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Abstract. We analyze the photometric data obtained by PLANET and OGLE on the caustic-crossing binary-lens microlensing
event OGLE-2002-BLG-069. Thanks to the excellent photometric and spectroscopic coverage of the event, we are able to
constrain the lens model up to the known ambiguity between close and wide binary lenses. The detection of annual parallax in
combination with measurements of extended-source effects allows us to determine the mass, distance and velocity of the lens
components for the competing models. While the model involving a close binary lens leads to a Bulge-Disc lens scenario with
a lens mass of M = (0.51 ± 0.15) M� and distance of DL = (2.9 ± 0.4) kpc, the wide binary lens solution requires a rather
implausible binary black-hole lens (M � 126 M�). Furthermore we compare current state-of-the-art numerical and empirical
models for the surface brightness profile of the source, a G5III Bulge giant. We find that a linear limb-darkening model for the
atmosphere of the source star is consistent with the data whereas a PHOENIX atmosphere model assuming LTE and with no
free parameter does not match our observations.

Key words. gravitational lensing – stars: atmospheres – stars: binaries: general

1. Introduction

By exploiting the phenomenon of the bending of light from
background source stars due to the gravitational field of inter-
vening compact objects acting as lenses, Galactic microlensing
provides an opportunity to infer the brightness profile of the
source star, the mass and configuration of the lens, as well as
the relative parallax and proper motion. In recent years there
has been a remarkable increase in the power of microlensing

� Based on observations made at ESO, 69.D-0261(A),
269.D-5042(A), 169.C-0510(A).

survey alert systems like OGLE-III (Udalski 2003)1 and MOA
(Bond et al. 2001)2. As a consequence, binary-lens microlens-
ing events have become a unique and valuable tool to study,
in unprecedented detail, members of the source and lens pop-
ulation within our Galaxy and in the Magellanic Clouds (Abe
et al. 2003; Fields et al. 2003; An et al. 2002; Albrow et al.
2001b, 2000a,b, 1999a,b). The OGLE-2002-BLG-069 event is
an ideal example for showing the current capabilities of mi-
crolensing follow-up observations.

1 www.astrouw.edu.pl/∼ogle/
2 www.physics.auckland.ac.nz/moa/
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The passage of a source star over a line-shaped (fold) caus-
tic as created by a binary lens produces a characteristic peak
in the light curve which depends on the stellar brightness pro-
file. The data obtained for OGLE-2002-BLG-069 clearly re-
veal a pair of such passages consisting of an entry and subse-
quent caustic exit, where the number of images increases by
two while the source is inside the caustic.

This binary-lens event is the first where both photomet-
ric and high-resolution spectroscopic data were taken over the
whole course of the caustic exit. The previous attempts on
EROS-2000-BLG-5 (Afonso et al. 2001) had good coverage
but low spectral resolution (Albrow et al. 2001a), or a pair
of spectra taken with high resolution but low signal-to-noise
(Castro et al. 2001). Prior to this study, we presented a fold-
caustic model of the OGLE-2002-BLG-069 photometric data
comparing a linear law and a model derived from PHOENIX
v2.6 synthetic spectra for the limb-darkening and analyzed
variations in the Hα line as observed in high-resolution UVES
spectra taken over the course of the caustic passage (Cassan
et al. 2004). A full account of the spectral observations in
Hα, Hβ, CaII, Mg and other lines will be given in Beaulieu
et al. (2005). Here, we concentrate on the photometric data
alone in order to present the full binary-lens model.

For the majority of observed microlens events all informa-
tion about lens mass, relative lens-source distance and proper
motion is convolved into one single characteristic time scale.
Binary-lens events however are especially sensitive to effects
caused by finite source size and parallax, so that in combina-
tion with the determination of the angular source radius, these
three lens quantities can be measured individually (Refsdal
1966; Gould 1992). This is only the second binary microlens-
ing event, after EROS-BLG-2000-5 (An et al. 2002), for which
this has been achieved. Despite our high sampling rate and the
small uncertainty of our photometric measurements, we still
encounter the well-known close/wide-binary ambiguity origi-
nating in the lens equation itself (Dominik 1999) and which
may only be broken with additional astrometric measurements
as proposed in Dominik (2001) and Gould & Han (2000).

2. OGLE-2002-BLG-069 photometry data

Alerted by the OGLE collaboration (Udalski 2003) on
June 1, 2002 about the ongoing Bulge microlensing
OGLE 2002-BLG-069 event (RA = 17h48m1.s0, Dec =

−21◦16′9.′′3), the PLANET collaboration network began pho-
tometric observations on June 18, using 6 different telescopes,
namely SAAO 1 m (South Africa), Danish 1.54 m (La Silla),
ESO 2.2 m (La Silla), Canopus 1 m (Tasmania), Stromlo 50′′

(Australia) and Perth 1 m (Australia). Data were taking in
I- (UTas, Danish, SAAO, Perth), R- (La Silla) and V-bands
(Stromlo). Since the V-band data set of Stromlo contains only
8 points, which is less than the number of parameters we fit, we
do not use it in the modeling process.

The photometry reductions were done by point-spread-
function (PSF) fitting using our own modified version
of DoPHOT (Schechter et al. 1993), implemented as
part of the PLANET reduction pipeline. The full raw
data set including the public OGLE data (available from

Table 1. Selection criteria for PLANET photometric dataset.

Telescope Median seeing Seeing cut Number of
(arcsec) (arcsec) points

ESO 2.2 m 1.13 ≤2.5 150
Danish 1.62 ≤2.5 108
UTas 3.13 ≤3.6 58
SAAO 1.93 ≤2.6 153
Perth 2.43 ≤2.8 86

Fig. 1. Complete photometric I- and R-band datasets of PLANET and
OGLE, with PLANET calibrated to the OGLE filter. The upper inner
panel shows a zoom of the caustic passages, while the lower panel dis-
plays the baseline measurements of OGLE made in the 2003 season,
i.e. one year after the lensing event occurred.

www.astrouw.edu.pl/∼ogle/ogle3/ews/ews.html) con-
sists of 675 points. Data that were obviously wrong according
to the observational log books or for which the reduction soft-
ware did not succeed in producing a proper photometric mea-
surement have been eliminated. Moreover, PLANET data taken
under reported seeing that was significantly above the typical
value for the given site were removed according to the cut-offs
listed in Table 1. Altogether about 2% of the data were rejected,
leaving us with a total of 651 points (Fig. 1).

Thanks to the favourable brightness at baseline (IOGLE =

16.15 ± 0.01 mag) and low crowding of this event, the corre-
lation between seeing and observed flux is negligible and does
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not yield a significant signature in the data, contrary to some
previously analyzed events (e.g. Albrow et al. 2000b).

3. Binary-lens model

3.1. Parametrization and general approach

The art of binary-lens light curve modeling still poses signif-
icant challenges. A priori the parameters have a large dynam-
ical range ( the mass ratio for instance can vary over several
magnitudes) and the standard χ2 goodness-of-fit measure of the
complicated high-dimensional parameter space is very sensi-
tive to subtle changes in most of the parameters. Furthermore
the parameter space contains both real ambiguous solutions and
false numerical minima where parts of the χ2 surface are ei-
ther flat or contain very irregular and rough regions, in which
local optimizing codes, based on gradient search algorithms
(Press et al. 1992), can get trapped. Another barrier is the treat-
ment of extended-source effects, which are prominent when the
source is resolved by caustic crossings. Given the large num-
ber of initial model parameters and the large number of data
points, all suggested methods of calculate binary-lens curves
of extended sources (Kayser & Schramm 1988; Dominik 1995;
Wambsganss 1997; Dominik 1998a) are too time consuming to
be used for the complete data set. Therefore we employ a strat-
egy similar to that used by Albrow et al. (1999b). We treat the
data obtained during the caustic passage(s) separately from the
remainder of the light curve using the criteria given below.

For a caustic crossing binary-lens event a minimum of
7 + 2n parameters are required, namely t0, u0, tE, q, d, α, and
ρ∗, plus FS and FB for each of the n different observing sites
(here n = 6). Here t0 denotes the time of closest approach to
the center of mass of the binary, u0 ≥ 0 the impact parameter
at time t0, tE is the time needed to cross the angular Einstein
radius, which is defined as

θE =

√

4GM
c2

DLS

DLDS
, (1)

where DL,DS and DLS are the observer-lens, observer-source,
lens-source distances and M the total mass of the binary lens.
The lens is characterized by the mass ratio q = m2/m1 be-
tween the secondary and the primary and their angular sepa-
ration d θE. The impact angle α is measured between the line
from the secondary to the primary and the positive direction
of source motion relative to the lens. The angular source size
is given by ρ� θE. The flux of the unlensed source star is FS

and FB is the flux contribution of any other unlensed sources
(including the lens) within the aperture. For every observing
site, FB and FS are determined independently to account for
different background and flux characteristics of the individual
telescopes/detectors. Modeling the parallax effect due to the
orbital motion of the Earth requires 2 more parameters, the
length πE of the semi-major axis projected onto the sky plane
and a rotation angle ψ, describing the relative orientation of the
transverse motion of the source track to the ecliptic plane. The
source surface brightness profile in this study is described by
either a 1- or 2-parameter law so that the complete photometric
model consists of up to 23 parameters.
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Fig. 2. Gray-scale χ2 map of full grid in mass ratio q and lens sep-
aration d, with darker regions representing lower values of χ2. The
irregularity of parameter space is reflected by the patchy appearance
of the map, especially around the wide binary model in the upper left
part of the plot. The best models are marked by the white diamonds at
q ∼ 0.6, d ∼ 0.5 (close binary) and at q ∼ 0.16, d ∼ 3.7 (wide binary).

Our initial search for the lens model involves only data
outside the caustic-crossing region, where extended-source ef-
fects are negligible. Moreover, we also neglect parallax effects.
We then scan the parameter space on a grid of fixed values of
mass ratio q and lens separation d, optimizing the remaining
parameters t0, u0, tE and α with the genetic algorithm Pikaia
(Charbonneau 1995; Kubas & Cassan 2005) and subsequently
with a gradient routine to obtain χ2-maps such as shown in
Fig. 2, which give an overview of possible model solutions. The
values of FS and FB are simultaneously computed by inexpen-
sive linear fitting. To explore in more detail the minima that are
found we conduct a search with Pikaia over a restricted range
of q and d but this time allowing these parameters to be opti-
mized as well and again use gradient based techniques for final
refinement. The results from the fold-caustic-crossing model-
ing in combination with the point source fits are then used to
generate magnification maps with the ray-shooting technique
(Wambsganss 1997). These maps contain the full information
on the lens-source system.

We note that in crowded fields the raw photometry er-
rors given by the reduction process clearly underestimate the
true errors (Wozniak 2000). To achieve a reduced χ2 of unity
in our best fit model the photometric error bars would have
to be rescaled by factors of 1.51 (SAAO), 1.92 (UTas), 1.34
(Danish), 1.16 (ESO 2.2 m), 1.59 (Perth) and 2.3 (OGLE).

3.2. Preferred lens parameters

To exclude the data points which are affected by finite source
effects we apply the argument given in Albrow et al. (1999b).
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There it was shown, that for times �3∆t away from the fold
caustic, where ∆t is the time in which the source radius crosses
the caustic, the point source approximation is accurate enough
for photometric errors of �1%. Based on the measured caus-
tic crossing times (see Sect. 4) we cut out data between
2450.0 ≤ HJD′ ≤ 2452.8 and 2463.0 ≤ HJD′ ≤ 2466.0,
where HJD′ = HJD − 2 450 000. We then search for promis-
ing regions in parameter space on a grid of mass ratio q and
lens separation d, the two parameters that characterize the bi-
nary lens, with q = 0.01, 0.05, 0.10, 0.15, ..., 1.00 and d =
0.01, 0.05, 0.10, 0.15, ..., 4.70. The result is shown in Fig. 2.
While the apparent close binary solution around q ∼ 0.6 and
d ∼ 0.5 seems to be well defined, the numerical routines con-
verge poorly in the vicinity of the wide-binary solution, reflect-
ing the intricacy of binary-lens parameter space. By bracketing
apparently interesting subsets of the (q, d) plane, our optimiza-
tion algorithm identifies the best wide solution at q ∼ 0.16 and
d ∼ 3.7.

3.3. Annual parallax

Close-binary-lens models that neglect the motion of the Earth
around the Sun show a significant asymmetry in the residuals
which disappears if parallax is taken into account. Adapting
the convention in Dominik (1998b) and illustrated in Fig. 3 we
introduce as a parameter the projected length πE of the Earth’s
semi-major axis in the sky plane, which is defined as

πE = πLS/θE =
1 AU
θE

(

1
DL
−

1
DS

)

, (2)

where πLS is the relative lens-source parallax. The second ad-
ditional parameter is the angle ψ describing the relative ori-
entation of the source motion to the ecliptic. The heliocentric
ecliptic coordinates (ϕ, χ) used for the parallax modeling are
derived from the standard geocentric ecliptic coordinates (λ, β)
by applying χ = β and ϕ = λ + π + ϕγ, where ϕγ is the angle of
the vernal equinox measured from the perihelion.

In 2002 Earth reached the perihelion at ∼2277.1 HJD′ and
the time of the vernal equinox was ∼2354.3 HJD′. This yields
ϕ = 163.3◦ and χ = 2.1◦ for OGLE-BLG-2002-069.

4. Source model

The data taken when the source transits the caustic show the
corresponding characteristic shape. The caustic entry is not
well sampled, because in the early stage of the event it was
difficult to distinguish between a binary and a single lens, and
the practically unpredictable rise of the light curve was rather
short. On the other hand, the caustic exit has very good cover-
age thanks to our predictive online modeling. Hence, we focus
our study on the caustic exit. We estimate that the exit oc-
curred for (2463.45 ≤ HJD′ ≤ 2467) approximately. The cor-
responding subset of data comprises 95 points from ESO 2.2 m,
21 points from SAAO and 17 points from UTas, giving a total
of 133 points. We assume the source to move uniformly and
neglect the curvature of the caustic as well as the variation of
its strength on the scale of the source size. This approximation
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Fig. 3. The coordinates (x̃, ỹ) are chosen so that the right hand system
(x̃, ỹ, z̃) fulfils x̃ = z, ỹ = y, z̃ = −x for ϕ = χ = ψ = 0. The longitude ϕ
is measured from the perihelion tp towards the Earth’s motion and the
latitude χ from the ecliptic plane towards ecliptic north.

(which is justified in Sect. 5) allows us to increase computa-
tional efficiency significantly by using a fold-caustic-crossing
model (e.g. Cassan et al. 2004). We recall that during a caustic
crossing, the total magnification A(s) of the source is the sum
of the magnifications of the two critical images and the three
other images:

A(s) = acrit Gf

( tf − t
∆t

; ξ(s)
)

+ aother [1 + ω(t − tf)] . (3)

Here ∆t is the time needed for the radius of the source to cross
the caustic, tf is the date at which the limb exits the caustic and
Gf is a characteristic function (Schneider & Wagoner 1987)
depending on the surface brightness profile ξ. The blending pa-
rameters and the baseline magnitudes for each site are derived
from the point-source model on the non-caustic-crossing part
of the light curve; they are held fixed in the following.

Limb-darkening is frequently characterized by a sum of
power-laws:

ξ(µ)
ξ0
= 1 −

∑

i

ai(1 − µi), (4)

where µ = cos ϑ is the cosine of the emergent angle of the
light ray from the star, and ai (i = 1/2, 1, 3/2, 2...) are the so-
called limb darkening coefficients (LDC). We investigate the
two most popular realizations: the linear (a1 � 0) and square
root limb darkenings (a1 � 0 and a1/2 � 0). Performing a χ2

minimization on our fold-caustic data provides us with the pa-
rameters listed in Table 2 that best describe our photometric
data. The value of χ2/d.o.f. tells us about the relative good-
ness of the fits among the studied models. Claret (2000) also
introduced a 4-parameter law which fits the limb-darkening
curves derived from spherical atmosphere models. However,
as pointed out by Dominik (2004a), for coefficients beyond the
linear law, the differences in the light curve are much smaller
than the differences in the profiles, and it is not possible to
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HJD−2,450,000

Fig. 4. Data points and light curve obtained with square-root limb
darkening (upper panel), and residuals coming from the linear, square-
root and PHOENIX laws.

Table 2. Limb-darkening coefficients (LDC) derived from the fit of
OGLE-2002-BLG-069 during the caustic exit. Each set of LDC cor-
responds to the best fit obtained (no error rescaling here) by using the
LDC as well as the fold-caustic model parameters as free parameters.

Linear Square root PHOENIX
tf (days) 2465.624 2465.626 2465.636
∆t (days) 0.71 0.72 0.72
ω (days−1) −0.10 −0.10 −0.11

acrit 19.98 20.03 19.85
aother 7.33 7.35 7.33

a1 0.62 0.10 –
a1/2 – 0.80 –

χ2/d.o.f. 2.230 1.937 3.528

find a unique set of coefficients given our data set. Finally,
we also consider a PHOENIX atmosphere model that resulted
from a spectroscopic analysis of the source star by Cassan
et al. (2004), where corresponding broad-band brightness pro-
files for R- and I-band were computed.

In the upper panel of Fig. 4, the best model (with square-
root limb darkening) is plotted with the data. The fit resid-
uals obtained with the linear, square-root and PHOENIX
limb darkening are displayed in the lower panels. With free
limb-darkening coefficients, even the linear law describes the
data reasonably well, while the square-root law allows a bet-
ter match. In contrast the parameter-free PHOENIX model
computed assuming LTE fails. The residuals for the caustic-
crossing region show systematic trends that are typical for an
inappropriate limb-darkening profile, as discussed by Dominik
(2004b). A new analysis taking into account NLTE effects will
be done in a forthcoming paper.

In the following sections, we will use the square-root limb
darkening to describe the source star.

Table 3. Fit parameters of best close and wide-binary models with 1σ
uncertainties. The χ2 values are based on the raw photometric errors.
i.e. without rescaling factors.

parameter close wide
q 0.58+0.05

−0.02 0.17+0.06
−0.02

d 0.46+0.01
−0.02 3.68+0.02

−0.02

u0 0.016+0.001
−0.003 2.562+0.005

−0.002

α [deg] 134.4+0.5
−0.5 60.8+0.5

−0.5

tE [days] 104.5+1.0
−1.0 286.5+3.0

−2.0

t0 2456.92+0.10
−0.10 2825.32+0.12

−0.12

πE 0.23+0.02
−0.02 0.002+0.05

−0.02

ψ [deg] 258.551+12.2
−12.2 189.0+10.5

−10.5

ρ∗ 0.0048+0.0005
−0.0005 0.0023+0.0009

−0.0009

hOGLE 0.10+0.02
−0.02 0.00+0.03

−0.00

χ2/d.o.f. 2029.8 / 631 2251.0 / 631

5. A complete model

With the point-source model and the brightness profile of the
source determined from the data in the caustic-crossing region,
we can now derive a complete and consistent model of the lens,
yielding its mass M, distance DL and relative transverse veloc-
ity v. This is done by generating magnification maps with the
ray-shooting method (Wambsganss 1997) for the best-fit values
found for mass ratio q and lens separation d and then convolv-
ing these maps with the source profile modeled in Sect. 4. The
maps and the corresponding light curves derived from them,
are shown in Figs. 5–7.

These maps also serve as a check on the validity of the
straight-fold-caustic approximation (see Sect. 4). We find that
the effect of curvature of the caustic is negligible and does not
influence the results of the stellar surface brightness modeling.
Table 3 lists all fit parameters for the best close- and wide-
binary solution. The quoted 1-σ error bars correspond to pro-
jections of the hypersurfaces defined by ∆χ2 = χ2 − χ2

min = 1
onto the parameter axes.

5.1. Physical lens properties

The measured finite source size and the parallax effect yield
two independent constraints for determining the lens mass M,
its distance DL and transverse velocity v. Assuming a lumi-
nous lens we can put upper limits on its mass using our knowl-
edge of the absolute luminosity and distance of the source star.
These were determined in Cassan et al. (2004) from spectro-
scopic measurements combined with the measured amount of
blended light (which includes any light from the lens) inferred
from the light curve modeling.

Figure 8 plots the implied blend fraction h = FB/(FS +

FB) if both components of the lens are main-sequence stars
(from A0 to M9, Allen 1972) put at distances of 2, 4, 6, and
9 kpc along the line of sight to the lens in comparison with
the blend fractions derived from OGLE data. If we assume the
lens is the only source of the blended light, the inferred blend
fraction from our best fit models gives an upper limit for the
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Fig. 5. Lightcurves of close and wide binary-lens models and their residuals. Insets show a zoom of the caustic passages in the two different
bands taken.

total lens mass of ∼2.5 M� for the close-binary and ∼0.8 M�
for the wide-binary-lens model.

We use the source radius caustic crossing time ∆t from the
straight-fold-caustic model, together with the lens geometry
given by (q, d) and time-scale tE from the point source model,
to derive the relative angular source size ρ∗, which expressed
as a fraction of the angular Einstein radius reads

ρ∗ =
∆t
tE

sin φ, (5)

with φ being the angle between source track and caustic tan-
gent. The source size parameter ρ∗ is refined by fitting on a grid
of magnification maps convolved with different source sizes.

So with the inferred physical source size of R∗ 	 10 R� and
source distance DS = (9.4 ± 1.4) kpc from the spectral mea-
surements (Cassan et al. 2004) the constraint on the lens mass
from extended-source effects can be inferred from

M(x)
M�

=
c2

4GM�DS

R∗2

ρ∗2
x

1 − x
, (6)

with x = DL/DS. The dependence of the lens mass upon annual
parallax effects reads

M(x)
M�

=
c2

4GM�DS

(

1 AU
πE

)2 1 − x
x
· (7)

The curves arising from these two relations are plotted in Fig. 9
for our best fit parameters πE, ρ∗ (see Table 3) of the wide and
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Fig. 6. Magnification map and source trajectory for the close-binary
model. The solid curve is the track of the source including annual
parallactic motion and the dashed line represents the source motion
(with direction indicated by the arrows) as seen from the Sun. The ori-
gin marked with the cross is the center of mass and the filled white
circle indicates the source size. The grey-scale marks the magnifica-
tion scale in the source plane, with dark regions corresponding to high
magnification and bright regions referring to low magnification. The
inset shows the full caustic topology, with the two filled black circles
marking the positions of the binary lens components.
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Fig. 8. Assuming the lens to be composed of two main-sequence stars
according to each of our models, the blend fraction h = FB/(FS + FB)
for OGLE data (horizontal solid lines) yields upper limits (vertical
dashed lines) on the total lens mass for the known brightness and
distance of the source (MV = +0.9, (V − I) = 0.95) and DS =

(9.4±1.4) kpc from Cassan et al. (2004). While the close-binary model
is compatible with lens masses up to ∼1.1−2.5 M�, the wide-binary
model only allows lens masses up to ∼0.3−0.8 M� for lens distances
between 2−9 kpc (where the thin lines represent the wide binary lens
and the thick lines the close binary lens).

close binary-lens model. From this we obtain the following
physical lens parameters,

Mclose = (0.51 ± 0.15) M�, at DL = (2.9 ± 0.4) kpc (8)

and

Mwide � (126 ± 22) M�, at DL � (9.0 ± 2.3) kpc. (9)

The close-binary solution yields a Bulge-Disc lens scenario
similar to that for EROS-BLG-2000-5 (An et al. 2002), namely
an M-dwarf binary system with a projected separation of (4.5±
1.1) AU located most likely just beyond the Orion arm of the
Milky Way. The marginal detection of parallax effects in the
wide-binary model however allows us to put lower limits on
the mass and velocity of the lens, suggesting a rather implausi-
ble binary system consisting of two super-stellar massive black
holes in the Galactic bulge with vwide � 129 km s−1. We there-
fore reject the wide binary model and derive for the transverse
velocity of the close binary model

vclose =
R∗

tE( πE
1 AU R∗ + ρ∗)

= (49.8 ± 2.7) km s−1. (10)

6. Summary and conclusions

While the number of observed galactic microlensing events has
now reached an impressive count of over 2000 (with about 5%
of them being identified as binary-lens events), still very lit-
tle is known about the physical properties of the lens popu-
lation, since in general the information on mass, distance and
velocity of the lens needs to be inferred from one single pa-
rameter, the event time scale tE. The present work is the sec-
ond successful attempt (after An et al. 2002) at putting strong
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source size (wide)

parallax (wide)

parallax (close)

source size (close)

Fig. 9. The independent constraints on the lens mass from the source
size (dashed line) according to Eq. (6) and from parallax effects ac-
cording to Eq. (7) (solid line) for the close and wide separation bi-
nary models as function of x = DL/DS. The dotted lines mark the un-
certainty due to the error in the source distance measurement. While
the close-binary constraints intersect at the plausible lens mass of
(0.51 ± 0.15) M� implying a disc lens at DL = (2.9 ± 0.4) kpc, the
wide binary favours a rather implausible scenario of a binary black
hole of M � (126 ± 22) M� in the Bulge at DL � (9.0 ± 2.3) kpc,
with the hatched region marking the allowed parameter space for the
wide-binary solution.

constraints on lens and source properties in a microlensing
event. This event involves a G5III cool giant in the Bulge at
a distance of DS = (9.4 ± 1.4) kpc lensed by an M-dwarf
binary system of total mass M = (0.51 ± 0.15) M� located
at DL = (2.9 ± 0.4) kpc. These conclusions could only be
achieved by the use of a network of telescopes to ensure a con-
tinuous, dense and precise coverage of the event, whereas data
obtained from a survey with mainly daily sampling are insuf-
ficient for achieving this goal (Jaroszyński et al. 2004). The
parameter space exploration, for both lens and source proper-
ties, described here provides a template for our future analysis
of binary-lens events with fold-caustic crossings.
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ABSTRACT

Microlensing is the only known direct method to measure the masses of stars that lack visible companions. In
terms of microlensing observables, the mass is given by M ¼ (c2=4G )r̃E�E and so requires the measurement of
both the angular Einstein radius �E and the projected Einstein radius r̃E. Simultaneous measurement of these two
parameters is extremely rare. Here we analyze OGLE-2003-BLG-238, a spectacularly bright (Imin ¼ 10:3), high-
magnification (Amax ¼ 170) microlensing event. Pronounced finite-source effects permit a measurement of �E ¼
650 �as. Although the timescale of the event is only tE ¼ 38 days, one can still obtain weak constraints on the
microlens parallax: 4:4 AU< r̃E<18 AU at the 1 � level. Together these two parameter measurements yield a
range for the lens mass of 0:36 M�<M <1:48 M�. As was the case for MACHO-LMC-5, the only other single
star (apart from the Sun) whose mass has been determined from its gravitational effects, this estimate is rather
crude. It does, however, demonstrate the viability of the technique. We also discuss future prospects for single-lens
mass measurements.

Subject headinggs: gravitational lensing — stars: fundamental parameters
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1. INTRODUCTION

Whenmicrolensing experimentswere first proposed (Paczyński
1986) and implemented (Alcock et al. 1993; Aubourg et al.
1993; Udalski et al. 1993), it was not expected to be possible to
measure the masses and distances of individual microlenses.
The only microlensing parameter that depends on the mass and
that is routinely measured is the Einstein timescale tE, which is a
degenerate combination of the lens massM and the lens-source
relative parallax �rel and proper motion �rel. Specifically,

tE ¼
�E
�rel

; �E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�M�rel
p

; � �
4G

c2 AU
’ 8:14

mas

M�
; ð1Þ

where �E is the angular Einstein radius. However, Gould (1992)
showed that if both �E and the microlens parallax,

�E ¼

ffiffiffiffiffiffiffiffi

�rel
�M

r

; ð2Þ

could be measured, then the mass and lens-source relative par-
allax could both be determined:

M ¼
�E
��E

; �rel ¼ �E�E: ð3Þ

Nevertheless, of the roughly 2000 microlensing events de-
tected to date, there have been only about a dozen for which �E
has been measured and a dozen for which �E has been mea-
sured. Moreover, there is only one event, EROS-BLG-2000-5,
with measurements of both parameters and so for which the
microlens mass and distance have been reliably determined (An
et al. 2002). Since this one event was a binary, and since all the
other stars with directly measured masses are components of
binaries, it remains the case today that the only single star with a
directly measured mass is the Sun.

The one exception is the microlens in MACHO-LMC-5.
Alcock et al. (2001) were able to measure both �E and �E for this
event and thus measure the mass and distance. These estimates
were completely inconsistent with photometry-based estimates
of these quantities, but Gould (2004) resolved this puzzle by
showing that the �E measurement was subject to a discrete
degeneracy for this event and that the alternate solution was
consistent at the few � level with the photometric evidence.
Drake et al. (2004) then obtained a new trigonometric parallax
measurement of this event. Combining this with earlier data,
Gould et al. (2004) were able to improve the precision of the
mass measurement to 17%.

Here we analyze OGLE-2003-BLG-238, the brightest mi-
crolensing event ever observed and only the fourth reported
point-lens (i.e., nonbinary) event with pronounced finite-source
effects. As with the other three such events (Alcock et al. 1997;
Smith et al. 2003b; Yoo et al. 2004), these finite-source effects
allow one to measure �E with reasonably good (�10%) preci-
sion, where the error is typically dominated by the modeling of
the source rather than the microlensing event. Hence, if �E
could also be measured, it would be possible to determine M.

Despite the event’s short duration, it is still possible to detect
parallax effects in OGLE-2003-BLG-238 because of its bright
source and high magnification. For short events like this one,
the Earth’s acceleration can be approximated as uniform during
the event. Gould et al. (1994) showed that under these condi-
tions, the parallax effect reduces to a simple asymmetry in the

light curve around the peak. The high magnification of OGLE-
2003-BLG-238 permits a very accurate measurement of the
peak time of the event, which in turn makes the fitting process
very sensitive to this small asymmetry. The brightness of the
source allows high-precision photometric measurements even
in the wings of the event, which enable detection of these subtle
deviations. Unfortunately, as also shown by Gould et al. (1994),
the simplicity of the parallax effect for short events implies that
only one-dimensional parallax information can be effectively
extracted, whereas the microlens parallax is intrinsically a two-
dimensional vector pE. That is, while one component of the
vector parallax is well determined, the scalar parallax �E is not
well determined, and this degrades the mass determination
through equation (3). Nevertheless, this is still only the second
single star (other than the Sun) for which any direct mass
measurement at all can be made.

