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ABSTRACT

We report the discovery of a Jupiter-mass planet orbitiniylashwarf star that gave rise to the microlensing
event OGLE-2011-BLG-0265. Such a system is very rare amoogh planetary systems and thus the discov-
ery is important for theoretical studies of planetary fotimaand evolution. High-cadence temporal coverage
of the planetary signal combined with extended observatiomughout the event allows us to accurately model
the observed light curve. The final microlensing solutiomais, however, degenerate yielding two possible
configurations of the planet and the host star. In the caskeopteferred solution, the mass of the planet is
Mp = 0.94+ 0.3 My, and the planet is orbiting a star with a maéds= 0.22+0.06 M. The second possible
configuration (2 away) consists of a planet witfl, = 0.6 £ 0.3 M; and host star wittM = 0.14+0.06 M.
The system is located in the Galactic disk 3 — 4 kpc toward&#iactic bulge. In both cases, with an orbit size
of 1.5 - 2.0 AU, the planet is a “cold Jupiter” — located welybed the “snow line” of the host star. Currently
available data make the secure selection of the corredi@oldifficult, but there are prospects for lifting the
degeneracy with additional follow-up observations in thiife, when the lens and source star separate.

Subject headinggravitational lensing: micro — planetary systems

1. INTRODUCTION not bound to stars — free-floating planets (Sumi et al. 2011).

In the recent decade, gravitational lensing has proven to bel herefore, it provides an important tool that enables auens
one of the major techniques of detecting and characterizing®f €xtrasolar planets in the very important region of param-
extrasolar planetary systems. Due to the favorable geome&t€r space that is generally inaccessible to other techaiqu
try in the Galaxy where microlensing phenomena occur, this (€ region beyond the snow line where cold giant planets are
technique is sensitive to planets orbiting their host stats ~ MOSt probably forming. Such a census will be complementary
separations 0.5-10 AU. The technique is sensitive to low- [0 the one provided by transit and radial-velocity surveys.
mass planets — down to Earth-mass planets and even smaller First @ssessments of the planet frequency in the microlens-
masses if observed from space. It can also detect planetd!d domain have already been published (Tsapras et all 2003;
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Gould et al. | 2010;._Sumietal. 2010; Cassan etial. 2012).Dong et al.| 2009; Beaulieu etial. 2006; Gaudi etlal. 2008;
However, these studies were based on a limited number oBennett et al.. 2010; Batista et al. 2011; Streetetal. 2013;
planetary microlensing events. Precise analysis reqaires Kains etal.l 2013] Poleski etlal. 2014; Tsapras etal. 2014;
much larger number of microlensing planets. New observa-iShvartzvald et al. 2014). In addition, lensing events oceur
tional strategies of microlensing experiments have been im gardless of the stellar types of lensing objects and thusane
plemented in the last several years, leading to significant i obtain a sample of planetary systems unbiased by the stellar
crease of the number of planet detections. types of host stars. Furthermore, lensing events occur by ob
After the initial period of pioneering detections, the glan  jects distributed in a wide range of the Galaxy between the
tary microlensing field has undergone rapid changes and conEarth and the Galactic center and thus one can obtain a planet
tinues to evolve toward the next-generation experimertie. T sample more representative of the whole Galaxy.
traditional first-generation approach was that some sect  Constructing an unbiased sample of planets around
microlensing events detected by large-scale surveyslhike t M dwarfs is important for understanding the formation mech-
Optical Gravitational Lensing Experiment (OGLE) and the anism of these planets. A theory based on the core accre-
Microlensing Observation in Astrophysics (MOA) projects tion mechanism predicts that gas giants form much less fre-
were densely observed by follow-up groups such:BEN, quently around M dwarfs than around Sun-like stars, while
PLANET, RoboNet and MiINDSTEp. Since then, the ex- terrestrial and ice giant planets may be relatively common
periments have adopted more sophisticated observingstrat (Laughlin et all 2004; Ida & Lin 2005). An alternative theory
gies. For example, the second-generation microlensing surbased on the disk instability mechanism predicts that giant
veys consist of a network of wide-field telescopes capable ofplanets can form around M dwaris (Boss 2006) — the oppo-
observing large areas of the Galactic bulge field with high ca site to the prediction of planet formation by the core adoret
dences of about 10 — 20 minutes. Starting from the 2010 ob-mechanism. Therefore, determining the characteristics an
serving season when the fourth phase of the OGLE surveythe frequency of planets orbiting M dwarfs is important in or
began regular observations with the 1.3-m telescope at theler to refine the planetary formation scenario of these pdane
Las Campanas Observatory in Chile, the second-generation In this paper, we report the discovery of another giant glane
microlensing network began to take shape. The OGLE-IV orbiting an M3-M4 dwarf that was detected from the light
observing setup together with the 1.8-m MOA-II telescope lo curve analysis of the microlensing event OGLE-2011-BLG-
cated at Mount John Observatory in New Zealand and the 1-m0265. Although modeling the microlensing light curve yield
telescope at the Wise Observatory in Israel became the backtwo solutions that cannot be fully distinguished with the-cu
bone of the second-generation network capable of condyctin rently available data, both solutions indicate a Jupitassn
round-the-clock observations of selected fields in the Gala planet. There is good prospect on resolving the ambiguity of
tic bulge. There has also been progress in follow-up obser-the solutions in the future when the lens and the source sepa-
vations, including the formation of new-generation folloyy rate.
networks with enhanced observing capability, e.g., RolhoNe
(a network of robotic telescopes from LCOGT and the Liver- 2. OBSERVATIONS AND DATA
pool Telescope). The gravitational microlensing event OGLE-2011-BLG-
One of the most important discoveries made with the mi- 0265 was discovered on 2011 April 16 by the OGLE Early
crolensing technique is the detection of cold giant planets = Warning System (EWS) during the test phase of its implemen-
biting faint M-type dwarf stars. These discoveries are the tation for the OGLE-IV survey. It was officially announced
straight consequence of the fact that microlensing does noton 2011 May 25 as one of 431 events in the inauguration set
rely on the light from a host star in order to detect a planet. of events detected during the 2011 season. The event was
This implies that the dependency of the microlensing sensi-also found by the MOA group and designated as MOA-2011-
tivity to planets on the spectral type of host stars is weak an BLG-197.
the sensitivity extends down to late M dwarfs and beyond. The microlensed source star of the event is located at
Studying planets around M dwarfs is important because (c, §)32000= (17'57M47.725,-27°2340".3) in equatorial co-
these stars comprise 70% — 75% of stars in the Solar neigh- ordinates andl(b) = (2.70°,-1.52°) in Galactic coordinates
borhood and the Galaxy as a whole. Planets around M dwarfgwith the accuracy of the absolute position of the order @f 0.
have been probed by the radial-velocity and transit methodsarcsec). This region of the sky corresponds to the densest
e.g., Delfosse et al. (1998), Marcy et al. (1998), Bonfilslet a stellar region in the Galactic bulge toward which vast major
(2011),[Montet et al.[ (2014), and Charbonneau ket al. (2009).ity of microlensing events are being detected. Figlire 1 show
However, the low luminosity of M dwarfs poses serious diffi- the finding chart of the event taken in 2010 when the source
culties in searching for planets with these methods. Furthe had not yet been magnified. The brightness and color of the
more, the host stars of M-dwarf planets discovered so fa ten event at the baseline, calibrated to the standfdrsystem, are
to occupy the brighter end of the M dwarf range. As a result, | =17.51 andV —| = 3.03, respectively.
the characteristics of the lower-mass M-dwarf planet papul The OGLE-IV survey is conducted using the 1.3-m War-
tion are essentially unknown. In addition, all M-dwarf péds saw telescope equipped with the 32-CCD mosaic camera lo-
detected by the radial-velocity method are located witllyo ~ cated at the Las Campanas Observatory in Chile. A single
a few dozens of parsecs from the Sun and thus the sample oiimage covers approximately 1.4 square degrees with a resolu
these planets is greatly biased not only to the spectraldype tion of 0.26 arcsec/pixel. OGLE-2011-BLG-0265 is located
host stars but also to the distance from the Solar system. in the “BLG504” OGLE-IV field which was observed with
By contrast, the most frequent host stars of microlens- 18-minute cadence in the 2011 season. See the OGLE Web
ing planets are M dwarfs, including a planet with its host pagé for the map of the sky coverage. The exposure time was
star directly imaged (Bennett etlal. 2008; Kubas et al. 2012) 100 seconds and the variability monitoring was performed in
and several others whose masses are constrained by mi-
crolensing light curves and auxiliary data (Udalski et D%; thttp:/7ogle. astrouw edu. pl/sky/ogl e4-BLG
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FIG. 1.— Finding chart for the microlensing event OGLE-20116B0265 as seen at the baseline level in 2010. The positidmeasdurce star (and the lens)
is marked with the white crosse(68)32000= (L"57M47.725, —27°23 40".3) +0.1". The field of view is 2’ x 2’, while the inset covers 15" x 15" x@l scale is
0.26"/px. North is up and east is to the left. The brighteatssin the inset are~ 16.2—16.4, while the faintest visible at this scale dre- 20. The brightest star
in the whole chart is TYC 6849-852-1 & 11).

