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ABSTRACT

We present the analysis of the light curves of 9 high-magatifio single-lens gravitational microlensing
events with lenses passing over source stars, includinge32104-BLG-254, MOA-2007-BLG-176, MOA-
2007-BLG-233/OGLE-2007-BLG-302, MOA-2009-BLG-174, M&2010-BLG-436, MOA-2011-BLG-093,
MOA-2011-BLG-274, OGLE-2011-BLG-0990/MOA-2011-BLG-G0 and OGLE-2011-BLG-1101/MOA-
2011-BLG-325. For all events, we measure the linear limtk@aing coefficients of the surface brightness
profile of source stars by measuring the deviation of the kiginves near the peak affected by the finite-source
effect. For 7 events, we measure the Einstein radii and tisedeurce relative proper motions. Among them, 5
events are found to have Einstein radii less than 0.2 masing#ke lenses candidates of very low-mass stars
or brown dwarfs. For MOA-2011-BLG-274, especially, the #r&instein radius ofg ~ 0.08 mas combined
with the short time scale df ~ 2.7 days suggests the possibility that the lens is a freefigatianet. For
MOA-2009-BLG-174, we measure the lens parallax and thuguely determine the physical parameters of
the lens. We also find that the measured lens mass®84 M, is consistent with that of a star blended with
the source, suggesting that the blend is likely to be the l&ithough we find planetary signals for none of
events, we provide exclusion diagrams showing the confelewels excluding the existence of a planet as a
function of the separation and mass ratio.

Subject headinggravitational lensing: micro — Galaxy: bulge

1. INTRODUCTION to the projected lens-source separation by

When an astronomical object (lens) is closely aligned with
a background star (source), the light from the source is de-
flected by the gravity of the lens, resulting in brightenirig o

the source star. The magnification of the source flux is relate u+2
A= ——, 1)
uvu2+4
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FIG. 1.— Light curve of OGLE-2004-BLG-254. The lower two panels FIG. 2.— Light curve of MOA-2007-BLG-176. Notations are sameras
show the overall shape of the light curve and residual fraerbist-fit model. Fig.1
The upper two panels show the enlargement of the peak regmosed by a

small box in the lower panel. We note that a model light cumsees depend-  star. These events are of scientific importance due to v&riou
ing on an observed passband due to the chromaticity causéuekijnite- reasons

source effect. The presented model curve is based on thiegrasef the first : . e . . .
observatory in the list. However, the residuals of the iittlial data sets are First, a high-magnification event with a lens passing
based on the model curves of the corresponding passbandisis ©b data over a source star prOVIdeS a rare chance to measure the
points all'e choien to rgatchdthose olf Ithe Iabelﬁ of obseruam;here dahta brightness profile of a remote star. For such an event,
were taken. The two dotted vertical lines in the upper paeptasent the : : : :

limb-crossing start/end times. The peak source magnific#p is given in In WhICh.the lens-source separation Is comparable to the
the upper panel. source size near the peak of the event, different parts of

where the separatianis expressed in units of the angular Ein- the source star are magnified by different amounts. The
P P 9 resulting lensing light curve deviates from the standard

stein radiuge. The Einstein radius is related to the physical form of a point-source eveni (Witt & Mao_1994; Gould

parameters of the lens system by 1994 Nemiroff & Wickramasinghe 1994; Alcock etlal. 1997)
12 1 1 and the analysis of the deviation enables to measure

O = (kM7re)) 7 mre = AU (D__D_>’ (2)  the limb-darkening profile of the lensed star (Witt 1995;

L =S Loeb & Sasselav[ 1995] Valls-Gabaud 1998; Bryce ét al.

wherer = 4G/(c?AU) = 8.14 masM, 1, M is the mass of the 2002; Heyrovsky 2003). With the same principle, it is also
lens, 7 is the relative source-lens parallax, abd andDs possible tq study irregular surface structures such assspot
are the distances to the lens and source star, respeciively.  (Heyrovsky & Sasselov 2000; Han ef al. 2000; Hendry et al.
relative motion between the source, lens, and observestead 2002 Rattenbury et al. 2002). o .

||ght variation of the source star (|en5ing event)_ The finst Second, itis pOSSIble to measure the Elnstelln radius Of the
crolensing events were detected/by Alcock ét/al. (1993) andlens and the relative lens-source proper motion. The light
Udalski et al. [(1993) from the experiments conducted basedcurve at the moment of the entrance (exit) of the lens into
on the proposal df Pachgki (1986). With the development (from) the source surface exhibits inflection of the curvatu

of observational strategy combined with upgraded instntme ~ The duration of the passage over the source as measured by
the detection rate of |ensing events has been dramatm:a"y i the interval between the eptrance and exit of the lens oeer th
creased from several dozen events per year during the earlpurface of the source star is

phase of lensing experiments to more than a thousand events Atr =2/ 02—t 3

per year in current experiments. T prrmE0T 3)

The magnification of source star flux increases as the lenswherep, is the source radius in units 8¢ (normalized source
approaches closer to the source star. For a small fraction ofadius),ug is the lens-source separation normalizedpyat
events, the lens-source separation is even smaller than théhe moment of the closest approach (impact parameter), and
source radius and the lens passes over the surface of tleesourtg is the time scale for the lens to tran8it (Einstein time
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TABLE 1

