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MICROLENS OGLE-2005-BLG-169 IMPLIES THAT COOL NEPTUNE-LIKE PLANETS ARE COMMON
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ABSTRACT

We detect a Neptune mass ratip=¢ 8 x 10°°) planetary companion to the lens star in the extremely high magni-
fication (A ~ 800) microlensing event OGLE-2005-BLG-169. If the parent is a main-sequence star, it hdgl mass
~ 0.5 M, implying a planet mass 6¥13 M,, and projected separation 2.7 AU. When intensely monitored over
their peak, high-magnification events similar to OGLE-2005-BLG-169 have nearly complete sensitivity to Neptune
mass ratio planets with projected separations of 0.6—1.6 Einstein radii, corresponding to 1.6—4.3 AU in the present
case. Only two other such events were monitored well enough to detect Neptunes, and so this detection by itself sug-
gests that Neptune mass ratio planets are common. Moreover, another Neptune was recently discovered at a similar
distance from its parent star in a low-magnification event, which are more common but are individually much less
sensitive to planets. Combining the two detections yields 90% upper and lower frequency #8833 over
just 0.4 decades of planet-star separation. In particiiiat,6% at 90% confidence. The parent star hosts no Jupiter-
mass companions with projected separations within a factor 5 of that of the detected planet. The lens-source relative
proper motion isu ~ 7-10 mas yr', implying that if the lens is sufficiently bright,< 23.8, it will be detectable by
the Hubble Space Telescope by 3 years after peak. This would permit a more precise estimate of the lens mass and
distance and, so, the mass and projected separation of the planet. Analogs of OGLE-2005-BLG-169Lb orbiting nearby
stars would be difficult to detect by other methods of planet detection, including radial velocities, transits, and astrometry.

Subject headings. Galaxy: bulge — gravitational lensing — planetary systems

The regions of our solar system beyond Mars contain giantto us. As radial velocity (RV) survey time baselines have
planets, as well as asteroids and comets—which are believedyrown, they have begun to detect gas giants in these regions,
to be remnants of the process that formed these bodies—andut RV is sensitive to Neptune-mass planets only when they
also moons, which may serve as analogs to bodies involvedare much closer to their parent stars. Transit surveys are even
in the late stages of planet formation. However, despite somemore heavily biased toward close-in planets. Astrometric sen-
170 planet discoveries over the past decade, the analogousitivity does peak at large orbits but is fundamentally restricted
regions around other mature stars remain relatively inaccessibldgo orbital periods that are shorter than the survey.

By contrast, microlensing sensitivity peaks at the Einstein
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more than 1000 exposures over the peak. Additional data come

BT T ] from the 0.35 muFUN Nustrini Telescope in Auckland, New

[ ‘F:}N (‘rh‘l’) 1 Zealand, and the 2.0 m PLANET/RoboNet Faulkes Telescope
DRy North in Hawaii. We analyze a total of 340, 22, 1025, 74, and
31 images with typical exposure times of 120, 300, 10, 120,
and 100 s in thd, I, I, clear, andR passbands, respectively,
from these five telescopes. In addition, ¥bband images from
wFUN SMARTS permit determination of the source color.

All data were reduced using the OGLE data pipeline, based
on difference imaging analysis (DIA; Whiak 2000). The:FUN
MDM data were also reduced using the ISIS pipeline (Alard
& Lupton 1998; Alard 2000; Hartman et al. 2004). To test for
any systematics in this crucial data set, we report results below
T T , derived from these two completely independent pipelines.
-2 0 2 Planets are discovered in microlensing events from the brief
—0oa b T R RN perturbation they induce on a single-lens light curve (Mao &
—0.02 | A byt E Paczymski 1991; Gould & Loeb 1992)F(t) = F.A(u(t)) + F,,
c | -

[ wFUN (Auckland, NZ)

I RoboNet (Hawaii)

I magnitude

E A where A(L) = (U + 2)u(L® + 4)¥2 u(t) = (7 + ud)*? andr
0.02 | = = (t — t))/tz. HereF(t) is the observed fluxk, is the source
004 | B=1.018 q=6x10 a8 3 flux, F, is flux due to any unlensed background lightis the
E _[‘),2 — [') — 0!2 ST magnification, andl = (r, U,) is the vector position of the source
At [HID — 2453491.875] normalized tof., expressed in terms of the three geometric
parameters of the event: the time of closest apprdgcthe
Fi. 1.—Top: Data and best-fit model for OGLE-2005-BLG-1@Bottom: normalized impact parametag, and the Einstein timescale
Difference between this model and a single-lens model with the sgnue; ¢, To describe the planetary perturbation, three “binary lens”

