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Abstract. We report a measurement of limb darkening of a solar-like star in the very high magnification microlensing event
MOA 2002-BLG-33. A 15 hour deviation from the light curve profile expected for a single lens was monitored intensiwely in
and| passbands by five telescopes spanning the globe. Our modelling of the light curve showed the lens to be a close binar
system whose centre-of-mass passed almost directly in front of the source star. The source star was identified as an F8—(
main sequence turnfiostar. The measured stellar profiles agree with current stellar atmosphere theory to~dhiim two
passbands. Thefective angular resolution of the measurementslisas. These are the first limb darkening measurements
obtained by microlensing for a Solar-like star.
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1. Introduction (Albrow et al. 2001a), and an A dwarf in the Small Magellan

o ) . . Cloud (reporting an angular resolution of a few nas, Afon
In gravitational microlensing events binary lenses produgg | 2000).

bounded regions of high magnification, known as caustics,
on the magnification map projected onto the source plane In this Letter we present observations of the very high me
(Schneider & Weiss 1986). The steep magnification gradienification microlens event MOA 2002—-BLG-33. In this ever
associated with these caustic curves may be utilised to resatve centre-of-mass of the close binary lensing system mo
the surfaces of background source stars as they move acingsnear perfect alignment with a Solar-like source star. T
them. Observations of thisfect have been used to measureesulting high magnification provided ideal conditions for mo
limb darkening in Galactic Bulge K giant stars (Albrow et alitoring the source as it transited the central caustic. Our ob
1999; Albrow et al. 2000; Fields et al. 2003), #Gsub-giant vations yielded the most precise limb darkening measurem
obtained by microlensing for a non-giant star and the first st
Send gfprint requests tol. A. Bond, e-mail:iab@roe.ac.uk measurements for a Solar-like star other than the Sun itself
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2. Light curve of MOA 2002-BLG-33 on a cluster computer (Rattenbury et al. 2002). The inverse

. ay tracing technique naturally accommodates the finite size
The event MOA 2002-BLG-33 was first alerted by the MO f the source star and the limb darkening profiles across its

collaboration on 2002 June 18 in its ongoing microlensing ak?rt : i .
o ce (Wambsganss 1997). To find the best fitting model light
program (Bond et al. 2001). About 48 hours before its time 8?urve(, we im%lemented ;{2 minimisation techni?que usingg

peak amplification on 2002 July 4, MOA identified this event P{Ietropolis Hastings Markov chain Monte Carlo procedure

as a high magnification event in progress and a second &FOrd 2003). This avoids the problem of traditional minimisa-

was 'SSU.Gd' Subseque_ntly, an intensive campaign of fOIIOW't 6h techniques which can be fooled by false minima due to
observations was carried out using a number of telescopes cjr- . o ; :
néjmerlcal noise in the simulated light curves.

cling the globe (Fig. 1). Photometry of the event was derive The best fitting theoretical curve is shown in Fig. 1. A total

using diference imaging analysis applied to the CCD Images 1t1 physical parameters plus 6 flux normalisation parameters

This procedure was cgrrlgd oyt separate_:ly on e{:\ch passban Re for each passband-telescope set) are required to describe
each telescope re_sult!ng In six sets of time series photo_me i light curvé. The best fitting physical parameters are given
Thesg are sh(_)wn n Fig. 1 wher_e they have b_egn normalise in Table 1. The fitting procedure yielded correlated values for
the microlensing light curve using the best fitting model (d?ﬁe limb darkening cd@cients. In Table 1, we report the coef-

scribed below). - g . .
. ficients €, d}), which are related to the cigients in Eq. (1)
The M—shapeq feature on the light curve resu_lts from trEﬁroughthe phase space rotat@jn= c, cos 33+d, sin 33 and
source star entering and exiting the central caustic curve PP _ 4. cos33 - ¢ sin33. In this representation, th term
. . . - 1 - Ly . y
duced by a binary lens. The detailed shape of the light cur ntributes a small correction t(6)/1,(0). The limb darken-

depends on the characteristics of the lens, the trajectory of ihe
. . ) . ng parameters allow a colour map of the face of the source star
source star, and the radius and limb darkening profile of t L : - o
. . . 0 be drawn. This is depicted in Fig. 2 along with its passage
source star. The parameters associated with the binary lens are :
X : tArough the caustic.
the lens mass ratibl; /M,, the separatioa of the two lenses, . . .
. . . . : ) Our best best fitting model light curve and the associated
the Einstein radius crossing tinte, the source trajectory im-

: caustic correspond to a close binary lensing system. Dominik
pact parametetyy, with respect to the centre-of-mass of th P Y g sy

lens, the timeg when the source is closest to the centre of ma 15999) found that qualitatively similar caustic curves can be

of the lens, and the angle, between the source trajectory an roduced by lensing configurations thaffeli greatly. Caustics
the lens co’m onents ’ Similar in shape to the one shown in Fig. 2 can be produced by
The sourcF:)e star is' parametrized by its radiuand an ap- lenses comprised of wide binary systems. Our best fitting wide
propriate limb darkening model. For this we used the squarbe!'[‘ary solution for_our observat!ons of MOA ZOQS_BLG_%
root law (Claret 2000) yielded a mass ratio corresponding to that of a giant planet or-

biting a stellar mass object. While this configuration qualita-

1,(0) — tively produced a short duration M-shaped amplification pro-
1,(0) 1 -1~ cos) —du(l cost) (1) file, it could not reproduce the observed light curve profile at
wherec, andd, are the wavelength dependent limb darkenin%level demanded by the precise, densely sampled photometry
codficients. 1 Blending parameters were not required becauffereince imag-

