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ABSTRACT

We consider the formation and migration of protoplanetanpg/os in disks around the stars
in tight binary systems (separation20AU). In such systems, the initial stages of runaway
embryo formation are expected to only take place within soritieal disk radiusgi;, due to
the perturbing ffect of the binary companions (Thébault €t al. 2009). Wegrarih-body sim-
ulations of the evolution of such a population of inner-déskbryos surrounded by an outer-
disk of smaller planetesimals. Taking Alpha Centauri-B asf@ucial reference example in
which agit ~ 0.7 AU, and using a Minimum Mass Nebular Model withec a=%/2, we find
that within 1®yrs (107yrs), systems will on average contain embryos which have negrat
out to Q9 AU (1.2 AU), with the average outer-most body having a mass. 2% (0.4Mg).
Changes to increase the surface density of solids or to usdter fprofile both produce in-
creased embryo migration and growth. At a given time yéhetivechange in semi-major axis
of the outer-most embryo in these simulations is found todsetially independent ati,
and we note that little further embryo migration takes plaegond 18yrs. We conclude that
the suppression of runaway growth outselg; doesnot mean that the habitable zones in
such tight binary systems will be devoid of detectable gstrial mass planets, evena;;
lies significantly interior to the inner edge of the habitabbne.

1 INTRODUCTION and oligarchic growth to the embryos, are much mdfecied by
the binary companion. Indeed, the coupldtkets of secular per-
turbations from the companion star and gas friction leadrting
orbital phasing as a function of planetesimal sizes. Su@siply
results in high impact velocities betweerffdrently sized objects,
causing accretion to be significantly slowed or even turoeiag-
mentation for a large range of parameter space. As a resiijt, o
the innermost regions of the protoplanetary disk, beyondtaa
distancea.; from the central star, might allow the in-situ forma-
tion of planets (E.d. Thébault etial. 2006; Paardekoopalli@008;
Xie & Zhou 12008). For binaries witla, ~ 20 AU, a.; could be
(depending on the system’s eccentricity and mass ratid)ingtle

1 AU (see for example Fig.8 of _Thébault etlal. 2006). Thisldou
pose serious problems for explaining the presence of a tplidee
that of they Cephei system at 2.1 AU (see for instance the numer-
ical investigations of Paardekooper etlal. 2008; Xie & Zh60¢3),

or that at 2.6 AU in HD196885 (although the orbit of the binary
here not fully constrained, ske Correia et al. 2008).

The majority of stars occur in multiple systems
(Egaleton & Tokovinin [ 2008) and~ 20% of detected exo-
planets have been found in binary systeims (Desidera & Bairbie
2007), hence the importance of studying planet formatiosuich
systems. Most of these systems have very large separations f
which the influence of the companion star on the planet region
is probably limited. However, 3 planets have been deteated i
tighter binaries whose separatios,, is around 2@U, with
one such systemy(Cephei) having a planet with a minimum
mass of 16M,,, orbiting at 21 AU Hatzes et al.[(2003). While
such systems might harbour planetary orbits which have g lon
term stability in regions up to 3 to AU from the primary (E.g.
Holman & Wiegeil 1999), they are thought to present much more
challenging environments for plan&rmation in these regions
(E.g.IKley & Nelsoh|(2007) and references therein).

In recent years, this issue of planet formation in tight bina
riesll has been investigated in numerous studies. They have shown

that the late stages of planetary accretion, i.e. the firsgrably of A good illustration of these problematic issues is the cdse o
large Lunar-sized embryos, can proceed in a domain almdestges our closest stellar neighbour, the tight binary Alpha Ceritér

as the orbital stability region_(Barbieri ef al. 2D02: Quaimh et &l. Cen). To date, no planets have been found in the system (Eatfil e
2007;1Guedes et’al. 2008). However, the earlier stagedingtar  (2001) rule out any planets with masse2.5M,,,), but a recent
from kilometre-sized planetesimals and leading througtaway study by Guedes etlal. (2008) suggests tiiderrestrial planets do

exist in this system, thes Cen-B would be the ideal candidate for
the detection of potential terrestrial planets via the abdélocity
1 We refer here to "tight” binaries as systems with separatiaround technique, due to the proximity and quiet nature of the staw-

20 AU. Systems with even smaller separations are left oltisstudy since ever, d_espite Iong-term stability as well as embryo-asi.yelstb_d-
they usually imply unstable orbits in most of the potentiatéstrial planet ies which have given very promising results for the regiorerior
region and are thus of limited interest for the present gnobl to 2AU (Halman et all 1997;;_Barbieri etlal. 2002; Quintana ét al.
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2002] Guedes et al. 2008), Thébault etlal. (2008,12009) $lzeen
that theay; for planetesimal accretion could be located as close
as 0.5AU from each star. This would place it at the inner edge
of the habitable zone (HZ) o Cen-B ¢ 0.5 - 0.9AU, see
Guedes et al. 2008), but well inside thato€en-A (~ 1.0-1.3 AU,

seel Barbieri et al. 2002). Although a recent study by Xie & Zho
(2009) shows that a small inclination between the planeigisilisc
and the binary orbital plane would help push the criticaliuad
further out, thein-situ formation of planets in both HZs remains
highly problematic. Howevet, Thébault ef al. (2009) paint that
thepresencef planets in regions beyorad,;; cannot be ruled out if
additional mechanisms are invoked. Such mechanisms iacgiyd

a change in dynamics after gas dispersal, (ii) a change ibithe
nary orbit properties at some early point in the historyro€en,

or (iii) outward migration of the planetary embryos whichifeed

in regions witha < 0.5 AU.[Thebault et 21.(2009) go on to discuss
points (i) and (ii) in some detail, ruling out the former aruttaow!-
edging the latter as a possible solution, but leave thelddtatudy

of (iii) to future investigations.

