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ABSTRACT

High-magnification microlensing events provide an impotizhannel to detect planets. Perturbations near
the peak of a high-magnification event can be produced diharplanet or a binary companion. It is known
that central perturbations induced by both types of compantan be generally distinguished due to the basi-
cally different magnification pattern around caustics.his paper, we present a case of central perturbations
for which it is difficult to distinguish the planetary and bity interpretations. The peak of a lensing light curve
affected by this perturbation appears to be blunt and flatafetanetary case, this perturbation occurs when the
source trajectory passes the negative perturbation rdgibimd the back end of an arrowhead-shaped central
caustic. For a binary case, a similar perturbation occurs feource trajectory passing through the negative
perturbation region between two cusps of an astroid-shapestic. We demonstrate the degeneracy for 2
high-magnification events of OGLE-2011-BLG-0526 and OGI(H-1-BLG-0950/MOA-2011-BLG-336. For
OGLE-2011-BLG-0526, the? difference between the planetary and binary mode! 8, implying that the
degeneracy is very severe. For OGLE-2011-BLG-0950/MOA12BLG-336, the stellar binary model is for-
mally excluded withAx? ~ 105 and the planetary model is preferred. However, it isatiffito claim a planet
discovery because systematic residuals of data from tmetzley model are larger than the difference between
the planetary and binary models. Considering that 2 evdrgsreed during a single season suffer from such a
degeneracy, it is expected that central perturbationsresqueng this type of degeneracy is common.

Subject headings: gravitational lensing: micro — Galaxy: bulge

1. INTRODUCTION pendence on the host-star brightness, it also enables to de-

Microlensing constitutes one of the major methods to detect!€Ct Planets around low-mass stars down to M-type 9!Wﬁff5
and characterize extrasolar planéts (Mao & Paczynski 1991-(Udalski et al: 2005; Miyake et 8l. 2011; Batista et.al. 2011)

Gould 1992). The method is sensitive to planets that are diffi 2nd €ven to sub-stellar mass objects. In addition, itis ttig o

cult to be detected by using other methods such as cool plan€thod that can detect old planetary-mass objects thabére n
ets at or beyond the snow lirie (Bond et al. 2004: Gaudilet al.Pound to stars (Sumi etial. 2011). Therefore, microlensing i
2008{Dong et &/, 2009; Sumi etlal. 2010 Muraki et al. 2011) Important for the complete census of the frequency and prop-
and planets at large distances_(Janczakletal.12010). I€rties of planets (Gould etial. 2010; Cassan &t al. 2012).

is also sensitive to low-mass planets (Beaulieu &t al. 12006; Current microlensing planet searches are being conducted

Bennett et al.2008), making it possible to detect terraistri Pased on a specially designed strategy where survey and
planets from ground observations. Due to the weak de-follow-up observations work in close coordination. There a
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FIG. 1.— Central caustics induced by a planetary (left paned)abinary 5 r 7

companion (right panel). The regions with brownish anddtiwolors rep-

resent the areas where the lensing magnification is higtteloarer than the 3.4
corresponding single-lensing magnification, respegtivEbr each tone, the

color changes to darker shades when the fractional difterdietween the

single and binary magnification is > 2%, 4%, 8%, and 16%, reismdy.