thel-band filter. Several-band images were also taken dur- based on the anomaly alertissued on July 2, 2011 by the MOA
ing the eventin order to determine the color of the sourae sta group. It should be noted that the OGLE group generally does
The analyzed OGLE-IV data set of the event contains 3749not issue alerts of ongoing anomalies in the present phase.
epochs covering three observing seasons 2010 — 2012. The groups that participated in the follow-up observations
The MOA project is regularly surveying the Galactic bulge include the Probing Lensing Anomalies NETwork (PLANET:
with the 1.8-m telescope at the Mt. John Observatory in New Beaulieu et al. 2006), Microlensing Follow-Up Network
Zealand. Images are collected with a ten-CCD mosaic camerguFUN: Gould et al. 2006), RoboNet (Tsapras et al. 2009),
covering= 2.2 square degrees. OGLE-2011-BLG-0265 lies and MINDSTEp |((Dominik et al! 2010). Telescopes used
in the high-cadence MOA field “gb10” which is typically vis- for these observations include PLANET 1.0-m of South
ited a few times per hour, enabling to take 4774 epochs ih tota African Astronomical Observatory (SAAO) in South Africa,
during the 2006-2012 seasons. Observations were conducteBLANET 0.6-m of Perth Observatory in AustraljgzUN 1.3-
using the wide non-standaRll filter with the exposure time ~ m SMARTS telescope of Cerro Tololo Inter-American Obser-
of 60 seconds. vatory (CTIO) in Chile,uFUN 0.4-m of Auckland Observa-
OGLE-2011-BLG-0265 is also located in the footprint of tory in New ZealanduFUN 0.36-m of Farm Cove Observa-
the survey conducted at the Wise Observatory in Israel withtory (FCO) in New ZealanduFUN 0.8-m of Observatorio
the 1.0-m telescope and four-CCD mosaic camera, LAIWO del Teide in Tenerife, SpainyFUN 0.6-m of Observatorio
(Shvartzvald & Maaz 2012). This site fills the longitudinal do Pico dos Dias (OPD) in Brazil;FUN 0.4-m of Marty S.
gap between the OGLE and MOA sites enabling round-the-Kraar Observatory of Weizmann Institute of Science (Weiz-
clock coverage of the event. In total 710 epochs were oldaine mann) in Israel, MINDSTEp Danish 1.54-m telescope at La
from this survey. Observations were carried out with the  Silla Observatory in Chile, 2.0-m Liverpool Telescope at La
band filter and the exposure time was 180 seconds. Palma, RoboNet FTN 2.0-m in Hawaii, and RoboNet FTS
OGLE-2011-BLG-0265 event turned out to evolve rela- 2.0-min Australia.
tively slowly. Data collected by survey observations have By the time the first anomaly had ended, a series of solu-
good enough coverage of the anomaly and overall light curvetions of lensing parameters based on independent real-time
to identify the planetary nature of the event. Neverthelib®s  modeling were released. A consistent interpretation ce¢he
phenomenon was also monitored by several follow-up groupsanalyses was that the anomaly was produced by a planetary



SKOWRON ET AL. 5

companion to the lens star. The models also predicted thatfter planetary anomalies. The procedure of keeping smalle
there would be another perturbation in about ten days afternumber of confident data points allows us to limit influence of
the first anomaly followed by the event peak just after the sec potential systematic errors and increase our confidendein t
ond anomaly. Based on this prediction, follow-up observa- results, while, due to the redundancy of the gathered data, n
tions were continued beyond the main anomaly up to the peakharming the discriminatory power of the light curve.
and even beyond. This enabled dense coverage of the sec-
ond anomaly which turned out to be important for the precise 3. MODELING THE LIGHT CURVE
characterization of the lens system. See Se€fion 4.1. Planetary lensing is a special case of the binary lensing
2011 season — HJB= HJD-2450000)~ 5870. In orderto  sma||. The description of a binary-lensing light curve riegsi
obtain baseline data, observations were resumed in the 2013eyen basic parameters. The first three of these parameters
season that started on HID 5960. Combined survey and  characterize the geometry of the lens-source approaclseThe
follow-up photometry constitute a very continuous and com- jncjyde the time scale for the source to cross the radiuseof th
plete data set with the very dense coverage of the planetaryinstein ringte (Einstein time scale), the time of the closest
anomaly. _ _ source approach to a reference position of the lens system,