EVENTSWITH LENSESPASSINGOVER SOURCESTARS

event

reference

OGLE-2004-BLG-254
OGLE-2004-BLG-482
MOA-2006-BLG-130/0OGLE-2006-BLG-437
OGLE-2007-BLG-050/MOA-2007-BLG-103
MOA-2007-BLG-176
OGLE-2007-BLG-224/MOA-2007-BLG-163
MOA-2007-BLG-233/OGLE-2007-BLG-302
OGLE-2008-BLG-279/MOA-2008-BLG-225
OGLE-2008-BLG-290/MOA-2008-BLG-241

Cassan et al. (2006) / this work
Zub et al. (2011)
Baudry et al. (2011inder analysis
Batista et al. (2009
this work
Gould et al. (2009)
this work
Yee et al. (2009)
Fougue et al. (2010)

this work
Fougue et al. (2011) / under analysis
Hung et al. (2011) / under analysis

MOA-2009-BLG-174
MOA-2009-BLG-411
MOA-2010-BLG-311

MOA-2010-BLG-436 this work

MOA-2010-BLG-523 Gould et al. (2011) / under analysis
MOA-2011-BLG-093 this work

MOA-2011-BLG-274 this work
OGLE-2011-BLG-0990/MOA-2011-BLG-300 this work
OGLE-2011-BLG-1101/MOA-2011-BLG-325  this work

scale). The impact parameter and the Einstein time scale arevents were newly analyzed and one event was reanalyzed
measured from the overall shape of the light curve and thewith additional data.
duration of the event. With the knowm andtg combined
with the measured duration of passage over the source, the
normalized source radius is measured from the relafibn (3). The sample of events in our analysis is selected under the
With the additional information about the angular soureesi  definition of a single-lens event where the lens-source sepa-
o, then the Einstein radius and the lens-source proper motionation at the time of the peak magnification is less than the
are measured a& = 6, /p. andp = 0 /tg, respectively. For  radius of the source star, i.eg p, and thus the lens passes
general lensing events, the Einstein time scale is the oarm  over the surface of the source stafo obtain a sample of
surable quantity related to the physical parameters ofti& | events, we begin with searching for high-magnification éven
However, the time scale results from the combination of 3 that have been detected since 2004. Events with lenses pass-
physical parameters of the mass of the l&visthe distance to  ing over source stars can be usually distinguished by the cha
the lensD|, and the lens-source transverse spggand thus  acteristic features of their light curves near the peak.s&he
the information about the lens is highly degenerate. The Ein features are the inflection of the curvature at the momenhwhe
stein radius, on the other hand, does not dependan thus  the finite source first touches and completely leaves the lens
the physical parameters of the lens can be better congtraine and the round shape of the light curve during the passage of
For a fraction of events with long time scales, it is possible the lens over the source. To be more objective than visual
to additionally measure the lens paralla, = me1/0g, from inspection, we conduct modeling of all high-magnification
the deviation of the light curve induced by the orbital motio  events with peak magnificatiods > 10 to judge the qual-
of the Earth around the Sun. With the Einstein radius and theification of events. From these searches, we find that there
lens parallax measured, the physical parameters of the lengxist 18 such events. Among them, analysis results of 12
are uniquely determined (Gotild 1997). events were not published before. We learn that 4 unpub-

Third, high-magnification events are sensitive to planetar lished events MOA-2006-BLG-130/OGLE-2006-BLG-437
companions of lenses. This is because a planetinducesl smaBaudry et al. [2011), MOA-2009-BLG-411_(Fouque €t al.
caustic near the primary lens and a high-magnification even2011), MOA-2010-BLG-523(Gould et &l. 2011), and MOA-
resulting from the source trajectory passing close to tie pr 2010-BLG-311 [(Hung et al._2011) are under analysis by
mary has a high chance to produce signals indicating the ex-other researchers and thus exclude them in our analy-
istence of the planet (Griest & Safizateh 1998). For an eventsis. We note that there exist 4 known source-crossing
with a lens passing over a source star, the planetary signal i events detected before 2004, including MACHO Alert 95-30
weakened by the finite-source effeict (Bennett & Rhie 1996). (Alcock et al.[19977), OGLE sc26 2218 (Smith eftlal. 2003),
Nevertheless, two of the microlensing planets were discov-OGLE-2003-BLG-238[(Jiang et'al. 2004), and OGLE-2003-
ered through this channel: MOA-2007-BLG-400 (Dong et al. BLG-262 (Yoo etal.[ 2004). We also note that MOA-
2009) and MOA-2008-BLG-310 (Janczak et al. 2010). 2007-BLG-400[(Dong et al. 2009) and MOA-2008-BLG-310

Fourth, high-magnification events provide a chance to spec-(Janczak et al. 2010) exhibit characteristic features ofca
troscopically study remote Galactic bulge stars. Mostsstar crossing single-lens events but we exclude them in the sampl
in the Galactic bulge are too faint for spectroscopic otserv because the lenses of the events turned out to have planetary
tions even with large telescopes. However, enhanced bright companions.
ness of lensed stars of high-magnification events allows-spe  In this work, we conduct analyses of 9 events. Among
troscopic observation possible, enabling populationystifd ~ them, 8 events are newly analyzed in this work. These events
Galactic bulge stars (Johnson et al. 2008; Bensby et al),2009include MOA-2007-BLG-176, MOA-2007-BLG-233/OGLE-
2011; Cohen et al. 2009; Epstein et al. 2010). 2007-BLG-302, MOA-2009-BLG-174, MOA-2010-BLG-

In this work, we present integrated results of analysis for 436, MOA-2011-BLG-093, MOA-2011-BLG-274, OGLE-
14 high-magnification events with lenses passing over sourc 2011-BLG-0990/MOA-2011-BLG-300, and OGLE-2011-
stars that have been detected since 2004. Among them, 8L.G-1101/MOA-BLG-2011-325. For OGLE-2004-BLG-