2. OBSERVATIONAL DATA

The microlensing event OGLE-2003-BLG-238 was identified
by the OGLE III Early Warning System (EWS; Udalski 2003)
on 2003 June 22. It peaked on HJD0 � HJD� 2;450;000 ¼
2878:38 (2003 August 26.88) over South Africa. OGLE III
observations were carried out in the I band using the 1.3 m
Warsaw Telescope at the Las Campanas Observatory, Chile,
which is operated by the Carnegie Institution of Washington.
While OGLE III normally operates in survey mode, cycling
through the observed fields typically once per two nights during
the main part of the ‘‘bulge season,’’ it can switch rapidly to
follow-up mode if an event is of particular interest and requires
dense sampling. The high magnification of OGLE-2003-BLG-
238, which was predicted while the event was developing, and
possible deviations from a single point mass microlensing
light-curve profile were the main reasons that OGLE observed
this event in follow-up mode.
The OGLE III data comprise a total of 205 observations in

the I band, including 144 during the 2003 season and 61 in the
two previous seasons, 2001 and 2002. The exposures were
generally the standard 120 s, except for three nights (HJD 0

2877.5–2879.7) around the maximum when the star was too
bright for the standard exposure time. The time of exposure was
adjusted then to the current brightness of the lens and seeing
conditions to avoid saturation of images and was as short as 10 s
on the night of maximum. Photometry was obtained with the
OGLE III image subtraction technique data pipeline (Udalski
2003) based in part on the Woźniak (2000) difference image
analysis (DIA) implementation.
OGLE DIA photometry is then transformed to standard

magnitudes using the constant flux component of the source star
determined from the reference image with the DoPhot pho-
tometry program (Schechter et al. 1993) and converted to the
DIA flux scale. This aligns the OGLE photometry with DoPhot-
based photometry but with generally much higher precision
measurements.
Following the alert, the event was monitored by the Micro-

lensing Follow-Up Network (�FUN; Yoo et al. 2004) from
sites in Chile and Israel and by the Probing Lensing Anoma-
lies Network (PLANET; Albrow et al. 1998) from sites in
Chile and Tasmania. The �FUN Chile observations were car-
ried out at the 1.3 m (ex-2MASS) telescope at Cerro Tololo
Inter-American Observatory using the ANDICAM camera,
which simultaneously images at optical and infrared wave-
lengths (DePoy et al. 2003). There were a total 203 images in
the I band from HJD 0 2870.5 (8 days before peak) until
HJD 0 2950.5 at the end of the season. The exposures were
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generally 300 s but were shortened to 120 s for 81 exposures
over the peak. The exposures should have been further short-
ened on the night of the peak, but due to human error, this did
not happen. Hence, all 19 of these images were saturated.
�FUN obtained 12 points in V, primarily to determine the
source color. This includes one saturated point over the peak.
All saturated images were discarded.

The �FUN Israel observations were carried out in the I band
using theWise 1m telescope atMitzpe Ramon, 200 km south of
Tel Aviv. There were 14 observations in total, all restricted to
the peak of the event, 2877:3< HJD0 < 2883:3. The exposures
(all 240 s) were obtained using the Wise Tektronix 1K CCD
camera.

The PLANET Chile observations were carried out in the
R band using the Danish 1.54 m telescope at the European
Southern Observatory in La Silla, Chile. There were a total of
68 observations from HJD0 2874.6 to HJD0 2883.7. The ex-
posure times ranged from 2 to 80 s. The PLANET Tasmania
observations were carried out in the I band using the Canopus
1 m telescope near Hobart, Tasmania, with 52 observations
from HJD 0 2877.9 to HJD0 2903.9. The exposure times ranged
from 60 to 300 s. During the first night in Tasmania the data
were taken despite significant cloud cover by observing through
‘‘holes’’ in the cloudy sky. This proved feasible only because of
the extreme brightness (I � 11) of the source and demonstrates
the importance of carefully monitoring events in real time to
determine whether they should be observed despite truly awful
conditions. All �FUN and PLANET photometry were extracted
using the PLANET pipeline, which is based on DoPhot.

The position of the source is R:A: ¼ 17h45m50:s34, decl: ¼
�22

�
40058B1 (J2000) (l; b ¼ 5N72; 2N60), so it was accessible

for most of the night near peak from Chile and Tasmania but for
only a few hours from Israel. The combined data sets are shown
in Figure 1.

3. FINITE-SOURCE EFFECTS

In general, the fluxes, Fi(t), observed during a microlensing
event by i ¼ 1; : : : ; n observatory-filter combinations are fit
to the form,

Fi(t) ¼ Fs; iA(t)þ Fb; i; ð4Þ

where Fs;i is the flux of the unmagnified source star as seen by
the ith observatory and Fb;i is any background flux that lies in
the aperture but is not participating in the microlensing event.
(The one exception would be a binary-source event, in which
case two source-star terms and two magnification functions
would be required.)

In most cases, the lensed star can be fairly approximated as
a point source. The magnification is then given by (Paczyński
1986)

A(u) ¼
u2 þ 2

u(u2 þ 4)1=2
; ð5Þ

where u is the angular source-lens separation in units of the
angular Einstein radius �E. However, this approximation breaks
down for uP �, where

� �
��
�E

ð6Þ

is the angular source size �� normalized to �E. Finite-source
effects then dominate. An appropriate formalism for incorpo-

rating these effects is given by Yoo et al. (2004). Here we sum-
marize the essentials. If limb darkening is neglected, the total
magnification becomes (Gould 1994; Witt & Mao 1994; Yoo
et al. 2004)

Auni(uj�) ’ A(u)B0(u=�); B0(z) �
4

�
zE(k; z); ð7Þ

where E is the elliptic integral of the second kind and k ¼
min(z�1; 1). This formula is accurate to O(�2=8) (Yoo et al.
2004), and hence it applies whenever (as in the present case)
�T1. Note from Figure 1 that the finite-source fit passes first
above the point-source curve and then moves below it. This
transition occurs when B0(z) ¼ 1, which (from Fig. 3 of Yoo
et al. 2004) occurs at z � 0:54. In contrast, for MACHO-95-30
(Alcock et al. 1997) and OGLE-2003-BLG-262 (Yoo et al.
2004) the finite-source fits remain above the point-source
curves throughout, because in those cases the minimum source-
lens separation (impact parameters) were u0 � 0:7� and u0 �
0:6�, respectively.

To include the effects of limb darkening, we model the source
profile Sk at each wavelength k by

Sk(#) ¼ Sk 1� �k 1�
3

2
cos #

� �� �

; ð8Þ

where �k is the linear limb-darkening coefficient and # is the
angle between the normal to the stellar surface and the line of
sight. The magnification is then given by

Ald(uj�) ¼ A(u) B0(z)� �B1(z)½ �; ð9Þ

where B1(z) is a function described by equation (16) and Figure 3
of Yoo et al. (2004).

4. PARALLAX EFFECT

If the motions of the source, lens, and observer can all be ap-
proximated as rectilinear, the source-lens separation u in equa-
tion (5) can be written as

u(t) ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�(t)½ �2þ �(t)½ �2
q

; ð10Þ

where

�(t) ¼
t � t0

tE
; �(t) ¼ u0: ð11Þ

The simplest point-source fit to a microlensing event requires
five parameters: the source flux Fs, the background flux Fb, the
time of closest approach t0, the Einstein timescale tE, and im-
pact parameter u0.

However, even if the source and lens can be assumed to be in
rectilinear motion, the Earth is not. Especially for the long
events [tE � 1=2�ð Þ yr], the Earth parallax effect must be taken
into account. The event OGLE-2003-BLG-238 lasted only
38 days, and hence parallax effects would be negligible if the
source were not very bright and highly magnified, both of
which facilitate detection of the very subtle parallax effect.
Moreover, after it was realized that finite-source effects had
been detected, both OGLE and �FUN intensified observations
of the event in the hope of measuring the parallax and so
combining the result with the source-size measurement to de-
termine a mass.
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Historically, parallax fits were carried out in the heliocentric
frame. That is, u0 was adopted as the point of closest approach
to the Sun, and t0 was the time at which this approach occurred.
When, as in the present case, parallax is only weakly detected,
the trajectory relative to the Sun is poorly determined, so t0 and
u0 have very large errors that are highly correlated with the

parallax parameters. In the geocentric frame, in contrast, t0 and
u0 are directly determined from the time and height of the peak
of the light curve (Dominik 1998). Gould (2004) further refined
the geocentric frame by subtracting out the Earth-Sun relative
velocity as well as their positional offset. This frame is appro-
priate for the analysis of OGLE-2003-BLG-238. Hence, we

Fig. 1.—Photometry of microlensing event OGLE-2003-BLG-238 near its peak on 2003 August 26.88 (HJD 2,452,878.38). Data points are in I (OGLE: black ;
�FUN Chile: red; PLANET Tasmania: magenta; �FUN Israel: green), V (�FUN: cyan), and R ( PLANET Chile: yellow). The saturated and other excluded points are
not shown. The circles are displayed at different sizes to make the figure more readable. All bands are linearly rescaled so that Fs and Fb are the same as the OGLE
observations, which define the magnitude scale. The solid curve shows the best-fit nonparallax model with finite-source effect. The dashed curve shows the light curve
expected for the same lens model but with a point source.
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follow the Gould (2004) formalism for modeling parallax in the
geocentric frame.

The parallax effect is parameterized by a vector pE whose
magnitude gives the ratio of the Earth’s orbit (1 AU) to the size
of the Einstein ring projected onto the observer plane (r̃E) and
whose direction is that of the lens-source relative motion as
seen from the Earth at the peak of the event. Explicitly, �E �
AU=r̃E. Equation (11) is then replaced by

�(t) ¼
t � t0

tE
þ 	�; �(t) ¼ u0 þ 	�; ð12Þ

where

(	�; 	� ) ¼ �E�s ¼ (pE =�s;pE <�s) ð13Þ

and �s is the apparent position of the Sun relative to what it
would be if the Earth remained in rectilinear motion with the
velocity it had at the peak of the event (see eqs. [4]–[6] of Gould
2004). More explicitly,

(	�; 	� ) ¼ ½�sN (t)�E;N þ�sE(t)�E;E;

��sN (t)�E;E þ�sE(t)�E;N �; ð14Þ

where the subscripts N and E refer to components projected on
the sky in north and east celestial coordinates.

A major advantage of this formalism is that the parameters t0,
u0, and tE are virtually the same for the parallax and nonparallax
solutions and, especially important in the present case, when the
parallax solution is varied in the pE plane to obtain likelihood
contours.

4.1. Nonparallax Fit

As we will show in x 4.2, the parallax effect is quite subtle
and so can, to a first approximation, be ignored. On the other
hand, the finite-source effects are quite severe (see Fig. 1). We
therefore begin by fitting the light curve by taking into account
finite-source effects (including linear limb darkening) but not
parallax. The fit therefore contains six geometric parameters

(t0; u0; tE; �;�I ;�R) as well as 12 flux parameters (two for each
observatory-filter combination). The results are listed in Table 1
and plotted in Figure 1. Also shown in Figure 1 is the light curve
that would have been generated by the same event but assuming
that the source had been a point of light. As discussed in x 3, this
remains below the finite-source curve until z � u=� ¼ 0:54 and
then rises dramatically above it.

4.2. Parallax Fit

To find the best-fit parallax pE and the error ellipse around it,
we conduct a grid search over the pE plane. That is, we min-
imize 
2 by holding each trial parameter pair pE � (�E;N ; �E;E)
fixed while allowing the remaining 18 parameters (see x 4.1) to
vary. After finding the best-fit pE, we hold this fixed and re-
normalize the errors so that 
2 per degree of freedom is unity.
We eliminate the largest outlier point and repeat the process
until there are no 3 � outliers. Of course, we first eliminate the
19 saturated points in �FUN Chile I and one saturated point in
�FUN V. We find that this procedure removes five points from
the OGLE data, an additional 17 points from the �FUN Chile
I data, seven points from the PLANET R data, two points from
the PLANET I data, and none from the other data sets. The
final renormalization factors are 1.96, 0.87, 2.2, and 1.4 for
OGLE, �FUN Chile I, PLANET Tasmania I, and PLANET
Chile R data, respectively. The other two data sets, �FUN Chile
V and �FUN Israel I, do not require renormalization. This
cleaned and renormalization data set is used in all fits reported
in this paper and is shown in Figure 1. It contains 200 points
from OGLE I, 167 from �FUN Chile I, 14 from �FUN Israel
I, 11 from �FUN Chile V, 50 from PLANET Tasmania I, and
61 from PLANET Chile R.

Figure 2 shows the resulting likelihood contours in the
pE plane. The best fit is at (�E;E; �E;N ) ¼ (0:0664;�0:0205).
The contours are extremely elongated with their major axes
almost perfectly aligned with the north-south axis. Gould et al.
(1994) showed that short events would yield essentially one-
dimensional parallax information because the Earth’s accel-
eration vector is basically constant over the duration of the
event. Hence, only a single parallax parameter can be measured

TABLE 1

OGLE-2003-BLG-238 Fit Parameters

Parallax Fit Nonparallax Fit

Parameters Value Error Value Error

t0 (days)............................... 2878.38123 0.00078 2878.38026 0.00076

u0 ......................................... 0.00200 0.00021 0.00222 0.00019

tE (days) .............................. 38.18743 0.22142 37.58892 0.18946

� .......................................... 0.01282 0.00012 0.01299 0.00012

�I ......................................... 0.47696 0.06007 0.46658 0.05793

�R ........................................ 0.53287 0.08419 0.52438 0.08308

�E,N ..................................... �0.02053 0.19697 0.0 . . .

�E,E...................................... 0.06639 0.01328 0.0 . . .

�E,k ...................................... 0.06700 0.01181 0.0 . . .

�E,?...................................... 0.01847 0.19706 0.0 . . .

(Fb=Fs)I1 .............................. �0.03716 0.00763 �0.05265 0.00549

(Fb=Fs)I2 .............................. 0.00959 0.00704 �0.01235 0.00479

(Fb=Fs)V2
............................. �0.00594 0.10906 �0.02527 0.07587

(Fb=Fs)I3 .............................. 0.02762 0.08100 0.02850 0.05617

(Fb=Fs)I4 .............................. �0.07444 0.02112 �0.09285 0.01485

(Fb=Fs)R4
............................. �0.14948 0.04248 �0.16968 0.02990


2......................................... 478.323 . . . 510.643 . . .

Note.—Observatories: 1=OGLE, 2=�FUN Chile, 3=�FUN Israel, 4=PLANET; �
2 ’ 32.
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robustly, namely the magnitude of the asymmetry of the light
curve. This yields information about the component of the
projected lens-source relative velocity parallel to the Earth’s
acceleration (projected onto the plane of the sky) but not the
perpendicular component. At the peak of the event, the position
of the Sun (projected onto the plane of the sky; see eq. [6]

of Gould 2004) is (sE; sN ) ¼ (�0:930 AU; 0:028 AU), which
means that the Earth is accelerating in the same direction. Hence,
one expects the direction of maximum sensitivity (minor axis of
the error ellipse) to be at a position angle tan�1(�0:930=0:028) ¼
91N725 (north through east), which agrees quite well with the
orientation (91N769) shown in Figure 2. The event MOA-2003-
BLG-37, which was also short (tE � 42 days) shows similar
highly elongated parallax-error contours (Park et al. 2004).
Figures 1 and 2 both illustrate that the parallax effect in

OGLE-2003-BLG-238 is weak. The residuals in Figure 1,
which shows the fit without parallax, demonstrate that the
asymmetry is quite subtle. Figure 2 shows that the error con-
tours extend almost to the origin. That is, from Table 1, the ad-
dition of two parallax parameters reduces 
2 from 510.6 to
478.3, a 5.5 � effect.

4.3. Check for Parallax Deggeneracies

Gould (2004) showed that microlensing events, particularly
those with short timescales [tEP 1=2�ð Þ yr], could be subject to
a discrete four-fold degeneracy. One pair of degenerate solu-
tions, which was previously discovered by Smith et al. (2003a),
takes u0 ! �u0. The remaining parameters are then similar to
the original parameters, with the differences being proportional
to u0. Since in the present case u0 is extremely small, u0 ¼
2 ; 10�3, one expects that these two solutions would be virtu-
ally identical, and this proves to be the case.
The other pair of solutions arises from the ‘‘jerk-parallax’’

degeneracy, which predicts that if pE ¼ (�E;k; �E;?) is a so-
lution, then p

0
E ¼ (�0

E;k; �
0
E;?) is also a solution, with

�0
E;k ¼ �E;k; �0

E;? ¼ �(�E;? þ �j;?); ð15Þ

where pj is the ‘‘jerk parallax.’’ In the approximation that the
Earth’s orbit is circular,

�j;? ¼ �
4

3

yr

2� t E

sin �ec

cos2 sin2�ec þ sin2 
� �3=2

; ð16Þ

where �ec is the ecliptic latitude of the source and ¼ 69
�
is the

phase of the Earth’s orbit relative to opposition at the peak of the
event. In the present case, the event is quite close to the ecliptic,
�ec � 0N8, so �j;? ��0:037. Since �E;? ¼ 0:018, this implies
that �0

E;? ¼ �(�E;? þ �j;?) ¼ 0:017, which is almost identical
to �E;?. Hence, no degeneracy is predicted, and this expectation
is confirmed by Figure 2, which shows a single minimum.
Note that for events seen right on the ecliptic, �ec ¼ 0,

equation (15) predicts �0
E;? ¼ ��E;?. Indeed, for this special

case, the degeneracy is exact to all orders and not only to fourth
order in the perturbative expansion as was derived by Gould
(2004). That is, since the accelerated motion is exactly along the
ecliptic, there is no way to distinguish whether the component
of lens-source relative motion perpendicular to the ecliptic is
toward the north or south. Since OGLE-2003-BLG-238 is very
near the ecliptic, one would naively expect it to be strongly
affected by this degeneracy. In fact, it is only because �E;? is
also very close to zero that the degeneracy is avoided.
The extreme axis ratio of the parallax-error ellipse,

�(�E;?)=�(�E;k) ¼ 17, confirms that the information about par-
allax is essentially one-dimensional, as predicted by Gould
et al. (1994).However, it is not perfectly one-dimensional;while
�E;? is highly consistent with zero there is some constraint,

Fig. 2.—Likelihood contours (� ¼ 1; 2; 3; 4; 5) as a function of the vector
parallax pE. The direction of the Sun’s apparent acceleration is given by �E;k.
As expected from theory, the parallax is well constrained in this direction but
poorly constrained in the orthogonal (�E;?) direction, which lies at an angle of
1N769 from the north-south axis (vertical line segment).

JIANG ET AL.1312 Vol. 617



IZ� PS} 
 � � � � � � � � � � � � � � � g ����� � ��� �0� � M � 	 � � ��� 	 ��� � y � � 	 � � � y>M�� � � C

however weak, on this quantity. We search for the origin of this
constraint within the context of the Gould (2004) formalism.
For the limiting case (relevant here) of u0 ! 0, �E;? first enters
in the fourth-order term C4 in the Taylor expansion u2 ¼
P

i Ci(t � t0)
i. For sufficiently large �E;?, C4 � ��E;?=2

� �2
,

where �� 60 daysð Þ�2
is the apparent acceleration of the Sun

at the peak of the event, divided by an AU (see eq. [20] of Gould
2004). Hence, for u3u0 (i.e., essentially everywhere in the
present case), C4 t � t0ð Þ4 � 0:04u4�2E;?, implying a perturba-
tion�u� 0:02u3�2

E;?. If we now consider �E;? ¼ 0:4 (roughly
the 2 � upper limit), and focus on u�1:5 (where there is still
a high density of 1% photometry and where d ln A=du� 0:3
is still fairly high), then the amplitude of the effect is small,
�A=A� d ln A=duð Þ0:02u3�2E;? � 3 ; 10�3, but still plausibly
large enough given the large number of relatively high precision
measurements.

5. NEGATIVE BLENDING

As seen from Table 1, the best nonparallax fit of the back-
ground flux for OGLE I band, �FUN Chile I band and V band,
and PLANET I band are all negative. There are three potential
reasons for such negative background fluxes: systematic pho-
tometry errors, unmodeled effects in the light curve that are
absorbed by the blended flux parameter, and ‘‘negative flux’’
from unlensed sources. The first possibility is virtually ruled out
by the fact that the negative background flux appears in somany
unassociated light curves. The last possibility is not as ridicu-
lous as it might first appear, because the dense Galactic bulge
fields have a mottled background of turnoff and main-sequence
stars. If the source happens to lie in a hole in this background,
it will appear as negative Fb (Park et al. 2004). The Fb=Fs ¼
�5% from the OGLE photometry (which has the most exten-
sive baseline), would require a ‘‘hole’’ corresponding to a star
20 times fainter than the source, i.e., I0;hole � 17:6 (see Fig. 3).
This is a plausible brightness for a hole in the unresolved turn-
off stars. Combining this value with the Fb=Fs ¼ �17% mea-
surement from PLANET R yields a color difference between the
‘‘hole’’ and the source,

�(R� I ) � (R� I )hole � (R� I )s ¼ �1:25 	 0:20; ð17Þ

whereas the expected value (given the source position in Fig. 3)
is about �(R� I ) � �0:5. Hence this explanation is not com-
pletely self-consistent.

Because the effect of the blending parameter is even about
the peak, it can absorb effects of other even parameters in-
cluding Fs, �, u0, and tE. Since all of these are taken into account
in the nonparallax fit (and its errors), these cannot be the cause.
However, as pointed out by Smith et al. (2003a), microlens
parallax can also mimic blending. Within the formalism of
Gould (2004), the blending fraction is correlated with �E;?,
which is also an even parameter (see Park et al. 2004).

The best-fit parallax solution still contains negative back-
ground fluxes, although these are slightly reduced in magnitude
relative to the nonparallax fit, while the errors are somewhat
increased. The reduction reflects the absorption of some of the
negative blending into �E;?, while the larger errors reflect the
covariance between Fb and �E;?. However, since the negative
blending is still detected with substantial significance, parallax
cannot be the whole story. A ‘‘hole’’ in the mottled bulge
background of turnoff stars remains the most plausible expla-
nation for the negative blending, although as discussed above,
this explanation is not perfect.

6. ERROR DETERMINATION

We use Newton’s method to find the minimum 
2 with re-
spect to the 18 parameters of the nonparallax model. This pro-
cedure utilizes the Fisher matrix and therefore automatically
generates a covariance matrix and so linearized error estimates
for all the parameters. We find, however, that Newton’s method
fails when we add the two parallax parameters, probably be-
cause the effect is too subtle to withstand the numerical noise
induced by numerical differentiation of the finite source effects.
We therefore hold pE fixed at a grid of values and, at each one,
minimize 
2 with respect to the remaining 18 parameters. The
resulting contours are shown in Figure 2. To estimate the er-
rors we use the method of ‘‘hybrid statistical errors’’ given in
Appendix D of An et al. (2002). First, Newton’s method auto-
matically yields c̃ij, the covariance matrix of the model pa-
rameters (collectively ai) with the two parameterspE held fixed
at their best-fit values. Next, we evaluate the two-dimensional
covariance matrix ĉmn, where m; n range over the parameters
(�E; N ; �E; E), by fitting the contours in Figure 2 to a parabola.
Third, we evaluate @ai=@am, the change in the best-fit model
parameter ai as one of the parallax parameters is varied over the
grid. Finally, we evaluate the covariance matrix cij by

cij ¼ c̃ij þ
X

m; n¼�E; N ;�E; E

ĉmn
@ai
@am

@aj
@an

: ð18Þ

7. ESTIMATES OF MASS AND DISTANCE

7.1. Measurement of �E

We determine the angular size of the source �� from the in-
strumental color-magnitude diagram (CMD) using the method
developed byAlbrow et al. (2000) and references therein, which
is concisely summarized by Yoo et al. (2004). We measure the
offsets in color and magnitude between the unmagnified source

Fig. 3.—Uncalibrated color-magnitude diagram from �FUN data of a 60

square around OGLE-2003-BLG-238 that has been translated to put the cen-
troid of the clump (triangle) at its known position ½(V � I )0; I0�clump ¼
(1:00; 14:32). The unmagnified source (circle) is about 0.02 mag brighter and
0.22 mag redder than the clump.
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star and the center of the clump giants, � I ¼ Is � Iclump ¼
�0:02, �(V � I )¼ (V � I )s� (V � I )clump ¼ 0:22. For the de-
reddened color and magnitude of the clump center, we adopt
½(V � I )0; I0�clump ¼ (1:00; 14:32) (Yoo et al. 2004) then trans-
form from (V � I )0 to (V � K )0 using the color-color relation
of Bessell & Brett (1988). We obtain ½(V � I )0; I0�s ¼ (1:22;
14:30). Finally, using the color–surface-brightness relation of
van Belle (1999), we obtain �� ¼ 8:35 	 0:72 �as, where the
error is dominated by the 8.7% scatter in the van Belle (1999)
relation.

From the best-fit value � ¼ 0:0128, we then obtain

�E ¼ 652 	 56 �as;

�rel ¼ 6:20 	 0:54 mas yr�1 ¼ 29:4 	 2:6 km s�1 kpc�1:

ð19Þ

7.2. Mass and Distance Estimates

The best parallax fit for the event is�E ¼ 0:0695, whichwhen
combined with equations (3) and (19) yields

M ¼ 1:15 M� (best Bt): ð20Þ

However, the errors are quite large. Figure 2 shows that at the
1 � level, �E lies in the range 0:2256>�E> 0:0552, which
implies

0:36 < M=M� < 1:48 (1 �): ð21Þ

The same microlens parallax estimates lead (through eq. [3])
to a best relative parallax estimate of �rel ¼ 45 �as and a 1 �
range of 147 �as> �rel> 35 �as. If one adopts a source dis-
tance of Ds ¼ 8 kpc, this corresponds to a distance range
3:6 kpc< Dl < 6:3 kpc.

At the 2 � level, 0:4180>�E > 0:0434, which leads to a
mass range 0:19<M=M�<1:86 and a relative parallax range
273 �as>�rel> 28 �as, corresponding to2:5 kpc<Dl < 6:5 kpc.
Therefore, the 2 � interval is consistent with most of the stel-
lar range, but it does not provide any ‘‘new’’ information about
the lens other than ruling out stellar-mass black holes and very
late type M dwarfs and brown dwarfs. On the other hand, it does
serve as a basic consistency check on the viability of the mi-
crolens mass measurements, since if the method were plagued
by strong systematic errors one would not necessarily expect
the estimated mass to lie in the stellar range.

7.3. A Singgle Star?

As noted in x 1, part of the motivation for microlensing mass
measurements is that this is the only known way to directly
measure the mass of single stars. But how confident can we be
that OGLE-2003-BLG-238 is a single star? In a future paper, we
will analyze the light curve for the presence of all types of
companions to the lens, particularly planetary companions.
However, by simple inspection of the light curve, it is possible
to place rough limits on stellar-mass companions, i.e., those
with mass ratios q> 0:1. No such companions are possible with
separations (in units of �E of the observed lens) of d � 1, since
there would be clearly visible caustic crossings.

As the separation is increased, the magnification pattern ap-
proaches a Chang-Refsdal lens with shear � ¼ qw=d

2
w (Chang &

Refsdal 1979, 1984). The width of the Chang-Refsdal caustic in
the limit of �T1 is ‘ � 4�. From inspection of the light curve
and the fact that u0 � �=6 (see Table 1), we can say that such a

caustic would certainly have been noticed if ‘ > �=2. This im-
plies a limit dw> (8qw=�)

1=2 ¼ 25q1=2w .
According to the so-called d ! d�1 duality discovered by

Dominik (1999) and further elaborated by Albrow et al. (2002),
the central caustics of extremely close binaries mimic those of
wide binaries. Keeping to the convention that the observed
Einstein radius corresponds to the mass near the observed peak
in the light curve (i.e., the combined mass of the binary in the
close case but just the mass of one star in the wide case), one
finds that � ¼ d 2

c qc=(1þ qc)
2. Thus, by the same argument as

above, dc < 0:04(1þ qc)q
�1=2
c . Combining these two argu-

ments and making use of equation (19) implies that the entire
range of companion projected separations r?,

0:2 AU (q1=2c þ q�1=2
c )

Dl

R0

< r? < 85 AU q1=2w

Dl

R0

(excluded companions); ð22Þ

is excluded. Here Dl is the distance to the lens and R0 ¼ 8 kpc.
Hence, if the lens has a stellar companion, it is either extremely
close or very far away.

8. FUTURE PROSPECTS

To date, microlensing mass measurements of single stars
have depended on very rare combinations of circumstances.
The problem is somewhat more severe than was outlined in x 1.
There we noted that �E and �E were separately measured only
infrequently, so combined measurements are even more in-
frequent. However, for single stars, the events most likely to
show the parallax effects from which one could measure �E are
also the least likely to show the finite-source effects from which
one could measure �E. That is, microlens parallax measure-
ments generally require long events, tEk 1=2�ð Þ yr, which tend
to favor large masses, since tE / M 1=2. But the probability
of significant finite-source effects (i.e., u0P �) scales as � ¼
��=�E, which favors small masses, since �E / M 1=2. The com-
bination of large tE and small �E implies low relative proper
motion, �rel ¼ �E=tE.
Actually, neither of the two single-star events with microlens

mass measurements meets this criterion. OGLE-2003-BLG-
238 has � � 6 mas yr�1, which is a typical value for disk lenses
seen against the bulge and is substantially higher than the proper
motions expected for bulge-bulge events. MACHO-LMC-5 has
� � 20 mas yr�1, which of course is extremely fast. What can
be learned about the future prospects for single-star mass
measurements from the failure of both of these events to ‘‘fit the
mold’’?
OGLE-2003-BLG-238 was not long enough to obtain a good

microlens parallax measurement. That is, only the �E;k com-
ponent of the microlens parallax vector pE can really be said to
have been ‘‘measured.’’ The other (�E;?) component was only
grossly constrained. Regarding MACHO-LMC-5, it was nei-
ther long enough for a very accurate measurement of pE, nor
did it exhibit the finite source effects that are normally required
to measure �E. The fact is that auxiliary, nonmicrolensing data
were needed to measure �E for this event. That is, the source and
lens were separately resolved six years after the event, and from
the measurement of their separation, Alcock et al. (2001) were
able to deduce �rel, which when combined with microlensing
data yielded �E.
This experience with MACHO-LMC-5 points to one future

route to microlens mass measurements: give up altogether on
measuring �E from the microlensing events; instead, just focus
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on long events with good parallax measurements and measure
�E from postevent astrometry. Han & Chang (2003) estimated
that 22% of disk-bulge events could be resolved 10 years after
the event, assuming a resolution of 50 mas.