Our aim in this paper is to address this crucial issue in more
details. The main question we want to answer is the following
could large embryos, accreted in the inner regions intéoi@t,,
later migrate outward and end up beyangl ? And if so, could this
radial displacement be enough to place planets in the HZgluf t
binary systems?

We note that the migration of planetary embryos has been
observed in many previous investigations. Among the many ex
amples of this| Chambeérs (2001) demonstrate mixing and rear
rangement of embryos due to embryo-embryo scattering,stvhil
Kirsh et al. 2009) show embryo migration which is driven by
embryo-planetesimal interactions. We would thus very gahe
expect to observe embryo migration within our simulationsl a
simply wish to understand the degree and nature of the phe-
nomenon.

We numerically investigate this problem, using an N-body
code, taking ther Cen system as a typical reference example of
a tight binary.

2 MODEL AND METHOD
21 TheDisk

We start by considering the protoplanetary disk around tarérsa
binary system, just after the dissipation of the disk ga® disk is
thus taken to consist solely of solid material distributethva sur-
face density profil& = Zoa™, whereX, is the normalised surface
density at JAU (in g cnT 2), ais the semi-major axis (irAU) and

a is a positive constant. Unless otherwise stated, we Igke 10
anda = 3/2 as used in the nominal Minimum Mass Nebular Model
(MMNM, Hayashi [1981)) case of Thébault ef al. (2009).

We divide the disk into two zones, (i) an inner zoaes agit,
where runaway growth is assumed to have taken place and embry
have grown to isolation, and (ii) an outer zome; a.i;, where run-
away growth was suppressed and the material in the disk is com
posed of smaller mass planetesimals. We taken-B as our refer-
ence case in the majority of our simulations, takiag = 0.7 AU
for such a system. We then set inner and outer simulationdsoun
aries at 0.2 and.B AU respectively, meaning that the total mass of
embryos in the inner zone is 2M,, while the total mass of the
outer zone is alse 2Mg, (the width of the outer region was chosen
to give a total mass approximately equal to that of the inoeez
whenag;y = 0.7 AU).

2.2 Thelnner Zone

We expect that in the regions of the disk interior t@ AU, where
runaway growth can take place, growth to isolation will haee
curred prior to the gas disk dissipation, resulting in a clafiiso-
lated embryos.

To check the validity of this assumption, consider the growt
timescale of a protoplanetary embryo of maédsembedded in a
population of planetesimals of massn theabsencef an external
perturber: this is (Kokubo & lda 2002):
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whereXgaqo is the surface density of gas in the disk around the
star of masdM, andK is an integer used to specify the width of

the annular feeding zon&a = Kry, in terms of the Hill radius,

rq = a(M/3M,)Y3. Such an embryo would thus grow to an isola-
tion mass

a

TAU 2
in a time,t ~ 37, where the factor of 3 arises on integratingc
M3,

This calculation ignores the refinements of the Thébauatlet
(2009) work on the suppression of runaway growth in the prese
of a perturber. Critically, EqAl1 requires that embryos aladgtes-
imals of mass- 10'8g (~ 5km) have already formed and continue
to exist. Despite these obvious drawbacks, we employ[Equil/¢o
us an approximate estimate of the timescale for growth tatism,
and suggest that because tals less than 19rs at small semi-
major axes, (b) a putative gas disk around Alpha Cen is likely
have dispersed on:a 10° year timescale and (c) the suppression
of the growth rate in the inner region is unlikely to be morarth
an order of magnitude, it thus seems likely that growth ttatson
will have occurred in the region interior taTAU before the gas
disk dissipates. Hence we feel it is reasonable to assumhéntra
exists a chain of isolated embryosat< a.;. It is unlikely that
any significant evolution beyond this stage would have tgiaoe
at the time of disk dispersion, due to the very long orbitssing
timescale in the presence of gas damping.

ForK = 7,% = 10gcnt? anda ~ 0.5AU, the isola-
tion mass will beMis, ~ 2 x 10?%g and the isolation separation
Aais, ~ 0.02AU, meaning that < 0.02 for non-overlapping or-
bits. As such, a reasonable set of initial conditions for itiveer
regions of our simulations seems likely to be a chain of tsmta
mass embryos, around 50 in number, with average ecceigsicit
<e>~001.

We simulate these isolation mass embryos as a population
of fully interacting massive particles within the n-bodydeg i.e.
the embryos interact gravitationally both with themselerabryo-
embryo) and with the smaller planetesimals (embryo-pksietal)
which occupy the outer zone. Note that in the majority of tihe-s
ulations there arao planetesimals within the inner zone.

3/4
Meo = (21KE0)™2(@M.)Y2( 55 ) (ALY

2.3 TheOuter Zone

The mass of solid material in the outer disk 2Mg) is divided
into a population of equal mass planetesimals, which argaraiy
distributed radially according to thee®? profile, and the majority
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of the simulations use 100 planetesimals in the outer zoeanimg
that each has a mass~ 0.02Mg,.