2. EVENT SELECTION
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TABLE 2
OBSERVATORIES
event MOA OGLE uFUN PLANET RoboNet
(RA,DEC)}zooo /MiNDSTEp
OGLE-2004-BLG-254 LCO CTIO\y (39/5) Boyden (74)
(17'56M36520,-32° 33 01/.80) (377) FCQ (129) Canopus(59)
SAAQ (112)
MOA-2007-BLG-176 MtJohrk Aucklanck (68) Canopus(26) Danish (2)
(18"05M00°41,-25°47'03/69)  (1388) CTIQy (41/4) Steward(4)
FCQ\ (33)
Lemmon (66)
VLOy (129)
MOA-2007-BLG-233 MtJohnr LCO, CTIO v (80/5) Canopusy (60/5) Danish (125)
/OGLE-2007-BLG-302 (645) (628) FGO(23) Perth (23)
(17'54™14586,-31°11'02".65) Lemmon (19) SAAQ (80)
SSQ (80)
MOA-2009-BLG-174 MtJohrk Bronberg, (147)  Canopus(40) LTr (7)
(18"02M07560,-31°25'2420)  (2189) CAQ (111)

Craigiey (130)
CTIO, v (286/7)

Kumeuy (90)

Possum (60)
MOA-2010-BLG-436 MtJohrk SAAQ, v (1473) FTS(3)
(18'03M21568-27°38'10".74)  (2581)
MOA-2011-BLG-093 MtJohrk LCO;  CTIOy (76/21)  Canopys(254) FTN (3)
(17146™17583,-34°20/24"76)  (2247) (292) PESJ(124) FTS (19)
MOA-2011-BLG-274 MtJohry  LCO, Aucklanck (53)
(17"54M42534 -28°5459"26)  (3447) (76) CTIQ(4)

FCQy (16)

Kumeuk (49)

PEST (15)
OGLE-2011-BLG-0990 Miohrk LCO, OPD (275) Canopus(10)
/MOA-2011-BLG-300 (1708) (3434) Possun(23) SAAQ v (95/6)
(17"51M30529,-30° 17/47".60)
OGLE-2011-BLG-1101 Mtohk LCO, Auckland (60) Canopus(98) FTN (65)
/IMOA-2011-BLG-325 (609) (192)  CTIQy (126/12) FT$(145)
(18"03M31562,~26° 20/ 39".50) Possum (24) LT (27)

SSQ (107)

VLOy (113)

NOTE. — Mt. John: Mt. John Observatory, New Zealand; LCO: Las Canag Observatory, Chile;
Auckland: Auckland Observatory, New Zealand; BronbergoriBrerg Observatory, South Africa;
CAQ: CAO San Pedro Observatory, Chile; Cragie: Craigie @lagery, Australia; CTIO: Cerro Tololo
Inter-American Observatory, Chile; FCO: Farm Cove ObgeryaNew Zealand; Kumeu: Kumeu Ob-
servatory, New Zealand; Lemmon: Mt Lemmon Observatoryzéua, USA; OPD: Observatorio do
Pico dos Dias, Brazil; PEST: Perth Exoplanet Survey TelgscAustralia; Possum: Possum Observa-
tory, New Zealand; SSO: Southern Stars Observatory, Friéamesia; VLO: Vintage Lane Observa-
tory, New Zealand; Boyden: Boyden Observatory, South Afriéanopus: Canopus Hill Observatory,
Tasmania, Australia; Perth: Perth Observatory, Austr&@BAO: South African Astronomical Ob-
servatory, South Africa; Steward: Steward Observatorizdkra, USA; FTN: Faulkes North, Hawaii;
FTS: Faulkes South, Australia; LT: Liverpool Telescope Aama, Spain; Danish: Danish Telescope,
European Southern Observatory, La Silla, Chile. The siftsan after each observatory represents
the filter used for observation and the value in parenthsslsei number of data points. The filter “N”
denotes that no filter is used.

254, which was analyzed before by Cassan et al. (2006), weup observations. Survey groups issued alerts of events. For
conduct additional analysis by adding more data sets takera fraction of the events with high-magnifications, addiéibn
from CTIO and FCO[ In Table[1, we summarize the status alerts were issued. In other cases, follow-up teams issued
of analysis for the total 18 events that have been deteated si  high-magnification alerts independently. The peak time of a
2004. high-magnification event was predicted by real-time model-
ing based on the rising part of the light curve. Finally, the
3. OBSERVATION peak was densely covered by many telescopes that were pre-

For almost all events analyzed in this work, the source- Pared for follow-up observations at the predicted time ef th
crossing part of the light curve was densely covered. This wa Peak. For MOA-2010-BLG-436, the rising part of the light

possible due to the coordinated work of survey and follow- curve was not covered by survey observations due to the short
time scale of the event and thus no alert was issued. Nev-

