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ABSTRACT

We demonstrate that microlensing can be used for detecting planets in binary stellar systems. This is possible because
in the geometry of planetary binary systems, in which the planet orbits one of the binary components and the other
binary star is located at a large distance, both planet and secondary companion produce perturbations in a common
region around the planet-hosting binary star, and thus the signatures of both planet and binary companion can be
detected in the light curves of high-magnification lensing events. We find that identifying planets in binary systems is
optimized when the secondary is located within a certain range that depends on the type of the planet. The proposed
method can detect planets with masses down to one-tenth of the Jupiter mass in binaries with separations < 100 AU.
These ranges of planet masses and binary separations are not covered by other methods, and thus microlensing would

be able to make the planetary binary sample richer.

Subject headings: gravitational lensing — planets and satellites: general

1. INTRODUCTION

A binary star system is the most common result of the star
formation process. As the majority of stars belong to double or
multiple star systems (Duquennoy & Mayor 1991; Eggenberger
et al. 2004a), it is important to study the frequency of planets in
binary systems and the properties of these planets in order to better
understand the processes of planet formation and evolution.

Planets in binaries have been discovered mainly through two
channels. The first is to perform dedicated surveys looking for
planets in known visual or spectroscopic binaries (Konacki 2005;
Desidera et al. 2006; Eggenberger et al. 2006). The second ap-
proach is to study the binarity of the hosts of planets discovered
in planet surveys ( Patience et al. 2002; Eggenberger et al. 2004b).
We now know of ~40 planets in binaries or multiple systems.*
These systems are mostly wide binaries with separations of sev-
eral hundred to several thousand AU.

However, the sample of planets in binaries is not still large
enough for statistical analysis of their properties. This is because
binaries with separations of < 100 AU are difficult targets for
radial velocity surveys, which is the most productive technique
among those currently being used for planet searches, and thus
are often rejected from the samples. In addition, due to the limi-
tations of the available observational techniques, most detected
objects are giant (Jupiter-like) planets, implying that the existence
of smaller mass planets in multiple star systems is still an open
question.

In this paper we demonstrate that the microlensing technique
can be used to detect planets in binary systems, especially for
low-mass planets in binaries with separations of <70 AU. In the
geometry of planets in binary systems where the planet orbits
one component of a binary and the other binary star is located at
a large distance, perturbations induced by the planet and binary
companion can occur in the same region around the planet-hosting
binary component. Then, the signatures of both planet and bi-
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nary companion can be identified in the light curve of a lensing
event produced by the source star’s passage close to the star
hosting the planet.

The paper is organized as follows. In § 2, we describe lensing
properties in various cases of lens geometry, including binary,
planetary, and triple lensing. In § 3, we describe the channels of
lensing events from which planets in binaries can be detected.
We illustrate signatures of planets in binary stellar systems and
investigate the range of binary separations within which detections
of planets are optimized. We also discuss possible complications
in the interpretation of the signals. We summarize and conclude
in § 4.

2. MULTIPLE LENSING

The lensing behavior of a planet in a binary stellar system
requires the formalism of a triple lens with two equivalent-mass
components and a very low mass third body. If a source star is
gravitationally lensed by a lens system composed of N point
masses, the equation of lens mapping from the lens plane to the
source plane (lens equation) is expressed as (Witt 1990)

N
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where ( = £+ i,z ; = x1; + iy j, andz = x + iy are the com-
plex notations of the source, lens, and image positions, respec-
tively, z denotes the complex conjugate of z, m; are the masses of
the individual lens components, and M = ). m; is the total mass
of the system. Here all lengths are normalized to the Einstein ra-
dius corresponding to the total mass of the lens system, i.e.,
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where D; and Dg are the distances to the lens and source, re-
spectively. Finding the locations of images for a given position
of the lens and source requires inversion of the lens equation. The
lensing process conserves the source surface brightness, and thus

the magnifications 4; of the individual images correspond to the
ratios between the areas of the images and source. For each image

(2)
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located at z;, the ratio corresponds to the Jacobian of the lens
equation, i.e.,

3)

For Galactic microlensing events the typical separation between
images is of the order of 0.1 mas, and thus the individual images
cannot be resolved. However, events can be discerned by the var-
iation of the source star flux (Paczynski 1986), where the mag-
nification corresponds to the sum of the magnifications of the
individual images, i.e., 4 = > 4;.

