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ABSTRACT
We present the photometry and theoretical models for a Galactic bulge microlensing event, OGLE-

2000-BUL-43. The event is very bright, with I\ 13.54 mag, and has a very long timescale, tE\ 156
days. The long timescale and its light curve deviation from the standard shape strongly suggest that it
may be a†ected by the parallax e†ect. We show that OGLE-2000-BUL-43 is the Ðrst discovered micro-
lensing event, in which the parallax distortion is observed over a period of 2 yr. Di†erence image
analysis (DIA) using the PSF matching algorithm of Alard & Lupton enabled photometry accurate to
0.5%. All photometry obtained with DIA is available electronically. Our analysis indicates that the
viewing condition from a location near Jupiter will be optimal and could lead to magniÐcations of D50
around 2001 January 31. These features o†er a great promise for resolving the source (a K giant) and
breaking the degeneracy between the lens parameters, including the mass of the lens, if the event is
observed with the imaging camera on the Cassini space probe.
Subject headings : gravitational microlensing È methods : data analysis
On-line material : color Ðgures

1. INTRODUCTION

Gravitational microlensing was originally proposed as a
method of detecting compact dark matter objects in the
Galactic halo 1986). However, it also turned out(Paczyn� ski
to be an extremely useful method for studying Galactic
structure, mass functions of stars, and potential extrasolar
planetary systems (for a review, see 1996). MostPaczyn� ski
microlensing events are well described by the standard light
curve (e.g., 1986). Unfortunately, from these lightPaczyn� ski
curves, one can derive only a single physical constraint,
namely, the Einstein radius crossing time, which involves
the lens mass, various distance measures, and relative veloc-
ity (see ° 4). This degeneracy means that the lens properties
cannot be uniquely inferred. Therefore, any further informa-
tion on the lens conÐguration is of great importance. Micro-
lensing events that exhibit parallax e†ects provide this type
of information. Such e†ects can occur when the event is
observed simultaneously from two di†erent positions in the
solar system (Refsdal 1966), or when the event lasts long
enough that the EarthÏs motion can no longer be approx-
imated as rectilinear during the event (Gould 1992). Both of
these e†ects will be directly relevant to the current paper.
The Ðrst parallax microlensing event was reported by the
MACHO collaboration toward the Galactic bulge (Alcock
et al. 1995), and the second case (toward Carina) was dis-
covered by the OGLE collaboration and reported in Mao
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(1999). Additional parallax microlensing candidates have
been presented in a conference proceeding (Bennett et al.
1997). In this paper, we report a new parallax microlensing
event, OGLE-2000-BUL-43. This bulge event was dis-
covered well ahead of the peak by the Early Warning
System (Udalski et al. 1994), and attracted attention
because of its extreme brightness and very long timescale.

The unusually long duration of the event days),(tED 156
combined with the extremely small velocity of the magniÐ-
cation pattern on the plane of the observer km s~1,(v8 D 40
i.e., hardly faster than the motion of the Earth), imply that
the parallax e†ect is not only detectable, but is measurable
very precisely. To make the most of this possibility, we
employ di†erence image analysis (DIA; 2000) toWoz� niak
optimize the photometry (° 2).

The parallax measurement that we present here yields
not only the size of the Einstein radius projected onto the
observer plane AU), but also the direction of(r8 EB 3.62
lens-source relative motion in the heliocentric coordinate
system. By combining these two, we can predict the light
curve seen by any observer in the solar system as a function
of time. In particular, we predict that as seen from the
Cassini spacecraft around 2001 January 31, the lens and
source will have an extraordinarily close separation, and
hence the source will be highly magniÐed. Unless the lens
turns out to be very massive and close(M Z 0.8 M

_
) (D

l
[

kpc), such a separation would permit resolution of the1
source and hence measurement of the angular Einstein
radius, (Alcock et al. 1997, 2000 ; Albrow et al. 1999,hE2000, 2001 ; Afonso et al. 2000). Gould (1992) showed that
by combining measurements of and the Einsteinr8 E, hE,radius crossing time one could obtain a complete solu-(tE),tion of the event,

