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ABSTRACT

We present a detailed analysis of survey and follow-up alas@ns of microlensing event OGLE-2012-BLG-
0406 based on data obtained from 10 different observatdnésnsive coverage of the lightcurve, especially
the perturbation part, allowed us to accurately measurpdhalax effect and lens orbital motion. Combining
our measurement of the lens parallax with the angular Emséelius determined from finite-source effects,
we estimate the physical parameters of the lens system. \Wehtit the event was caused by.@2+ 0.43M;
planet orbiting a M4+ 0.07 M, early M-type star. The distance to the lens.8#+0.29 kpc and the projected
separation between the host star and its planet at the tintteeadvent is 315+ 0.26 AU. We find that the
additional coverage provided by follow-up observatiorspezially during the planetary perturbation, leads to
a more accurate determination of the physical parametdhedéns.

Subject headings: gravitational lensing — binaries: general — planetaryesyst

1. INTRODUCTION (Gould et all 2006; Sumi et al. 2010; Kains et al. 2013), cold
Radial velocity and transit surveys, which primarily targe SUPer-Jupiters orbiting K or M-dwarfs were believed to be
main-sequence stars, have already discovered hundreds of g2 faref class of objectsLaughlin et al/ 2004; Cassan ef al.
ant planets and are now beginning to explore the reservoir 012012). . .
lower mass planets with orbit sizes extending to a few as- The theoretical framework that underpins planetary forma-

tronomical units (AU). These planets mostly lie well inside tion scenarios that could potentially result in such systém
the snow liné of their host stars. Meanwhiie, direct imag- YO!VeS parameters that are currently too loosely consitain

ing with large aperture telescopes has been discovering gi_These parameters can be refined by tracing the distributions

ant planets tens to hundreds of AUs away from their stars.f Physical and orbital properties of a significant number of
The region of sensitivity of microlensing lies somewhere in Planetary systems. The radial velocity method has been re-
between and extends to low-mass exoplanets lying beyondnarkably successful in tabulating the part of the distidut
the snow-line of their low-mass host stars. betwesdnand that lies within the snow-line but discoveries of superitkrp

10 AU (Tsapras et 4. 2003; Galidi 2012). Although there Peyond the snow-line of M-dwarfs have been comparatively
is already strong evidence that cold sub-Jovian planets ard€W (Johnson etal. 2010; Montet et al. 2013). By contrast,

more common than originally thought around low-mass stars S i exactly the type of planet that microlensing is most
sensitive tol(Gaudi 2012).

*Royal Society University Research Fellow ) ) ) )
1 The snow line is defined as the distance from the star in a plentetary ? although a metal-rich protoplanetary disk might allow tbenfation of
disk where ice grains can form. sufficiently massive solid cores.
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Three brown dwarf and nineteen planet microlensing dis- target for most follow-up teams who preferentially observe
coveries have been published to date, including the dis-high-magnification events as they are associated with a&high
coveries of two multiple-planet systems (Gaudi et al. 2008; probability of detecting planets (Griest and Safizaédeh 1.998
Han et all 2013) It is also worth noting that unbound objects ~ OGLE observations of the event were carried out with the
of planetary mass have also been repoited (Sumilet all 2011)1.3-m Warsaw telescope at the Las Campanas Observatory,

Microlensing involves the chance alignment along an ob- Chile, equipped with the 32 chip mosaic camera. The event's
server’s line of sight of a foreground object (lens) and &kbac field was visited every 55 minutes providing very dense and
ground star (source). This results in a characteristi@tian precise coverage of the entire light curve from the basgline
of the brightness of the background source as it is being-grav back to the baseline. For more details on the OGLE data and
itationally lensed. As seen from the Earth, the brightndss o coverage see Poleski el al. (2013).
the source increases as it approaches the lens, reachingama An assessment of data acquired by the OGLE team un-
imum value at the time of closest approach. The brightnesstil the 15t of July (08:47 UT, HJDB-2456109.87) which
then decreases again as the source moves away from the lenwas carried out by the SIGNALMEN anomaly detector

