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ABSTRACT

A planetary microlensing signal is generally charactetrizg a short-term perturbation to the standard single
lensing light curve. A subset of binary-source events caxlpce perturbations that mimic planetary signals,
thereby introducing an ambiguity between the planetaryl@ndry-source interpretations. In this paper, we
present analysis of the microlensing event MOA-2012-BL&8,4or which the light curve exhibits a short-lived
perturbation. Routine modeling not considering data takedifferent passbands yields a best-fit planetary
model that is slightly preferred over the best-fit binaryte@ model. However, when allowed for a change
in the color during the perturbation, we find that the binsoyrce model yields a significantly better fit and
thus the degeneracy is clearly resolved. This event not siglyifies the importance of considering various
interpretations of short-term anomalies, but also dermatest the importance of multi-band data for checking
the possibility of false-positive planetary signals.

Subject headings: gravitational lensing — binaries: general — planetaryesyst

1. INTRODUCTION additionally observed by other groups including Microlens

Microlensing is one of the major methods of detecting and IN9 Follow-Up Network {iFUN: Gould et al. 2006), Prob-

i P i [ T. Beaulieu et al.
characterizing extrasolar planets. The method is impoftan  INg_Lensing Anomalies NETwork (PLANE .
the comprehensive understanding of planet formation tsecau ZhOO(’)' and Rockj)c:chtlet (Tsapras et al.|4009)._ Ihn Lable Il’ we list
it is sensitive to planets that are difficult for other metsod the survey and follow-up groups along with the telescopes

to detect, especially planets near and beyond the snow lind!S€d for the observations. We note that although most data
(Sumi et al[ 2011: Cassan etlal. 2012 Gaudi 2012). were taken il band, some data sets were obtained in other

Itis known that such short-term perturbations in microtens Pands. _Real;tlrr;ne mlod(cejlmg [:r)]layeld. and :mplcl)rtan(tj role mdthe
ing light curves can be caused by scenarios other than plane2cduisition of the color data that ultimately allowed us i

; : tinguish between binary-lens and binary-source models. Th
tary companions. In particular, some subset of nearly equal : i
mass binary lenses can exhibit perturbations with similar CT!OVIH points over the first peak were taken as part of nor-

magnitudes and durations as those caused by very low mas¥'@l #FUN observing strategy (possible high-magnification

ratio companions_(Albrow et &l. 2002; Han & Gaudi 2008). €vent). But the later observations, which measured the col-
Another example is when the lens is an isolated star, but°'S of the second peak were taken in direct response to cir-

the source is itself a binary with a large flux ratio. In this culation of two models (binary-lens and binary-sourcegin
case, if the lens passes close to both members of the binaryP€cific effort to distinguish them. The event did not return
source, the light curve can appear as a normal single leng® its baseline brightness until the end of the 2012 bulge sea

curve, superposed with a short duration perturbation gat r SON: FOr secure measurement of the baseline, the event was
sults when the lens passes close to the fainter source (Gaudtdditionally observed in 2013 season.

1998; Gaudi & Halh 2004). Gaudi (1898) pointed out that the . T 19ureLl shows the light curve of MOA-2012-BLG-486. It
frequency of planetary-like perturbations produced bphjn 1S characterized by a short-term anomaly at H3DHJD ~
source events can be as high as planet-induced perturbation 2420000~ 6137. Apart from the anomaly, the overall light
Therefore, the analysis of a short-term signal in a lensgg |~ CUrve is well described by the standard form of a single-lens

curve requires careful examination considering all pdesib ~ €Vent. Since the characteristics of the light curve stpirgl
terpretations. dicate the possible existence of a planetary companion, we
In this paper, we present our analysis of MOA-2012-BLG- colgductt]a ((jjetaned analysc;s.of trr]‘e eveTt. s initial reducti
486. The light curve of the event exhibits a short-term pertu or the data sets used in the analysis, initial reductions
bation. In § 2, we describe the observation of the event. In §Were conducted using photometry codes developed by the
3, we describe the analyses conducted to examine the naturlf'dividual groups. For some data sets, we conducted addi-

of the perturbation and present results. We summarize and'onal reduction toimprove photometry using a pipelinedaas
conclude in § 4. on difference image analysis (Bond etal. 2001; Albrow et al.

