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ABSTRACT
We present observations of the microlensing event MACHO 98-BLG-35, which reached a peak mag-

niÐcation factor of almost 80. These observations by the Microlensing Planet Search (MPS) and MOA
collaborations place strong constraints on the possible planetary system of the lens star and show
intriguing evidence for a low-mass planet with a mass fraction 4] 10~5¹ v¹ 2 ] 10~4. A giant planet
with v\ 10~3 is excluded from 95% of the region between 0.4 and 2.5 from the lens star, where isRE REthe Einstein ring radius of the lens. This exclusion region is more extensive than the generic ““ lensing
zone,ÏÏ which is 0.6È1.6 For smaller mass planets, we can exclude 57% of the ““ lensing zone ÏÏ forRE.v\ 10~4 and 14% of the lensing zone for v\ 10~5. The mass fraction v\ 10~5 corresponds to an
Earth-mass planet for a lensing star of mass D0.3 A number of similar events will provide sta-M

_
.

tistically signiÐcant constraints on the prevalence of Earth-mass planets. In order to put our limits in
more familiar terms, we have compared our results to those expected for a solar system clone, averaging
over possible lens system distances and orientations. We Ðnd that such a system is ruled out at the 90%
conÐdence level. A copy of the solar system with Jupiter replaced by a second Saturn-mass planet can be
ruled out at 70% conÐdence. Our low-mass planetary signal (few Earth masses to Neptune mass) is sig-
niÐcant at the 4.5 p conÐdence level. If this planetary interpretation is correct, the MACHO 98-BLG-35
lens system constitutes the Ðrst detection of a low-mass planet orbiting an ordinary star without gas
giant planets.20
Subject headings : gravitational lensing È planetary systems È stars : low-mass, brown dwarfs

1. INTRODUCTION

Planetary systems in the foreground of the Galactic bulge
or inner Galactic disk form a class of gravitational lens
systems that can be detected through photometric micro-
lensing measurements. These are multiple-lens systems,
although in most cases the light curve is not easily distin-
guished from a single-lens light curve. A planet perturbs the
gravitational potential of its host star ever so slightly, and

its e†ect may manifest itself as a brief variation of the
would-be single-lens microlensing light curve (Mao &
Paczynski 1991 ; Gould & Loeb 1992 ; Bolatto & Falco
1994). With sufficiently frequent and accurate observations,
it is possible to detect planets with masses as small as that of
the Earth (Bennett & Rhie 1996) and to measure the frac-
tional mass, v, and the (projected) distance of the planet, a,
from the host lens star. This complements other ground-
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based extrasolar planet search techniques (Marcy & Butler
1998), which have sensitivities that are not expected to
extend much below the mass fraction of Saturn (3 ] 10~4).

Planned space-based observatories, such as the Space
Interferometry Mission (SIM ; Allen, Peterson, & Shao
1997) or the proposed T errestrial Planet Finder (T PF ;
Beichman 1998), Darwin (Penny et al. 1998), and Kepler
(Koch et al. 1998) satellites can not only detect planets as
small as the Earth, but also study a number of their proper-
ties. However, the prevalence of low-mass planets is not
known, and the recent planetary discoveries using the
radial-velocity technique (Marcy & Butler 1998) suggest
that our current understanding of planetary system forma-
tion is incomplete. Circumstellar disks of less than a Jupiter
mass around young stellar objects have been found with
multiwavelength observations (Padgett et al. 1999). These
could indicate the formation of planetary systems without
massive planets, but it is also possible that massive planets
have already formed in such systems. Thus, microlensing
can provide valuable statistical information on the abun-
dance of low-mass planets that can be used to aid in the
design of these future space missions (Elachi et al. 1996).

The planetary signal in a gravitational microlensing
event can be quite spectacular due to the singular behavior
of the caustics, but the signal is always quite brief compared
to the duration of the stellar lensing event. The small size of
the caustic curves [BO(v1@2)] more or less determines the
planetary signal timescale. The caustics of a planetary
binary lens consist of the stellar caustic (very near the stellar
lens) and planetary caustic(s) ; the detection probability of
the planet depends on the size and geometric distribution of
the caustics, which in turn depend on the fractional mass v
and the (projected) distance a of the planet from the stellar
lens. Theoretical estimations based on a variety of
““ reasonable ÏÏ detection criteria have shown that the detec-
tion probability of a planet with v\ 10~3 is about 20%
(Gould & Loeb 1992 ; Wambsganss 1997 ; Gaudi, Naber, &
Sackett 1998a ; Di Stefano & Scalzo 1999a, 1999b), and for
Earth-mass planets orbiting an M dwarf primary
(vB 10~5), it is only about 2% (Bennett & Rhie 1996). Thus,
microlensing planet search programs must generally
observe a large number of microlensing events in order to
detect planetary lensing events even if planets are ubiqui-
tous.

For high-magniÐcation events with peak magniÐcation
the stellar caustic can cause planetary pertur-AmaxZ 20,

bations to the light curve, and the probability of detecting
planets is very high (Griest & SaÐzadeh 1998). For example,
the detection probability for a giant planet in the ““ lensing
zone ÏÏ is close to 100% for a microlensing event such as
MACHO 98-BLG-35, where the peak magniÐcation was
about 80. High magniÐcation occurs when the impact dis-
tance is much smaller than the Einstein ring radius (1 ?

so the source comes very close to the loca-umin^ 1/Amax),tion of the stellar caustic. (Here is the impact distanceuminin units of the Einstein ring radius.) If we recall that a single
lens (stellar lens only) has a point caustic at the position of
the lens, the stellar caustic of a planetary binary lens can be
considered as this point caustic to be extended to a Ðnite
size due to the gravitational perturbation of the planet. For
a large range of planetary mass fractions and separations,
the stellar caustic will be perturbed by the planet, and this
will be visible near the light curve peak of a high-
magniÐcation event, whose timing can be predicted fairly

accurately. Thus, high-magniÐcation events o†er the
opportunity of detecting a planet in a large range of loca-
tions in the vicinity of the lens star. High-magniÐcation
events are relatively rare, with a probability of butDumin,when they occur, they should be observed relentlessly.

