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ABSTRACT

We propose a diagnostic that can resolve the planet/binary degeneracy of central perturbations in
caustic-crossing high-magnification microlensing events. The diagnostic is based on the difference in the
morphology of perturbation inside the central caustics induced by a planet and a wide-separation binary
companion. We find that the contours of excess exhibit a concentric circular pattern around the caustic
center for the binary-lensing case, while the contours are elongated or off-centered for the planetary
case. This difference results in the distinctive features of the individual lens populations in the residual
of the trough region between the two peaks of the caustic crossings, where the shape of the residual is
symmetric for binary lensing while it tends to be asymmetric for planetary lensing. We determine the
ranges of the planetary parameters for which the proposed diagnostic can be used. The diagnostic is
complementary to previously proposed diagnostics in the sense that it is applicable to caustic-crossing
events with small finite-source effect.
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I. INTRODUCTION

Since the first detection in 2004, the number of ex-
trasolar planets discovered by the microlensing method
is rapidly increasing (Bond et al. 2004; Udalski et al.
2005; Beaulieu et al. 2006; Gould et al. 2006; Gaudi et
al. 2008; Dong et al. 2008; Bennett et al. 2008). The
microlensing method is important because it is sensi-
tive to planets that are generally inaccessible to other
methods, in particular cool planets at or beyond the
snow-line, very low-mass planets, planets orbiting low-
mass stars, free-floating planets, and even planets in
external galaxies.

The microlensing signal of a planet is a short-
duration perturbation to the smooth standard light
curve of the primary-induced lensing event. The dura-
tion of the perturbation is several days for a gas giant
and several hours for an Earth-mass planet. The typ-
ical cadence of the current lensing surveys is roughly
a day and thus planets cannot be detected by the
survey observations alone.∗ To achieve the cadence
required to detect planets, current planetary lensing
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∗To dramatically increase the monitoring frequency enough to de-
tect planets with masses down to below the Earth mass, it is
planned to build a network of telescopes located in the southern
hemisphere for exclusive use for microlensing planet search (Ko-
rea Microlensing Telescope Network). Aiming to be fully opera-
tional in 2013, the network will be composed of ∼ 2–3 telescopes
with an aperture of each telescope of ∼ 1.5 m–2 m equipped with
a very wide-field (∼ 2◦ × 2◦) camera.

searches are being operated by using a combination
of survey and follow-up observations, where alerts of
ongoing events are issued by the survey observations
(OGLE: Udalski et al. 2008; MOA: Bond et al. 2002)
and the alerted events are intensively monitored by the
follow-up observations (Micro-FUN: Dong et al. 2006;
PLANET: Kubas et al. 2008). However, the number of
telescopes available for follow-up observations is much
less than what is needed for intensive monitoring of
all alerted events and thus observations are focused on
events which will yield high probability of planet detec-
tions. Currently, the highest priority is given to high-
magnification events because (1) these events intrinsi-
cally have high planet detection efficiency due to the
passage of the source trajectory close to the region of
central perturbations, (2) follow-up observations can be
prepared in advance due to the predictable time of the
perturbation near the peak of lensing light curve, and
(3) much more numerous small-aperture telescopes can
be used for follow-up observations due to the greatly
enhanced source star flux around the time of perturba-
tion.

Although high-magnification events have an impor-
tant merit of yielding high sensitivity to planets, they
also have a shortcoming of the difficulty in the interpre-
tation of observed signals due to several possible degen-
eracies. One of these degeneracy is caused by the fact
that a central perturbation can be produced not only
by a planet but also by a very wide or very close binary
with roughly equal mass components. Fortunately, the
perturbation patterns produced by a planetary and a
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binary companion are intrinsically different and thus
it is in principle possible to discriminate between the
planetary and the binary interpretations. However, this
discrimination usually requires detailed modelling of
the light curve which demands time-consuming search
for a solution of the lens parameters in the vast space of
many parameters. Therefore, a simple diagnostic that
can resolve the planet/binary degeneracy will be very
useful not only for the immediate identification of the
nature of the perturbation but also for the preparation
of observational strategies for better characterization
of planetary systems.

Several diagnostics have been proposed to resolve
the planet/binary degeneracy. Han & Gaudi (2008)
proposed a diagnostic that is applicable to planetary
perturbations with a double-peak structure occurring
during the passage of the source trajectory close to the
two strong cusps of a central caustic. They showed
that the shape of the intra-peak region of a planetary
event is different from that of a binary event due to
the small weak cusp of the planetary central caustic
located between the two strong cusps. Han (2009b)
proposed another diagnostic that can be applicable to
high-magnification events where the angular extent of
the perturbation region is significantly smaller than the
size of the source star and thus finite-source effect is
very severe. He showed that for binary lensing there
always exist two well-developed dips in the residual of
the light curve from that of a single-lensing event at the
moments of the caustic center’s entrance into and exit
from the source star surface, while there can be no dip
at both or either of the moments for planetary lensing.
In this paper, we propose another diagnostic that is
applicable to caustic-crossing high-magnification events
with well resolve trough region between the two peaks
of the caustic crossings.

The paper is organized as follows. In § 2, we briefly
describe the characteristics of the central caustics pro-
duced by a planet and a binary companion. In § 3,
we compare the morphology of the perturbations in-
duced by the two different populations of companions,
paying special attention to the morphology inside the
central caustics. We then describe how the diagnostic
is used and why the use of the diagnostic is possible.
In § 4, we discuss the range of planetary parameters for
which the proposed diagnostic can be applied. In § 5,
we summarize the result and conclude.

II. PLANETARY AND BINARY CENTRAL
CAUSTICS

For planetary lensing, the central caustic refers to
a small caustic located close to the primary lens. The
caustic forms a closed figure that is composed of con-
cave curves that meet at four cusps. The size of the
planetary central caustic as measured by the separation
between the two cusps located on the primary-planet
axis is related to the planetary lensing parameters by

Chung et al. (2005)

∆ξp ∼ 4q

(s− s−1)2
, (1)

where s represents the projected primary-planet sepa-
ration normalized by the Einstein radius correspond-
ing to the total mass of the lens system and q is the
planet/primary mass ratio. Then, the caustic size is di-
rectly proportional to the planet/primary mass ratio.
In the limiting cases of a very wide and a very close
planets, the caustic size depends on the separation by

∆ξp ∝
{

s−2 for s À 1,
s2 for s ¿ 1.

(2)

While the size of the central caustic depends on both
the mass ratio and the separation, its shape depends
solely on the separation. When the shape is quantified
as the ratio of the vertical width ∆ηp to the horizontal
width ∆ξp, the width ratio is related to the planetary
separation by

∆ηp

∆ξp
∼ (s− s−1)| sin3 φ|

(s + s−1 − 2 cos φ)2
, (3)

where cos φ = (3/4)(s+s−1){1− [(32/9)(s+s−1)2]1/2}.
For the range of planetary separations where the size
of the central caustic, which is directly proportional to
the planet-detection efficiency, is not negligible (Han
2009a), the width ratio of the planetary central caustic
is substantially smaller than unity, implying that the
caustic is elongated along the primary-planet axis. In
addition, three of the four cusps of the caustic lean to-
ward the primary direction and thus the caustic has an
arrowhead shape where the sharp point directs toward
the planet. For a given mass ratio, a pair of central
caustics with separations s and s−1 are identical to the
first order of approximation.

When the separation between the components of a
binary is very wide (s À 1), two sets of caustics are
formed around the individual lens components. Each
of the caustics has four cusps among which two are
located on the binary axis and the others are located off
the axis. We refer the binary central caustic as the one
located close to the lens component close to which the
source trajectory approaches. The size of the binary
central caustic as measured by the way similar to the
planetary case is

∆ξb ∼ 4γ

(1− γ)1/2
; γ =

q

(1 + q)s2
, (4)

where γ is the shear exerted by the companion. The
width ratio of the binary central caustic defined also
by the way similar to the planetary case is (Han et al.
2005)

∆ηb

∆ξb
∼

(
1− γ

1 + γ

)1/2

. (5)
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Fig. 1.— Color-scale maps of magnification excess around
the central caustic induced by a wide-separation binary
companion. The coordinates (ξ, η) are centered at the caus-
tic center, the abscissa is parallel with the axis connecting
the two lens components, and lengths are normalized by
the Einstein radius corresponding to the total mass of the
lens system. The companion is on the left. Colors are cho-
sen such that the regions with brown and blue-tone col-
ors represent the areas where the magnification is higher
(ε > 0) and lower (ε < 0) than the single-lensing mag-
nification without the companion, respectively. For each
tone, the color scale becomes darker at the excess levels of
|ε| = 2%, 4%, 8%, 16%, 32%, and 64%, respectively. The
map in the upper left panel is constructed by considering
the finite-source effect while the map in the lower left panel
is for a point source. The straight lines with arrows repre-
sent the source trajectories of caustic-crossing events where
the residuals of the light curves of the resulting events from
that of a single-lensing event are presented in the right pan-
els marked by the corresponding numbers. The normalized
separation and the mass ratio between the lens components
are (s, q) = (7.0, 0.7). The time of the residual curve is
measured with respect to the time of the closest approach
of the source trajectory to the center of the caustic, t0, and
it is normalized by the Einstein time scale tE.

For a wide-separation binary, the shear is very small
because γ ∝ s−2. Then, the width ratio becomes
ηb/ξb → 1, implying that the horizontal and vertical
width are nearly identical for the central caustic of a
wide-separation binary. In addition, the shape of the
caustic is symmetric with respect to both the binary
axis and the axis normal to the binary axis and thus
the caustic has a shape of a hypo-cycloid with four
cusps. The caustic induced by a close binary is simi-
lar to the caustic of the wide-separation binary with a
separation of s−1 both in size and shape.

Fig. 2.— Color-scale maps of magnification excess around
the central caustic induced by a planet. Notations are same
in Fig. 1. The normalized separation and the mass ratio
between the lens components are (s, q) = (1.3, 5× 10−3).

III. PERTURBATION PATTERN INSIDE
CAUSTIC

To see the difference between the morphology of the
central perturbations induced by a planet and a binary
companion, we produce excess maps in the central re-
gions of representative lens systems of the individual
lens populations. The magnification excess represents
the fractional deviation of the lensing magnification A
from the single-lensing magnification without the com-
panion A0, i.e.,

ε =
A−A0

A0
. (6)

In Figure 1 and 2, we present the excess maps for a
binary and a planetary lens systems, respectively. The
maps are represented in color scale. In each map, the
regions with brown and blue-tone colors represent the
areas where the magnification is higher (ε > 0) and
lower (ε < 0) than the single-lensing magnification,
respectively. For each tone, the color scale becomes
darker at the excess levels of |ε| = 1%, 2%, 4%, 8%,
16%, 32%, and 64%, respectively. The map on the
lower left panel is for a point-source case, while the
map in the upper left panel is constructed consider-
ing the finite size of the source star. We assume that
the source radius normalized by the Einstein radius is
ρ = 0.002, which roughly corresponds to the case of an
event produced by a low-mass stellar lens with a mass
M ∼ 0.3 M¯ located at 6 kpc occurred on a back-
ground source star with a radius equivalent to that of
the Sun and located toward the Galactic bulge field at
a distance of 8 kpc. The coordinates (ξ, η) are centered
at the center of the caustic that is located at the po-
sition with an offset from the position of the primary
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of

δ =
{

s−1q/(1 + 1) for s > 1,
−s[(1 + q)−1 − 1] for s < 1, (7)

where the sign is such that it is positive when the off-
set vector is directed toward the companion and vise
versa. All lengths are normalized by the Einstein ra-
dius corresponding to the total mass of the lens system.
Also presented in the right panels of each figure are the
residuals of the light curves of several caustic-crossing
events resulting from the source trajectories marked on
the map with corresponding numbers. The separations
and the mass ratios between the lens components are
(s, q) = (7.0, 0.7) for the binary and (1.3, 5× 10−3) for
the planetary lens systems.

From the comparison of the excess maps, we find
the following tendencies of the perturbation patterns
inside the caustic. The general pattern of excess inside
the caustic is that contours of excess roughly follow
the caustic line in the outer region close to the caustic,
but contours become more circular as the distance from
the caustic increases. For binary lensing, the contours
exhibit a concentric circular pattern around the caus-
tic center and this concentric circular region occupies
an important portion of the area inside the caustic.
For planetary lensing, on the other hand, the circu-
lar contours appear only in a small localized region.
In addition, the contours are off-centered even in the
circular-contour region.