Alcock et al. (2001) proposed a second route to measuring
the mass of MACHO-LMC-5: use the fact that the source was
already resolved to measure both the lens-source relative par-
allax, �rel, and the lens-source relative proper motion, �rel. One
sees directly from equation (1) that if these two measurements
are combined with a measurement of tE, one obtains the lens
mass, M. Indeed, this would be a variant of the original idea
of Refsdal (1964) to determine single-star masses by first
finding nearby stars passing close to the line of sight of
more-distant stars and by then obtaining �rel, and the angular
deflection ��rel at the impact parameter b ¼ u0�E, all from as-
trometry. The only difference being that for these nearby lenses,
which generally pass well outside the Einstein ring (u031),
�E ¼ (b��rel)1=2, is determined directly from astrometry rather
than from the combination of astrometric (�rel) and photometric
(tE) parameters employed by Alcock et al. (2001).

Yet a third route is suggested by the experience of OGLE-
2003-BLG-238. In spite of its short duration, the microlens
parallax is well measured in one direction. If the lens could be
resolved by postevent imaging, this would not only yield the
magnitude of the proper motion mrel but also its direction. Since
the directions of mrel and pE are the same, the proper-motion
measurement would at the same time resolve the parallax de-
generacy. It may prove difficult to apply this method to OGLE-
2003-BLG-238 itself because (from Table 1), the source is so
much brighter than the lens. However, Ghosh et al. (2004) argue
that another event, OGLE-2003-BLG-175/MOA-2003-BLG-
45, shows excellent promise for yielding a mass with this
method.

Finally, a fourth route has been proposed by several authors
(Agol et al. 2002; Delplancke et al. 2001; Dalal & Lane 2003).
For very massive lenses, primarily black holes, the events will
generally be long enough to measure pE, while �E may be
large enough to measure it using precise astrometry from the
deviation of the centroid of lensed light relative to the source
position. F. Delplancke (2004, private communication) expects

that she and her team at the Very Large Telescope will achieve
the required high precision for K < 11, 13, and 16 sources in
2004, 2005, and 2006, respectively.

In the longer term, it should be possible to measure single-
star masses using the Space Interferometry Mission (SIM ) in
two distinct ways. First, SIM’s high (4 �as) precision will allow
one to carry out the original Refsdal (1964) proposal, provided
appropriate lens-source pairs can be found (Paczyński 1998;
Gould 2000; Salim & Gould 2000). Second, for microlensing
events generated by distant lenses (whether luminous or not)
and for sufficiently bright sources, it will be possible for SIM to
routinely measure �E from the centroid displacement discussed
above (Boden et al. 1998; Paczyński 1998). On the other hand,
since SIMwill be in solar orbit, comparison of SIM and ground-
based photometry of the event will yield microlens parallaxes
according to the method of Refsdal (1966) and Gould (1995).
Approximately 200 such measurements should be feasible with
the 1200 hours of SIM time that has been allocated to this
project (Gould & Salim 1999).
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ABSTRACT

We analyze the light curve of the microlensing event OGLE-2003-BLG-175/MOA-2003-BLG-45 and show
that it has two properties that, when combined with future high-resolution astrometry, could lead to a direct,
accurate measurement of the lens mass. First, the light curve shows clear signs of distortion due to the Earth’s
accelerated motion, which yields a measurement of the projected Einstein radius r̃E. Second, from precise as-
trometric measurements, we show that the blended light in the event is coincident with the microlensed source to
within about 15 mas. This argues strongly that this blended light is the lens and hence opens the possibility of
directly measuring the lens-source relative proper motion mrel and so the mass M ¼ (c2=4G)�reltEr̃E, where tE is
the measured Einstein timescale. While the light-curve–based measurement of r̃E is, by itself, severely degenerate,
we show that this degeneracy can be completely resolved by measuring the direction of proper motion mrel.

Subject headinggs: astrometry — gravitational lensing — stars: fundamental parameters
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1. INTRODUCTION

When microlensing experiments were initiated more than a
decade ago (Alcock et al. 1993; Aubourg et al. 1993; Udalski
et al. 1993), there was no expectation that the individual
lens masses could be determined to much better than an order
of magnitude. The only routinely observable parameter, the
Einstein timescale tE, is related in a complicated way to the
mass M and two other parameters, the lens-source relative
parallax �rel and relative proper motion �rel:

tE ¼ �E
�rel

; ð1Þ

where

�E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�M�rel
p

ð2Þ

is the angular radius of the Einstein ring and � � 4G=
(c2AU) ’ 8:14 mas=M�. In principle, therefore, a measure-
ment of �E and �rel would lead to a determination of lens mass
(Refsdal 1964). However, since neither �rel nor �rel is usually
known for microlensing events, one can generally obtain only
a rough estimate of the lens mass based on statistical infer-
ences from the distance and velocity distributions of the lens
and source populations.

The motion of the Earth in its orbit produces a distortion in
the observed light curve from that of the simple heliocentric
case. The magnitude of this distortion is proportional to the
size of the projected Einstein radius r̃E relative to the size of
the Earth’s orbit. This ratio, �E � AU=r̃E, is commonly called
the microlens parallax, from the similarity in its definition to
astrometric parallax. As shown in Gould (2000), �E�E ¼ �rel,
and therefore

�E ¼
ffiffiffiffiffiffiffiffi

�rel
�M

r

: ð3Þ

Gould (1992) pointed out that individual lens masses could
be determined provided that �E and �E were simultaneously
measured for the same event, and he suggested some methods
for measuring each.33 If successfully carried out, microlensing
would join only a handful of other methods for directly mea-
suring stellar masses. However, unlike all other methods,
microlensing can in principle be used to measure the masses
of objects without visible companions, in particular, single
stars. At present, the Sun is the only single star whose mass has
been directly measured with high precision. This was possible

originally only because it has nonstellar, but nevertheless
highly visible, companions.

In fact, the Sun is also the one single star whose mass has
been accurately measured using gravitational lensing. While
the original Eddington eclipse experiment was regarded at the
time as a confirmation of Einstein’s general relativity (Dyson
et al. 1920), general relativity is by this point so well estab-
lished that this experiment can now be regarded as a mass
measurement of the Sun. Applying the same principle to the
deflection of radio waves, Shapiro et al. (2004) were able to
confirm general relativity (or alternatively measure the mass of
the Sun) accurate to 0.04%.

With the notable exception of the Sun, and despite the dis-
covery of several thousand microlensing events as well as a
decade of theoretical efforts to invent new ways to measure
�E and �E, there have been just two mass measurements of
single stars using microlensing. The problem is that while
the microlens parallax �E has been measured for more than
a dozen single lenses (Alcock et al. 1995, 2001; Mao 1999;
Soszyński et al. 2001; Bond et al. 2001; Mao et al. 2002; Smith
et al. 2002a, 2002b; Bennett et al. 2002; Afonso et al. 2003;
Park et al. 2004; Jiang et al. 2004), the angular Einstein radius
�E has been measured for only five single lenses (Alcock et al.
1997, 2001; Smith et al. 2003b; Yoo et al. 2004; Jiang et al.
2004). Although Alcock et al. (2001) and Jiang et al. (2004)
each measured both �E and �E for their events, respectively
MACHO-LMC-5 and OGLE-2003-BLG-238, in neither case
was the �E measurement very accurate. Moreover, Gould (2004)
showed that the microlens parallax measurement of MACHO-
LMC-5 was subject to a discrete degeneracy. Nevertheless,
Drake et al. (2004) resolved this degeneracy by a trigonometric
measurement of �rel. Gould et al. (2004) then combined the
Drake et al. (2004) measurement of �rel and mrel with the orig-
inal photometric data and additional high-resolution photom-
etry of the source to constrain the mass to within 17%. This
is the most precise direct mass measurement of a single star
(other than the Sun) to date. By comparison, the mass of the
only other directly measured single star, OGLE-2003-BLG-
238, is only accurate to a factor of a few.

An et al. (2002) made the most precise microlens mass
measurement to date, with an error of just 9%. However, the
lens, EROS-BLG-2000-5, was a binary. In the future, the Space
Interferometry Mission should routinely measure the masses
of single stars both for stars in the bulge (Gould & Salim 1999)
and for nearby stars passing more distant ones (Refsdal 1964;
Paczyński 1995; Salim & Gould 2000). Thus, at present, the
direct measurement of single-star masses (other than the Sun)
remains a difficult undertaking.

Here we present evidence that the microlensing event
OGLE-2003-BLG-175/MOA-2003-BLG-45 is an excellent
candidate for such a single-star measurement. This seems odd
at first sight because, as we will show, �E is measured only to a
factor of a few and �E is not measured at all. Hence it would
appear difficult to derive any mass measurement, let alone a
precise one. However, the event has the relatively unusual
property that the lens itself is visible, and this makes a mass
measurement possible.

As discussed by Gould (2000) and in greater detail by Gould
(2004), �E is actually the magnitude of a vector quantity, pE,
whose direction is that of the lens-source relative motion. We
first show that one component of pE is extremely well deter-
mined, so that if its direction could also be constrained, �E
would also be well determined. Second, we show that the
blended light for this event is almost certainly the lens. We

25 Department of Computing, Technical University of Vienna, Wiedner
Hauptstrasse 10, Vienna, Austria.

26 Observatoire Midi-Pyrenees, UMR 5572, 14, avenue Edouard Belin,
F-31400 Toulouse, France.

27 Physics Department, University of Tasmania, GPO 252C, Hobart,
Tasmania 7001, Australia.

28 Niels Bohr Institute, Astronomical Observatory, Juliane Maries Vej 30,
DK-2100 Copenhagen, Denmark.

29 Universität Potsdam, Astrophysik, Am Neuen Palais 10, D-14469
Potsdam, Germany.

30 Perth Observatory, Walnut Road, Bickley, Perth 6076, Australia.
31 South African Astronomical Observatory, P.O. Box 9, Observatory

7935, South Africa.
32 The e-mail address of the PLANET Collaboration is planet@iap.fr.
33 The relationship between the observable parameters �E and r̃E and the

physical parameters M and �rel is explained in Gould (2000). See especially
his Fig. 1.
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outline how future space-based or possibly ground-based ob-
servations could measure mrel, the vector lens-source relative
proper motion (Han & Chang 2003). When combined with the
very well determined tE for this event, this would yield �E
through equation (1). At the same time, such a proper-motion
measurement would give the direction of motion and so tightly
constrain �E.

2. DATA

The event [(R:A:; decl:) ¼ (18h06m34:s68; �26
�
01016B2)

(J2000.0), (l; b) ¼ (4N859; �2N550)] was initially discovered
by the Optical Gravitational Lens Experiment (OGLE; Udalski
et al. 1994) and was announced to the community as OGLE-
2003-BLG-175 through the OGLE-III Early Warning System
(EWS; Udalski 2003a) on 2003 May 28. It was independently
rediscovered by Microlensing Observations for Astrophysics
(MOA; Bond et al. 2001) and designated MOA-2003-BLG-45
on 2003 July 6. It achieved peak magnification on HJD0 �
HJD� 2; 450; 000 ¼ 2863:1 (2003 August 11).

Observations were carried out by four groups from a total of
eight observatories: OGLE from Chile, MOA from New
Zealand, the Microlensing Follow-Up Network (�FUN; Yoo
et al. 2004) from Chile and Israel, and the Probing Lensing
Anomalies Network (PLANET; Albrow et al. 1998) from Chile,
Perth, South Africa, and Tasmania. OGLE made a total 178
I-band observations from 2001 August 6 to 2003 November 10,
of which 119 were during the 2003 season, using the 1.3 m
Warsaw telescope at the Las Campanas Observatory, Chile,
which is operated by the Carnegie Institute of Washington.
The exposures were 120 s, and photometry was obtained using
difference image analysis (Woźniak 2000). MOA made a to-
tal of 522 I-band observations from 2000 April 12 to 2003
November 4, of which 303 were during the 2003 season,
using the 0.6 m Boller & Chivens telescope at Mount John
University Observatory in New Zealand.
�FUN monitoring of the event began on July 7. Observa-

tions were made at the 1.3 m (ex-2MASS) telescope at Cerro
Tololo Inter-American Observatory (CTIO) in Chile using
ANDICAM (DePoy et al. 2003) and at the Wise 1 m telescope
at Mitzpe Ramon in Israel using the Wise TeK 1K CCD
camera. At CTIO, there were 210 observations in I band, from
July 7 to October 29, and 11 observations in V, covering a
similar period (July 9–November 5). Exposures were 5 min-
utes each. Observations at Wise consisted of 12 in I band,
covering the period July 8 to August 12, and 56 observations
using a clear filter. The latter sampled the light curve densely
just after peak, from August 12 to August 15. Photometry for
all �FUN observations was done using DoPHOT (Schechter
et al. 1993).

PLANET observations of this event included 52 observations
in I band using the 0.9 m telescope at CTIO, from August 11
to August 18; 80 observations in I band using the 0.6 m tele-
scope at Perth Observatory in Australia, from August 6 to
November 2; 165 observations in R band using the Danish
1.54 m telescope at La Silla, Chile, from June 4 to September 1;
six observations in I band using the South African Astronom-
ical Observatory 1 m telescope at Sutherland, South Africa, on
August 5; and 59 observations in I band using the Canopus
Observatory 1 m telescope in Tasmania, from August 5 to
September 21. The data reduction was done with the PLANET
pipeline using PSF fitting photometry with DoPHOT.

In fitting the light curve, we iteratively renormalized errors
to obtain a �2 per degree of freedom of unity and eliminated
points that were farther than 3 � from the best fit. For the

data sets (OGLE, MOA, �FUN [Chile I, Chile V, Israel clear,
Israel I ], PLANET [Chile Danish R, Chile CTIO I, Perth, South
Africa, Tasmania]), there were initially (178, 522, 210, 11, 56,
12, 165, 52, 80, 6, 59) data points, of which (175, 515, 203,
11, 56, 12, 161, 51, 76, 5, 51) were incorporated into the final
fit, with corresponding renormalization factors (1.48, 1.179,
1.10, 1.00, 0.94, 0.81, 2.26, 1.06, 1.06, 2.69, 1.62). The data
from all four collaborations are shown in Figure 1 together
with a standard fit to the light curve, which shows strong
residuals that are asymmetric about the peak.34

3. LIGHT-CURVE FITTING

All microlensing events are fitted to the functional form

F(t) ¼ FsA(t)þ Fb; ð4Þ

where F(t) is the observed flux, Fs is the source flux, which is
magnified by a factor A(t), and Fb is the flux from any stars
blended with the source but not undergoing gravitational lens-
ing. For point-source point-lens events, A(t) ¼ A½u(t)�, where
u is the lens-source separation in units of �E and (Paczyński
1986)

A(u) ¼ u2 þ 2

u(u2 þ 4)1=2
: ð5Þ

The event shows no significant signature of finite source
effects, implying that equations (4) and (5) are appropriate.
However, it does show a highly significant asymmetry, of the
kind expected from parallax effects. We therefore fit for five
geometric parameters (in addition to a pair of parameters, Fs

and Fb, for each of the 11 observatory-filter combinations).
Three of these five are the standard microlensing parameters:
the time of peak magnification t0, the Einstein crossing time tE,
and the impact parameter u0 ¼ u(t0). The remaining two are
the microlens parallax pE, a vector whose magnitude gives the
projected Einstein radius, r̃E � AU=�E, and whose direction
gives the direction of lens-source relative motion. We work
in the geocentric frame defined by Gould (2004), so that the
three standard microlensing parameters (t0, tE, u0) are nearly
the same as for the no-parallax fit (in which pE is fixed to be
zero).
The parallactic distortion of the light curve has a component

that is asymmetric about the event peak, and one that is sym-
metric. The former allows a determination of �E,k, the com-
ponent of the parallax that is in the direction of the apparent
acceleration of the Sun projected onto the plane of the sky at
event peak. The symmetric distortion allows a determination of
�E,?, the component perpendicular to �E,k. The direction of
�E,? is chosen so that (�E,k, �E,?) form a right-handed coor-
dinate system. We fit for pE, however, as �E,N and �E,E, the
projections in the north and east directions (in the equatorial
coordinate system), respectively. The error ellipse for these two
pE parameters is highly elongated. To quantify this effect, we
also calculate (�E,1, �E,2), the principal components of pE, as
well as the position angle  (north through east) of the minor
axis of the error ellipse. The best-fit values thus obtained are
shown in Table 1. However, microlensing light curve fits can
suffer from several degeneracies.

34 OGLE, MOA, and �FUN photometric data for this event are publicly
available at http://bulge.astro.princeton.edu/~ogle, http://www.massey.ac.nz/
~iabond/alert/alert.html, and http://www.astronomy.ohio-state.edu/~microfun.
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3.1. Deggeneracies in the Models

Degeneracies arise when the source-lens-observer relative
trajectory deviates from uniform rectilinear motion but there is
not enough information in the light curve to distinguish
among multiple possible trajectories. We consider three types
of degeneracies in our fits.

3.1.1. Constant-Acceleration Deggeneracy

Since this is a relatively short-duration (tE � 63 days) event,
the change in acceleration over this timescale is relatively small
and the fit is susceptible to the degeneracy derived by Smith
et al. (2003a) in the limit of constant acceleration. In the geo-
centric frame adopted in this paper, the additional solution is
expected to have u00 ¼ �u0, with the remaining parameters
very similar to those of the original solution (Smith et al.
2003a; Gould 2004). That is, the lens passes on the opposite
side of the source but otherwise the new trajectory is very
similar to the old one. Table 1 shows that this is indeed the case.
Moreover, the two solutions have almost identical �2 values.

3.1.2. Jerk-Parallax Deggeneracy

Gould (2004) generalized the analysis of Smith et al.
(2003a) to include jerk and found an additional degeneracy
whose parameters can be predicted analytically from the pa-
rameters of the original solution together with the known ac-
celeration and jerk of the Earth at t0. This prediction has been
verified for both MACHO-LMC-5 (Gould 2004) and MOA
2003-BLG-37 (Park et al. 2004). We search for this potential
alternate solution in two ways. First, we adopt a seed solution

Fig. 1.—Fit to the light curve in the nonparallax (left) and the parallax (right) models. Data from different collaborations are color-coded as follows: red, �FUN;
green, MOA; black, OGLE; blue, PLANET. Symbols indicate filter bands: open circles, I; inverted triangles, V; filled circles, clear; upright triangles, R. Data have
been binned by night. The residuals from the nonparallax fit show an asymmetry about the event peak; the asymmetry disappears when the light curve is fitted for
parallax. The inset shows a zoomed-in view of the peak.

TABLE 1

Best-Fit Parameters

u0 > 0 Fit u0 < 0 Fit

Parameter Value Uncertainty Value Uncertainty

t0 (days)................ 2863.1119 0.0059 2863.1116 0.0065

u0 .......................... 0.0547 0.0008 �0.0546 0.0008

tE (days) ............... 63.2196 1.1297 62.7894 0.8874

�E,N ....................... 0.2124 0.3463 0.1108 0.7296

�E,E....................... 0.1483 0.0335 0.1603 0.0385

�E,1 ....................... 0.1674 0.0090 0.1658 0.0090

�E,2 ....................... �0.1977 0.3478 �0.1024 0.7306

 (deg) ................. 84.7 . . . 87.1 . . .

(Fb /Fs)1................. 2.0042 0.0018 2.0057 0.0020

(Fb /Fs)2................. 2.5950 0.0024 2.5965 0.0027

(Fb /Fs)3................. 2.6439 0.0026 2.6459 0.0029

(Fb /Fs)4................. 3.4172 0.0067 3.4187 0.0071

(Fb /Fs)5................. 2.7335 0.0106 2.7371 0.0109

(Fb /Fs)6................. 2.8974 0.0045 2.8999 0.0048

(Fb /Fs)7................. 3.9964 2.7173 3.9967 2.7194

(Fb /Fs)8................. 2.6069 0.0028 2.6091 0.0030

(Fb /Fs)9................. 7.0921 0.0301 7.0954 0.0317

(Fb /Fs)10 ............... 4.2433 0.1039 4.2482 0.1047

(Fb /Fs)11 ............... 3.4946 0.0045 3.4974 0.0050

�2.......................... 1295.9659 . . . 1296.6528 . . .

Notes.—Observatory/filter combinations for the ratios (Fb /Fs): 1 = OGLE
I, 2 = �FUN Chile I, 3 = MOA I, 4 = �FUN Wise I, 5 = PLANET CTIO I, 6 =
PLANET Perth I, 7 = PLANET SAAO I, 8 = PLANET Tasmania I, 9 = �FUN
Chile V, 10 = �FUN Wise clear, and 11 = PLANET Danish R.
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at the location predicted by Gould (2004) and search for a local
minimum of the �2 surface in the neighborhood of this seed.
Second, we evaluate �2 over a grid of points in the pE plane
and search for any local minima. Neither search yields an ad-
ditional solution. We note that for MACHO-LMC-5 (with
timescale tE � 30 days) the two solutions have nearly identical
�2 values, while for MOA-2003-BLG-37 (with tE � 42 days)
the second minimum is disfavored at ��2 � 7. It may well be
that for events as long as OGLE-2003-BLG-175/MOA-2003-
BLG-45 (tE � 63 days), the degeneracy is lifted altogether.

3.1.3. Xallarap

If the source is a component of a binary, its Keplerian motion
will also generate acceleration in the source-lens-observer
trajectory. Like the Earth’s motion, this is describable by the
seven parameters of a binary orbit. However, unlike the Earth’s
orbit, the binary-orbit parameters are not known a priori.
Hence, while a parallax fit requires just two parameters, pE

(basically the size of the Einstein ring and the direction of the
lens-source relative motion relative to the Earth’s orbit), a full
xallarap fit requires seven. This proliferation of free parameters
may seem daunting but can actually be turned into an advan-
tage in understanding the event: if the full xallarap fit yields
parameters that are inconsistent with the Earth’s orbit, then this
is proof that xallarap (rather than parallax alone) is at work
(Smith et al. 2002b). On the other hand, if the xallarap fit
parameters are consistent with the Earth’s orbit, this is evi-
dence that parallax is the predominant acceleration effect. Of
course, the latter inference depends on the size of the errors: if
the xallarap parameters are tightly constrained and agree with
the Earth’s orbit, this would be powerful evidence. If the errors
are very large, mere consistency by itself does not provide a
strong argument.

We make two simplifications in our test for xallarap. First,
instead of adding five parameters (to make the full seven), we
consider a more restricted class of xallarap models with cir-
cular orbits. This eliminates two parameters, the eccentricity
and the position angle of the apse vector. Hence only three
additional parameters are required: the inclination, phase, and
period. Second, rather than introduce additional free parame-
ters into the fit, we conduct a grid search.

We find that the data do not discriminate among the models
very well. There is a large region of parameter space (including
the Earth’s parameters) that is consistent with the data at the 2 �
level. Only very short orbital periods, P < 0:2 yr, are excluded.

This exercise shows that, at least for this event, it is im-
possible to discriminate between parallax and xallarap from
the light curve data alone. Hence, some other argument is
needed to decide between these two possible interpretations of
the acceleration that is detected in the light curve.

4. CHARACTERISTICS OF THE BLENDED LIGHT

We now argue that the blended light is most likely due to the
lens. The key argument is astrometric: by measuring the cen-
troid shift during the event, we show that the source and the
blend are aligned to high precision and that the chance of such
an alignment (if the blend were not associated with the event) is
extremely small. In addition, the position of the blend on the
color-magnitude diagram (CMD) shows it to be a foreground
disk star.

4.1. Astrometry

If we ignore the displacement of the positions of the images
relative to that of the source (as justified below), then the

position of the source-blend centroid of light, ac, is given by
the flux-weighted average of the positions of the source and
blend:35

ac½A(t)�¼
AFs½as þ ms(t � t�)� þ Fb½ab þ mb(t � t�)�

AFs þ Fb

� A�Fsas þ Fbab

A�Fs þ Fb

þ a�; ð6Þ

where as and ab are the positions of the source and blend at
some fiducial time t

*
, ms and mb are the proper motions of the

source and blend, and a� is the centroid position at t
*
. For the

time of maximum magnification (t� ¼ t0, A� ¼ Amax), this
equation can be rewritten

ac½A(t)� ¼ (ab�as)Z(A)þ (A�1)msW (A; t)þ mcW (A; t)þ a0;

ð7Þ

where a0 is the centroid position at t0, mc � (ms þ rmb),

Z(A) � (Amax � A)r

(Amax þ r)(Aþ r)
; ð8Þ

and

W (A; t) � t � t0

Aþ r
; r � Fb

Fs

: ð9Þ

We have introduced the parameter mc instead of using mb

since the latter is highly correlated with ms and the linear
combination can be better constrained. For the OGLE data,
r � 2 (see Table 1). The quantities Z, W, and A(t) are deter-
mined from the fit to the light curve. We fit the light centroid
obtained from astrometry of 81 OGLE images taken both be-
fore and during the event to equation (7) and find

(�b � �s)north ¼ 3:9 	 7:6 mas;

(�b � �s)east ¼ �8:5 	 10:5 mas: ð10Þ

The astrometric measurement errors of the individual points
are assumed to be equal. Their amplitude is determined by
forcing �2 per degree of freedom to be unity. They are found to
be 8 and 11 mas in the north and east directions, respectively.
In Figure 2 we show this fit together with the data points
plotted as �a versus Z, where

�a � ac � ms(A� 1)W � mcW � a0: ð11Þ

Here the ac are the measured positions, while ms, mc, and a0

are the best-fit parameters.
Equation (10) shows that the source and blend have the same

position within about 15 mas. There are only 42 stars arcmin�2

in this field that are as bright or brighter than the blend. The
probability that one of them would lie within 15 mas of the
source is therefore less than 10�5, unless the star were related
to the event. If the blend is related to the event, there are only
three possibilities: (1) the blend is the lens, (2) the blend is a
companion to the lens, or (3) the blend is a companion to the
source. The last possibility is ruled out by the CMD, which

35 Alard et al. (1995) calculate the shift in the centroid in the case of zero
proper motion. Note that their eq. (2) is in error and should read �rc ¼
r(1� f )f1� 1=½Af þ (1� f )�g.
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shows that the blend lies in the foreground disk while the
source lies either in or behind the bulge (see Fig. 3). While we
cannot immediately rule out that the blend is a companion to
the lens rather than the lens itself, we will show below that this
hypothesis is ultimately testable. Moreover, even if the blend is
a companion to the lens, most of the arguments of this paper
remain unaltered. For the moment, we ignore this possibility
and tentatively assume that the blend is the lens.

Before continuing, we note that neither of the proper-motion
parameters is determined with high precision. We find

ms ¼ (� 28; �46) 	 (64; 89) mas yr�1;

(ms þ rmb) ¼ (5; 3) 	 (5; 7) mas yr�1: ð12Þ

This means, in particular, that the parameter of greatest phys-
ical interest (mb � ms), which is a linear combination of these
two fit parameters, can only be determined with a precision of
about 100 mas yr�1, far larger than its plausible value. Simi-
larly, the astrometric errors are at least an order of magnitude
too large to detect the motion of the image centroid relative to
the source, which is why we ignore it in this treatment.

Finally, we note that if the blend is either the lens itself or a
companion to the lens, then one would expect the lens-source
relative motion to be in the direction of Galactic rotation

(roughly north by northeast). This is because the blend lies in
the foreground disk while the source lies in or behind the bulge.
In fact, the parallax measurement shows that the lens-source
relative motion is consistent with this direction (see Fig. 4).

4.2. Mass and Distance of the Blend

Independent of whether the blend is indeed the lens, we can
obtain a rough estimate of the blend’s mass and distance from
its position on the CMD by making use of the disk color-
magnitude relation of Reid (1991), MV ¼ 2:89þ 3:37(V � I ),
together with the mass-luminosity relation of Cox (2000). This
estimate necessarily involves a number of approximations.
First, the two relations just mentioned have scatter in them,
which we ignore. Second, while the reddening could in prin-
ciple be measured spectroscopically, no such measurement has
been made. We therefore assume that the I-band extinction is
related to the blend distance by 36 AI ¼ 0:5(Db=kpc). Third, we
must specify RVI ¼ AV=E(V � I ), the ratio of total to selective
extinction. This is known to be anomalous toward the bulge,
but while it varies somewhat from one bulge line of sight to
another, the measured values lie consistently near RVI � 2:1
(Popowski 2000; Udalski 2003b; Sumi 2004). We therefore
adopt this value.

Fig. 2.—Measurement of the separation of the microlensed source and the
unlensed blended light from OGLE astrometry. As described in x 4.1, the blend-
source centroid should be at ac½A(t)� ¼ (ab � as)Z(A)þ (Ams þ rmb)W (A; t)þ
a0, where r ¼ Fb=Fs, W (A; t) ¼ (t � t0)=(Aþ r) and Z(A) ¼ (A max � A)r=
½(A max þ r)(Aþ r)�. The two panels show the residuals, using the best-fit values
ofms,mb, and a0 in the east and north directions, but with the (ab � as)Z(A) term
removed. Hence the slopes of the linear fits to these residuals, (�b � �s)north ¼
3:9 	 7:6 mas and (�b � �s)east ¼ �8:5 	 10:5 mas, give estimates for the
source-blend separation. This separation is consistent with zero within small
errors.

Fig. 3.—Approximately calibrated CMD of stars within a 60 square of
OGLE-2003-BLG-175/MOA-2003-BLG-45. See x 4.2 for details on the cal-
ibration procedure. The source ( filled circle) lies a magnitude below the center
of the bulge clump (triangle) and therefore lies within or behind the bulge. The
open circle shows the position of the blend based on �FUN photometry, and
the cross shows the position after the correction based on OGLE photometry.
The blended light lies along the ‘‘reddening sequence’’ of foreground disk
main-sequence and turnoff stars, which suffer less extinction than the bulge and
therefore appear relatively bright and blue in the diagram. Based on this dia-
gram and arguments given in x 4.2, we conclude that the blended light comes
from a star of mass Mb ¼ 0:75 M� and distance Db ¼ 1:1 kpc.