In microlensing events, planets orbiting the lens star can(Dominik et al.[2007) on the"® of July (02:19 UT) con-
reveal their presence through distortions in the otherwisecluded that a microlensing anomaly, i.e. a deviation from
smoothly varying standard single lens lightcurve. Togethe the standard bell-shaped Pabgki curve [(Pacziyski|1986),
the host star and planet constitute a binary lens. Binasglen was in progress. This was electronically communicated
have a magnification pattern that is more complex than thevia the ARTEMIS (Automated Robotic Terrestrial Exoplanet
single lens case due to the presence of extended caustics thMicrolensing Search) systern (Dominik et al. 2008) to trig-
represent the positions on the source plane at which the lensger prompt observations by both the RoboNé&tdbllabo-
ing magnification diverges. Distortions in the lightcurvisa ration (Tsapras et 5l. 2009) and the MiNDS PEpnsortium
when the trajectory of the source star approaches (or gpsse (Dominik|2010). RoboNet's web-PLOP system (Horne et al.
the caustics (Mao and Pageskil1991). 2009) reacted to the trigger by scheduling observations al-

Upgrades to the OGLE(Udalski[200B) survey observing ready from the 2 of July (02:30 UT), just 11 minutes af-
setup and MOA (Sumi et all 2003) microlensing survey tele- ter the SIGNALMEN assessment started. However, the first
scope in the past couple of years brought greater precisiorRoboNet observations did not occur before tifeaf July
and enhanced observing cadence, resulting in an increase(ll5:26 UT), when the event was observed with the FTS. This
rate of exoplanet discoveries. For example, OGLE has reg-delayed response was due to the telescopes being offline for
ularly been monitoring the field of the OGLE-2012-BLG- engineering work and bad weather at the observing sites. It
0406 event since March 2010 with a cadence of 55 minutes fell to the Danish 1.54m at ESO La Silla to provide the first
When a microlensing alert was issued notifying the astro- data point following the anomaly alert'@of July, 03:42 UT)
nomical community that event OGLE-2012-BLG-0406 was as part of the MiNDSTEp efforts. The alert also triggered au-
exhibiting anomalous behavior, intense follow-up observa tomated anomaly modeling by RTModel (Bozza 2010), which
tions from multiple observatories around the world were ini by the 29 of July (04:22 UT) delivered a rather broad variety
tiated in order to better characterize the deviation. Théné of solutions in the stellar binary or planetary range, reifitec
was first analyzed by Poleski et al. (2013) using exclusively the fact that the true nature was not well-constrained by the
the OGLE-IV survey photometry. That study concluded that data available at that time. This process chain did not ire/ol
the event was caused by a planetary system consisting of @any human interaction at all.
3.9+1.2M; planet orbiting a low mass late K/early M dwarf. The first human involvement was an e-mail circulated to all

In this paper we present the analysis of the event basednicrolensing teams by V. Bozza on th& af July (07:26 UT)
on the combined data obtained from 10 different telescopes,nforming the community about the ongoing anomaly and
spread out in longitude, providing dense and continuous cov modeling results. Including OGLE data from a subsequent
erage of the lightcurve. night, the apparent anomaly was also independently spotted

The paper is structured as follows: Details of the discov- by E. Bachelet (e-mail by D.P. Bennett df July, 13:42 UT),
ery of this event, follow-up observations and image analysi and subsequently PLANEY team (Beaulieu et al. _2006)
procedures are described in Section 2. Section 3 presents thSAAO data as well asFUN!? (Gould et all 2006) SMARTS
methodology of modeling the features of the lightcurve. We (CTIO) data were acquired the coming night, which along
provide a summary and conclude in Section 4. with the RoboNet FTS data cover the main peak of the
anomaly. It should be noted that the observers at CTIO de-

2. OBSERVATIONS AND DATA cided to follow the event even while the moon was full in
Microlensing event OGLE-2012-BLG-0406 was discov- order to obtain crucial data. A model circulated by T. Sumi

ered at equatorial coordinates = 17'53"18.17, § = on the 9" of July (00:38 UT) did not distinguish between the
-30°2816.2" (32000.0§ by the OGLE-IV survey and an-  various solutions.
nounced by their Early Warning System (EW®n the & However, when the rapidly changing features of the

of April 2012. The event had a baselidand magnitude of  anomaly were independently assessed by the Chungbuk Na-
16.35 and was gradually increasing in brightness. The pre-tional University group (CBNU, C. Han), the community was
dicted maximum magnification at the time of announcementinformed on the % of July (10:43 UT) that the anomaly is
was low, therefore the event was considered a low-priority very likely due to the presence of a planetary companion.

