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ABSTRACT

We present nine new binary lens candidates from OGLE-IIlyBafarning System database for
the season of 2005. We have also found four events intethetesingle mass lensing of double
sources. The candidates have been selected by visual liglgscinspection. Examining the models
of binary lenses in our previous studies (10 caustic crgssiuents of OGLE-Il seasons 1997-1999
and 34 binary lens events of OGLE-IIl seasons 2002—2004ydimy one planetary event), in this
work and in three publications concerning planetary eveiftseason 2005, we find four cases of
extreme mass ratio binarieg € 0.01), and almost all other models with mass ratios in the range
0.1 < g< 1.0, which may indicate the division between planetary systand binary stars.
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1. Introduction

In this paper we present the results of the search for bireary €vents among
microlensing phenomena discovered by the Early Warningg®y$EWS — Udalski
et al. 1994, Udalski 2003) of the third phase of the Optical Graigtzal Lensing
Experiment (OGLE-III) in the season of 2005. This is a camition of the study
of binary lenses in OGLE-II (Jarosigki 2002, hereafter Paper I) and OGLE-III
databases (Jarogzski et al. 2004, hereafter Paper Il and Jarosgki et al. 2006,
hereafter Paper Ill). The results of the similar search foaty lens events in MA-
CHO data were presented by Alcoekal. (2000).

The motivation of the study remains the same — we are goindptairma uni-
form sample of binary lens events, selected and modeledthsame methods
for all seasons. The sample may be used to study the populztlinary systems
in the Galaxy. The method of observation of the binariesvitgional lensing)
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allows to study their mass ratios distribution, since they directly given by the
models. The binary separations are more difficult, becaubgetbeir projection

into the sky expressed in Einstein radius units enters theéefso In small number
of cases the estimation of the masses and distances to #esleray be possible.

Cases of extremely low binary mass rati@s<{ 0.01) are usually considered
as planetary lensing. Such events have been discovered lik DiGdatabase for
season 2003 (Bondt al. 2004), 2005 (Udalsket al. 2005, Gouldet al. 2006,
Beaulieuet al. 2006), and 2007 (to be published). The adequate modeling of a
planetary event requires frequent round the clock obsienabf the source, which
is achieved by cooperation of observers at different lartgs on Earth. In cases
of less extreme lenses, the observations of single teleso@y be sufficient to
obtain well constrained models of the systems. The preseatysis is based on the
OGLE-Ill data alone.

Our approach follows that of Papers |, I, and Ill, where tberences to earlier
work on the subject are given. Some basic ideas for binary ésmalysis can be
found in the review article by Pacagki (1996). Paper | presents the analysis of
18 binary lens events found in OGLE-II data with 10 safe dausbssing cases.
There are 15 binary lens events reported in Paper Il, and Payier 111

In Section 2 we describe the selection of binary lens canegldn Section 3
we describe the procedure of fitting models to the data. Thdtseare described in
Section 4, and the discussion follows in Section 5. The ewergraphical material
is shown in Appendix.

2. Choice of Candidates

The OGLE-IIl data are routinely reduced with difference fmetry QIA,
Alard and Lupton 1998, Alard 2000) which gives high qualight curves of vari-
able objects. The EWS system of OGLE-III (Udalski 2003) auatically picks up
candidate objects with microlensing-like variability.

There are 597 microlensing event candidates selected by iBWS 2005 sea-
son. We visually inspect all candidate light curves lookioigfeatures characteris-
tic for binary lenses (multiple peaks, U-shapes, asymneltight curves showing
excessive noise are omitted. We select 12 candidate binantsein 2005 data
for further study. For these candidate events we apply @urdstrd procedure of
finding binary lens modelsc{. Papers I-11l and Section 3).

3. Fitting Binary Lens Models

The models of the two point mass lens were investigated byynaaithors
(Schneider and Weiss 1986, Mao and DiStefano 1995, DiSiedad Mao 1996,
Dominik 1998, to mention only a few). The effective methogglecable for ex-
tended sources were described by Mao and Loeb (2001). Wantileir approach
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and use image finding algorithms based on the Newton methaod.indblemen-
tation of adaptive contouring approach to image finding (okn2007) proved
more time consuming, and has not been used.