Event MACHO 98-BLG-35 was the highest magniÐ-
cation microlensing event yet observed when it occurred,
and it was one of the Ðrst high-magniÐcation events that
was closely monitored for evidence of planets near peak
magniÐcation (see also Gaudi et al. 1998b). In this paper, we
present a joint analysis of the MACHO 98-BLG-35 data
from the Microlensing Planet Search (MPS) and MOA col-
laborations. This analysis yields evidence consistent with a
planet in the mass range 4 ] 10~5¹ v¹ 2 ] 10~4, which
would be the lowest mass planet detection to date, except
for the planetary system of pulsar PSR B1257]12
(Wolszczan & Frail 1992). We also compare our data to
binary lens light curves for planetary mass fractions from
v\ 3 ] 10~7 to 10~2, with separations ranging from
a \ 0.2 to 7.0, measured in units of the Einstein ring radius
of the total mass, (From here on, a is understood to beRE.
dimensionless, measured in units of unless stated other-RE,wise.) We Ðnd that giant planets are excluded over a large
range of separations, while there are also signiÐcant con-
straints extending down below an Earth mass (vD 10~5).

This paper is organized as follows. Section 2 gives the
chronology of the microlensing alerts for MACHO
98-BLG-35 and a description of the observations and data
reduction. Section 3 discusses the properties of the source
and the lens. Section 4 describes our search for planetary
signals in these data, and we discuss our conclusions in ° 5.

2. ALERTS, OBSERVATIONS, AND DATA REDUCTION

Event MACHO 98-BLG-35 was discovered by the
MACHO alert system21 (Alcock et al. 1996) at a magniÐ-
cation of about 2.5 and announced on 1998 June 25.8 UT.
The MPS collaboration began observing this event with the
Monash camera on the 1.9 m telescope at Mount Stromlo
Observatory (MSO) on the night of June 26, and had
obtained 28 R-band observations by July 3.6. Analysis of
the MPS data set indicated that this event would reach high
magniÐcation on July 4.5, with a best-Ðt maximum magniÐ-
cation of AD 33. This was announced by MPS via e-mail
and the World Wide Web. This announcement called atten-
tion to the enhanced planet detection probability during
high magniÐcation. The MOA collaboration responded
to this alert and obtained a total of 162 observations with
300 s exposures in the MOA custom red passband (Abe
et al. 1999 ; Reid, Dodd, & Sullivan 1998) from the 61 cm
Boller and Chivens telescope at the Mount John University
Observatory in the South Island of New Zealand over the
next three nights. MPS obtained 35 more R-band obser-
vations over the next three nights (the night of July 5 was
lost due to poor weather at Mount Stromlo) and then 65
additional observations of MACHO 98-BLG-35 over the

21 Information regarding ongoing microlensing events can be obtained
from the EROS, MACHO, MPS, OGLE, and PLANET groups at their
respective web sites :

EROS: http ://www-dapnia.cea.fr/Spp/Experiences/EROS/alertes.html.
MACHO: http ://darkstar.astro.washington.edu/.
MPS: http ://bustard.phys.nd.edu/MPS/.
OGLE: http ://www.astrouw.edu.pl/Dftp/ogle/ogle2/ews/ews.html.
PLANET: http ://www.astro.rug.nl/Dplanet/index.html.
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next 2 months as the star returned to its normal brightness.
The MPS exposures were usually 240 s, but they were
reduced to 120 s near peak magniÐcation to avoid satura-
tion of the MACHO 98-BLG-35 images.

The MPS data were reduced within a few minutes of
acquisition using automated Perl scripts that call a version
of the SoDOPHOT photometry routine (Bennett et al.
1993). During the night of July 4, near peak magniÐcation,
the photometry of MACHO 98-BLG-35 was monitored by
MPS team members with a time lag of no more than 15
minutes after image acquisition. At approximately July 4.75
UT, a slight brightening of the MPS measurements with
respect to the expected single lens light curve was noted.
Shortly thereafter, MPS commenced more frequent obser-
vations of MACHO 98-BLG-35, and it was followed as
long as possible, even at a very high air mass. Observations
were obtained until July 4.801 UT at air masses up to 3.64,
but the high air mass data are relatively noisy.

The MOA data were also reduced on-site using the Ðxed-
position version of the DOPHOT program (Schechter,
Mateo, & Saha 1993) which is very closely related to the
SoDOPHOT routine used to reduce the MPS data. Both
the MPS and MOA photometry are normalized to a set of
nearby constant stars using techniques similar to that of
Honeycutt (1992).

The measurement uncertainties used in the analysis that
follows are the formal uncertainties generated by the
DOPHOT and SoDOPHOT photometry codes with a 1%
error added in quadrature to account for Ñat-Ðelding and
normalization uncertainties that are not included in the
DOPHOT and SoDOPHOT formal error estimates.

3. SOURCE AND LENS CHARACTERISTICS

Although this event is nominally a Galactic bulge event,
it is actually located at Galactic coordinates of l\ 9¡.5435,

which is toward the inner Galactic disk andb \[2¡.7757,
outside the bulge. The unmagniÐed source brightness
reported by the MACHO Collaboration is V \ 20.7,
R\ 19.6. Our Ðt suggests that D10% of the light is due to
an unlensed source in the same seeing disk, so the magni-
tudes of the lensed source are closer to V \ 20.8 and
R\ 19.7. A crude estimate of the extinction can be
obtained from the dust map of Schlegel, Finkbeiner, &
Davis (1998, hereafter SFD), which gives E(B[V )\ 1.46,

and However, SFD were unable toA
V

\ 4.72, A
R

\ 3.84.
remove IR point sources from their maps at such low
Galactic latitudes, so this probably overestimates the
amount of extinction. Stanek (1999) has investigated the
SFD dust maps at low Galactic latitudes and Ðnds them to
be highly correlated with the extinction determined by
other means. He suggests that the extinction at low lati-
tudes is roughly a factor of 1.35 lower than the SFD values.
This gives E(B[V )\ 1.08, and If weA

V
\ 3.49, A

R
\ 2.84.

use StanekÏs method to estimate the reddening, we get unre-
ddened values of V \ 17.3 and V [R\ 0.4. This is consis-
tent with a G5 turno† star of 2È3 near the GalacticR

_center, or a solar-type main-sequence star at about 3 kpc.
However, the microlensing optical depth is quite small for a
source star at 3 kpc, so this is quite unlikely. Another possi-
bility is that the source is a G5 horizontal branch star at
about the distance of the Sagittarius Dwarf galaxy (D22
kpc).