An independent modeling run by V. Bozza’'s automatic soft-
3 For a complete list consLilt http://exoplanet.eu/catalad references

th(irein.. 8 http://robonet.Icogt.net
http://ogle.astrouw.edu.pl 9 http:/ww.mindstep-science.org
5 http://www.phys.canterbury.ac.nz/moa 10 http://planet.iap.fr
5(,b) =-0.46°,-2.22° 11 http://www.astronomy.ohio-state.eduhicrofun

7 http:/logle.astrouw.edu.pl/ogle4/ews/ews.html
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TABLE 1. OBSERVATIONS

group telescope passband data points
OGLE 1.3m Warsaw Telescope, Las Campanas Observatory (LCHg | 3013
RoboNet 2.0m Faulkes North Telescope (FTN), Haleakala,ailaWdSA | 83
RoboNet 2.0m Faulkes South Telescope (FTS), Siding Spriveg@atory (SSO), Australia | 121
RoboNet 2.0m Liverpool Telescope (LT), La Palma, Spain | 131
MINDSTEp 1.5m Danish Telescope, La Silla, Chile | 473
MOA 0.6m Boller & Chivens (B&C), Mt. John, New Zealand | 1856
uFUN 1.3m SMARTS, Cerro Tololo Inter-American ObservatoBf(O), Chile V, 1 16, 81
PLANET 1.0m Elizabeth Telescope, South African Astronahi@bservatory (SAAQO), South Africa | 226
PLANET 1.0m Canopus Telescope, Mt. Canopus Observatosynadnia, Australia | 210
WISE 1.0m Wise Telescope, Wise Observatory, Israel [ 180

ware (3" of July, 10:55 UT) confirmed the result. While the microlensing groups and each group has developed custom

OGLE collaboration (A. Udalski) notified observersontffe 5 pipelines to reduce their observations. OGLE and MOA im-

of July that a caustic exit was occurring, a geometry leading ages were reduced using the pipelines described in_Udalski

to a further small peak successively emerged from the mod-(2003) and Bond et al. (2001) respectively. PLANEFUN,

els. D.P. Bennett circulated a model using updated data orand WISE images were processed using variants of the PySIS

the 6" of July (00:14 UT) which highlighted the Eresence of (Albrow et al. 2009) pipeline, whereas RoboNet and MiND-

a second prominent feature expected to oeelie" of July. STEp observations were analyzed using customized versions

Another modeling run performed at CBNU on th& @f July of the DanDIA package (Bramich 2008). Once the source star

(02:39 UT) also identified this feature and estimated that th returned to its baseline magnitude, each data set was repro-

secondary peak would occur on thé™df July. cessed to optimize photometric precision. These photeémetr
Follow-up teams continued to monitor the progress of the cally optimized data sets were used as input for our modeling

event intensively until the beginning of September, wekaf  run.

the planetary deviation had ceased, and provided dense cov-

erage of the main peak of the event. A preliminary model 3. MODELING

using available OGLE and follow-up data at the timg, circu- Figure[1 shows the lightcurve of OGLE-2012-BLG-406.
lated on the 3% of October (C. Han, J.-Y. Choi), classified the - The Jightcurve displays two main features that deviateigign
companion to the lens as a super-Jupiter. Poleski et al3j201 icantly from the standard Padzski curve. The first feature,
presented an analysis of this event using reprocessedysurveyhich peaked at HID- 2456112 (8 of July), is produced
da_ta exclusively. In this paper we present a refined anaIyS|s;Oy the source trajectory grazing the cusp of a caustic. The
using survey and follow-up data together. _ . brightness then quickly drops as the source moves away from
The groups that contributed to the observations of this the cusp, increases again for a brief period as it passestclos
event, along with the telescopes used, are listed in Tdble 1another cusp at HIB 2456121 (19 of July), and eventually
Most observations were obtained in thband and some im-  returns to the standard shape as the source moves further awa
ages were also taken in other bands in order to create a colorfrom the caustic structure. The anomalous behavior, when
magnitude diagram and classify the source star. We notepgth features are considered, lasts for a totakof5 days,
that there are also observations obtained from the MOA 1.8mnile the full duration of the event i3120 days. These are

survey telescope which we did not include in our modeling typical lightcurve features expected from lensing phentene
because the target was very close to the edge of the CCDjnyolving planetary lenses.

