalism. Ithiss
standardl Weinberger et|a). (2000) also summarise thenastro possible to look for orbital element sets verifying the 3ers
try of the 3 stars from 1938 to 1999. ables Ky, Yp, Vz,). But with 6 unknown and only 3 constraints

The motivation for our study is to reproduce the dust diskcstr
tures that have been observed in scattered light. Accoriging
the visible, near-infrared and mid-infrared observatifmsn

D
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the equation system is underconstrained. One has therefore
consider 3 orbital elements as free parameters in ordenve so
the system for the 3 other orbital elements. This system-s de

fined by the following equations, for an hyperbolic orbit:

Xp coSQ — Yp SinQ

acosi (Ve2 —1coswsinhu

+ (e - coshu) sinw) Q)

Xp SINQ + YpcosQ = a(— Ve2 — 1 sinwsinhu
+ (e - coshu) cosw) (2

Vb, Va(ecoshu—1) = VGM sini (sinhusinw
— V& - 1 coshucosw) (3)

whereG is the gravitational constant afd the sum of the 3
star masses. For this study, we choose to considery) as free
parameters andj(e, w) as unknowns. Once the 3 paramete

'St

Eccentric anomaly (u)
Density of solutions

10
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-10

20 40 60 80 100 120 140 160
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Fig. 2. Density of valid orbital configurations in the parameter
spacei, u, Q). The two axis are the eccentric anomalgnd the
inclinationi, while the colors correspond to the density of the
valid solutions for the longitude of the ascending nédi the
range [Q2n]. The small white box shows the final valid param-
er space when the disk geometry constraints are also taken

(i, Q, u) are fixed to an arbitrary set of values, the non-linear SYSecount (SecB.Z).See the electronic edition of the Jbfona

tem generally admits none or one solution for the tripiee(w).
For our problem, many triplets of the parameter€(u) give a
solution: for eachi(u)pair , at least one value 6% gives a valid

color version of this figure.

solution for @, e, w). The results are thus not significant because

all the scenarios can be compatible with the observatiabgad
plane perpendicular to the line of sight, or instead ver{ired
orbits, more or less eccentric hyperbolic orbits ...

However, an other constraint exists, not yet used in
method: the observed proper motion of the stars between 1
and 1998 |(Weinberger et

quite large and we consider it as an upper limit: all the $ohst

that predict a proper motion less than twice the observepesro

motion are valid:

V2 + V2 < 2Vsy

(4)

(o]

dl. 2000), and the associate velog

3.2. Disk geometry constraints

his point, only the kinematic constraints have been used
culate the valid orbital configurations for the binargvirever,

Vay = 11+ 0.7 km 5. The uncertainty on this observable E%e encounter geometry is also constrained by the observed

ructures in the disk if one assumes that the current diagesh
is a consequence of the gravitational perturbations of thle d
by the binary. The comparison study of numerical simulation
of the flyby scenario to the observations therefore redueces e
more the range of valid orbital configurations as detailddvae

3.2.1. Numerical model

This is enough to reduce significantly the number of solu-

tions, as showed in Fi
eccentric anomaly and the inclination, while the colors cor-
respond to the density of valid solutions (i.e. fulfillingetine-
lation 1 to 4) for the longitude of the ascending nddén the

2. On this plot, the two axes are ti¢e consider in our simulations a hierarchical system ctingis

of a central star associated with a debris disk and an externa
nary. The trajectory of this binary can be a bound orbit acbun
the primary star or a flyby (hyperbolic orbit). We address the

range [02x]. The parameter space region where the valid sase of a disk consisting of large particles (planetesimatsich

lutions exist is indeed very much reduced by using the prop#i

motion constraint as we find, with an inclinatiobetween 75
and 108 and an eccentric anomalybetween-5 and 5 radians.
The fourth constraint has therefore eliminated all the tohs
with lower inclination and larger proper motion.