The planetesimals are modelled within the n-body code &s tes
particles with an associated mass (massive test partiohesning
that they interact gravitationally with the embryos in tigstem, but

they donot undergo planetesimal-planetesimal scattering amongst

themselves. Some details of thffeet of this approximation are

given in§Z.3.

2.4 Numerical Method

We use thevercury n-body package af Chambels (1999) to per-
form simulations of the evolution of such a protoplanetaskavith
the aim of understanding the degree to which embryos carateigr
from the inner zonedq < ait) to the outer zonea(> agit)-

A summary of all the simulations performed is given in Table
[@. Unless otherwise detailed in that table, the simulativese set
up and performed as follows:

e As the gas disk is assumed to have dissipated prior to the star
of our simulations we dootimpose gas dragdamping on any of
the simulated embryos or planetesimals.

e The solid disk is split into two regions: (i) Thaner region,

0.2 < a < aqit, populated with isolation-mass embryos, and (ii)
Theouterregion,asit < a < 1.5, populated with a swarm of lower-
mass planetesimals. We taig; = 0.7 AU in the majority of our
simulations,

e The majority of the simulations are based around a singte sta
and donot include the binary perturber in the n-body simulation.
We note that, perhaps surprisingly, excluding the binaryupeer
from the simulations doesot strongly dfect the evolution in the
semi-major axis, mass or eccentricity of the outward-ntiggeem-
bryos and hence we omit the binary perturber from the mgjofit
our simulations. We delay a more detailed examination asclgk
sion of this result untif3.5.2.

e \We runmercury in “hybrid” mode for almost all simulations,
allowing rapid simulation via symplectic integrator whésete are
no close encounters, but also allowing accurate resoluicamy
close encounters (by using the Bulirsch-Stoer integraittmjvever,
for any simulations which include the binary companion, wlely
use the Bulirsch-Stoer integrator.

e Collisions occur when two bodies approach to within the sum
of their radii, with the radii being calculated assuming asigy,p =
3 gcnt3, Any collisions are assumed to result in perfect mergers.

e For any given parameter set we conduct 10 version of each
simulation, keeping the number of embryos and planetesiouail-
stant across all 10 simulations, but randomising the drbitgu-
lar elements of these bodies. The results of such an ensarhble
simulations allows some insight into the variations inheia the
chaotic evolution of the system.

e Inour fiducial simulation (set A), we have56 embryos in the
inner zone and 100 planetesimals in the outer zone. Gepnenal
have kept these numbers constant in the other simulatient$etv-
ever, variations in other parameters (E.g. surface dercsty indi-
rectly result in the initial number of embryos varying (aseauit
of Eqn.2): where this occurs we note the change and also condu
additional simulations to check that the change in embryaber
is not dfecting the results. More details on the numbers of embryos
and planetesimals in each simulation set are included ipéing-
nent sections.

3 RESULTS

We provide a brief summary of the simulations performed &red t
key results obtained in Tadé 1.

3.1 Typical Results

Consider a MMNM disk in which isolation mass embryos are ini-
tially confined to the inner region - 0.7 AU), while the outer
region (07 — 1.5AU) has had runaway growth suppressed and is
populated by smaller mass planetesimals (simulated usassire
test particles). We conduct a set of 10 simulations of suclslg d
assigning to each simulation afidirent set of randomised angular
orbital elements. We label this fiducial set, A, and displayig[
the full orbital evolution of all of the particles in one ofdlsimula-
tions.

We find that at 18yrs, the initial 56 embryos have reduced
(via collision) to~ 10 in number, with the outer body having mi-
grated outwards te- 0.9 AU. If we define the relative change in
semi-major axis,

a()utel;final - a()utel;initial

(©)

=

Qouterinitial

then we find thaty = 0.29'3%8, where the errors indicate the varia-
tions to the upper and lower quartiles. The mass of this eutest
body has grown from 0.06 to.BMg, primarily through the accre-
tion of planetesimals.

Continuing our simulations of set A onto A@s (set B and
Fig[), we find that on average: (i) Further collisions haweta
place, reducing the number of embryos withis AU to ~ 6 and
(i) The outer-most embryo has now migratedtd.25AU (giving
n ~ 0.8*29%), while its mass has further doubled.4Ms.

Only a very small amount of additional migration is observed
between 10 and 1@ yrs, suggesting that the degree of migration
observed by 10yrs suffices to give a reasonable approximation
to the overall degree of migration expected. We should esipba
though that by this stage of the simulations the outer-most e
bryo has migrated to a position rather close to the outer efige
the simulated planetesimal zone a AU, so any future simula-
tions which wanted to properly examine migration t& §6s and
beyond, would have to be run with many more planetesimaldsodi
spread out to much larger semi-major axes.

We thus find that the embryos which start with semi-major
axesa < aqrit Will migrate outwards over time as they interact with
the exterior planetesimals. This means that despite thg sap-
pression of runaway growth in regions beyaag;, the Habitable
Zone (HZ) of the disk (which would initially have been devaifl
large bodies ifa.;; lay at a smaller semi-major axis than the inner
edge of the HZ) can become populated with large protoplapeta
embryos within the relatively short time of 1Qears.