o). It displays the classical form of a caustic entrance/exit that is often seen in arameters are required in addition to the three single-lens geo-
binary microlensing events, where the amplitudes and timescales are severaP

orders of magnitude larger than seen here. MDM data trace the characteristicn']emc parameters (th conventlons' defined in Ud"?“Sk' et al.
slope change at the caustic exit (= 0.092) extremely well, while the entrance ~ 2005) to, Uy, andt.. These are the binary mass rati, the
is tracked by a single poin\¢ = —0.1427). The dashed line indicates the time ~ separation of the components (in unitségf, b, and angle of

t,- Inset: Source path through the caustic geometry. The source 8zrdicated. the source trajectory relative to the binary a)dﬁ,Fina”y, a
seventh parametes, = 6,/0., is required whenever the angular
“planetary caustic” (closed contour of formally infinite magnifi- radius of the sourcé, plays a significant role, in particular,
cation) directly associated with the planet, and an even smallerwhenever the source crosses a caustic.
“central caustic” closely aligned with the host. All microlensing For planetary lenses with caustic crossings, there are seven
events have the potential to probe the planetary caustic, but owingdirectly observable and pronounced light-curve features that di-
to its small extent and the random trajectory of the source, therectly constrain the seven model parameters, up to a well-under-
probability for the source to encounter the perturbed region is low. stood twofold degeneracy (Dominik 1999) that takes b™™.

By contrast, the small fraction of events that reach very high Three of these, the epoch, duration, and height of the primary lens-
magnification (and thus small lens-source separatautd- ing event, strongly constrain.(tz, uy). The other four, the two
matically probe the region of the central caustic (Griest & caustic-crossing times (entrance and exit) and the height and du-
Safizadeh 1998; Rhie et al. 2000; Bond et al. 2002; Rattenburyration of one of the caustic crossings, then constiain, (, p).
et al. 2002). Hence, even low-mass planets lying anywhere As we now show, OGLE-2005-BLG-169 is indeed a caustic-
sufficiently near the Einstein ring are virtually guaranteed to crossing event. However, only the caustic exit (and not entrance)
perturb the light curve (Abe et al. 2004). Since the peak of the was well resolved. This leads to a one-dimensional degeneracy
event can, at least in principle, be predicted in advance, it isamong the model parameters, which is then partially broken
possible to focus limited observing resources to make the in-by secondary, less pronounced, features of the light curve.
tensive observations over the peak that are required to detect The residuals to the single-lens models shown in Figure 1
and characterize the relatively subtle signal. exhibit a kink in slope att = 0.092 days, wherat is the time

TheuFUN team has adopted a strategy of trying to recognize elapsed since HID 2,453,491.875 (2005 May 1, UT 09:00).
the few prospective high-magnification events among the roughly The kink is equally apparent in both sets of MDM reductions.
500 microlensing events annually alerted by the OGLE-IIl Early While theincident slope of this kink in the light curve depends
Warning System (Udalski 2003) and the roughly 50 events an-on the particular single-lens model used, stupe discontinuity
nually alerted by the MOA Collaboration. During the 2005 sea- is model independent. Such a change in slope is induced by a
son, this strategy led to the discovery of two planets. The first caustic exit, when the trailing limb of the source crosses the
was the Jovian mass ratio OGLE-2005-BLG-071Lb (Udalski caustic, causing two of its images to merge and finally vanish.
et al. 2005). Here we report the second such planet, a Neptune To extract model parameters, we undertake a brute-force
mass ratio companion to the lens in OGLE-2005-BLG-169. search of parameter space. We hold the three parantgters