M \ c2
4G

r8 E hE , (1)

Drel\
r8 E
hE

4
AU
nrel

, (2)

731



732 SOSZYNŠ SKI ET AL. Vol. 552

FIG. 1.ÈFinding chart for the OGLE-2000-BUL-43 microlensing
event. The size of the I-band subframe is 120@@] 120@@ ; north is up and east
to the left.
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slens-source relative parallax, is the lens-source rela-kreltive proper motion, and and are the distances to theD
l

D
slens and source, respectively. See also Gould (2000). Since

the source is quite bright even at baseline (I\ 13.54,
V \ 15.65), it should be easily measurable by the Cassini
probe. Cassini photometry would therefore very likely yield
the Ðrst mass measurement of a microlensing event.

The outline of the paper is as follows. In ° 2 we describe
observations ; in ° 3 we describe our photometric reduction
method ; ° 4 contains the details of model Ðtting and pre-
dicted viewing conditions ; in ° 5 we describe potential scien-
tiÐc returns of Cassini observations ; and Ðnally, in ° 6 we
brieÑy summarize and discuss our results.

2. OBSERVATIONS

All observations presented in this paper were carried out
during the second phase of the OGLE experiment with the
1.3 m Warsaw telescope at the Las Campanas Observatory,
Chile, which is operated by the Carnegie Institution of
Washington. The telescope was equipped with the ““ Ðrst-
generation ÏÏ camera with a SITe 2048] 2048 CCD detec-
tor working in the drift-scan mode. The pixel size was 24
km, giving the scale of per pixel. Observations of the0A.417
Galactic bulge Ðelds were performed in the ““ medium ÏÏ
reading mode of the CCD detector with the gain 7.1 e~ per
ADU and readout noise of about 6.3 e~. Details of the
instrumentation setup can be found in Udalski, Kubiak, &

(1997).Szyman� ski
The OGLE-2000-BUL-43 event was detected by the

OGLE Early Warning System (Udalski et al. 1994) in mid-
2000. Equatorial coordinates of the event for 2000.0 epoch
are ecliptica2000 \ 18h08m43s.04, d2000\ [32¡24@39A.5 ;

coordinates are and Galacticj \ 271¡.863, b \ [8¡.986 ;
coordinates are Figure 1 is al \ 359¡.467, b \ [6¡.036.
Ðnding chart showing the 120@@] 120@@ region centered on
the event. Observations of this Ðeld started in 1997 March
and continued until 2000 November 22. The bulge observ-
ing season usually ends at the beginning of November ;
therefore, the latest observations of OGLE-2000-BUL-43
were made in difficult conditions, with the object setting
shortly after the sunset, when the sky is still quite bright.
Fortunately, the source was bright enough so that poor
seeing and high backgrounds were not a signiÐcant problem
in the DIA analysis.

The majority of the OGLE-II frames are taken in the
I-band. For the BUL–SC7 Ðeld, 330 I-band and nine
V -band observations were collected. Udalski et al. (2000)
gives full details of the standard OGLE observing tech-
niques, and the DoPHOT photometry is available from the
OGLE Web site.6

3. PHOTOMETRY

Our analysis includes all I-band observations of the
BUL–SC7 Ðeld. We used the DIA technique to obtain the
light curves of the OGLE-2000-BUL-43 event. Our method
is based on the recently developed optimal PSF matching
algorithm (Alard & Lupton 1998 ; Alard 2000). Unlike other
methods, which use divisions in Fourier space (Crotts 1992 ;
Phillips & Davis 1995 ; Tomaney & Crotts 1996 ; Reiss et al.
1998 ; Alcock et al. 1999), the Alard & Lupton method oper-
ates directly in real space. In addition, it is not required to
know the PSF of each image to determine the convolution
kernel. (2000) tested the method on large samplesWoz� niak
and showed that the error distribution is Gaussian to better
than 1%. Compared to the standard DoPhot photometry
(Schechter, Mateo, & Saha 1993), the scatter was always
improved by a factor of 2È3, and frames taken in even the
worst seeing conditions gave good photometric points.