2009). Nevertheless, the photometric accuracy is limited b
2. OBSERVATIONS AND DATA cause there exists a bright star close to the source. When
The microlensing event MOA-2012-BLG-486 occurred on this occurs, the photometric measurements are often corre-
a star in the Galactic bulge field at the equatorial and Galact lated with the seeing. To minimize the seeing effect, we use
coordinates (RA, DEGoooo = (18'01m08582,-33°1306.1) data taken with seeing less than 3 arc-seconds. We normal-
and (, b)3z0000 = (357.99, -5.03), respectively. It was dis- 128 the photometry uncertainties of different data setstsy fi
covered by the Microlensing Observations in Astrophysics atzjdlng a quadratic term so that the cumulative distribution
(MOA: Bond et al[ 2001, Sumi et AI. 2003) survey during the X~ ordered by magpnification is approximately linear and sub-
2012 observing season. From the preliminary analysis ofsequently rescaling the errors so thétper degree of free-
the event based on the rising part of the light curve, it was dom (y?/dof) for each data set becomes unity (Bacheletlet al.
found that the event would reach a high magnification. Since2012; Miyake et al. 2012).
such a high-magnification event is very sensitive to a planet
(Griest & Safizadeh 1998), an alert was issued for intensive

follow-up observations. Based on the alert, the event was 3. MODELING



HWANG ET AL. 3

TABLE 1
TELESCOPES

group telescope passband
MOA 1.8m Mt. John Observatory, New Zealand MOA-Red
uFUN 1.3m SMARTS, Cerro Tololo Inter-American ObservatoBi(O), Chile V,I,H
uFUN 0.6m Observatorio do Pico dos Dias (OPD), Brazil |
PLANET 1.0m South African Astronomical Observatory (SAAGPuth Africa |
RoboNet 2.0m Faulkes North Telescope (FTN), Hawaii, USA |
RoboNet 2.0m Faulkes South Telescope (FTS), Australia |

NoOTE. — MOA-Red band is a custom wide band where the band widthhigugprresponds to the sum Bfandl bands.
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FiG. 1.— Light curve of MOA-2012-BLG-486. The presented modeie —0.2 Fsingle-band bjnary source | =~ =
is based on the single-band binary-source model. The aotatithe paren- = E~ "~ T 1 v T 1T T T T T3
thesis after the legend of each observatory denotes thbgrassf observa- %’ 0.2 E 3 n o A 5 E
tion. 0 0 E L € E
E 702 ?plan?tary l 1 1 1 1 l 1 1 1 1 E
Knowing that a short-term perturbation in a lensing light 6130 6135 6140 6145

curve can be produced either by a binary (including plaggtar HJID-2450000
companion to the lens or a binary companion to the source, gg. 2. zoom of the perturbation region of the light curve of MQA12-
we conduct both binary-lens and binary-source modeling of BLG-486. The thick solid black curve is the best-fit modelasbed from
the light curve. Due to their physical natures, the two typfes  single-band binary-source modeling, while thin curveshwiarious colors
modeling require widely different parameterization. are mode’ curves considering color eﬁifrflzc.ts' The 3 bottorrelsashow the

Binary lens modeling requires 7 basic parameters. Among
them, three parameters are needed to describe the leresournifications associated with the individual source stars, i.
approach, including the time of the closest lens-source ap-A = (AiFs1 +AsFs2)/(Fs1+Fs2) (Griest & HU1992). Here
proachty, the lens-source separation at that momegiim- Fsi andA; (i = 1,2) represent the flux and magnification for
pact parameter), and the time scale required for the soarce t each source star. To describe the lens approach to thedndivi
cross the Einstein radius of the lems(Einstein time scale).  ual source stars, one needs pairs of the impact paramagers (
The Einstein ring represents the image of the source for theandug ) and times of closest approadh(andty ). Further-
case of exact lens-source alignment and its radiuéEin- more, an additional parameter is needed to specify the flux
stein radius) is commonly used as a length scale in lensingratio between the source stagg,= Fs2/Fs1. In our model-
phenomena. We note that the lens-source impact parameing, we setFs; > Fs and thusge < 1.0.
ter up is normalized bye. Three additional parameters are  Besides the basic parameters, it is often needed to consider
needed to characterize the star-planet system, inclutiieg t higher-order effects to precisely describe lensing lightves.
projected separatios,(normalized byg), the mass ratiog, The event MOA-2012-BLG-486 lasted for two observing sea-
and the source trajectory angle with respect to the binagy ax sons. For such a long time-scale event, the positional @éhang
«a. A planetary perturbation usually occurs when the sourceof an observer caused by the Earth’s orbital motion around
encounters a caustic, and so finite-source effects become imthe Sun might cause a deviation in the lensing light curve due
portant. To account for these effects, one needs the additio to the deviation of the apparent lens-source motion from a
parametemp, = 6, /0g (normalized source radius), whefie rectilinear trajectory (Gould 1992). Considering this adar
represents the angular radius of the source star. lax effect requires two additional lensing parameterg and

