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We have implemented an ef cient method for computing the amp |i cation of an extended source
with an arbitrary surface brightness pro le by a two-point- mass lens. Using our code we study
the sensitivity to an extended source for various binary lens con gurations and nd previously
unknown areas of enhanced sensitivity. In addition we investigate the in uence of limb darkening
on binary microlensing (chromaticity). We provide analytical approximationsfor both the sensi-
tivity to an extended source and chromaticity. Finally, we compare the linear fold approximation
of caustic crossing to the exact light curve for a binary event that was previously used to infer
limb-darkening coef cients of the source. We demonstratet hat deviationsfrom thelinear fold are
observationally signi cant.
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1. Introduction

Although gravitational microlensing by two point masses comprises aminority of the observed
events, the amount of knowledge that can be obtained through their study is signi cant. Finding
extrasolar planets with microlensing has attracted particular attention. During the brief planetary
perturbations to the light curve the source cannot be regarded as point-like and a correct limb-
darkening model is necessary to properly interpret the light curves. In other words, changes of
gradient of ampli cation in binary microlensing spatially resolve the source. That enables testing
of the stellar atmosphere models by actual reconstruction of the surface brightness pro le and
mapping of the spectral line formation by observations of spectral changes. In our work we map
the extended-source effect in the two-point-mass lens geometry and investigate the chromaticity.
We a'so check if alinear fold approximation produces reasonable results.

The lens equation of atwo-point-mass lensis

—x X XA X XB |

(1.2)

where ua and pg arethe masses of the lens components relative to their total massM (ua+ ug = 1),
and xa and xg denote the locations of the components. Angular positions y, X, Xa and xg are
expressed in units of the angular Einstein radius of the compound lens. Ampli cation A of an
extended source centered at . is given by the cross-correlation of the point-source ampli cation
Ao and the surface-brightness distribution of the source B normalized by the unampli ed ux
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Here y' is measured from the source center and the integration is performed over the area of the
source Xs. To convert the numerator to the second expression we set y' = y[x] Y. and transform
the integral to image coordinates, integrating over the area of theimages Z,. In thisway Ag cancels
out with the Jacobian of the transformation. The relation between the position of the source at y[x]
and of theimage at x is given by the lens equation (1.1).

Computation of A poses signi cant numerical dif culties, especially for ar bitrary B. Here we
use the method suggested by Vermaak (2000) and described in detail in Pejcha& Heyrovsk (2007,
hereafter PHO7). The method combines direct inversion of the lens equation and ray shooting. We
nd image positions of the center of the source y. through inversion of the lens equation (1.1)
and then start a recursive ood- Il ray-shooting algorithm to go through the images. Two extra
images appear when an edge of the source enters the caustic. These images may be detached from
the other three and would be missed. To take them into account, we compute the intersection of
the circumference of the source with the caustic curve and restart the algorithm from a point just
interior of such an intersection.

We model the source by a circular disk with radius p in Einstein angle units and we use
radially symmetric limb darkening B(Y") = I1(r), r = jy’j=p . We assume that I (r) is given by a
linear combination of two orthonormal functions

I(r) = cafa(r) + cafa(r) = ca[f1(r) + k f2(r)]; (1.3)
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Figure 1. Sensitivity to an extended source de as afunction of the source-center position y. for alens with
g = 1=9 and d = 0:65. Sensitivity is both plotted with contours and marked in color as shown in the color
bar above. Dot-dashed lines denote places with zero effect dex = 0. Caustic curves are shown with bluelines
and the positions of the point masses are marked with crosses. The circlein the top left illustrates the size of
the source.

that were obtained by principal component analysis (PCA) of Kurucz's ATLAS modd atmospheres
(PHO7). Plausible k values span the interval from k =  0:1620 for the peakiest proleto k =
0:0902, that describes the attest allowed limb darkening.

2. Sengitivity to an extended source

2.1 Areas of sensitivity

To map the sensitivity to an extended source we use only the r st principal function! for limb
darkening, hence k = 0. For a source a y. we de ne the sensitivity to an extended source as a
relative ampli cation difference of A over the point-source ampli cation

A (Yo) Aolye) .
Ao(Ye) .

A contour plot of d for abinary lenswith massratio q = 1=9 and separation between the two point
masses d = 0:65 in Einstein angle unitsis given in Figure 1. The source radiusisp = 0:02 which
corresponds to atypical giant source. We see that most of the areaiis green where d¢ = 0 and hence
A > Ay. Inthese areas the drop of Ag from the caustic is convex and some parts of the source are

Oex(Yc) (2.1)

Lweighted average shape of the set of model atmospheres
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Figure 2: Sensitivity to an extended source for a lens wgth d = 1 and sources with = 0:02 (left panel)
andr = 0:002 (right panel). Symbols have the same meaning as in Figexeept that four extra contours
were added. Cuts through tig, surface are marked with arrows and are shown also in thepistst The
lengths of the cuts are the same in units of source radiustiganels. The cuts are parameterized4y
wheret is the time for a source to cross its raditis; O corresponds to a source positioned on the fold or
on the cusp, respectively.

always closer to the caustic than the center. The limitedareds wherd < Ap are seen along
the outer axes of the cusps. Here the concave perpendigojaintlh, is initially stronger than the
convex drop along the axis. Neglecting this perpendicutap @an lead to incorrect results on the
ampli cation of an extended source along the axis of the dfmpmore details see PHO7).

The most interesting features are the red areas that cofawut) cusps of the caustic com-
ponents. The sensitivity extends many source radii fronctls and the magnitude of the effect
can reach well over 1%. These regions are observed not otheithree-part caustics of small-
separation binaries but also on the lens axis for wide kesaniith two-part caustics. The strength
and size of the regions depend@andd. Keepingd xed and loweringg, the caustic components
become smaller and more separated and the negative regibmoge diffuse and perpendicularly
thinner. For xedqthere exist values af where the negative region splits into two opposite lobes.
Sensitive areas between the facing cusps can signi cantisease the probability of observing the
extended-source effect in comparison with pure caustissimg. For this particular lens con gu-
ration the mean projected width of te., = 1% contour is 28 times higher than the width of
the caustic curves increased by the source size. Fquikje= 10% effect the width is still about
30% higher. The projected widths are de ned in a similar wayreMao & Paczpski (1991).

To investigate the behavior &f in the vicinity of cusps more thoroughly, we plot in Figure 2
a detail of a lens witly= d = 1. We see that there is a band of negatiygjust inside the caustic
curves. As the source approaches the caustic from insidgadimt-source ampli cation gradually