The disk inclination is 55+ 1.2° from pole-on (Mouillet
et al.[200[1), or rather 186-55° in order to have the disk rotation
(Goto et a)[ 2006) consistent with our convention (i.e.90° is
an anticlockwise orbit on the sky). The binary orbits withian
clination below (resp. above) 9@re thus retrograde (resp. pro
grade) with respect of the disk rotation. The relative imation

ie insensitive to pressure forces (radiation, stelladwingas
pressure). Importantly, we also do not take into accoungthe-
itational interactions between planetesimals as they egégi-
ble, nor mutual collisions. Dynamically speaking, the |etees-
imals are thus considered as test particles. In $ect. Aﬂamlui%
or several planets will be added to the simulations, orpithre
central star in the orbital plane of the disk. The central sa
assumed to have a mass ob M, and the low mass compan-
ions companions.B M, and 025 M, (Weinberger et gl. 2000).
The initial disk consists of 100 000 test particles with aface
density distribution proportional to™*.

ira between the orbital plane of the binary and that of the disk To perform our simulations we use the symplectic package

can be calculated by the following equation:

COSite = COSI COSigig + SiNi SiNigig COS(Q — Qqisk)

()

with Qgi«, the position angle of the disk (35% 2°) andi, Q
orbital elements of the binary orbit.

HJS (Beugt 2003), a SWIFT variant (Wisdom & Holifjan 1991,
Levison & Duncaf| 1994) for hierarchical systems. It allovgs u
to integrate accurately and fastly the motion of the diskipar
cles, the relative motion of the two companions and theiitorb
around the central star, although they are dfedent timescales.
Numerous scenarios can be therefore tested and studieda a r
sonable CPU time.




4 R. Reche et al.: Investigating the flyby scenario for the HD569 system

3.2.2. Results

Among the solutions consistent with the kinematic constgsai
(Sect[3.1L), the periapsis of the orbils, (i.e. the closest ap-
proach) can range between 10 and several thousands of AU
the flyby is however too close to the star, the disk can belyotal
dissipated or, at least, can show a spiral structure whiomgly
differs from the observations (Fiﬂ. 3 top left panel). We nume
ically explored a broad range af, values consistent with the
kinematic constraints of Se¢t. 8.1. According to the sirtiates,
we find that the distance at periapgig, must be above about
600 AU. An other useful constraint is the time span between tt
periapsis passage and the present tilme; t — to. If T is too
small compared to the keplerian period at the outer disk ,edc
the spiral structure does not have the time to develop [FﬁgpS
right panel). The simulations give an estimate of at lea€d®% 0
years before present for the periapsis passage. All thedeell Fig. 4. Best solutions for the flyby scenario on a retrograde orbit
fined structures in the disk develop after the periapsisgugss (left panel) and on a prograde (right panel orbit, compaced t
never before, which eliminates all the configurations with 0, the observations frofn Mouillet et]al. (2001) (middle pangl)
because the binary is still too far to generate any pertimbgtn  scattering anisotropic facta of 0.2 is assumed to mimic real
the disk (Fig[]3 bottom left panel). scattered light observations.

Few orbital configurations finally verify the system given by
the equation§]1 g 4 plus the additional constraiigts 600AU _
andT = t—1f, > 5000yrs. Valid solutions are only possible4. The flyby + planet scenario

for i between 85and 95 andu ~ 3 and share the following We can conclude from Sedﬂ 3 that the sole presence of the