We also do not include data from tIp&EUN Auckland 0.4m, We begin our analysis by exploring a standard set of solu-
PEST 0.3m, Possum 0.36m and Turitea 0.36m telescopes dugons that involve modeling the event as a static binary.lens
to poor observing conditions at site. The Pacziiski curve representing the evolution of the event

Extracting accurate photometry from observations of for most of its duration is described by three parametess: th
crowded flelds,. such as the Galactic Bulge, is a challengingtime of closest approach between the projected positiomeof t
process. Each image contains thousands of stars whose stell soyrce on the lens plane and the position of the lens photo-
point-spread functions (PSFs) often overlap so apertutie an centet?, t,, the minimum impact parameter of the sounag,
PSF-fitting photometry can at best offer limited precisibm.  expressed in units of the angular Einstein radius of the lens
order to optimize the photometry it is necessary to usemiffe (g.) and the duration of timég (the Einstein time-scale), re-
ence imaging (DI) techniques (Alard and Lupion 1998). For qyired for the source to croés. The binary nature of the lens
any particular telescope/camera combination, Dl usesegeref  yaquires the introduction of three extra parameters: Thesma
ence image of the event taken under optimal seeing condition yatjo q between the two components of the lens, their pro-
which is then degraded to match the seeing conditions of &V-jected separatios, expressed in units dfz, and the source

ery other image of the event taken from that telescope. Theyrgjectory anglex with respect to the axis defined by the two
degraded reference image is then subtracted from the match-
Ing Image to produc_e a f_eSIdua| (Ol’ dlffe_fen(_:e) image. Stars 12 The "photocenter” refers to the center of the lensing maggiitin pat-
that have not varied in brightness in the time interval befwe  tern. For a binary-lens with a projected separation betviiseriens compo-
the two images will cancel Ieaving no systematic residuals Nents less than the Einstein radius of the lens, the phadgrcearresponds
he diff . b y iabl il ith to the center of mass. For a lens with a separation greaterttieaEinstein
on t. _e ! erencg 'mag_e ut variable stars will leave erter radius, there exist two photocenters each of which is lacatese to each
positive or negative residual. lens component with an offsey[s(1+q)] toward the other lens component

Dl is the preferred method of photometric ana|y5is among (Kim_et all[2008). In this case, the refererigeuy measurement is obtained
from the photocenter to which the source trajectory appreaclosest.
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FiG. 1.— Lightcurve of OGLE-2012-BLG-0406 showing our bestsfitary-lens model including parallax and orbital motiorheTlegend on the right of the
figure lists the contributing telescopes. All data were taikethel-band, except where otherwise indicated.

TABLE 2. LENSINGPARAMETERS

parameters standard parallax orbit orbit+parallax
uUp >0 Up <0 up >0 Up <0 up >0 Up <0