We fit binary lens models using thg? minimization method for the light
curves. It is convenient to model the flux at the titnas:

|:|ZF(ti):A(ti)XFS+FbE(A(ti)—l)XFS+F0 (l)

whereFs is the flux of the source being lensdg, the blended flux (from the source
close neighbors and possibly the lens), and the combin&tjer~ = Fy is the total
flux at baseline, measured long before or long after the evEme last parameter
can be reasonably well estimated with observations peddrimseasons preceding
and following 2005, as a weighted mean:

N R
i'=1 Oj
N1
Z i
i'=1 Oj

Fo= (2)

where F are the observed fluxes am their estimated photometric errors. The
summation ovei’ does not include observations of 2005, ax(dis the number of
relevant observations.

In fitting the models we use rescaled errors (compare PapHis More de-
tailed analysis€.g, Wyrzykowski 2005) shows that the OGLE photometric errors
are overestimated for very faint sources and underestihfatebright ones. Error
scaling used here, based on the scatter of the source fluasose when it is sup-
posedly invariable, is the simplest approach. It gives Stgrate of the combined
effect of the observational errors and possibly undetédetddw amplitude internal
source variability. We require that constant flux source eldis well the other
seasons data after introducing error scaling fastor

N’ 2

2 (FI - FO) /

Xother= Y Tz =N'—1. 3
other A (SO'i)z ( )

The lens magnification (amplification) of the soursé;) = A(tj; p;) depends
on the set of model parametepg. Using this notation one has for the :

N o _F)2
XZZiZ((A 1>F;2+F0 F)* @

The dependence of? on the binary lens parameteps is complicated, while the
dependence on the source flux is quadratic. The equah@noFs = 0 can be

solved algebraically, givings = Fs(p;j; {F}), thus effectively reducing the dimen-
sion of parameter space. Any method of minimizixgmay (in some cases) give
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unphysical solutions witlrs > Fp, which would imply a negative blended flux. To
reduce the occurrence of such faulty solutions we add am égtm tox? which
vanishes automatically for physically correct models wih< Fy, but is a fast
growing function of the source fluks whenever it exceeds the base flisx

Our analysis of the models, their fit quality etc. is basedhany? calculated
with the rescaled errors:

X (5)

which is displayed in the tables and plots. For events witltipla models (repre-
senting different local minima of?), we assess the relevance of each model with
the relative weightv ~ exp(—x2/2).

The number of events with at least one well sampled caustigsang is rela-
tively high among 2005 binary lens candidates, so the extgsdurce models can
be fitted. The extended source models may seem more difflmutiiooking for
the x? minima may be easier in this case. The light curves for pantees have
(formally) infinite jumps on caustic crossings. This imglithat a small change
in model parameters may drastically change the syntheit turve shape and
the quality of the fit. For extended sources the model lightesi are continuous
which substantially diminishes the problem. This propemsy be exploited in two
ways. First, postulating a very large source radius oneind&n almost smootj?
dependence on other parameters, with much lower numbecaf ivinima, which
may help in the initial stages of optimization. On the othemdhthe optimization of
a model with slightly perturbed source size, may lead to tebétted new solution.
The latter approach is easy to implement and control and &t usutinely.

The binary system consists of two masses and mp, where by convention
my. < mp. The Einstein radius of the binary lens is defined as:

Q%

(6)

e — \/4G(m1+ mp) doLdis
c? dos

where G is the constant of gravityg is the speed of lightdo, is the observer—
lens distanced_ s is the lens—source distance, amgs = do. +d, s is the distance
between the observer and the source. The Einstein radiusssas a length unit
and the Einstein timetg = rg/v, , whereo, is the lens velocity relative to the line
joining the observer with the source, serves as atime uhi.passage of the source
in the lens background is defined by seven parametgssm; /mp (0<q<1)—
the binary mass ratiod — binary separation expressedrig units, 3 — the angle
between the source trajectory as projected onto the skylang@rbjection of the
binary axis,b — the impact parameter relative to the binary center of ntgssthe
time of closest approach of the source to the binary centeiast tz — the Einstein
time, andrs the source radius. Thus we are left with the seven or six daioeal
parameter space, depending on the presence/absence nfatioss covering the
caustic crossings.
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We begin with a scan of the parameter space using a logadthrid of points
in (g,d) plane (10°<g<1, 01<d<10) and allowing for continuous varia-
tion of the other parameters. The choice of starting poiotslines systematic and
Monte Carlo searching of regions in parameter space allpfancaustic crossing
or cusp approaching events. TIxé¢ minimization is based on downhill method
and uses standard numerical algorithms. When a local mmiisdound we make
a small Monte Carlo jump in the parameter space and repeakathehill search.
In some cases it allows for finding a different local minimulhit does not work
several times, we stop and try next starting point.