two main reasons for this strategy. The first reason is theat th
probability of a lensing event is very low. For a star located [ L L N 1
in the Galactic bulge, toward which planetary microlensing _0.02 001 0 0.01 0.02
searches are being conducted, the chance to detect a lensed (t—t )/t
star at a specific time is of order P0(Udalski et al! 1994; o TR
Alcock et all 2000). Considering that a planet can be dedecte Fic. 2.— Light curves resulting from the two source trajecter{straight
for a small fraction of lensing events, it is essential to ax lines with arrows) marked in FigJ 1.
mize the detection rate of lensing events to increase tlee rat close to each lens component. Then, for a high-magnification
of planet detections. Survey observations are designebifor ~ event resulting from the source trajectory passing closedo
purpose by monitoring a large area of the Galactic bulge.field center of mass of a close binary or close to one of the lens
The second reason for the survey/follow-up strategy is thatcomponents of a wide binary, there can be a short-term per-
the duration of a planetary signal is short. The planetagy si turbation near the peak of the lensing light curve, simitar t
nal is a short-term perturbation to the smooth standard ligh the central perturbation induced by a planet. It is know tha
curve of the primary-induced lensing event. To densely cove the central perturbation induced by a planet can be gegerall
planetary perturbations, follow-up observations are gtessil distinguished from that induced by a binary because the caus
to focus on events detected by survey observations. tic shapes and the resulting magnification patterns arcuand t
Under the current strategy of microlensing searches, high-two types of caustics are different from each other.
magnification events are important targets for follow-up ob  In this paper, we present a case of central perturbations for
servations. A typical number of events alerted ata ceritmi@t ~ which it is difficult to distinguish between the planetarydan
by survey experiments is of order 10. Considering that eachbinary interpretations. 162, we describe details of the de-
event typically lasts for several dozens of days, it is diffic ~ generacy. I3, we demonstrate the degeneracy for two mi-
to follow all alerted events with a restricted number of tele crolensing events OGLE-2011-BLG-0526 and OGLE-2011-
scopes. To maximize the planet detection efficiency, there-BLG-0950/MOA-2011-BLG-336 that were detected during
fore, priority is given to events for which the planet deimet  the 2011 observation season.§#y we summarize the results
probability is high. Currently, the highest priority is giv to and conclude.
high-magnification events. For a lens with a planet, there ex
ist two sets of disconnected caustics, where one set isddcat 2. DEGENERACY
away from the planet-host star (planetary caustic) whike th  The pattern of central perturbations in a lensing light eurv
other set is always located close to the host star (centualca is basically determined by the shape of the central caustic.
tic). For a high-magnification event, the sensitivity to arpl For both planetary and binary cases, the central caustigs fo
etary companion is very high because the source trajectorya closed figure that is composed of concave curves that meet
always passes close to the perturbation region around the ce at cusps. The general magnification pattern is that a posi-
tral caustic induced by the planet (Griest & Safizadeh 1998).tive perturbation occurs when the source is located in the re
The efficiency of the strategy focusing on high-magnifiaatio gion outside the caustic extending from cusps while a negati
events is demonstrated by the fact that 7 out of 13 microlens-perturbation occurs when the source is located in the region
ing planets detected as of the end of 2011 were detectedetween cusps. Here a “positive” (“negative”) perturbatio
through this channel. means that the magnification of the perturbed part of the ligh
Perturbations near the peak of a high-magnification lensingcurve is higher (lower) than the magnification of the corre-
event (central perturbations) can be produced not only by asponding single-lensing event. The central caustics ieduc
planet but also by a binary companion (Han & Hwang 2009; by a planet and a binary companion have different shapes and
Shin et all 2012). For a binary lens where the projected sep-thus the resulting patterns of magnification around the two
aration between the lens components is substantially small types of caustics are different from each other. In Fidure 1,
than the Einstein radius (close binary), there exists alsimal we present the central caustics and the magnification patter
gle set of caustics formed around the barycenter of the fainar around them for the representative cases of the planetary an
For a binary where the projected separation is substantiall binary lenses, respectively.
larger than the Einstein radius (wide binary), on the other The central caustic induced by a planet has a shape of an
hand, there exist two sets of caustics each of which is ldcate arrowhead with four cusps. One cusp corresponding to the

3.2




4 Planet/Binary Degeneracy

TABLE 1
TELESCOPES

event

telescopes

OGLE-2011-BLG-0526

OGLE 1.3 m Warsaw telescope at Las Caagp®bservatory in Chile

MINDSTEp 1.54 m Danish telescope at La Silla Paranal Obsenyén Chile
PLANET 0.6 m at Perth Observatory in Australia

PLANET 1.0 m at SAAO in South Africa

RoboNet 2.0 m Liverpool telescope (LT) in La Palma, Spain

OGLE-2011-BLG-0950/
MOA-2011-BLG-336

OGLE 1.3 m Warsaw telescope at Las Garap Observatory in Chile
MOA 1.8 m at Mt. John Observatory in New Beal

uFUN 1.3 m SMARTS telescope at CTIO in Chile

uFUN 0.4 m at Auckland Observatory in New Zealand

©FUN 0.4 m at Farm Cove Observatory (FCO) in New Zealand
wFUN 0.4 m at Kumeu Observatory in New Zealand

uFUN 0.6 m at Observatorio do Pico Dos Dias (OPD) in Brazil
©FUN 1.0 m at Wise Observatory in Israel

MINDSTEp 1.54 m Danish telescope at La Silla Paranal Obsenyén Chile
PLANET 1.0 m at SAAQ in South Africa

