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OGLE 2003-BLG-235/MOA 2003-BLG-53: A planetary microlensg
event.
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ABSTRACT

We present observations of the unusual microlensing ev&itED2003-BLG—
235/MOA 2003-BLG-53. In this event a short duratien7(days) low amplitude
deviation in the light curve due a single lens profile was ol in both the MOA
and OGLE survey observations. We find that the observedriesatf the light curve
can only be reproduced using a binary microlensing modél antextreme (planetary)
mass ratio 0f).00397;1 for the lensing system. If the lens system comprises a main
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sequence primary, we infer that the secondary is a plandiaftal.5 Jupiter masses
with an orbital radius ofv 3 AU.

Subject headings: Gravitational lensing — (stars:) planetary systems — Stakigsidual
(OGLE 2003-BLG-235, MOA 2003-BLG-53)

1. Introduction

Gravitational microlensing occurs when a foreground dig@sses through or very near the
line of sight of a background source star generating a welihknsymmetric light curve profile.
If the foreground lens object is a star with an orbiting platieen the presence of the planet may
be detectable via a brief disturbance in the single lens tighve (Mao & Paczyhski 1991; Gould
& Loeb 1992). This effect can potentially be utilized to d#tplanets with masses ranging from
those of gas giants right down to terrestrial planets (Bé#r#&&hie 1996).

The short timescales of these deviations, ranging from aléeyg for giant planets to hours for
terrestrial planets, and their unpredictability, presantsiderable challenges in any observational
program. While some encouraging results have been obtéBethett et al. 1999; Albrow et al.
2000; Rhie et al. 2000; Bond et al. 2002; Jaroszynski & Pasiziy2002), no firm detections of
planets by microlensing have previously been obtained.

In this Letter we report observations, obtained by OGLE ar@Aylof the event OGLE 2003
BLG—-235/MOA 2003-BLG-53 (hereafter 0235/M53) that wasejpeindently detected in both
survey programs. We observed a 7 day deviation that wasgiyrdetected in both surveys. We
show that an extreme mass ratio binary microlensing modglreproduces the observed features
in the light curve.

2. Observations

Presently, Galactic bulge microlensing events are digeovand then alerted by the two in-
dependently operating survey groups OGLE (Udalski 2008)MOA (Bond et al. 2001). The
microlensing event OGLE 2003-BLG-236=18:05:16.35,=—28:53:42.0, J2000.0) was first
identified and alerted by the OGLE EWS system (Udalski 20082@03 June 22. It was inde-
pendently detected by MOA on 2003 July 21 and alerted as MAX82BLG-53.

OGLE observations were carried out with the 1.3 m Warsavstelpe at Las Campanas Ob-
servatory, Chile, which is operated by the Carnegie Instiod Washington, equipped with a mo-
saic CCD camera with 81928192 pixels. The images were obtained in the | band with a-exp



—-3-

sure time of 120 seconds each. The observations presemteddme from the OGLE-III phase of

the OGLE survey and started in August 2001. Additional phwtry of the star was also collected
during OGLE-II phase (1997-2000). This dataset indicdtegjever, no variability of the object

during that period and was not used in further analysis.

MOA observations were carried out from the Mt John ObseryatoNew Zealand with a 0.6
m telescope equipped with a mosaic CCD camera with 4@83@4 pixels. The MOA images were
obtained using 180 second exposures with a broad band rdwith its throughput centered on
the standard | band.

The photometry was derived using difference imaging amalyerried out independently by
the OGLE and MOA teams on their respective datasets. Thisades the current state-of-the-art
for photometric accuracy in crowded fields (Alard 1999; Alket al. 1999). Our analysis resulted
in two sets of time-series photometry in the | band corredpanto 183 OGLE measurements and
1092 MOA measurements during 2000—-2003.

In Fig. 1 we show the light curve for this event on various eedes from March 2000 to
the present. The long term behavior is typical for singlexpoass microlensing events, and it is
similar to the almost 2000 other events discovered in the&ial Bulge since 1993. The unique
feature of 0235/M53 is, however, a short duration deviatiom the profile expected for a single
lens, seen clearly in both datasets during 2003 July 14—-2dre®er, a spike, characteristic of
those binary microlensing events where the source enteggitsra bounded “caustic” region in
the magnification map projected on the sky, was observed ati¢@vered by MOA on 2003 July
21. This caustic region was crossed in 12% of the overall l#nstein radius crossing time. This
short duration, combined with the smalt25%) amplitude of the photometric deviation in the
caustic region interior, suggests an extreme mass ratanbsystem.