Data acquired from different observatories were redl_Jce_dtO, and the lens-source separationta@tuy (impact parame-
using photometry codes that were developed by the indi-ter). For the reference position of the lens, we use the cente
vidual groups. The photometry codes used by the OGLE of mass of the binary system. The Einstein ring denotes the
and MOA groups, developed respectively.by Udalski (2003) jage of a source for the case of the exact lens-source align-
and|Bond et &l.[(2001), are based on the Difference Im-ment. |ts angular radiugg (Einstein radius), is commonly
age Analysis method_(Alard & Lupton 1998). The PySIS ysed as a length scale in describing the lensing phenomenon
pipeline (Albrow et al. 2009) was used for the reduction efth 5 the lens-source impact parametgis normalized tdg.
PLANET data and the Wise data. Th&UN data were pro-  another three parameters needed to characterize the binary
cessed using the DoPHOT pipeline (Schechteriet al. [ 1993)jens include: the mass ratio between the lens components,
For the RoboNet and MINDSTEp data, the DanDIA pipeline g the projected binary separation in units of the Einstein ra
(Bramich 2008) was used. , , dius,s, and the angle of the binary axis in respect to the lens-
ries, we rescale the reported uncertainties for each defefse gy rce radiu®, normalized todg, i.e., p = 0, /0g (normal-
Skowron et al. 2011). The microlensing magnification signif jzed source radius). This parameter is needed to descebe th
icantly changes the brightness of the measured objectglurin pjanet-induced perturbation during which the light curse i
the event and it is often the case that the reported uncertainzffected by the finite size of a source star (Bennett & Rhie
ties by the automatic pipelines are underestimated byrdiffe [799¢). )
ent amounts. To account for this, we first adjust uncer@snti | addition to the basic binary lensing parameters, several
by introducing a quadratic term so that the cumulative Bistr - higher-order parameters are often needed to describessubtl
bution function ofy? as a function of magnification becomes light curve deviations. OGLE-2011-BLG-0265 lasted nearly
linear. We then rescale error bars so th@per degree of free- throughout the whole Bulge season. For such a long time-
dom (dof) becomes unity for each data set, where the value ofscale event, the motion of the source with respect to the lens
x? is derived from the best-fit solution. This process greatly may deviate from a rectilinear motion due to the change of
helps to estimate uncertainties of the lensing parameters. the observer’s position caused by the Earth’s orbital nmotio
is done in an iterative manner using the full model (i.e.hwit around the Sun and this can cause a long-term deviation in
effects of parallax and orbital motion taken into account). the light curvel(Gould 1992). Consideration of this, soexll

Figure[2 shows the light curve of OGLE-2011-BLG-0265. “parallax” effect, in modeling a microlensing light curve-r
The subset of gathered data that were used in the final calquires to include two additional parametersmfy andngg,
culations is presented. For the most part, the light curve iswhich represent the two components of the lens parallax vec-
well represented by a smooth and symmetric curve of a stantor g projected on the sky in the north and east equatorial
dard lensing event caused by a single-mass ohject (Rakzy coordinates, respectively. The direction of the parallester
1986) except for the short-term perturbations at H3D  corresponds to the relative lens-source motion in the fraime
57465 (major perturbation) and 5757.5 (minor perturbation), the Earth at a specific timéyar). We usetg par = 24557601.
which lasted for~ 4 days andv 1 day, respectively. These The size of the parallax vector is related to the Einsteiiusad
short-term perturbations are characteristic featureslari-p  g¢ and the relative lens-source paraltay = AU (D -Dg!)
etary microlensingl (Mao & Pacngki | 1991; Gould & Loeb by
1992). Trel

The dense temporal coverage from the multiple sites is use- TE= O’ (1)
ful in ensuring that there is no missing feature in the light )
curve. Also, overlapping observations allows to perform ex WhereD andDs are the distances to the lens and source,
tensive self consistency checks among the data sets. Aftefespectively. Measurement of the lens parallax is importan
investigating residuals of all data sets used in the infltal ~ because it, along with the Einstein radius, allows one terdet
and correlating them with the observing conditions at thessi  mine the lens mass and distance to the lens as

(seeing, sky background, and airmass), we carefully remove O

points for which we are less confident. Also, we do not use M=— (2)

data sets that add no or little constrain to the light curve — KTE

such as data taken during only two or three nights of obser-gng

vations, or data taken during monotonic decline of the event D, = AU 3)
L=—

el +7s’
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FIG. 2.— Light curve of the microlensing event OGLE-2011-BL@6B. Only a subset of data taken during the event is presenteder signal-to-noise
observations, as well as, data providing little constraintthe final solution are omitted. Colors of data points areseh to match those of the labels of
observatories. The solid curve superposed on the datasp@piesents the best-fit model curug £ 0). The model curve for they < 0 solution would be
visually indistinguishable. The two upper panels show thiarged view of the major (HJB- 24557465) and minor (& 24557575) planetary perturbation
regions (marked with arrows).

5800 5850

portant for the binary lensing systems whose separation on
the sky is close to their Einstein ring radius (as we expegden
in this event). The shape of the emerging “resonant caustic”
is very sensitive to the change of the binary separatiorn,Als

TABLE 1
LENSINGPARAMETERS

parameter Ug > 0 solution Up < 0 solution DIt . 3
> such caustic is considerably larger than caustics prodoged
X /13305' 57600 ;fgtlgg‘ggg 57600 ;235?:-()7 /6‘6"87;) other lens configurations allowing larger part of the lermsgl
to (HID') : ; N ; to be accurately probed during the event. We account for the
terr (days) 6.955+ 0.017 6.843+ 0.031 g .
te (days) 53.63+ 0.19 53.33+ 0.27 _orbltal e_ffect by assuming that the change rates of the pro-
t. (days) 0.5248+ 0.0055 0.5173+ 0.0053 jected binary separatiods/dt, and the angular speedty /dt,
q(10°%) 3.954+ 0.063 3.923+ 0.059 are constant. This is sufficient approximation as we expect
2 deg) 103900+ 0.00080 | 103790 0.00085 the orbital periods to be significantly larger than the 1¢-da
TEN 0.238+ 0.060 0.38+0.11 period between the perturbations seen in the light curve.
TEE 0.0424+ 0.017 0.061+ 0.016 Since now the binary separation is a function of time, we
ds/dt (yr™) . 0.354+ 0.019 0.369+ 0.019 quote at the tables and use as fit parameters the value of the
|0:|04/Olt (degyr™) 1 86533[9?):&?6 1 83é(2J4£20iogé76 binary separatiors() and the binary axis angle) for a spe-
S,OGLE . - - . ifi .
Foscco0LE 1.92436.L 0.00091| 1.925194 0.00087 cific epoch:toom. Here we choosety o, to be 2455748.0.