We note that the masses of these outer bodies in our simula-
tions remain rather small compared to the detection linfitsuo-
rent technology such as Kepler (see E.g. [leeq|2002)), bubiee n
that at the 10— 10® year point in our simulations, the systems
are still rather densely packed (6 bodies withi AU). We ex-
pect that extended simulations (to’l@ears) would sfier further
collisional evolution, yielding systems with rather feviert more
massive bodies, bringing many within detectable limits.
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Table 1. List of Simulations Performed. Note that refers to the surface density of embryos, whilstrefers to the surface density of planetesimals. The

migration of the outermost embryo is expressed via the @fyant= (aouter-final — Qouterinitial )/ Qoutetinitial -

Set Parameter Variation Domain of Variation Key Results
Set A Fiducial MMNM simulation - Outer most embryo migrates0t9 AU ( = 0.3) within 1Pyrsand has
a mass of M.
SetB  Length of time over which simula- 10° - 1B yrs As we lengthen the simulations by a factor of 10 the ngdathange in
tions are conducted; semi-major axis more than doublegt(= 10°) = 0.3, 5t = 10') =
0.8) and masses almost double. Little outward migration isolesl
between 10and 16 years.
SetC  Surface density normalisation of 5-50g cnt? Increased surface densities increase outward migratidcaurse order-
(fully interacting) embryos in the of-magnitude increases in masses of the outer bodies.
inner zoneXe jnner
and ratio of outer surface den- 0-3 Higher ratios of planetesimal to embryo surface densit\seancreased
sity to inner surface density, migration and order-of-magnitude increases in masse®ajuker bod-
Zpinner/ZE,Inner ies
SetD  Surface density profile of the disk, -15-0 Shallower surface density profiles cause increased rugrdtie to the
a relatively larger amount of exterior mass, with= 1.0 at 18 yrs for
a=0.
SetE  Position of the Inner-Outer Bound-  0.4-1.0AU There is a large scatter in the degree of relative migratiom.are ap-
ary, acrit proximately consistent with being independent @it
SetF  Numberof (fully interacting) em- 0-100 Both the amount of outward scatter and the final mass ahtheatory
bryos in the inner zoneé\E inner planet are strongly dependent Big jnner-
and Eccentricity of (fully interact- 0.01-05 The initial eccentricity is unimportant for the migrati@s long as
ing) embryos in the inner zone ee.inner < 0.5, but does play a role in determining final masses.
€E Inner
SetG  Fraction of the inner disk which is 01-1 If the total surface density is held constant, then loweresults in
composed of embryod, slightly more migration, but slightly less massive planets
If the total surface density increases at constant denkégnbryos, then
both outward migration and mass are increased.
SetH Number of (massive test-particle) 100- 1,000 When thendividual mass of the planetesimals is reduced, an insignifi-
planetesimals in the outer zone, cant decrease in the amount of migration is observed.
NpTestouter
Set| Fully interacting planetesimals in 100- 250 The use of massive test particles as opposed to fulbyaating particles
the outer zonelNpFull outer for the planetesimals does not strongly change the degneégoétion.
SetJ Addition of binary perturber to the - The addition of a binary perturber leaves migration distamalmost

simulated systems

identical and slightly decreases mass growth.

3.2 Variation in Surface Density

We now look at the results for set C in which we vary the surface
density of the inner zone between 5 and 50g%mand also look

at the dfect of varying the surface density ratio between the inner
and outer zones (i.e. a scenario in which the inner zone ieteb
compared to the outer region, or a scenario in which the aeter
gion has become enriched). Note that the simulations witlase
density ratios of 2 or 3 were extended outwards so that ther out
edge of the simulation zone was at 3.5AU, rather th&AU, to
allow for the possibility of significantly greater outwardgration
(the number and total mass of the planetesimals was inategse
cording to the surface density profile).

We plot in Figl2 the results of the surface density variations
after 16 years. We see that in general, moving to a higher absolute
surface density increases the degree of outward migra®dpes
a move towards a higher surface density ratio@t= 10g cnt?
the relative change in outer semi-major axisy 0.3, but forZ, =
50g cnt?, this increases tg = 0.79°314. Similarly, the mass of the
outer-most body also increases significantly as the sudaosity

and the surface density ratio are increased.

ment that there be an external population of some kind tolenab
scattering-driven migration to take place.

We note at this point that as the surface density is changed
between simulations, the initial number of embryos alsgegaibe-
cause the isolation mass and semi-major axis separatidiurare
tions of surface density - see Hgn 2), changing from 80 boudiesn
¥ = 5to 25 bodies whe = 50. This change in the number of
bodies does itself have consequences for the scatteriaggee
§3.41), so we re-ran the simulations with the initial numbfeem-
bryos artificially constrained to be a constant (56), andhbthat
the change in the initial number of bodies (e.g. going fromd56
bodies at& = 50) caused only a small modification to the migra-
tion and mass growth compared to that resulting from theadver
surface density variation.

