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Introduction: Among more than 110 extrasolar planets dis-
covered, only one tenth of them are confirmed to be in binary
systems (Eggenberger, Udry, & Mayor 2003). However, most
stars in the galaxy are in binary or multi-stellar systems (Allen
1973); hence, they are considered to have been born as such
systems, probably together with some planets. It is, therefore,
expected that the number of planets discovered orbiting binary
systems will increase.

We will examine a circumbinary zone where planetesimals
can accrete to form a P-type planet such as MACHO-97-BLG
41 lens system (Bennett et al. 1999). The planets of this
type orbit outside both of the binary stars. In order to form
P-type planets, a circumbinary disk, like one around GG Tau
(Roddier et al. 1996; Itoh et al. 2002), must be formed first.
The presence of disks around binaries strongly suggest that the
accretion process occurs in a similar way in single and binary
systems. Even if the planetesimals have once been formed
in such a circumbinary disk, the gravitational perturbations
from the binary system excite eccentricities of the planetes-
imals. The excited eccentricities may prevent planetesimals
from accreting.

The purpose of our study is to find a planetesimal accretion
zone in a circumbinary disk by performing long-term numeri-
cal integration of the planetesimal orbital motion in the frame
work of the coplanar elliptic restricted three-body problem.

The condition of planetesimal accretion: The accretion oc-
curs only when the rebounding velocity between planetesimals
after a collision ε · vcol is smaller than their surface escape ve-
locity vesc, that is

ε · vcol ≤ vesc, (1)

where ε is the restitution coefficient and vcol is the collision
velocity between planetesimals. From the energy conserva-
tion, vcol =

√
v2
∞ + v2

esc, where v∞ is the relative velocity
at sufficiently large separation. Substituting this equation into
Eq. (1), we obtain

v∞ ≤
(

1

ε2
− 1

) 1

2

vesc. (2)

The restitution coefficient ε is uncertain but must be less than
unity (further, probably ε ≤ 1/

√
2). Hence, we will adopt the

following sufficient condition instead of Eq. (2)

v∞ . vesc. (3)

The surface escape velocity of planetesimals with the mass m
and the internal density ρ is given by

vesc =

(

32πG3m2ρ

3

)
1

6

. (4)

The motions of the planetesimals can be regarded as approxi-
mately Keplerian around the barycenter of the binary system,

where the binary masses m1,2 concentrate. Then, v∞ is ex-
pressed in terms of the planetesimal eccentricity ep and the
Keplerian velocity vK around the barycenter as v∞ ' ep ·vK .
Substituting this equation into Eq. (3), we obtain

v∞ ' ep · vK ≤ vesc. (5)

We use eesc to denote the largest ep to fulfill Eq. (5). That is,
eesc is defined by

eesc =
vesc

vK

=

(

32πm2a3ρ

3M3

)
1

6

(6)

where a is the semimajor axis of the planetesimal and M(=
m1+m2) the total mass of the binary stars. Then the condition
for accretion is written as

ep . eesc. (7)

Numerically, we can rewrite Eq. (6) as (Kobayashi & Ida 2001)

eesc ' 0.01

(

m

1022g

)
1

3

(

ρ

1gcm−3

)
1

6

×
( a

10AU

) 1

2

(

M

M�

)− 1

2

(8)

where M� is the solar mass, and m ' 1022g and ρ ' 1 g
cm−3 are typical values. Hereafter, we use these values for m
and ρ.

If the planetesimal eccentricity ep is smaller than eesc,
the accretion occurs; otherwise, the planetesimals will escape
from each other after collision. In the present paper, we find by
numerical integrations the planetesimal eccentricity ep excited
by the binary, and estimate the inner boundary of the accretion
zone where ep ≤ eesc.

Numerical Method: We perform long-term numerical inte-
grations in order to see how the planetesimal eccentricities ep

are excited in the frame work of the coplanar elliptic restricted
three-body problem, in which the planetesimal is modeled as
a test particle. We neglect mutual gravity and collisions be-
tween planetesimals, because our main purpose in this paper
is to investigate only the effect of binary perturbation on the
eccentricities of planetesimals. We computed the orbits of to-
tal 10,000 planetesimals with initial circular orbits around the
barycenter of the binary system. As for the binary mass ratio
µ = m2/(m1 +m2), three cases are examined, i.e., µ = 0.01,
0.2, and 0.5. As for the binary eccentricities eB , three cases
are examined, i.e., eB =0.0, 0.1, and 0.4 in each case of µ.