NoTE. — HJD = HJD-2450000.c9 andsy denote projected

binary axis angle and separation for the eptych, = 24557480,
respectively. The reference position for the definitiorigadindug
is set as the center of mass of the lens system= up - te. Geo-
centric reference frame is set in respect to the Earth wglati

to,par = 24557601. Flux unit forFs andFyaseis 18 mag — for the in-
strumental and- 18.22 for the calibrated OGLEband data. (See

Fig.[3 for the lens geometry and Fig. 5 for the CMD).

respectively [((Gould 1992). Here = 4G/(cAU) and 75 =

AU /Ds represents the parallax of the source star.
Another effect that often needs to be considered in model{Skowron et al. 2011).

ing long time-scale lensing events is the orbital motiorhef t

lens (Albrow et al. 2000; Penny et/al. 2011; Shin et al. 2011,
Park et all 2013). The lens orbital motion affects the light

curve by causing both the projected binary separaiand
the binary axis angle to change in time. It is especially im-

We closely follow conventions of the lensing parameters de-
scribed in Skowron et al. (2011) with one difference; sinee w
use« as an angle of the binary axis with respect to the lens-
source trajectoryda/dt describes the rotation of the binary
axis in the plane of the sky.

The deviation in a lensing light curve caused by the orbital
effect can be smooth and similar to the deviation induced by
the parallax effect. Therefore, considering the orbitietfis
important as it might affect the lens parallax measuremeat a
thus the physical parameters of the lens (Batistalet al.|;2011

With the lensing parameters, we test different models of the

2 Depending on the geometry of the event, different valuetg gf yield
different correlations between parameters describingettemt, hence, not
alwaysto orh equal totg par is the best choice in modeling.
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light curve. In the first model (standard model), the lightveu 01r
is fitted with use of the seven basic lensing parameters. In ;5 F
the second model (parallax model), we additionally conside — |
the parallax effect by adding the two parallax parameters of i of
men andmege. In the third model (orbit model), we consider r
only the orbital motion of the lens by including the orbital :
parameterds/dt andd«/dt, but do not consider the parallax -0.1 §
effect. In the last model (parallax+orbit model), we in@ud

planet

both: the orbital motion of the lens and the orbital motion of . E
the Earth (which give rise to the parallax effect). 0.05 F 3

For a basic binary model, every source trajectory has its = 3
exact mirror counterpart with respect to the star-planet-ax E Y E
with (up, @) — —(up, @) being the only difference. However, To0s F 3
when the additional effects are considered, each of the two a I o ors
trajectories withug > 0 anduy < O deviate from a straight -0.1F L
line and the pair of the trajectories are no longer symmetric ° 0.2 04

It is known that the models withy > 0 andug < 0 can be _ {[mas] _
degenerate, especially for events associated with sotace s p;}gétia—onfoe%fg%g’ngf(;htie'esnkil'”?hseyjé%fgr%g?\;lhii source stactoe
located nea'; the ecliptic plane — this is known as the “dclipt with up > 0 and the lower panel is for they < O solution. Theug > 0
degeneracy”l (Skowron etlal. 2011). For OGLE-2011-BLG- solution provides a slightly better fit than the < 0 solution — byAx? = 5.7.
0265, the source star is locatedsat- 2.7° and thus we check  The closed figures with cusps represent the caustics at fieetlit epochs:
bothug > 0 andug < 0 solutions. HJD' = 57465 and 5757.5, which correspond to the moments of the major

; _ _ _ ; and minor perturbation in the light curve. The line with arpar represents
In mOde“ng the OGLE 2011-BLG-0265 “ght Curve'_ W€ the source trajectory as seen from the Earth — the curvatutieedine is
search for the set of lensing parameters that best desthi®es due to the parallax effect. The small empty circles repreten size and
observed light curve by minimizin}g2 in the parameter space. positions of the source star at both epochs. Also markecharpdsitions of
; ; the planet (small dots on the right) and its host star (big dot the left) —
We conduct this search through three steps. In the first SteF)the displacement of the planet due to its orbital motion ddedays between
grid searches are conducted over the space of a set of parange perturbations is clearly visible. Origin is at the CerieMass of the
eters while the remaining parameters are searched by using planetary system. The horizontal axis is parallel with ttze-planet axis at
downhill approachl(Dong et El. 2006). We then identify lo- the timeto.
cal minima in the grid-parameter space by inspectingythe
N . . . ? . . HJID-2450000

distribution. In the second step, we investigate the irtdiai 5640 5700 5740 5760 5780 5860
local minima found from the initial search and refine the indi
vidual local solutions. In the final step, we choose a global s 4000
lution by comparing(? values of the individual local minima.
This multi-step procedure is needed to probe the existehce o
any possible degenerate solutions. We ch@sganda as
the grid parameters because they are related to the ligix cur
features in a complex way such that a small change in their
values can lead to dramatic changes in lensing light curves. 1000
On the other hand, the light curve shape depends smoothly
on the remaining parameters and thus they are searched for
by using a downhill approach. For th& minimization for
refinement and characterization of the solutions, we use the 4000

3000

2000

cumulative x?

positions on the source plane at which the lensing magnifi-
cation of a point source becomes infinite. During the ap-
proach, lensing magnifications are affected by finite-seurc
effects due to the differential magnification caused by the
steep gradient of magnification pattern around the caustic.

the computation of finite-source magnifications, we use the
ray-shooting method (Schneider & Weiss 1986; Kayserlet al.