Our DIA software handles PSF variations in drift-scan
images by polynomial Ðts. Even then, it is necessary to
subdivide the frames into 512 ] 128 pixel strips, because
PSF variability along the direction of the scan is much
faster than across the frame. The object of interest turned
out to be not too far from the center of one of the subframes
selected automatically ; therefore, we basically adopted the
standard pipeline output for that piece of the sky, without
needing to run the software on the full format. Minor modi-
Ðcations included more careful preparation of the reference
image and calibration of the counts in terms of a standard
magnitude system.

First, from the full data set for the BUL–SC7 Ðeld we
selected 20 frames with the best seeing, small shifts relative
to OGLE template, and low background level. More weight
was assigned to the PSF shape and quality of telescope
tracking in the analyzed region during the selection process.
These frames were coadded to create a reference frame for
all subsequent subtractions. Preparation of the reference
image was absolutely critical for the quality of the Ðnal
results.

Next, we ran the DIA pipeline for all of our data to
retrieve the AC signal (variable part of the Ñux) of our
lensed star. The software rejected only nine frames because

6 OGLE web site is available at : http ://www.astrouw.edu.pl/Dogle/
ogle2/ews/ews.html.
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of very bad observing conditions or very large shifts with
respect to the reference image. Our Ðnal light curve contains
321 observations. To calibrate the result on the magnitude
scale, we ran DoPhot on the reference image. The magni-
tude zero point (I\ 13.54, V \ 15.65) was obtained by
comparing our DoPhot photometry with the OGLE data-
base.

The DIA light curve is shown in Figure 2. The scatter in
the photometry is 0.5% and is dominated by systematics
due to atmospheric turbulence and PSF variations. The
individual error bars returned by the automated massive
photometry pipeline 2000) proved to be overesti-(Woz� niak
mated when compared to the scatter around the best-Ðt
model (° 4). Most likely, this is a combined result of individ-
ual care during data processing for OGLE-2000-BUL-43
and the relatively low density of stars in the BUL–SC7 Ðeld.
The errors were recalibrated so as to force the s2 per degree
of freedom to be unity in the best-Ðt model with parallax
(see ° 4 and Table 1).

We would like to stress the fact that it is the accuracy
achieved here with the DIA method that enabled a detailed
study of the lens parameters. Figure 3 presents the distribu-
tion of residuals with respect to the model (see ° 4) for

FIG. 2.ÈI-band light curve for the microlensing event OGLE-2000-
BUL-43. The magnitude scale is shown on the left y-axis, while linear
magniÐcation is shown on the right y-axis. The dotted line shows the
standard model, while the solid line shows the best-Ðt model that takes
into account the parallax e†ect and blending (second row in Table 1). The
vertical dashed line marks 2001 January 1, 0 UT. The three insets show the
data points for the 1997, 1998, and 1999 seasons, respectively. [See the
electronic edition of the Journal for a color version of this Ðgure.]

FIG. 3.ÈDistribution of residuals with respect to the model for mea-
surements with the DIA pipeline. Width of the bin is 0.005 mag. The p of
Ðtted Gaussian is 0.0055 mag. Additional dashed vertical lines indicate the
largest di†erences between the classical single-point microlensing model
and the parallax Ðt.

measurements with the DIA pipeline. Maximal di†erences
between the classical single-point microlensing model and
the parallax Ðt are indicated by dashed vertical lines. Note
that the scatter of the photometry is small enough to
analyze the parallax e†ect. In addition, our data set con-
tains 82 more points than the OGLE EWS light curve. The
di†erence is because the lowest grade frames are rejected in
the standard DoPhot analysis. The DIA photometry data
Ðle is available from the OGLE anonymous FTP server.7

In Figure 4 we present the color-magnitude diagram for
the BUL–SC7 Ðeld. The position of the lensed star (marked
by a cross) suggests that the source is a K giant. For later
studies of the Ðnite source size e†ect (° 5), we would like to
estimate the angular diameter of the star. In order to do
this, we Ðrst need to estimate the dereddened color and
magnitude of the star. For this purpose, we use the red-
clump giants that have well-calibrated dereddened colors
and magnitudes. We adopt the average color and magni-
tude of red-clump giants in BaadeÏs window from the pre-