properties: two star companions is not enough to well explain the obskerve
5000yrs<t—to <8000yrs disk properties summarised in Sg¢t. 2, especially the @oriby
600 AU < dy < 900 AU structure. The flyby can, at least, constrain the initiakdize
e~ 10 between 400 and 450 AU but it is necessary to use other hy-
o ] ] pothesis to improve the model and to try to better fit the disk
Thanks to Eq[]5, it is also possible to determinate that:  geometry. As the observations show a strong depletion in the
) dust surface density below 150 AU, a plausible hypothedrss
35" <irg <145 presence of an unseen planet which generates this gap.
Considering these solutions, the binary has at present time In this section, we consider the case where we add a planet
already reached its velocity at infinity. Within this rangesolu-  Within 150 AU in our numerical models. The planet is supposed
tions, the initial size of the disk can also be better comstog t0 be coplanar with the disk and its main parameters are issma
our simulations in the range between 40460 AU. Ifitis larger its orbital semi-major axis and its orbital eccentricithelsim-
(Fig.|§ bottom right panel), the flyby produces large spirais ulations take into account the mutual gravitational intécas
which are too extended while if the disk size is smaller, tisi& d between the planet and the 3 stars, as well as the gravigtion
does not fit the observed size. We do not address here the q@&sturbation of the disk by the planet but not the feedbatkef
tion of the origin of the disk size, nor the shape of the exaerndisk on the planet: the planetesimals are still consideset@st
disk edge. But collisional evolution of the di particles. The system consisting of the central star, thk and
) or gravitationnal truncation by the binary in a pasirib the planet is first evolved during 5 Myrs (the assumed ageeof th
state of the system (see Sect] 6.1) can both be used to exp®item), then the two star companions are introduced tdaienu
them. the flyby with one of the valid set of orbital parameters foimd
Overall, this scenario gives satisfactory results for tioba| SeCt-[F-
shape of the disk and reduces significantly the range of iplessi
orbital configurations for the companions. This is illutdin : :
Fig. [} which shows a disk of correct size with a outer trailing'l' The inner ring
spiral. The inner disk structure is nevertheless not pigper To constrain the planet parameters, we compare the siroogati
produced and the next step is thus to reproduce more aclyurate the disk optical thickness derived frgm Marsh gt pl. (002
the two ring-like structure at distances of about 200 andA25 The authors have combined their own observations in the mid-
from the star|(Mouillet et gl. 2001; Clampin ef pl. 2p03).pt a infrared and Weinberger etlal. (1999) observations in tre-ne
pears however that none of the valid solutions for the flyby isfrared (Fig{$) to estimate the radial profiles of the etdust
able to well generate the two rings. In the case of retrogradptical depth at 1L um. The observations in the mid-infrared
orbit (85 < i < 90°), the flyby generates a clear two arms spieover the inner region of the disk, up to 130 AU while the ob-
ral structure (Fig|:|4, left panel). In the case of progradator servations in the near-infrared cover the region betwe&rah8
(90° < i < 95°), as studied for instance fy Pfalzn 003), the00 AU. The radial profile of the optical depth aflLm is de-
two arms are more wound and more extended but it is still taluced, for the mid-infrared data, from the optical depthzab1
different from the observations (Fﬂ. 4, right panel). In the twam and assuming the opacity scales inversely with wavelength
cases, the flyby does not perturb the inner part of the disépwbe  The profiles show a ring which peaks around 200 AU, a de-
200 AU. It thus cannot explain the inner ring, nor the obsérveletion at 250 AU and an even more depleted region below 150
depletion around 150 AU. It means that we need to add soe. We use in the following these data to constrain the mads an
other hypothesis to the model. the orbital elements of the planet, by trying to reprodugeeo
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Fig. 3. Examples of parameters for the flyby scenario inconsistéhttive observations: the periapsis is too close to the disk70
AU, (top left panel) the crossing time at periapsis is toergc700 years, (top right), the binary is still not yet atigpsis (bottom
left) and the disk is too large (bottom right). These figures the intensity, in logarithm scale, of scattered lightbg planetesimal
spatial distribution obtained with our simulations. Thatsering anisotropic factor is.®. The time is relative to the crossing time
at periapsisto.

over-density. For a ®; planet, the best fits are obtained for ec-
centricities around .@, while for a 8M; planet, it must be below
0.1. The best solution between these two planets is fordy 2
— apeak between 190 and 210 AU planet.
— @ ralioTpes/T250 Of about 13 between the peak surface den-  \yjith an initial surface density distribution proportiortal
sity at~ 200 AU and the depletion at 250 AU r-1, Fig. B shows that there is a Ia>c/:k of particlesF:n tFk)le outet par
~ @ ratior e/ 7150 Of about 27 between the peak at200 AU ot the disk compared to the optical depth profilelat 1.1um.
and the inner depleted region at 150 AU. The uncertainiye therefore adjust the initial surface density to obtaggame
on this ratio is nevertheless rather large because of tge lag,5yimum at the outer peak location, near 330 AU. We find that
uncertainties in the optical depth between 100 and 150 Apg pest fit is obtained for an initial surface density disttion
proportional tar~%° and that the outer peak position in our simu-
ationis consistent with the observations. However, tieeséll a
ack of particles between the two rings and outside the airtgr
This might reflect a limitation of our model as we only model
e dynamics of planetesimals. One can expect than smalkér d
particles, sensitive to radiation pressure and generatezbb
lisions, will migrate outside the rings and flatten the pedijl
[]prpce better reproducing the optical depth profile.