x2/dof 6921.019/6383  6850.358/6381 6677.685/6381 64086381 6408.255/6381 6357.680/6379  6381.358/6379
to (HID') 6141.63+ 0.04 6141.70t 0.05 6141.66+ 0.05 6141.24-0.05 6141.28£0.04 6141.33:0.05 6141.19+ 0.06
Ug 0.532+0.001  0.527 0.001 -0.52G+ 0.001  0.500f 0.002 -0.499+-0.002  0.496+ 0.002 -0.497+ 0.002
te (days) 62.3A 0.06 63.75+ 0.18 69.3%H 0.32 65.33+ 0.20 65.53+ 0.15 64.77+ 0.19 61.914+ 0.42
s 1.346+0.001  1.345£0.001 1.3414+0.001  1.30G+ 0.002  1.30H 0.001  1.30H 0.002 1.296+ 0.002
q(107%) 5.33+ 0.04 5.074+ 0.03 4.45+ 0.04 6.97+ 0.27 6.63+ 0.05 5.92+0.11 6.824+0.19
o 0.852+ 0.001  0.864-0.002 -0.906f 0.002  0.864 0.002 -0.859+-0.001  0.837 0.002 -0.81C+ 0.005
p« (1072) 1.103+0.008  1.053+ 0.007  0.968+ 0.009  1.233+0.031  1.194+0.011 1.1110.014  1.207 0.023
TEN — 0.1184+0.011 -0.414f 0.016 - — -0.143t 0.018  0.358+ 0.042
TEE — -0.033+ 0.007 -0.069+ 0.009 - — 0.047&0.007  0.008t 0.006
ds/dt (yr™2) - - — 0.765+£0.046 0.72A40.017 0.669-0.028  0.802+ 0.033
da/dt (yrt) - - — 1284+ 0.159 -1.108+0.019 0.497 0.059 -0.732t 0.085

NoTE. — HJD’=HJD-2450000.

components of the lens. A seventh parametgmepresenting To assess how the magnification pattern depends on the pa-
the source radius normalized by the angular Einstein radiusrameters, we start the modeling run by performing a hybrid
is also required to account for finite-source effects that ar search in parameter space whereby we explore a gadjof
important when the source trajectory approaches or cr@sses values and optimizéy, Up,te and p, at each grid point by
caustic. 2 minimization using Markov Chain Monte Carlo (MCMC).

The magnification pattern produced by binary lenses is veryOur grid limits are set atl < logs<1,-5<logq< 1, and
sensitive to variations is,q, which are the parameters that 0 < « < 27, which are wide enough to guarantee that all local
affect the shape and orientation of the caustics, anthe minima in parameter space have been identified. An initial
source trajectory angle. Even small changes in these paramMCMC run provides a map of the topology of tiyé surface,
eters can produce extreme changes in magnification as thewhich is subsequently further refined by gradually narrow-
may resultin the trajectory of the source approaching @ssro ing down the grid parameter search space (Shinlet al. 2012a;
ing a caustic. On the other hand, changes in the other parameStreet et al. 2013). Once we know the approximate locations
ters cause the overall magnification pattern to vary smgothl of the local minima, we perform g optimization using all
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seven parameters at each of those locations in order to- detersource, as subsequently described.

mine the refined position of the minimum. From this set of  The residuals contained additional smooth structure tigat t
local minima, we identify the location of the global minimum static binary model did not account for. This indicated the
and check for the possible existence of degenerate sofution need to consider additional second-order effects. Theteven
We find no other solutions. lasted for> 120 days, so the positional change of the observer
caused by the orbital motion of the Earth around the Sun may
have affected the lensing magnification. This introducés su
tle long-term perturbations in the event lightcurve by ¢ags

bital motion of the lens system. The lens orbital motion
14.5 L e e A causes the shape of the caustics to vary with time. To afirst or
der approximation, the orbital effect can be modeled byintr
ducing two extra parameters that represent the rate of ehang
of the normalized separation between the two lensing com-

0.1 the apparent lens-source motion to deviate from a recéifine
0.08 E trajectory (Gould 1992; Alcock et al. 1995). Modeling this
s ] parallax effect requires the introduction of two extra para
0.06 | 3 eters,meny andwgg, representing the components of the par-
- . allax vectorrre projected on the sky along the north and east
0.04 - 7 equatorial axes respectively (Gould et al. 2004).
002 E 3 An additional effect that needs to be considered is the or-

CTIO (I) LT
SAAO

® 15 = B&C 7] ponentgs/dt and the rate of change of the source trajectory
g i Canopus  Danish ] angle relative to the caustidsr/dt (Albrow et alll 2000).
2 - . We conduct further modeling considering each of the
@ i i higher-order effects separately and also model their coetbi
15.5 |- — il X

g L i effect. Furthermore, for each run considering a higheeord

- g effect, we test models withy > 0 andup < 0 that form a pair

i ] of degenerate solutions resulting from the mirror-imaga-sy

18 - - metry of the source trajectory with respect to the binansle

- 2 T axis. For each model, we repeat our calculations startorg fr
< ORE - different initial positions in parameter space to verifgtthe
2 0‘(1) E E fits converge to our previous solution and that there are no
% _01E E other possible minima.
=~ _p2E 3 Table[2 lists the optimized parameters for the models we