Results: We first consider the cases of the binary mass ra-
tio µ = 0.2. This is the case where the binary masses are
comparable, m1 = 4m2. Figure 1 shows the planetesimal ec-
centricity ep against initial semimajor axis in units of the binary
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Figure 1: The time evolution of eccentricity of planetes-
imals as a function of initial semimajor axis in units of
AU in the case of the binary mass ratio µ = 0.2. Left
panels show the case for binary eccentricity eB = 0.1,
and right panels show the case of eB = 0.4. In both
cases, we assume that the binary semimajor axis aB =
1 AU. The dashed lines in the bottom panels at 105 bi-
nary periods show epump given by Eq. (9) and the solid
lines do eesc given by Eq. (6).

semimajor axis aB at t = 103, 104 , and 105 binary periods for
the cases of binary eccentricity eB = 0.1 [Fig. 1 (Left)] and 0.4
(Right). In both cases, we assume that the binary semimajor
axis aB = 1 AU. In this figure, we find that planetesimal eccen-
tricities ep gradually increase with increasing time, showing
interesting behavior such as somewhat resonant features, and
that the excited planetesimal eccentricities in the case of eB =
0.4 are larger than in the case of 0.1. In a small semimajor axis
a, ep is greater than unity; that is, those planetesimals are un-
bound and will escape from the system finally. The results are
consistent with the earlier studies (Holman & Wiegert 1999;
Dvorak 1986). For the bound planetesimals, we find that the
maximum ep at each a is almost proportional to a−1.

The secular perturbation theory for our planetary system
around the binary gives the secular variation of the planetary
eccentricity ep described with the free and forced eccentricities
efree and eforced; we estimate the pumped up eccentricities
of the planetesimals with the initial eccentricities ep = 0.0,
epump, as twice the forced eccentricity eforced, i.e.,

epump = 2eforced,

'
5

2
(1 − 2µ)

aB

a
eB , (9)

where aB is the binary semimajor axis. Equation (9) obviously
shows that epump is proportional to a−1. In the bottom panels
of Fig. 1, epump is shown by the dashed lines, which well fit
the upper envelope of ep.

Now let us try to estimate the inner boundary of the plan-
etesimal accretion zone in these cases. The inner boundary is
determined by the radius a at which the upper envelope of ep

found by numerical computation equals eesc given by Eq. (8)
which is illustrated by the solid lines in the bottom panels of
Fig. 1. Hereafter we use aacc to denote the inner radius of the
accretion zone. As mentioned above, epump given by Eq. (9)
well fits the upper envelope of ep; hence, we use epump instead
of the upper envelope of ep. Equating eesc given by Eq. (6) to
epump by Eq. (9), we obtain the inner boundary radius aacc as

aacc ' 18(1 − 2µ)
2

3

( aB

1AU

) 2

3

( eB

0.1

) 2

3

(

M

M�

) 1

3

×
(

m

1022g

)− 2

9

(

ρ

1gcm−3

)− 1

9

AU. (10)

That is, if a > aacc, then ep < eesc and the accretion occurs.
We have aacc = 10 AU for eB = 0.1 and 24 AU for eB = 0.4,
if we assume aB = 1 AU and M = 1M�.

In the symmetric cases of eB = 0.0 or µ = 1/2, where the
forced eccentricity vanishes and the shorter period perturbation
dominates, we have found aacc from the intersection of the
line eesc and the upper envelopes of ep obtained by numerical
computations. The results of aacc are summarized in Fig. 2.
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Figure 2: The inner boundary radii of the accretion zone
aacc (AU) as a function of the binary eccentricity eB in
the three cases of the binary mass ratio µ = 0.01(trian-
gle), 0.2(circle), and 0.5(square). The solid curves are
given by Eq. (10).
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