Previous studies by Guedes et al. (2008) which looked at the
evolution of embryosfter the runaway-growth phase used a shal-
lower surface density profile&e(« a*) than that used in the ma-
jority of this work & « a=%/2).[Thébault et dl.| (2009) established
that such a shallower profile ditbt help to extend the inner zone
which is suitable for runaway growth. For the sake of comgpigt
we investigate in set D whether a change in the surface gensit
slope would have anyfkect on the outward migration in our n-

In the extreme case that the number of planetesimals in the body simulations. Changing the surface density profile aimsly

outer zone goes to zero, then the outward migration of thegeb
from the inner zone is heavily suppressed, confirming thaireg

changes the relative masses at given points, so we set ufasionu
set D so that the absolute normalisations atUlwere diferent
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Figure 1. Top: Semi-major axis evolution in an example of the fiducial
MMNM simulation. The embryos which initially hawe< 0.7 AU are plot-
ted in black, the planetesimals which are initially in theesuregion are
grey. For the outer-most embryo the masses (in unitslgf and relative
change in semi-major axes & (aouterfinal — Aouterinitial )/ Bouterinitial ) Are
labeled at 18yrs & 107yrs. We see that significant embryo migration out
to ~ 1AU is observed. Bottom: The value gfas a function of time, av-
eraged over 10 simulations, plotting the median value, dsaséhe lower
and upper quartile bounds.

changing them so that the total mass in theer zone for each
simulation was identical 2Mg). We found as expected that shal-
lower slopes, whichfectively increase the mass ratio between the
outer and inner zones, increase the degree of outward raigrab
that (at 16yrs), the relative outward migration, = 1.0473%> for

a completely flatY « a°) simulation (compared tg = 0.29 for

T o a?).

3.3 Position of the Zone Boundary

The simulations thus far have assumed that the bounaakry,
between the inner and outer zones lies &A)J, as appropriate
for the nominal case ofr Cen-B. However, the position i

is expected to vary significantly for a number of reasonsir(i)
Thébault et 21.1(2009),.D AU was in fact the position that would
be expected for a rather massive disk in which embryo foonati
extended to rather greater radii than would expected in a MMN
disk; (ii) Variations in inclination (see Xie & Zhtiu 2009)Vv&been
found to change the size of the region over which runaway tirow
is suppressed; and (iii) Bering relative binary parameters (mass
ratio, separation and eccentricity) would all serve to geathe lo-

zouter/ zinner f 0 —
outer /, Zinner — 1 eeeees
o outer !, Zinner ~ g """"
0.01 & L L L L __“outer " “inner = 2 )
5 10 15 20 25 30 35 40 45 50
Surface Density/ g cm™
Figure 2. Variation in scattering driven migration (top, = (aouterfinal —

Aouteinitial )/ @outerinitial ) and mass (bottom) due to changes in surface den-
sity. The plots are (in order dark-to-lighBouter/Zinner = 0; Zouter/Zinner =

1; Zouter/Zinner = 2; Zouter/Zinner = 3. Increases in surface density above
the MMNM (10g cnT?) cause significantly increased migration. Plotted are
the median values at §§rs (10 simulations for each point), with the error
bars giving the upper and lower quartiles.

cation ofagi;. We therefore generalise our investigation to look at
how our results will scale for other systems in whighy lies at a
different distance from the central star.

We note that as we keep the total mass and extent of our disk
constant, movingg; in (out) has the fect of decreasing (increas-
ing) the total number of isolation mass embryos that are Isited
within the inner zone. We thus always calculate thmigration
parameter by focusing on the outer-most embryo at any giwen t

In set E we look at the degree of outward migration that re-
sults for disks in whiclag;; varies between 0.4 anddAU. In §31
we found that for our fiducial MMNM witha.i; = 0.7 AU, that the
average relative change in semi-major axis of the outett@iws
bryo wasn = 0.3. Varyingag;; in Fig[d reveals that at fOyears
n is largely undfected by changes ia;;: there is some scatter in
the results obtained, but there is no obvious trend in theegegf
migration, suggesting that thelative changén semi-major axis of
the outermost embryo willféectively be independent of the precise
location ofa.i;. However, we note that the mass of the outer-most
embryo declines as a function af;, as the embryos collide with
a smaller number of planetesimals at larger semi-major. axes

When we extend the simulations on to }@ars, as is depicted
in the lower panel of Fifl3, we find that the situation is peghap
slightly more complicated than initially thought, as théueaof n



6 M. J. Payne, M. C. Wyat P. Thébault
0.7 . . 1
*. t=10"yrs
06 -+~ 1
05 I ' .
401 =
L
0.4+ =
fey ~
8
0.3 23
4 0.01
0.2 +
0.1
0 . . . . . . . 0.001
0.4 0.5 0.6 0.7 0.8 0.9 1
Boundary Semi-Major Axis / AU
1.2
%o ~ - 7, i
* R N t=10"yrs 1
1L I S B 1
0.8 -
4 01 &
w
=
= 06 -
g
3
0.4 =
: 4 0.01
0.2
O L L L L L L L 0001
0.4 0.5 0.6 0.7 0.8 0.9 1
Boundary Semi-Major Axis / AU
Figure 3. Variation in relative migration,n = (douterfinal —

Aouteinitial )/ @outerinitial (Solid line, left-hand axis) and mass (dashed line,
right-hand axis) of the outer-most embryo as a function ef tloundary
radius, acrit, between inner and outer zone. Each point gives the median
value from 10 simulations, with the error bars giving the empand lower
quartiles. Top: 18yrs - Therelative migration is approximately constant at

~ 0.3 suggesting that the relative change in semi-major axis®buter-
most embryo will be ffectively independent of the precise initial value of
acrit- The mass of this outer-most embryo shows a gentle declindasc-

tion of ayit. Bottom: 1dyrs- The variation in the relative migration, is
large but again does not show an obvious trend as a functiag;of

at this time is now seen to vary more widely wik;;. One could
argue that there is perhaps an approximate peak in relatiyam
tion for aiit ~ 0.7 AU, but the variation in simulation results is so
large (especially for lova;;) that it seems more sensible to take
the view that the results are consistent with the relativgration
being approximately constantzt 0.6.