RoboNet 2.0 m Faulkes Telescope North (FTN) in Hawaii
RoboNet 2.0 m Faulkes Telescope South (FTS) in Australia
RoboNet 2.0 m LT in La Palma, Spain
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FIG. 3.— Light curve of OGLE-2011-BLG-0526. Also drawn is thesbét
single-lensing light curve that is obtained with data exdhpse around the
perturbation. Colors of data points are chosen to matctetbbthe labels of
observatories where the data were taken. The inset shovenlhiged view
of the peak region.
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FiIG. 4.— Light curve of OGLE-2011-BLG-0950/MOA-2011-BLG-336
Notations are same as those in . 3.

sharp tip of the arrowhead-shaped caustic is located on the
star-planet axis. This cusp is strong in the sense that light
curves resulting from source trajectories passing closkeo
cusp exhibit strong deviations from the single-lens expect
tion. Two other cusps are located off the star-planet axis co
responding to the blunt ends of the arrowhead-shaped caus-
tic. These two cusps are moderately strong. The fourth cusp,
which is located on the star-planet axis between the two off-
axis cusps, is weak in the sense that it creates relativedkwe
deviations. Due to the weakness of the last cusp, theresexist
an extended region of negative perturbation between the two
off-axis cusps.

The central caustic induced by a wide or a close binary has
an asteroid shape with four cusps. Two of the cusps are lo-
cated on the binary-lens axis and the other two are along a
line perpendicular to the axis. The caustic is symmetritwit
respect to the two lines connecting the on-axis and off-axis
cusps. Due to the symmetry of the caustic, all cusps are of
similar strength. Regions of positive perturbations forut-o
side the caustic extending from the cusps and regions of neg-
ative perturbations form between the positive-pertudrate-
gions.

Despite the basically different caustic shapes and the re-
sulting magnification patterns, we find a case of central per-
turbations for which it is difficult to distinguish betweemet
planetary and binary interpretations. This degeneradiis i
trated in FigureEll arld 2. The planetary lensing case for this
degeneracy occurs when the source trajectory passes the neg
tive perturbation region behind the back end of the arrowhea
shaped central caustic with an angle between the source tra-
jectory and the star-planet axis (source-trajectory gngle
a~90°. For a binary case, a similar perturbation occurs when
the source trajectory passes through the negative petimmba
region between two cusps of an astroid-shaped caustic with
a source-trajectory angle of 45°. For both cases, the mor-
phology of the resulting perturbation is that the peak of the
light curve appears to be blunt and flat.

3. ACTUAL EVENTS

We search for high-magnification events with similar cen-
tral perturbations among those detected during the 2011
observation season. From this search, we find that two
events including OGLE-2011-BLG-0526 and OGLE-2011-
BLG-0950/MOA-2011-BLG-336 exhibit such central pertur-
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TABLE 2

BEST-FIT PARAMETERS

parameter OGLE-2011-BLG-0526 OGLE-2011-BLG-0950/MOA-2011/BLG-336
A B c D A B c D
X2 423.6 420.0 4222 422.9 3073.5 2968.6 2969.0 3076.9
Uo 0.1440.001  0.11%0.002  0.11%0.002  0.146:0.020| (9.3+0.1)10° (8.6+0.1)10° (8.7+0.1)10° (9.0+0.3)10°3
te (days) | 11.63+0.08 12.15-0.09 12.3%0.10 11.66-1.91 | 61.39-0.67 65.210.85 65.27-0.76 62.431.90
s 0.311£0.003  0.48:0.01 1.94:0.02 6.43:0.05 | 0.075:0.001  0.7@-0.01 1.43:0.01 22.%0.3
q 0.91+0.04 (3.5£0.2)102 (3.9+0.2)102 28.5-10.6 | 0.83+0.09 (5.8£0.2)10%  (6.0+£0.2)10% 2.36+0.21
a -0.795+ 0.010 4.7180.004  4.7180.004  0.7630.007 | 0.739:0.005  4.664:0.002  4.664:0.002  0.722:0.002
px (10%) | 80+2 - - 797 3.240.3 4.6:0.1 4.6:0.1 3.4:0.3
TEN - - - - 0.22+0.15 -0.1G6£0.17 -0.29:0.14 0.12:0.09
TEE - - - - -0.04+0.03 0.02:0.03 0.03:0.02 -0.03:0.02
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FiG. 5.— Distribution of Ax2 in the parameter space of the projected bi-
nary separations| and the mass ratiaf for OGLE-2011-BLG-0526. The
regions marked in red, yellow, green, sky blue, and blueespond to those
with Ax? < 62, 122, 18, 24, and 38, respectively. The cross marks rep-