1 Besides the data sets listed in Table 2, there exists aniaulitdata ertheless, the event was positioned in a high frequency field
set taken by using the Danish telescope. However, we do edahese data ~ Of the MOA survey and thus the peak was covered densely

because it has been shownlby Heyrovsky (2008) that the lasgeesof the  enough to be confirmed as an event with the lens passing over
data results in poor measurement of lensing parametensding the limb- the source

darkening coefficient.
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Table[2 shows the observatories of the telescopes that were The error bars estimated from different observatories are
used for observations of the individual events along with th rescaled so tha? per degree of freedom becomes unity for
observed passbands (marked as subscripts after the observthe data set of each observatory whefds computed based
tory names) and the numbers of data points (values in pareneon the best-fit model. According to this simple scheme, how-
theses). Also marked are the coordinates (RA,DEC) of theever, we find a systematic tendency for some data sets that
events. Survey observations were conducted by MOA anderror bars near the peak of a light curve are overestimated.
OGLE groups using the 1.8 m telescope at Mt. John Ob-We find that this is caused by the inclusion of redundant data
servatory in New Zealand and the 1.3m Warsaw University at the baseline in error normalization. In this case, tha dat
telescope at Las Campanas Observatory in Chile, resplgctive the baseline greatly outnumber accurate data points near th
Follow-up observations were carried outfoyUN, PLANET, peak and thus error-bar normalization is mostly dominated b
RoboNet, and MiNDSTEp groups using 22 telescopes lo-the baseline data. To minimize this systematics, we réstric
cated in 8 different countries. These telescopes inclu8e 1. the range of data for error normalization not to be too wide
m SMARTS CTIO, 0.4 m CAO in Chile, 0.4 m Auckland, 0.4 so that error estimation is not dominated by data at the base-
m FCO, 0.4 m Possum, 0.4 m Kumeu, 0.4 m VLO in New line, but not to be too narrow so that lensing parameters can
Zealand, 1.0 m Lemmon in Arizona, USA, 0.4 m Bronberg in be measured accurately. For the final data set used for model-
South Africa, 0.6 m Pico dos Dias in Brazil, 0.25 m Craigie, ing, we eliminate data points lying beyond 8om the best-fit
0.3 m PEST in Australia, 0.28m SSO in French Polynesia, 1.0model.

m SAAO, 1.5 m Boyden in South Africa, 1.0 m Canopus, 0.6  In Figure[1E9, we present the light curves of the individual

m Perth in Australia, 1.5 m Steward in Arizona, USA, 2.0 m events. In each figure, the lower two panels show the over-
FTN in Hawaii, USA, 2.0 m FTS in Australia, 2.0 m LT inLa all shape of the light curve and residual and the upper two
Palma, Spain, and 1.54 m Danish in La Silla, Chile. panels show the enlargement of the peak region of the light

Reduction of data was conducted by using photometry curve and residual. For each figure, we mark the moments of
codes that were developed by the individual groups. Thethe lens’entrance and exit of the source by two dotted \adrtic
MOA and OGLE data were reduced by photometry codeslines. Also marked is the peak source magnification. We note
developed by Bond et al. (2001) and Udalski (2003), respec-that the same color of data points is used for each observa-
tively, which are based on Difference Image Analysis method tory throughout the light curves and colors of data poinés ar
(Alard & Lupton[1998). TheuFUN data were processed us- chosen to match those of labels of observatories. We nate tha
ing a DoPHOT pipeline_ (Schechter 1993). For PLANET and the magnitude scale corresponds to one of the observaitories
MINDSTEp data, a pySIS pipeline_(Albrow etlal. 1998) is the list, while data from the other observatories have ae§us
used. For RoboNet data, a DanDIA pipeline (Bramich 2008) blends and are vertically shifted to match the first lightveur
is used. The choice of reference is based on data from survey obser-
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vation, i.e. OGLE and MOA data. If both OGLE and MOA

data are available, the OGLE data is used for reference. Earth’s orbital motion during the event and the resultigti

curve deviates from a symmetric standard form. This paralla
4. MODELING effect is described by 2 parameterswgfy andre g, that rep-

Modeling the light curve of each event is conducted by resent the two components of the lens parallax veegopro-

; . > _jected on the sky in the north and east equatorial coordinate
searching for a set of lensing parameters that best descnbéres ectively. The direction of the parallax vector corcests
the observed light curve. For all events, the light CUNVes ap tﬁe Iens}/éource relative motiorﬁ) in the frame of the Earth
pear to have a standard form except the peak region and thu he size of the parallax vector corresponds to the ratio®f th.
we start with a simple single-lens modeling. The light curve Earth's orbit. i.e. 1 AU. to the Einstein radius proiectecios
of a standard single-lensing eventis characterized by&@wpar (g ' Proj

. observer's plane.
eters, that are the time of the closest lens-source apprigach . e .
the lens-source separation at that momegt,and the Ein- For a high-magnification event, the peak of the light curve

stein time scalete. Based on the initial solution, we refine E?)? §X|:|g)rllte?grd;t::%nrr?Lgﬁ\i/(I)?ltll(())gsa;fefjhﬁ éz?ihheazﬁlggﬁpg‘géoof
the solution by considering additional second-order é$fec

To precisely describe the peak region of the light curve of the primary lens or a binary companion with a separation from

. : L the primary substantially smaller or larger than the Einste
an event with a lens passing over a source, additional pParame, gius, a small caustic is induced near the location of the pr

ters are needed to describe the deviation caused by the finite ; ; gl
source effect. To the first order approximation, the finite- mary lens. _Thenl, the souhrce tr_ajectolry ofﬁhlgh-r:nahgnﬁncau
source effect is described by the normalized source ragjus, gverrl(t) ggﬁ fIIWnech{jll(J)sst?Ctor et sﬁlt?glrr;grg eer;tsurl?:tign hgea(r: eh"“gce to
For more refined description of the deviation, additional pa Pph liah y g f E bation ind P d
rameters of the limb-darkening coefficienty, are needed to of the light curve. Description of the perturbation induce
account for the variation of the deviation caused by thettrig by a lens companion requires 3 additional parameters of the
ness profile of the source star surface. With the coefficients mass ratio between the binary lens componentshe pro-

g . o : jected separation in units of the Einstein radigsand the
}2\(/3\/ limb-darkening profile is modeled by the standard linear angle between the source trajectory and the binary axis,