6110 6115 6120 considered. We find that higher-order effects contribute
HJD-2450000 strongly to the shape of the lightcurve. The model includ-

_FiG. 2.— The bottom panel zooms-in on the anomalous region of the ing the parallax effect provides a better fit than the stashdar

lightcurve presented in Figufg 1. At the top panel we disphaysource tra- - mode| by Ay? = 2433. The orbital effect also improves the

jectory, color coded for the individual contributions othabservatory, an . 2 o

caustic structure at two different times correspondingh first and sec- fit by AX - 5:!'28' The Com_b'nat'%n of both parallax and

ond peaks of the anomaly. All scales are normalizedyand the size of ~ Orbital effects improves the fit bjAx= = 5633. Due to the

the circles corresponds to the size of the source. The fiekt geviates the Up > 0anduy <0 degeneracy, there are two solutions for the

strongest. This is a result of the trajectory of the sourezigg the cusp of ; ion + i imi
the caustic at; (HID~2456112), shown in red. The second deviatioty, at orbital motion parallax model which have Slmlb@%\/alues'

(HID~2456121) is significantly weaker and is due to the sourcedraiy In Figure[1, we present the best-fit model lightcurve super-
passing close to another cusp of the caustic, shown in blbe.differences ~ posed on the observed data. Figlfe 2 displays an enlarged
in the shape of the caustic showrtaandt; are due to the orbital motion of  view of the perturbation region of the lightcurve along with
the lens-planet system. the source trajectory with respect to the caustic. Theollo
up observations cover critical features of the perturlvatie

Since our analysis relies on data sets obtained from dif-gions that were not covered by the survey data. We note that
ferent telescopes and instruments which use different esti the caustic varies with time and thus we present the shape of
mates for the reported photometric precision, we normalizethe caustic at the times of the firdifHJD~2456112) and
the flux uncertainties of each data set by adjusting them assecond perturbation,£HID~2456121). The source trajec-
e = fi(od +0?)Y/?, wheref; is a scale factory are the orig-  tory grazes the caustic structureatausing a substantial in-
inally reported uncertainties ang is an additive uncertainty ~ crease in magnification. As the caustic structure and trajec
term for each data sét The rescaling ensures thet per de-  tory evolve with time, the trajectory approaches anothepcu
gree of freedomy?/dof) for each data set relative to the model atty, but does not cross it. This second approach causes an in-
becomes unity. Data points with very large uncertainties an crease in magnification which is appreciably lower than that
obvious outliers are also removed in the process. of the first encounter &. The source trajectory is curved due

In computing finite-source magnifications, we take into ac- to the combination of the parallax and orbital effects.
count the limb-darkening of the source by modeling the sur- The mass and distance to the lens are determined by
face brightness &S, (¢) « 1-T",(1-1.5co0s9) (Albrow et al. O AU
2001), where? is the angle between the line of sight toward Miot = —; DL=——, (1)
the source star and the normal to the source surfacel’and KTE mefE+ s
is the limb-darkening coefficient in passband We adopt ~ wherex = 4G/(c?AU) and s is the parallax of the source
I'v =0.74 andl’, = 0.53 from the _Claret (2000) tables. These star (Gould 1992). To determine these physical quantites w
values are based on our classification of the stellar typeeof t require the values ofg andfe. Modeling the event returns
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the value ofrg, whereade = 6../p. depends on the angular
radius of the source staff,, and the normalized source ra-
dius, p., which is also returned from modeling (see Tdhle 2).