This estimate is quite sensitive to the assumed color of the
star. If we take V [R\ 0.2 as the dereddened color, then

the source star is consistent with an early F main-sequence
star of 1.2È1.3 near or slightly beyond the GalacticR

_center. An error of 0.2 in V [R is probably within the
MACHO calibration uncertainties for Ðelds near the Galac-
tic center (Alcock et al. 1999). In any of these cases, the Ðnite
angular size of the source star is not likely to have a detect-
able e†ect on the shape of the microlensing light curve.

The likely characteristics of the lens star depend some-
what on the location of the source star. If the source and the
lens are both located on the near side of the Galactic center,
then the source and lens share much of our Galactic rota-
tion velocity, so that there is a small relative velocity
between the lens and the line of sight to the source. This will
generally result in a long-timescale event. On the other
hand, if the source and lens are on opposite sides of the
Galactic center, then there will be a large relative velocity
between the lens and the line of sight to the source, resulting
in a relatively short event. Because of this, the distribution
of event timescales in a low-latitude Galactic disk Ðeld is
rather broad, and this makes it difficult to estimate the mass
of the lens from the timescale of the event. It is probably
more accurate to estimate the mass of the lens star from our
knowledge of the mass function of stars in the Galaxy. This
would put the most likely mass at D0.3 with an uncer-M

_
,

tainty of a factor of 2 or 3. Because this event has a rela-
tively short timescale, it is likely that the lens and source are
on opposite sides of the Galactic center.

The observable features of microlensing events depend on
the Einstein ring radius, which is given byRE,

RE2\ 4GM
c2

D
ol

D
ls

D
ol

] D
ls

, (1)

where and are the observer-lens and lens-sourceD
ol

D
lsdistances, and M is the total mass of the lens system. Equa-

tion (1) gives the Einstein ring radius as measured at the
distance of the lens, so the angular size of the Einstein ring
radius is The Einstein ring radius is the char-aE\ RE/Dol

.
acteristic length scale for gravitational microlensing, and REis a few AU for typical Galactic microlensing events. For
the event MACHO 98-BLG-35, we have determined the
expected distribution of assuming a standard GalacticREdisk model of scale length 3 kpc and scale height 0.3 kpc,
with an assumed distance of 8 kpc to the Galactic center.
This gives AU for a 1 lens with a 2 pRE\ 3.2~1.1`0.9 M

_uncertainty extending from 1.1 to 5.0 AU. For a more likely
lens of M \ 0.3 we have AU with a 2 pM

_
, RE\ 1.8~0.6`0.5

uncertainty region of 0.6È2.8 AU.
The Einstein ring radius of the total mass of the lenses,

is the size of the ring image that occurs when the lensRE,masses, the source star, and the observer are aligned. The
angular position of an image is nothing but the direction of
the propagation vector of the photon beam arriving at the
observer from the source star. The angular position of the
source is the position of the image of the source star when
there is no intervening lensing mass. When the gravitational
scattering angle is small, as in microlensing (D1 mas), the
angular positions in the sky can be replaced by linear vari-
ables on a plane that is tangent to the spherical surface of
the sky. Here we have chosen the plane to be at the distance
of the center of the lensing masses. This plane is convention-
ally referred to as the lens plane. If we consider the lens
plane as a complex plane, and we let z and u be the
(complex) position variables of an image and its source,



No. 1, 2000 PLANETARY COMPANIONS TO MACHO 98-BLG-35 381

respectively, the binary lens equation is written as

u\ z[ RE2
A 1 [ v
z6 [ x1

] v
z6 [ x2

B
, (2)

where the planetary lens of a fractional mass v is at andx2,the stellar lens is at on the lens axis chosen along the realx1axis of the complex plane. One can see that is a scaleREparameter of the lens plane, and we choose as the unitREdistance of the lens plane, which is a usual practice ;

1 \ RE . (3)

The lens equation (2) shows that the lens parameter space is
given by the fractional mass v and the separation o x1 [

It is worthwhile to reÑect that the source positionx2 o .
variable u is deÐned on the lens plane (at a distance D

olhere), not on the plane that passes through the physical
position of the source at the distance of If we callD

ol
] D

ls
.

the lens plane parameterized by the source position variable
u the source plane, and the lens plane parameterized by the
image position variable z the image plane, the lens equation
is an explicit mapping from the image plane to the source
plane ; or, the lens equation is a mapping from the lens plane
to itself.

4. SEARCH FOR PLANETARY SIGNALS

The combined MPS and MOA data can be used to
explore the possibility of planetary companions to the lens
star in two di†erent ways. First, we can Ðt the combined
light curves with planetary lens models and compare the
planetary lens light curves with the best-Ðt single-lens light
curve. As we show in ° 4.1, there is a set of planetary lens
models that give a better Ðt to the data than the best single-
lens Ðt. However, the apparent planetary signal is weak
enough that the planetary parameters cannot be uniquely
determined. In addition to this possible planet detection, we
can also rule out a variety of possible planets orbiting the
MACHO 98-BLG-35 lens with sensitivity extending down
to about an Earth mass. This is discussed in ° 4.2, and we
extend this discussion to consider solar system analogs in
° 4.3.

4.1. Planetary Signal
We have Ðtted the combined MPS and MOA light curves

using the binary lens Ðtting code described in Rhie et al.
(1999). We are able to detect and characterize a signiÐcant
deviation from a single-lens light curve near the peak mag-
niÐcation of this event. The sourceÏs close approach to the
angular position of the star and the so-called stellar caustic
results in both a very large magniÐcation and a substantial

chance to detect a planetary companion of the lens star
(Griest & SaÐzadeh 1998). A planet will always extend the
stellar caustic to a Ðnite size, which changes the shape of the
light curve at very high magniÐcation and accounts for the
higher planet detection probability. This is an advantage,
but it also has the consequence that the planetary lens
parameters are more difficult to determine for planetary
deviations observed only at high magniÐcation.