9 Ea 16 ; FIG. 4.— Cumulativey? distributions as a function of a data point number
1986, \Wambsganss 1997). In this method, a large number Offor three microlensing models. The vertical bands markithe bf the major

rays are uniformly Sh0t from the image plane, bent accord- ang minor planetary anomaly. We see, that the minor anonzinat be a
ing to the lens equation, and land on the source plane. Thewell fitted without the inclusion of the lens orbital motiofiwo anomalies
lens equation for image mapping from the image plane to theappeared in the light curve closer in time than could be fittét a static

: binary model. Since the first anomaly is extremely well cedewith ob-
source plane IS expressed as servations, it is the second anomaly that does not fit thejmestible static

Markov Chain Monte Carlo (MCMC) method. %«
A planetary perturbation is mostly produced by the ap- £ 3000
proach of the source star close to caustics that represent th g 2000

£

3

1000

L
e b b b b Pl b b b b e o

]

. . .
0 1000 2000 3000 4000
data point number

1 1 q model.
(=2z- el K (4) notes complex conjugate. H Il length di
1+q\z—21 2-7 _ ple njugate. Here all lengths are expressed in
’ ’ units of the Einstein radius. The finite magnification is com-
where(, z , andz are the complex notations of the source, puted as the ratio of the number density of rays on the source
lens and image positions, respectively, and the overbar desurface to the density on the image plane. This numeri-
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cal technique requires heavy computation and thus we limit0 and 565.1 fotp < O relative to the standard model.
finite-magnification computation based on the ray-shooting The importance of the lens orbital motion can be seen in
method to the region very close to caustics. In the adjacentFigure[3. It shows cumulativg? distribution for the full (fi-
region, we use a hexadecapole approximation, with which fi- nal) model and compares it to the models without the parallax
nite magnification computation can be faster by severalrsrde effect (upper panel) and without the lens orbital motiomgo
of magnitude!(Pejcha & Heyrovsky 2009; Gould 2008). We panel) taken into account. It is found that the signal of the o
solve lens equation by using the complex polynomial method bital effect is mainly seen from the part of the light curve at
described in_ Skowron & Gould (2012). around HID ~ 57575, which corresponds to the time of the

In computing finite-source magnifications, we incorporate minor anomaly. The second anomaly happened sooner than
the limb-darkening variation of the stellar surface briggs. predicted by the static binary model. Without the observa-
The surface brightness profile is modeledSsx 1-c, - tions at this time, we would have lacked the information on
(1-cosp)—d, - (1-+/cosp), wherec, andd, are the limb-  the evolution of the the caustic shape during the time batwee
darkening coefficients of the wavelength bandnd¢ is the  the anomalies. The minor anomaly was densely covered by
angle between the normal to the stellar surface and the linefollow-up data, especially the SAAO data, but the coverage
of sight toward the center of the star. Based on the stellarby the survey data is sparse. As a result, the orbital parame-
type (see Section 5), we adopt the coefficients using Table 32ers could not be well constrained by the survey data alone.
(square-root law) of Claret (2000) foy= 2, solar metallicity,
Ter = 5000K and log = 3.5:

Ci-band> di-band = 0.2288 0.4769 5) 15F 1
CMoA-R, Omoa-r = 0.2706 0.4578 (6)
Cv-band; Ov-band = 0.5337,0.2993 (1) 16l |

Here the values for the non-standard M®4ilter are taken
as linear combination dR-band and-band coefficients with

30% and 70% weights. 17 .
4. RESULTS
4.1. Best-fit Solution ~ 18 1
In Table1, we present the best-fit solutions along with their _
x? values. In order to provide information about the blended 19¢ .

light (i.e., the light that was not magnified during the eyent
we also present the sourde;, and baselinefy,,se fluxes es- : 0 T4 .| % source star
timated from the OGLE photometry. We note that the uncer- 20} - C ® Red Clump |1
tainty of each parameter is estimated based on the distibut Co -

in the MCMC chain obtained from modeling.

baseline

. h . |
Itis found that the perturbation was produced by a planetary 21 - ‘ ‘ ‘ : b‘ end :
companion with a planet/star mass rafie 3.9 x 10~% located 1.0 1.5 20 25 3.0 35 4.0
close to the Einstein ring of its host star, ise;- 1.0. In the (V=T

upper panel of Figurgl 3, we present the locations of the lens _ . -
: : FIG. 5.— Location of the source star in the OGLE color-magnitdidgram
components, the caustic, and the source trajectory fordbie b for stars in the B’ x 1.5 field centered on the lensing event. Also shown is

fit solution. Since the planet is close to the Einstein ri@, t  the centroid of the red clump giant stars that is used torzaéitthe brightness
resulting caustic forms a single closed curve with six cusps and color of the source star. Light seen before and aftervbet ébaseline
It is found that the major (at HJIG= 57465) and minor (at level) was separated into the “source” and the “blend” ligdttthe portion
HJD' = 57575) perturbations in the lensing light curve were 9" tor}atth‘gaef,g:]?gggggcmgége portion that was not magghiduring the
produced by the approach of the source star close to thegstron ’ :
and weak cusps of the caustic, respectively.

We find that the event suffers from the ecliptic degeneracy. , . ,
In Figure[3, we compare the lens-system geometry of the two 4.2. Angular Einstein radius
degenerate solutions witly < 0 andup > 0. We note that the Detection of the microlens parallax enables the measure-
source trajectories of the two degenerate solutions arestim ment of the mass and distance to the planetary system. The
symmetric with respect to the star-planet axis. }Rdliffer- Einstein radius, the second component required by Equa-
ence between the two degenerate models is merely 5.7 — withions [2) and[(B), is estimated I8¢ = 0../p, where the angu-
Up > 0 solution slightly preferred over thg < 0 solution. We lar source radiu8. is obtained from the color and brightness
further discuss this degeneracy in Section 5.2. information and the normalized source radjuis measured

Higher-order effects are important for the event. We find from the microlensing light curve fitting to the planetary-pe
that the model considering the parallax effect improvedithe turbation.
with Ax? = 2309 for ug > 0 and 127.8 foug < 0 compared
to the standard model. The model considering the lens drbita  4.2.1. Intrinsic color and extinction-corrected brightness oéth
motion (but without parallax) improves the fit even more with source star
Ax? = 3491 compared to the standard model. Considering To determine the angular source radius, we first locate the
both the parallax and orbital effects yields a light curvedelo  source star on the color-magnitude diagram for stars in the
that fits the data significantly better withy? = 5594 for ug > field and then calibrate its de-reddened color and brigktnes
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by using the centroid of the red clump giants as a refer- observed color, while the other type are the events in thdsfiel
ence under the assumption that the source and red clump giwith poorly defined red clumps. This allows us to argue that
ants experience the same amount of extinction and reddenindor well observed microlensing events in the fields with well
(Yoo et al/ 2004). defined red clump, the typical error in the microlensing colo