Finally, we now consider what happens if we dispense with
a.it completely, and simply consider a MMNM disk in which
growth to isolation hasot been suppressed for aayi.e. the situ-
ation as might be envisaged around a single (non-binary)\&&
would expect it to have a chain of isolation mass embryosetitbe
across the entire terrestrial region. We model such a distlat-
ing the evolution of a chain of embryos initially spread begémn 0.2
and 15 AU. As might be anticipated, we find that there is a consid-
erable degree of orbit crossing, scattering and collisiooragst the
embryos.

If we consider just those embryos which start watk 0.7 AU
we find that after 18rs (10" yrs), the maximum semi-major axis
to which this material has scatterg¢dnigrated, is such thaj =

T T 0.3
0.8
4 0.2
£
£
/\é =
o 5
V.06t E
=
4 0.1
0.4
Semi-Major Axis
Mass
. . 0
0.01 0.1 1

Initial Eccentricity

Figure 4. Variation in the semi-major axis (black line, left-hand $xand

mass (grey line, right-hand axis) as a result of variatiortsé initial eccen-
tricity of the embryo population. Results are measured=at® yrs. It can

be seen that as long as the eccentricity is “reasonable’lese than 0.5,
than there is no real trend for the maximum semi-major axithefouter
planet to vary with eccentricity. However, there does seebyeta trend for
the mass to decrease with eccentricity, such khat — log(e).

0297311 (n = 0.83'933). Thus there is a rather similar degree of
“mixing” of material froma < a.; toa > agr as was seenin set A
in which the initial embryo growth beyora,;; was suppressed. But
it should be noted that these simulations withagg show much
more variability than those in set A, with a third of the simatibns
showingno spread at all beyond. DAU, where-asall of the sim-
ulations in set A migrated to at leasi0}AU by 10 yrs (with the

average being.25AU, = 0.8).

3.4 Varying the Composition of the Inner System
3.4.1 Number and eccentricity of the inner embryo popufatio

In set F we vary the initial content of the inner zone, keepimg
total mass and surface density profile the same as in the diduci
case, but we now vary the number and individual masses of the
embryos, and then examine theet of varying their initial eccen-
tricity. If the number of embryos in the inner zone is substdly
lower than the 56 which results from assumitg = 7ry (i.e. if

we makeK > 7), then this would be more consistent with a set of
initial conditions occurring a substantial time periafter the gas
disk has dissipated and the subsequent stage of chaotisiaoll
has proceeded for some time, resulting in more widely spéaed
more massive) embryos.

As the initial number of embryos is decreased to 25, the
amount of outward migration idecreasedwith the outer-most
embryo at 18yrs having migrated such that = 0.21*595 but the
mass of the outer-most body increases t0.3M, |.e. larger bod-
ies have less chance of being scatteredigrating outwards. By
the time the initial number of embryos is lowered to 10, the em
bryos are so widely separated, and the interaction timesc
long (Zhou et &ll_2007), that the bodies have little chandeedrfig
scattered away from their initial locations.

In a scenario such as this (in which the embryos are more
widely spaced as a result of an assumed period of scatterireg)
would expect that the eccentricities of the embryos woulduiz
stantially higher, approaching ~ 0.2 as the number of bodies
drops into single figure$ (ChamHbeérs 2001). We investigase bt
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find from further simulation work (see Hig 4) that the initéadcen-
tricity is largely unimportant in determining the degreenofyra-
tion, as long as it is not above an improbably large valu®.6).
Interestingly however, we find that the mass of the outerailige
influenced by the initial eccentricity, with initial ecceiaities of

e = 0.01 (e = 0.2) resulting in masses for the migrating embryos of
0.2Mg (~ 0.1Mg), l.e. giving an approximate linear fit:

0.08— 0.06 log,, (€nitial) - (4)

MOutel: Final =~

3.4.2 Introduction of Planetesimals to the Inner System.

Itis possible that at the time of disk dissipation, the irm@ne may
contain a mixed population of massive embryos and lessivgass
planetesimals that have not yet been accreted. In set G weher
fraction of the inner zone which is composed of embryos, inary
the fraction,f, from the the value of 1 used in previous sets down
to 0.1.

If we implement this variation by keeping the surface densit
mass and number of embryos constant dudl planetesimals to
the inner zondand also add planetesimals to the outer zone pro-
portionately), then we have increased the overall surfarsity,
and qualitatively the results are as might be expected #8IH,
with both migration rates and growth rates increasing. We &in
1P yrs, that for f = 0.1 (i.e. meaning the total surface density is
ten times higher)y = 147310,

If we implement the variation by keeping the overall surface
density constant, requiring the addition of planetesimassrto the
inner zone and the subtraction of embryonic mass (and ldve t
outer zone unaltered), then we find littleffdrence between the
f = 0.1 andf = 1 cases, with both having ~ 0.3 at 1 yrs. The
planetesimals do not seem to have any significant damfagte

3.5 Simulation Approximations
3.5.1 Planetesimals

Ideally we would have liked to perform our simulations using
vast number of very small planetesimals in the outer redidty,
interacting with the embryo population as they orbited taetal
star under the influence of the perturbing binary. Howe\arttie
sake of computationaligciency and practicality we simulated only
the planetary embryos as fully interacting particles, ntlodgthe
planetesimals as test particles with an associated masssiiBans
that gravitational embryo-embryo and embryo-planetekimar-
actions took place in the simulations, but planetesimaiiglesimal
interactions were neglected. We also used only a relatiseigl|
number of massive planetesimals (00). In simulation sets H
and |, we explicitly investigate the implications of theggpeoxi-
mations by conducting a limited number of simulations in ethi
the number of planetesimals is increased amidthe planetesimals
are modelled as fully-interacting n-body particles.