7 The photometry data Ðle is available at : ftp ://sirius.astrouw.edu.pl/
ogle/ogle2/BUL-43/bul43.dat.gz.

TABLE 1

STANDARD AND PARALLAX MODELS FOR OGLE-2000-BUL-43

tE r8 E
Model t0 (day) u0 I

s
t (AU) f s2

S . . . . . . 1898.7^ 0.1 169.6^ 0.3 0.0 ^ 0.002 13.5366 ^ 0.0004 . . . . . . . . . 9025.2
P . . . . . . 1893.4^ 1.0 156.4^ 4.4 0.27 ^ 0.01 13.5406 ^ 0.0004 3.024 ^ 0.005 3.62 ^ 0.18 0.911^ 0.056 314
P@ . . . . . . 1842.5^ 0.9 158.2^ 4.2 [0.11^ 0.01 13.5406 ^ 0.0004 3.017 ^ 0.007 4.79 ^ 0.22 0.77^ 0.04 320.8

NOTE.ÈS: Best standard model ; P : best parallax model with blending ; P@ : parallax Ðt with slightly worse s2 (see ° 6).
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FIG. 4.ÈColor-magnitude diagram of the BUL–SC7 Ðeld. Only about
10% of Ðeld stars are plotted by tiny dots. Position of OGLE-2000-BUL-
43 event is marked by the circled cross.

vious studies et al. 1999),(Paczyn� ski

(V [ I)RC,0 \ 1.11, IRC,0 \ 14.37 . (4)

From Figure 4, the red-clump stars in the BUL–SC7 Ðeld
have

(V [ I)RC \ 1.67^ 0.02, IRC\ 15.15^ 0.05 . (5)

Hence, we have

E(V [ I)\ (V [ I)RC [ (V [ I)RC,0 \ 0.57 , (6)

and

A
I
\ IRC[ IRC,0 \ 0.78 . (7)

Taking into account a blending parameter f\ 0.91 (see ° 4,
Table 1) in the I band, we obtain the magnitudes of the
lensed star as I\ 13.64, V \ 15.75. Hence, the intrinsic
color and I-band magnitude for OGLE-2000-BUL-43 are

(V [ I)0\ (V [ I)[ E(V [ I)\ 1.54 ,

I0\ I[ A
I
\ 12.86 . (8)

Note that these values we derived are somewhat di†erent
from those of Schlegel, Finkbeiner, & Davis (1998), A

I
\

and Our smaller extinction value is con-0.92 E
V~I

\ 0.61.
sistent with Stanek (1998), who argued that the Schlegel et
al. (1998) map overestimates the extinction for o b o\ 5¡.
Our estimate based on the red-clump giants is also some-
what uncertain because of the metallicity gradient that may
exist between BaadeÏs window (b \ [4¡) and the BUL–SC7
Ðeld (b \ [6¡). Fortunately, this uncertainty in reddening
only a†ects the angular diameter estimate very slightly
because the surface brightness-color relation has a slope
similar to the slope of the reddening line (see below).

Using the dereddened color and magnitude, we can esti-
mate the angular stellar radius using the empirically(h

*
)

determined relation between color and surface brightness
(van Belle 1999), independent of the source distance. Trans-

forming van BelleÏs relation given in V versus V [K into I
versus V [I using the color-color relations of Bessel &
Brett (1988), one obtains

h
*

\ 18.9 kas ] 10(12.90~I0)@5[(V [ I)0[ 0.6] . (9)

For our star, this gives kas. Using the values fromh
*

\ 18.1
Schlegel et al. (1998), the value increases by about 2%.h

*Therefore, the estimate of the angular stellar radius is quite
robust.