Model binary microlensing light curves were generated nihg analysis removes thefects of blending due to nearby neighbours
merically using an inverse ray tracing technique, implementedd the lens itself.
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Table 1. Microlensing parameters of MOA 2002-BLG-33. Here is thus expected to rotate through-2°. Light curves were
denotes the Einstein radius of the lens, as determined by its total maggnputed for rotating lenses with various periods of rotatic
M; + Mz, Do andDos the distances to the lens and source stars. Thgit with the plane of rotation held fixed and perpendicular
errors are & limits calculated as in Avni (1976). the lens-source axis, to maximise théeet. It was found that
periods of rotationc150 days yielded light curves that were ir
Parameter Value consistent with the data at a level greater than2mb dark-
ening codicients, and stellar profiles, were then computed,
Lensmassratio  M:;/M,  0.54+0.20 the static approximation, for a simulated dataset with a rotat
Lens separation  a 0.11+001re period of 150 days. It was found that the computed stellar p

Einstein time te 507 + 1.0 day files differed from the inputted profiles by approximately 2
Position angle é 112+ 2 the 2r statistical uncertainty of the profiles computed witho
Source radius rs (2.25+0.05)x 1073 reDos/ Do rotation. The &ect of rotation was therefore allowed for, in th
Impact parameter  Up (4.29+0.09)x 107 re present work, by doubling the errors in the stellar profiles ¢
Centre time t HID 2 452 460196 + 0.004 culated in the static approximation.
Limb darkening o4 0.41+0.04

d ~0.08+ 0.65 3 Th . fth

g, 049+ 0.02 . The surface of the source star

die 115+ 0.56 We used colour measurements to identify the source star t

in MOA 2003-BLG-33. The baseline (i.e. unmagnified) flu
of the source star was determined by from the fluxes meast
by the MDM and Wise telescopes at high magnification. T
instrumental magnitudes were calibrated using the catalo
of Udalski et al. (2002). The magnitudes thus determined
theV andl bands (Landolt system) wera, = 19.94 + 0.05
andm, = 17.96 + 0.07. Assuming a distance to the source st
of 7+ 2 kpc, and absorption and reddening due to galactic d
with A; = 1.18+ 0.05 mag andE(V - |) = 1.24 + 0.05 (Sumi
et al. 2003; Udalski 2003), we derive its absolute magnitu
M, = 2.6+0.6 and colour inde¥ — | = 0.74+0.10. These val-
ues identify the source star as an F8—G2 main-sequence t
off star with age approximately-30 Gy and temperature in
the range 62005800 K (Girardi et al. 2002), i.e. a solar-like
star that has just commenced evolving away from the main
guence, or is just about to do so.

Limb-darkening cofficients have been calculated for th
ATLAS and PHOENIX models of stellar atmospheres fi
a wide variety of stars (Claret 2000). The limb darkenit
codficients, ¢, d;), for the ATLAS model of a star with
Ter = 6000 K, surface gravity log = 4.0, and metallicity

Fig. 2. The passage of the source star of MOA 2002-BLG-33 throué)lr\{l /H] = -03 are (0.363, 0.459) for thiband and (0.461,

the lens-caustic. The magnification map of the lens is represente I§ 94) for theVE't_)an&' These compare fayourably with th
blue, with regions of higher magnification represented by lighter shd@-e_asureq Value_s In 'n_ Table 1 that were _der'ved fr_om our ob:
ing. The caustic is the diamond shaped line of very high magnificatigf@tions without including theféect of rotation described above
The red lines indicate the track of the source star relative to the cafégure 3 shows the theoretical intensity profiles for the rar
tic. The position angle of the lens binary system with respect to thé possible star types identified for MOA 2003-BLG-33, ar
source trajectory is denoted By The angular diameter of the sourcethe intensity profiles derived from the measurements with
star would be 2—4as. effect of rotation included. It is apparent that the ATLAS ar
PHOENIX profiles are confirmed at the 95% confidence ley

to within about 4%. The precision of the present measureme

we obtained. Only the above close binary model gave an agsulted from the fact that the magnification was high throug
ceptable fit to the data. out the caustic crossing, and that it could therefore be mi
Unfortunately, neither the rotation period of the binary lengpred accurately everywhere, in particular at the end poi
nor the plane of rotation, was able to be determined from tidich are most sensitive to limb darkening and reddening,
data. We estimated the contribution of binary rotation to our
measurements of limb darkening as follows. For typical values For theVg-band, the average values given by Claret (2000) in t
of the lens parameters, the rotation period lies in the range 180andR bands were used, to allow for the extended red transmiss
200 days. During the caustic crossing shown in Fig. 2, the levighe EROSV filter, and also the pre-filteringfect of galactic dust.
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Ve-band cannot be resolved using conventional techniques. Thus the
high magnification microlensing technique may prove useful
until new, major programmes with the Very Large Telescope
Interferometer and the Keck Interferometer become fully op-
erational (Segransan et al. 2003; Domiciano de Souza et al.
2003). We note that although some previous measurements
using microlensing techniques yielded possible evidence for
significant departures from conventional stellar atmosphere
06l \| theory, no such evidence was obtained in the present measure:
| ments. Indeed, as the star under study here was quite similar to
| the Sun, no such departure was expected.
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