TABLE 3. PHYSICAL PARAMETERS

Therefore, determininge requires an estimate 6f. parameters quantity
To estimate the angular source radius, we use the stan- Mass of the host staM,) 0.44+ 0.07Mg
i i P ‘ i . Mass of the planet\(p) 2.73+ 0.43M;
gard met?ootl descrlbedtr:n \(;oo eijldal. (%:)04|). In :jhll;s .prhotce Distance 1o the lensy ) 497 0.29 kpc
ure we first measure the dereddened color an rnghtness Projected star-planet separatiah § 3.45+ 0.26 AU

of the source star by using the centroid of the giant clump
as a reference because its dereddened magnigudel4.45
(Nataf et al. 2013) and coloW(-1)oc = 1.06 (Bensby et al.
2011) are already known. For this calibration, we use a eolor
magnitude diagram obtained from CTIO observations in the

0.53+ 0.05 milli-arcsec
3.02+ 0.26 milli-arcsec yrt

Einstein radius{g)
Geocentric proper motionuGeg)

| andV bands. We then convert thé—1 source color to
V —K using the color-color relations from _Bessell and Brett
(1988) and the source radius is obtained fromah€V —K)
relations of Kervella et all (2004). We derive the dereddene
magnitude and color of the source starlags 14.62 and

ation of the distribution. We list the physical parametdithe
system in Tabl€l3 and their posterior probability distribns
are shown in Figurel4.
The lens liesD. = 4.97+ 0.29 kpc away in the direction
of the Galactic Bulge. The more massive component of the

(V —1)o = 1.12 respectively. This confirms that the source star |€ns has masbl, = 0.440.07 M, so it is an early M-type
is an early K-type giant. The estimated angular source sadiu dwarf star and its companion is a super-Jupiter planet with a
is A, =5.9440.51 yas. Combining this with our evaluation MmassM, =2.73+0.43M,. The projected separation between

of p.., we obtairdg = 0.53+ 0.05 mas for the angular Einstein  the two components of the lensds = 3.45+0.26 AU. The
radius of the lens. geocentric relative proper motion between the lens and the

Source isuceo = 0 /te = 3.024 0.26 milli-arcsec yr*. In the
Heliocentric frame, the proper motion jg,qi, = (4N, 1E) =
(-2.91+0.26,1.31+0.16) milli-arcsec yr*.

We note that the derived physical lens parameters are some-
what different from those of Poleski et al. (2013). Specif-
ically, the mass of the lens system derived_ in_Poleskilet al.
(2013) is 0.5M), which is~ 34% greater than our estimate.
Half of this difference comes from the slightly larger Ewist
radius obtained by Poleski et al. (2013) from the OGLE-IV
photometry and the remaining part from the slightly larger
meN component of the parallax obtained from modeling the
survey and follow-up photometry as presented in this paper.
It should be noted that the parameters derived by both our and
thePoleski et all (2013) models are consistent within tle 1-
level.

To further check the consistency between our model and
that of|Poleski et al.[ (2013), we conducted additional mod-
eling based on different combinations of data sets. We first
test a model based on OGLE data exclusively in order to see
whether we can retrieve the physical parameters reported in
Poleski et al.|(2013). From this modeling, we derive physi-
cal parameters consistent with those of Poleskilet al. (013
indicating that the differences are due to the additional co
erage provided by the follow-up observations. We conducted
another modeling run using OGLE observations but also in-
cluded CTIO, FTS and SAAO data, i.e. those datasets cover-
ing the anomalous peak. This modeling run resulted in phys-
ical parameters that are consistent with the values ertlact
from fitting all combined data together, as reported in thais p

Our analysis is consistent with the results of Poleski ket al. per. This indicates that the differences between PolesH| et
(2013). We confirm that the lens is a planetary system com-(2013) and this analysis, although consistent within the 1-
posed of a giant planet orbiting a low-mass star and we reporievel, come mainly from follow-up data that provide better
the refined parameters of the systém. Poleskilef al. (2013) recoverage of the perturbation. Therefore, using survey and
ported that there existed a pair of degenerate solutiorts wit follow-up data together, we arrive at a more accurate deter-
Uo > 0 anduy < 0, although the positivey solution is slightly ~ mination of thep and e v parameters, which leads to a re-
preferred withAy? = 136. We find a consistent result that finement of the physical parameters of the planetary system.
the positiveup solution is preferred but the degeneracy is bet-
ter discriminated by\y?2 = 23.7. 4. CONCLUSIONS