As well as regular monitoring in the | band, several V bandeobastions were obtained by
OGLE at various magnifications of the event. These were red usthe microlensing modeling,
but they were used to constrain the source and lens starniespdy plotting the linearized fluxes
in the | and V bands against each other, a model independeaagurament of the color index of
the source star was determined. We obtaived I = 1.58 + 0.02. UsingE(V —1I) = 0.82
mag for the interstellar reddening towards the source (SB603), the corrected color index of
(V —1)p = 0.76 £ 0.02 indicates a G type source star.

3. Light curve modeling

The modeling of the observed light curve of 0235/M53 wasqrened independently by three
groups using different methods to generate numerical piméerolensing light curves (Bennett &
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Rhie 1996; Mao & Loeb 2001; Rattenbury et al 2002), and akehiound the solution that is
presented in Fig. 1. The observable quantities for all niecrsing events are the Einstein radius
crossing timetg, the impact parameter, (in Einstein radius units) of the source star trajectory
with respect to the lens center-of-mass (c.0.m.), and the,ti,, of the closest approach to the
c.0.m. For binary microlensing events, one also measueestss ratiog = M; /M, the trans-
verse separatiom, of the lens components, and the position anglegf the binary with respect
to the source—lens transverse velocity. For caustic ergssients, one also measures the ratio,
p = 0, /0g, of the apparent angular radius of the source star to thaedEinstein ring. In addition
to these 7 physical parameters, there are two linear scpdirgmeters between the magnification
and the flux units for each passband, giving a total of 11 patars for the modeling. In our
modeling procedure, we searched for logaiminima using minimization procedures that allowed
all 11 parameters to vary simultaneously. Our light curvaelatimg also employed a surface limb
darkening profile appropriate for a G type star assuming alio#y that is approximately solar.

In Table 1, we list the physical microlensing parameterstierbest fitting model shown in
Fig. 1. This model hag? = 1390.49 for 1267 degrees of freedom and an extreme mass ragie-of
0.0039, which is a strong indication that the secondary may be agpléince microlensing light
curves generally allow a much more accurate determinafidimeosecondary:primary mass ratio,
than the absolute mass of either body, the most sensibleondigtinguish planetary microlensing
events from those due to binary systems is through a cnitdrésed on the mass ratio parameter
g. There is a well known minimum in the distribution of massasffor binary stars and planetary
systems, which is known as the “brown dwarf desert” Theeefew systems known with.01 <
q < 0.1 (Halbwachs et al. 2000; Chabrier 2003; Mazeh & Zucker 2002)us it is sensible to
define the boundary between stellar binary and planetagrpimicrolensing events in between
theseq values to minimize any possible ambiguity. This leads toigemon of ¢ < 0.03 for a
planetary microlensing event, and so O235/M53 is clearth@planetary event category.

We have carried out a systematic search in parameter spagettofind sets of model pa-
rameters that might explain the observed light curve witlrgdr mass ratio. Binary microlensing
models withg > 0.1 that traverse a caustic curve 4n 7 days have much larger magnifications
inside the caustic curve than is observed for O235/M53. @ basary lens events also have much
larger deviations from a single lens light curve before dfter éhe caustic crossings. As the mass
ratio is decreased, the best fit light curves approach theredéd light curves, with much weaker
caustic crossing deviations. In Fig. 2, we show a close-up®f7 day deviation with the best fit
planetary model, compared with the best non-planetary inwitle ¢ > 0.03 and best fit single
lens model. The non-planetary binary models and singlerferdels are strongly disfavored with
fit x? values that are larger bfxy? = 210.96 and Ax? = 650.96 respectively. In both cases, the
x? improvement for the best fit model is quite significant in bttt MOA and OGLE data sets
(see Table 1). The failure of the non-planetary binary modalbe seen in the Fig. 2 inserts. This
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model predicts both stronger caustic signals and signifabewiations 13—20 days after the second
caustic crossing that are not consistent with the obsemnstiThis model also shows some discrep-
ancies at magnifications 2, but these are not as strongly excluded due to the higheoptettic
uncertainties at lower magnification.