Xs

FiG. 6.— Distribution ofAx2 in thes—q parameter space for OGLE-2011-
BLG-0950/MOA-2011-BLG-336. The regions marked in red)gw| green,
sky blue, and blue correspond to those with? < 13?, 26%, 3%, 52, and
652, respectively. Notations are same as in Flg. 5.

resent the locations of the local minima. The lower panetsvstine source

trajectories (straight lines with arrows) with respect lie taustics for the
individual local solutions. The small orange circle on eaohrce trajectory

represents the relative scale of the source star.

bations. In this section, we investigate the severity ofdbe
generacy by conducting detailed modeling of the light carve

for these events.
The event

OGLE-2011-BLG-0526 occurred on a
Galactic bulge star that is positioned atv,§)j2000 =
(18"02m45337,-28°0125".8), which correspond to the
Galactic coordinated (b) = (2.69°,-2.79°). The event was

follow-up observations. As a result, the coverage of th&kpea
is not very dense. The telescopes used for the observations o
this event are listed in Tab[é 1.

The event OGLE-2011-BLG-0950/MOA-2011-BLG-336
also occurred on a Galactic bulge star locatedaa®)j2000
= (17"'57M16%63,-32°39'57".0), corresponding tol(b) =
(35807°,-4.05°). It was independently discovered from the
survey experiments conducted by the OGLE and the Mi-
crolensing Observation in Astrophysics (MOA) groups. A
high-magnification alert was issued for this event 4 days be-

detected and alerted to the microlensing community by thefore the peak. Based on this alert, follow-up observations
Optical Gravitational Lensing Experiment (OGLE) group. were conducted by using 13 telescopes located in 8 differ-
High-magnification events are usually realerted after the ent countries. As a result, the perturbation was more dgnsel

first alert.

Unfortunately, no high-magnification alert was covered than the perturbation of OGLE-2011-BLG-0526. In

issued for this event and thus follow-up observations were Table[1, we also list the telescopes used for the obsenrgtion
conducted by using a fraction of telescopes available for of this event.
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FIG. 7.— Light curve of OGLE-2011-BLG-0526 near the peak regioad FIG. 8.— Light curve of OGLE-2011-BLG-0950/MOA-2011-BLG-336
the residuals from 4 local solutions. The model light curvana over the near the peak region and the residuals from 4 local solutidrtee model
data is based on one of the local solutions (local “B”). Celof data points light curve drawn over the data is based on one of the locatisak (local
are chosen to match those of the labels of observatoriesewtherdata were “C"). Notations are same as those in Hig. 7.
taken.

Initial reductions of the data taken from different obséova  scribes the deviation of the light curve affected by the dnit
ries were processed by using photometry codes developed b¥ource effect and it represents the angular source raius
the individual groups. For the purpose of improving the data in units of the angular Einstein radidg, i.e. p, = 6, /6k.
quality, we conducted additional photometry for all follayp For OGLE-2011-BLG-0950/MOA-2011-BLG-336, the dura-
data of OGLE-2011-BLG-0950/MOA-2011-BLG-336 by us- tion of the eventtg ~ 65 days) is relatively long. For such
ing codes based on difference imaging photometry. For theg case, the motion of the source with respect to the lens may
use of modeling, we rescaled the error bars of the data setgjeviate from a rectilinear one due to the change of the ob-
so thaty? per degree of freedom becomes unity for each dataserver’s position caused by the orbital motion of the Earth
set, where the value of? is calculated based on the best-fit around the Sun and this deviation can cause a long-term de-
solution obtained from modeling. We eliminated 8utliers viation in the light curve (Gould 1992). Consideration afth
from the best-fit solution in the modeling. “parallax effect” requires to include two additional pamm

In FiguredB anfll4, we present the light curves of the two ters gy and 7g g, which represent the two components of
events. Also drawn are the best-fit single-lensing lightear the lens parallaxg projected on the sky in the north and east
For both events, the light curves are well represented tgetho equatorial coordinates, respectively. The direction efgilar-
of standard single-lensing events except for the shotinias  allax vector corresponds to the relative lens-source matio
perturbations near the peak. The common morphology of thethe frame of the Earth at a specific time of the event. Its size
perturbations is that the peak appears to be flat and blunt.  corresponds to the ratio of the Earth’s orbit to the physical