Our fiducial set A simulations in which the mass of plan-
etesimals in the outer disk is distributed amongst 100 péesie
mals, found that the outermost embryo migrated outwards that
n = 0.29 after 16yrs. When we distribute the planetesimal mass
between 1,000 bodies (set H), we find that the outermost bady h
migrated by the same amount (again= 0.31735%) in the same
time period, suggesting that the degree and rate of migratie
essentially unfiected when using planetesimal numberd00.

Additionally, we find that it does not seem to make a signifi-
cant diference to the migration history if we use a fully-interagtin

With Binary ——
No Bina(y Perturber

n

100000

0.01
10000 1le+06

Time / yrs
Figure 5. We compare the evolution of theparameter (see E@h 3) in sim-
ulation set J (black line, includes binary perturber) witha tesults from set
A (grey line, no binary perturber). The behaviour of the ditians is al-
most identical, suggesting that the binary companion doesignificantly
change the outward migration.

model for the planetesimals, rather than modelling them as-m
sive test particles. Switching between set A (no planetalsim
planetesimal scattering) and set | (planetesimal-plaietd scat-
tering allowed) resulted in the average maximum migratis d
tance of the outermost embryo being almost identics898U).
We therefore feel confident that our approximation of usirgla
atively small number of massive test-particles provideicant
accuracy to allow us some insight into the behaviour of sysh s
tems.

3.5.2 Binary Companion

As afinal point, we turn to consider in greater detail whethers
reasonable to have ignored the presence of the binary pertur
our simulations. We now explicitly include the binary comjmn

in our simulation set J, starting the simulations with. BM, mass
companion at 18U with e = 0.5 (i.e. using the parameters of the
a Cen system, assuming the embryos are in orbit areu@en-
B). We also slightly alter the initial conditions for the emb and
planetesimal disk, taking into account the likely forcedestricity
due to the binary object. Using the standard first order esiparin
the disturbing functionl.(Heppenheimer 1978; Murray & Detino
2000), we find thakyerceq » 0.035a. Other than this, the simula-
tions are kept the same as Set A, with the same number of esbryo
and planetesimals, and the planetesimals performing the saat-
tering role.

A comparison between the results of this simulation set (J)
and the results of our fiducial set (A) is provided in fib. Snde-
strating that there is very little fierence between the two results,
suggesting that the binary companion is not important itetiieg
the degree of scattering-driven migration.

Investigating further, we plot in Figl 6 the semi-major axfs o
the outermost embryo, demonstrating that its median vakieell
as the upper and lower quartile spreads are essentiallyangek
by the presence of the binary companion. Thassof the outer-
most body in Fi@l is also approximately the same for the mesik r
istic simulation involving the binary companion plus initforced
eccentricity, but it should be noted that the simulatiatith the the
binary companion (set J) have a much smaller spread in therupp
and lower quartiles for the mass.
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Figure 6. Variation in average maximum embryo semi-major axis for-sim
ulations with and without a binary perturber. Green plotdude the per-
turber and a realistic forced eccentricity, Red plots dohasie a perturber
present in the simulation. The top panel displays the mesémi-major
axis, whilst the bottom panel also displays the evolutiothef upper and
lower quartile values from the 10 simulations conducteck iftigration dis-
tance is essentially unchanged by the presence of the ppertur
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Figure 7. Variation in mass of the outer-most embryo for simulatiorighw
and without a binary perturber. Green plots include theupkeer and a re-
alistic forced eccentricity, Red plots do not have a pedugiresent in the
simulation. The top panel displays the median mass, whigsbottom panel
also displays the evolution of the upper and lower quarglieies from the
10 simulations conducted. The median mass of the outer-erobtyo is

also unaltered by the presence of the binary, although tildhioe noted
that the simulationsvithoutthe binary have a larger spread in masses.

Finally, we examine the eccentricities of the bodies in[Big 8
finding that both the eccentricity of the outer-most embayal
the average eccentricity of all the embryos evolve in ratier
ilar manners: the simulations with a binary perturber stéth a
larger (forced) eccentricity, but over time thidfdrence becomes
of less significance as the embryos in all simulations stastit
themselves to similar levels. We note that§8241 the accreted
mass was seen to reduce slightly for simulations with higlceen-
tricity: if we substitute the comparatively small forcectcentricity
(0.035) into Eqgifitl4, then we find that the expected reductionldvo
be of only a few percent.