The microlensing Ðt parameters that pertain to both
single and binary lenses are the Einstein radius crossing
time, and the time, and distance, of the closesttE, t0, umin,approach between the line of sight to the source star and the
lens system center of mass. The distance is measured inuminunits of the Einstein ring radius. In addition, there are three
parameters intrinsic to the binary lens Ðts : the binary lens
separation, a (in Einstein ring radius units) ; the planetary
lens mass fraction, v ; and the angle, h, between the source
trajectory and the line connecting the lens positions. For
h \ 0, the source will approach the planet before it
approaches the lens star.

The parameters for three Ðtted planetary microlensing
light curves and the best-Ðt single-lens light curve are pre-
sented in Tables 1È3. Figures 1È4 show a comparison of the
best-Ðt planetary lens light curve to the best-Ðt single light
curve. Figures 1 and 2 show the data along with these two
light curves, while Figures 3 and 4 show the light curves and
data divided by the best-Ðt single-lens light curve. Because
of the high frequency of observations, the data shown in
Figures 1 and 4 have been averaged into 0.03 day long bins.
This binning is for display purposes only. All the Ðts have
been made to the full data set. The best-Ðt light curve has a
mass fraction of v\ 7 ] 10~5 and has a s2 improvement
over the single-lens Ðt of 23. This improvement in s2 (with
three additional parameters) implies that the planetary
““ detection ÏÏ is signiÐcant at the 4.5 p level. This improve-
ment in s2 appears to be evenly divided between the MPS
and MOA data.

The best-Ðt s2\ 303.4 for 275 degrees of freedom for the
best-Ðt planetary lens curve. The probability for a s2 value
at least this large is about 12%, assuming that the model is
correct. For the best-Ðt single-lens curve, s2 is larger by 23,
but there are 3 more degrees of freedom because the model
has fewer parameters. The probability of a s2 value this
large occurring by chance is only 2.4%.

The s2 Ðt is somewhat worse for the MPS data :
s2\ 156.1 for 118 degrees of freedom (assuming that Ðve of
the 10 Ðtting parameters can be associated with the MPS
data). The probability that a s2 value this large will occur
by chance is only about 1%. However, there is one MPS

TABLE 1

BINARY LENSING PARAMETERS AND STATISTICS

Parameter Single Lens Best Fit Low Mass High Mass

t0 (July UT) . . . . . . 4.65 (9) 4.65 (9) 4.65 (9) 4.66 (9)
tE (days) . . . . . . . . . . 21.13 (56) 21.45 (22) 21.49 (21) 21.25 (27)
umin . . . . . . . . . . . . . . . 0.01322 (38) 0.01299 (14) 0.01296 (13) 0.01208 (16)
a . . . . . . . . . . . . . . . . . . 0 1.35 (3) 1.19 (2) 2.07 (8)
h (rad) . . . . . . . . . . . . 0 1.94 (4) 1.91 (3) 2.17 (3)
v . . . . . . . . . . . . . . . . . . . 0 7.0(1.5)] 10~5 1.7] 10~5 7.0] 10~4
s2/(dof) . . . . . . . . . . . 326.45/278 303.44/275 307.04/275 307.65/275

NOTE.ÈParameters of the best single-lens Ðt are compared with those of the best planetary
binary lens Ðt along with ““ low-mass ÏÏ and ““ high-mass ÏÏ planetary Ðts, which represent approximate
2 p limits on the mass fraction.
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FIG. 1.ÈLight curves of the MPS and MOA data sets, plotted as a function of time with the best-Ðt planetary and single-lens light curves (which are
nearly indistinguishable in this Ðgure). The data are binned and averaged on 0.03 day intervals, but the Ðts shown are the best Ðts to the unbinned data.

observation from July 16 that contributes 19 to the s2 value.
If this point is excluded, then the s2 probability increases to
10%. This suggests that it is probably reasonable to use the
SoDOPHOT- and DOPHOT-generated error estimates.

Tables 1È3 also present the Ðt parameters and s2 values
for both a ““ low-mass ÏÏ and a ““ high-mass ÏÏ planetary Ðt in
addition to the best Ðt. These Ðts have s2 values that are
larger than the best Ðt by about 4, so they correspond to
approximate 2 p limits on the planetary mass fraction.
Thus, the 2 p constraint on v is 1.7] 10~5\ v \ 7 ] 10~4.
The 1 p limits are 4 ] 10~5\ v \ 2 ] 10~4. For a likely
primary lens mass of 0.1È0.6 the 1 p range of planetaryM

_
,

masses extends from about an Earth mass to twice the mass
of Neptune. Table 2 indicates that the MPS data prefer a
lower planetary mass, while the MOA data would prefer a
somewhat higher planetary mass.

TABLE 2

FITTED s2 VALUES FOR INDIVIDUAL DATA SETS

Data Set Single Lens Best Fit Low Mass High Mass

MPS R . . . . . . . . 170.40/123 157.25/123 156.13/123 163.16/123
MOA red . . . . . . 156.06/162 146.19/162 150.91/162 144.49/162

NOTE.ÈThe s2 values for the MPS and MOA data sets are shown for
the best single-lens and planetary Ðts along with the 2 p upper and lower
mass fraction Ðts.