4. MODEL

We Ðrst Ðt the light curve with the standard single micro-
lens model, which is sufficient to describe most microlensing
events. In this model, the (point) source, the lens, and the
observer all move with constant spatial velocities. The stan-
dard form is given by (e.g., 1986)Paczyn� ski

A(t) \ u2] 2

uJu2] 4
, u(t) 4 Ju02] q(t)2 , (10)

where is the impact parameter (in units of the Einsteinu0radius) and

q(t) \ t [ t0
tE

, tE\ hE
krel

, (11)

where is the time of the closest approach (maximumt0magniÐcation), is the angular Einstein radius, and ishE tEthe Einstein radius crossing time. The explicit forms of the
angular Einstein radius and the projected Einstein(hE)radius are(r8 E)

hE\
S4GM

c2Drel
, r8 E\

S4GMDrel
c2 , (12)

where M is again the lens mass and is deÐned belowDrelequation (3). For microlensing in the local group, ishE
Dmas and Da few AU. Equations (10)È(12) show ther8 Ewell-known lens degeneracy, i.e., from a measured onetE,cannot infer the lens mass, distances, and kinematics
uniquely even if the source distance is known.

To Ðt the I-band data with the standard model, we need a
minimum of four parameters, namely, andu0, t0, tE, I

s
,

where is the unlensed I-band magnitude of the source.I
sThe best-Ðt parameters (and their errors) are found by mini-

mizing the usual s2 using the MINUIT program in the
CERN library8 and are tabulated in Table 1 (model S). The
resulting s2 is 9025.2 for 317 degrees of freedom. The large
s2 indicates that the Ðt is unacceptable. This can also be
clearly seen in Figure 2, where we have plotted the predicted
light curve by a dotted line. The deviation is apparent in the
2000 observing season. In fact, upon closer examination, the
model overpredicts the magniÐcation in the 1999 season as
well (see the bottom inset in Fig. 2). Since the Galactic bulge
Ðelds are very crowded, there could be some blended light
from a nearby unlensed source within the seeing disk of the
lensed source, or there could be some light from the lens
itself. Thus, in the model we can introduce a blending
parameter, f, which we deÐne as the fraction of light contrib-
uted by the lensed source in the baseline ( f \ 1 if there is no
blending). Note that blending is introduced in our adoption
of the magnitude zero point obtained by the DoPhot pho-

8 CERN library is available at : http ://wwwinfo.cern.ch/asd/cernlib/.
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tometry ; the DIA method itself automatically subtracts out
the blended light. The inclusion of the blending parameter
reduces the s2 to 2778.4 for 316 degrees of freedom. This
model requires a blending fraction f\ 0.22, which is im-
plausible considering the extreme brightness of the lensed
star. In any case, the s2 is better but still far from acceptable.
We show below that all these discrepancies can be removed
by incorporating the parallax e†ect.

To account for the parallax e†ect, we need to describe the
EarthÏs motion around the Sun. We adopt a heliocentric
coordinate system with the z-axis toward the ecliptic north
and the x-axis from the Sun toward the Earth at the vernal
equinox.9 The position of the Earth, to Ðrst order of the
orbital eccentricity (vB 0.017), is then (e.g., Dominik 1998,
and references therein)

x
^
(t)\ A(t) cos [m(t)[ /c] ,

y
^
(t)\ A(t) sin [m(t)[ /c] ,

z
^
(t)\ 0 , (13)

where

A(t)\ AU(1[ v cos '), m(t)\ '] 2v sin ' (14)

where T \ 1 yr, and is the'\ 2n(t[ t
p
)/T , /c B 75¡.98

longitude di†erence between the perihelion (t
p
\ 1546.708)

and the vernal equinox (t 4 JD[ 2450000 \ 1623.816) for
J2000. The line of sight in the heliocentric coordinate
system is as usual described by two angular polar coordi-
nates (/, s). These two angles are related to the geocentric
ecliptic coordinates (j, b) by s \ b and /\ n ] j. Again,
for OGLE-2000-BUL-43, andb \[8¡.986 j \ 271¡.863
(see, e.g., Lang 1981 for conversions between di†erent coor-
dinate systems).