To investigate the nature of the perturbations, we conducte Einstein radiusrg = D_6g, projected on the observer plane,
binary-lens modeling of the light curves. In the modeling of i.e. mg = (AU /rg)[(Ds—D.)/Ds].
each light curve, we searched for the solution of the binary- Knowing that central perturbations can be produced either
lensing parameters that best describe the observed light cu by a planet or by a binary companion, we conduct a thorough
by minimizing x? in the parameter space. For OGLE-2011- search for solutions in the-q parameter space encompass-
BLG-0526, the time scale of the event is not lomg+ 12 ing both planet and binary regimes to investigate the ptessib
days) and thus we modeled the light curve using 7 basicexistence of local minima. In Figures 5 dnd 6, we present the
binary-lens parameters. The first 3 of these parameters charresulting distributions oA y? in thes—q parameter space for
acterize the geometry of the lens-source approach and theyhe individual events. From the distributions, it is fouhat
include the Einstein time scalész, the time of the closest there exist four distinct local minima for both events. Argon
lens-source approach,, and the lens source separation at them, two minima are located in the region wih- 1 and
that momentuo, in units of the Einstein radius. The other the other two are located in the region wih: 1. For each
3 parameters characterize the binary lens. These parameteclose/wide binary pair, one local minimum is located in the
include the mass ratio between the lens componegntie regime of a binary mass ratiq ¢ 1) and the other minimum
projected separation in units of the Einstein radigisand is located in the regime of a planet mass ratjeg 1). We
the angle between the source trajectory and the binary axisdesignate the individual minima by “A5(< 1 with binaryq),

a. The last parameter of the normalized source ragjuse- “B” (s < 1 with planetaryg), “C” (s> 1 with planetaryg),
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and “D” (s> 1 with binaryq). different shapes and thus it is widely believed that pegurb
In Table[2, we present the lensing parameters of the indi-tions induced by the two types of companions can be easily
vidual local minima that are obtained by further refining the distinguished. Considering that two events of a single@®as
local solutions in the corresponding parameter space. e e suffer from this degeneracy along with the fact that pedurb
act locations of the local minima are marked by “X” on the tions caused by non-caustic-crossing source trajectbees
Ax? maps in Figureg]5 arld 6. For each local solution, we larger cross sections, it is expected that central pertiorms
also present the caustic and the source trajectory. We noteuffering from this is common.
that the size of the caustic for the binary withk: 1 is scaled
by the Einstein radius corresponding to the total mass of the 4. CONCLUSION
lens, while the caustic size for the binary with- 1 is scaled We introduced a new type of degeneracy in the
by the Einstein radius corresponding to the mass of the lensplanet/binary interpretation of central perturbationsni
component that the source approaches. _ crolensing light curves. The planetary lensing case fa thi
The findings from the comparison of the local solutions and degeneracy occurs when the source trajectory passes tae neg
the corresponding lens-system geometries are summaszed &jve perturbation region behind the back end of the arrowthea
below. shaped central caustic with a source-trajectory angle@i°.
1. For both events,? differences from the best-fit single- O @ binary case, a simri]lar pﬁrtﬁrbation Joceurs vrvt?aein the
ensing models are very bg. We fd iy’ = Source Taeclon passes though the pegatve perutate
1085 for OGLE-2011-BLG-0526 and\2 = 5644 for 2 P P

. source-trajectory angle of 45°. For both cases, the mor-
OGLE-2011-BLG-0950/MOA-2011-BLG-336, imply- g PO
ing that the perturbations of both events are clearly de- phology of the resulting perturbation is that the peak of the

tected light curve appears to be blunt and flat. From investigation o

ected. events detected during the 2011 microlensing observagian s

2. Despite the clear signature of the perturbation, we find Son, we found 2 events OGLE-2011-BLG-0526 and OGLE-
that the degeneracy of the four local solutions is se- 2011-BLG-0950/MOA-2011-BLG-336, which exhibit such
vere. To better show the subtle differences betweenperturbations. From detailed modeling of the light curves,
the local solutions, we present the residuals of the We demonstrated the severity of the degeneracy. Consggerin
data from the individual local solutions in Figurgs 7 that 2 events during a single season suffer from the degener-
and[8 for OGLE-2011-BLG-0526 and OGLE-2011- acy, we conclude that central perturbations experiendieg t
BLG-0950/MOA-2011-BLG-336, respectively. We degeneracy should be common.
also present the enlargement of the perturbed parts of

the light curve in the upper panel of each figure. For . -
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