Another apparent di†erence between the MPS and MOA
data can be seen in Table 3, which gives the best-Ðt lensed

and unlensed source Ñux values for each Ðt. These(F
l
) (F

u
)

are given in instrumental units, and it is necessary to include
these parameters because of the high stellar density in the
Ðelds where microlensing events are observed. It is often the
case that the stellar ““ objects ÏÏ detected by the photometry
codes will actually consist of several stars within the same
seeing disk. Only one of these stars will be lensed at a time,
so it will appear that only part of the Ñux of these stellar
““ objects ÏÏ is lensed. In the case of MACHO 98-BLG-35, the
MPS template frame was taken when the source was mag-
niÐed by about a factor of 3, and the MPS photometry code
found three ““ objects ÏÏ with a brightness comparable to the
unlensed brightness of the source within of the source2A.5
““ object.ÏÏ These ““ objects ÏÏ were not separately resolved in
the MOA template image, which was taken when the source
was magniÐed by a factor of 60. Presumably, these stars
were lost in the wings of the lensed source. This probably
accounts for the fact that the lensed Ñux is about 92% of(F

l
)

the total Ñux for the MPS data, but only 66% of the total
Ñux for the MOA data.

The light-curve features that are responsible for this
apparent planetary detection can be seen most easily in
Figures 3 and 4. The most signiÐcant deviations from the
best single-lens Ðt are the 1.5% decrease in Ñux relative to
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FIG. 2.ÈClose-up view of the MPS and MOA light curves near peak magniÐcation. The best-Ðt planetary and single-lens light curves can be distin-
guished near peak magniÐcation. The data are not binned.

the single-lens Ðt between July 4.34 and July 4.64 and then
an increase of about 3% to a relative maximum at about
July 4.75. The slight Ñattening of the peak relative to the
single-lens Ðt seen in Figure 2d appears as the systematic
trend of decline from July 4.34 to July 4.64. The increase of
the Ñux seen in MPS data at about July 4.75 is the sharpest
feature seen in the light curve, and it occurred while the
source was setting from Mount Stromlo. The observations
in the peak of this feature were taken at an air mass ranging
from 1.7 to 2.4, which is higher than most of our obser-
vations. (The Ðnal three observations had an air mass range
of 2.8È3.6, but the observations provide little weight to the
planetary signal.) Figure 5 shows the dependence of the
magniÐcation ratio on the air mass for the MPS data taken

in the week centered on the peak magniÐcation for this
event. There is a slight excess of observations at an air mass
D2 with a magniÐcation ratio of greater than 1, but this is
due to the fact that a large fraction of these observations
were taken during the light-curve deviation on July 4. Aside
from this, there is no obvious trend with air mass, which
suggests that the feature seen in the MPS data is not a
systematic error due to the higher than average air mass of
the observations. A discussion of the photometric accuracy
of the MOA data can be found in the article by Yock (2000).

In addition to the planetary Ðts presented in Tables 1È3,
there is also a set of Ðts with parameters very nearly identi-
cal to those in Table 1, except with the planetary separation
replaced by its inverse : a ] 1/a. This is the well-known

TABLE 3

LENSED AND UNLENSED FLUXES AND(F
l

F
u
)

Data Set Single Lens Best Fit Low Mass High Mass

MPS R F
l
. . . . . . . . . 199.2 (4) 195.4 (4) 194.9 (4) 197.0 (4)

MPS R F
u

. . . . . . . . 13.6 (1.4) 16.5 (1.4) 17.2 (1.4) 16.3 (1.4)
MOA red F

l
. . . . . . 287.1 (7) 282.5 (7) 281.0 (7) 283.6 (7)

MOA red F
u
. . . . . . 115 (23) 147 (23) 155 (23) 199 (23)

NOTE.ÈThese Ñuxes are given in instrumental units which are arbitrary, but are
useful for comparing the di†erent Ðts.
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FIG. 3.ÈRatio of the data and the best-Ðt planetary lensing light curve to the best-Ðt single-lens light curve, plotted as a function of time. The di†erences
between the MPS and MOA Ðtted light curves are due to the di†erent amounts of lensed and unlensed Ñux in the di†erent Ðts.

““ duality ÏÏ feature (Griest & SaÐzadeh 1998) of the central
caustic for planetary lensing events, and it gives rise to a
substantial uncertainty in the separation of the planet from
the lens. The best-Ðt planetary lens models have a \ 1.35
and a \ 1/1.35, but a \ 1.45 and a \ 1/1.45 are consistent
at a 1 p conÐdence level, while a \ 2.07 and a \ 1/2.07 are
consistent at 2 p.

We should also consider the possibility that the light
curve deviation is caused by something other than a planet.
For example, it is possible to get a bump on the light curve
from a binary source star lensed by a single lens (Gaudi
1998). Since the observed feature has a timescale about a
factor of 10 shorter than the overall event timescale and an
amplitude of about 3% of the peak magniÐcation, it might
be possible to have a similar light curve if the source star
has a companion about 6 mag fainter that has a peak mag-
niÐcation 10 times larger than the factor of 80 observed for
the primary source star. This would give the features
observed if the separation of two sources on the sky were
about 0.012 Einstein radii. For typical lens parameters and
a random orientation of the source system orbit, this gives a
semimajor axis of 0.05 AU.

However, if the source star is in a short-period binary
system, then the trajectory of the source with respect to the
lens system will not be a straight line. The orbital motion of
the source will generate a wobble in the source trajectory

that will cause periodic variations in the light curve (Han &
Gould 1997). No such variations are seen, and this puts
strong constraints on the nature of possible binary param-
eters of the source star. These variations may not be seen if
the orbital period of the binary source is larger than the
timescale of the lensing event, but this would require that
the source orbit be nearly edge on and that the two sources
be just passing each other at the time of peak magniÐcation
in order to reproduce such a light curve. In addition, a
secondary source 6 mag fainter than the primary would
probably have a very di†erent color. Although MPS and
MOA have little color information for this event, other
groups such as the MACHO and PLANET collaborations
have observed it in di†erent color bands. In short, it would
seem to require several unlikely coincidences to have a
binary source event mimic a planetary perturbation in this
case. A future analysis including data from MACHO and
PLANET may be able to rule out this possibility.