36 Extinction is proportional to exp (� z=zh þ R=Rs), where z is the height
above the Galactic plane, R is the distance, along the plane, from the Sun to
the blend, and zh and Rs are the dust scale height and scale length, respectively.
R has its origin at the Sun and increases toward the Galactic center. Since
z ¼ R sin b, for zh � 130 pc, Rs � 3 kpc, and b ¼ 2N5 the two terms inside the
exponent almost cancel.
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Fourth, we must estimate the apparent color and magnitude
of the blend. While in principle the most straightforward step,
under present circumstances this is actually the most uncertain.
The flux of the blend is a parameter of the fit to the light curve.
To determine a color, we must have two such fluxes and so use
the �FUN Chile photometry since this is the only one of our
observatories with data in two photometric bands. However, it
is known that the �FUN Chile photometry contains additional
blended light relative to the OGLE photometry. First, the ratio
of fit parameters, r ¼ Fb=Fs, is greater for �FUN Chile I
(r ’ 2:60) than for OGLE I (r ’ 2:01) despite the fact that the
passbands are very similar. Second, OGLE photometry iden-
tifies additional sources in the neighborhood of the source that
�FUN photometry does not identify and that therefore must be
included in the �FUN blend. If the colors of these extra sources
were known, they could just be removed to find the color as
well as the magnitude of the OGLE blend. Unfortunately, they
are not known. For the purposes of this estimate we assume the
color of the blend is also the color of the lens. However, the fact
that the better determined OGLE ratio r ’ 2:01 is less than
r ’ 2:60 for �FUN indicates that the lens may be fainter by
0.28 mag than its �FUN I magnitude. We therefore use this
corrected value for our estimate. Finally, the CMD has not been
directly calibrated to standard bands. The OGLE I fluxes are
calibrated to within a few tenths, and by identifying the OGLE
and �FUN I, we can therefore approximately calibrate the
ordinate of the �FUN CMD. We then determine AI ¼ 2:0 of
the clump from the calibrated I of the clump and the known
dereddened magnitude of the clump, I0 ¼ 14:32 (Yoo et al.
2004). We then estimate E(V � I ) ¼ 1:82 using RVI ¼ 2:1 and
so from the known dereddened color of the clump, (V � I )0 ¼
1:00, calibrate the abscissa. Clearly, the very complexity of this
approach as well as the sheer number of approximations leaves
something to be desired. Nevertheless, since we are interested

only in rather crude mass and distance estimates for the blend,
it will suffice. We estimate

Ib ¼ 16:48; (V � I )b ¼ 1:67: ð13Þ

To carry out our calculation, we consider trial stars as a
function of blend mass, Mb. For each mass, we obtain an ab-
solute magnitude MV using Cox (2000) and then a color
(V � I )0;b using the Reid (1991) color-magnitude relation. This
gives a selective extinction E(V � I ) ¼ (V � I )b � (V � I )0;b
and so an extinction AI ¼ E(V � I )(RVI � 1), and hence a
distance Db ¼ AI=(0:5 mag kpc�1). From this, we obtain a
predicted I magnitude, I ¼ MI þ 5 logDb=10 pcþ AI . These
predictions are shown in Figure 5, where they are compared to
the observed magnitude Ib ¼ 16:48. From this comparison, we
obtain

Mb ¼ 0:75 M�; Db ¼ 1:1 kpc: ð14Þ

4.3. Microlens Parallax and Proper-Motion Predictions

If we identify the blend with the lens and assume that the
source lies at Ds � 10 kpc, we obtain �rel ¼ �l � �s ¼
0:91mas�0:10 mas¼ 0:81 mas.AssumingMl ¼Mb ¼ 0:75M�
and substituting these values into equations (2) and (3) yields

�E ¼ 0:36; �E ¼ 2:2 mas: ð15Þ

We may now ask if these values, which are derived from the
photometrically determined characteristics of the blend, are
consistent with what is known about the microlensing event.
From Figure 4, we see that the predicted parallax, �E ¼ 0:36,
is consistent with the value observed at the �1 � level.

 �

 �

 �

 �

 � �

Fig. 4.—Left: The 1 � contours of the �2 surfaces, projected onto the (�E, E , �E ,N) plane, for the u0 > 0 and u0 < 0 fits. The arrow shows the direction of Galactic
rotation. The axis ratio of the u0 < 0 ellipse is 26 :1, and that of the u0 > 0 one is 24 :1. Although only one component of pE is well constrained, this figure shows
that the direction of lens-source relative proper motion is consistent with the direction of Galactic rotation, which supports the hypothesis that the lens is a
foreground disk star. The dotted arcs are parts of a circle of radius �E ¼ 0:36, the predicted microlens parallax. The inset shows the contours with the horizontal scale
expanded. Right: The solid contours are the same ones shown in the left panel and are in the geocentric frame. The contours in dashed lines show them transformed
to the heliocentric frame.
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Combining the Einstein radius �E ¼ 2:2 mas with the event’s
measured timescale tE ¼ 63 days yields a proper motion

�rel ¼
�E
tE

¼ 13 mas yr�1: ð16Þ

The only hard information we have on �rel comes from the
lack of finite source effects, which puts a weak lower limit on
the Einstein radius, �E > ��=u0. Here �* is the source radius
and u0 ¼ 0:05 is the impact parameter. Using the standard
method to infer the angular source size from the instrumental
CMD (Yoo et al. 2004), we find �� ¼ 3:8 �as. Hence �E > 76
�as, and �rel > �E=tE ¼ 0:5 mas yr�1. Equation (16) easily
satisfies this limit. However, the proper motion in equation (16)
is somewhat higher than the typical (�rel � 7 mas yr�1) proper
motion that would be expected for a disk lens moving with the
same rotation velocity as the Sun and seen projected against a
star with some random motion in the bulge. But, given that the
blend is so close (Db � 1:1 kpc), the peculiar motions of the
Sun and the blend relative to the mean disk rotation may both
contribute significantly to �rel. Finally, the measurement of the
blended motion, mc � ms þ rmb ¼ (5; 3) 	 (5; 7) mas yr�1

(see eq. [12]), also places indirect constraints on mrel ¼ ½mc�
(r þ 1)ms�=r. That is, since r ’ 2, equation (16) implies
j3ms � mcj ¼ 24 mas yr�1. This constraint is not easily satis-
fied unless either �s is anomalously fast or ms is antialigned
with mc (and so mb). That is, ms =mc < 0. However, the latter
option is quite plausible. The source could be retrogressing, as
would occur if it were in the far disk and as would be consistent
with its position somewhat below the clump in the CMD. In
that case, the relative proper motion could be high without
requiring rapid motion of the centroid of light. Hence, the
proper motion obtained in equation (16) is not unreasonable.

In brief, all the available evidence is consistent with the
hypothesis that the blend is the lens or a companion to the lens.
In either case, this opens the possibility that the lens mass can
be precisely determined by measuring the proper motion of the

blend. There would still remain the question of whether the
mass that was measured was that of the blend, in which case
this measurement could be compared with more accurate
photometric and spectroscopic measurements than have been
obtained to date. We return to this question in x 6.

4.4. Uncertainty in Lens Mass Estimates

The mass M of the lens is given by

M ¼ �E
��E

¼ �reltE
��E

: ð17Þ

The uncertainty in the mass estimate is therefore

�M
M

� �2

¼ ��rel
�rel

� �2

þ �tE
tE

� �2

þ ��E
�E

� �2

: ð18Þ

In microlensing events in general, the fit to the light curve
typically produces a tight constraint on tE, so �tE=tE is usually
small. Microlensing parallax is usually less well determined. In
this event, for example, the fit constrains very well the com-
ponent of pE that is parallel to the direction of acceleration at
the event peak but the other component is only very poorly
constrained. We refer to these components37 as �E,k and �E,?.
This situation is depicted in Figure 6, where the solid line
l shows the direction of the long axis of the error ellipse for pE

(see Fig. 4 for comparison) and the dashed lines parallel to
l and at a distance ��E ;k indicate the uncertainty. A hypothetical
measurement of the direction of the relative proper motion is
shown in Figure 6 as the line m, with its associated uncertainty
indicated by the dotted lines on either side. The magnitude of
pE is then given by the distance from the origin to the point of
intersection of lines l and m (OA in Fig. 6).

The uncertainty in �E thus has two contributions, one from
the width ��E;k and the other from ��? . The errors are not
correlated and so may be added in quadrature. The fractional
uncertainty in �E is therefore given by

��E
�E

� �2

¼
��E;k
�E;k

sec �

� �2

þ ��?
�

tan �

� �2

; ð19Þ

where � ¼ 90
� � (� þ 	) and the angles � , 	, and � are as

defined in Figure 6.
For this event, the fit to the light curve gives (�tE=tE) ¼

0:012 and (��E;k=�E;k) ¼ 0:056, both small. The error in the
mass will therefore be dominated by the uncertainty in the
proper-motion measurement, unless it is very accurate. If
(��rel=�rel) ¼ (��?=�rel) and (� þ 	 ) � 45

�
, a 10% determi-

nation of �rel would give a 16% measurement of the mass.

5. MEASURING THE PROPER MOTION

The actual determination of the lens mass depends on an
accurate measurement of the lens-source relative vector proper
motion: the magnitude is required to determine �E ¼ �reltE,
while the direction is required to determine �E (see x 4.4).

Fig. 5.—Expected apparent I magnitude vs. mass, as explained in x 4.2.
The observed I ¼ 16:48 mag of the blend is marked with a dotted line. The
intersection of the two curves gives our estimate of the mass of the blended
light source, Mb ¼ 0:75 M�.

37 For short events, tEPyr=2�, the short axis of the error ellipse should
line up with the direction of acceleration (Gould et al. 1994), and this pre-
diction has been confirmed to high precision for two short events (Park et al.
2004; Jiang et al. 2004). For OGLE-2003-BLG-175/MOA-2003-BLG-45 the
acceleration position angle is 87N1. So while the minor axis of the error ellipse
for the u0 < 0 fit is aligned with the direction of acceleration, that for the
u0 > 0 fit differs by 2N4. We ignore this difference in this section and refer to
the principal components as ‘‘�E,k’’ and ‘‘�E,?’’.
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There are two ways in which mrel may be observationally
determined. It would be possible, by waiting long enough, to
resolve the source and the blend into separate objects in
ground-based images. However, at the estimated rate of 13 mas
yr�1, this might take of the order of a decade.

The other method uses the higher resolution of space-based
imaging and the significantly different reddening of the source
and the blend. The blend is on the reddening sequence on the
CMD, which indicates that it lies in front of most of the dust
column to the source. The source, which lies in or behind the
bulge, is therefore much more reddened than the blend. Hence,
by imaging in a blue band such as U, in which the source is
expected to suffer high extinction, and in a red band such as I,
in which it suffers much less extinction, it would be possible to
measure the separation between the source and the blend from
the offset of their centroids in the two bands even before they
are separately resolved. The true separation �a is given in
terms of the separation �aUI in the U and I band centroids by

�a ¼
�

1

1þ (Fs=Fb)U
� 1

1þ (Fs=Fb)I

��1

�aUI ; ð20Þ

where (Fs /Fb)U and (Fs /Fb)I are respectively the source/lens
flux ratios in U and I. The proper motion is then simply
mrel ¼ �a=�t, where�t is the time interval between the event
peak and the epoch of the observation. With the resolution of
the Hubble Space Telescope, such a measurement should be
possible 3 years after the event peak. Note that while (Fs=Fb)I
is known from the microlensing event itself, the determination

of (Fs=Fb)U requires a bit more work. First, (Fs þ Fb)U is
measured directly in the follow-up observations. To find Fs,U,
one should first note that (V � I )s is well determined from
the microlensing fit. Hence, (U � I )s will be very similar to the
(U � I ) of other clump stars with the same (V � I ) as the
source. One can evaluate the error in this determination from
its scatter when applied to other clump stars. This procedure
yields Fs,U and so (together with the total-flux measurement)
(Fs=Fb)U.
Applying this method to blue and red plates from the 1950

Palomar Sky Survey, we find a shift �aBR ¼ (0B30 	 0B17;
�0B23 	 0B17), with the red centroid to the northeast of the
blue. While this direction agrees with the relative proper mo-
tion expected for a disk lens, the magnitude is consistent with
zero and provides no useful constraint.

5.1. Geocentric vversus Heliocentric Frames

Although we have been working in the geocentric frame in
this paper, the lens-source relative proper motion mrel is mea-
sured in the heliocentric frame. Hence, to measure the mass
M ¼ �reltE;hel=��E, the Einstein timescale tE ¼ tE;geo that we
obtain from fitting the light curve must be transformed to the
heliocentric frame, in which it is not as well determined. The
geocentric and heliocentric timescales are related by r̃E ¼
tE;geoṽgeo ¼ tE;helṽhel, where r̃E is the projected Einstein radius
and ṽ is the projected velocity in the appropriate frame. The
transformation of the projected velocity to the heliocentric
frame is accomplished using the known geocentric velocity of
the Sun at event peak: ṽhel ¼ ṽgeo � v�. Since ṽ / 1=(�EtE) and
tE is well-determined in the geocentric frame, the uncertainty in
ṽgeo is dominated by the uncertainty in �E shown by the 1 �
contours in Figure 4. As shown in Figure 7, the corresponding
uncertainty in the ratio tE;hel=tE;geo ¼ ṽgeo=ṽhel is about 3%, al-
most independent of the actual direction of the proper motion.

Fig. 6.—Even when only one component of the parallax pE is well de-
termined, it may be possible to constrain the magnitude �E if the source-lens
relative proper motion mrel is measured. In this figure it is assumed that the
(�E,k, �E,?) axes are rotated from the (�E,East , �E,North ) axes by an angle � , that
�E,k is well constrained, and that �E,? is not constrained at all. The solid line
l is the (very) long axis of the error ellipse, which in this case is a strip of
width 2PP 0 ¼ 2��E;k . The solid line m shows the direction of relative proper
motion, and the dotted lines on either side indicate the uncertainty in the
direction. The magnitude of pE corresponds to the length of OA. The un-
certainty in the length of OA results from the uncertainty PP 0 in �E,k and the
uncertainty AA0 in the direction of mrel.

Fig. 7.—Ratio of Einstein timescales tE in the heliocentric and geocentric
frames, evaluated along the contours shown in Fig. 4 for the u0 < 0 (solid
line) and the u0 > 0 (dashed line) fits. For a given direction of lens-source
relative proper motion 	 ¼ tan�1(�E;north=�E;east) (	 can be inferred from the
direction of mrel), the width of the 1 � contours corresponds to a variation in
tE;hel=tE;geo of about 3%.
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6. DISTINGUISHING THE LENS
AND BLEND HYPOTHESES

If the mass of the lens is measured from the proper motion
of the blend, it will still not automatically be known whether
the lens is the blend or is a companion to it. Here we show
that the proper-motion measurement itself can help distinguish
these hypotheses.

There is no sign of binarity in the well-sampled light curve.
This provides a lower limit to the binary separation if the lens
system is a wide binary, or an upper limit if the system is a
close binary, as follows.

At large separations, the companion would induce a caustic
in the magnification profile of full width ‘ ¼ 4q�1d�2, where q
is the lens/blend mass ratio, d�E is their separation, and ‘�E is
the angular width of the caustic. Since the source clearly did
not traverse a caustic, ‘ < 2

ffiffiffi

2
p

u0, and indeed, detailed fitting
would provide somewhat tighter constraints (see Fig. 1 of
Gaudi & Gould 1997). Hence, d > (qu0=

ffiffiffi

2
p

)�1=2 ¼ 5:3q�1=2.
From equation (15), the Einstein radius associated with the
blend is expected to be �E ¼ 2:2 mas. The lens Einstein radius
would be smaller by q1/2. Hence, the separation of the lens
from the putatively distinct luminous blend must have been at
least

jal � abj ¼ dq1=2�E;b > 12 mas ð21Þ

at the peak of the event.
This separation is already of order the measurement errors

from the OGLE astrometry (see eq. [10]). If future proper-
motion measurements are taken at multiple epochs, they
should be able to determine whether the blend-source relative
motion points back to a common position at the time of the
event, or whether the two were separated by at least the lower
limit from equation (21). Such a measurement would therefore
be able to determine whether the blend was the lens, or a
companion to the lens.

If the system is a close binary (either one of the components
is unseen, or both are visible but unresolved), then d <
(q1=2 þ q�1=2)(u0=

ffiffiffi

2
p

)1=2. For small q this limit can be ap-
proximated as d < 1=(5:3q1=2). Since v

2 ¼ M=drE, where v is
the orbital velocity of the secondary, this implies v >
1:6q1=4(M=M�)

1=2
v
, where we have used �E ¼ 2:2 mas and

�l � 1 kpc. The radial velocity of the primary is then
qvk 42q5=4 km s�1. This should be detectable unless the
companion is substellar (qT0:1).
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knowledge support from the grant ‘‘Subsydium Profesorskie’’
of the Foundation for Polish Science. M. D. acknowledges
postdoctoral support on the PPARC rolling grant PPA/G/O/
2001/00475. The allocation of observing time by IJAF at the
Danish 1.54 m telescope at La Silla and support for the
observations by the Danish Natural Science Research Council
(SNF) are acknowledged. D. K. and J. W. were supported by
grant DFG WA 1047/9-1.

REFERENCES

Afonso, C., et al. 2003, A&A, 404, 145
Alard, C., Mao, S., & Guibert, J. 1995, A&A, 300, L17
Albrow, M., et al. 1998, ApJ, 509, 687
Alcock, C., et al. 1993, Nature, 365, 621
———. 1995, ApJ, 454, L125
———. 1997, ApJ, 486, 697
———. 2001, Nature, 414, 617
An, J. H., et al. 2002, ApJ, 572, 521
Aubourg, E., et al. 1993, Nature, 365, 623
Bennett, D. P., et al. 2002, ApJ, 579, 639
Bond, I. A., et al. 2001, MNRAS, 327, 868
Cox, A. N. 2000, Allen’s Astrophysical Quantities (4th ed.; NewYork: Springer)
DePoy, D. L., et al. 2003, Proc. SPIE, 4841, 827
Drake, A. J., Cook, K. H., & Keller, S. C. 2004, ApJ, 607, L29
Dyson, F. W., Eddington, A. S., & Davidson, C. 1920, Philos. Trans. R. Soc.
London A, 220, 291

Gaudi, B. S., & Gould, A. 1997, ApJ, 482, 83
Gould, A. 1992, ApJ, 392, 442
———. 2000, ApJ, 542, 785
———. 2004, ApJ, 606, 319
Gould, A., Bennett, D. P., & Alves, D. R. 2004, ApJ, 614, 404
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Discovery of a cool planet of 5.5 Earth masses
through gravitational microlensing
J.-P. Beaulieu1,4, D. P. Bennett1,3,5, P. Fouqué1,6, A. Williams1,7, M. Dominik1,8, U. G. Jørgensen1,9, D. Kubas1,10,

A. Cassan1,4, C. Coutures1,11, J. Greenhill1,12, K. Hill1,12, J. Menzies1,13, P. D. Sackett1,14, M. Albrow1,15,

S. Brillant1,10, J. A. R. Caldwell1,16, J. J. Calitz1,17, K. H. Cook1,18, E. Corrales1,4, M. Desort1,4, S. Dieters1,12,

D. Dominis1,19, J. Donatowicz1,20, M. Hoffman1,19, S. Kane1,21, J.-B. Marquette1,4, R. Martin1,7, P. Meintjes1,17,

K. Pollard1,15, K. Sahu1,22, C. Vinter1,9, J. Wambsganss1,23, K. Woller1,9, K. Horne1,8, I. Steele1,24,

D. M. Bramich1,8,24, M. Burgdorf1,24, C. Snodgrass1,25, M. Bode1,24, A. Udalski2,26, M. K. Szymański2,26,

M. Kubiak2,26, T. Więckowski2,26, G. Pietrzyński2,26,27, I. Soszyński2,26,27, O. Szewczyk2,26, Ł. Wyrzykowski2,26,28,

B. Paczyński2,29, F. Abe3,30, I. A. Bond3,31, T. R. Britton3,15,32, A. C. Gilmore3,15, J. B. Hearnshaw3,15, Y. Itow3,30,

K. Kamiya3,30, P. M. Kilmartin3,15, A. V. Korpela3,33, K. Masuda3,30, Y. Matsubara3,30, M. Motomura3,30,

Y. Muraki3,30, S. Nakamura3,30, C. Okada3,30, K. Ohnishi3,34, N. J. Rattenbury3,28, T. Sako3,30, S. Sato3,35,

M. Sasaki3,30, T. Sekiguchi3,30, D. J. Sullivan3,33, P. J. Tristram3,32, P. C. M. Yock3,32 & T. Yoshioka3,30

In the favoured core-accretion model of formation of planetary
systems, solid planetesimals accumulate to build up planetary
cores, which then accrete nebular gas if they are sufficiently
massive. Around M-dwarf stars (the most common stars in our
Galaxy), this model favours the formation of Earth-mass (M%) to
Neptune-mass planets with orbital radii of 1 to 10 astronomical
units (AU), which is consistent with the small number of gas giant
planets known to orbit M-dwarf host stars1–4. More than 170
extrasolar planets have been discovered with a wide range of
masses and orbital periods, but planets of Neptune’s mass or
less have not hitherto been detected at separations of more than
0.15 AU from normal stars. Here we report the discovery of a
5.515.5

22.7M% planetary companion at a separation of 2.611.5
20.6 AU from

a 0.2210.21
20.11M(M-dwarf star, whereM( refers to a solar mass. (We

propose to name it OGLE-2005-BLG-390Lb, indicating a planetary
mass companion to the lens star of the microlensing event.) The
mass is lower than that of GJ876d (ref. 5), although the error bars
overlap. Our detection suggests that such cool, sub-Neptune-mass
planets may be more common than gas giant planets, as predicted
by the core accretion theory.

Gravitational microlensing events can reveal extrasolar planets
orbiting the foreground lens stars if the light curves are measured
frequently enough to characterize planetary light curve deviations
with features lasting a few hours6–9. Microlensing is most sensitive to
planets in Earth-to-Jupiter-like orbits with semi-major axes in the
range 1–5 AU. The sensitivity of the microlensing method to low-
mass planets is restricted by the finite angular size of the source
stars10,11, limiting detections to planets of a few M% for giant source
stars, but allowing the detection of planets as small as 0.1M% for
main-sequence source stars in the Galactic Bulge. The PLANET
collaboration12 maintains the high sampling rate required to detect
low-mass planets while monitoring the most promising of the.500
microlensing events discovered annually by the OGLE collaboration,
as well as events discovered by MOA. A decade of pioneering
microlensing searches has resulted in the recent detections of two
Jupiter-mass extrasolar planets13,14 with orbital separations of a few
AU by the combined observations of the OGLE, MOA, MicroFUN
and PLANET collaborations. The absence of perturbations to stellar
microlensing events can be used to constrain the presence of
planetary lens companions. With large samples of events, upper
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limits on the frequency of Jupiter-mass planets have been placed over
an orbital range of 1–10 AU, down to M% planets15–17 for the most
common stars of our galaxy.
On 11 July 2005, the OGLE Early Warning System18announced the

microlensing event OGLE-2005-BLG-390 (right ascension
a ¼ 17 h 54min 19.2 s, declination d ¼ 2308 22

0
38

00
, J2000) with a

relatively bright clump giant as a source star. Subsequently, PLANET,
OGLE and MOA monitored it with their different telescopes. After
peaking at a maximummagnification of Amax ¼ 3.0 on 31 July 2005,
a short-duration deviation from a single lens light curve was detected
on 9 August 2005 by PLANET. As described below, this deviation was
due to a low-mass planet orbiting the lens star.
From analysis of colour-magnitude diagrams, we derive the

following reddening-corrected colours and magnitudes for the
source star: (V 2 I)0 ¼ 0.85, I0 ¼ 14.25 and (V 2 K)0 ¼ 1.9. We
used the surface brightness relation20 linking the emerging flux
per solid angle of a light-emitting body to its colour, calibrated
by interferometric observations, to derive an angular radius of
5.25 ^ 0.73 mas, which corresponds to a source radius of
9.6 ^ 1.3R( (where R( is the radius of the Sun) if the source star
is at a distance of 8.5 kpc. The source star colours indicate that it is a
5,200 K giant, which corresponds to a G4 III spectral type.
Figure 1 shows our photometric data for microlensing event

OGLE-2005-BLG-390 and the best planetary binary lens model.
The best-fit model has x2

¼ 562.26 for 650 data points, seven lens
parameters, and 12 flux normalization parameters, for a total of 631
degrees of freedom.Model length parameters in Table 1 are expressed
in units of the Einstein ring radius RE (typically,2 AU for a Galactic
Bulge system), the size of the ring image that would be seen in the
case of perfect lens–source alignment. In modelling the light curve,
we adopted linear limb darkening laws21 with G I ¼ 0.538 and
GR ¼ 0.626, appropriate for this G4 III giant source star, to describe

Figure 1 | The observed light curve of the OGLE-2005-BLG-390

microlensing event and best-fit model plotted as a function of time. Error
bars are 1j. The data set consists of 650 data points from PLANET Danish
(ESO La Silla, red points), PLANET Perth (blue), PLANET Canopus
(Hobart, cyan), RoboNet Faulkes North (Hawaii, green), OGLE (Las
Campanas, black), MOA (Mt John Observatory, brown). This
photometric monitoring was done in the I band (with the exception of the
Faulkes R-band data and the MOA custom red passband) and real-time
data reduction was performed with the different OGLE, PLANETand MOA
data reduction pipelines. Danish and Perth data were finally reduced by the
image subtraction technique19 with the OGLE pipeline. The top left inset
shows theOGLE light curve extending over the previous 4 years, whereas the
top right one shows a zoom of the planetary deviation, covering a time
interval of 1.5 days. The solid curve is the best binary lensmodel described in
the text with q ¼ 7.6 ^ 0.7 £ 1025, and a projected separation of
d ¼ 1.610 ^ 0.008RE. The dashed grey curve is the best binary source
model that is rejected by the data, and the dashed orange line is the best
single lens model.

Figure 2 | Bayesian probability densities for the properties of the planet

and its host star. a, The masses of the lens star and its planet (M * andMp

respectively), b, their distance from the observer (DL), c, the three-
dimensional separation or semi-major axis a of an assumed circular
planetary orbit; and d, the orbital period Q of the planet. (In a,M ref refers to
M% on the upper x axis andM(on the lower x axis.) The bold, curved line in
each panel is the cumulative distribution, with the percentiles listed on the
right. The dashed vertical lines indicate the medians, and the shading
indicates the central 68.3% confidence intervals, while dots and arrows on
the abscissa mark the expectation value and standard deviation. All
estimates follow from a bayesian analysis assuming a standardmodel for the
disk and bulge population of the Milky Way, the stellar mass function of

ref. 23, and a gaussian prior distribution for DS ¼ 1.05 ^ 0.25RGC (where
RGC ¼ 7.62 ^ 0.32 kpc for the Galactic Centre distance). The medians of
these distributions yield a 5:5þ5:5

22:7 M% planetary companion at a separation
of 2:6þ1:5

20:6 AU from a 0:22þ0:21
20:11 M( Galactic Bulge M-dwarf at a distance of

6.6 ^ 1.0 kpc from the Sun. The median planetary period is 9þ9
23 years. The

logarithmic means of these probability distributions (which obey Kepler’s
third law) are a separation of 2.9 AU, a period of 10.4 years, and masses of
0.22M( and 5.5M% for the star and planet, respectively. In each plot, the
independent variable for the probability density is listed within square
brackets. The distribution of the planet–star mass ratio was taken to be
independent of the stellar mass, and a uniform prior distribution was
assumed for the planet–star separation distribution.
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the centre-to-limb variation of the intensity profile in the I and R
bands. Fourdifferent binary lensmodelling codeswere used to confirm
that themodelwe present is the only acceptablemodel for the observed
light curve. The best alternative model is one with a large-flux-ratio
binary sourcewith a single lens,whichhas gross features that are similar
to a planetary microlensing event22. However, as shown in Fig. 1, this
model fails to account for the PLANET-Perth, PLANET-Danish
and OGLE measurements near the end of the planetary deviation,
and it is formally excluded by Dx2

¼ 46.25 with one less model
parameter.
The planet is designated OGLE-2005-BLG-390Lb, where the ‘Lb’

suffix indicates the secondary component of the lens system with a
planetary mass ratio. The microlensing fit only directly determines
the planet–star mass ratio, q ¼ 7.6 ^ 0.7 £ 1025, and the projected
planet–star separation, d ¼ 1.610 ^ 0.008RE. Although the planet
and star masses are not directly determined for planetary micro-
lensing events, we can derive their probability densities. We have
performed a bayesian analysis23 employing the Galactic models and
mass functions described in refs 11 and 23. We averaged over the
distances and velocities of the lens and source stars, subject to
the constraints due to the angular diameter of the source and the
measured parameters given in Table 1. This analysis gives a 95%
probability that the planetary host star is a main-sequence star, a 4%
probability that it is a white dwarf, and a probability of,1% that it is
a neutron star or black hole. The host star and planet parameter
probability densities for a main sequence lens star are shown in
Fig. 2 for the Galactic model used in ref. 23. The medians of
the lens parameter probability distributions yield a companion
mass of 5:5þ5:5

22:7M% and an orbital separation of 2:6þ1:5
20:6 AU from the

0.22þ0.21
20.11M( lens star, which is located at a distance of

DL ¼ 6.6 ^ 1.0 kpc. These error bars indicate the central 68%
confidence interval. These median parameters imply that the planet
receives radiation from its host star that is only 0.1% of the radiation
that the Earth receives from the Sun, so the probable surface
temperature of the planet is ,50K, similar to the temperatures of
Neptune and Pluto.
The parameters of this event are near the limits of microlensing

planet detectability for a giant source star. The separation of d ¼ 1.61
is near the outer edge of the so-called lensing zone7, which has the
highest planet detection probability, and the planet’s mass is about a
factor of two above the detection limit set by the finite size of the
source star. Planets with q . 1023 and d < 1 are much easier to
detect, and so it may be that the parameters of OGLE-2005-BLG-
390Lb represent a more common type of planet. This can be
quantified by simulating planetary light curves with different values
of q and v (where v is the angle of source motion with respect to
the lens axis) but the remaining parameters are fixed to the values
for the three known microlensing planets. We find that the
probability of detecting a q < 4–7 £ 1023 planet, like the first two
microlens planets13,14, is ,50 times larger than the probability of
detecting a q ¼ 7.6 £ 1025 planet like OGLE-2005-BLG-390Lb.
This suggests that, at the orbital separations probed by micro-
lensing, sub-Neptune-mass planets are significantly more common

than large gas giants around the most common stars in our Galaxy.
Similarly, the first detection of a sub-Neptune-mass planet at
the outer edge of the ‘lensing zone’ provides a hint that these
sub-Neptune-mass planets may tend to reside in orbits with semi-
major axes a . 2 AU.
The core-accretion model of planet formation predicts that

rocky/icy 5–15M% planets orbiting their host stars at 1–10 AU are
much more common than Jupiter-mass planets, and this predic-
tion is consistent with the small fraction of M-dwarfs with planets
detected by radial velocities3,5 and with previous limits from
microlensing15. Our discovery of such a low-mass planet by
gravitational microlensing lends further support to this model,
but more detections of similar and lower-mass planets over a wide
range of orbits are clearly needed. Planets with separations of
,0.1 AU will be detected routinely by the radial velocity method
or space observations of planetary transits in the coming
years24–27, but the best chance to increase our understanding of
such planets over orbits of 1–10 AU in the next 5–10 years is by
future interferometer programs28 and more advanced microlensing
surveys11,29,30.
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et al. also report that the intercept of the scaling
line differed between plants grown in the
greenhouse and in the field, showing that res-
piration per unit mass differed systematically
between these two environments.