Also shown in Fig. 2 is a planetary model with an earlier causissing and a larger planet
mass ratio:g = 0.0070. This fit represents a distinct local minimum of tlyé surface, and is
disfavored by onlyAx? = 7.37 or ~ 2.7¢. This is not accounted for by our &-uncertainty on
g = 0.0039. Therefore, we have increased the upper error estimateegpldinetary mass ratio to
0.0011, so that the actual uncertaintyiwill be bounded by our error estimates at ther3evel.

In Table 1 we also list the parameters for these alternativeeis.

Finally, the first OGLE observation after the second caustesing indicates a magnification
below all of the binary models shown by abdués. Such an outlier is not unusual because the
real photometric error distributions for crowded field ptroetry generally have larger wings than
a Gaussian distribution. Three of the 183 OGLE measurenaeatsutliers from the best fit by
> 30, and 16 are outliers by 20. These outlier points do not appear to cluster in the vigiaft
the planetary deviation. If this single data point did irdeca real light curve deviation, it could
be explained by a small variation to the planetary micralenmodel, such as a moon orbiting the
planet, but there is no non-planetary model that could hegxplain it.

4. Further constraints on the source and lens

Most microlensing events have only a single measureabbnpeter,ty, that constrains the
lens mass, distance, and tranverse velocity with respdttetdine-of-sight to the source. How-
ever, time resolved observations of binary event caustissings resolve finite source star effects
and partly remove these degeneracies (Alcock et al. 2000 &iao 1994; Nemiroff & Wickra-
masinghe 1994; Gould 1994), by allowing a measurement dEihgtein angular radius given by
9}253 = (4GMlens/62)(Dsource - Dlens)/(DsourceDlenS)'

Using the flux parameters of the microlensing fit, we obtained19.70 + 0.15 for the source
star andl = 20.7 + 0.4 for the blended component. This source star magnitude, thiei&/~I
color from Section 2, can be compared to the bulge color ntadeidiagram of Holtzman et al.
(1998), and this indicates that the source is probably agbstigr near the main sequence turn-off.
To determine the angular radius of the source star we usecbtbecolor relations of Bessell &
Brett (1988) together with empirical relations betwdén- K and surface brightness derived from
interferometry observations of nearby main sequence gtamsBelle 1999; di Benedetto 1998).

We find 0, = 0.50 &+ 0.05 pas, which combined with our measurementpofyields 6 =
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520 + 80 pas. This yields the following relation between the lens nzasbdistance

M, lens HE 2 D source X
=0.123 1
Mg <mas) kpe ) 1—-x @

wherezr = Dins/ Dsource- If We combine this relation with the mass luminosity redat of Kroupa

& Tout (1997) for main sequence stars, and require that tigelieminosity at a given distance does
not exceed the blend flux, we obtain an upper limit (90% confid¢ of D;.,, < 5.4 kpc. Thus, if
the lens is a main sequence star, it must be in the Galackc dis

In Fig. 3, we show Eqn. 1 together with the results of a maxintiketihood analysis based on
our measurements of the Einstein ring and its charactedstssing time. The likelihood function
was calculated using the Galactic disk models of Han & Goli96). We then obtain with 90%
confidence:Dy.,s = 5.2f3;§ kpc from which we infer the lensing system to comprise an MZ—-M
dwarf star of mas8.3615-5: M, with a giant planetary companion of5*)-3 M; (Jupiter masses).

The planet is in a wide orbit with a transverse separatich®f!-1 AU.

Another possibility for the lens is that it could be a remnabfect such as a white dwarf,
neutron star, or black hole. If the lens is a white dwarf withs$0.6 M,, Egn. 1 would place it a
distance of 5.5 kpc. In this case, the microlensing parammeteuld imply a 2.5 M planet orbiting
the white dwarf with a transverse separation of 2.8 AU.

5. Discussion

In Section 3 we concluded that the observed light curve of3IM33 is best described by a
binary lensing model with an planetary mass ratig ef 0.0039. Our definition of the planetary
nature of the secondary lens by means of the mass ratio imalptvhen the mass ratio can be
measured, but it is useful to consider other possible defitst Another potential dividing line be-
tween planets and brown dwarfs is the Solar metalicity tioksfor sustained Deuterium burning
at 13.6 M, although Deuterium burning itself has little relevancegdtanet formation.