To describe the lens parallax e†ect, we Ðnd it more intu-
itive to use the natural formalism as advocated by Gould
(2000), i.e., we project the usual lensing quantities into the
observer (and ecliptic) plane. The line-of-sight vector is
given by in the helio-nü \ (cos s cos /, cos s sin /, sin s)
centric coordinate system. For a vector r, the component
perpendicular to the line of sight is given by r

M
\ r [

For example, the perpendicular component of(r Æ nü )nü .
the Earth position is Thus, a circle inr

^,M \ r
^

[ (r
^

Æ nü )nü .
the lens plane is mapped into an ellipse in the(r

M
2 \R2)

ecliptic plane, which is given by

r \ R

J1 [ cos2 scos2 (# [ /)
, (15)

where # is the polar angle in the ecliptic plane. The minor
and major axes for the ellipse are R and R/sin s, respec-
tively.

The lens trajectory is described by two parameters, the
dimensionless impact parameter, and the angle, t,u0,between the heliocentric ecliptic x-axis and the normal to
the trajectory. Note that is now more appropriately theu0(dimensionless) minimum distance between the Sun-source
line and the lens trajectory. For convenience, we deÐne the
Sun to be on the left-hand side of the lens trajectory for

The lens position (in physical units) projected intou0[ 0.
the ecliptic plane, as a function of time, isr

l
\ (x

l
, y

l
, 0),

9 Another commonly used heliocentric system (e.g., in the Astronomical
Almanac 2000) has the x-axis opposite to our deÐnition.

given by

x
l
\ u0 r8 E cos t[ qrE,p(t) sin t ,

y
l
\ u0 r8 E sin t] qrE,p(t) cos t , (16)

z
l
\ 0 ,

where q and are deÐned in equations (11) and (12), andr8 E is the EinsteinrE,p \ r8 E/[1 [ cos2 s cos2 (n/2] t[ /)]1@2
radius projected into the ecliptic plane in the direction of
the lens trajectory. The expression of can be derivedrE,pusing equation (15) with # \ n/2 ] t, where the factor n/2
arises because t is deÐned as the angle between the normal
to the trajectory and the x-axis. We denote the vector from
the lens position (projected into the ecliptic plane) toward
the Earth as The component of dr per-dr \ r

^
[ r

l
.

pendicular to the line of sight is Thedr
M

\ dr [ (dr Æ nü )nü .
magniÐcation can then be calculated using equation (10)
with u2\ (dr

M
/r8 E)2.In total, seven parameters are(u0, t0, tE, I

s
, r8 E, t, f )

needed to describe the parallax e†ect with blending. These
parameters are again found by minimizing s2. In Table 1,
we list the best-Ðt parameters (model P) ; for this model, the
s2 per degree of freedom is now unity as a result of our
rescaling of errors (see ° 3). In particular, we Ðnd that

r8 E\ 3.62^ 0.16 AU, t\ 3.024^ 0.005 rad . (17)

The correlation coefficient between and t is [0.088. Ther8 Epredicted light curve is shown in Figure 2 as the solid line.
The model Ðts the data points very well. Note that the
model requires a marginal blending with f \ 0.911^ 0.056.
This is expected, since the source star is very bright, and it
appears unlikely that any additional source can contribute
substantially to the total light. We return to the degeneracy
of solutions brieÑy in ° 6.

Using equations (1) and (2), and AU, we obtainr8 EB 3.62
the lens mass as a function of the relative lens-source paral-
lax,

M \ c2r8 E2
4G

nrel\ 0.23 M
_

2
A3.5 kpc

D
l

[ 7 kpc
D

s

B
. (18)

Thus, the lens is likely to be low-mass unless it is unusually
close to us kpc). Combining and we can also(D

l
D 1 r8 E tE,

derive the projected velocity of the lens,

v8 \ krel Drel\
r8 E
tE

\ 40 ^ 2 km s~1 . (19)

The low projected velocity favors a disk-disk lensing event.
For such events, the observer, the lens, and the source
rotate about the Galactic center with roughly the same
velocity, and the relative motion is only due to the small,
D10 km s~1, random velocities (see, e.g., Derue et al. 1999).
On the other hand, the chance for a bulge source (with its
much larger random velocity, D100 km s~1) to have such a
low projected velocity relative to the lens (whether disk or
bulge) is small. The low projected speed and the long dura-
tion of this event imply that the EarthÏs motion induces a
large excursion in the Einstein ring, and this large deviation
from rectilinear motion makes an accurate parallax mea-
surement possible, even though the event has only barely
reached its peak.