The next observation is even more intrigu-
ing. When Reich et al. expressed plant respi-
ration against the whole-plant content of 
nitrogen (instead of plant mass), the dissimilar-
ity in intercept between environments entirely
disappeared, but the overall scaling slope
remained isometric. This suggests that the sys-
tematic difference in respiration per unit mass
was caused by higher supplies of nitrogen in
greenhouse compared with field environments.
More importantly, across the different environ-
ments plant respiration was consistently more
closely linked to variations in nitrogen than in
mass. This result challenges not only the idea of
a universal 3/4 scaling law, but also the notion
that size alone is the dominant determinant of
differences in metabolism across species. In
hindsight, this need to explicitly consider nutri-
ents might not be so surprising given that
nitrogen is an essential component of enzymes
such as Rubisco (responsible for carbon fixa-
tion in plants), and of proteins, chlorophyll and
other biomolecules involved in plant photo-
synthesis and respiration. 

Do the results simply imply that it is the
business ends of plants — leaves and roots —
in which most respiration occurs, and there-
fore most nitrogen is stored? In such a case, 
the metabolism versus nitrogen relationship
might largely reflect rather pedestrian propor-
tionate variations in crown and root volumes
across individuals and species. A key issue is
whether Reich and colleagues’ findings extend
beyond the size of tree saplings, the largest
individuals sampled. Nitrogen allocation may

very well change as trees mature within natural
forests and become increasingly subject to
constraints of self-thinning15 and competition
for nutrients16. A second question is why nitro-
gen emerges as such a strong correlate of
metabolism, when phosphorus is generally
considered the better predictor17.

Nonetheless, we find ourselves with a theory
challenged. There is no question of the value 

of ideas such as those of West and colleagues2–4,
as they dare to invoke first-principle universal
mechanisms. But these new findings question
a central tenet of the metabolic scaling theory
— that size-dependent distribution networks
exert the primary constraint on metabolic 
rates in vascular plants. Reich and colleagues’
results1 will spark considerable debate among
ecologists and physiologists: at stake is the issue
of whether there is a truly unified theory of
metabolism that encompasses all organisms.�
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Figure 2 | Metabolism and mass.

a, Kleiber’s law. Logarithmically, the
basal metabolic rate of mammals varies
with body mass as a straight line with a
slope of 0.74. b, When expressed on a
linear scale, the 3/4 scaling relationship 
of Kleiber’s law (green line) shows 
total respiration rate decreasing
proportionately as a function of body
mass. In contrast, the isometric (slope
1.0) logarithmic scaling relationships
described by Reich et al.

1 for vascular
plants are consistent with a strictly
proportional (linear) relationship
between whole-plant respiration 
and mass. The authors also report 
that the intercept of the log–log 
scaling relationship depends on 
plant nitrogen. On the linear scale
shown here, this translates to steep
proportionality for plants in nutrient-
rich greenhouse soils (red line) and
less-steep proportionality for plants in
nutrient-poor natural soils (blue line).
Note that it is difficult to distinguish
visually between isometric and 3/4
scaling lines on a linear scale, as this
projection draws attention to only a
limited part of the dynamic range.
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EXTRASOLAR PLANETS

Light through a gravitational lens
Didier Queloz

A planet with a mass lower than that of Neptune has been detected as its

gravity bent the light from a remote star. This lensing technique adds to our

arsenal for spotting small planets outside the Solar System.

Ten years ago, Michel Mayor and I discovered
the first planet outside the Solar System orbit-
ing a Sun-like star1. This ‘exoplanet’ orbits the
star 51 Pegasi in 4 days and has about the same
mass as Jupiter (more than 300 times that of
Earth). Its existence was revealed through
highly accurate measurements of a tiny
‘Doppler’ variation in 51 Pegasi’s radial veloc-
ity — the speed at which its position changes
relative to an observer. This variation is caused
by the gravitational pull of an orbiting planet
with a mass 1,000 times less than that of 
51 Pegasi. The discovery triggered many 
more Doppler surveys to search for planets
around nearby stars. As a result, more than 160 
planets with masses ranging from ten times
that of Jupiter down to that of Neptune (which

is around 17 times Earth’s mass) have been
found (Fig. 1). 

The range of planet masses and orbital para-
meters that can be identified by the Doppler
technique is limited both by the detection 
sensitivity of the technique and by the time
needed to survey at least one orbital period of
each planet. The largest Doppler variation is
caused by planets of high mass and those on
short orbits. Therefore, low-mass planets can
be detected only if they are on short orbits. 

On page 437 of this issue, Beaulieu et al.2

report the use of a different technique, known
as gravitational microlensing, to detect a
planet with a mass less than that of Neptune.
Its orbital distance is about 2 AU (1 AU, or
astronomical unit, is the Earth–Sun distance),
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which would correspond to an orbit between
those of Mars and Jupiter in the Solar System.
The planet’s orbit is thus considerably 
larger than those found for planets of similarly
small mass using the Doppler technique, for
which the orbital distances are no more than
0.15 AU.

The evidence for Beaulieu and colleagues’
planet lies in a small amplification effect that
occurs when light from a remote, background
star is deflected, as in the action of a lens, by 
the gravity of a closer, moving object as this
approaches our line of sight to the star 
(Fig. 2). The brightness of the background star
increases continuously and predictably over a
period, generally a few weeks, and then
decreases as the lensing object moves away
again. This effect is generally caused by an
intervening star, but sometimes a companion
planet to this lensing star can also produce a
detectable signal. In looking for such a signal,
the rise in brightness corresponding to the
approach of the star alerts observers to the need
for more intensive observations. The aim is to
detect a smaller brightness change that occurs
on a timescale of around a day: the signature of
an orbiting planet around the lensing star. 

This planetary microlensing signal is chal-
lenging to detect. If seen and carefully traced,

however, it provides an unambiguous mea-
surement of the mass ratio between the planet
and the star, as well as supplying a measure of
the separation of the planet from its star that
depends on both the distance of the lensing
star from Earth and its transverse velocity. The
real mass and separation can then be obtained
through a statistical approach. This uses a
galactic model to estimate the expected dis-
tances and velocities of both the lens and the
source star on the basis of the values antici-
pated for stars of their brightness in that sector
of the sky. 

From the wealth of planets found so far, 
we know that the frequency with which they
are encountered increases with decreasing 
mass3. But Doppler detection of planets with
masses lower than that of Neptune is still a
challenge, and is restricted to planets on 
orbits shorter than a couple of months. The
Neptune-mass planets with short-period
orbits found by Doppler surveys4–7 suggest a
relatively high occurrence of such low-mass
planets orbiting normal stars. Beaulieu and
colleagues’ detection2 further strengthens this
suggestion: they argue that the probability of
detecting a microlensing event from a planet
such as theirs is more than ten times smaller
than that of detecting an event caused by a
giant planet.  

Interestingly, the physical structure and for-
mation history of this new planet, because of
its orbital distance, is likely to be different from
that of the closer low-mass planets discovered
by the Doppler surveys. Whereas these short-
period, Neptune-mass planets are likely to
have migrated inwards and are now enduring
the strong irradiation of their host star, causing
some evaporation8 of their atmosphere,
Beaulieu and colleagues’ planet is certainly
more akin to the ice giants Uranus and 
Neptune of our Solar System.

The discovery by Beaulieu et al.2 demon-
strates that microlensing surveys can detect
sub-Neptune planets with low separations
from their stars. In combination with other
planet-finding techniques, microlensing sur-
veys will play their part in eventually gathering
a complete picture of planet statistics right
down to the regime of rocky planets. A deeper
insight into the physical models of planetary
formation for low-mass giant and high-mass
rocky planets will surely follow. �
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Figure 1 | Limits of the Doppler technique. Blue
dots indicate the masses of the extrasolar planets
found so far using the Doppler technique, plotted
against their separation from their star. High-
mass planets on short orbits (and so at a smaller
separation) cause the greatest Doppler variation
of the star’s radial velocity. There is a detection
threshold of accurate Doppler surveys of around
3 m s�1 radial velocity (blue line) below which 
no planet can be found using this technique. 
The grey rectangle indicates the region
(including uncertainties) of the planet found 
by Beaulieu et al.

2 using the gravitational
microlensing technique. The new planet is thus
well below the Doppler sensitivity threshold. 
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Figure 2 | Lensing planet. The gravitational microlensing effect exploited by Beaulieu et al.
2 results from

the bending of space-time near an object of given mass that is predicted by Einstein’s general theory of
relativity. An object, such as a star, crossing our line of sight to a more distant source star will affect the
light from that star just like a lens, producing two close images whose total brightness is enhanced. If the
lensing star is accompanied by a planet, one can (potentially) observe not only the principal effect from
the star, but also a secondary, smaller effect resulting from perturbation by the planet.
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√
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Abstract. We discuss high-resolution, time-resolved spectra of the caustic exit of the binary microlensing event
OGLE 2002-BLG-069 obtained with UVES on the VLT. The source star is a G5III giant in the Galactic Bulge. During such
events, the source star is highly magnified, and a strong differential magnification around the caustic resolves its surface. Using
an appropriate model stellar atmosphere generated by the PHOENIX v2.6 code we obtain a model light curve for the caustic
exit and compare it with a dense set of photometric observations obtained by the PLANET microlensing follow up network.
We further compare predicted variations in the Hα equivalent width with those measured from our spectra. While the model
and observations agree in the gross features, there are discrepancies suggesting shortcomings in the model, particularly for the
Hα line core, where we have detected amplified emission from the stellar chromosphere after the source star’s trailing limb
exited the caustic. This achievement became possible by the provision of the very efficient OGLE-III Early Warning System,
a network of small telescopes capable of nearly-continuous round-the-clock photometric monitoring, on-line data reduction,
daily near-real-time modelling in order to predict caustic crossing parameters, and a fast and efficient response of a 8 m class
telescope to a “Target-of-Opportunity” observation request.

Key words. techniques: gravitational microlensing – techniques: high resolution spectra – techniques: high angular resolution –
stars: atmosphere models – stars: individual: OGLE 2002-BLG-069

1. Introduction

Near extended caustics produced by binary (or multiple)
lenses, the source star undergoes a large total magnification in
brightness. Furthermore, its surface is differentially magnified

Send offprint requests to: J. P. Beaulieu,
e-mail: beaulieu@iap.fr
� Based on observations made at ESO, 69.D-0261(A),

269.D-5042(A), 169.C-0510(A).

because of a strong gradient in magnification. The relative
lens-source proper motion is typically slow enough to allow
the light curve to be frequently sampled. This translates to a
high spatial resolution on the source star’s surface and hence
permits its radial brightness profile to be inferred from the
observations. Over the past four years, coefficients character-
izing linear or square-root limb-darkening profiles have been
obtained with the microlensing technique for several Bulge
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giants and sub-giants (Fields et al. 2003 and references therein)
and a main sequence star (Abe et al. 2003). A new genera-
tion of stellar atmosphere models (Orosz & Hauschildt 2000)
have revealed limb-darkening laws that are significantly differ-
ent from the traditional analytic ones (Bryce et al. 2002; Claret
& Hauschildt 2003). The centre to limb variation of spectral
lines can show markedly different behaviour from that of the
continuum. Most moderately strong and weak lines weaken to-
wards the limb, but resonant scattering lines can vary in a much
more pronounced way (Loeb & Sasselov 1995). In cool gi-
ants, Hβ, being formed lower in the atmosphere, is more limb-
darkened than Hα. TiO and Ca ii show strong variations, and
some lines and bands may even be limb-brightened. Intensive
spectroscopic monitoring of a caustic exit at high resolution
with high S/N should reveal temporal variations in the equiv-
alent widths of promising spectral lines that can be compared
with predictions from stellar atmosphere models (Heyrovský
et al. 2000).

We present here the first photometric and spectro-
scopic monitoring campaign that has successfully been per-
formed at high resolution with dense sampling. Previously,
Castro et al. (2001) obtained two KECK HIRES spectra of
EROS 2000-BLG-5, but missed the trailing limb of the caustic
where the effects are stronger, while the data in the qualitative
analysis of Albrow et al. (2001) involved dense coverage but at
low resolution. Afonso et al. (2001) provided a model that re-
produces the photometric data and found an excess of Hα at the
limb. They attribute the excess to chromospheric emission, but
it could be due to shortcomings of the synthetic spectra. Using
a determination of the spectral type of the source star, we have
computed the limb-darkening profiles in R and I from appropri-
ate PHOENIX synthetic spectra of the source star and fitted a
fold-caustic model to our photometric data obtained during the
caustic exit. This model has been used here to compute the syn-
thetic spectrum for wavelengths around the Hα-line. A more
detailed report on the determination of the stellar parameters
and the analysis of other spectral lines will be presented else-
where (Beaulieu et al. 2004), as will the details of a full binary
lens model fit to the PLANET observations of the event (Kubas
et al. 2004).

2. OGLE 2002-BLG-069 photometry

and spectroscopy

The PLANET collaboration, comprising six different tele-
scopes, namely, SAAO 1.0 m (South Africa), Danish 1.54 m
(Chile), ESO 2.2 m (Chile), Canopus 1.0 m (Australia),
Mt. Stromlo 50 in (Australia) and Perth 0.6 m (Australia), com-
menced photometric observations of OGLE 2002-BLG-069
alerted by the OGLE-III early Warning System (Udalski 2003)
in early June, 2002. From online data reductions on 25 June it
was realised that the event involved a binary lens and a bright
giant source star. With the source taking ∼1.4 days to cross the
caustic on entry, it appeared to be an excellent candidate for
time-resolved spectroscopy of the caustic exit. Using the pre-
dictions based on modeling our photometry, and thanks to ex-
cellent coordination with the staff at La Silla and Paranal, very
good coverage was obtained during the caustic exit together

with post-caustic reference spectra. These observations were
performed using the UVES spectrograph mounted on Kueyen
(VLT UT2) as part of Target-of-Opportunity and Director’s
Discretionary time. Thirty-nine spectra with exposure time
of 20 min (1 h for the post caustic observations) were obtained
alternately in the so-called standard settings, 580 and 860, cov-
ering the full 4800−10 600 Å range at a resolution of 30 000
with S/N ranging from 50 to 130. From an analysis of the
curve-of-growth of 100 Fe  and Fe  lines as done by Minniti
et al. (2002), and independently from the study of the Ca  and
Mg lines (Jørgensen et al. 1992), a good fit to all the data was
obtained with a plane-parallel model atmosphere having Teff =

5000 K, log(g) = 2.5, vturb = 1.5 km s−1 and [Fe/H] = −0.6,
The calibration of the MK spectral type gives, for a G5III star,
Teff = 5050 K, MV = +0.9, (V − I) = 0.95, M/M� = 1.1
and R/R� = 10. At HJD = 2 452 455.2754, the source was am-
plified by 17.7. The measured color from SAAO data are I =

13.01 ± 0.01, (V−I) = 2.06 ± 0.02, so E(V − I) = 1.11 ± 0.02.
We adopt a conservative AV/E(V − I) = 2.2 ± 0.3, and then de-
rive a distance of 9.4 ± 1.4 kpc.

3. Modeling of the caustic exit

With ρ denoting the fractional radius of the source star, we ap-
proximate its wavelength-dependent brightness profile Iλ(ρ) =
Iξλ(ρ) by concentric rings of constant intensity. A model
atmosphere for the stellar parameters given in the previous sec-
tion was computed with the PHOENIX grid v2.6 (based on the
code described by Allard et al. (2001) but using spherical ge-
ometry and spherically symmetric radiative transfer). A syn-
thetic spectrum was calculated from this model at a spectral
resolution of 0.05 Å at 128 steps in source radius. The inten-
sity profile was interpolated with cubic splines at 1000 points
equally spaced in cosϑ =

√

(1 − ρ2) where ϑ is the emergent
angle, so that the width of the rings of constant intensity de-
creases toward the stellar limb. For a broadband filter (s), the
intensity profile ξ(s)(ρ) is obtained by convolving the source
brightness profile with the filter, CCD transmission and at-
mosphere response functions. The observed magnitude m(s)(t)
reads m(s)(t) = m

(s)
S − 2.5 lg

{

A(s)(t) + g(s)
}

where m
(s)
S is the in-

trinsic source magnitude, g(s) = F
(s)
B /F

(s)
S is the ratio between

background flux F
(s)
B and intrinsic source flux F

(s)
S , and A(s)(t)

the source magnification at time t.
The photometric data presented in the lower panel of Fig. 1

show a peak with the characteristic shape resulting from a fold-
caustic exit. For a source in the vicinity of a fold caustic, the
magnification A(s)(t) can be decomposed (e.g., Albrow et al.
1999a) as A(s)(t) = A

(s)
crit(t) + Aother(t), where A

(s)
crit(t) denotes the

magnification of the critical images associated with the caustic,
and Aother(t) denotes the magnification of the remaining images
of the source under the action of the binary lens.

Let us consider a uniformly moving source crossing the
caustic within 2∆t and exiting the caustic by its trailing limb
at tf . If one neglects the curvature of the caustic and the vari-
ation of its strength over the size of the source, the magnifica-
tion of the critical images reads A

(s)
crit(t) = acrit Gf

(

−
t−tf
∆t

; ξ(s)
)
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Fig. 1. Equivalent-width variation of the Hα core (top panel) and
wings (second panel from the top); the open circles in the plots of the
equivalent-width variation correspond to our UVES data, while the ad-
joining solid lines represent the model predictions over the course of
the caustic passage. The big dots correspond to the spectra of 10 July,
UT 02h58. Third panel: model light curves and photometric data,
where R-band data are plotted in red and I-band data in blue; model
residuals from the chosen PHOENIX atmosphere (fourth panel) and
from the linear limb-darkening law (bottom panel), with the same
color convention. The model parameters can be found in Table 1. The
majority of model residuals are below the 2% level. The post caus-
tic observations have been plotted at 2465.85, but have been taken
on 16 August.

Table 1. Model parameters of a fit to data obtained by PLANET with
the SAAO 1.0 m, UTas 1.0 m, and ESO 2.2 m on the microlensing
event OGLE 2002-BLG-069. While source magnitudes m

(s)
S and blend

ratios g(s) result from a fit involving a binary lens model to the com-
plete data sets, the remaining parameters have been determined by ap-
plying a generic fold-caustic model with PHOENIX limb darkening
solely to the data taken around the caustic exit.

Parameter Value Parameter Value

m
SAAO [I]
S 16.05 tf (days) 2465.637

m
UTas [I]
S 16.05 ∆t (days) 0.7297

m
ESO 2.2 m [R]
S 16.3 acrit 19.60

gSAAO [I] 0.16 aother 7.011

gUTas [I] 0.064 ω (days)−1 −0.04519

gESO 2.2 m [R] 0.0083

where Gf(η; ξ(s)) is a characteristic function (Schneider &
Wagoner 1987) which solely depends on the intensity pro-
file ξ(s). For |ω(t− tf)| � 1, the magnification of the non-critical
images can be approximated by Aother(t) � aother [1 + ω(t − tf)]
where aother is the magnification at the caustic exit at time tf
and ω measures its variation.

Fig. 2. Upper panel: two UVES spectra (two lower curves) corre-
sponding to 9 July, UT 22h59 (HJD−2 450 000 = 2465.47, solid line)
and 9 July at UT 00h04 (reference spectra, HJD−2 450 000 = 2464.51,
dotted line), as well as two computed synthetic spectra at the same
epochs (the two upper solid and dotted curves). Lower panel: frac-
tional difference δFλ = 2(Fλ00h04−Fλ22h59)/(Fλ00h04+Fλ22h59) (lower solid
line) for wavelengths in the vicinity of the Hα-line shifted vertically
by −0.3. Both the observations and the model are shown. On the up-
per right, we show the relative position of the source star at each epoch
with respect to the fold-caustic shown as dashed.

As the period during which our generic fold-caustic
model is believed to be a fair approximation, we choose the
range 2463.45 ≤ HJD–2 450 000 ≤ 2467. Restricting our atten-
tion to those data sets with more than two points in this region
leaves us with 29 points from SAAO and 15 points from UTas
in I as well as 98 points from the ESO 2.2 m in R, amount-
ing to a total of 142 data points. From a binary lens model of
the complete data sets (Kubas et al. 2004) for these observato-
ries and filters, we have determined the source magnitudes m

(s)
S

and the blend ratios g(s). With the adopted synthetic spectra, we
compute the stellar intensity profiles for I and R, and use these
for obtaining a fit of the generic fold-caustic model to the data
in the caustic-crossing region by means of χ2-minimization,
which determined the 5 model parameters tf , ∆t, acrit, aother,
and ω as shown in Table 1. If a classical linear limb darkening
is included in the list of parameters to fit (as in Albrow et al.
1999b), the best fit is obtained with Γ = 0.5.

The modeled light curve and the structure of the residu-
als of the two fits are given in the lower panels of Fig. 1. The
fit with adopted PHOENIX limb darkenings clearly show sys-
tematic trends at the level of 1−2%. The same trends in the
residuals can be seen from the figure, which suggests some spe-
cific features lying in the real stellar atmosphere. We checked
whether this discrepancy can be caused by the straight fold
caustic approximation, but from running the already mentioned
global binary lens model neither the very small curvature of
the caustic nor the source trajectory can explain this systematic
effect.

4. Comparison between synthetic spectra

and spectroscopic data

The fold-caustic model derived in Sect. 3 is used to compute
the source flux during the caustic exit in order to obtain a
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Fig. 3. Same legend as Fig. 2 but for the pair of spectra 9 July
at UT 00h04. and 10 July, UT 02h58. Notice the strong signature of
the chromospheric Hα emission.

synthetic spectrum at each epoch in a consistent way. In
Fig. 2 we show the observed and synthetic spectra at two
epochs: 9 July at UT 00h04 and 9 July at UT 22h59 (trailing
limb crossing the caustic). A first analysis reveals good agree-
ment between UVES and synthetic spectra for the wings part
of Hα (6558−6561.8 Å and 6563.8−6567.6 Å), whereas a clear
discrepancy is observed in its core (6561.8−6563.8 Å). We
note that the chromosphere is not included in the PHOENIX
calculations. Althought it should have a minor influence on
the broadband limb darkenings, it will have an effect on the
core of lines like Hα. We therefore divided the analysis in
two parts: the wings and the core. In order to compare the ob-
served equivalent widths of the Hα-line with the predictions
from our synthetic spectrum, we apply an overall scale factor
to the equivalent width (1.035 for the wings part and 1.495 for
the core part of the line), so that the measurements derived from
the fiducial model match the post-caustic observations.

The observed and predicted temporal variations of the
equivalent widths of both the wings and the core of Hα are
plotted in the upper part of Fig. 1. Note at the beginning a small
short-term decrease in the model, when the leading limb hits
the caustic, followed by little variation while the source centre
crosses, but then a marked change when the trailing limb exits
the caustic. The spectral profile of the core is not well matched
by the model spectrum as seen in Fig. 2; both the width and the
depth disagree. Furthermore, the differential variation in flux
between the centre and the limb is not well reproduced, even
after the scale factor has been applied. A better fit is obtained
to the wings. Both parts of the line show larger equivalent width
variations than predicted by the model.

Last but not least, in the spectrum corresponding to 10 July,
UT 02h58 shown in Fig. 3, we clearly note a strong deviation
in the core of the line but a much smaller one in the wing. For
the purpose of the following discussion, we define the effective
photospheric radius of the star as that at which the R band

intensity has fallen to 5% of the central intensity in R. Using the
fit done with limb darkening derived from PHOENIX model,
we infer that the spectrum started when the caustic was at a
fractional radius ρ = 0.996 and ended at ρ = 1.015 while with
a linear limb-darkening law, the spectrum started at a fractional
radius ρ = 1.007 and ended at ρ = 1.026.

In both cases, it is clear that the spectrum was taken when
the caustic was outside the photosphere in R. There is a clear
emission peak in the core of the Hα absorption line, and this
can only exist provided there is a temperature inversion in
the atmosphere (i.e. a chromosphere). The doppler shift of
the emission core is consistent with material moving outward
through the giant source star’s chromosphere (Hα emission
line) with a radial velocity of ≈7 km s−1, the signature being
amplified at the very end of the caustic exit.
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Abstract. We have obtained time-resolved high-resolution spectra of the source star undergoing microlensing event
OGLE 2002-BUL-69 during the caustic exit using the UVES spectrograph mounted on Kueyen (VLT) on two nights in July
2002 as well as after the caustic exit one month later. This is the first time that such dense sampling has been achieved at
both high resolution and high signal-to-noise ratio on a giant star transiting a caustic. As a consequence of strong differential
magnifications among different regions of the source star during the caustic transit, temporal variations in the spectra can be
observed. Comparison of the spectral slope, line strengths and line shape during and after the crossing yields tomography of the
stellar atmosphere of the source that can be compared directly to theories of giant star atmospheres. Using independently the
curve of growth of Fe I and Fe II lines, and the modeling of the Ca II 8498 Å line, the source star has been typed consistently
as a G5III in the galactic bulge with a metallicity of � � � � �������! " # . We have detected clear signatures of the variation of
the H$ , H % , and Ca II 8498, 8662 Å lines during the caustic transit. We adopted the parameters obtained from modelling the
broadband data. We computed a small grid of Phoenix V.26 synthetic spectra with NLTE treatment of Calcium and Balmer lines
for &(' )*�,+ -   .0/    .0/ 1   K, 2 3 4056�87 .07 " / and � � � � ��� �8 .*�9 " # . The resolution is 0.05 Å with 128 emergent angles
for each model. We further compare predicted variations in the equivalent widths of H $ , H% , and Ca II 8498, 8662 Å lines with
those measured from our spectra. We computed spectra that should occur during the caustic transit and compared these results
with the observations for a list of selected lines. The amplitude of the observed variations of the equivalent width of the Balmer
lines and the Calcium lines is systematically larger than the prediction of the model. Moreover, the Ca II 8498 Å line shows
a variation during the first night for which we have no interpretation. This kind of study should be continued to investigate
stars with different stellar parameters to provide unprecedented constraints for stellar atmosphere models of giants. It shows
the power of the combination of a network of dedicated 1m-class telescopes and 8m-class telescopes with target-of-opportunity
status.

Key words.
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1. Introduction

By means of its gravitational field, a binary star acting as a
microlens creates a characteristic magnification pattern for the
light of an observed background star (Mao & Paczynski 1991).
In general, this magnification pattern involves extended caus-
tics corresponding to locations on the sky where the magnifica-
tion for point sources becomes infinite. A large magnification
gradient in the vicinity of caustics leads to strong differential
magnifications as the source passes over. Typical proper mo-
tions of galactic bulge source stars of 10–30 � as/day and a sam-
pling interval of a few minutes for the photometric light curve
provide a high spatial resolution of the sources (a ����� � ���
in the Bulge has an an angular radius of 4 mas) accompanied
by a large magnification during a caustic transit.

The spatial variation of the brightness across the face of the
source star from its center to its limb (limb-darkening) signif-
icantly affects the observed light curve (Schneider & Wagoner
1987; Witt & Mao 1994; Loeb & Sasselov 1995; Gould &
Welch 1996; Valls-Gabaud 1998; Heyrovský 2003) and there-
fore allows its radial brightness profile to be inferred from the
observations.

Adopting linear and square-root limb-darkening laws, the
PLANET collaboration1 (Albrow et al. 1998) has obtained
optical limb-darkening coefficients for 3 giant and sub-giant
Bulge sources, namely MACHO 1997-BLG-28 (Albrow et al.
1999a), MACHO 1997-BLG-41 (Albrow et al. 2000), and
OGLE 1999-BUL-23 (Albrow et al. 2001b) from its multi-
band photometric monitoring of microlensing events with 1m-
class telescopes, while both optical and near-infrared limb-
darkening coefficients have been determined for another bulge
giant, EROS 2000-BUL-5 (An et al. 2002; Fields et al. 2003).
By combining data from several microlensing teams, optical
limb-darkening coefficients could be determined even for a
metal-poor A-dwarf star in the SMC with an angular radius
of only 80 nas undergoing microlensing event MACHO 1998-
SMC-1 (Albrow et al. 1999b; Rhie et al. 1999; Afonso et al.
2000). Recently, Abe et al. (2003) observed the caustic cross-
ings of a solar-like star at high magnification. These are some
of the first determinations of surface brightness profiles for nor-
mal stars (other than the Sun) from observations by any tech-
nique.

However, it has been found that the joint fit of PLANET
V, I, H data and EROS V	 , R 	 data for the microlensing
event EROS 2000-BUL-5 is clearly inconsistent with the as-
sumed classical limb-darkening laws and that the PHOENIX
v2.6 atmosphere models differ significantly (Fields et al. 2003;
Claret 2000; Claret & Hauschildt 2003; Bryce et al. 2002).
Microlensing is offering new and subtle constraints for stel-
lar atmosphere modeling. However Dominik (2004) has shown
that although the presence of limb darkening is well established
from the data on caustic crossings, the precise measurements
of a second coefficient (characterizing square-root limb dark-
ening) is currently not possible in most cases. Only linear limb
darkening coefficient can safely be measured.