The lensing magnification of a binary-source event corre- mg g, which are the components of the lens parallax vegtor
sponds to the flux-weighted mean of the single-lens mag-projected on the sky along the north and east equatoria) axes
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\ \
TABLE 2 1 I ] ]
LENSING PARAMETERS i ~ _-primary source ... ]
parameters planetary binary source L — secondary source ]
single band multi bands L ]
x?/dof 2828.8/2184 2855.7/2187 2165.3/2184 0.5 B ]
to1 (HID) 6149.33+ 0.24 6154.43+ 0.02 6154.24+ 0.03 i |
to.2 (HID') - 6137.19+ 0.05 6137.20+ 0.05 i |
Up.1 0.059+ 0.002 0.099+ 0.004 0.077A-0.003
Up,2 - 0.024+ 0.003 0.027 0.002 w
te (days) 92.8+ 2.2 66.4+ 1.9 78.1+ 2.8 >
s 1.65+ 0.01 - -
q 0.029+ 0.001 - -
«a 2.789+ 0.006 - - i ]
px (1079) 0.540.3 - - 05 ]
TEN -0.51+ 0.04 -0.18+ 0.11 -0.37+0.09 L i
TEE 0.11+0.03 0.17+0.03 0.08+ 0.02 | i
ds/dt -1.62+ 0.28 - - | |
da/dt -0.46+ 0.13 - - | |
OF - 0.097+ 0.002 - L T _|
Orv - - 0.163+ 0.007 | i
qF,R - - 0.125+ 0.003 o b by 1
ar,l - - 0.118+ 0.003 -1 -05 0 0.5
OF H - - 0.081+ 0.002 x

NoTeE. — HJID'=HJD-2450000.

respectively. For the binary-lens case, the positionahgha

of the lens caused by the orbital motion can also induce long-
term deviations in lensing light curves. To first order appro
imation, the lens orbital effect is described by the two para
etersds/dt andda/dt that represent the change rates of the
normalized binary separation and source trajectory amgfe,
spectively(Albrow et al. 2000; An et al. 2002).

For both binary-lens and binary-source models, we look for
best-fit sets of lensing parameters by running a Markov Chain
Monte Carlo search of parameter space. In the initial binary
source modeling, we model the light curve with a single flux
ratio (single-band model). In Tallé 2, we list the best-fit pa
rameters for the individual models. We find that the over-
all shape and the short-term feature of the light curve can be
described by both planetary and binary-source models with
similar values ofy?: x? = 28288 for the planetary model and
x? = 28557 for the binary-source model (single band). How-
ever, there exist some residuals from the models, espgciall
in the region of the short-term anomaly as shown in the lower
panels of Figur€l2. Although consideration of parallax and
orbital (for the planetary model) effects somewhat impeove
the fits of both models, they contribute to the fits of the over-
all shape of the light curve, not to the anomaly feature. This
indicates the need to consider another higher-order effect

FIG. 3.— Geometry of the lens system for the binary-source motlke
lens is positioned at the origin (marked M) and the dotted circle is the

Einstein ring. The 2 curves with arrows represent the ttajes of the two
source stars. Lengths are scaled by the Einstein radius.
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Color change can occur for a binary-source event. This Fic. 4.— Positions of the components stars of the binary sourdbe
color change occurs because the stars comprising a binargolor-magnitude diagram.

source have, in general, different colors and thus the solor

measured at the moments of the lens’ approaches close téhe anomaly resulting from modeling considering the color

the individual source stars can be different. From theahiti

effect (multi-band binary-source model). We note that sinc

single-band binary-source modeling, the measured flur rati lensing magnifications depend on the observed passband, 4

between the two source stagg,~ 0.1, is small. This implies

model light curves corresponding to the individual passisan

that the types of the source stars are likely to be very differ are presented. The measured flux ratio of each passband be-
ent and thus color effects would be pronounced during thetween the binary source stars is listed in Table 2. We find that
perturbation. To check whether the color effect can explain the model considering the color effect significantly impsv

the residual in the anomaly, we conduct additional binary- the fit with Ax? = 6904 compared to the single-band binary-

source modeling. For this, we specify flux ratios for the in- source model.