Some models may be improved by taking into account paraffexts and/or
the changes in the orientation and separation of the bimsy taused by its rota-
tion. The parallax parameter:

lau. dos

= fE=re— 7
ne fE = s 0

whererg is the radius of the Einstein ring projected into the obsesy#ane, mea-
sures the influence of the Earth motion on the source pattivel® the lens po-
sition. Another parameter defines the orientation of theampath relative to the
Ecliptic. In the linear approximation the lens rotation nisydescribed as:

d=do+d(t—to) B=Po+B(t—to) (8)

where the subscript “0” denotes values of parameters medsuhen the source ap-
proaches the binary center of mass. (The detailed defisitibmll binary lens pa-
rameters when parallax and rotation are taken into accoargieen by JarosZyski
et al.2005).

Only the events with characteristics of caustic crossimppésent discontinu-
ities in observed light curves, U-shapes) can be treatedfastsnary lens cases.
The double peak events may result from cusp approaches, dytafo be pro-
duced by double sources.§, Gaudi and Han 2004). In such cases we also check
the double source fit of the event postulating:

F(t) =A(ui(t)) x Fs1+A(uz(t)) x Fs2+ Ry (9)

whereFs1, Fs2 are the fluxes of the source componefisijs the blended flux, and
A(u) is the single lens amplification. In most cases the formulafpoint source
amplification (Paczyski 1986) is sufficient, but the influence of the source finite
size may show up, when the amplification is extreme. We reiytitake this effect
into account. The dimensionless source—lens separatiergven as:

(t— t01)2

t—1tg2)2
2 up(t) = by? + 7( 02)

ug(t) = ¢/ bi? + 2

(10)

wheretps, toz are the closest approach times of the source componentb, are
the respective impact parameters, aads the (common) Einstein time.
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4. Results

Ouir fitting procedures applied to 12 candidate events salagive the results
summarized in Table 1. (We do not include the published nsodélplanetary
events. While for the event OGLE 2005-BLG-071 the modeliagdd on OGLE
data alone is possible and gives results consistent withinlaé model based on
combined observations from many telescopes, such an agpi®aot possible for
OGLE 2005-BLG-169 or OGLE 2005-BLG-390.)

Tablel

Binary lenses parameters, excluding known planetary cases

468
477

378.5/261 121 0529 0.440 5523 .0® 35923 529 0.05 0.0005
572.7/403 1.32 0.009 1374 186.970.05 3630.4 849 0.27

Event X2/DOF s q d B b to te foorg TE
017 d 902.8/393 1.71 0.061 1.229 155.22-0.14 3456.5 57.9 0.55
017 d 1032.6/392 1.71 0.002 1.018 141.69 .00 3456.6 73.2 0.28
018 b 6190.2/491 1.73 0.516 0.726 253.43 .120 3513.0 55,5 1.00 0.0237 0.08
062 b 720.1/370 157 0.691 2.065 128.29-0.12 3479.6 34.7 1.00
128 b 467.7/309 1.03 0.852 1.606 200.29-0.03 3511.2 50.3 0.47
153 b 1395.4/467 2.88 0.806 0.830 209.02 .50 3544.5 32.1 096 0.0160 0.59
189 b 1023.7/771 1.04 0.790 0.842 166.02 .750 3526.4 98.7 0.96 0.0011
226 b 607.3/353 1.13 0.284 0.296 96.86 .0 3573.7 37.5 0.81 0.0088
327 b 836.8/441 1.09 0.810 0.566 260.05 .14 3566.2 112.6 1.00 0.0008 0.19
327 b 885.6/441 1.09 0.099 3.277 60.82 4@ 4208.9 477.3 0.97 0.0002 0.02
331 ? 22752.0/462 1.66 0.199 0.872 111.59 .080 3562.6 17.8 0.69
463 b 666.4/413 1.25 0.120 1.538 83.90 .8 3600.5 72.2 0.38

b

d

Note: The table contains all 2005 season events, which heea modeled as binary lenses. The columns
show: the event 2005 EWS number, the event classificatiohf@tbbinary lens, “d” for double source, “?”
for unknown), the rescalegf, number of DOF,the scaling factei(x? = X%w/s%), the mass ratia, the binary
separatiord, the source trajectory directigd, the impact parametds, the time of the closest center of mass
approachtp, the Einstein timeg and the blending parametdér= Fs/Fy. For events with resolved caustic
crossings the size of the sourceis given; otherwise it is omitted. Models taking into accothre parallax
effects have assigned value of the paramater

In the second column of Table 1 we assess the character of/émése In 9
cases (of 12 investigated) the events are safe binary lesrspiena in our opinion
(designated as “b” in Table 1). There are 2 cases classifiddw#de source events
(“d”in Table 1) and 1 event with a low quality fit (“?” in Tabl§ 1The source paths
and model light curves are shown in the first part of Appendix.