The error contours of the parallax parameters for the best-fi  Microlensing event OGLE-2012-BLG-0406 was inten-
model are presented in Figure 3. The uncertainty of each pasively observed by survey and follow-up groups using 10 dif-
rameter is determined from the distribution of MCMC chain, ferenttelescopes around the world. Anomalous deviatibns o
and the reported uncertainty corresponds to the standaird de served in the lightcurve were recognized to be due to the pres

-0.05

Tgn

-0.1

-0.15

-0.2

[N B!
0.05
TrEE

0.1

Fic. 3.— Ax? contours for the parallax parameters derived from our
MCMC fits for the best binary-lens model including orbital fioa and the
parallax effect.
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FIG. 4.— The physical parameter uncertainties pertainingedehs as derived from the MCMC runs optimizing our binanmyslenodel including parallax and
orbital motion for theug > 0 trajectory.

ence of a planetary companion even before the event reached
its central peak. The anomalous behavior was first identified
and assessed automatically via software agents. Mostollo
up teams responded to these alerts by adjusting their observ YT thanks the CBNU group for their advice and hospi-
ing strategies accordingly. This highlights the impor&nt tality while in Korea. DMB, MD, KH, CS, RAS, KAA,
circulating early models to the astronomical communityttha MH and YT are supported by NPRP grant NPRP-09-476-
help to identify important targets for follow-up obseneats 1-78 from the Qatar National Research Fund (a member of
(Shin et all 2012b). Qatar Foundation). CS received funding from the European
Our analysis of the combined data is consistent with the re-Union Seventh Framework Programme (FP7/2007-2013) un-
sults of Poleski et all (2013) and we report the refined param-der grant agreement no. 268421. KH is supported by a
eters of the system. The primary lens with miks= 0.44+ Royal Society Leverhulme Trust Senior Research Fellowship
0.07 Mg, is orbited by a planetary companion with maés= The OGLE project has received funding from the European
2.73+0.43M; at a projected separation df =3.45+0.26 Research Council under the European Community’s Seventh
AU. The distance to the systemls =4.974+0.29 kpc in the Framework Programme (FP7/2007-2013) / ERC grant agree-
direction of the Galactic Bulge. ment no. 246678 to AU. Work by CH was supported by
This is the fourth super-Jupiter planet around a low- Creative Research Initiative Program (2009-0081561) of Na
mass star discovered by microlensirig (Dong etal. 2009;tional Research Foundation of Korea. The MOA experiment
Batista et al. 2011; Yee etial. 2012) and the first such systemwas supported by grants JSPS22403003 and JSPS23340064.
whose characteristics were derived solely from microlemsi TS acknowledges the support JSPS24253004. TS is sup-
data, without considering any external information. ported by the grant JSPS23340044. TCH acknowledges
The precise mechanism of how these objects form andsupport from KRCF via the KRCF Young Scientist Fellow-
evolve around low mass stars is still an open question.ship program and financial support from KASI grant num-
Simulations using the core accretion formalism can produceber 2013-9-400-00. YM acknowledges support from JSPS
such objects within reasonable disk lifetimes of a few Myr grants JSPS23540339 and JSPS19340058. AG and BSG ac-
(Mordasini et al. 2012) provided the core mass is sufficientl knowledge support from NSF AST-1103471. MR acknowl-
large or the opacity of the planet envelope during gasedges support from FONDECYT postdoctoral fellowship
accretion is decreased by assuming that the dust grains havBlo3120097. BSG, AG, and RWP acknowledge support from
grown to larger sizes than the typical interstellar values ( NASA grant NNX12AB99G. YD, AE and JS acknowledge
Nelson, private communication). Furthermore, gravitaaio  support from the Communaute francaise de Belgique - Ac-
instability models of planet formation can also potenyiall tions de recherche concertees - Academie Wallonie-Europe.
produce such objects when the opacity of the protoplanetaryThis work is based in part on data collected by MiNDSTEp
disk is low enough to allow local fragmentation at greater with the Danish 1.54m telescope at the ESO La Silla Obser-
distances from the host star, and subsequently migrateg th vatory. The Danish 1.54m telescope is operated based on a
planet to distances of a few AU. grant from the Danish Natural Science Foundation (FNU).
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