Send offprint requests to: J.P.Beaulieu, beaulieu@iap.fr
1 PLANET webpage: http://planet.iap.fr

With 
��  � microlensing events with peak magnifications����� � � � � in 2002 toward the galactic bulge being pub-
licly alerted by OGLE (Udalski et al. 1994; Udalski 2003b)
www.astrouw.edu.pl/ 
 ogle/ogle3/ews/ews.html) and approxi-
mately 10 % of these events involving caustic crossings associ-
ated with a binary lens (Mao & Paczynski 1991), the possibil-
ity for testing stellar atmosphere models is provided for a large
number of galactic bulge stars involving different stellar types.
Besides using caustic crossings, suitably large magnification
gradients and with them the possibility to study stellar atmo-
spheres are also provided if the background star sweeps over
a point-like caustic corresponding to a single point-mass lens,
which is expected to occur in an additional 1–2 % of the events
((Loeb & Sasselov 1995; Heyrovský et al. 2000). This would
be ideal to probe the atmophere of giants when the source is
transiting over the point caustic. However, it is more difficult to
accurately predict such a phenomenon since the prediction of a
peak amplification by the classical single lens fit only using the
wing of a microlens light curve can be off very significantly.
On the other hand, predicting a caustic exit is now done on a
routine basis. The drawback will be that the spectroscopic vari-
ations when transiting a fold caustic will have a smaller ampli-
tude.

The next leap forward in order to provide more observa-
tional constraints for stellar atmosphere models is the intense
high resolution spectroscopic monitoring during caustic crosss-
ings with large-aperture telescopes revealing detailed informa-
tion on some of the physical parameters as a function of at-
mospheric depth (Lennon et al. 1996; Gaudi & Gould 1999;
Heyrovský et al. 2000; Bryce et al. 2002). For example, in cool
giants (ie ��� ����� � � ����� � � � � ,  ! "$#%���&��' � � ) the H ( line
should be more limb-darkened than the H ) line, since it forms
lower in the atmosphere. The slope of the continuum in the un-
lensed spectrum reverses in the lensed spectrum as the souce
center transits the caustic and then reverses again at the caus-
tic transit of the limb. Some lines and bands are in emission at
the limb and in absorption near the center, with the locations
where these transitions occur depending on the basic parame-
ters of the model.

Constraints on the stellar atmosphere of the source star as
well as on the nature of the lens star can be obtained from the
comparison of spectra taken during, and before or after, the
caustic crossing. This information can be obtained based on
the presence or absence of spectral features associated with
the lens in the lens-source blended spectrum (Mao, Reetz &
Lennon 1998). Last but not least, it might be possible to de-
tect the presence of spots on the stellar surface (Heyrovský &
Sasselov 2000; Hendry et al. 2002).

We have obtained high-resolution spectroscopy during the
caustic exit of a binary microlensing event on a Galactic Bulge
giant star using UVES on the VLT simultaneously with dense
photometric observations in I-, R-, or V-band on the same tar-
get. In a previous paper (Cassan et al. 2004), we presented the
photometric data on the caustic exit and a fold caustic model
assuming linear limb darkening, or limb darkening computed
from synthetic spectra computed by PHOENIX v2.6 Allard
et al. (2001). We presented the analysis of the *,+ line and com-
pared it with the model. We have detected amplified emission
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from the stellar chromosphere after the source star’s trailing
limb exited the caustic.

We will give here the full details of the analysis of the spec-
tra, and present also other lines, H � and the two Ca II 8498,
8662 Å lines. In Section 2, our collected data is presented, and
the source is typed by analysis of curve of growth of Fe I and
Fe II lines, and fits of Ca II and ��� lines. Section 3 describes
the modelling of the caustic exit based on the photometric data.
Section 4 shows the equivalent-width variations of the promi-
nent H � , H� and Ca II lines and a comparison with predictions
from PHOENIX v2.6 stellar atmosphere models.

2. Photometric and Spectroscopic data on
OGLE 2002-BUL-69

2.1. Catching the caustic exit of a binary lens

On June 1 the OGLE collaboration announced the discovery
of the ongoing galactic bulge microlensing event OGLE 2002-
BUL-69, which would possibly reach a high magnification.
The PLANET collaboration started its photometric obser-
vations on June 18. These form the basis for our analy-
sis and consist of data from 6 different telescopes, being
part of the PLANET network: the Danish 1.54m and the
2.2m at ESO La Silla (Chile), the Canopus 1m near Hobart
(Tasmania), the Stromlo 50” (Caberra), the Perth/Lowell
0.6m at Bickley (Western Australia), and the Elizabeth 1m
at the South African Astronomical Observatory (SAAO) at
Sutherland (South Africa).

Triggered by the discovery that the source entered a fold
caustic on June 25 and crossed it by its diameter in about 1.25
days, PLANET issued a public anomaly alert on June 26 and
intensified its observations immediately.

Holding a target-of-opportunity status on the high-
resolution spectrograph UVES mounted on Kueyen, the sec-
ond VLT unit (UT2), we considered OGLE 2002-BUL-69 to
be a very good candidate for time-resolved spectroscopy of the
caustic exit because the source star involved is a giant and its
caustic entry a took fairly long time.

The initial estimate by PLANET, on the morning of July 7,
predicted that the center of the source would exit the caustic
on July 10 at 4:50 (UT) ��� 	 
 days, and PLANET therefore
issued a caustic exit anomaly alert. Expecting the crossing time
for caustic entry and caustic exit to be of the same order, we
suspected that the caustic exit might already be in progress at
that time. A day later, the estimate for the time of the caustic
exit was updated to July 8 23:00 (UT) ��� 	   days.

2.2. Reduction of UVES data

All the data from the two observing runs were reduced using
the UVES pipeline version 1.2.0 for MIDAS. On the same day
as the observing runs, spectra of a Thorium-Argon lamp were
taken for wavelength calibration of the instrument and the po-
sition of the diffraction orders was determined using a physical
model of the instrument predicting where the different orders
would be on the 2D image. We computed a median bias which

Table 1. Log of the observations at the setting 580. The Date is given
as month-day-hours of beginning of the observations in UT, Helio cen-
tric Julian date at mid exposure (HJD-2450000), airmass (airm), ex-
posure time in seconds (expt) , radial velocity correction in � ��� ���
( ��� � � ). The last two measurements were taken one month after the
end of the caustic crossing to get the baseline measurements. The hor-
izontal lines separate data taken on different days.

UT Date HJD at mid airm expt Vcor
Year-month-day-hour exposure sec kms ���
02-07-08T23:21:00 2464.485302 1.75 1200 -9.416
02-07-09T00:04:53 2464.515780 1.42 1200 -9.472
02-07-09T00:48:50 2464.546305 1.23 1200 -9.538
02-07-09T01:32:48 2464.576830 1.11 1200 -9.613
02-07-09T02:16:45 2464.607357 1.04 1200 -9.695
02-07-09T03:15:19 2464.648016 1.00 1200 -9.809
02-07-09T03:59:16 2464.678542 1.01 1200 -9.896
02-07-09T04:43:14 2464.709069 1.06 1200 -9.981
02-07-09T05:27:13 2464.739613 1.14 1200 -10.061
02-07-09T06:11:10 2464.770134 1.29 1200 -10.133
02-07-09T06:55:07 2464.800108 1.52 1105 -10.197
02-07-09T07:35:47 2464.828892 1.89 1200 -10.246
02-07-09T08:19:36 2464.854690 2.63 400 -10.286
02-07-09T22:59:32 2465.470365 1.95 1200 -9.865
02-07-09T23:43:29 2465.500891 1.53 1200 -9.916
02-07-10T01:30:21 2465.575097 1.10 1200 -10.083
02-07-10T02:14:17 2465.605613 1.04 1200 -10.165
02-07-10T02:58:05 2465.636026 1.00 1200 -10.250
02-08-16T00:06:36 2502.525601 1.02 3065 -24.401
02-08-16T00:59:36 2502.562405 1.00 3065 -24.500

was substracted from both the science images and the flat fields.
A median flat was produced by combining 5 individual flats.

No cosmic ray rejection algorithm was applied to the data
but we performed a bad pixel correction. We flatfielded the
extracted data and used an optimal extraction to produce one-
dimensional order-by-order spectra of both the science data and
the flat field, thereby taking care of the removal of the cosmic
rays. One-dimensional sky spectra were obtained by averaging
the results from extracting the sky on both sides of our target
star. After dividing both the science and the sky spectra by the
flat field, we removed the sky order by order, applied a merging
algorithm to produce the final spectra, and computed the helio-
centric correction. The characteristics of the resulting spectra
taken at the two settings 580 and 860 are shown in Tables 1
and 2.

2.3. Stellar parameters from Fe I and Fe II lines

A quick inspection of the spectrum suggested that the source
star in OGLE 2002-BUL-69 is a mid G - early K giant.The
TiO bands are very weak, while Calcium lines are strong, and
Balmer lines well detected. By fitting the spectral lines, we find
a radial velocity � � � �����  	 ! km s "$# . It is clear that the source
does not belong the Sagittarius dwarf galaxy (Ibata et al. 1995),
and that it is a typical Bulge giant (Minniti 1996).

We decided to derive the effective temperature %$& ' , the
gravity ( ) �+* , metallicity , - . / 021 and the microturbulent ve-
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Table 2. Log of the observations in the setting 860. Refer to table1 for
the legend.

UT Date HJD at mid airm expt Vcor
Year-month-day-hour exposure sec kms � �
02-07-08T23:42:50 2464.500465 1.57 1200 -9.442
02-07-09T00:26:47 2464.530987 1.31 1200 -9.504
02-07-09T01:10:45 2464.561515 1.16 1200 -9.575
02-07-09T01:54:42 2464.592039 1.07 1200 -9.653
02-07-09T02:38:39 2464.622564 1.02 1200 -9.737
02-07-09T03:37:13 2464.663227 1.01 1200 -9.853
02-07-09T04:21:10 2464.693755 1.03 1200 -9.939
02-07-09T05:05:10 2464.724302 1.09 1200 -10.021
02-07-09T05:49:07 2464.754820 1.21 1200 -10.098
02-07-09T06:33:04 2464.785343 1.39 1200 -10.166
02-07-09T07:15:22 2464.814171 1.68 1105 -10.222
02-07-09T07:57:41 2464.844101 2.19 1200 -10.267
02-07-09T23:21:26 2465.485576 1.71 1200 -9.889
02-07-10T00:05:24 2465.516104 1.40 1200 -9.945
02-07-10T01:52:11 2465.590255 1.06 1200 -10.123
02-07-10T02:36:14 2465.620847 1.02 1200 -10.207
02-07-10T03:19:54 2465.651174 1.00 1200 -10.293
02-08-16T01:53:48 2502.600037 1.03 3065 -24.501
02-08-16T02:47:03 2502.63701 1.12 3065 -24.511

locity � � � � � by comparing empirical and theoretical curves of
growth for the Fe I and Fe II as done by Minniti et al. (2002).
This work was done with the kind assistance of V. Hill, based
on the tools developped by Spite et al. applied to a grid of
MARCS models (Gustafsson et al. 1975) with the values of Fe I

and Fe II lines adopted from the VALD database (Kupka et al.
1999). We chose the individual spectra with the highest signal-
to-noise ratios, which are 07-09T00:04:53 for setting 580 and
07-09T00:26:47 for setting 860. Being the second spectra of
the corresponding series, they correspond to the points of time
with the largest source magnification. Although the largest part
of the star was inside the caustic region, equivalent width esti-
mates of Fe I and Fe II are not affected by the differential lens-
ing of the source star and can therefore be used safely. The
equivalent widths of the observed Fe I and Fe II lines are pre-
sented in Table 3. With S/N being the signal-to-noise ratio,

� �
the pixel size in Å, and 	 the full width at half-maximum of
the line, the uncertainty in equivalent width measurement can
be estimated following (Cayrel de Strobel & Spite 1988) as



EW �

�  ��� 	 � ��� � � ���� ��� (1)

yielding a typical value



EW ��� mÅ.
We took various atmosphere models with temperature rang-

ing between 4500 K and 5200 K. We asked that the lines from
the same species with high and low excitation potential should
produce the same abundance. We derived �  !#" from the ion-
isation equilibrium, requiring that the $ % abundance deduced
from neutral and ionised species should be the same. The mi-
croturbulent velocity is derived by the constraint that small and
large equivalent widths of Fe I should lead to the same abun-
dance of this element. While Fig. 1 shows the curve of growth
of Fe I and Fe II, Fig. 2 shows a check of the finally adopted pa-

Table 3. List of Fe I and Fe II lines with central wavelength & ,
their excitation potential '�( ) , their line transition probability * + ,.- /
(McWilliam & Rich 1994) used to derive the stellar parameters.

& Species '�0 1 log gf EW
(Å) (eV) Å
6151.62 FeI 2.18 -3.33 64.0
6173.34 FeI 2.22 -2.86 91.0
6180.21 FeI 2.73 -2.63 59.0
6187.99 FeI 3.94 -1.67 41.0
6200.32 FeI 2.61 -2.39 84.0
6212.07 FeI 4.37 -2.69 7.0
6213.44 FeI 2.22 -2.49 96.0
6219.29 FeI 2.20 -2.43 93.0
6229.23 FeI 2.84 -2.82 44.0
6240.65 FeI 2.22 -3.21 63.0
6246.32 FeI 3.60 -0.80 88.0
6252.57 FeI 2.4 -1.69 127.0
6254.25 FeI 2.28 -2.44 117.0
6265.14 FeI 2.18 -2.53 108.0
6270.23 FeI 2.86 -2.54 78.0
6271.28 FeI 3.32 -2.81 26.0
6297.80 FeI 2.22 -2.67 89.0
6301.50 FeI 3.65 -0.70 101.0
6307.85 FeI 3.64 -3.27 0.0
6311.50 FeI 2.83 -3.15 35.0
6322.69 FeI 2.59 -2.44 79.0
6330.84 FeI 4.73 -1.64 15.0
6335.34 FeI 2.20 -2.18 105.0
6336.83 FeI 3.69 -0.67 0.0
6353.85 FeI 0.91 -6.36 0.0
6355.04 FeI 2.84 -2.33 78.0
6380.75 FeI 4.19 -1.37 49.0
6392.54 FeI 2.28 -3.96 23.0
6393.61 FeI 2.43 -1.51 136.0
6411.11 FeI 4.73 -2.21 0.0
6411.66 FeI 3.65 -0.65 116.0
6419.94 FeI 4.73 -0.18 65.0
6421.35 FeI 2.28 -1.98 125.0
6430.86 FeI 2.18 -1.95 125.0
6475.63 FeI 2.56 -2.93 69.0
6481.88 FeI 2.28 -2.99 84.0
6494.99 FeI 2.40 -1.25 191.0
6498.95 FeI 0.96 -4.68 87.0
6518.37 FeI 2.83 -2.40 61.0
6533.93 FeI 4.56 -1.36 22.0
6546.25 FeI 2.75 -1.54 99.0
6556.81 FeI 4.79 -1.72 9.0
6569.22 FeI 4.73 -0.38 63.0
6571.18 FeI 4.29 -2.95 0.0
6574.25 FeI 0.99 -5.00 56.0
6575.04 FeI 2.59 -2.71 72.0
6591.31 FeI 4.59 -2.00 0.0
6593.87 FeI 2.43 -2.38 93.0
6597.56 FeI 4.80 -0.97 26.0
6608.04 FeI 2.28 -3.94 23.0
6627.54 FeI 4.55 -1.56 19.0
6646.97 FeI 2.60 -3.92 25.0
6648.12 FeI 1.01 -5.73 24.0
6653.91 FeI 4.14 -2.45 13.0
6678.00 FeI 2.69 -1.40 125.0
6699.14 FeI 4.59 -2.12 17.0
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Table 4. Continuing list of Fe I and Fe II lines used to derive the stellar
parameters.

�
Species ��� � log gf EW

(Å) (eV) Å
6703.58 FeI 2.76 -3.06 54.0
6704.50 FeI 4.20 -2.59 9.0
6705.11 FeI 4.61 -1.06 9.0
6710.32 FeI 1.48 -4.80 36.0
6713.77 FeI 4.80 -1.47 19.0
6715.39 FeI 4.59 -1.54 29.0
6716.25 FeI 4.56 -1.85 0.0
6725.35 FeI 4.10 -2.23 25.0
6726.67 FeI 4.59 -1.09 48.0
6733.15 FeI 4.64 -1.48 14.0
6739.52 FeI 1.56 -4.80 20.0
6750.16 FeI 2.42 -2.59 77.0
6752.72 FeI 4.64 -1.26 21.0
6806.85 FeI 2.73 -2.73 57.0
5991.36 FeII 3.153 -3.55 26.5
6084.09 FeII 3.199 -3.80 19.5
6149.24 FeII 3.889 -2.72 26.2
6247.56 FeII 3.890 -2.32 42.8
6416.92 FeII 3.891 -2.74 -2740.0
6432.68 FeII 2.890 -3.70 -3550.0
6456.39 FeII 3.900 -2.07 43.0
6516.08 FeII 2.890 -3.45 53.0

rameters. We have performed a compromise fit of Fe I and Fe II

in order to obtain � � �	� and 
 � �  ��� . Our resulting parameters
are � � �	��� ����� � � � ����� � � � K, 
 � �  ���	�� !� " # , � � �	�$�&% " �
with a micro turbulent velocity ' ( ) * +,�.- " � km s /10 . We re-
call that with this method, � � �	� is usually somewhat overes-
timated (Hill, private communication), so that its true value
should rather fall into the range � � �	�32,� " � –2.5.

2.4. Stellar parameters from 4�5 lines

We decided to perform another completely independant analy-
sis to derive the stellar parameters. The triplet of spectral lines
of ionised calcium at 6 8498, 8542, and 8662 Å are among
the strongest features in the spectrum of a broad range of stel-
lar spectral types, and therefore very well studied. Our UVES
spectra of OGLE-2002-BLG-69 include the spectral range of
the 8498 Å and 8662 Å lines, but not the 8542 Å line, which
unfortunately lies between two orders. We have therefore simu-
lated the 8498 Å and 8662 Å lines by use of model atmospheres
and synthetic spectra, in order to compare these simulations
with our data. The CaII triplet is known to be only little af-
fected by NLTE effects (Jørgensen et al. 1992a), and we there-
fore model the lines by use of LTE model atmospheres based
on the MARCS code in the version of (Jørgensen et al. 1992b)
with line data input from the VALD data base. The code has the
capability to produce the atmosphere in plane parallel as well
as in spherical symmetry. A test computation showed the effect
of sphericity to be very small (because of the relatively high
gravity to be discussed below), and in order to obtain the best
consistency with the high-resolution synthetic spectrum com-

Fig. 1. Empirical and theoretical curve of growth of Fe I and Fe II for
the adopted stellar model, 7	8 9;:=< > > > K, ? @ ACB�:=D E > , F G H I JK:L E M km s N�O and P Q R S T�U :�VW> E X . The abscissa is ? @ A Y Z1[\B ]W^ _ where
Z�[ is the abundance of the element in the sun, B ] the line transi-
tion probability and ^ (Cayrel & Jugaku 1963) a function of the ele-
ment and of the stellar model. The solid line is the theoretical curve of
growth, and the distance to the dash line gives P Q R S T�U .

putations, we therefore performed the general analysis based
on plane parallel atmospheres.

For giants and super-giants, the CaII triplet has its maxi-
mum intensity for ��� � close to 5000 K. In the expected param-
eter range for OGLE-2002-BLG-069, the Ca line equivalent
widths are quite sensitive to metallicity (calcium abundance),
and somewhat less sensitive to ��� � . For most values of tem-
perature and metallicity, the equivalent widths increase for de-
creasing gravity, including for the values of interest here, while
for lower values of ��� � and/or Z, the situation is a bit more
complicated. For a given ��� � , there will therefore always be a
range of combinations of gravities and corresponding calcium
abundances which will fit the equivalent width of the observed
lines, and it is therefore necessary to include the whole pro-
file in the analysisis to resolve the degeneracy of the equivalent
widths in the parameter space.

The wing of the Ca profile is particularly sensitive to the
calcium abundance, and in order to match the rather narrow
wing of the observed line profile, an abundance somewhat re-
duced compared to the solar value is required. The depth of the
line, on the other hand, is sensitive to temperature. A value of
��� � = 4800 K gives a too deep Ca line, while ��� � = 5000 K
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Fig. 2. We provide here two panels to check our method for determin-
ing the abundance of [ � � / � ] for the adopted stellar parameters. The
upper panel shows [ � � / � ] as a function of the excitation potential of
the lines. The lack of correlation shows that the excitation equilibrum
is obtained, and therefore that the adopted temperature is correct. The
lower one presents [ � � / � ] as a function of the equivalent width of
the line. The lack of correlation shows that the choice of the turbulent
velocity is adequate.

and ��� � = 5200 K lead to equally good fits. A good fit to both
of the CaII lines can be obtained with Z � �
	 0.25 Z � � � � (i.e.
[Fe/H] 	� 0.6 for scaled solar metallicity), ��� � = 5000 K, and� � ������� � �

(i.e., a class III giant), as is seen in Fig. 3 and 4.
There are a number of Fe lines, as well as a few Ti and Si

lines close to the two Ca lines. In order to fit both the weak
and strong iron lines, a micro turbulence value of � � � � ��	 1.5
km/s or slightly less, is required, whereas the intensity of the
Ca lines themselves are not very sensitive to the value of � � � � � .

If OGLE-2002-BLG-69 were a supergiant (
� � ��� 	! � � ),

a calcium abundance of Z � �"	 0.10 Z � � � would be required.
Lowering the iron abundance does not affect the strong and
weak lines equally, and although the two strong iron lines1 to
the right in Fig. 3 (at 8514.1 and 8515.1 Å ) would also agree
well with the observations for this parameter set, the weaker
iron line at 8482.0 Å would no longer fit the depth of the
(blended) feature on the left side of the figure.

In order to further confront the parameter set estimated
from the Ca lines, we also simulated the magnesium triplet

Fig. 3. The observed and computed spectrum normalised to the contin-
uum in the region around the # 8498 CaII line. Wavelength is given in$ m and the flux %'& is normalised to the continuum flux %'( ) * + . The
computed spectrum is based on a stellar model of ,.- / = 5000 K,0 1 2'35476 8 9

, and Z=0.25 :<; . A value of = > ? @ A =1.5kms B.C has been
assumed in the computation of the Voigt line profiles. The observed
spectrum is shifted to the rest frame.

Fig. 4. The observed and computed spectrum in the region around the
# 8662 CaII line, computed in the same way as in Fig. 3.

lines around D 5175 Å . As for the CaII lines, these lines are
also sensitive to ��� � and metallicity, and quite insensitive to
the micro-turbulence parameter. As oppose to the CaII lines,
they are, however, very sensitive to the value of

� � ���
. With in-

creasing gravity the widths of the three magnesium lines in-
crease considerably, and the lines immediately confirm that
OB0269 cannot be a super-giant, since this would produce far
too narrow Mg lines. However, the computed Mg lines are
still a bit too narrow even for the parameter set �<� � = 5000
K,
� � ���E�7� � �

. A lower temperature of ��� � = 4800 K would
give much better agreement between observations and compu-
tations for the Mg lines. Nevertheless, in addition to being in
disagreement with the Ca lines, this temperature would also
predict measurable MgH bands, which are not seen in the ob-
served spectrum. We therefore conclude that ��� � = 5000 K is
realistic, also determined from the Mg lines, but that the Mg
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Fig. 5. The observed and computed spectrum in the region around the
marked � 5167.3, 5172.7 and 5183.6 Å Mg lines, computed in the
same way as in Fig. 3, but for log( � ) = 2.5. The line at � 5167.3 Å
blends with a (slightly stronger) Fe line at � 5167.5 Å.

lines point to a slightly higher value of � � ��� than adopted for
the fit of the CaII lines.

Figure 5 shows the region of the Mg triplet fitted with a syn-
thetic spectrum based on a model atmosphere of �	� 
 = 5000 K,� � ������ � � , and Z = 0.25 ��� . The computed Ca lines are unaf-
fected by a change of � � ��� from 2.0 to 2.5. For cooler stars a
comparison of the Mg and MgH lines impose a good constrain
on gravity, but here of course the lack of MgH bands can only
be used to give a lower limit on the temperature. Also com-
parison of the � 5175 Å triplet with the � 5711Å Mg line can
sometimes give important information about the gravity (be-
cause they have opposite response to changes in gravity) but
the 5711 Å -line is not observed, because it is just in between
two orders of the spectrum.

2.5. Final stellar parameters chosen

The results obtained by studying the curve of growth of Fe I and
Fe II lines, and the fit of the Ca II 8498Å and 8662 Å lines give
consistent results. Therefore, in the following we will adopt as
the stellar parameters ��� 
���� � � ��� , � � ������ � � , � � �  !"�# � � km s $&% and ' ( ) * +-,	�/.0� � 1 .

The calibration of the MK spectral type gives for a G5III
( ��� 
2�3� � � � K), M(V)=+0.9, V-I=0.95, BC=-0.34, 43* 465��# � # , 78* 79�/� # � , � � ���:�; , � < = >�?6 � @ ACB $&% (Lang 1992).
At HJD=2452455.2754, the source was amplified by a factor of
17.7. The measured colors from SAAO data are DC� # E � � #�F� � � # , G H;.3D I2�� � � 1 F � � �  , so J0G K�.CL I2� # � # #-F � � �  .
The choice of the ratio of the total to selective absorption, 7�M&N
for galactic Bulge line of sight has been debated recently, with
values ranging from 1.9 to the standard value of 2.5 (Udalski
2003a; Sumi 2004). From these analyses, they suggest that the
value of 7-M&N to take depends on the actual amount of ex-
tinction in these lines of sight. If we follow the prescription
of Sumi (2004), we would have to adopt 78M&N3�O � � , very
similar to the typical values that were adopted before towards
the Bulge. We adopt a conservative P0Q�* J9G K3.RL I��� �  F � � E ,

and then derive a distance of S � T FU# � T2V W	X , the lower end
value of the distance estimate corresponding to 7�M	N"�Y � � .
The source star is a G5III Bulge giant, with typical radial ve-
locity �  Z [��3 \ � � km s $&% . Its galactic coordinates are l=6.845,
b=3.508.

3. Modelling the caustic exit, photometry

3.1. Generic fold-caustic model

For ] light curves being observed over the caustic exit, our
modelling of the data involves the following

E�^  ] parameters
(Dominik 2003):

– _ ` , the point of time at the end of the caustic exit (when the
trailing limb of the source exits),

– a�_�b�� , half the time it takes the source to cross the caustic
by its diameter,

– c�d e f` , the flux at the end of the caustic exit,

– c d e f b�� , the point-source flux at time _	` .9a8_ of the images
becoming critical as the caustic is hit,

– g , the rate of change in flux in units of c d e f of the non-
critical images,

where
#2h B h ] is an index specifying the light curve, andi_jb;� is an arbitrarily chosen unit time. We approximate the

wavelength-dependent brightness profile of the source D klG m I��D n klG m I (where � h m h/# is the fractional radius of the source
star) by constant width rings of constant intensity. With these
model parameters, the flux for the B -th light curve reads

c d e f` o p [ G _ IC�Yc d e f q0r `0s _ `&.R_a�_6t n d e f u ^ g9G _�.R_ ` I v ^ c d e f` t(2)

where

r ` is a universal fold-caustic profile function de-
pending on the source brightness profile given by (Schneider
& Wagoner 1987).

3.2. Limb-darkening profile

We adopted a stellar atmosphere model computed by the
PHOENIX NextGEN code using spherical geometry and
spherically symmetric radiative transfer for the stellar param-
eters we derived in section 2.5 (Hauschildt, Baron & Allard,
1997)

For selected wavelengths in steps of 0.05 Å, 128 values was
calculated for the intensity profile function D k G m I for which an
interpolative cubic spline function was determined. This spline
function was then approximated by the step function:

D k G m IC�xwy z { % D k
z ' |�G m z .Rm I�."|8G m z $&% .Rm I ,�Yw $&%y z { %�} D k
z .:D kz ~ %l� |8G m z .Cm I ^ D kw (3)
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using ����� � � � coefficients � �� and equally-spaced frac-
tional radii 	 � ��
 � � for selected wavelengths in steps of
0.2 Å.

For normalization we write����� � ����� � ���� � �� ����� 	 ���� � � ���! (4)

Inserting Eq. (3) into Eq. (??) yields the fold-caustic profile
function as

"$# % &(' � � ) � $���� � ����� � �� � � �� ��� � 	 * + �� ",# - . % & � 	 � ) �
� � � "$# - . % & )(/ (5)

where
",# - . % & ) � "$# % & / � �10�� ) is the profile function for a

uniformly bright source.

4. Synthetic and observed spectra

Previous theoretical investigations (Loeb & Sasselov 1995;
Gaudi & Gould 1999; Heyrovsk ý et al. 2000; Bryce et al. 2002)
and observations of EROS 2000-BUL-5, (Albrow et al. 2001a;
Castro et al. 2001; Afonso et al. 2001) have shown that one
expects the spectrum to appear redder during the transit of the
limb over the caustic than during the transit of the source center.
Since individual lines form at different depth in the stellar at-
mosphere, their center-to-limb variations differ and will there-
fore vary differently during a caustic transit of their source star.
Most absorption lines will be stronger during a caustic transit of
the source center rather than the limb. The set of lines in which
the most prominent features are detectable depends on the type
of source star. The G5 bulge giant in OGLE 2002-BUL-69 is
too hot for strong 2�3 4 lines to be present, but Balmer lines and
Ca II lines comprise the preferred targets.

4.1. A small grid of stellar altmosphere models for
OGLE-2002-BUL-69

The PHOENIX code is a multi-purpose non-LTE (NLTE) stel-
lar atmosphere modeling package (Hauschildt & Baron 1999)
which can handle extremely large model atoms as well as line
blanketing by hundreds of millions of atomic and molecular
lines. This code is designed to be both portable and flexible:
it is used to compute model atmospheres and synthetic spec-
tra for, e.g., novae, supernovae, M, L, and T dwarfs, irradiated
atmospheres of extrasolar giant planets, O to M giants, white
dwarfs and accretion disks in Active Galactic Nuclei (AGN).
The radiative transfer in PHOENIX is solved in spherical ge-
ometry.

For our model calculations, we use the general-purpose
stellar atmosphere code PHOENIX (version 13.8). Details of
the numerical methods are given in the above references, so we
do not repeat the description here.