For each event, we search for a solution of the best-fit
I =lo[1-ux(1=cosp)], (4) lensing parameters by minimizing’ in the parameter space.
wherely is the intensity of light at the center of the stellar disk For the x?> minimization, we use a Markov Chain Monte
and ¢ is the angle between the normal to the stellar surface Carlo (MCMC) method. We compute finite magnifications by
and the line of sight toward the observer. using the ray-shooting technigue (Schneider & Weiss 11986;
For an event with a time scale comparable to the orbital pe-Kayser et al. 1986; Wambsganss 1997). In this method, rays
riod of the Earth, the position of the observer changes by theare uniformly shot from the image plane, bent according to
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the lens equation, and land on the source plane. Then, a finiteheoretical values, we also provide values of coefficients p
magnification is computed by comparing the number densi-dicted by Clarét[(2000) for the Bessall, R, and| filters.
ties of rays on the image and source planes. Precise comalso provided are the source types and the adopted values
putation of finite magnifications by using this numericahtec  of logg and Te where the typical uncertainties of the sur-
nique requires a large number of rays and thus demands heavjace gravity and the effective temperature agogg) = 0.5
computation. To minimize computation, we limit finite- and AT = 250 K, respectively. We adopt a solar metallicity.
magnification computation by using the ray-shooting method We note that the measured coefficients are generally in good
only when the lens is close to the source. Once a solution ofagreement with theoretical valuas,. From the table, it is
the parameters is found, we estimate the uncertaintieseof th found that for 23 out of the total 29 measurements the mea-
individual parameters based on the chain of solutionsobthi  sured coefficients are within 20% range of the fractional dif
from MCMC runs. ference as measured by = (u—uy)/un. The cases of large
differences withf, > 20% includeu,(Canopus) for OGLE-

o. RESULT 2004-BLG-254,ug(MOA), ug(Auckland), andu, (Lemmon)

In Table[3, we present the lensing parameters of the bestfor MOA-2007-BLG-176,u,(CTIO) for MOA-2009-BLG-
fit solutions of the individual events determined from medel 174, andu,(CTIO) for OGLE-2011-BLG-1101/MOA-2011-
ing. To provide integrated results of events with lensespas BLG-325. From the inspection of the individual data points
ing over source stars, we also provide solutions of eveats th on the light curves, we find the major reasons for the large dif
were previously analyzed. For OGLE-2004-BLG-254, we ferences between the measured and theoretical valuesare du
provide both solutions of the previous analysis and thiskwor to poor coveragey (Canopus) for OGLE-2004-BLG-254,
for comparison. ur(MOA, Auckland) andu,(Lemmon) for MOA-2007-BLG-

For all events analyzed in this work, we are able to mea- 176, u;(CTIO) for MOA-2009-BLG-174] or poor data qual-
sure the limb-darkening coefficients of source stars. In Ta-ity [u(CTIO) for OGLE-2011-BLG-1101/MOA-2011-BLG-
ble[4, we present the measured limb-darkening coefficients.325]. Other possible reason for differences from the ptedic
We measure the coefficients corresponding to the individualvalues include differences of individual filters from tharst
data sets covering the peak of each light curve instead of thedard Bessel filters, as well as differences in the method to
individual passbands. This is because the characteristics compute the theoretical values (Heyrovsky 2007).
filters used for different telescopes are different from ane The source type of each event is determined based on the
other even though they are denoted by a single representalocation of the source in the color-magnitude diagram (CMD)
tive band and thus joint fitting of data measured in different of stars in the same field. CMDs are obtained from CTIO im-
filter systems may result in erroneous measurement of limb-ages taken itV andl bands. To locate the lensed star in the
darkening coefficients (Fouque eflal. 2010). To compare with CMD, it is required to measure the fraction of blended light i
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TABLE 3
BEST-FIT PARAMETERS
event x?/dof to (HID-2450000) Uo te (days) Px TE
OGLE-2004-BLG-254 1326/593 3166.8194 0.0046 13.23 0.0400 —
+0.0002 +0.0008 +0.05 +0.0002 -
OGLE-2004-BLG-482 756.9/693 3235.7816 0.000 9.61 0.1309 -
4+0.0007 40.002 +0.02 +0.0005 -
OGLE-2007-BLG-050 1760.5/1745 4221.9726 0.002 68.09 4500 0.12
/MOA-2007-BLG-103 +0.0001 +0.000 +0.66 +0.0001 +0.03
OGLE-2007-BLG-224  — — 0.00029 6.91 0.0009 1.97
/MOA-2007-BLG-163 - - +0.13 +0.0002 +0.13
OGLE-2008-BLG-279 - 4617.34787 0.00066 106.0 0.00068 0.15
/MOA-2008-BLG-225 +0.00008 +0.00005 +0.9 +0.00006 +0.02
OGLE-2008-BLG-290 2317.7/2015 4632.56037 0.00276 16.36 .022D —
/MOA-2008-BLG-241 +0.00027 +0.0002 +0.08 +0.0001 -
OGLE-2004-BLG-254  785.2/784 3166.823 0.0111 12.84 0.0418 —
4+0.001 4+0.0004 +0.09 +0.0004 -
MOA-2007-BLG-176 1756.0/1747 4245.056 0.0363 8.13 0.0590 —
4+0.001 4+0.0005 +0.07 +0.0006 —
MOA-2007-BLG-233 1779.4/1757 4289.269 0.0060 15.90 04036 -
/OGLE-2007-BLG-302 +0.001 +0.0002 +0.05 +0.0001 -
MOA-2009-BLG-174 2816.5/3051 4963.816 0.0005 64.99 00002 0.06
4+0.001 4+0.0001 +0.61 +0.0001 +0.07-0.02
MOA-2010-BLG-436 2599.4/2593 5395.791 0.0002 12.78 01004 -
+0.001 +0.0002 +1.08 +0.0003 -
MOA-2011-BLG-093 3038.0/3024 5678.555 0.0292 14.97 B053 -
4+0.001 4+0.0002 +0.05 +0.0002 -
MOA-2011-BLG-274 3657.7/3649 5742.005 0.0029 2.65 0.0129 -
4+0.001 4+0.0001 +0.06 +0.0003 -
OGLE-2011-BLG-0990 5551.6/5540 5758.691 0.0151 6.70 o1 -
/MOA-2011-BLG-300 +0.001 +0.0004 +0.07 +0.0003 -
OGLE-2011-BLG-1101 1562.6/1562 5823.574 0.0485 29.06 910 -
/MOA-2011-BLG-325 40.002 4+0.0005 +0.11 +0.0006 —