For a single-lens case, the lens equation is simply inverted to
solve the image positions. This yields two images located at
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where u = { — z; is the separation vector between the lens and
source. The magnifications of the individual images are
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yielding a total magnification of
w+2

A=A, +4 =77
" u(uer4)1/2

(6)

If alens system is composed of more than two masses, the lens
equation cannot be inverted algebraically. One way to investi-
gate the lensing optics for a multiple-lens system is by expressing
the lens equation as a polynomial in z, and finding the image
positions by numerically solving the polynomial (Witt & Mao
1995). The advantage of this method is that it allows semiana-
lytic description of the lensing behavior and saves computation
time. However, the order of the polynomial increases as N> + 1,
and thus solving the polynomial becomes difficult as the number
of lenses increases. In this case, one can still obtain the magni-
fication patterns by using the inverse ray-shooting technique
(Schneider & Weiss 1986; Kayser et al. 1986; Wambsganss et al.
1990). In this method a large number of light rays are uniformly
shot backward from the observer plane through the lens plane
and then collected (binned) in the source plane. Then, the mag-
nification pattern is obtained by the ratio of the surface brightness
(i.e., the number of rays per unit area) on the source plane to that
on the observer plane. Once the magnification pattern is con-
structed, the light curve resulting from a particular source trajectory
corresponds to the one-dimensional cut through the constructed
magnification pattern. Although this methods requires a large
amount of computation time for the construction of the detailed
magnification pattern, it has the advantage that the lensing be-
havior can be investigated regardless of the number of lenses.

The number of images, their locations, and the resulting mag-
nification pattern vary greatly depending on the number of len-
ses, their individual mass fractions, and the geometry of the lens
system. A multiple-lens system has a maximum of N2 + 1 im-
ages and a minimum of N + 1 images. One common important
characteristic of multiple lensing is the formation of caustics.
Caustics represent the set of source positions at which the mag-
nification of a point source becomes infinite. For a binary-lens
case, the caustic form a single or multiple sets of closed curves,
each of which is composed of concave curves (fold caustics) that
meet at points (cusps). Unlike the caustics of binary lensing,
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caustics of multiple lensing can exhibit self-intersecting and
nesting. The number of images changes by a multiple of two as
the source crosses a caustic (Rhie 1997).

3. SIGNATURES OF PLANET AND BINARY COMPANION
3.1. Perturbation Approach

We consider the geometry of planets in binary stellar systems,
where the planet is orbiting one of the star in the binary, and the
other binary star is located at a larger distance.” Hereafter, we
refer the star hosting the planet as “primary” and the other bi-
nary star as “secondary.” In this lens geometry, the resulting
lensing behavior can be approximated as the superposition of
the lensing of the binary lens pairs composed of the primary-
secondary stars and primary-planet. This is possible because the
lensing effects caused by the secondary star and the planet in the
region around the primary star are small and thus can be treated
as perturbations. For the primary-secondary pair, the effect of the
secondary is small because of the large distance to the secondary
star (Dominik 1999). For the primary-planet pair, on the other
hand, the effect of the planet is small because of the small mass
ratio of the planet (Bozza 1999).

In the limiting case of a binary lens, where the projected sep-
aration between the lens components is much larger than the
Einstein radius, the lensing behavior in the vicinity of the pri-
mary star is approximated by the equation of the Chang-Refsdal
lensing (Chang & Refsdal 1979, 1984; Dominik 1999), i.e.,

(=t—+12 (7)

Here the notations with the “hat” represent length scales nor-

malized by the Einstein radius corresponding to the mass of
) 12

the primary star, 0g ; = 0g[m/(my + my)]"*, my, and my are the

masses of the primary and companion stars, respectively, and ~

represents the shear induced by the secondary star. The shear is

related to the binary parameters by

qp my
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where §j, is the separation between the binary stars normalized by
0g,1. The validity of equation (7) implies that if the binary sep-
aration is sufficiently wide (s, > 1.0), the lensing behavior in
the region around the primary star can be approximated as that
of a single point-mass lens superposed on a uniform background
shear ~. The result of the external shear is manifested as the for-
mation of a small caustic around the primary, with the shape of a
hypocycloid with four cusps. The width of the caustic as mea-
sured by the separation between the two cusps located on the
binary axis is

4y 4qs qb
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The caustic is tiny for a wide-separation binary, because its size
shrinks as A&, o Cvljz. However, a perturbation can occur if
the source trajectory approaches close enough to the primary
lens around which the caustic is located. During the time of
perturbation, the source star is close to the primary lens, and
thus the magnification of the resulting event is very high. Then,

