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We detect a cold, terrestrial planet in a binary-star system using gravitational
microlensing. The planet has low mass (2 Earth masses) and lies projected at
a⊥,ph ≃ 0.8 astronomical units (AU) from its host star, similar to the EarthSun distance. However, the planet temperature is much lower, T < 60 Kelvin,
because the host star is only 0.10–0.15 solar masses and therefore more than
2

400 times less luminous than the Sun. The host is itself orbiting a slightly more
massive companion with projected separation a⊥,ch = 10–15 AU. Straightforward modification of current microlensing search strategies could increase
their sensitivity to planets in binary systems. With more detections, such
binary-star/planetary systems could place constraints on models of planet formation and evolution. This detection is consistent with such systems being very
common.
Although at least half of all stars are in binary or multiple systems, the overwhelming majority of detected exoplanets orbit single stars, or at least stars whose companions have not
been detected or are so far from the planet’s host as to be physically irrelevant. Because binary stars are so common, theories of planet formation and orbital evolution should be strongly
constrained by the observed frequency and parameter distributions of planets in these systems.
For example, the presence of a relatively near companion might truncate or disrupt the protoplanetary disk that is thought to be the planet birthplace. Exploring planets in binary systems is
therefore an important frontier.
Microlensing is complementary to other planet-finding techniques in terms of sensitivity as
functions of planet-host separation, host mass, planet mass, and planet-host position within our
Galaxy. The basic scale of microlensing phenomena is set by the Einstein radius (1)
θE ≡

q

κMπrel ;

κ≡

4G
c2 AU

≃ 8.1

mas
,
M⊙

(1)

where M is the lens mass, πrel = AU(DL−1 − DS−1 ) is the lens-source relative parallax, and DL
and DS are the distances to the lens and source, respectively. If two stars are perfectly aligned
on the sky, then the gravity of the one in front (“lens”) bends the light from the one in back
(“source”) into an annulus (“Einstein ring”) of radius θE and width twice θ∗ , where θ∗ is the
source angular radius. If the lens-source separation ∆θLS is nonzero but still ∆θLS <
θ , then
∼ E
3

the source light is broken up into two images, one inside and the other outside the Einstein ring.
The two images are separated by θE ∼ O(mas) (10−3 arcseconds) and so are not resolvable
with current telescopes. However, the combined area of the images is larger than the source and
so appears brighter by the magnification A, which scales very nearly as (∆θLS /θE )−1 ≡ u−1
for u <
0.5. Hence, as the lens passes by the projected position of the source, the magnification
∼
increases and then decreases, creating a “microlensing event”. Currently, over 2000 such events
are discovered each year. If the lens has a planet, and one of the two images passes near this
planet, its gravity further deflects the light, changing the lightcurve and thereby betraying its
1.6θE , which corresponds to
a /DL <
presence. Planet sensitivity peaks over the range 0.6θE <
∼
∼ ⊥
a planet-host physical separation a⊥
a⊥ ∼ rE ≡ DL θE ∼ 3.5 AU

s

M
M⊙

(2)

for typical event parameters. Because this is a 2-dimensional (2D) projection of a 3-D elliptical
orbit, with semi-major axis a, the semi-major axis is typically larger by a/a⊥ ