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Abstract

We present the analysis of the microlensing event MOA-2010-BLG-117, and show that the light curve can only be
explained by the gravitational lensing of a binary source star system by a star with a Jupiter-mass ratio planet. It
was necessary to modify standard microlensing modeling methods tofind the correct light curve solution for this
binary source, binary-lens event. We are able to measure a strong microlensing parallax signal, which yields the
masses of the host star,M*�=�0.58�±�0.11 Me, and planet,mp�=�0.54�±�0.10MJup, at a projected star–planet
separation ofa⊥�=�2.42�±�0.26 au, corresponding to a semimajor axis ofa 2.9 1.6

0.6
= +

-
au. Thus, the system

resembles a half-scale model of the Sun–Jupiter system with a half-Jupiter0mass planet orbiting a half-solar-mass
star at very roughly half of Jupiter’s orbital distance from the Sun. The source stars are slightly evolved, and by
requiring them to lie on the same isochrone, we can constrain the source to lie in the near side of the bulge at a
distance ofDS�=�6.9�±�0.7 kpc, which implies a distance to the planetary lens system ofDL�=�3.5�±�0.4 kpc. The
ability to model unusual planetary microlensing events, like this one, will be necessary to extract precise statistical
information from the planned large exoplanet microlensing surveys, such as theWFIRSTmicrolensing survey.

Key words:gravitational lensing: micro– planetary systems

1. Introduction

Gravitational microlensing has a unique niche among planet
discovery methods(Bennett2008; Gaudi2012) because of its
sensitivity to planets with masses extending to below an Earth
mass(Bennett & Rhie1996) orbiting beyond the snow line
(Mao & Paczy� ski 1991; Gould & Loeb1992), where planet
formation is thought to be the most efficient, according to the
leading core accretion theory of planet formation(Lissauer
1993; Pollack et al.1996). While radial velocity and planetary
transit surveys(Ida & Lin 2005; Kennedy et al.2006; Lecar
et al. 2006; Kennedy & Kenyon2008; Thommes et al.2008;
Wright & Gaudi 2013; Twicken et al. 2016) have found
hundreds and thousands of planets, respectively, these methods
have much higher sensitivity to planets that orbit very close to
their host stars. Their sensitivity to planets like those in our
own solar system is quite limited. Our knowledge of these
wide-orbit planets extending down to low masses depends on
the results of microlensing surveys(Gould et al.2010b; Cassan
et al.2012; Suzuki et al.2016). This is the main reason for the
selection of the space-based exoplanet microlensing survey
(Bennett & Rhie2002) to be a part of theWFIRSTmission
(Spergel et al.2015), which was the top-rated large space
mission in the 2010 New Worlds, New Horizons decadal
survey.

Like the Kepler transit survey(Borucki et al.2011), the
WFIRSTexoplanet microlensing survey will primarily be a
statistical survey with thousands of expected exoplanet
discoveries. However, a large number of planet discoveries
does not automatically translate into good statistics if a large
fraction of the planet candidates do not allow precise
interpretations(Burke et al. 2015; Mullally et al. 2016).
Fortunately, the microlensing method predicts a relatively
small number of low signal-to-noise planet candidates(Gould
et al. 2004) compared to the transit method. Nevertheless,
microlensing does have the potential problem of microlensing
events that defy interpretation, and these could also add to the
statistical uncertainty in the properties of the exoplanet
population that can be studied by microlensing.

In the past two years, the analysis of several complicated
microlensing events potentially involving planets has been
completed. The lens system for OGLE-2007-BLG-349 was
revealed to be a circumbinary planet, rather than a two-planet
system with a single host star(Bennett et al.2016). This
removed a significant uncertainty from the Gould et al.
(2010b), Cassan et al.(2012), and Suzuki et al.(2016)

statistical analyses, which included this event.(If the two-
planet model for OGLE-2007-BLG-349 had been correct, the
second planet would have been the lowest mass ratio planet
discovered by microlensing.) Another complicated event was
OGLE-2013-BLG-0723, which was originally claimed to be a
planet in a binary star system that was unusually close to the
Sun for a microlensing event(Udalski et al.2015a). This small
distance to the lens system was due to a large microlensing
parallax signal. However, a more careful analysis of the data
(Han et al.2016) indicated that the light curve was better
explained by a binary star system without a planet and a much
smaller microlensing parallax signal. Most recently, Han et al.
(2017) analyzed a planet in a binary star system and found a
somewhat ambiguous result, with solutions consisting of a
planet and stellar(or brown dwarf) hosts with mass ratios
ranging from 0.95 to 0.03.

In this paper, we present the analysis of the microlensing
event MOA-2010-BLG-117, an event that has eluded precise
interpretation for several years after it was observed and
identified as a planetary microlensing event. It has a strong
planetary signal, so it must be included in the statistical
analysis of MOA data(Suzuki et al.2016). In fact, the basic
character of the light curve was obvious by inspection to many
of the authors of this paper. There was a clear planetary signal
due to the crossing of two minor image caustics, but detailed
models did not provide a goodfit. The region between these
two minor image caustics is an area of strong demagnification
because the minor image is largely destroyed in this region, but
the magnification between MOA-2010-BLG-117 was simply
too large. It could only befit with the addition of a fourth body
to increase the magnification between the minor image caustics.
This fourth body could be a second source star that would not
pass between the minor image caustics and would therefore not
suffer the demagnification experienced by thefirst source. Or
the fourth body could be a third lens that could provide
additional magnification between the minor image caustics. We
found that the only viable triple-lens systems were ones the
with two stars orbited by one planet, and that two-planet
models could not match the observed light curve. The early
modeling could not decide between the binary source and
circumbinary planet possibilities.

This paper is organized as follows. In Section2, we describe
the light curve data, photometry, and real-time modeling that
influenced some of the data collection strategy. In Section3,
we describe the systematic light curve modeling of thefinal
data set, which shows that the binary source model must be
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correct. We also show that we can constrain the distance to the
source by requiring that the two source stars have magnitudes
and colors that lie on the same isochrone. We describe the
photometric calibration and the determination of the primary
source star radius in Section4, and then we derive the lens
system properties in Section5. In Section6, we consider high
angular resolution adaptive optics(AO) observations of the
MOA-2010-BLG-117 target, and we present a proper motion
measurement of the MOA-2010-BLG-117 target that indicates
that the source star system lies in the Galactic bulge. Our
conclusions are presented in Section7.

2. Light Curve Data, Photometry and Real Time Modeling

The microlensing event MOA-2010-BLG-117, at R.A.�=
18:07:49.67, decl.�=�−25:20:40.7, and Galactic coordinates
(l, b)�=�(5.5875,−2.4680), was identified and announced as a
microlensing candidate by the Microlensing Observations in
Astrophysics (MOA) Collaboration Alert system(Bond
et al. 2001) on 2010 April 7. The MOA team subsequently
identified the light curve as anomalous at UT 10:19 am, 2010
August 2, and this announcement triggered follow-up observa-
tions by the Probing Lensing Anomalies NETwork(PLANET)
and the MICROlensing Follow-up Network(� FUN). The
PLANET group observed this event using the 1.0 m telescope
at the South African Astronomical Observatory(SAAO), and
the � FUN group used the 1.3 SMARTS telescope at the Cerro
Tololo Interamerican Observatory(CTIO). The Optical Grav-
itational Lensing Experiment(OGLE) Collaboration had just
updated to their widefield of view OGLE-4 system(Udalski
et al.2015b), and their Early Warning System(EWS) was not
yet in operation with the new camera(Udalski et al.1994). So,
the OGLE photometry was not produced automatically by the
EWS system, but once it became clear that this event had a
likely planetary signal, OGLE began to reduce and circulate
their data.

After some systematic trends with airmass were removed
from the MOA data and the OGLE data was released, it became
clear by inspection that the light curve of this event resembled
the case of a source that crossed the region of the triangular
minor image caustics, hitting both caustics. This configuration
is somewhat similar to that of OGLE-2007-BLG-368(Sumi
et al. 2010) and MOA-2009-BLG-266(Muraki et al. 2011),
except that the source for OGLE-2007-BLG-368 only crossed
one of the minor image caustics and the source for MOA-2009-
BLG-266 was almost as large as the minor image caustics.
However, attempts to model this event did not yield goodfits
with this geometry.

The problem with this minor image caustic-crossing model is
that the magnification deficit between the two caustic(or cusp)
crossings att�=�5402 and 5411 is too small.(Note thatt�≡
HJD− 2450000). This is evident in Figure1, which shows the
best-fit binary-lens light curve for MOA-2010-BLG-2010. This
light curve has the obvious problem that the magnification
between the two caustic/ cusp features is higher than the model
can accommodate. In fact, the problem is more severe than this
figure indicates. In order to minimize this discrepancy between
the model and the data, the event is driven to have a very bright
source, so that the minor image will be kept at relatively low
magnification, which reduces the magnification deficit between
the two caustic/ cusp features. However, in this case, the source
brightness is driven to be1.5´brighter than the apparent source
star in the OGLE images. This means that negative blending is

required, since a negative“blend flux” must be added to the
sourceflux to achieve the relatively faint“star” seen in the
unmagnified images. Negative blending is quite possible at low
levels due to the variations in the apparent“sky” background
due to unresolved stars, but in this case, the level of negative
blending is too large for such a physical explanation. So, it
implies that this model is likely to be incorrect.

Because of these difficulties with the minor image perturba-
tion model and unrelated difficulties with the real-time
photometry, early attempts at modeling this event predicted
that the relatively bright, well-observed feature att�≈�5411 was
the interior of a caustic entrance, where the caustic crossing
itself was not observed. But, a subsequent caustic exit never
occurred. This made it clear that some version of a planetary
minor caustic-crossing event was correct, but that an additional
lens or source was needed to explain the higher-than-expected
brightness between the two caustic/ cusp crossings. This
possibility was recognized relatively early after the discovery
of the light curve anomaly, so we obtained more frequent CTIO
V-band observations than usual in the hopes that they might
help reveal a color difference between the two sources of a
binary source model.

It was necessary to wait until mid-2011 before the
magnification was back at baseline because of the long
duration of this microlensing event. After that, the OGLE
Collaboration provided optimal centroid photometry using the
OGLE difference imaging pipeline(Udalski2003). Photometry
of the MOA data was performed with the MOA pipeline(Bond
et al.2001), which also employs the difference imaging method
(Tomaney & Crotts1996). The PLANET collaboration’s
SAAO data were reduced with a version of the Pysis difference
imaging code(Albrow et al. 2009), and the CTIO data were
reduced with DoPHOT(Schechter et al.1993). Thefinal data
set consists of 4966 MOA observations in the custom MOA-
Red passband(roughly equivalent to the sum of CousinsR+I),
398 and 48 OGLE observations in theI and V bands,
respectively, 150I-band and 88V-band observations from
the SMARTS telescope in CTIO, 119I-band observations from
SAAO, and 10K-band observations from the VVV survey
(Minniti et al. 2010) using the VISTA telescope at Paranal,
which happened to be doing a low-cadence survey of the
Galactic bulge in 2010.

3. Light Curve Models

Our light curve modeling was done using the image-centered
ray-shooting method(Bennett & Rhie1996; Bennett2010),
supplemented with the hexadecapole approximation(Gould
2008; Pejcha & Heyrovský2009) that is employed as a test for
accuracy. For triple-lens modeling, we used the code developed
for OGLE-2006-BLG-109(Bennett et al.2010) and OGLE-
2007-BLG-349(Bennett et al.2016). Triple-lens models have
some parameters in common with single- and binary-lens
models. These are the Einstein radius crossing time,tE, and the
time,t0, and distance,u0, of closest approach between the lens’
center of mass and the source star. For a binary lens, there is
also the mass ratio of the secondary to the primary lens,q, the
angle between the lens axis and the source trajectory,� , and the
separation between the lens masses,s.

The length parameters,u0 and s, are normalized by
the Einstein radius of this total system mass,RE =

GM c D x x4 1S
2 -( ) ( ) , wherex�=�DL/ DS, and DL and DS

are the lens and source distances, respectively.(G and c are
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the gravitational constant and speed of light, as usual.) For
triple-lens models, there are additional separation, mass ratio,
and angle to describe the position and mass ratio of the third
lens, but we will not explore these models in detail in this
paper.

For every passband, there are two parameters to describe the
unlensed source brightness and the combined brightness of any
unlensed“blend” stars that are superimposed on the source.
Such“blend” stars are quite common because microlensing is
only seen if the lens–source alignment is� � E�∼�1 mas, while
stars are unresolved in ground-based images if their separation
is � 1� . However, with ground-based seeing, the background
contains many unresolved stars, and this makes the background
uneven. As a result, it is possible to have realistic cases of
“negative blending” if the “negative” brightness of the blend is
consistent with thefluctuations in the unresolved stellar
background. Artificial negative blending can occur with
difference imaging photometry, which does not attempt to
identify a source star in the reference image, but this is just an
artifact of the photometry method. In any case, these source and
blend fluxes are treated differently from the other parameters
because the observed brightness has a linear dependence on
them, so for each set of nonlinear parameters, we canfind the
source and blendfluxes that minimize the� 2 exactly, using
standard linear algebra methods(Rhie et al.1999).

For the binary source models for MOA-2010-BLG-117, we
add a second source to the binary-lens model, allowing for a
different brightness and color for the second source. The
second source has its ownt0 andu0 values, which we denote as
t s0 2 and u s0 2. If the two source stars have exactly the same
velocity, then thetE and � values for the two sources would

also be the same, but due to orbital motion, thetE and� values
are slightly different. However, the orbital motion of the source
stars is much smaller than the orbital motion of the source star
system in the Galaxy, so we use parameters to describe the
difference in thetE and � values. The parameters we use are
dt t tEs Es Es2 2 1= - and d� s2�=�� s2�−�� s1, where t tE Es1= and
� �=�� s1.

Our initial attempts to model this event favored the
circumbinary models, and the model shown in Figure2 was
the bestfit. However, there are several problems with this
model. First, although the data are sparse, the model does not
provide a goodfit to thefirst cusp approach att�=�5402–5403.
However, there is a more serious problem with this model that
is demonstrated by Figure3, which shows how the orbital
motion of the binary host stars affects the caustic configuration.
The central caustic rotates quite rapidly, such that the angle
between the direction of the right-pointing cusp and the source
position remains nearly constant throughout the interval
between the cusp crossings. This is apparently necessary to
avoid having a local light curve peak in the middle of the long
minimum at 5403.5�<�t�<�5410 at a location where the cusp
would be pointing directly at the source. With the rapid orbital
motion implied by this model, the source can remain at the
same angle with respect to the cusp direction throughout the
passage of this light curve minimum.

The rapid orbital motion presents a problem, however. The
probability of lensing by two stars that are not bound to each
other is quite small(∼10−12), so we can assume that the two
lens stars are bound. If so, then their relative velocity cannot be
above the escape velocity of the system. As a result, the high
relative velocity implies that the lens must be close to either the

Figure 1. Best binary-lens model for the MOA-2010-BLG-117 light curve. MOA-Red band data are shown in black.I-band data from OGLE, CTIO, and SAAO are
shown in red, light red, and dark red, respectively, while the OGLE and CTIOV-band data are shown in green and light green.
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lens or the observer, because both of these possibilities allow
higher lens orbital velocities when measured in units of
Einstein radii per unit time. With the angular source radius,*�R,
derived below in Section4, we can derive the angular Einstein
radius, � E�=�� * tE/ t*, and this yields the following relation
(Bennett2008; Gaudi2012)

M
c

G

D D

D D
M

x

x

D

4
0.9823

1 mas 1 8 kpc
, 1

L E
S L

S L

E S

2
2

2

�R

�R

=
-

=

´
-

�:

� � � �
�
�

�
�

�
�

�
�

�

�
�

�

�
� ( )

wherex D DL S= and� E�∼�0.8 mas for this event. This allows
us to determine the lens system mass and convert the measured
transverse separation and velocity to physical units at every
possible distance for the lens. This exercise tells us that the two
stars would be unbound for 0.93 kpc�<�DL�<�7.5 kpc and
0.05Me�<�ML�<�26Me. However, the microlensing parallax
parameters for this model imply a lens system mass of
ML�=�0.218Me. We can conclude that the lens orbital velocity
parameters are too large for a physically reasonable model, and
so the binary source model is favored.

Although the best circumbinary model implied unphysical
parameters, in our initial modeling, the best circumbinary
model had a better� 2 than the best binary source models that
we found, by� � 2�>�130. However, the best binary source
models from ourfirst round offitting had an unphysical feature
as well. As with the models with a single source, we had been
considering the source brightnesses in each passband as
independent parameters. But, this allowed the models to move

into unphysical regions of the parameter space, in which the
flux ratio between the two sources was very different for
passbands that were nearly identical, like the OGLE, CTIO,
and SAAOI bands. In order to avoid these unphysical models,
we have modified our modeling code tofix the sourceflux ratio
to be the same for each of theI-band data sets and each of the
V-band data sets. Theflux ratio of source 2 to source 1 is given
by the parametersfs V2 and fs I2 in the V and I bands,
respectively. Source 1 is defined to be the source that crosses
the planetary caustics. For the MOA-Red band, we do not use a
independentflux ratio parameter. Instead, we derive the MOA-
Red band flux ratio parameter from theI- and V-band
parameters,f f fs Rm s I s V2 2

0.837
2
0.163= . This follows from the color

transformation that we have derived from the bright stars in this
field (Gould et al.2010a; Bennett et al.2012),

R I V I0.1630 const, 2moa O4 O4 O4- = - +( ) ( )

whereVO4 and IO4 refer to the OGLE-IVV-band andI-band
magnitudes that have been used for the OGLE light curve data.
Note that these restrictions are more restrictive than those used
for some previous non-planetary binary source events that only
constrained data sets using the same passband with the same
flux ratio (Hwang et al.2013; Jung et al.2017).

With these limitations on the source brightness ratios, we
found that the binary source models quickly converged to a
solution that was better than the previous best binary source
model by 2002�DD ~ . It was also better than the best
circumbinary model by� � 2�=�68.9, even though we allowed
some of the parameters of the best circumbinary model to take
unphysical values.

Figure 2. Best circumbinary-lens model for the MOA-2010-BLG-117 light curve. MOA-Red band data are shown in black.I-band data from OGLE, CTIO, and
SAAO are shown in red, light red, and dark red, respectively, while the OGLE and CTIOV-band data are shown in green and light green.
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