3 Some planets are known to orbit around close binaries such as the planet
orbiting the pulsar binary PSR 1620—26 in the globular cluster M4 (Sigurdsson
1993). The microlensing method is inefficient in detecting planets in such sys-
tems, and thus we do not consider this geometry.
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Fic. 1.—Magnification patterns of triple lens systems composed of a planet and binary stars. The coordinates are centered at the position of the planet-hosting star
(primary), and the x-axis is aligned with the line connecting the primary and the other binary star (secondary). All lengths are in units of the Einstein radius corresponding to
the mass of the primary star, 0g ;. The secondary is on the right side, and the position angle of the planet measured from the primary-secondary axis is 60°. The projected
distances of the planet (§,) and secondary (8 ) from the primary are marked in each panel. Note that notations with the hat represent length scales normalized by 0k ;. Also
marked are the mass ratios of the planet-primary (g,) and secondary-primary (g,) pairs. Panels in each column show the magnification patterns of lens systems with a
common planet but with different separations to the secondary star. Panels in each row show the cases where the size of the planet-induced caustic A , is 2 times smaller
(upper row), equivalent (middle row), and 2 times larger (lower row) than the size of the secondary-induced caustic A&, 5, respectively. Brighter gray scale represents the
regions of higher magnification. The figures drawn in soild curves are the caustics. The straight lines with arrows represent source trajectories, and the light curves of the

resulting events are presented in the corresponding panels of Fig. 3 (solid curves).

the signature of a wide-separation secondary is a short-duration
perturbation near the peak of the light curve of a high-magnification
event (Han & Kang 2003).

Because of the small mass ratio of the planet, the light curve of
aplanetary lensing event is also well described by that of a single
lens of the primary star for most of the event duration. For a plan-
etary case, there exist two sets of disconnected caustics. Of these,
one is located away from the primary star, while the other is lo-
cated close to the primary lens. The caustic located close to the
primary (central caustic) has a wedgelike shape, and its size as
measured by the width along the star-planet axis (Chung et al.
2005) is related to the planet parameters by

49, my
S — =" 10
(sp _ 1/Sp)2 qp m ( )

where s, is the separation between the primary and planet mea-
sured in units of f, and m,, is the mass of the planet. We note that
for the case of a planetary lensing where g, < 1.0,0g ~ 6g |,
and thus s, ~ $,,. The size of the caustics is maximized when the
planet is located close to the Einstein ring of the primary star,
s, ~ 1.0. Since the central caustic is located close to the primary
lens, the perturbation region around the central caustic induced
by the planet overlaps with the perturbation region induced by
the wide-separation binary companion.

A&,

3.2. Optimal Lens Geometry

Because the planet-induced perturbation region overlaps with
the perturbation region caused by a wide-separation secondary,
the deviation induced by the planet can be additionally perturbed

by the binary companion. This makes it possible to use the mi-
crolensing technique as a tool to identify planets in binary systems.

To illustrate the feasibility of the microlensing detection of
planets in binary stars, we present magnification patterns of tri-
ple-lens systems composed of a planet and binary stars in Figure 1.
In each map, the coordinates are centered at the position of the
primary, and the x-axis is aligned with the primary-secondary axis.
Since the perturbation occurs near the peak of a seemingly sin-
gle-lens event caused by the primary, we normalize all lengths in
units of the Einstein radius corresponding to the mass of the
primary star. The secondary is on the right side, and the position
angle of the planet measured from the primary-secondary axis
is 60°. The separations to the planet (3,) and secondary (55) are
marked in each panel. Also marked are the mass ratios of the
planet-primary (g,) and secondary-primary (g,) pairs. Panels in
each column of Figure 1 show the magnification patterns of lens
systems with a common planet but with different projected dis-
tances to the secondary star. Panels in each row show the cases
where the size of the planet-induced caustic A&, ), is 2 times
smaller (upper row), equivalent (middle row), and 2 times larger
(lower row) than the size of the secondary-induced caustic A&, 5,
respectively. Brighter gray scales represent the regions of higher
magnifications. The figures drawn in solid curves represent the
caustics. Note that the caustic curves exhibit self-intersecting
and nesting, which are the characteristics of multiple lensing. In
Figure 2 we also present maps of binary lenses without a planet
for the comparison of the patterns with the triple-lens systems.
The straight lines with arrows in the magnification pattern maps
represent source trajectories, and the light curves of the resulting
events are presented in the corresponding panels of Figure 3.
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Fi. 2.—Magnification patterns of lens systems composed of binary stars but without planets. The notations are same as in Fig. 1. The light curves resulting from the
source trajectories marked in the individual panels are presented in the corresponding panels of Fig. 3 (dotted curves).