NOTE. — The parameters of the first 6 events are adopted from prelyi@nalyses and those of
the other 9 events are determined in this work. For OGLE-ZBD&-254, the event was reanalyzed by
adding more data sets. The references of the previous asadys presented in Talple 1.

the observed light curve. This is done by including a blegdin the CMD, V -1 is converted intoV —K using the relation
parameter in the process of light curve modeling. For MOA- of Bessel & Brett|(1988), and then the angular source radius
2011-BLG-274, a CMD taken from CTIO is available but im- is inferred from theV —K color and the surface brightness
ages were taken after the event and thus we could not deterrelation given by Kervella et al. (2004). In this process, we
mine the source color and magnitude by the usual methoduse the centroid of bulge clump giants as a reference for the
Instead we employ the method/of Gould €etial. (2010). In this calibration of the color and brightness of a source under the
method, we first measure the source instrumental magnitudesssumption that the source and clump giants experience the
by fitting the OGLE (ocLe) and PEST (unfilteredNpgsy) same amount of extinction and reddening. We note that no
data to the light curve model. We then align each of these CMD is available for MOA-2010-BLG-436 and OGLE-2011-
data sets to CTIO(/1) using comparison stars, which effec- BLG-0990/MOA-2011-BLG-300 and thus the Einstein radius
tively transformsNpest/locLe to (V/1)cTio. In figure[10, we is not provided. Also provided in Taldlé 5 are the relativeslen
presentthe CMDs of stars in the fields of the individual esent source proper motions as measuredqdsyfe /te.
and the locations of source st8r&or MOA-2010-BLG-436 We note that the measured Einstein radii of some events
and OGLE-2011-BLG-0990/MOA-2011-BLG-300, there ex- are substantially smaller than a typical value. These svent
ists SAAO data taken ih andV bands, but the number and include OGLE-2004-BLG-254)% ~ 0.14 mas), MOA-2007-
quality of V-band data are not numerous and good enough toBLG-176 (~ 0.14 mas), MOA-2007-BLG-233/OGLE-2007-
specify the source type. BLG-302 (~ 0.17 mas), MOA-2011-BLG-093+ 0.07 mas),

In Table[®, we present the measured Einstein radii. Theand MOA-2011-BLG-274+ 0.08 mas). The lens mass and
Einstein radius of each event is determined from the angu-distance are related to the Einstein radius by
lar source radiusf,, and the normalized source radiys,
as e = 0,/p.. The normalized source radius is measured Ds D, O 2
from modeling. To measure the angular source radius, we M =0.019Mg (8 kpc) (D “D > <O 14 mas> (5)
use the method aof Yoo etlal. (2004), where the de-reddened soot '
V-1 color is measured from the location of the source in Hence, the smallg of these events implies that lenses are ei-
ther very close to the source or very low-mass objects. Most
of these events have proper motions that are typical of bulge
lenses (2—7 masy*) and so may be quite close to the source
(see Table 5). But MOA-2011-BLG-274 has a substantially
higher proper motiony ~ 11 mas yrt. It is therefore a
good candidate for a sub-stellar object or even a free-figati
planeti(Sumi et al. 2011). Because of its high proper motion,

2 We note that high-resolution spectra are available for sewents
with lenses passing over source stars. These events are QG
BLG-254 [Cassan etal. 2006), OGLE-2004-BLG-482 (Zub k24111),
OGLE-2007-BLG-050/MOA-2007-BLG-103_(Johnson €tlal. 2Q1MOA-
2009-BLG-174, MOA-2010-BLG-311, MOA-2010-BLG-523 (Bdyset al.
2011), and MOA-2011-BLG-093 (McGregor eilal. 2011). Forstaavho are
more interested in the source stars of these events, seglabedrreferences.
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TABLE 4
SOURCEPARAMETERS
event source type limb-darkening coefficients
(logg, Terr) Uy UR u
OGLE-2004-BLG-254  KiIll - 0.76:0.05 0.55:0.05
OGLE-2004-BLG-482  MIlI - 0.88:0.02 0.710.01
OGLE-2007-BLG-050  subgiant - - -
/MOA-2007-BLG-103
OGLE-2007-BLG-224  FV - - -
/MOA-2007-BLG-163
OGLE-2008-BLG-279 GV - - -
/MOA-2008BLG-225
OGLE-2008-BLG-290  Kill 0.720.01 0.62:0.07 0.55-0.01
/MOA-2008-BLG-241
OGLE-2004-BLG-254  KilI - - 0.78:0.07 (OGLE)
(2.0, 4750 K) 0.56+0.10 (CTIO)
0.69+0.10 (Boyden)
0.78+0.09 (Canopus)
0.55+0.06 (SAAO)
0.61 (Claret 2000)
MOA-2007-BLG-176 Kl - 0.53t0.04 (MOA) 0.5Gt0.05 (CTIO)
(2.0, 4500 K) 0.5%0.05 (Auckland)  0.44:0.06 (Lemmon)
0.73 (Claret 2000) 0.63 (Claret 2000)
MOA-2007-BLG-233 Glll - 0.56-0.02 (MOA) 0.53t0.04 (OGLE)
/OGLE-2007-BLG-302 (2.5, 5000 K) 0.68 (Claret 2000) 0.56+0.02 (CTIO)