4.2. Planetary L imits
One of the beneÐts of these high-magniÐcation micro-

lensing events is that planets can be detected with high
efficiency at a large range of orbital separations around the
lens star. This means that the absence of a strong planetary
signal can be used to place limits on the possible planets of
the lens system. We have used the following procedure to
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FIG. 4.ÈSame as Fig. 3, but with data binned and averaged on 0.03 day intervals. The microlensing Ðts have all been done with the unbinned data.

quantify these limits. We consider a dense sampling of the
planetary lens parameter space with the planetary separa-
tion, a, spanning the range 0.2È7 with an interval of 0.02, h
varying from 0 to 2n at intervals of 1¡, and v ranging from
3 ] 10~7 to 10~2 in logarithmic intervals of 101@8\ 1.33.
The other parameters were Ðxed so as to be quite close to
the observed values July UT, days, and(t0\ 4.65 tE\ 20
umin\ 0.0125).

For each set of parameters, an artiÐcial light curve was
created and imaginary observations were performed at the
same times and with the same error bars as the actual MPS
and MOA observations. The resulting artiÐcial data set was
then Ðtted with a seven-parameter single-lens model, and
the best-Ðt s2 value was determined. Since no photometric
noise was added to these light curves, the Ðtted s2 values
should be less than 1 for events that are indistinguishable
from single-lens events (at 1 p conÐdence) or greater than 1
otherwise. The addition of Gaussian photometric noise
should just add a contribution to s2 equal to the number of
degrees of freedom, so our measured s2 values should be
considered to be the additional *s2 contribution caused by
the planetary signal. We set a detection threshold of
*s2º 40, which corresponds to a 6.3 p deviation from the
best-Ðt single-lens light curve. Thus, we take each set of
planetary parameters that give best-Ðt single lens curves
with *s2º 40 to indicate that these planetary parameters

have been ruled out. The threshold of *s2º 40 was selected
to be somewhat larger than the deviation that we have
actually detected in the light curve.

All of these calculations were done using a point-source
approximation to calculate the planetary lensing light
curves. This approximation is accurate for most of the light
curves, but some of the light curves will include caustic
crossings, which would require a much more time consum-
ing Ðnite-source light curve calculation, which would be
complicated by the fact that we do not know what the
source size actually is. A reasonable estimate for the source
size projected to the plane of the lens system is [0.004RE,so Ðnite-source e†ects are probably not very large. We have
repeated our calculations for Ðnite sources with a much
sparser sampling of the planetary lensing parameters. These
calculations indicate that the point-source calculations
slightly underestimate the planetary detection probability
for v[ 10~5, but they overestimate the planetary detection
probability for Thus, our limits are conservativev[ 10~5.
for v[ 10~5, but they may be overoptimistic for v[ 10~5.

Figure 6 shows the regions of the lens plane in which
planets are excluded for various planetary mass fractions
ranging from v\ 3 ] 10~6 to 3 ] 10~3. During the lensing
event, the source star crosses from right to left on the x-axis.
The gaps in the shaded regions represent our lack of sensi-
tivity to planets at particular h angles where the planetary
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FIG. 5.ÈMagniÐcation ratio from the best-Ðt single-lens light curve plotted as a function of air mass for the MPS data taken within the week centered on
the time of maximum magniÐcation. Data from the night of the planetary signal (July 4) are plotted in blue, while the other data are plotted in red.

light curve deviation occurs at a time when we have poor
coverage of the microlensing light curve.

Theoretical papers on the microlensing planet search
technique have generally asserted that microlensing can
detect planets that are in the so-called ““ lensing zone ÏÏ
covering the range 0.6\ a \ 1.6 (Gould & Loeb 1992 ;
Bennett & Rhie 1996 ; Griest & SaÐzadeh 1998), but the
exclusion regions for 3 ] 10~4¹ v¹ 3 ] 10~3 shown in
Figure 6 clearly extend far beyond this region (Rhie &
Bennett 1996). There are also signiÐcant exclusion regions
for v\ 3 ] 10~6 and v\ 10~5 that correspond to planets
of about an Earth mass, so this event represents the Ðrst
observational constraints on Earth-mass planets orbiting
normal stars.

Another view of the planetary constraints can be seen in
Figures 7È8. In Figure 7, we have averaged over all the h
values, and we show the contours of the regions excluded at
various conÐdence levels in the a-v plane. The x-axis of
Figure 7 is plotted on a logarithmic scale, which reveals an
approximate reÑection symmetry about a \ 1. This is an
indication of the dual a ] 1/a symmetry of light curves that
approach the stellar caustic. We make use of this duality
property to construct Table 4, which gives 50% and 90%
conÐdence level exclusion ranges for the planetary separa-
tion, a, as a function of the planetary mass fraction, v. The
limits of the planetary separation exclusion ranges are

chosen to be related by the a ] 1/a transformation. Table 4
indicates that Jupiter-like planets (vº 10~3) are excluded
from a region much larger than the usual lensing zone,
while planets with vº 3 ] 10~5 (several Earth masses or
more) are excluded from a large fraction of the lensing zone.

Because of the enhanced planetary detection probability
in the lensing zone (Gould & Loeb 1992 ; Bennett & Rhie
1996 ; Griest & SaÐzadeh 1998), it is instructive to consider
the fraction of the lensing zone from which planets are
excluded as a function of mass fraction, v. This is plotted in
Figure 8, and the v range for our apparent planetary detec-
tion is shown as well. This Ðgure shows that the majority of
the lensing zone must be free of planets for whilevZ 10~4,
more than 97% of the lensing zone can have no planets with

TABLE 4

PLANETARY EXCLUSION REGIONS

Mass Fraction, v 90% Excluded 50% Excluded

3 ] 10~3 . . . . . . . . . 0.27¹ a ¹ 3.70 0.16¹ a ¹ 6.25
10~3 . . . . . . . . . . . . . . 0.37¹ a ¹ 2.70 0.22¹ a ¹ 4.55
3 ] 10~4 . . . . . . . . . 0.74¹ a ¹ 1.35 0.39¹ a ¹ 2.56
10~4 . . . . . . . . . . . . . . 0.94¹ a ¹ 1.06 0.58¹ a ¹ 1.72
3 ] 10~5 . . . . . . . . . . . . 0.76¹ a ¹ 1.31
10~5 . . . . . . . . . . . . . . . . . 0.88¹ a ¹ 1.13
3 ] 10~6 . . . . . . . . . . . . 0.98¹ a ¹ 1.02
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FIG. 6.ÈExcluded region of the lens plane, shown for a range of planetary mass fractions ranging from v\ 3 ] 10~6 to 3 ] 10~3

At vD 10~5, which corresponds to an EarthvZ 10~3.
mass, more than 10% of the lensing zone is excluded.