Since both caustics induced by the planet and secondary com-
panion are small, a finite size of the source star would be important
in lensing light curves. We therefore consider the finite-source
effect by assuming that the source star has a radius equivalent to
the Sun, i.e., 7, = 1 Ry . For a typical Galactic event caused by a
low-mass stellar object of m; = 0.3 M, and with distances to the
lens and source stars of D; = 6 kpc and D; = 8 kpc, respectively,
the angular Einstein radius is 8 = 0.32 mas, and the radius of

the source star normalized to the Einstein radius is p, ~ 0.002.
For other combinations of the lens and source parameters, the
normalized source size is

P
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03 M\"?/ D, 1/21
M 6 kpc

25 ryrrTT [TTrTT TTT[T] T TTT T TTT TTT T Eryrrrryrrrrprrrryrrorrry T TTT TTT TTT TTT T
o EI I I I IE 150 :—I I I I I—: 250 ;_I I I I I_; :I I I I I:
g ook 200 £ F0°F E
N3 3F 1150 & =D ]
10 £ ER 4100 F ‘2500A
5E - 1 80 E < .
i 3 _I I_ ;IIIIIIIIIIIIIIIIIIIIIII; -IIIIIIIIIIIIIIIIIII_
25 T T Eryrrrryrrrrprrrryrrorrry T TTT TTT TTT TTT T
: 1150 [F T 250 ;_| T |_; SNMEN RN
3 0 b q=00 £ 91 E
3 ER: 1150 £ ED" : ]
10 & 3 s0f 4 100 | _;5ooﬂ
5E 3 2 1 80 E 3 1 ]
;IIIIIIIIIII IIIIIIIIIIIT _IIIIIIIIIIIIIIIIIII_ ;IIIIIIIIIIIIIIIIIIIIIII; -IIIIIIIIIIIIIIIIIII_
25 - T T - T T T T L - LI LI = L T L
g 2OEI IE 150:_ T 250 ;_I T I_; . T ]
< F ; s 1200 31000 =
S 15E 4 100 = = 3 E - ]
R ] : 1150 F ol ]
2 10F 3 F 3100 F 3 - ]
a0 E E 50 = = E E C ]
o 5 E = C 1 50 & = L o
E :I 1 1 1 I 1 1 1 I: _I 1 1 1 I 1 1 1 I_ :I 1 1 1 I 1 1 1 I: -I 1 1 1 I 1 1 1 I_
-02 0 02 -005 0 0.05 -002 0 002 -0.005 O

(t _tD)/tE,l

0.005

D ~1/2
Dg '

(11)

Fic. 3.— Light curves of events resulting from the source star trajectories marked on the magnification pattern maps in Figs. 1 and 2. Solid and dotted curves are the light
curves with and without the planet, respectively. For the construction of the light curves, a finite-source effect is taken into consideration by assuming that the source star

radius normalized by the Einstein radius is p, = 0.002. The timescale is normalized by the Einstein timescale corresponding to the mass of the primary.
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Fic. 4. —Size ratio between the caustics induced by the planet (A&, ,) and sec-
ondary companion (A&, ) in triple lens systems composed of a planet and binary
stars as a function of the separation between the primary and secondary star. The
shaded area represents the region where the ratio is 1/3 < A& ,/AE. , < 3. The
binary separation §; is normalized by the Einstein radius corresponding to the mass
of the primary star. To draw the curve, we adopt a distance to the planet of §, = 1.2
and a secondary/primary mass ratio of ¢, = 0.5 as representative values. Note that
notations with hat represent length scales normalized to the Einstein radius corre-
sponding to the mass of the planet-hosting star.

For the construction of the magnification maps and light curves
we use the inverse ray-shooting technique due to the difficulty of
solving tenth-order triple-lens polynomial lens equations incor-
porating a finite-source effect.