Furthermore, the multi-band binary-source

dividual passbands of the data covering the anomaly, includ model is better than the planetary modelby? = 6635. The

ingV (CTIO),R(MOA), | (CTIO, FTN, FTS, SAAO), andi
(CTIO) band.

improvement of the fit can be visually seen from the residu-
als presented in Figuté 2. The superiority of the fit compared

In Figure[2, we present the light curves in the region of to the planetary model combined with the obvious color ef-
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fect strongly supports the binary-source interpretatibthe binary-source model. The degeneracy between the planetary
anomaly. and binary-source interpretations was clearly resolvadhe

In Figure[3, we present the trajectories of the individual color effect that occurred during the anomaly thanks to the
source stars with respect to the lens for the best-fit binary-multi-band data obtained during the anomaly. The event not
source model. The fact that the event is brighter in shorteronly signifies the importance of considering various intefp
wavelength passbands during the anomaly indicates that théations of short-term anomalies but also demonstratesiihe i
faint source component (secondary) is bluer than the brightportance of multi-band data for checking the possibility of
component (primary). We choose the color of each sourcefalse-positive planetary signals.
trajectory in order to reflect the color of each star. Accogdi Our ability to distinguish between the planetary and
to the model, the faint blue star approached very close to thebinary-source solutions rested critically &1H photome-
lens, producing a short-term anomaly, and then the bright re try. However, while such dense multi-band photometry is
star followed. The flux ratio between source stars is small, routine for follow-up observations froomFUN SMARTS
ranging from 0.08Kl band) to 0.16Y band). As a result,the CTIO, microlens survey observations are typically taken
light curve is dominated by the light from the bright source overwhelmingly in one band. With the advent of second
star except for the short term of the lens’ approach to the fai generation surveys, a large fraction of microlensing pene
source star. We note that the trajectories are curved due tare being detected from survey-only data, and this will be
parallax effects. increasingly true in the future. Hence, the protocols festh

In Figure[4, we present the locations of the binary source surveys should be carefully evaluated to make sure that colo
components in the color-magnitude diagram. Based on thecoverage is adequate to distinguish binary-source events f
source flux measured from modeling combined with the ref- planetary events.
erence position of the centroid of clump giants with the know
de-reddened magnitude at the Galactic distalgce 14.54 Work by CH was supported by Creative Research Initia-
(Nataf et al.. 2013) and coloNM(—1)o = 1.06 (Bensby etal. tive Program (2009-0081561) of National Research Foun-
2011), we determine the de-reddened magnitude and colodation of Korea. The MOA experiment was supported by
of the individual source stars as Y —1)o = (15.93,1.03) for grants JSPS22403003 and JSPS23340064. TS acknowledges
the primary and (125,0.68) for the secondary. These corre- the support JSPS 24253004. TS is supported by the grant
spond to a K-type giant and a turn-off star for the primary and JSPS23340044. YM acknowledges support from JSPS grants
secondary, respectively. JSPS23540339 and JSPS19340058. AG and BSG acknowl-

We check the possibility of the limb-darkening surface edge support from NSF AST-1103471. BSG, AG, and RWP
brightness variation of the source star as a cause of the coloacknowledge support from NASA grant NNX12AB99G. SD

variation. From additional modeling, we find thatimprove- was supported through a Ralph E. and Doris M. Hansmann
ment by the limb-darkening effect is negligible and thus ex- Membership at the IAS and NSF grant AST-0807444. DMB,
clude the possibility. MD, KH, MH, SI, CS, RAS and YT are supported by NPRP

grant NPRP-09-476-1-78 from the Qatar National Research
Fund (a member of Qatar Foundation). KH is supported
by a Royal Society Leverhulme Senior Research Fellowship.
4. CONCLUSION KH is supported by a Royal Society Leverhulme Trust Re-
We analyzed the microlensing event MOA-2012-BLG-486 search Fellowship. CS received funding from the European
where the light curve exhibited a short-term perturbation i Union Seventh Framework Programme (FP7/2007-2013) un-
dicating the possible existence of a planetary companion toder grant agreement no. 268421. The research leading to
the lens. By conducting detailed modeling of the light curve these results has received funding from the European Com-
considering both planetary and binary-source interpcetaf munity’s Seventh Framework Programme (/FP7/2007-2013/)
we found that the perturbation was better explained by theunder grant agreement No 229517.
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