The accurate measurement of and t makes it possibler8 Eto predict the light curve that would be seen by a hypotheti-
cal observer anywhere in the solar system. Figure 5 shows
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FIG. 5.ÈIllumination patterns for OGLE-2000-BUL-43 in the helio-
centric ecliptic coordinates on 2001 January 1, 0 UT. The ]x-axis points
from the Sun toward the Earth on the day of vernal equinox. The two solid
elliptical curves are the isomagniÐcation contours with magniÐcation 1.342
and 4, respectively. The three dotted circles show the orbits of the Earth,
Jupiter, and Saturn, respectively. The solid Ðlled circles on the Earth,
Jupiter, and Saturn orbits indicate their positions on 2001 January 1, while
the open circles indicate their positions every half-year in the future. The
straight line indicates the lens trajectory, and the circles have the same
meaning as those on the planetary orbits. The directions of motions are
indicated by arrows. Note that the whole illumination pattern
(isomagniÐcation contours) comoves with the lens. [See the electronic
edition of the Journal for a color version of this Ðgure.]

FIG. 6.ÈLight curve for OGLE-2000-BUL-43 as seen by an observer
close to Jupiter. Note that it reaches a much higher peak around 2001
January 31 than that on the Earth. The vertical dashed line marks 2001
January 1, 0 UT (corresponding to the Ðlled dots in Fig. 5). The magnitude
scale is shown on the left y-axis, while linear magniÐcation is shown on the
right y-axis. The dotted line shows the magniÐcation for a point source,
while the solid line illustrates the Ðnite source size e†ect. The inset shows
the light curve close to the peak of the light curve. [See the electronic
edition of the Journal for a color version of this Ðgure.]

the illumination pattern on 2001 January 1.000 UT. The
two elliptical curves are isomagniÐcation contours for
A\ 1.342 and 4, respectively ; the outer contour with
A\ 1.342 corresponds to the Einstein ““ ring ÏÏ in the ecliptic
plane. It appears as an ellipse in Figures 5 and 7 because the
ecliptic plane is not perpendicular to the source direction
(cf. eq. [15]). Various Ðlled circles indicate the positions of
the source, Earth, Jupiter, and Saturn on this date. The
open circles indicate the positions of the source and the
planets every half-year in the future. From this Ðgure, one
can see that the inner contour nearly coincides with the
position of Jupiter on 2001 January ; hence, an observer
close to Jupiter will see a magniÐcation of about 4, and the
magniÐcation is even higher somewhat later. The Cassini
probe is currently approaching Jupiter, for a Ñy-by acceler-
ation on its way to Saturn ; it is therefore an ideal instru-
ment to observe this event from space. In the next section,
we discuss in some detail the potential scientiÐc returns of
Cassini observations.

5. POTENTIAL SCIENTIFIC RETURNS OF CASSINI
OBSERVATIONS

In Figure 6 we show the light curve of OGLE-2000-BUL-
43 for an observer near Jupiter, mimicking the Ñy-by obser-
vations from Cassini. The light curve shows a spectacular
peak at JD B2451940.5 (2001 January 31). Figure 7 illus-
trates the position of Jupiter with respect to the illumi-
nation pattern. It clearly shows that the lens and Jupiter
will come very close together, and hence one will see a very
high magniÐcation around that time.