key characteristics of the azimuthal averaged radial thepsd-
file of the dust:

The “1 planet+ flyby” scenario is tested for 3 flerent planet
masses: 2, 2 and 8M;. For each planet mass, 3 apoapsis a%
considered (130, 150 and 180 AU) with 4fdrent values of the
eccentricity: 0, 05, Q1 and 02. This gives a total of 36 simula-
tions and their results are summarised in Taflld$ 2, JJandet.
peak position (TabIE 2) indicates the position of the largesr-
density if several are presentes /7150 iS defined as the ratio
between the dust density at the peak position and the maxim
density between 100 and 150 Athea /7250 is defined as the ra-
tio between the dust density at the peak position and thetglens; o The global structure
around 250 AU.

According to these simulations, a20M; planet cannot re- The ratio between the two peaks in the optical depth profite de
produce the observational data: it does not clear out enthegh pends of the observing wavelength, as the optical deptheat th
inner part of the disk. For higher mass planets, the best sotuter peak position is larger than the optical depth at therin
tion is obtained for an apoapsis of 130 AU. For larger valifes peak position at & um (Ardila et a].[200F), while it is the oppo-
apoapsis, the peak position is shifted toward too largadés site of Fig.l]S @ = 1.1um). Our constraint on the initial surface
from the star, or the planet can even prevent the formati@nof density distribution should therefore be taken with cate,dur
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Table 2. Summary of the results for the peak position (in AU) in thengl@simal density profile, for all the simulations, as a
function of the planet mass, eccentricity and apoapsisifditates the simulations where no peak is observable orerthe peak

is below 170 AU} indicates the simulations where multiple peaks appeahniscase, the largest peak is used to calculate the peak
POSitioN, Tpeak/ T150 aNdTpeak/ T250. The numbers boldface correspond to the best solutions.

Planet mass 0.2 M; 2 M; 8 M,

Planet ecc. 0.05 01 0.2 0 0.05 01 0.2 0 0.05 01 0.2
apoapsis of 180 AU 210 210 210 - - 230 - - - - - -
apoapsis of 150 AU 2207 - - 230 - 210r 230 240 - - - -
apoapsis of 130 AU - - - 220 - 220¢ - 210 220 220 230 220
apoapsis of 120 AU - - - - - - 200 190 220 220 230 230

Table 3. Same as Tablﬂ 2, but for the ratigs /7150 between the density at peak position and the maximum delnsityeen 100
and 150 AU.

Planet mass 0.2 M, 2 M; 8 M;

Planet ecc. 0 0.05 01 0.2 0 0.05 01 0.2 0 0.05 01 0.2
apoapsis of 180 AU 0.5 05 05 - - - 04 - - - - -
apoapsis of 150 AU 0.5t — - 08 - 0.67 16 30 - - - -
apoapsis of 130 AU - - - 11 - 247 - 23 30 5.0 6.0 80
apoapsis of 120 AU - - - - - - 13 21 2.7 47 42 45

Table 4. Same as in TabIE 2, but for the ratigax /7250 between the density at peak position and the density in theagaund 250
AU.

Planet mass 0.2 M, 2 M; 8 M,

Planet ecc. 0 0.05 01 0.2 0 0.05 01 0.2 0 0.05 01 0.2

apoapsis of 180 AU 15 17 13 - - - 11 - - - - -

apoapsis of 150 AU 1.7% — - 18 - 14+ 15 20 - - - -

apoapsis of 130 AU - - - 20 - 17t - 20 19 19 17 13

apoapsis of 120 AU - - - - - - 22 21 18 17 18 14

oo ‘ ‘ ‘ WiGinireo oata —— In less than 5 Myrs, the planet has time enough to develop a