This relatively high planet detection probability is a
feature of high-magniÐcation events that was Ðrst empha-
sized by Griest & SaÐzadeh (1998). The planet causes a
distortion of the stellar caustic that can be seen in the light
curves of high-magniÐcation events for a large range of
planetary parameters, as we have shown. However, when
only the stellar caustic is detected, the determination of the
planetary lens parameters can be somewhat ambiguous if
the planetary signal is not very strong.

Most of the detectable planetary microlensing signals are
due to planetary caustics, and for these events, one can
determine v and a from the timing and magniÐcation of the
stellar peak with respect to the planetary deviation of the
light curve (Gould & Loeb 1992 ; Bennett & Rhie 1996 ;
Gaudi & Gould 1997). The planetary caustics cover a larger
area of the lens plane than the stellar caustic does ; hence,
one expects a higher probability of a planetary discovery for
a planetary caustic event than for a stellar caustic event.
However, the stellar caustic events have the observational
advantage that the timing of the stellar caustic approach or
crossing can be predicted ahead of time, which allows the

scheduling of additional observations that can greatly
increase the planetary detection probability.

4.3. Solar System Analogs
So far, we have discussed the limits placed on the planet-

ary system of the MACHO 98-BLG-35 lens star in terms of
the units that are most convenient in the context of gravita-
tional microlensing. We have talked about the ““ lensing
zone ÏÏ and used as our basic unit of distance. Since theseREare the natural units of microlensing, this allows us to be
precise and economical in our discussion of the limits, but
they are not the units that we usually use to measure solar
systems. Although is typically of the order of 1 AU, itREdoes have a rather broad distribution. Thus, it might be
easier to see the signiÐcance of our limits if we translate
them into solar system units. To accomplish this, let us
consider the possibility that the lens system is a solar system
analog. What are the chances that we would detect a light-
curve deviation with *s2[ 40 if the lens star has a solar
system just like that of the Sun?

In order to answer this question, we need to average over
the parameters of the lens system that are unknown. These
include the lens and source distances, the inclination of the
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FIG. 7.ÈParameters of planets excluded from the MACHO 98-BLG-35 system, shown in the mass fractionÈseparation plane. The di†erent colors indicate
what fraction of the planets with the given mass fraction and separations are excluded.

lens starÏs planetary plane, and the position of each planet
in its orbit. In addition, since the lens starÏs mass is likely to
be less than a solar mass, we need a prescription for how the
planetary separations scale with the mass of the lens star. In
order to simplify our calculations, we assume that the plan-
etary separations scale as M1@2, but this does not have a
large inÑuence on our results. (We continue to refer to plan-
etary separations in AU, but it should be understood that
these distances are scaled as M1@2. Thus, the ““ Jupiter ÏÏ of a
planetary system orbiting a 0.3 star would be at aM

_orbital distance of 2.8 AU.) We also assume that the dis-
tribution of fractional planetary masses does not depend on
the mass of the lens star. This means that our ““ Jupiter ÏÏ will
always have a mass fraction of v\ 10~3, independent of the
lens mass. We should also point out that our calculations
are not strictly correct for systems with more than one
planet, since we have only done calculations for binary lens
systems. We have assumed that each planet can be detected
only if it could be detected in the same position in a purely
binary system. In practice, the additional lenses may
increase the light curve deviations for events near the detec-
tion threshold and push these events above the detection

threshold. Thus, our simpliÐcation probably causes a slight
underestimate of the planetary detection probability.

Applying this procedure to our MACHO 98-BLG-35
data, we Ðnd that a solar system analog is excluded at the
90% conÐdence level. In 88% of the cases, the Jupiter-like
planet (v\ 10~3 at 5.2 AU) would be detected, and the
Saturn-like planet (v\ 3 ] 10~4 at 9.5 AU) would be
detected 19% of the time, although the Jupiter would be
also seen in most of these cases. About 1% of the time the
Earth, Uranus, or Neptune analogs would be seen.

If we modify the solar system analog to replace the
Jupiter-like planet with a Saturn-mass planet
(v\ 3 ] 10~4) at 5.2 AU, we Ðnd that this system can be
excluded at 69% conÐdence. The Saturn in JupiterÏs orbit is
seen 64% of the time, while both Saturns can be detected in
about 15% of the cases.

Finally, let us consider planetary systems in which Jupiter
and Saturn have been replaced by Neptune-like planets
with v\ 5 ] 10~5. This is a planetary conÐguration sug-
gested by Peale (1997), based on consideration of planet
formation theory, and following Peale, we also introduce an
additional Earth at 2.5 AU, because the formation of such a
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FIG. 8.ÈFraction of the lensing zone, where planets are excluded from the MACHO 98-BLG-35 system, plotted as a function of the mass0.6¹RE¹ 1.6,
fraction, v. The best-Ðt mass fraction is shown for comparison (plotted at an arbitrary y-axis value).

planet would be expected if Jupiter were absent. We Ðnd
that there is a 36% chance that such a low-mass planetary
system would give rise to an unacceptably large signal and
be excluded by our data. The Neptune at JupiterÏs position
would be seen about 29% of the time, while the Neptune in
SaturnÏs orbit would be seen 4.5% of the time, and the
Earth at 2.5 AU would be seen 2.5% of the time. As with the
solar system analog, the remaining planets contribute about
1% of the total detection probability. While the exclusion of
such planetary systems at 36% conÐdence is not a very
signiÐcant result by itself, it does indicate that with a few
more similar data sets, we will begin to be able to address
the question of the abundance of planetary systems without
gas giants. Of course, the apparent planetary signal in our
data is consistent with the detection of just such a system, so
it is quite possible that we have made the Ðrst detection of a
planet in a system with no gas giants.