The models used are an updated and improved version of
the models used in Allard et al. (2001). These models go out
to large distances from the star, where the layers are strongly
influenced by NLTE effects. Therefore, we have calculated a

small grid of NLTE models for the model parameters used in
this paper (see Hauschildt & Baron 1999, for details) at a reso-
lution of 0.05 Å : 5�6 78��9 : � � /�; � � � /�; � � � K, < = >!?���@ / @  ;
and A B C � D,EF�G� / � �  H . Our reference synthetic spectrum,
the one that will be used in unless otherwise stated in the fol-
lowing has the parameters : 5(6 7�� ; � � � K, < = >!?I��@  ; andA B C � D,E(� � �  H .

The ions treated in NLTE are H I, He I–II, C I-VI, N I-V,
O I-IV, Mg I-IV, Ca I-IV, Si I-IV and Fe I-IV where the atomic
data were taken from the Kurucz and the CHIANTI databases.
The NLTE effects are small for most of the lines, except for the
outermost regions of the atmospheres.

We convolved the stellar brightness profiles for the various
wavelengths according to the stellar atmosphere model with
the transmission of the R- and I-filters in order to compute the
limb-darkening profiles in R and I band as a function of 	 . The
resulting profiles show significant differences compared to lin-
ear and square-root limb-darkening laws which is mainly due to
the effect of spherical radiation transport tending to concentrate
the emitted intensity closer to the center of the stellar disk than
the plane parallel approximation (Orosz & Hauschildt, 2000,
and see Fig. 9 of Hauschildt et al, 2001). For each spectra from
the grid, we derived a fold-caustic model as in (?) and used it
to compute the source flux during the caustic exit in order to
obtain a synthetic spectrum at all the epochs of the UVES ob-
servations and at additionnal dates in order to sample the caus-
tic exit well. The computation is made over 100 Å around the
studied lines (H J , H K , Ca II). This wavelength range has been
chosen to match the length of the UVES order containing the
particular line.

4.2. Fitting the continuum

We are using individual order spectra (typically, a range ofL � � � Å) to study the equivalent width and the profile of the
different lines of interest (H J , H K , Ca II). We took this decision
in order not to be potentially affected by the approaches cho-
sen in the merging of the orders. We have used two different
methods to estimate the continuum.

First we used SPLAT from the STARLINK package . We
always took the same range in wavelength to determine the
continuum, but excluded some small areas where obviously a
cosmic ray hit the detector. We fitted a low order polynomial to
the spectrum. This rather pedestrian approach has been applied
to all the observed spectra.

As a second approach, we performed an iterative smoothing
of the spectrum M,�� with a window of � � ˚

N
, removing points

at ;�O . This procedure allows us to “remove” efficiently the
cosmics and also the spectral lines and estimate a continuum.
Then, we normalize the spectrum to 1.0 using this continuum.

In practise, the two methods gave similar results, so we
adopted the second method and applied it to both synthetic and
observed spectra.

Finally, we took a synthetic spectra, and add noise corre-
sponding to the different signal to noise ratio obtained during
the observations. We then applied our procedure to the differ-
ent noised synthetic spectra to see we would not introduce any
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Fig. 6. Upper panel: two UVES spectra (two lower curves) corre-
sponding to 9 July, UT 22h59 (HJD � � � � � � � ����� � � � 	 � 


, solid
line) and 9 July at UT 00h04 (reference spectra, HJD � � � � � � � ���� � � � 	 � �

, dotted line), as well as two computed NLTE synthetic spec-
tra at the same epochs (the two upper solid and dotted curves). Lower
panel: fractional difference  ��� ��� � ���� � � � � ������ � � � � � � � ���� � � � ������� � � � � � (lower solid line) for wavelengths in the vicinity of the � � -
line shifted vertically by -0.3. On the upper right, we show the rela-
tive position of the source star at each epoch with respect to the fold-
caustic shown as dashed.

systematic trends in the fitting of the continuum with our pro-
cedures.

4.3. Center to limb variations of the !�" and !$# lines

In Cassan et al. (2004) we presented %'& line fractional dif-
ferences, ( )'*,+.- / )'*0 0 1 2 3 4 )'*2 5 1 2 6 7 8 / )$*0 0 1 2 3�9 )$*2 5 1 2 6 7 , for
both the LTE synthetic spectra and the observations. This initial
analysis revealed good agreement between the synthetic spec-
tra and the model in the wing part of the line, but a clear dis-
crepancy in the core of the line. The spectral profile of the core
was not well matched by the model spectrum: both the width
and the depth disagreed. Fig. 6 is similar to Fig.2 from Cassan
et al. (2004) but with an NLTE model. The depth of the %'&
line of the NLTE model agrees with the observation, but not
the width. The fractional difference ( )$* has a smaller ampli-
tude with the NLTE model compared to the LTE one and has
some unphysical wiggles.

Since the differential signal is expected to be strongest be-
tween the pair of spectra 9 July, UT 00h04 and 22h59, we
present the corresponding figure for the % : line in fig. 7. First,
we note that there is a good agreement between the NLTE syn-
thetic spectra and the observations at UT 00h04, reproducing
both the core and the wing of the % : line. We unfortunately
did not reach a high enough signal to noise ratio at UT 22h59
and subsequently during the second night of observation. As
a consequence we cannot get a clear signature of a differential
signal in the %�: line. We computed a median using all the spec-
tra of the first night to be compared with the one at UT 22h59
binned by 3, 5, 10 or 20 pixels. We cannot get a clear signature.
Since the other spectra taken during the second night had lower

Fig. 7. We present the ��; line. Upper part of the figure : UVES spec-
tra (two lower curves) corresponding to 9 July, UT 22h59 (HJD �� � � � � � ���<� � � � 	 � 


, solid line) and 9 July at UT 00h04 (refer-
ence spectra, HJD � � � � � � � ���=� � � � 	 � �

, dotted line), as well as
two computed NLTE synthetic spectra at the same epochs (the two
upper solid and dotted curves). Lower panel: fractional difference ��� �>� � ���� � � � � �?���� � � � � � � � ���� � � � � � ���� � � � � � (lower solid line)
for wavelengths in the vicinity of the � @ -line shifted vertically by
-0.7. Although we show the epoch where we expect the strongest sig-
nal, we do not have a clear signature due to the low signal to noise
ratio we obtained.

signal to noise ratio, we cannot get a meaningfull comparison
between the first and second nights.

We have a very clear signature of the differential signal in
the % & line, but because of low signal to noise ratio, the % : line
is inconclusive in the fractional difference plots. The synthetic
spectra with NLTE treatment of Balmer and Calcium lines pro-
vides a better fit than the LTE calculations from Cassan et al.
(2004).

4.4. Center to limb variations of the Calcium lines

In Fig. 8 and 9 we show the observed and synthetic NLTE spec-
tra at two epochs: 9 July at UT 00h26 and 9 July at UT 23h21
(trailing limb crossing the caustic). On the lower part of Fig. 8
and 9 is plotted the fractional difference of the lines as a func-
tion of wavelength. An initial analysis with the NLTE model
reveals good agreement between UVES and synthetic spectra,
except for the deepest part of the core of the lines. In contrast,
the LTE calculations (not shown) gave a very poor fit, most
likely due to a prescription for the LTE line broadening that
is too crude compared to the NLTE one in the PHOENIX v2.6
models.

We have a marginal detection of signal for the Ca II 8498 Å
line in the core of the line, whereas the signal is strong for the
wings and the core of Ca II 8662 Å . We notice that as for the
%$A -line, we have unphysical wiggles in the deepest part of the
core of the lines.
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Fig. 8. The upper part of the figure shows the UVES spectra taken
on UTC July 9 at 00h26 (dots) and at 23h21 (solid) around the Ca II

8498 Å line. On the lower part of the image is shown the frac-
tional difference in the lines as a function of wavelength : � ������ � ���	 	 
 � �� ���� � 
 � � � � � ���	 	 
 � �� ���� � 
 � � � .

Fig. 9. The upper part of the figure shows the UVES spectra taken
on UTC July 9 at 00h26 (dots) and at 23h21 (solid) around the Ca II

8498 Å line. On the lower part of the image is shown the frac-
tional difference in the lines as a function of wavelength : � � � �� � ���	 	 
 � �� ���� � 
 � � � � � ���	 	 
 � �� ���� � 
 � � � .

4.5. Trailed spectrogram analysis of ��� , ��� , Ca II

8498Å and 8662 Å lines

We have done a trailed-spectrogram analysis of each of the
echelle spectral orders containing ��� , ��� ,Ca II 8498Å 8662
Å and Mg lines. In the subsequent figures, the spectra are dis-
played as a greyscale image, wavelength versus time sequence
number. Horizontal lines mark time gaps longer than 0.5 days,
thus dividing the spectra into three groups,12 or 13 spectra
taken at high magnification, 5 spectra taken during the castic
exit, 2 spectra taken a month later.Error bar spectra are gener-
ated from the pixel-to-pixel fluctuations in each spectrum, as-
suming the noise sigma scales with the square root of the flux
times a proportionality factor that is a slow polynomial func-

tion of wavelength. This gives error bars for use in optimal fit-
ting and averaging. An optimal average spectrum is calculated
and plotted. That average spectrum is then optimally scaled
to fit the individual spectra. This in effect models the trailed
spectrogram F(lambda,time) as a separable function F(lambda)
* F(time). The optimally-scaled mean spectrum is subtracted
from the individual spectra to obtain residuals. The residu-
als are displayed as a greyscale. The residuals are divided by
the error bars to obtain normalised residuals (in sigma units)
and these are also displayed as a greyscale image (-5sigma to
+5sigma).

The ��� chromospheric emission enhancement during caus-
tic exit is clearly visible in Fig. 12. The same effect is weaker
and marginally detected in Ca II 8662 Å . The signal to noise
ratio of the ��� line is too low for a detection, and there is a
marginal detection in Ca II 8498Å . No signal is seen in the Mg
lines.

5. Equivalent width variations

5.1. H � and H � lines

For H � , just as in Cassan et al. (2004) we divided the analy-
sis into two parts: the wings ( � � � � �!� � � " # � Å and � � � $ # ���
� � � % # � Å ), and the core ( � � � " # � �&� � � $ # � Å ). We apply the
same tools to measure the equivalent width in the observations
and synthetic spectra and estimated the measurements errors
using Eq. (1). In order to be able to compare the observed
equivalent width of the H � line with the predictions from our
NLTE synthetic spectrum, we apply an overall scale factor to
the equivalent width so that the measurements derived from
the fiducial model match the post caustic observations. Fig. 13
shows the variation of EW in the core and in the wings of the
H � line with the photometric light curve. Both the NLTE and
LTE calculations are also plotted. At the begining, we have a
small short term decrease in the model when the leading limb
hits the caustic followed by a small variation when the source
center transits over the caustic, and then a marked change when
the trailing limb hits the caustic. It is striking to notice that we
have a smaller center to limb variation with NLTE calculations,
in particular in the core of the line. Moreover, the observations
suggest a sharp variation in the core of the line during the very
end of the caustic exit, and neither the LTE nor the NLTE are
reproducing it.

5.2. Ca II 8498Å and 8662 Å lines

The observed Ca II 8498Å and 8662 Å lines show different
behavior. The equivalent width of Ca II 8498Å varies by 0.1
Å during the first night. This variation was neither expected
nor understood from the modeling. Different data reduction
schemes were applied and special attention was paid to re-
moving the sky contribution. Indeed, it is known that a skyline
at 8498Å could contaminate the Ca II line. We use the UVES
spectra of the night sky taken by ? to estimate a possible con-
tamination. We overplot it to Fig8. The net result is that thanks
to the radial velocity shift of the star, no sky line are contami-
nating the core of Ca II 8498Å where the variation is seen.
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Fig. 10. Trailed spectrogram for the ��� line. Top panel: mean spec-
trum normalized to 1.0. The greyscale image in the second panel from
the top shows the 20 individual spectra plotted versus time with black
= 1.05 and white = 0.5. Horizontal lines mark time gaps longer than
0.5 days, thus dividing the spectra into three groups,12 or 13 spectra
taken at high magnification, 5 spectra taken during the castic exit, 2
spectra taken a month later. The greyscale image in the third panel
shows residual after subtracting the mean spectrum to the individual
spectrum (black is +5 %, white -5 %) and the fourth pannel is as panel
three, but normalized (black is +5 sigma, white is -5 sigma). There is
a very clear chromosphere signature detected in ��� .

During the second night of observation while the limb was
transiting the caustic we observed slightly larger center to limb
variation than what is computed by the synthetic models, but it
could be due to the chromosphere of the giant not being taken
care of by the current atmosphere model.

The equivalent width of Ca II 8662Å shows slightly larger
center to limb variation than the NLTE model computation. The
observations are more peaked towards the limb, leading us to
suspect that the chromosphere would have to be taken into ac-
count for proper modeling of the phenomenon.

6. Summary and concluding remarks

This is the first time ever that a Bulge giant atmosphere has
been resolved with high S/N, high resolution and high sampling
rate at the same time. The only previous successful attempts

Fig. 11. Trailed spectrogram for the Ca II 8662 Å . See Fig. 12 for
description. There is a chromosphere signature detected in Ca II 8662
Å .

(on EROS 2000-BUL-5) have been the high-resolution spectra
from Keck at two phases (Castro et al. 2001), and the good
time coverage of the phenomenon at high S/N but with low
resolution with FORS described in the qualitative analysis of
Albrow et al., (2001), reanalyzed by Afonso et al. (2001).

– We have been able to predict the phenomenon thanks to the
generous allocation of telescope time at various PLANET
sites, online analysis systems and fast prediction of caustic
exits and do the observing with UVES on the VLT in a very
efficient way as a Target of Opportunity. The flexibility in
scheduling and the real time interaction with Paranal staff
was vital. This kind of observation can be done successfully
!

– The source star in OGLE 2002-BUL-69 is a Bulge gi-
ant G5III with a radial velocity of � � � �	��
 �  � km s ��� ,� � ����� � ��� � � � ����
 � �  K, ! " # $ %�&��(')�  * , � � ��+ �,
  �
and � - . � /0�	1  
 km s ��� .

– Very good coverage of the caustic exit was achieved. We
stress that the most important part is when the trailing limb
of the star transits the caustic. In such a configuration, it is
possible to get contributions from the chromosphere or the
star.
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Fig. 12. Trailed spectrogram for the Ca II 8498 Å . See Fig. 12 for
description. There is a marginal, chromosphere signature in Ca II 8498
Å .

– For a G5III, the strongest signal is obtained in the ��� line
and then in the Ca II 8662 Å line. A signal is detected in the
Ca II 8498 Å line but we do not have a high enough signal
to noise ratio to get a clear detection in the ��� line.

– We have a clear detection of the chromosphere in ��� , and
Ca II 8662 Å a weak signal in Ca II 8498 Å , but no conclu-
sive signal from ��� .

– We stress that even using an 8m class telescope this kind of
study should be restricted to bright targets since it is essen-
tial to get both high signal to noise ratio and high resolution
for the trailing limb in order to get a positive detection of
the center to limb variations.

– It is giving
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Fig. 13. Photometric data, spectroscopic data and model (NLTE as
solid and LTE as dash) of the spectroscopic data. (top) Temporal vari-
ation of equivalent width of the core of the H � line. (middle) Temporal
variation of equivalent width of the wings of H � line. (bottom) R- and
I-band light curve during caustic exit. The vertical dashed line is the
caustic exit time estimated from the photometry. The vertical solid line
is separating caustic data and post caustic data from baseline measure-
ments.

Fig. 14. The upper panel gives the variation of equivalent width of
the Ca II (8498 Å) line as a function of time, the panel below giving
ionCaii 8600 Å whereas the lowest panel gives the caustic exit in the
R,I bands. The vertical dashed line is the caustic exit time estimated
from the photometry. The vertical solid line separates caustic data and
post caustic data from baseline measurements
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Abstract. We present an analysis of OGLE 2004–BLG–254, a high-magnification (A◦ ' 60) and relatively short duration
(tE ' 13.3 days) microlensing event in which the source star, a Bulge K-giant, has been spatially resolved by a point-like
lens. A high signal-to-noise ratio spectrum taken while the source was still magnified by A ∼ 20 showed that the source was
a K2 III Bulge giant, situated at DS ' 8.8 kpc. From modelling the light curve, we derive an angular size of the Einstein ring
θE ' 123 µas, and a relative lens-source proper motion µ = θE/tE ' 3.4 mas/yr, whereas no significant constraint can be
obtained from parallax effects. We use a galactic model for the mass and velocity distribution of the stars to estimate the lens
distance as DL ' 7.4 ± 0.7 kpc, the lens mass as M ∼ 0.17 M� and its velocity at the lens distance as v ' 125 km s−1.
Our dense coverage of this event allows us to measure limb darkening of the source star in the I and R bands. We also
compare previous measurements of linear limb-darkening coefficients involving GK giant stars with predictions from ATLAS
atmosphere models. We discuss the case of K-giants and find a disagreement between limb-darkening measurements and model
predictions, which is probably caused by the inadequacy of the linear limb-darkening law. ?

Key words. techniques: high resolution spectra – techniques: gravitational microlensing – techniques: high angular resolution
– stars: atmosphere models – stars: limb darkening – stars: individual: OGLE 2004–BLG–254
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1. Introduction

The microlensing technique is one of a few methods (together
with interferometry, eclipsing binaries and transiting extra-
solar planets) that can be used to measure brightness profiles
of stars at distances exceeding a few kpc. The apparent stellar
disk is a projection of the near stellar hemisphere and therefore
shows an axisymmetric variation of the observed brightness as
the projection maps the variation of the emergent radiation with
depth. The continuum is on average formed at larger depth at
the disk center and at smaller depth at the limb (Eddington-
Barbier effect, see e.g.: Witt & Mao 1994; Loeb & Sasselov
1995; Sasselov 1997; Heyrovsk ý et al. 2000; Heyrovsk ý 2003).
The microlensing method requires the source to transit a region
with a large magnification gradient over its face, as present in
the vicinity of caustics. While a single lens creates a point-like
caustic at its angular position, binary lenses create extended
caustic patterns formed of lines (fold caustics) which merge at
cusps.

PLANET observations of the microlensing event
MACHO 1997–BLG–28 (Albrow et al. 1999b) contain-
ing a cusp passage, constituted the first limb-darkening
measurement of a Bulge giant. The majority of subsequent
limb-darkening measurements such as MACHO 1998–SMC–1
(Albrow et al. 1999a; Afonso et al. 2000), MACHO 1997–
BLG–41 (Albrow et al. 2000), OGLE 1999–BLG–23 (Albrow
et al. 2001), EROS–2000–BLG–5 (Fields et al. 2003; An et al.
2002), OGLE 2002–BLG–069 (Cassan et al. 2004) resulted
from fold-caustic passages. The limb-darkening measurement
in the solar-like star MOA 2002–BLG–33 (Abe et al. 2003)
constituted a very special case with the source enclosing
several cusps of the caustic at the same time. For the extended
size of the source star to have a significant effect on the light
curve, the angular source size has to be of the order or larger
than the angular separation between source center and lens.
However, only a small fraction of microlensing events provide
angular separations that are small enough, and so far very few
cases have been observed (Alcock et al. 1997; Yoo et al. 2004;
Jiang et al. 2004). For events showing evidence of this effect,
the limb darkening of the source star can be determined, and
constraints on the physical properties of the lens can be derived
using estimates of its distance, spectral type and event model
parameters (Gould 1994; Witt 1995; Loeb & Sasselov 1995;
Heyrovsk ý et al. 2000; Heyrovsk ý 2003).

This work treats the case of OGLE 2004–BLG–254, a high
magnification event from a point-like lens showing extended
source effects, for which a dense photometric follow-up was
performed at four PLANET observing sites, making it one
of the best observed events of this kind to date. Using high-
resolution spectra collected with UVES (VLT), we derive the
characteristics of the source star, a K2 giant. Then we search
for a suitable single-lens limb-darkened source microlensing
model, which we use together with the properties derived from
the high resolution spectra to discuss the source center-to-limb
variations and constraints on the lens properties. We compare
our limb-darkening measurements to previous observations of

? Based on observations made at ESO, 073.D-0575A

such stars, especially to EROS–2000–BLG–5 for which a large
discrepancy was found between observations and atmosphere
models. We also note that the derived characteristics provide
the basic information necessary for a forthcoming study of ele-
ment abundance in the Bulge giant source star of OGLE 2004–
BLG–254.

2. Photometric observations

The OGLE-III Early Warning System (EWS) (Udalski 2003)
discovered and alerted the Bulge event OGLE 2004–BLG–254
on May 17, 2004, from observations carried out with the 1.3 m
Warsaw Telescope at the Las Campanas Observatory (Chile).

The PLANET collaboration started its photometric ob-
servations on June 8 which form the basis for our anal-
ysis and consist of data from 4 different telescopes being
part of the PLANET network: the Danish 1.54m at ESO La
Silla (Chile), the Canopus 1m near Hobart (Tasmania), the
Elizabeth 1m at the South African Astronomical Observatory
(SAAO) at Sutherland and the Rockefeller 1.5m of the Boyden
Observatory at Bloemfontein (both in South Africa). Every 30
minutes the data from the different sites are uploaded to a cen-
tral computer in Paris, where data are combined and fitted au-
tomatically, and light curves are made publicly available.

The event was also monitored by the µFUN collaboration
from Chile (1.3m telescope at the Cerro Tololo Inter-American
Observatory) and Israel (Wise 1m telescope at Mitzpe Ramon).

Data collected by PLANET, OGLE, and µFUN showed a
rise in magnification by 2.85 mag above baseline by June 9,
8:10 UT. These data and adequate modelling indicated a peak
to occur on June 10, 6:35+20min

−30min UT, at a rather uncertain, but
in any case large, magnification of A◦ ' 80+70

−30. Events of this
type harbour an exceptional potential for the discovery or ex-
clusion of extra-solar planets as well as for the study of stellar
atmospheres and might provide an opportunity for measuring
the mass of the lens star.

On June 10 at 12:45 UT, a public alert was issued by
PLANET reporting that data collected on OGLE 2004–BLG–
254 at the SAAO 1.0m between June 9, 18:50 UT and June
10, 4:40 UT, at the Danish 1.54m on June 10 between 2:20 UT
and 10:05 UT, as well as OGLE data obtained on June 10 be-
tween 3:50 UT and 9:55 UT, revealed the extended size of the
source star, and the crossing time of the disk was estimated to
be around 16 hours. The peak was passed around June 10, 7:40
UT at 4.35 mag above baseline, at a magnification of A ∼ 55.

3. UVES spectroscopy

3.1. Spectroscopic observations

On June 11, 2004, between 00:24 and 00:52 UT
(HJD=3167.54159 at mid-exposure), we obtained a high-
resolution spectrum of OGLE 2004–BLG–254 in the wave-
length range 4780 − 6808 Å using the UVES spectrograph
mounted at the Nasmyth focus of Kueyen (VLT second unit).
At this time, the source flux was magnified by the gravitational
lens by a factor 20, making the VLT equivalent to a ∼ 37
m diameter telescope. The spectrum was taken at one of the
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standard red settings centered on 5800 Å, which covers the
spectral domain 4780− 5758 Å at a resolution of ∼ 40 000.

The data were reduced using version 2.1 of the UVES con-
text of the MIDAS data reduction software. The raw science
data were first bias-substracted and then wavelength-calibrated
order by order using a Thorium-Argon lamp. The position of
the science spectrum was determined in each order and an op-
timum extraction was used to obtain 1D science spectra where
the sky lines had been removed. An Halogen lamp was used
to obtain flat-field spectra, which were bias-substracted and
combined, then wavelength-calibrated. A 1D flat-field spec-
trum was then extracted at the same position as the science
spectrum for each order and was used to flat field the science
data. The order by order science spectra were then merged to
obtain the final data.

3.2. Nature of the source star

Measuring the relative proper motion and velocity at the lens
distance requires a determination of the distance and radius of
the source star. This can be achieved by determining the appar-
ent magnitude at baseline, the effective temperature, the grav-
ity, and the amount of interstellar absorption toward the source.
We seek to measure these quantities by use of a combination of
the obtained photometry and spectroscopy.

3.2.1. Effective temperature from the
colour-magnitude diagram

Fig. 1 shows the (uncalibrated) (V − I) versus I colour-
magnitude diagram of the field of the source/lens, shifted in
(V − I) and I so that the apparent center of what appears to be
the red giant clump stars, is at the values (V − I)0 = 1.00
and I0 = 14.25. These values correspond to the Hipparcos
red clump position, shifted to a distance of 7.8 kpc, slightly
larger than the most recent determination of the Galactic Center
distance (7.62 ± 0.32 kpc) by Eisenhauer et al. (2005), be-
cause of the negative latitude of the field, which corresponds
to more distant stars in the bar geometry of Stanek et al.
(1997). We can then measure the difference in colour and mag-
nitude between the source and the center of the clump stars
∆ [(V − I)0, I0] = [(V − I)0, I0]

source− [(V − I)0, I0]
clump,

and find ∆ [(V − I)0, I0] = (0.13±0.03, 0.75±0.07). Hence,

[(V − I)0, I0]
source

= (1.13± 0.03, 15.00± 0.07). (1)

We now compare this value of (V − I)0 with the values
from the grid of model atmosphere colours by Buser & Kurucz
(1992). First we notice that typical changes in the theoretical
value of (V −I)0 for a change in metallicity by a factor of two,
or a change in log g by an order of magnitude, is around 0.005
(for fundamental parameters in the range of values of interest
in the present study). In comparison, a change in the value of
Teff by 100 K gives rise to a 10 times larger change in (V −I)0.
The value of (V − I)0 is therefore primarily a measure of the
effective temperature of the star. Interpolating in the values of
(V − I)0 from the grid of Buser & Kurucz (1992), gives us
the best fit effective temperature of the source star from the

Fig. 1. The (V − I), I colour-magnitude diagram of the field around
OGLE 2004–BLG–254 as obtained with the Danish 1.54m telescope
at La Silla. The target is plotted as a filled circle, and the center of
the clump is marked by an open star. The diagram has been shifted to
let the value of the apparent center of the clump be at ((V − I)0 =
1.00, I0 = 14.25), which is the position of the clump stars in the
direction of Baade’s Window.

photometry alone, as T phot
eff = 4500 ± 100 K. The uncertainty

in this value is solely caused by the uncertainty in the estimate
of (V − I)0 given in Eq. (1).

3.2.2. Model atmosphere and synthetic spectrum

The position of the source star (and lens) is in the direction of
the Sagittarius dwarf galaxy, and it could either be a member
of the dwarf galaxy or of the Galactic Bulge. The line positions
of the observed spectrum have a general offset of +134 km/s
compared to laboratory data, which is also consistent with the
star being in either the Sagittarius dwarf galaxy or the Galactic
Bulge. The mean chemical abundance [Fe/H] ranges between
−0.8 and −1.2 in Sagittarius, and a little higher in the Galactic
Bulge. For the analysis of the UVES spectrum, we have there-
fore computed a grid of model atmospheres with Teff between
4000 K and 4600 K, log g between 0.0 and 3.0, and scaled so-
lar abundances with [Fe/H] between −2.0 and +0.5, and cor-
responding synthetic spectra.

The atmospheric models are based on the LTE, hydrostatic,
radiative-convective equilibrium MARCS code (Gustafsson
et al. 1975), computed with the spherical version described by
Jørgensen et al. (1992) with later updates. The later update of
highest importance for the present project is the inclusion of
atomic-line opacity samplings based on the VALD data base
(Kupka et al. 1999) of transitions in neutral and single-ionized
atoms. The VALD data base is used for the model atmospheres
as well as the spectral computations.
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The synthetic spectra are computed with a resolution of
200,000 and then convolved to the same resolution as the ob-
served spectrum. The observed spectrum shows approximately
10,000 well-defined lines, and almost all of them are identifi-
able from comparison with line positions and strengths of the
transitions listed in the VALD data base. Line profiles are com-
puted as Voigt profiles with the necessary broadening parame-
ters taken from the data base.

3.2.3. Source star fundamental parameters from
spectroscopy

Among the many atomic lines, we have selected 3 particularly
well suited systems of strong Mg, Cr, and Na lines, whose
intensity and line shapes are fitted to constrain the possible es-
timates of the fundamental parameters: effective temperature
Teff , gravity log g, and metallicity Z. Other lines are used to
control this estimate and to get a feeling for individual devi-
ations from a scaled solar abundance. Figure 3.2.3 shows the
observed spectrum in those regions, together with a synthetic
spectrum discussed below.

Magnesium lines – The triplet of neutral magnesium lines
around 5175 Å is well suited to obtain limits on the temper-
ature and gravity. The line system overlaps with the position
of a relatively strong MgH band, and the ratio between Mg
and MgH is sensitive to temperature as well as gravity. For
strong gravity, the atomic magnesium triplet lines become very
broad. As well as for low temperatures, the balance shifts in
favour of MgH. Therefore, the shape and the intensity of the
atomic lines can be used together with the ratio (or absence)
of the intensity of MgH relative to the intensity of the atomic
Mg lines to provide information on both temperature and
gravity. The absence of MgH in our observed spectrum allows
us to conclude that the star is not cooler than 4000 K. The
breadth of the atomic Mg lines allows us to confine the value
of log g between 1.0 and 2.5. Any value of the metallicity
(the magnesium abundance) from slightly above solar to as
low as 1/3 Z� can give rise to good fits, depending on the
values of the two other parameters. The medium-strong neutral
atomic Mg line at 5711 Å is known to respond oppositely to
the triplet lines to changes in gravity, i.e. to become stronger
for decreasing gravity. The synthetic line is too strong for
log g = 0.0 and solar metallicity, while it becomes too narrow
for high log g.

Chromium lines – As for the Mg triplet region, the MgH
molecular system also has a relatively strong band in the region
of a triplet of three strong chromium lines at 5204.51, 5206.04
and 5208.42 Å, which limits Teff to be no less than 4000 K.
Models of Teff = 4200 K fit the Cr lines well, while models
of Teff = 4400K result in wings of the lines being too weak
even for high metallicity models, while Teff = 4000 K would
require a metallicity considerably below Z�. The chromium
system is less sensitive to gravity than the other two line
systems, and for some Teff , even values as low as log g ' 0.0
could be in agreement with the observed spectrum. On the
other hand the lines are sensitive to the chromium abundance

and Z = 0.3 Z� is too low unless Teff is as low as 4000 K.