In Figure[®, we present the location of the source star in theestimation is on the order of@ mag.
color-magnitude diagram. Using the method of Nataf etal. One could worry that the assumption of a typical error of
(2010) finding the centroid of the red clump in the 1.5" x 1.5’ the intrinsic color estimation does not take into accoust th
region of the sky around the source star, we estimate that thénfluence of the differential reddening, which in fact, i
source star (witlv =20.77 andl =17.57) is Q12 mag bluer  from field to field. Figure 6 aof Bensby etlal. (2013) addresses
and 059 mag fainter than the typical red clump giant, and this issue, showing that there is no evidence of strong €orre
hence, is most likely also a K-type giant star located in the lation between the differential reddening in the fields of 55
Galactic bulge. Based on the intrinsic color of the red clump events (as measured by Nataf etlal. (2013)) and errors in thei
giant stars\{ —I)rco = 1.06 (Bensby et al. 2011), we estimate color estimations. This actually could be understood by re-
the de-reddened color of the source star towbel()so = 0.94. alizing that the dominating source of scatter in the obsikrve

With the observed Y —1)rc = 3.32) and intrinsic colors of  colors of red clump stars comes from the gradient of the red-
the red clump stars, we estimate the total reddening towarddening across the field. This gradient, however, has noteffec
the Galactic Bulge: on the position of the red clump stars centroid.

As an example, we took samples of stars from four circles

E(V-D=(V=Nre=(V ~Drco=332-1.06=226. (8) centered on oupr event with the dlioameters of1.5’, 2,3, and 4
From[Nataf et al.[(2013) the mean distance to the Galacticrespectively, and used them to measure the centroid of the re
bulge stars in the direction of the event is 7.8 kpc and the clump. All four measurements are within 0.02 mag of each
intrinsic brightness of the red clump starsMgrco = —0.11. other, even though the measure of the differential reddgnin
With the measured observed brightnggs= 16.98, we esti- (as defined by Nataf et ial. 2013) is between 0.16 and 0.24 in
mate the extinction to the bulge to Bg=2.63. This is con-  these circles.
sistent with the estimated reddening of 2.26 as the slope of It is also worth noting that any error in the relative posi-
the reddening vecto@, /OE(V —1)) is typically ~ 1.2, and tion of the source star from the centroid of the red clump that
in most cases is between 1.0 and 1.4 for the Galactic bulgecould come from the differential reddening would only par-
sight lines [(Nataf et al. 20113, Figure 7). The extinctiontint  tially contribute to the final estimation of the angular sofe
V band is calculated a&, = A +E(V —1) = 4.89. Then, the the star. As we will see in the following section, the calibra
extinction-corrected magnitudes of the source star are-comtion of the angular radius of the star contains two terms with
puted as opposite signsa 0.5(V —1)—0.2lg (Eq. (11)). More dust in
front of the star influences both estimations\éf{(1)o andlg

Vso=Vs—Ay =20.77-4.89=1588, () in the same direction, and sinée~ 1.2E(V -1), the overall
Iso=Is—A =17.57-2.63=1494. (20) error that comes from the wrong estimation of the reddening
- _— is reduced by 50% (2 x 0.2/0.5=05).
4.2.2. Uncertainties of the source color estimation The OGLE-2011-BLG-0265 event is located tleg from

Although uncertainties of the observed color and brighdines the Galactic plane in the region strongly obscured by the in-
of the source stars are typically low (in this case 0.01 mag), terstellar dustE(V —1) = 2.26) and affected by the differ-
the uncertainty in the centroiding of the red clump and the ential reddening. Following Nataf etlal. (2013), we calcu-
differential reddening in the field causes that the truerisic late the measure of the differential reddening-)) in the
colors of the microlensing sources are typically known with 1.5’ x 1.5 patch of the sky around the event. The observed
lower accuracy.|_Bensby etlal. (2013, Section 3.2) compareV —1 colors of the red clump stars show20 mag dispersion,
the colors of source stars of the 55 microlensing events-dete which leads to the estimation ofy-) = 0.16 mag. How-
mined with both spectroscopic and microlensing technigues ever, having the evidence for at most minor influence of the
Their Figure 5 shows that the disagreement between the twdlifferential reddening on the final estimation of the coéord
estimations is typically 0.07 mag for the blue star sampte an knowing that only half of the error (due to reddening) enters
0.08 mag for all stars. There is no physical reason for thethe final result, we only slightly increase our uncertainty o
measurement of the color offset from the red clump stars tothe color from 0.05 to 0.06 mag due to the heavily reddened
be less accurate for red stars than for blue stars. Hence, théeld.
authors point to, clearly but not perfectly, the colegrela- We expect the error in the estimation lgfto be slightly
tions as the source of the increased scatter for red statts (wi higher than the assumed error f&f €1)o. In order to mea-

Teit < 5500 K, cf.Bensby et &l. 2013, Figure 7). The observed sure the observed brightness of the red clump, the luminosit
0.07 mag scatter between the spectroscopic and microtensinfunction of the red giant branch has to be fitted simultankgous
color estimates also includes the uncertaintie$.i which with the luminosity function of the red clump giants. Based
are of the order of 100 K and would generate).034 mag on the reproducibility of the red clump centroiding underva
uncertainty in color (compare with Table 5 and Figure 7 of ious assumptions regarding the red giant branch luminosity
Bensby et dl. 201.3). By subtracting this source of scatter infunction, we conservatively assume 0.1 magnitude errdren t
quadrature from the observed scatter, we obtain 0.061 magestimation ofl, of the source star.

which still contains some unknown uncertainty of the stella
models themselves.