5. DISCUSSION AND CONCLUSION

Our 90% conÐdence level exclusion of a solar system
analog planetary system is apparently the tightest con-
straint on planetary systems like our own to date. The
radial-velocity program of Marcy and Butler has one or
two systems in which they can constrain v sin i\ 10~3 (G.
W. Marcy 1999, private communication) at present. This is
comparable to our constraint except for the additional
uncertainty due to the unknown inclination angle, i.

However, their current radial-velocity sensitivity is good
enough to obtain similar limits for hundreds of stars once
they have high-sensitivity observations spanning the
decade-long orbital periods of planets at 5 AU. Therefore,
within a few years, the radial-velocity groups will likely
have similar constraints for hundreds of stars.

The real strength of the microlensing technique lies not
with the ability to detect Jupiter analogs, but in the sensi-
tivity to lower mass planets. Of course, low-mass planets are
more difficult to see with any technique, but with micro-
lensing the planetary signals do not get substantially
weaker as the planetary mass drops, as they do for other
techniques. Instead, the microlensing signatures of extra-
solar planets become rarer and briefer as the planetary mass
decreases down to vD 10~5, where Ðnite-source e†ects
become important. If we had 10 microlensing events with
limits similar to MACHO 98-BLG-35, then our statistical
information on the prevalence of Jupiter-like planets would
be interesting, but probably not competitive with what will
be learned from the radial-velocity searches. However, we
would expect to detect several Neptune-mass planets with a
signal substantially stronger than the planetary signal seen
in our MACHO 98-BLG-35 data if most planetary systems
have Neptune-mass planets. Our sensitivity to Neptune-
and probably Saturn-mass planets would very likely be
beyond the sensitivity of the radial-velocity searches or
other ground-based planet search techniques. Therefore, if
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it were the case that most planetary systems have no planets
more massive than Neptune, gravitational microlensing
would likely be the only ground-based planet-search tech-
nique sensitive to these planetary systems.

Our planetary results for the event MACHO 98-BLG-35
have made use of the large planet detection efficiency for
high-magniÐcation microlensing events that was Ðrst
emphasized and quantiÐed by Griest & SaÐzadeh (1998).
Although there are probably more detectable planetary
signals for low-magniÐcation events, the high-magniÐcation
events have the advantage that the planetary signal is
expected near the time of peak magniÐcation, which can be
predicted with relatively sparse observations (once, or pref-
erably, a few times per day). If the light curve is then
sampled very frequently near peak magniÐcation, there will
be a high probability of detecting a planet. The light curve
can be sampled more sparsely after the magniÐcation
decreases. Because we know when the planetary signal is
likely to occur, it is possible to discover a low-mass planet
with a relatively small total number of observations. It is
critical, however, that the high-magniÐcation events be dis-
covered in advance and that they be observed frequently
enough to predict their peak magniÐcation.

Let us consider the recent history of microlensing events
discovered in real time. The MACHO alert system has
found four microlensing events with a peak magniÐcation of
greater than 20, in addition to a number of high-
magniÐcation binary lensing events with large mass frac-
tions (v[ 0.1). The high-magniÐcation events are MACHO
95-BLG-11, MACHO 95-BLG-30, MACHO 98-BLG-7,
and MACHO 98-BLG-35. OGLE has also found four such
events : OGLE 98-BUL-29, OGLE 98-BUL-32, OGLE
98-BUL-36, 22 and OGLE 99-BUL-5. Of these events, only
MACHO 95-BLG-30 (Alcock et al. 1997), MACHO
98-BLG-35, and OGLE 99-BUL-5 were discovered sub-
stantially before peak magniÐcation, while MACHO
95-BLG-11 and OGLE 98-BUL-29 were discovered in the
24 hr period preceding peak magniÐcation. Any steps that
might be taken toward earlier discovery of microlensing
events in progress are likely to improve the planet-detection
efficiency signiÐcantly. It is also critical that detected events
be observed frequently enough to predict high-
magniÐcation events reliably.

The high efficiency for planet detection for this event and
the uncertainty in the planetary lensing parameters are both
consequences of the very high magniÐcation of lensing
event MACHO 98-BLG-35. More accurate planetary
parameters can be obtained for events in which the planet-
ary caustic is crossed or approached, which generally occurs
at a more modest magniÐcation. Detectable light-curve
deviations caused by an approach to the planetary caustic
are more frequent than light-curve deviations caused by an
approach to the stellar caustic, but we cannot predict in

22 The high magniÐcation was seen only in the MACHO data for
OGLE 98-BUL-36, but this event was missed by the MACHO alert system
because MACHO had data in only one color.

advance when a planetary caustic might be approached, so
it requires more telescope time to Ðnd such events. Dedi-
cated microlensing follow-up programs, such as those being
run by PLANET (Albrow et al. 1998) and MPS, are
required in order to have a reasonable prospect of detecting
such events. However, despite the complete longitude
coverage of the PLANET collaboration and the 1.9 m tele-
scope used by MPS, the current generation of microlensing
planet search programs is not able to follow enough micro-
lensing events with sufficient photometric accuracy to
obtain statistically signiÐcant constraints on the abundance
of low-mass planets. This would require a more ambitious
microlensing follow-up program along the lines of that pre-
sented by Peale (1997).

In summary, we have presented the Ðrst observational
constraints on a planetary system from gravitational micro-
lensing, including a 4.5 p detection of an apparent planetary
signal. The mass fraction of this planetary companion to the
lens star is likely to be in the range 4] 10~5¹ v¹ 2
] 10~4. Depending on the lens star mass, these mass frac-
tions correspond to planetary masses in the range from a
few Earth masses up to about 2 Neptune masses. Our data
also place strong constraints on the planetary system that
may orbit the lens star. A system just like our own is
excluded at 90% conÐdence, while a system like ours with
Jupiter replaced by a Saturn-mass planet can be excluded at
70% conÐdence. For a planetary system like our own with
Jupiter and Saturn replaced by Neptunes, we would expect
a signal at least twice as strong as the one that we have
detected about 30% of the time. Our results demonstrate
the sensitivity of the gravitational microlensing technique to
low-mass planets. If we take our low-mass planet detection
at face value, it suggests that the most common planetary
systems in the Galaxy may have their most massive planets
less massive than a gas giant.
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