0.49+0.02 (Canopus)
0.59 (Claret 2000)
MOA-2009-BLG-174 FVv - - 0.330.02 (CTIO)
(4.5, 6750 K) 0.46 (Claret 2000)
MOA-2010-BLG-436 - - 0.520.10 (MOA) -
MOA-2011-BLG-093 Glll 0.692:0.05 (CTIO) 0.55-0.04 (MOA) 0.510.10 (OGLE)
(3.0,5500 K) 0.70 (Claret 2000) 0.63 (Claret 2000) 0.58£0.04 (CTIO)
0.51+0.03 (Canopus)
0.54 (Claret 2000)
MOA-2011-BLG-274 GV - 0.48:0.02 (Kumeu) -
(4.0, 6000 K) 0.52%0.01 (Auckland)
0.59 (Claret 2000)
OGLE-2011-BLG-0990 - - - 0.560.04 (OPD)
/MOA-2011-BLG-300
OGLE-2011-BLG-1101 Kl 0.82-0.14 (CTIO) 0.720.08 (MOA) 0.74+0.07 (OGLE)
/MOA-2011-BLG-325 (2.0, 4250 K) 0.83 (Claret 2000) 0.76 (Claret 2000) 0.814+0.07 (CTIO)
0.77+0.06 (Canopus)
0.78+£0.05 (FTS)
0.65 (Claret 2000)

NoOTE. — The parameters of the first 6 events are adopted from prelyi@nalyses and those of
the other 9 events are analyzed in this work. For OGLE-200&-254, the event was reanalyzed by
adding more data sets. The references of the previous asalys presented in Taljle 1. The limb-
darkening coefficientsy,, are presented for the individual data sets usedfoneasurements and they
are compared with theoretical values predicted by Clag(. Also presented are the adopted values

of logg andTerr. The unit of the stellar surface gravity is crh/s

it should be possible to detect the lens within a few years us-and

ing high-resolution infrared imaging, provided it is luroims. AU

In this case a null result would confirm its substellar nature D = el + e

For MOA-2009-BLG-174, the lens parallax is measured EVETTS

with Ax? ~ 16.2. The measured parallax parameters are respectively. We find that the measured lens mass is consiste

with the de-reddened color of blended ligMt<1),,, ~ 1.4,
7, =—0.049+0.006 ; mg . =0.038+£0.065  (6) which approximately corresponds to the color of an early K-

type main-sequence star with a mass equivalent to the esti-

where g and g, are the components of the lens par- mated lens mass, suggesting that the blend is very likelgto b

allax vector that are parallel with and perpendicular to the the lens. We mark the position of the blend in the correspond-

projected position of the Sun. These values correspond toiNg CMD in Figure 10. o

the standard parallax components of {, e ) = (0.025+ A high-magnification eventis an important target for planet

0.052 -0.057+0.028). In FiguréIlL, we present contours of Search due to its high efficiency to planetary perturbations

¥2in the space of the parallax parameters. Combined with thelnfortunately, we find no statistically significant devaats

measured Einstein radius, the physical parameters of tise le {rom the single-lens fit for any of the events analyzed in this
are uniquely determined as work. However, it is still possible to place limits on the gan

of the planetary separation and mass ratio. For this purpose
O we construct so-call “exclusion diagrams” which show the

M = — =0.84+0.37Mp, @) confidence levels of excluding the existence of a planet as
TE

=6.39+ 1.11 kpc (8)
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TABLE 5
PHYSICAL LENSPARAMETERS

event Og(mas)  p(masyrt) M (Mo) D, (kpc)
OGLE-2004-BLG-254 0.114 3.1 - -
OGLE-2004-BLG-482 0.4 16 - -
OGLE-2007-BLG-050/MOA-2007-BLG-103  0.48.01 2.63:0.08 0.50:0.14 5.5:0.4
OGLE-2007-BLG-224/MOA-2007-BLG-163 0.490.04 48t2 0.056+0.004 0.53-0.04
OGLE-2008-BLG-279/MOA-2008-BLG-225 0.810.07 2. #40.2 0.64t0.10 4.0£0.6
OGLE-2008-BLG-290/MOA-2008-BLG-241  0.30.02 6.72:0.4 - -
OGLE-2004-BLG-254 0.140.01 4.06:0.35 — —
MOA-2007-BLG-176 0.140.01 6.210.54 - -
MOA-2007-BLG-233/0GLE-2007-BLG-302  0.#0.01 3.840.33 - -
MOA-2009-BLG-174 0.430.04 2.4G:0.24 0.84£0.37 6.39£1.11
MOA-2010-BLG-436 - - - -
MOA-2011-BLG-093 0.040.01 1.86:0.16 - -
MOA-2011-BLG-274 0.080.01 11.180.97 - —
OGLE-2011-BLG-0990/MOA-2011-BLG-300 - - — —
OGLE-2011-BLG-1101/MOA-2011-BLG-325 0.24€.02 2.99:0.26 - -