In modeling of the event OGLE 2005-BLG-018 we have been fibtoenclude
parallax and rotation effects. The light curve of this evelnbws a smooth peak
near Julian date 2453460 and two asymmetric tall peals) days and=~ 70
days later. The sharp bend of the light curve before the sbtalhpeak implies
that the source is entering the caustic here, so the tallsppsly be interpreted
as two separate enterings into the caustic region by a langes. The trajectory
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should also approach a cusp to obtain the smaller obsenatd @eir model fits all
the observed features qualitatively well.

In a few other cases the inclusion of the parallax effect hiesngmodels of
substantially better formal quality¢ smaller by at least 50). For such models the
value of the parallax parameter is included in Table 1. Inrdmeaining cases the
parallax has no significant effect.

The results of double source modeling are summarized ineT2blThe dou-
ble source modeling is applied to all binary lens candidates some other non-
standard events. While formally the fits are usually betebinary lenses, in two
cases we prefer double source models as more natural, ¢@gagomplicated light
curves. The comparison of two kinds of fits is given in the selqoart of Appendix,
and the well separated double source events —in the third.

Table?2

Parameters of double source modeling

Event X%/DOF by by to1 to2 te f1 fo

017 d 973./393 0.0039 0.0956 3455.75 3456.38 78.0 0.007 00.27
018 b 359081./490 0.0000 0.0000 3512.44 3528.89 130.7 0.073.092
062 b 2741./363 0.1999 0.0019 3460.68 3476.40 64.1 0.162 300.0
066 d 419./312 0.0095 0.0204 3439.10 3448.92 165.0 0.015 240.0
128 b 5554./310 0.1577 0.1091 3495.45 3538.23 44.2 0.443 140.3
153 b 475463./470 0.0016 0.0000 3557.46 3560.65 313.7 0.010.001

189 b 2945./772 0.0264 0.0000 3502.08 3512.75 252.8 0.0680020.
192 d 687./383 1.7234 0.0158 3516.13 3529.50 27.1 0.994 60.00
226 b 26557./1354 0.0755 0.0000 3573.31 3573.71 34.7 0.8241760.
327 b 133339./348 0.0000 0.0000 3575.25 3579.62 74.4 0.1843170
331 ? 10785./433 0.0000 0.1561 3554.27 3560.16 27.7 0.1418590.
463 b 84000./415 0.0000 0.0000 3585.86 3609.45 312.1 0.0030210
468 b 7596./231 0.0230 0.0000 3589.65 3594.56 17.0 0.126 040.0
477 d 521./404 0.0599 0.0128 3629.02 3663.12 67.8 0.336 30.03

Note: The table contains the event number in 2005 EWS daabizs classification of the event,
the rescaleg? value and the DOF number, the impact paramelgrandb, for the two source
components, times of the closest approadhesndty,, the Einstein timeg, and the blending
parameterd; = Fs1/(Fs1+ Fs2+Fp) and fa = Fso/(Fs1+ Fs2+ Fy).-

Our sample of binary lenses consists now of106+ 19+ 9+ 3 = 56 events
of Papers I-lll, and the present work, some of them with mldtmodels, plus
three published planetary events of the season 2005, wheckis® include. Using
the sample we study the distributions of various binary lgssmeters. In Fig. 1
we show the histograms for the mass ratio and the binary agpar The mass
ratio is practically limited to the range.D< g < 1 with very small probability of
finding a model in the range.@L — 0.1. The four published planetary lens events
are also included.
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Fig. 1. The histogram of mass ratidsff) and separationsi¢ht) for binary lens events of OGLE-I|
(Paper 1) and OGLE-III (Paper 1, Ill, and this work). The tugram includes 56 events, some of them

with multiple models. The alternative models of any evenehiaeen assigned fractional weights.