When the physical impact parameter is comparable to
the stellar radius, microlensing light curves are substantially
modiÐed by the Ðnite source size e†ect (Gould 1994 ; Nemi-
ro† & Wickramasinghe 1994 ; Witt & Mao 1994). More

FIG. 7.ÈIllumination patterns for OGLE-2000-BUL-43 in the helio-
centric ecliptic coordinates on 2001 January 31, 0 UT. Notations are
similar to those in Fig. 5. The Ðlled circles correspond to t \ 1840.5, while
the open circles are separated by 15 days. The contours correspond to
magniÐcations of 5, 20, and 40 (from outer to inner). The two dashed lines
bracket roughly the region that the Ðnite source size e†ect can be observed.
[See the electronic edition of the Journal for a color version of this Ðgure.]
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precisely, when
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then Ðnite source size e†ects will be signiÐcant and it
becomes feasible to measure hence providing one morehE,constraint on the lens parameters. Our best-Ðt model has a
minimum impact parameter (in the lens plane) of u0\ 3.6

and so unless the lens is very close to us and very] 10~3,
massive (eq. [18]), the Ðnite source size will be resolved. The
inset in Figure 6 illustrates this e†ect, where we have
adopted mas. The e†ect is quite dramatic. In com-hE\ 0.47
parison, the e†ect is negligible for an observer on Earth.
Note that the peak of the light curve only depends on u

*
\

Thus, the peak can be higher if the angular Einsteinh
*
/hE.radius is larger, and vice versa.
To plan space observations, it is important to estimate

the errors in the minimum impact parameter and the(u0)
peak time We have performed Monte Carlo simula-(t0).tions to estimate their uncertainties (e.g., Press et al. 1992).
We Ðnd that the 95% conÐdence limits on and areu0 t0and respectively.10~4\ u0\ 0.011 1938.3\ t0\ 1941.3,
It is therefore very likely that the magniÐcation at Jupiter
will be very high. The peak time is accurate to about 3 days,
while the Ðnite source size e†ect lasts for about 20 days (see
the inset in Fig. 6). To detect this e†ect, it is crucial to have
at least a few observations during the lens transit across the
stellar surface (Peng 1997). If the Ðnite source size e†ect is
indeed observed by Cassini, then we can measure andhE,this will lead, for the Ðrst time, to a complete solution of the
lens parameters, including the lens mass, the relative lens-
source parallax, and proper motions (see introduction). We
again emphasize that the determination of mass is indepen-
dent of the source distance if is measured (cf. eq. [1]).hE

6. SUMMARY AND DISCUSSION

OGLE-2000-BUL-43 is the longest microlensing event
observed by the OGLE project. It is also the Ðrst event, in
which the parallax e†ect is observed over a 2 yr period,
making the association of the acceleration term with the
motion of the Earth unambiguous. Photometric accuracy at

the 0.5% level enabled a detailed study of the event param-
eters, partly removing the degeneracy between the mass,
velocity, and distance. We conclude that the lens is slow
moving, and unless it is unusually close to us, the lens mass
is expected to be small.

The main aim of this paper is to strongly encourage
further e†orts to observe OGLE-2000-BUL-43, since this
may lead the Ðrst complete determination of the lens
parameters. We could even consider a conÐrmation of the
predictions from Figure 6 to be an ultimate proof of our
understanding of the microlensing geometry. This is partic-
ularly important since the lens model may not be unique.
For example, we found another model (see Table 1, model
P@) that has s2\ 320.8 but with the blending parameter
f \ 0.77. This model predicts a much lower peak (Ipeak \

for an observer close to Jupiter. Even late space obser-12.2)
vations will be useful for distinguishing these two models.
For example, the best-Ðt model predicts I\ 12.7 and 13.0
on 2001 April 1 and May 1, respectively, while the slightly
worse model predicts I\ 13.0 and 13.2 on these dates. The
di†erence between these two models can reach 0.02 mag in
the next season for ground-based observations, and hence
may be detectable from the ground as well. However, the
alternative model appears physically unlikely, since the
source star is so bright that one would expect f close to 1, as
found in our best-Ðt model. The blending parameter may
also be constrained by spectroscopic observations (Mao,
Reetz, & Lennon 1998). A high-resolution VLT spectrum
has already been taken and is currently being analyzed (K.
Gorski 2000, private communication). It will shed further
light on the stellar parameters (such as surface gravity) and
the radial velocity of the lensed source.
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