The situation in the case of 0235/M53 was helped by the measnt of finite source effects.
If the lens is a main sequence star, then as shown in the piesection, it must be an M dwarf
with a~ 1.5 Mj planetary companidA There is a non-negligible chance that the lens is a white
dwarf and a much smaller chance that it is a neutron starpbudth cases, a planetary companion
below the nominal 13.6 Mthreshold is required. Only in the unlikely case of a maskiaek hole
primary, could the secondary be outside the range traditipassociated with a planet.

12The only other M dwarf star known to have planetary compasisiGliese 876 (Marcy et al 2001).
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There are some prospects for follow-up observations ofdétent. Our measurements of
the finite source effects imply a proper motion of the lenshwéspect to the source of =
0g/tg = 3.1 £ 0.4 mas/yr. High resolution imaging carried out 10 years from now with JWST
or adaptive optics systems should be able to resolve thededssource stars providing direct
measurements (Han & Chang 2003; Alcock et al. 2001) of ther@sid brightness of the lens, as
well as confirmation of the proper motion measurement.

We present these observations as a demonstration of thet@tgmicrolensing phenomenon.
The power of microlensing is in its ability to acquire statis on many systems (Bennett & Rhie
2002). These include planets in wide orbits, very low massgtls, and even planets in other
galaxies (Covone et al. 2000; Bond et al. 2002). The chadleragv to the microlensing community
is to develop effective strategies to find more planetaryolénsing events.

Numerical photometry of OGLE 2003-BLG-235/MOA 2003—BL@3-5 available from the
websites for OGLE http://ogle.astrouw.edu.pl and MOA Hitipwvw. physics.auckland.ac.nz/moa.
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Fig. 1.— Light curve with best fitting and single lens moddi©@35/M53. The OGLE and MOA
measurements are shown as red filled circles and open bhilesgirespectively. The top panel
presents the complete dataset during 2003 (main panel) @t-2003 OGLE data (inset). For
clarity, the error bars were not plotted, but the medianrsrirothe OGLE and MOA points legend
are indicated. The lower panel is as the top panel but wititMB&# data grouped in 1 day bins
except for the caustic crossing nights, and with the insetveiy MOA photometry during 2000—
2003. The binary and single lens fits are plotted in flux undsmalized to the unlensed source
star brightness of the best planetary fit, and they are itetiday the solid black and cyan dashed
curves, respectively.
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Fig. 2.— Light curve and modeling of 0235/M53 during the dausaverse. The models shown
are the best fits for various regimes of the lens system paesirspace, normalized as in Fig. 1.
These models are: single lens case (cyan, long dash cuimajytens withg > 0.03 (magenta,
short dash line), planetary lens with caustic entry befae2B35 (green, dotted line), and the best
overall fit with ¢ = 0.0039 (dark, solid line). The insets show the second caustic orgsnd a
region of the declining part of the light curve where the #ston-planetary binary lens model
fails to fit the data. MOA data on days other than the caustityemd exit (day835 + 0.5 and
2842 4+ 0.5) are placed in one day bins.
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Fig. 3.— Constraints on the distance to 0235/M53 and its maas measurement of the angular
size of the Einstein ring constrains the lens mass and distiarie on the solid curve. The curve is
bounded above and below by the dark dashed curves, due tat¢ketainty in this measurement.
The likelihood function (shown by the magenta curve) is fonain sequence disk star prior for
the lens star with the sharp cut-off being due to the congganposed by the measured lens flux.



Table 1.

Microlens Model Parameters

Model Mp/]\/j* 6*/6]3 Gproj /RE ¢ uo to [55) Isource X2 XI%{OA X%)GLE
(days) mag (1267 dof) (1089 dof) (178 dof)
Best Fit 0.0039(T3r)  0.00096(11)  1.120(7) 223°8(1°4)  0.133(3) 2848.06(13) 61.5(1.8) 19.70(15) 1390.49 1151.00 239.50
Early Caustic 0.0070 0.00104 1.121 218°9 0.140 2847.90 58.5 19.62 1397.87 1149.37 248.49
Best Non-planet 0.0300 0.00088 1.090 187°9 0.144 2846.20 57.5 19.68 1601.44 1229.47 371.98
Single Lens — - - — 0.222 2847.77 45.2 19.10 2041.45 1624.17 417.28

Note. — The units fotg areHJD — 2450000.