On 2005 April 21, the OGLE Collaboration alerted OGLE- and( fixed at a grid of values while minimizing® over the
2005-BLG-169 as probable microlensing of a faint519.4) remaining four parameters, using the valueg,pfu,, andt.
source toward the Galactic bulge, using the 1.3 m Warsawderived from the overall shape of the light curve as seeds. We
telescope in Chile (operated by the Carnegie Institution of find two distinct local minima that obey the— b~ degeneracy.
Washington). After observations by OGLE and the 1.gfFuN These minima are embedded in elongatad valleys (Fig. 2),
SMARTS telescope in Chile showed the event to be of extremely with [« (radians) b] axis ratio~100, which occur because there
high magnification, the observers at the 2.4ufFUN MDM are only six pronounced features in the light curve to constrain
telescope in Arizona interrupted their regular program to obtain seven model parameters. However, while the caustic entrance
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ISIS . Another constraint comes from the upper limit on the lens
flux, which cannot exceed the background flux measurement
F, (corresponding te, = 19.8). We also derive from the light
curve a weak constraint on the microlens parallax, =
—0.086+ 0.261, which we include for completeness. Hege
= w1 coSy, wherey is the angle between the direction of lens-
source relative motion and the position of the Suty jptojected
e ] on the plane of the sky (Gould 2004).
o w0 o i o @ w0 These measurements, together with a Bayesian prior for the
b g - i : lens distances and masses from a Han & Gould (2003) Galaxy
1016 1016 model and Gould (2000) mass function (but with a Salpeter
S e , [—2.35] slope at the high end), together with the assumption
q=6e-5 that all stellar objects along the line of sight are equally likely
to harbor planets (since there is no prior information on planet
frequency as a function of stellar properties for Neptune-mass
- ‘ i 0=5e-5 extrasolar planets beyond 1 AU), yield a probability distribution
W % 10 1o 120 T w10 o f20 for the lens mass. We find that the probabilities that the lens
m TR e T is a main-sequence star (MS), white dwarf (WD), neutron star
] it (NS), and black hole (BH) are respectively 55%, 32%, 11%,
@ 0 10 10 120 @ 0 w0 10 12 and 2%. However, Neptune mass ratio planets around NSs must
o [degrees] o [degrees] be quite rare, because th8.2 s oscillations they induce would
Fic. 2.—Ayx? contours relative to the respective minima for light-curve fits easily ShOV\{ up in pulsar tlmlng residuals. Since BH-S and NSs
using the DIA and ISIS reductions of the MDM data= (Ax%)*?< 1, 2, 3, form by a similar process, this may also argue against BHs as
4,5, 6, and 7 are shown by black, red, yellow, green, cyan, blue, and magentathe host. MSs and WDs represent different life stages of the same
respectively. Note that the abscissae are compressed, s@thenfours have class of stars. If the host is a MS, then the median and 90%

an axis ratio of approximately 100 (withexpressed in radians), whichreflects  confidence interval for the mass and distance are given by
the one-dimensional degeneracy discussed in the text. Both reductions have

their minimum at &, g) ~ (120, 8 x 10°°). Similar contours forb <1 yield

additional solutions that are included in Table 1. The full ®ass ratio range M = 0.49"323 M,, D, = 2.7°1¢ kpc (90% confidence),
is confined to (5-10x 10°%, even allowing for both reductions. ' )
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is not well resolved, the point att = —0.1427 days does lie implying that the best estimates for the planet mass and sepa-
on this entrance and thereby singles out the solutions shownration arem, = gM ~ 13Mg andr, = bfeD, ~ 2.7 AU, where

in Table 1. Nevertheless, to be conservative, we quoterBors D, is the distance to the lens. If the lens is a WD, the 90%
for light-curve parameters, which take account of both the elon- confidence mass and distance distributions are sinlas

gated valleys and the two reductions. Most importantly, 0.567532 M, andD, = 3.1553 kpc, and hence the corresponding
planet characteristics are also similar. Future observations by
g=28%x10° b =1.00+0.02 (30). the Hubble Space Telescope could distinguish between MS and

WD hosts, as well as measuring th_e mass and distance of the
In microlensing events, the physical parameters (lens masgormer provided that the lens is brighter ther 23.8 (D. P.

M, lens-source relative parallax,, and relative proper motion ~ Bennett & J. Anderson 2006, in preparation).
I'L) are related to the “observable” event parame@r§£, and Does lens OGLE-2005-BLG-169L ha_ve planets other than
the microlens parallaxry) by 6 = (kM7 )*% 7 = (kM/ OGLE-2005-BLG-169Lb? Central caustic events allow one to
7,.)"? andt. = 0./u, wherex = 4G/(c? AU). Of these, only address this question because all the companions to the lens
t. is routinely measurable. However, in caustic-crossing events,star perturb the central caustic (Gaudi et al. 1998). Moreover,
one can usually also measuke which both directly constrains ~ the combined perturbation from two planets is very nearly the
the mass-distance relation and yields a measurement\ok sum of the separate perturbations, unless the two planets are
first determine the angular source radiysusing the standard ~ closely aligned (Rattenbury et al. 2002; Han 2005). This allows
approach (Yoo et al. 2004), findirly = 0.44 + 0.04pas. To- us to subtract the perturbation from the one detected planet and

gether with the parameter measurememts 4.4°32 x 10~ apply the same search technique to the resulting (nearly single-
andt. = 43 + 4 days, this yields 3 ranges lens) light curve to look for others. We find none and so place
upper limits on the presence of other planets. In particular, we
0. = 6,/p = 1.00+ 0.22 mas, exclude Jupiter-mass planets £ 2 x 107°) at projected sep-
arations within a factor of 5.5 of the Einstein radius (0<18
p = O:lte = 8.4+1.7 mas yr* . b <5.5) and Saturn-mass planets within a factor of 3.5.
TABLE 1