Simulation = strong, one-armed, anticlockwise wound spiral, due to ifierd

7, Simulation with constrained surface density &
0.01 1

ential precession rate of the planetesimal orbits as exgibby
Augereau & Papaloizpy (2004). The flyby does thus not occur
with an initially smooth disk and this has strong conseqeenc
on the final shape of the structures produced by the flyby. For
instance, in the case where the binary is on a retrogradg orbi
we previously obtained a regular two armed spiral. But nbe, t
planet not only produces the inner ring, but can also malapdis
pear, or at least perturb, a significant fraction of one oftthe
spiral arms. As shown in Fig{ 6, the disk morphology between
200 and 300 AU slightly depends of the direction of the planet
periapsis with respect to the direction of the binary pesigp
but the diterences remain too small to constrain the orientation
s s of the planet orbit. The results are thus not perfect becthese
800 400 %0 simulations do not still reproduce exactly the outer ringthey
clearly show that we need a complete description of the syste
Fig.5. Estimated profiles of dust optical depth (normal to the properly account for it. It is not satisfactory to considelely
disk plane) by combining mid-infrared dafa (Marsh d{al. 200 the external companions or the inner planet. Combining, vagh
and near-infrared dat (Weinberger d{ al. 1999), compartftt clearly achieve a much better fit to the observations.
simulation output of the best scenario, &g planet with an
eccentricity of (2.

0.008 - i

0.006 -

Optical depth

0.004

0.002

f[AU]

5. The flyby + 2 planets scenario

As the previous scenario is still not fully satisfactory aese
model is nevertheless very successful to predict the positf it still does not generate two rings clearly separated byrgela
the outer peak in the optical depth profile. The planet patarse gap, we have also investigated an alternative with two pane
are strongly constrained by the inner ring, but our simatati in the disk.Wya}t [[2005) has already considered the case of a
show that the planet also perturb the outer parts of the disksingle planet at about 250 AU to explain the outer ring buhwit
shown in Figslﬁ anﬂ 6. out considering the perturbation due to the companion.stges
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Fig.6. Same asin Fid] 4, but for the best solution for the flybyylanet scenario in the case of a retrograde orbit of the bithird
panel). The red arrow indicates the direction of the plareigpsis. The planet mass is equal tM2, it apoapsis is 130 AU and
its eccentricity ®. The first panel show the disk before the flyby but after 5 Myfrgravitational perturbation by the planet. The
fourth panel shows an alternative configuration where thiaimirection of the planet periapsis is turned by 180

be considered: a.® M; planet evolving over 5 Myrs on an orbit
with a semi-major axis of 250 AU and an eccentricity od®,
and a 2M; planet perturbing the disk over®Myrs and on the
same orbit. We add thus another planet in the internal pahisof
disk, following the best solutions found in the previoustset
namely a 2M; planet on an orbit with a semi-major axis of 110
AU and an eccentricity of.@ or a 8M; planet on an orbit with a
semi-major axis of 115 AU and an eccentricity o®9 (Fig.f{).

Like in Sect[}, the estimated radial profiles of the dust op-
tical depth obtained with these simulations are comparékeo
observed optical depth atilym (Fig.[$). Two major informa-
tions are therefore given by this method. First, and inddpatly
of the mass of the inner planet, a\2; at 250 AU generates a
too deep gap in the disk compared to the observations (soenar
B and C of Fig.[B). Contrary to scenario “flyby 1 planet”,
one cannot expect that the optical depth profile would be flat-
tened by smaller dust particles sensitive to radiationqunesbe-
cause the particles will be quickly removed from the gap, due
to close encounter with this planet orbiting at 250 AU. Wyatt
) constrains the planet parameters considering tatidm
and the winding of the spiral but there is a degeneracy betwee
the planet mass and the time the planet is orbiting around the
therefore first investigate the consequence of both the aompstar. If one adds the constrain given by the observationfien t
ions and the planet on the disk geometry. Using the solutioigpth of the gap around 250 AU, only the scenarios with smalle
found in Sect{|3, it appears that adding the gravitationfiiin planet masses (®M;) orbiting for a long time (5 Myrs) are sat-
ence of the two companion stars does not improve the steictigfactory (scenario A and D of Fi@ 8)). Second, the simalzi
generated by the external planet but, on contrary, disthyts show that it is dificult to obtain an inner ring massive enough
because the planetesimals orbits are too destabilisecelpeth  between the two planets, around 200 AU. Due to the perturba-
turbations of a planet and that of the two companions. Far thions of these two objects, a lot of planetesimals are gjigcten
scenario, the constraints used in Spc}. 3.2 are no longdrarad ~ the disk. We have therefore tried other simulations with alten
the correct orbital elements for the binary orbit are thok&ctv mass (2 M;, scenario D) for the internal planet in order to less
prevent interactions between the disk and the two M staey. thperturb the disk. However, the results are still not satisfey
do not still reach the periapsis locatiam € 0) or the periapsis because the peak position is not at the correct location AL50
itself is located at more than 1500 AU from the primary star. instead of 200 AU) and because, with a low mass planet, there