Sodium lines – The intensity and form of the NaD lines
around 5890− 5896 Å and other neutral sodium lines are very
sensitive to Teff as well as to gravity and (sodium) abundance.
Often these lines are not useful for determination of the
fundamental parameters and abundances, because interstellar
absorption saturates or changes their intensity. In this case,
however, the main component of the interstellar absorption is
redshifted by a velocity of 122 km/s relative to the star, and
the intrinsic stellar NaD lines are very strong and appear to be
only moderately affected by interstellar absorption. The fact
that the fundamental parameters derived from the NaD lines
are in good agreement with the parameters derived from the
other stellar lines, also indicates a small interstellar absorption
at the radial velocity of the star. Model spectra from our grid
with high metallicity (Z = 3 Z�), high gravity (log g = 3) or
low Teff , all give far too broad lines compared to the observed
spectrum, and can therefore be excluded. Models of low
gravity (∼ 0), high Teff (∼ 4400 K) or low Z (∼ 0.3 Z�) give
on the other hand too narrow lines, and would require a strong
interstellar component at the same radial velocity as the star.

The intensity and form of the line systems discussed above
are all different functions of Teff , log g and Z, and in princi-
ple three systems (like the Mg, Cr, and Na systems) are suf-
ficient to determine the three fundamental stellar parameters
uniquely from the observed spectrum. In practice, of course,
the observed spectrum is noisy, and the theoretical spectrum
suffers from inaccuracy in the model structure, incompleteness
of the line list, etc. Therefore, rather than a unique fit, there is a
certain range of models which give acceptable fits to the spec-
trum. If Teff = 4300 K is adopted, the Mg lines are well re-
produced by log g = 2 and Z = Z�, while the Cr and Na lines
and most of the other lines are slightly too weak in the wings.
The fit to the Cr and Na lines can be improved by decreas-
ing the effective temperature to 4200 K, although this slightly
decreases the goodness of the fit to the Mg lines. A similar
effect can be obtained by keeping the value Teff = 4300 K,
but increasing log g a bit, for example to log g = 2.25, or
increasing the metallicity. At Teff = 4400 K, the fit to the
Mg lines would still be correct, but the fit to the Cr and Na
lines would be worse than for Teff = 4300 K, and a com-
pensation by increasing the gravity or the metallicity would
require larger values than for Teff = 4300 K, and therefore
result in a larger decrease in the goodness of the fit to the
Mg system than for the Teff = 4300 K model. We there-
fore conclude that there is no consistent solution to the fit for
Teff = 4400 K, and this value is therefore too large, indepen-
dently of the adopted values of log g and Z. On the other hand,
changing the temperature in the other direction, for example
to Teff = 4100 K, a good fit to the spectrum would require
that the value of the gravity and the metallicity be decreased.
Models with (Teff , log g, logZ/Z�) = (4100, 1.0,−0.6) give
an equally good fit to the spectrum as the (4200, 2.0, 1.0) fit.

We conclude that good fits to the Mg, Cr, and Na lines
(and other features in the spectrum) are obtained for models in
the full range of Teff from 4100 K to 4300 K. The fit based
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Fig. 2. Observed spectrum of OGLE 2004–BLG–254 source star (blue line), compared to a synthetic spectrum (pink line) based on a model
atmosphere with Teff = 4200 K, log g = 2.0 and Z = Z�. The spectra are normalized to the local continuum. From top to bottom, the panels
show the spectral region of: (1) a triplet of chromium lines; (2) a triplet of magnesium lines; (3) the NaD doublet, and (4) to (5), two other
typical regions of the spectrum.
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on a model with (Teff , log g, Z) = (4200, 2.0, Z�) is shown
in Fig. 3.2.3. We further conclude that the corresponding best
fit values of log g and Z depend on the adopted value of Teff
in such a way that decreasing Teff must be followed by a de-
creased value of log g and vice versa.

In summary of the above discussion, we adopt Teff =
4250±50 K, log g = 2.1±0.1 and Z ' Z� for the fundamen-
tal spectroscopic parameters of the source star. These values
classify the star as being a normal red giant K3 III star in the
upper region of the clump or slightly brighter.

Other atomic lines – The spectrum is of remarkably high
resolution and signal-to-noise for a star at this distance, and
offers the potential of a detailed, high-quality abundance anal-
ysis. Fig. 3.2.3 shows two examples of typical spectral regions.
Although it is beyond the scope of the present paper to present
a detailed abundance analysis, Fe, V, Mn, Ca and Co lines
show good agreement with the above model and metallicity es-
timates, while computed Ti, Si, Zr and Ba lines with the above
parameters tend to be stronger than the observed lines. In par-
ticular we remark that the Li lines at 6707 Å are absent in the
observed spectrum, indicating that the star is not Lithium-rich
(i.e. not likely to be near the tip of the giant branch).

3.2.4. Results combining spectroscopy and
photometry

A detailed discussion leading to the adopted distance, radius
and absolute magnitude of the source star of OGLE 2004–
BLG–254 is given in Appendix A. Here, we only summarize
the derived values, which are: θ∗ ' 4.9±0.3µas,R∗ = 9.2R�,
DS = 8.8 kpc, L∗ = 30 L�, M∗ = 1 M�, Teff = 4500 K.
The source star lies in the Galactic Bulge, not in the Sagittarius
dwarf galaxy.

We are concerned by the apparent disagreement between
spectroscopic and photometric estimates of temperature and
gravity. As explained in Appendix A, we choose to rely on pho-
tometric estimates. Spectroscopic values deduced from stellar
atmosphere models have low random uncertainty, but may con-
tain systematic error due to the limitations of the adopted stel-
lar atmosphere model (hydrostatic, LTE). Similar discrepancies
appear in Fulbright et al. (2005), where spectroscopic temper-
atures of Bulge giants systematically differ from photometric
estimates. After thorough discussion, these authors also adopt
the photometric estimates.

4. Modelling the light curve

The photometric data collected on OGLE 2004–BLG–254 (see
Fig. 3) clearly show that the light curve is affected by extended
source effects.

4.1. Extended-source formalism

With DS denoting the source distance and x = DL/DS the
fractional distance of the lens, of mass M , the angular Einstein
radius reads

θE =

√

4GM

c2DS

1 − x

x
. (2)

which is a characteristic scale of microlensing. For a point
source situated at a projected angular separation u θE from the
lens, the magnification function is given by

APSPL(u) =
u2 + 2

u
√
u2 + 4

. (3)

The magnification AES of an extended limb-darkened source
of angular radius ρ∗ θE is obtained by integrating APSPL over
the source disk. With I(r) being the brightness profile of the
source, normalized to unit flux (Sect. 4.2),

AES(u|ρ∗, I) =

2π
∫

0

1
∫

0

I(r) APSPL(η) r dϕ dr,

where η = ρ∗
√

r2 − 2 ru cosϕ+ u2.

(4)

For a uniformly bright source, Witt & Mao (1994) have
derived a semi-analytic expression of AES, involving elliptic
integrals. However, based on the fact that in a usual microlens-
ing event toward the bulge of the Milky Way, extended source
effects are only prominent for small lens-source angular sepa-
rations (u� 1), where APSPL(u) ' u−1, Gould (1994) found
that the extended-source magnification factorizes as:

AES(u|ρ∗) ' APSPL(u) ×B0

(

u

ρ∗

)

. (5)

The second factor can be expressed by the semi-analytical for-
mula B0(z) = 4

πzE
[

min
(

π
2
, arcsin 1

z

)

, z
]

(Yoo et al. 2004) ,
where E is the incomplete elliptic integral of the second kind.
By separating the u and z = u/ρ∗ parameters, this formula
allows easy discretization and fast computation of extended-
source effects.

For non-uniform profiles (e.g. power-law limb-darkening
models or tabulated profiles from stellar atmospheric mod-
els), no such simple expressions are known. Different strategies
have been proposed: Witt & Mao (1994) use the uniform source
magnification and its derivative in a one-dimensional integral;
Heyrovsk ý (2003) first calculates analytically the angular inte-
gral of the magnification, so that a single integral involving the
(radially dependent) brightness of the source remains. Finally,
Yoo et al. (2004) give expressions of B1-and B1/2- functions,
related to the linear and square root limb-darkening laws, re-
spectively (with the same approximations as for Eq. (5)), to be
numerically integrated.

When applying this formalism to OGLE 2004–BLG–254,
we find that the maximal relative discrepancy between the exact
magnification and its approximation related to Eq. (5) is less
than 0.05 % for a linear limb-darkening law.

4.2. Event model parameters

In the photometric analysis of the event, both PLANET and
OGLE data are used. For each PLANET observation site, we
have applied a cut on seeing which only removes very unreli-
able points; we restricted the complete OGLE data to the ones
collected after HJD’ = 3050.0 (which is large enough to de-
rive the baseline magnitude). OGLE provides 128 data points,
SAAO 114, UTas 64, Boyden 75 and Danish 231, for a total of
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5 observing sites and 612 measurements. Data reduced with our
DoPhot-based pipeline underestimate photometric errors (e.g.
for bright magnitudes, error estimates may reach 10−3, which
is unrealistic). Comparison with the scatter of the non-variable
stars suggests that the errors are underestimated by about 20%.
Hence we rescale the errors as σ2

resc = (1.2 σdata)
2 + (0.01)2.

As the source star is a K2 giant, we first check if the fluctu-
ation in the OGLE baseline magnitude can be due to intrin-
sic periodic activity, which could easily be included into the
models. A power spectrum of 115 baseline data points com-
ing from OGLE does not show such evidence for modulation
greater than σmod = 0.015. We therefore attribute the residu-
als in the baseline to non-periodic variability or observational
noise.

As expected, a single-lens model results in a high χ2/d.o.f.
(∼ 31), which obviously excludes this possibility. On the other
hand, a uniform extended source model provides us with a first
working set of parameters that fit the data well. However, at
this stage, the residuals of the fit show some symmetric trends
around the peak of the light curve that indicate limb-darkening
effects. We thus add linear limb darkening to the source model.
This is described here by

I(r) =
1

π

[

1 − Γ

(

1 − 3

2

√

1 − r2
)]

, (6)

where I(r) is normalized to unit total flux. The relation be-
tween Γ and the more commonly used parameter a, defined by

I(r) ∝ 1 − a
(

1 −
√

1 − r2
)

, (7)

is given by a = 3 Γ
2+Γ

. The parameterization involves the fol-
lowing free parameters: three basic microlensing parameters,
t◦ (time of closest approach), u◦ (impact parameter), tE (cross-
ing time of the Einstein ring radius), then the source size ρ∗ (in
units of θE), two annual parallax parameters πE and ψ (see
Sect. 6), the linear limb-darkening coefficient Γ and a baseline
magnitude and blending parameter for each of the sites.

Errors on the best-fit parameters were obtained by Monte-
Carlo simulations: we generate 500 sets of noisy light curves
for each of the five observing sites using the obtained best-fit
parameters, based on the original error bars of the data; then,
from the distribution of the obtained values we determine the
(non-Gaussian) 68.3 % confidence intervals for each parame-
ter. The best corresponding set of parameters fitting the data
and their errors is given in Tab. 1 (for a discussion on limb-
darkening coefficients, see Sect. 5).

With the angular Einstein radius being related to the angu-
lar source radius as:

θE =
θ∗
ρ∗
. (8)

and the relative lens-source proper motion

µ =
θE
tE
, (9)

we find θE ' 123µas and µ = 3.4 mas/yr.
The blending fraction significantly varies from one

PLANET site to another. This is a consequence of the fact that

Fig. 3. The upper panel shows the photometry of the microlensing
event OGLE 2004–BLG–254 near its peak, on June 10, 2004, ob-
served by four PLANET sites, Danish 1.54m, UTas 1m, Perth 0.6m,
Boyden 1.5m and SAAO 1.0m and OGLE. The solid line is the
best-fitting point-lens, linearly limb-darkened extended source model
around the peak region. The lower panel shows the residuals of the
complete set of data (the two vertical lines indicate the peak region
displayed above).

Table 1. Parameters for the best-fitting point-lens limb-darkened
extended source models, using linear limb-darkening law. The set
of data contains 612 measurements coming from 4 PLANET sites
(Danish 1.54m, UTas 1m, Boyden 1.5m and SAAO 1.0m) and from
OGLE. We also report the χ2 value.

Parameters Value & Error

t◦ (days) . . . . . . . . . . . 3166.81941 ± 0.0002
u◦ . . . . . . . . . . . . . . . . 3.71+0.60

−0.77 × 10−3

tE (days) . . . . . . . . . . 13.2524+0.03
−0.04

ρ∗ . . . . . . . . . . . . . . . . 3.95+0.01
−0.02 × 10−2

ΓI . . . . . . . . . . . . . . . . 0.35+0.04
−0.06

ΓR . . . . . . . . . . . . . . . . 0.56+0.04
−0.06

FB/FS|SAAO
. . . . . . 0.26

FB/FS|Danish . . . . . 0.06
FB/FS|UTas

. . . . . . . 0.55
FB/FS|Boyden

. . . . . 0.43

FB/FS|OGLE
. . . . . . 0.00

χ2/d.o.f. . . . . . . . . . . 1342/598

the source has two very close neighbours, one of them at a dis-
tance of less than 1.4′′ (see also Appendix A), which can be
part of the blending flux depending on the CCD resolution.
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5. Limb-darkening measurements

The photometric data of OGLE 2004–BLG–254 were
dense enough to measure limb darkening of the source.
Table 1 shows the linear limb-darkening coefficients (here-
after LLDC) that were obtained. Because of the dura-
tion of the event, the data coverage from a single site is
not sufficient for such a measurement. Here, we benefit
from our round-the-clock follow-up that permits to moni-
tor the event over the full course of the caustic passage.
Additionally, we find that a square root limb-darkening law
I(r) = 1

π

[

1 − Γ
(

1 − 3
2

√
1 − r2

)

− Λ
(

1 − 5
4

(1 − r2)1/4
)]

does not improve the fit, and the strong correlation between Γ
and Λ leads to an unsatisfactory and ambiguous result.

Previous microlensing events have yielded nine limb-
darkening measurements by several follow-up teams: six for
GK giants (Albrow et al. 1999b, 2000; Fields et al. 2003;
Cassan et al. 2004; Jiang et al. 2004; Yoo et al. 2004), one for a
subgiant (Albrow et al. 2001), and two for main sequence stars
(Afonso et al. 2000; Abe et al. 2003). The I-band GK giant
results are the most relevant for comparison, and are summa-
rized in Tab. 2, giving the reported LLDC alongside values de-
rived from ATLAS models (Claret 2000) for comparison. We
point out that Claret’s values are obtained by least-squares fits
of intensity points more or less regularly spaced in incidence
angle µ =

√
1 − r2. In terms of the radial position on the stel-

lar disk r, such a fit gives very high weight to points close to
the limb and very low weight to points close to the center. In
order to avoid this bias, we interpolate the ATLAS points by
cubic splines and perform the least-squares fits on the obtained
intensity profiles I(r). As shown in the last column of Tab. 2
for the given sources, the resulting LLDCs are systematically
lower than Claret’s, by as much as 0.05. Such a difference in
the LLDC would correspond for example to a temperature dif-
ference of several hundred K.

We excluded three cases from our detailed comparison plot.
OGLE 2002–BLG–069 is of earlier spectral type; OGLE 2002–
BLG–262 has large uncertainties due to sparse temporal cover-
age, and the LDC for MACHO 1997–BLG–41, also of earlier
type, suffers from correlations between the LLDC and other
model parameters.

The four other objects and other model parameters are pre-
sented in Fig. 4, which shows the linear limb-darkening law
curves produced from the Γ-coefficients, where the total source
I-band flux is always normalized to unity. The dark area la-
belled “Models K0–K3” displays LLDC ranging from 0.58 to
0.62, thus giving the ATLAS-predicted range of values for the
chosen events (fitted following our prescription). The shaded
area bounds the limb-darkening curves for OGLE 2004–BLG–
254 and OGLE 2003–BLG–238 (given the error bars), while
solid curves show the relation for MACHO 1997–BLG–28 and
EROS 2000–BLG–5. One of the previously measured cases,
MACHO 1997–BLG–28, involved a cusp passage and seems to
deviate from theory. While we do not mistrust the underlying
light curve model, the accuracy of its derived limb-darkening
parameter is not sufficient to challenge the atmosphere mod-
elling: an uncertainty of 15–20 % seems reasonable and re-
moves part of the apparent discrepancy.

Fig. 4. Comparison of stellar brightness profiles estimated from fit-
ting a linear LD law to MACHO 1997–BLG–28, EROS 2000–BLG–
5, OGLE 2003–BLG–238 and OGLE 2004–BLG–254 with predic-
tions from ATLAS models for K-giants. The two dotted curves show
the two limiting cases of a uniform source and linear limb-darkened
source with maximum LLDC, and the dark area labeled “Models
K0–K3” displays LLDC ranging from 0.58 to 0.62 which bound the
allowed curve positions from ATLAS models. OGLE 2004–BLG–
254 and OGLE 2003–BLG–238 limb-darkened profiles are given by
shaded area (for which error bars are available), while a single curve
is given for MACHO 1997–BLG–28 and EROS 2000–BLG–5.

Assuming Claret (2000) limb-darkening coefficients for the
stars with their known temperature, the two remaining lit-
erature events, EROS 2000–BLG–5 and OGLE 2003–BLG–
238, together with OGLE 2004–BLG–254, appear to dis-
agree with theory predictions, considering the high quality
and suitability of the data for a direct surface-brightness pro-
file constraint. However, assuming our limb-darkening coeffi-
cients, OGLE 2003–BLG–238 now agrees with the prediction,
EROS 2000–BLG–5 is much closer to the predicted model, and
the discrepancy for OGLE 2004–BLG–254 is reduced. There
is still an incompatibility between the measured and theoret-
ical limb darkening of Bulge K-giant stars, as previously for
EROS 2000–BLG–5 (Fields et al. 2003). However, if a limb-
darkening coefficient following our fitting prescription is used,
the discrepancy is significantly smaller than with the coeffi-
cients published by Claret (2000).

Finally, a comparison between the shape of synthetic at-
mosphere models and linear and square-root limb-darkening
law curves suggests that the classical laws are too restrictive
to fit well the observations, as already suggested by Heyrovsk ý
(2003). For example, all the normalized curves derived from
the classical laws are constrained to pass through the point
at r =

√
5/3, whereas curves derived from synthetic spectra

of giant stars tend to intersect ∼ 5 % closer to the center. If
the latter is closer to reality, the LDC inferred from a given
microlensing event might be biased by the attempt to com-
pensate for the too steep outer behaviour of the linear limb-
darkening laws, and this would only be exacerbated by any
sparsity in the photometric coverage at that phase. We note here
that Heyrovsk ý (2003) showed using simulated single-lens mi-
crolensing light curves that the accuracy of recovering linear
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Event Source characteristics Measured LLDC ATLAS LLDC ATLAS
Source type Teff log g [Fe/H] ΓI aI aI aI (new fit)

MACHO 1997–BLG–28 K2 III 4250 K 2.0 0.0 0.76 0.83 (±15 %) 0.64 0.60
MACHO 1997–BLG–41 G5 . . . 8 III 5000 K 3.2 −0.2 0.36 0.46 0.58 0.53
EROS 2000–BLG–5 K3 III 4200 K 2.3 +0.3 0.44 0.54 0.66 0.62
OGLE 2002–BLG–069 G5 III 5000 K 2.5 −0.3 0.50 0.60 0.57 0.52
OGLE 2003–BLG–262 K1 . . . 2 III 4500 K 2.0 0.0 0.61 ± 0.15 0.70 ± 0.13 0.62 0.58
OGLE 2003–BLG–238 K2 III 4400 K 2.0 0.0 0.47 ± 0.06 0.57 ± 0.06 0.63 0.59
OGLE 2004–BLG–254 K2 III 4500 K 2.5 0.0 0.35+0.04

−0.06 0.45 +0.04
−0.06 0.62 0.58

Table 2. Limb-darkening coefficients for the I-band of GK Bulge giants in OGLE 2004–BLG–254 and published events. The column ATLAS
LLDC is from Claret (2000), whereas the last column is a new fit done to synthetic spectra.

limb-darkening coefficients is limited by the inadequacy of the
linear limb-darkening law. Heyrovsk ý (2003) suggests to ad-
dress this problem using a principal component analysis (PCA)
approach, where orthogonal basis functions extracted from a
grid of synthetic spectra, are used to describe the broad-band
limb darkening of stars.

6. The lens location

With the source-size parameter ρ∗ being well-constrained by
our photometric model (see Sect. 4.2), Fig. 5 shows the varia-
tion of the lens mass with the ratio x of the lens distanceDL to
the source distance DS, according to (e.g. Dominik 1998):

M

M�

(x) =
c2

4GM�

1

DS

R2
∗

ρ2
∗

x

1 − x
, (10)

and the relative velocity between lens and source at the lens
distance:

v = DL µ (11)

Similarly to Eq. 10, a measured parallax parameter would
provide a relation between lens mass and x, but unfortunately
the event is too short (∼ 13 days � 1 year) to provide a mea-
surement of the parallax, or even to give reasonable limits: val-
ues as different as πE ∼ 0.01 and 10 are hardly distinguish-
able from the light curve fit. For a very similar event (duration
tE ' 13 days, source size ρ∗ ' 0.06 and very small impact
parameter u◦), Yoo et al. (2004) only obtained a marginal par-
allax measurement too.

However, as discussed by Dominik (2005), the event time-
scale tE = 13.25 days and the source-size parameter ρ∗ =
0.0395 provide us with probability densities for the lens mass
M , the lens distance DL, and the transverse relative velocity
v at the lens distance, which are shown in Fig. 6. They de-
pend on the adopted Galaxy model, for which we follow the
choice made by Dominik (2005). From these, we find a lens
mass M ∼ 0.17M�, a velocity v ' 125 km s−1, and a lens
distance DL = 7.4 ± 0.7 kpc for an assumed source distance
of DS = 8.8 kpc. The lens is strongly preferred to reside in the
Galactic bulge, with a probability of 84 %, as compared to a
probability of 16 % for a disk lens.

Fig. 5. Constraints on the lens mass, assuming a source at DS '
8.8 kpc. The thick line represents the relation between the lens mass
M and the distance of the lens (in kpc). The dashed line, also based
on the source size at the lens distance, shows the relative orthoradial
velocity between lens and source (right tick marks, in km/s).

Finally, similar to the discussion of event OGLE 2002-
BLG-069 (Kubas et al. 2005), we put upper limits on the lens
mass based on the measured blend ratio FB/FS, assuming a lu-
minous main-sequence lens star and a source at DS ' 8.8 kpc.
The latter limits, presented in Fig. 7, are compatible with a lens
mass below ∼ 0.4 − 1.0 M�, depending of its spectral type.
Compared to the inferred mass probability density shown in
Fig. 6, one sees that this new limit does not bring additional
constraints.

7. Summary and conclusion

We have performed dense photometric monitoring of the mi-
crolensing event OGLE 2004–BLG–254, a relatively short du-
ration and small impact parameter microlensing event gener-
ated by a point-like lens transiting a giant star. The peak magni-
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Fig. 6. Probability densities for the lens mass M , the lens distance DL

and the transverse relative velocity v at the lens distance, assuming a
source distance of DS = 8.8 kpc and the Galaxy model adopted by
Dominik (2005).

fication was aboutA◦ ∼ 60, effectively multiplying the diame-
ters of our network telescopes by a factor ∼ 8. High-resolution
spectra were taken using the UVES spectrograph at La Silla
while the source was magnified by a factor A ∼ 20, just af-
ter the end of the transit of the source over the caustic. This
yielded a precise measurement of the characteristics of the star,
a K2 III giant with Teff = 4500 ± 100 K, log g = 2.5 ± 0.5
and Z ' Z�. Using colour-magnitude diagram analysis and
isochrones, we find a source angular radius θ∗ ' 4.9±0.3µas,
and a physical radius R∗ = 9.2R�, leading to a source dis-
tance DS = 8.8 kpc. From our photometric data, we have
derived measurements of the source limb-darkening coeffi-
cients for the I and R broadband filters, and provided argu-
ments for a discussion about a lack of relevant physics in K-

Fig. 7. Assuming the fraction of blended light being solely due to
the lens, upper limits on the lens mass can be derived from the mea-
sured blend ratio FB/FS. The implied blend ratio for range of main
sequence lens stars of spectral types M0–A9, put at distances of
2, 4, 6, 7 kpc, is plotted as function of the lens mass. While the limits
(vertical dashed lines) from the Danish data set (upper horizontal solid
line) are consistent with lens masses up to ∼ 1.0−1.9 M�, the OGLE
data corresponds to upper limits of ∼ 0.4 − 1.0 M�.

giants atmosphere models. A Galaxy model together with the
event time-scale tE = 13.25 d and the source-size parameter
ρ∗ = 0.0395 yielded a lens mass M ∼ 0.17M�, a lens dis-
tanceDL = 7.4±0.7 kpc, and a velocity v ' 125 km s−1 at the
lens distance, for an assumed source distance ofDS = 8.8 kpc.

Appendix A: Location of the source star with
CMD diagram

The distance to the source star of OGLE 2004–BLG–254 can
be constrained using information from the photometry and
spectroscopy. Details are given below.

A.1. Photometric measurements

OGLE reported an uncalibrated I magnitude of 16.339 for
OGLE 2004–BLG–254, which may be in error by as much as
0.5 mag. A precise calibration of the field around OGLE 2004–
BLG–254 with OGLE-II photometry led to a zero point shift of
+0.25±0.03 magnitudes. We therefore adopt I = 16.59±0.05
as the baseline magnitude of the source star.

Thanks to its relative brightness, the source star of
OGLE 2004–BLG–254 can be found in recent infrared surveys,
such as DENIS (Epchtein et al. 1994) or 2MASS (Skrutskie
et al. 1997). However, due to the large pixel size of these sur-
veys (1 to 3′′) and the presence of two nearby stars on the east-
ern side of OGLE 2004–BLG–254, the infrared measurements
probably correspond to a blend of these stars: DENIS measured
a “star” at 1.0′′ E and 1.5′′ S from OGLE 2004–BLG–254, with
I = 15.81 ± 0.09, J = 14.02 ± 0.12, Ks = 13.12 ± 0.16,
while 2MASS measured the same “star” at 1.3′′ E and 1.0′′

S, with J = 14.135 ± 0.046, H = 13.326 ± 0.048 and
Ks = 12.969 ± 0.045. 2MASS quality flags are optimal, and
blend and confusion flags are not activated. The DENIS I mag-
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nitude is therefore 0.78 mag brighter than the OGLE calibrated
measurement, which supports our hypothesis that DENIS mea-
sured a blend of the two nearby stars of similar magnitudes.

A.2. Source radius

To estimate the apparent angular radius of the source, we use
the surface brightness relation from Kervella et al. (2004)1

log(θ∗/µas) = 3.212− 0.2 I0 + 0.421 (V − I)0. (A.1)

If we include a possible difference in reddening between the
source and the red giant clump, we can write the measured
shifts in the colour-magnitude diagram as:

∆(V − I) = ∆(V − I)0 + ∆E(V − I), (A.2)

∆I = ∆I0 +RI ∆E(V − I), (A.3)

where ∆ is in the sense source minus red clump (RC), and RI

is the ratio of total-to-selective absorption in I band. For our
adopted values ∆(V − I) = 0.13 ± 0.03, ∆I = 0.75 ± 0.07,
(V − I)0(RC) = 1.00, I0(RC) = 14.25, we get

log(θ∗/µas) = 0.688− k∆E(V − I), (A.4)

where the coefficient of the differential extinction coefficient
k ≡ 0.421 − 0.2RI reads 0.23 for the anomalous Galactic
Center reddening law of Sumi (2004) (RI = 0.964), or 0.12
for the standard reddening law (RI = 1.5). Assuming no
differential extinction leads to an apparent angular radius of
4.9± 0.3µas.

The source radius R∗ can then be written as a function of
the distance ratio between the source and the red clump as:

log

(

R∗

R�

)

= 0.020− k ∆E(V − I) + log (DS/kpc) . (A.5)

A constraint on the source distance DS can be obtained
from isochrone tracks: we use the Girardi et al. (2002) tracks
for solar metallicity and look for a star of 10 Gyr (typical age
of red clump giants in the Bulge), with similar characteris-
tics as those from our spectrum analysis (logTeff = 3.628,
log g = 2.1). We find such a star with mass 1.0431M�,
logL/L� = 1.8833, logTeff = 3.6302, log g = 2.0397,
MI = −0.579. Combining luminosity and temperature, or
mass and gravity, gives a source radius

log

(

R∗

R�

)

= 1.207, (A.6)

which can be compared to the previous estimate to get the dis-
tance to the source. Assuming no differential extinction, we get

1 Although this calibration concerns Cepheids, it has been repeat-
edly demonstrated that surface-brightness relations for stable giants
and Cepheids agree within 1% (Nordgren et al. 2002). A possible al-
ternative would be to make use of surface-brightness relations directly
calibrated for giant stars, but they only exist in (V − K). Such a re-
cent calibration by Groenewegen (2004) leads to an angular radius of
4.8 µas, in good agreement with our adopted value.

a distance of 15 kpc. This is not satisfying for two reasons: first,
it is a large distance, putting the source beyond the Bulge in the
far Galactic Disk, where the density of stars and the probability
of lensing is smaller; second, the spectroscopic estimates corre-
spond to a source colour of (V −I)0 = 1.293 from Houdashelt
et al. (2000), while the CMD gives 1.13. We can then assume
that the difference comes from a smaller reddening toward the
source by ∆E(V − I) = −0.16. The corrected distance is then
14 kpc, not much different from the previous estimate, and still
too large to be compatible with a smaller extinction than the
red clump at 7.8 kpc.

The only solution we found to solve this puzzle is that our
spectroscopic estimates are not as accurate as we first thought.
We then checked the Girardi tracks for a less luminous star
still compatible with our spectroscopic estimates, and found
the following one: mass 1.0456M�, logL/L� = 1.4833,
logTeff = 3.6525, log g = 2.5301, MI = 0.375. This star
has a hotter temperature of 4500 K, corresponding to a colour
(V − I)0 = 1.148, now in agreement with the CMD estimate.
Its physical radius

log

(

R∗

R�

)

= 0.962, (A.7)

gives a source distance of 8.8 kpc wihout differential redden-
ing. We have adopted these values in the main text, and have
computed the other lens - source system characteristics with
this assumption.
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