NOTE. — The parameters of the first 6 events are adopted from prslyicanalyses and

those of the other 9 events are analyzed in this work. For G@0E-BLG-254, the event was
reanalyzed by adding more data sets. The references of ¢hiops analyses are presented in

Table].
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FiG. 9.— Light curve of OGLE-2011-BLG-1101/MOA-2011-BLG-325

Notations are same as in Fig.1

with finite magnifications. We produce light curves by using
the “map-making method? (Dong etlal. 2006), where a mag-

nification map for a givers and g is constructed and light
curves with various source trajectories are produced based
the map. In Figure12, we present the obtained exclusion di-
agrams for all analyzed events. Here we adopt a threshold of
planet detection ad\x§, = x2 - x3 = 200, wherey3 and x3
represent the:? values for the best-fit planetary and single-
lens models, respectively. For most events, the consgraint
on the excluded parameter space is not strong mainly due
to the severe finite-source effect. However, the constigint
strong for MOA-2009-BLG-174 because of the small source
size (p, ~ 0.002) and dense coverage of the peak.

6. SUMMARY

We provide integrated results of analysis for 14 high-
magnification lensing events with lenses passing over the
surface of source stars that have been detected since
2004. Among them, 8 events are newly analyzed in this
work. The newly analyzed events are MOA-2007-BLG-
176, MOA-2007-BLG-233/OGLE-2007-BLG-302, MOA-
2009-BLG-174, MOA-2010-BLG-436, MOA-2011-BLG-
093, MOA-2011-BLG-274, OGLE-2011-BLG-0990/MOA-
2011-BLG-300, and OGLE-2011-BLG-1101/MOA-2011-
BLG-325. Information about the lenses and lensed stars ob-
tained from the analysis is summarized as follows.

1. For all newly analyzed events, we measure the linear
limb-darkening coefficients of the surface brightness
profile of the source stars.

2. For all events with available CMDs of field stars,
we measure the Einstein radii and the lens-source

a function of the normalized star-planet separation and the
planet/star mass ratio. We construct diagrams by adopting
Gaudi & Sackett (2000) method. In this method, binary mod-
els are fitted to observed data with the 3 binary parameters
(s, q, ) are held fixed. Then, the confidence level of exclu-
sion for planets witls andq is estimated as the fraction of bi-
nary models not consistent with the best-fit single-lens@hod
among all tested models with various valuesaof For fit-

ting binary models, it is required to produce many light @gv

proper motions. Among them, 5 events (OGLE-2004-
BLG-254, MOA-2007-BLG-176, MOA-2007-BLG-
233/0GLE-2007-BLG-302, ¥ MOA-2011-BLG-093,
and MOA-2011-BLG-274) are found to have Einstein
radii less than 0.2 mas, making the lenses of the events
candidates of very low-mass stars or brown dwarfs.

. The measured time scate~ 2.7 days combined with

the small Einstein radius of 0.08 mas of the event



12 SOURCE-TRANSIT LENSING EVENTS

I MOA-2007<BLG-233/.
| ‘OCLE-2007-BLG-302

P
-1 -0.5 0 0.5

e = U,
[ OGLE-2011-BLG-1101/ - ]
[ :MOA-2011-BLG~325, . .

20

FiG. 10.— Color-magnitude diagrams of neighboring stars irfidds of lensing events. In each panel, the circle repregtetiocation of the lensed star and
the triangle is the centroid of clump giants that is used afexence for color and brightness calibration. For MOA2@&LG-174, the ‘X’ mark denotes the
location of the blend.

MOA-2011-BLG-274 suggests the possibility that the  Work by CH was supported by Creative Research
lens is a free-floating planet. Initiative Program (2009-0081561) of National Research
Foundation of Korea. The MOA experiment was sup-
ported by JSPS17340074, JSPS18253002, JSPS20340052,
4. For MOA-2009-BLG-174, we additionally measure the JSPS22403003, and JSPS23340064. The OGLE project has
lens parallax and thus uniquely determine the physical received funding from the European Research Council under
parameters of the lens. The measured lens mass of the European Community’s Seventh Framework Programme
0.8 Mg, is consistent with that of a star blended with the (FP7/2007-2013) / ERC grant agreement no. 246678. Work
source, suggesting the possibility that the blend comesby BSG and AG was supported in part by NSF grant AST-
from the lens. 1103471. Work by BSG, AG, RWP, and JCY supported
in part by NASA grant NNXO8AF40G. Work by JCY was
supported by a National Science Foundation Graduate Re-
5. We find no statistically significant planetary signals for search Fellowship under Grant No. 2009068160. CBH
any of the events analyzed in this work. However, it acknowledges the support of the NSF Graduate Research
is still possible to place constraint on the range of the Fellowship #2011082275 TS was supported by the grants
planetary separation and mass ratio. For this purposeJSPS18749004, MEXT19015005, and JSPS20740104. FF,
we provide exclusion diagrams showing the confidence DR and JS were supported by the Communauté francgaise de
levels of excluding the existence of a planet as a func- Belgique - Actions de recherche concertées - Académie uni-

tion of the separation and mass ratio. versitaire Wallonie-Europe.
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FIG. 12.— Exclusion diagrams of planets as a function of the@tanet separation (normalized in the Einstein radius)thaclanet/star mass ratio.