Such a scenario cannot, however, reproduce the inner dejde& too much planetesimals below 100 AU.
tion below 150 AU; another planet is thus necessary like @ th A planet located at 250 AU from the primary star is a in-
previous section. According {o Wylaft (2005), two scenacars teresting alternative to the companions in order to expian

Fig. 7. Same as in Fid]4 , but for the flyby?2 planets scenario.
The inner planet mass is equal td/B, it apoapsis is 130 AU and
its eccentricity ®. The outer planet mass i20M;, it apoapsis

is 250 AU and its eccentricity.05.
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0.06 T T T T T T T

<A(>Bz)gnm§§ Miup f— one encounter between 1000 and 10000 AU. On the other hand,
(0 )8 e + 2 Wi Aarnio et al. (2008) have found that HD 141569 formed in rela-
005 - 1  tive isolation, tens of parsecs away from the recent sitestaof

formation in the Ophiucus-Scorpius-Centaurus region.|ikee
hood of such a scenario has thus to be better estimated.-Its dy
namical modelling has also to be investigated by this is hdyo
the scope of this paper. Theoretical works are howeverdyrea
003k 4 1 abundantin the literature (see, for example, the seriesising

AL many aspects of the three-body scattering ffom Hut & Bahcalll
ooz | )L ] 983) to[Heggie et &I[(19p6)).

0.04 |- A

Optical depth [arbitray unit]

oot LK Y | 6.2. Comparison with previous works

N A - Other theoretical studies of the HD 141569system can bdetivi
: : x x s x x x in 3 groups with respect to the reproduced disk structufes: t
oo e A B % outer ring, the gap between the two rings or the extendedlspir
arms.
Fig. 8. .Optical depth obtained by simulations with 4ﬂ“d'r¢nt Augereau & Papaloizoy (2004) afid Quillen e} 4I. (3005)
scenarios for the mass of the 2 planets, to compare td Fig.5. have both studied the outer ring of the disk, but usirfiedent
tools: a pure N-body code fqr Augereau & Papalojzjou (2004)
_ _ o _ and a 2D hydrodynamics code for Quillen e} al. (2005) assum-
outer ring without the gravitational perturbation of thet2ls ing in the latter case that the gas and the dust are fully mixed
lar companions, but our work shows that combining it with amheir main issue compared to our work is that they have con-
other planet around 120 AU to explain the inner ring and thgdered bound orbits for the binary which is incompatibléhwi
dust depletion within 150 AU does not provide satisfact@y rthe new measurement of radial velocities for the primary. sta
_SU|'[S. Even if It. IS St!'l not perfect, the scenario “flylyl planet” |_nteresting|y| Augereau & Papa|0ijdu (2@04) well repragtie
is the one which gives the best results among the three studigiter ring but not the open spiral arms structure while ihis t

scenarios in this paper. contrary for our work. One can therefore ask if the scenatrib w
4 stars can reconciliate these two approaches. This hasite be
. . vestigated in a future paper.
6. Discussion %{ (200b) and Takeuchi & Artymowik? (2001) have con-