LI1GHT-CURVE MODELS

to = Ler Uo te q a 4 0 ®
Pipeline  Ax* (days) (x10° (days) b (x10°) (deg) (%10 (mas) (mas yrY)

DIA ...... 0.00 00008 1.24 42.27 1.0198 8.6 117.0 4.4 1.00 8.6
ISIS ...... 0.00 @O09 1.23 4256 1.0194 8.2 118.2 4.7 0.93 8.0
DIA ...... 0.27 00004 1.25 42.09  0.9819 8.3 122.6 3.9 1.12 9.7
ISIS ...... 2.33  @OO7 1.17 4469  0.9825 7.3 1235 4.0 111 9.0

NotE.—Heret,, = HID 2,453,491.875 (2005 May 1, UT 09:00).
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OGLE-2005-BLG-169 is one of only three extremely high
magnification events with sensitivity to the central caustics in-
duced by cold Neptunes, the other two being MOA-2003-BLG-
32/0GLE-2003-BLG-219 and OGLE-2004-BLG-343 (Abe et
al. 2004; Dong et al. 2006). The probabilities that & 8 x
10°° planet lying at random projected position in the “lensing
zone” (0.6<b< 1.6) for these three events are 100%, 85%,
and 40%, respectively. This implid$s) = 1/2.25= 44% for
the expected fraction of stars hosting cold Neptunes within the
lensing zone (0.4 decades of projected separation), but with
very large uncertainty due to small number statistics.

However, we can improve our estimate by incorporating the
detection of OGLE-2005-BLG-390Lb, which is a very similar
(b =1.6,q = 7.6 x 107°) planet that was detected through the
other (planetary caustic) microlensing channel (Beaulieu et al.
2006). The expected number of detectionsqof 8 x 10°°
lensing-zone planets (through this planetary caustic channel)
was 1.7% for 1995-1999 (Gaudi et al. 2002). We estimate that
the expected number for 2000—2005 is a factor of 1.5 higher
based on a comparison of the survey characteristics during
these two periods. Hence, the single detection through this
channel yieldg f) = 23%, also with large errors. If we com-
bine the two channels and impose a uniform prior, we find a
median and 90% upper and lower limits bf= 0.38333, in
particular, a 90% confidence lower limit bt 16%. This result

GOULD ET AL.

Vol. 644

UL IIIIII| T ﬂlljllil['

1

E

JLII"?IIIII
Ll 1

1L

1

108

1

i
1] ]
JltLL

T TTTTTm
1 IIIIIII‘

102

—_
o
T

VE mierolensin
(2005)

M

TT IIIIII‘

Mass (Earth masses)
| 1 Illllﬂ? 1 IIII\Ill

o
it

M

1 IIIIJII| 1 II\IHIl 1 IIIIIIIJ

0.1 1 10
semi—major axis (AU)

T T TTITI
LLrp

Fic. 3.—Exoplanet discovery potential and detections as functions of planet

mass and semimajor axis. Potential is shown for current ground-based RV
(yellow) and, very approximately, microlensinge¢) experiments, as well as
future space-based trangiyén), astrometric@reen), and microlensinggeach)

is robust to possible errors in our estimate of sensitivity of the missions. Planetdiscovered using the transittjue), RV (black), and micro-
2000-2005 surveys. If the factor of 1.5 is changed to 1.0 or lensing (nagenta) techniques are shown as individual points, with OGLE-

2.0 (our estimate of the full plausible range), the lower limit
changes only by 2%, from 16% to 18% or 14%, respectively.
Figure 3 addresses the question how well analogs of OGLE-

2
dicated by their initials for comparison.

005-BLG-169Lb displayed as an open symbol. Solar system planets are in-

can be detected by other planet-search techniques. At its projectefl-aughlin et al. 2004). One could gain further clues by mapping
separation, it lies well below the mass sensitivity of RV surveys. Out the mass and separation distributions of a larger sample.
Its semimajor axis places it well beyond the reach of a space-
based transit mission suchléspler. Only the future astrometric We acknowledge the following support: NSF AST 04-52758
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