From the figures, one finds that the magnification pattern of
the binary star with a planet is different from either the primary-
secondary or primary-planet pair, and thus the resulting light curve
can produce distinctive signatures in the lensing light curves. One
also finds that identifying planets in binary systems is optimized
when the secondary is located in a certain range of separation from
the primary. This optimal separation range varies, depending on
the type of the planet. To produce noticeable planetary signatures,
planets should be located close to the Einstein ring of the primary
star. Under this lens geometry, if the secondary is not located far
enough from the primary, the perturbation induced by the sec-
ondary dominates over the planet-induced perturbation. On the
other hand, if the secondary is located too far away from the
primary, its signature would be too small to be noticed. Then,
identifying the signatures of both planet and secondary would be
optimized when the companion is located at a separation where
the amount of secondary-induced perturbation is equivalent to
that of the planet-induced perturbation. When the planet is located
within this optimal range we find that planets can be detected with
mass ratios down to ¢ ~ 5 x107%, which corresponds to one-
tenth of the mass of the Jupiter.

In Figure 4 we present the size ratio between the caustics in-
duced by the planet and secondary companion as a function of
the binary separation. The curves with different line types show
the ratios for planets with different mass ratios. To draw the curve
we adopt a planetary separation of §, = 1.2 and a binary mass
ratio of g, = 0.5 as representative values. The shaded area rep-
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TABLE 1
OPTIMAL BINARY SEPARATION

OpPTIMAL RANGE OF SECONDARY SEPARATION

Physical Unit
PLANET Mass RaTio Normalized Unit (AU)
215,567 42<d,<13.4
48<5,<142 92<d,<284
6.7<5,<20.1 13.4<d, <652

Notes.—Ranges of binary separation for optimal microlensing detections of
planets in binaries. Here §;, represents the binary separation normalized by the
Einstein radius corresponding to the mass of the planet-hosting star. The physical
separation d, is determined by assuming that the physical Einstein radius is
I'g = 2.0 AU.

resents the region where the sizes of the two caustics induced by
the planet and secondary are comparable, and thus the chance of
detecting the signatures of both planet and secondary is relatively
high. In Table 1, we also present the optimal range of binary
separations both in normalized and physical units. The physical
separation is determined by assuming that the physical Einstein
radius is rg = D0 = 2.0 AU. We find that although it varies
depending on the planet type, the optimal range of the binary
separation for planet detection is <70 AU. Binaries with sepa-
rations in this range are not being covered by the current radial
velocity method.

3.3. Interpretation of Signatures

Since the perturbations caused by the planet and the wide-
separation binary companion occur in a common region and at a
similar location of the lensing light curve, one might question
whether the light curve produced by a binary lens with a planet
could be mimicked by a simple binary-lens or a single planetary
event by appropriate modification of the lens parameters. How-
ever, we note that although the perturbation regions induced by
the planet and the companion are similar, they are not identical.
As a result, the characteristic shape of the perturbation, such as
the multiple-peak features shown in Figure 3, cannot be produced
by a single companion.

Another related question would be whether the light curve
could be mimicked by an event caused by a single stellar lens
with multiple planets (Gaudi et al. 1998). In this case, the light
curve can exhibit multiple-peak features. However, the pertur-
bations induced by planets in general have different character-
istics from those induced by wide-separation companions, and
the two different types of perturbation can be reliably distin-
guished, as demonstrated in practice for the case of the lensing
event MACHO 99-BLG-47 (Albrow et al. 2002). In addition, the
individual perturbations are in many cases well separated, al-
lowing investigation of the individual perturbations (Han 2005).
Therefore, it sould be possible to distinguish the two possible de-
generate cases.

4. CONCLUSION

We demonstrate that the microlensing technique can be used
for the detections of planets in binary stellar systems, especially
for low-mass planets in binaries with small separations. The sig-
natures of both planet and binary companion can be detected
in the light curve of a high-magnification lensing event. High-
magnification events are the prime target of high-cadence follow-
up microlensing observations currently being conducted to search
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for extrasolar planets (Abe et al. 2004; Cassan et al. 2004; Park
et al. 2004), and two planets were actually detected through this
procedure (Udalski et al. 2005; Gould et al. 2006). We fine that
identifying planets in binary systems is optimized when the sec-
ondary is located within a certain range, which depends on the
type of the planet. The proposed method can detect planets with
masses down to one-tenth of the Jupiter mass in binaries with
binary separations <100 AU. These ranges of planet mass and
binary separation are not covered by other methods, and thus

microlensing would be able to make the planetary binary sample
richer.
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