We take this opportunity to reiterate that, even though the b
nary companion was omitted from the majority of the n-bodyisi

Ave Embryb Eccentrici'ty, No Bina'ry
Ave Embryo Eccentricity, Including Binary ---------

0.1 r ]
e _,.an-w'?“"" 7‘-'«..5-“-—"*“‘-\'“"7&

0.01
1 f f f ; f
Outer Eccentricity, No Binary

Outer Eccentricity, Including Binary ---------

Eccentricity

0.1

0.01

100 1000 10000 100000

Simulation Time

1e+06 1le+07

Figure 8. We plot the evolution in the eccentricity of the embryos imst
lation sets A and J, i.e. we compare the eccentricity evariutixcluding and
including the presence of the perturbing binary. In the tapgb we show
the average eccentricity evolution of the entire embryoupetpn, whilst in
the bottom panel we focus on the eccentricity of the outestrembryo. In
both panels the thin lines give the results of set A in whiclbimary com-
panion is present , whilst the thick line gives the resultssit J in which
the binary companion is explicitly simulated. We find thae thehaviour
of both measures is rather similar, with the initial forcedentricity being
obvious in both panels, raising the eccentricities aboeectises with no
binary perturber. However, in both cases th@edence between set A and
set J diminishes with time as the embryos stir themselvesnanelase their
eccentricity.

lations, its suppressiorffect on runaway growth has of course been
included viaa.;; and the attendant lack of embryos for agi.

4 CONCLUSION

We have considered the formation and migration of protagttany

embryos in disks around the stars in binary systems, in wihieh
initial stages of embryo formation have been curtailed beysome
critical semi-major axisa.t. We find that:

e For a fiducial MMNM disk, over a period of £9rs (107yrs),
systems will on average exhibit outward migration such thay
contain embryos which have migrated from7 U to 0.9 AU
(1.2AU), i.e. they have experienced a relative change in semifmajo
axis ofp = 0.3 (0.8), with the average outer-most body having a
mass of @M, (0.4Mg) (see FidlL).

e The migration starts to plateau by the’ 1@ mark in the sim-
ulations, suggesting that little significant further migpa is to be
expected beyond this point (see Elg 1).

e Higher surface density disks increase the rate and degree of
migration as well as increasing the mass of the migratiny lfsele
Fig[).

e The position of the zone boundarg.;, outside which run-
away growth is suppressed), is unimportant in deciding dgreb
of relative migrationy,, that takes place in the system: whilst there
is significant scatter in the results obtained, they areisterg with
n being independent af;; at a given time (see FIg 3).

e The presence of the binary companion in the system, whilst
important in initially determining the cutfbradius for embryo
growth, doesot significantly impact the subsequent outward mi-
gration rate of the embryos, nor their final masses (sedHga5d

0.
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We suggest that tight binary systems, where runaway embryo
growth is initially confined taa < a.i;, may very generally expe-
rience outward migration that is ficient to move these planetary
embryos to regiona > agit. This allows the possibility that the
habitable zone can be populated with detectable, terméstass
planets, even & is significantly interior to the HZ.

ACKNOWLEDGMENTS

The authors acknowledge the High-Performance Computing Ce
tre of the University of Cambridge for providing computat# re-
sources and support. MJP thanks the UK PPAIRIEC for a re-
search studentship.

REFERENCES

Barbieri M., Marzari F., Scholl H., 2002, A&A, 396, 219

Chambers J. E., 1999, MNRAS, 304, 793

Chambers J. E., 2001, Icarus, 152, 205

Correia A. C. M. et al., 2008, A&A, 479, 271

Deeg H. J., 2002, in Foing B. H., Battrick B., eds, ESA SpeRiablication
Vol. 514, Earth-like Planets and Moons. p. 237

Desidera S., Barbieri M., 2007, A&A, 462, 345

Eggleton P. P., Tokovinin A. A., 2008, MNRAS, 389, 869

Endl M., Kurster M., Els S., Hatzes A. P., Cochran W. D., 208&A, 374,
675

Guedes J. M., Rivera E. J., Davis E., Laughlin G., Quintans. Brischer
D. A., 2008, ApJ, 679, 1582

Hatzes A. P., Cochran W. D., Endl M., McArthur B., Paulson D.\Balker
G. A. H., Campbell B., Yang S., 2003, ApJ, 599, 1383

Hayashi C., 1981, Progress of Theoretical Physics Suppieri@, 35

Heppenheimer T. A., 1978, A&A, 65, 421

Holman M., Touma J., Tremaine S., 1997, Nat, 386, 254

Holman M. J., Wiegert P. A., 1999, AJ, 117, 621

Kirsh D. R., Duncan M., Brasser R., Levison H. F., 2009, lsaf99, 197

Kley W., Nelson R., 2007, ArXiv e-prints

Kokubo E., Ida S., 2002, ApJ, 581, 666

Murray C. D., Dermott S. F., 2000, Solar System Dynamics

Paardekooper S.-J., Thébault P., Mellema G., 2008, MNR&S, 973

Quintana E. V., Adams F. C., Lissauer J. J., Chambers J. &7, ZpJ, 660,
807

Quintana E. V., Lissauer J. J., Chambers J. E., Duncan M002,2ApJ,
576, 982

Thébault P., Marzari F., Scholl H., 2006, Icarus, 183, 193

Thébault P., Marzari F., Scholl H., 2008, MNRAS, 388, 1528

Thébault P., Marzari F., Scholl H., 2009, MNRAS, 393, L21

Xie J.-W., Zhou J.-L., 2008, ApJ, 686, 570

Xie J.-W., Zhou J.-L., 2009, ArXiv e-prints

Zhou J.-L., Lin D. N. C., Sun Y.-S., 2007, ApJ, 666, 423

This paper has been typeset fromgX/IATEX file prepared by the author.



	Introduction
	Model and Method
	The Disk
	The Inner Zone
	The Outer Zone
	Numerical Method

	Results
	Typical Results
	Variation in Surface Density
	Position of the Zone Boundary
	Varying the Composition of the Inner System
	Simulation Approximations

	Conclusion