sidered the opening of the gap between the two rings with very
different mechanisms: a planet embedded in the disk (JWyatt
The main drawback to the flyby scenario is that, accordingito 200%) or the sole interaction between the dust and the gas
models, the binary passed to the periapsis less than 8008 ydaakeuchi & Artymowick[2001). In the two cases, the authors
ago. The probability of observing such an event is low, mgkirdo not consider the influence of the two companion stars which
the flyby scenario statistically unlikely. On the other hatiee can be justified by our study of the kinematic constraints.il-
similar physical properties between the central star anddv deed possible to obtain a binary orbit reproducing the olesker
mass companions suggest a common origin. The 3 stars headial velocities but which does not let the two M stars gener
been independently estimated to be around 5 Myrs (Weinbergée any perturbation to the disk because they pass too far fro
et al.|200p| Merin et &l. 20P4) and thetférential radial velocity the disk or because they have not yet passed at the periapsis.
between the HD 141569A and the binary is only a fraction dfhe planet used by Wyhft (2405) iieient to open the gap and
the total speed of the primary star. But the observed radial \generate the outer ring but, as shown in Sgct. 5, itfiscdit to
locities clearly show that the binary is on an escape orfdttha improve this scenario in order to also explain the inner end
open spiral structure observed in the disk is also in favéur othe inner disk depletior]. Takeuchi & Artymowjcg (2001), kit
flyby scenario, as trailing structures are created by tiffalces an alternative scenario of dust migration due to the gasdric
(Augereau et al., in prep.). generate a two ring structures but the hypothesis of axyfmet
One can however reconciliate these positions with an hybitgt does not leave a lot of possibilities to extend this workla
scenario. HD 141569 could have been, in the past, a tripladbolexplain the tightly-wound spiral structure of the outergrimor
system until an other star of its vicinity approached andadesthe spiral arm in the extendediiise emission.
bilised the system, putting the binary on its current otlbithis %{ [200F) consider several physical processes fo
case, we would be observing the last periapsis passage of ttiee modelling of HD 141569: gravitation, interaction betme
binary and the consequences of a 4 star encounter. This dbe-gas and the dust, dust generation by collisions. It irethe
nario could explain the observed velocities, the commorsphyfore, up to now, the most complete theoretical study about HD
ical properties and the disk size, and it is more plausité¢ ¢h 141569. They considered the case of a flyby in order to obtain
sole flyby of the binary. The gravitationally bound scenatiad- large spiral arms similar to those observed in the extendfed d
ied by[Augereau & Papaloizp{i (2904) dnd Quillen 8t [al. (R00K)se emission. They also added &5 planet, on an orbit with a
can possibly be used to constraint the orbit of the binarpteef semi-major axis of 100 AU with an eccentricity aB)to explain
the encounter: typically an orbital period of several ha@adrof the depleted zone below 150 AU. Altought the authors obtain
thousands years and a apoapsis of almost 10000 AU. It appegusd results for the the extended spiral arms and the inrler ho
more probable that a fourth star destabilises such an bdiitie they did not succeed to reproduce the two rings nor the gag-in b
binary randomly cross the path of the primary star at less thiween. One possible explanation is that, in our work, weiabta
1000 AU. The study done Ry Scally & Clatke (2001) show thasatisfactory results only if we let the disk evolves with ghenet
in the Orion Nebula Cluster, almost all the stars undergeamtl during several million years before the flyby. To go furthrettie

6.1. Probability of the encounter
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description of the HD 141569system, it will be thereforeeint
esting to use the model developed by these authors but véth th
initial conditions on the binary orbit and on the planet paea
ters established by our work.

7. Summary and conclusion

The binary orbit is finally found to be almost fixed by the ob-
servational constraint on a edge-on plane with respecetolh
server. If the binary has had an influence on the disk stractur
it should have a passing time at the periapsis between 5@D0 an
8000 years ago and a distance at periapsis between 600 and 900
AU. The scenarios with retrograde orbits better reprodbee t
observations but prograde orbits cannot be totally exdutte
order to reproduce the observed structures in the debiksitlis
also appears that the best scenario is a flyby with 1 plane¢émb
ded in the disk. For a M, planet, its orbital eccentricity must
be around @ while for a 8M; planet, it must be below.0. In
the two cases, its apoapsis is about 130 AU.

This scenario is able to both reproduce the observed radial
velocities of the stars and the overall structure of the digh
the modelling of a flyby by the binary and a embedded planet
in the disk. However, this scenario is not fully satisfagtbe-
cause it does not reproduce all the structures, and in phatic
the entire gap between the two annulus. Future study cae-ther
fore extend this scenario, for example with the modellinghef
gas angbr collisions, as we have not taken into account these
effects on the dust dynamics.
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