The sample of events analyzed by Bensby et al. (2013) also Knowing the dereddened color of the star and the
contains some problematic events of two types. One type areextinction-corrected brightness enables the use of the sur
the events where the coverage of the light curve in the meltip face brightness relation to find the angular radi@ig.( We
photometric bands was not sufficient to accurately detegmin note that in microlensing we typically measuxe<1), color,

4.2.3. Angular size from the surface brightness relations
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hence, ideally we would like to use a calibration based an thi
quantity. By including the additional transformation pess PHYSICALTLAEI?\ILSI?DAZRAMETERS
from (V —1)o to (V —K)o, the uncertainty of the estimated color

increases by a factor 1.5 — 2.5 (for exam@® —K)/9(V -

k uantit Up > O solution  up < O solution
1) ~ 2.5 for stars with ¥/ —1) < 1.3 (Bessell & Breit 1988)). : ( y) ?)41910 00 ;42310 30
A H H H mas . .
Kgrvella& Fouqugé (2_008) proylde sugh 'a relation calibrated uieo (mas/yr) 2851 0.29 289+ 029
with dwarfs and subgiant stars; we write: Linein (Maslyr)  272+0.30 2734 0.32
tihele (Maslyr) 106222 1.39+019
logf, =3.1982-0.21o+0.4895Y/ —1)o—0.0657/ ~1)2, (11) My (M) 0_38:%%)% 0456:%%%
L Mp (M 0.21175 058 0.136'0551
where the angular radius is givenjias and the scatter of the Df Ekp%)) 138058 3.49071"
relation is 0.0238. The relation iV K) for the same types a, (AU) 18992 151041
of stars based an Kervella et al. (2004) is (KE/PE), 0.387+0.075  Q112+0.060
— - _ NoTE. — Parameters calculated for paral-
log6.. = 3.2165-0.2Vp+0.2753Y - K)o (12) lax+orbital model;fg: angular Einstein radiugsgeo
and the quadratic relation for the wider range of stars was gggc’éhﬁ{;icriﬁgvﬁe:ﬁ,@iﬁﬁg?&gfﬁg fmtq'gg 'Pe;,'}ZC_
given by Di Benedetta (2005): tively, Mp: mass of the planeMp: mass of the host
star, D_: distance to the lensa, : projected star-
|099* =3.2120-0.2Vp+ 0.29686/ - K)O—O.OO886/— K)(Z)_ planet, (KE/PE), : the ratio of the transverse kinetic
(13) to potential energy.

Kervella & Fouqueé [(2008) believe that the scatter around
the provided relation is dominated by the intrinsic scatter
rather than measurement errors. This yields the relative un
certainty of the angular radius at 5.5%. Calibrations based
an infrared color have much smaller intrinsic scatter, seca 5. DISCUSSION
ful removal of scatter due to measurement error is required. : -
Kervella et al. [(2004) estimate the intrisic scatter arotired ) 5.1. Degeneracy of the Microlensing .MijeIs
provided relation is 1%, whereas Di Benedefto (2005) esti- While the planetary nature of the perturbation in the OGLE-
mates 1.8% and argues that the accuracy of the star sizes 0l2011-BLG-0265 light curve is obvious, the event suffersrfro
tained from the infrared-based surface brightness relatie  the orbiting binary ecliptic degeneracy (Skowron et al. 01
< 2%, but higher than the 1% estimated [by Kervella ét al. See Appendix 3). The two solutiong < 0 andup > 0, have
(2004). nearly identical mass ratiq = 3.9 x 1073, normalized sep-

We note that despite having much smaller scatter, the rela-arations = 1.04, Einstein radiuge = 0.42 mas, and hence
tions with (v —K)g (transformed from\{ —1)o) yield higher planet-host angular separatien = 0.44 mas. They dif-
uncertainty of the angular radius than the relation oriyna  fer in the microlens parallax, especially in the north compo
calibrated in¥ —1)o, unless the accuracy of ¢1), estimation nentmgn = 0.24 (Up > 0) versusrmegn = 0.38 (Up < 0), and
is <0.050r ¢ -1)o> 1.3, where the slope o¥(-K) vs (V -1) also inda/dt, which is often strongly correlated withg
is more shallow. Hence, we Use Kervella & Foudué (2008) re- (Batista et al. 2011; Skowron et/al. 2011). This differersce i
lation in the OGLE-2011-BLG-0265 case, which leads to the important because it leads to a different mass and distaince o

Hence, the system belongs to a little-known population
of planetary systems where a Jupiter mass planet orbits an
M dwarf beyond its snow line.

final estimation of the angular source radius the host .. /Mg, D /kpc) = (022, 4.4) versus (0.14, 3.5) for
theup > 0 andug < 0 solutions, respectively.
0. =4.09+0.41nas (14) The up > 0 solution is favored byAx? = 5.7 correspond-

Combining the physical and the normalized source radius/N9 t© @ (frequentis) likelihood ratio of exp(g/2) = 17.
yields the Einstein radius @k = 6. /p = 0.42- 0.04 mas (for This would be compelling evidence if treated at face value.

bothuo > 0 andug < 0 solutions of the parallax-+orbitmodel). HOWever, it is known that the photometry of microlensing
events occasionally suffers from low-level systematiadise

: atAx? ~ few level.
4.3. Physical Parameters As an additional way to resolve the degeneracy, we

With the measured Einstein radius and the lens parallax,check the ratio of the projected kinetic to potential energy
we are able to estimate the physical quantities of the lens(Dong et al[ 2009) estimated by
system (Tablé]2). For the best-fit solutiom ¢~ 0, paral-
lax+orbit model), the lens mass and distance to the lens are 8= KE) _ VirL - KMeyr? sy
M =0.22+0.06 M andD, =4.440.5 kpc, respectively. The PE), 2GMy 872  Og(re+7s/0g)d’
mass of the planet 81, = 0.9+ 0.3 M;. The projected sepa-
ration between the host star and the planet,iss 1.94-0.2 wherey? = (ds/dt/s)?+(da/dt)?. For typical viewing angles,
AU and thus the planet is located well beyond the snow line one expectg ~ O(0.4), as is the case for thig > 0 solution.
of the host star. On the other hand, the lower valg@e~ 0.11 (as in thauy < 0

For the marginally disfavored, < 0 solution, the resulting  solution) implies either that the planet is seen projectedg
physical parameters of the lens system are somewhat differe the line of sight at the viewing angie ~ 23 ~ 0.22 (corre-
— as expected, mainly caused by the difference in the northsponding to semi-major ax&s~ a, /(2/3) ~ 4.5a, ), or that
component of the parallax vector, i.egn. See Tablgll. In  we have just seen the planet when majority of its motion is
this case, the lens mass and distancevare0.144- 0.06 M, directly toward (or away from) us. Of course, the prior proba
and D, = 3.5+ 0.7 kpc, respectively, and the mass of the bility of the first configuration for a point randomly distrited
planet isM, = 0.6 = 0.3 M,. on a sphere is just® ~ 0.025 and the probability for the sec-