The difference in the morphology of the perturba-
tions results in distinctive features of the individual
lens populations in the residual of the trough region
between the peaks of the caustic crossings. The shape
of the residual curve is symmetric for binary lensing,
while it tends to be asymmetric for planetary lensing,
as shown in the right panels of Figure 1 and 2. There-
fore, the shape of the residual curve in the intra-peak
trough region can be used to distinguish between the
planetary and binary interpretations.

However, we note that although the general shape
of the residual curves of planetary events is asymmet-
ric, it can be symmetric for some cases. Such a case
happens for an event produced by a source trajectory
with an orientation angle with respect to the primary-
planet axis is close to 90◦, e.g., the trajectory marked
by ”3” in the maps of Figure 2. This symmetry happens
because the perturbation pattern is symmetric with re-
spect to the primary-planet axis although asymmetric
with respect to the axis perpendicular to the axis. This
implies that symmetry of the residual curve does not
necessarily confirm that the perturbation is caused by a
binary companion, although asymmetry of the residual
curve confirms that the perturbation is produced by a
planet.

IV. DISCUSSION

The proposed diagnostic can be used for caustic-
crossing high-magnification events where the trough re-

Fig. 3.— The range in the planetary parameter space
where the proposed diagnostic can be applicable for the
resolution of the planet/binary degeneracy (shaded region).
The merging zone represents the area where the central and
the planetary caustics merge together, forming a single set
of caustics.

gion between the two peaks at the caustic crossings is
well resolved. This implies that resolving the trough
region is very important to discriminate between the
two interpretations. However, even if the region is well
resolved, it would be difficult to use the diagnostic if
the intra-peak region is not well developed. Such a case
occurs when the angular size of the source star is sub-
stantial compared to the size of the caustic. In this
case, the finite-source effect is severe and thus the per-
turbation pattern inside the caustic is seriously washed
out.

We determine the ranges of planetary parameters for
which the proposed diagnostic can be applied by set-
ting a criterion such that the size of the central caustic
is substantially greater than the source size. Figure
3 shows the range determined based on this criterion.
We assume that the vertical width of the caustic ∆ηp,
which is short side of the caustic, should be 5 times
greater than the normalized radius of a typical source
radius of ρ = 0.002. As the planetary separation ap-
proaches the Einstein radius (s → 1), not only the cen-
tral caustic but also the planetary caustic, which is the
other caustic located away form the primary lens, be-
come bigger and eventually the two caustics merge to-
gether. In this case, the shape of the central caustic
and the resulting perturbation are greatly changed and
thus the proposed diagnostic cannot be applied. We
therefore exclude the region of caustic merger. From
the figure, it is found that the proposed diagnostic will
be useful for events produced by planetary systems with
massive planets.

The proposed diagnostic is complementary to the
other diagnostics proposed before. It is complementary
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to the diagnostic proposed by Han & Gaudi (2008) in
the sense that the diagnostic is applicable to caustic-
crossing events while that of Han & Gaudi (2008) is
applicable to non-caustic-crossing events. It is com-
plementary to the diagnostic proposed by Han (2009b)
in the sense that the diagnostic is applicable to events
with small finite-source effect while the diagnostic of
Han (2009b) is applicable to events with severe finite-
source effect.

V. CONCLUSION

In this paper, we propose a diagnostic that can be
used to resolve the planet/binary degeneracy of central
perturbations in caustic-crossing high-magnification mi-
crolensing events. The diagnostic is based on the differ-
ence in the morphology of perturbation inside the cen-
tral caustics induced by a planet and a wide-separation
binary companion. We found that the contours of ex-
cess exhibit a concentric circular pattern around the
caustic center for the binary-lensing case, while the
contours are elongated or off-centered for the plane-
tary case. This difference results in the distinctive fea-
tures of the individual lens populations in the residual
of the trough region between the two peaks of the caus-
tic crossings, where the shape of the residual is symmet-
ric for binary lensing while it tends to be asymmetric
for planetary lensing. We determined the range of the
planetary parameters for which the proposed diagnos-
tic can be used and found that the diagnostic would be
useful for events produced by planetary systems with
massive planets. Combined with the diagnostics pro-
posed before, therefore, the planet/binary degeneracy
can be resolved for many cases of central perturbations.
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