5. Discussion

The caustic crossing events dominate our sample of binasek Accord-
ing to Night, DiStefano and Schwamb (2007) the number of ti@gsossing and
other events caused by binary lenses should be comparaitecl@im is based on
simulation investigating binary lenses of various maswsadnd separations, and
source paths with different impact parameters and direstielative to the binary.
The simulated light curves with some noise added are theckeklealgorithmically
for differences relative to a point lens light curve, asynmyieand multiple peaks.
Cases which at the assumed level of “observational” noisebeeclassified as bi-
nary lenses, are then subdivided into smooth and caustsioig categories with
similar counts. We do not object to this conclusion, howexaraim is to obtain
well constrained models of the lenses, not the list of evetiish cannot be mod-
eled as point lenses. The similarity between lensing of dosource and some
cases of binary lensing can be seen in Appendix, and Paparxlllil. Another
example — OGLE 2005-BLG-055 (Jaro$wki and Paczyski 2002) — is also not a
point lens case, but its binary lens model is completely natrained. This shows,
that events with well marked deviations from point lens tighrves €.g, chosen
by visual inspection) have better chance of getting wellst@ined models. Since
caustic crossing events usually imply large deviationsnfigingle peak, smooth
light curves characteristic for point lens events, thep alstnumber other kinds of
events in our sample.

Our models of the events OGLE 2005-BLG-018 and OGLE 2005-B153
have the highesg2/DOF ratio. Simultaneously the model light curves reproduce
all changes of the observed flux quite well. Both sourcestreacy high apparent
luminosities ( ~ 12 mag) due to the lens amplification and in the most intargsti
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time interval are observed many times during each night. @ethod of errors
scaling based on the flux scatter at the baseline is not sirffiol these cases. The
application of Wyrzykowski (2005) error scaling improvég formal quality of the
models substantially, but not completely. The problem mayp#rtially due to the
limb darkening of the source, which we do not include in oudeils.

Our classification of the investigated events into the bim@ns double source/
unknown categories needs further explanation. The fognhalét binary lens model
of the event OGLE 2005-BLG-017 does not reflect the bendinthefobserved
light curve during the nights with Julian dates 3456—34539he® models which
fit this part of the light curve much better, have unaccegtaplality at earlier
epochs (compare Appendix and Table 1). The double sourcefitinally better,
but the bend of the light curve is also not well modeled in ttase. The double
source model of the event OGLE 2005-BLG-477 is quantititibetter. The best
binary lens model gives a comparable fit to the data but itipted caustic crossing
during unobserved period of winter 2005/2006, which wettesean unwanted, not
verifiable property of the model.

Our sample of OGLE binary lens events contains now 56 casesbimodality
of the mass ratio distribution and the lack of intermedigtealues remains a valid
interpretation of the data. We are not trying a statistintipretation of mass ratio
distribution in this paper skipping it into a further puldions.
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Appendix

Binary Lens Models

Below we present the plots for the 12 events for which theyitens model-
ing has been applied. Some of the events, especially catesumvapparent caustic
crossing, may have alternative double source models. In sases we show the
comparison of the binary lens and double source fits to theeidahe next subsec-
tion.

The events are ordered and named according to their posititimee OGLE
EWS database for the season 2005. We include two models faEQ@B05-BLG-
017 event, despite the huge difference in their formal fitlijgyao show that it is
possible to model the highly amplified part of the light cuwith a binary lens.
Alternative models of the event OGLE 2005-BLG-327 haveaidht caustic topol-
0gy.

Each case is illustrated with two panels. The most intarggiart of the source
trajectory, the binary and its caustic structure are shawthe left panel for the case
considered. The labels give tlipand d values. On the right the part of the best
fit light curve is compared with observations. The labeleghe rescaleg?/DOF
values. The source radius (as projected into the lens plashex@ressed in Einstein
radius units) is labeled only for the events with resolvedstiz crossings. Below
the light curves we show the differences between the obdemd modeled flux in
units of rescaled errors. The dotted lines show the rescalal band.

In all cases we plot the source trajectories in the coordisgstems of the
binary lenses. In the case of OGLE 2005-BLG-018 the causttictsire shown
corresponds to the binary separation when source passkem#rg center of mass.
The effects of rotation on the source path are so weak, tisinitpossible to notice
them in the plot.

OGLE 2005-BLG-017 (best fit)
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OGLE 2005-BLG-017 (another model)
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Comparison of Binary Lens and Double Source Models

Below we show the binary lens (on the left) and double souocetije right)
models of the light curves for some of the considered evelrts.all binary lens
models we have also calculated double source models. Wetdhow events with
evident jumps in the light curves, which can only be modekedaustic crossings.
We include, however, a few cases with almost smooth obséigigccurves, despite
the fact that their binary lens models are formally far hetfgne light curve in a
double source model is a sum of the constant blended flux p&ssito single lens
light curves for the source components, each shown wittreddimes. In the plots
we use observed fluxes (not magnitudes) since they are\agldithich is important
in double source modeling. In the majority of cases the lyitans models give
formally better fits as compared to the double source modelsemted. On the
other hand double source models, always producing simglardurves, look more
natural in some cases.
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