(15)
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ond is similar. fiducial time of the eventug n, Ve g) = (—0.42,5.45) AU/yr.
However, while it is certainly true that the prior probabil- This means that the position angle (North through East) is
ity for any given planet’s position is uniform over a sphere,

this is not the case for planets found by microlensing, which b, = atan EE +7EVg ete/AU 17)
are preferentially detected within a facter1.5 of the Ein- " '7rEA,N +wév@7NtE/AU’

stein radius/(Gould & Loeb 1992; Gould et al. 2010). First,

since the planet actually lies very near the Einstein radius  which is indeed independent &¢. We find¢,, = 20.8533deg
would have been detected in almost any angular orientationfor uy > 0 and¢,, = 26.4"29deg forus < 0. Thus if the ac-

a, so that the actual probability is more likethan 32, i.e., tual measurement ig,, = 21°, it will strongly exclude (4)
about 0.11. In addition, since giant planets around M dwarfsthe ug < 0 solution, but if it is¢, = 26° then it will only

are a new class of planets, we do not know their distribu- marginally favor (1) theup < 0 solution.

tion. It could be that the great majority of such planets lie  Nevertheless, with three pieces of information, there is a
at a ~ 20AU. Then, whenever these were found in planet- good chance that the ensemble of measurements will favor
host microlensing events, they would have a very low value one solution or the other.

B. On the other hand, whenever we detect them at typical

viewing angles, they will be considered as “free floatingpla 6. CONCLUSIONS

ets” (Sumi et al. 2011). Hence, the measurement of adow e reported the discovery of a planet detected by analyzing

value is not a strong statistical argument againstugie: 0 the light curve of the microlensing event OGLE-2011-BLG-

solution which still remains as a viable option. . 0265. ltis found that the lens is composed of a giant planet
In summary, although both light curve and energy consid- grpiting a M-type dwarf host. Unfortunately, the microlens

erations point to thely > 0 solution, it is difficult to confi-  jng modeling yields two degenerate solutions, which inseea

dently resolve the degeneracy between the two possible modpyr uncertainties in mass of and distance to this planetary
els based on the currently available data. Fortunatelylifhe  system and cannot be distinguished with currently avaglabl
ference in the physical parameters estimated from the two de gata. Planet-host mass ratio is, however, very well medsure
generate solutions are not big enough to affect the comiusi 5t 0.0039.

that the lens belongs to a new class of giant planets around The slightly preferred solution yields a Jupiter-mass ptan

low-mass stars. orbiting a 022M, dwarf. The second solution yields a 0.6
. Jupiter-mass planet orbiting al@M, dwarf. There are good
5.2. Prospects for Follow-up Observations prospects for lifting the degeneracy of the solutions with f

It will eventually be possible to confidently resolve the-cur ture additional follow-up observations. In either case LBG
rent degeneracy issue on the models of OGLE-2011-BLG-2011-BLG-0265 event demonstrates the uniqueness of the mi-
0265 when the Giant Magellan Telescope (GMT) comes oncrolensing method in detecting planets around low-mass.sta
line in about 10 years. At that time, the source and lens will
be separated by about 40 mas, or roughly 3 FWHM in the
J-band. There are three observables that can then be used tﬂ
distinguish the two solutions. First, thg < 0 solution pre-
dicts a fainter lens because it has a lower mass. Second,
predicts slightly higher heliocentric proper motion (mgiim
the East sky direction). Third, it predicts a different angf
the proper motion.

The OGLE project has received funding from the European
esearch Council under the European Community’s Seventh
i[:ramework Programme (FP7/2007-2013) / ERC grant agree-
ment no. 246678 to A. Udalski. This research was partly
supported by the Polish Ministry of Science and Higher Edu-
cation (MNiSW) through the program “luventus Plus” award
Each of these measurements has some potential problemd¥0: |P2011 026771. Work by C. Han was supported by
The prediction of the lens flux is influenced not only by the fi rea‘lu\l/?e Rese?]rj::h Imga{l_ve P;ngram (%_%09&/?8%1561) of Nat
mass and the distance but also by the extinction to the lensHona esezim(:j b oun ?'3288282%%'0038 d Jsg)ép;?:'grzggm
There is a substantial error @x that impacts the brightness YFV?SS supk>por ? d y g{ﬁn S t ISPS 242?_)2004 TS i .
in the same direction as the mass and distance. Thatds, if _° t a(ljcbnct)\r/]ve gest JSePSSuZ%%(XOOM VM. ack 'I d - IS Sup-
is higher than we have estimated, then the distance is closeP°" ef y Jgpgsran JSPS23540339 acd rﬁ%"ﬁ&%ﬁgggg
(so the lens is brighter) and the mass is greater (so the len®0't from grants . and Jor>19: '
ork by J.C. Yee is supported in part by a Distinguished

is brighter again). Fortunately, the detection of the leilk w : 4 ; ! . =
: h University Fellowship from The Ohio State University and
itself enable to measure the proper motjgg and therefore in part under contract with the California Institute of Tech

also the Einstein radius (see below). Also, with a bigge-tel
scope, it will be possible to better estiméteby detailed char- FOIO%Y (ICD:aItech) fu\?vdelt(j éﬁly A’\\léSA tgrgusgréthe Sagan Ftelé
acterization of the slzollﬁrce star, thus, more accurate e#ima l;))\/,vilsllr): grr(;%iaESIT 101r03 4y71 ' Wgrk by‘ A GW%S S‘?lg’poéned
of thed, then in Eq[(14). : Pl
As can be seen from Talilé 2, the predictions for heliocentric ErYg\?vl\évggessu?hpeogﬁgpbgrtl\:‘f\c?rﬁ ?hrgnérgmﬁlszﬁgggf&ogi 4a(;-n d
proper motion differ by only &. This is the same problem JSPS24253004. CS received funding from the European
as Ju-fs-t mentloned{; the proper motion prediction contaies th Union Seventh I.:ramework Programme (FP7/2007-2013) un-
S'an; Igggttrggtortr?e Eéngle of heliocentric proper motia der grant agreement no. 268421. This work is based in part
does not depénd . In terms of observables i on data collected by MINDSTEp with the Danish 1.54m tele-
' ' scope at the ESO La Silla Observatory. The Danish 1.54m
O TmE Voo 17T Voo telescope is operated based on a grant from the Danish Natu-
Hnel= 1= = T Ay T 9E( ), (16)  ral Science Foundation (FNU). The MiNDSTEp monitoring
campaign is powered by ARTEMIS (Automated Terrestrial
wherevg, | is the motion of Earth projected on the sky at the Exoplanet Microlensing Search; Dominik et al. 2008, AN
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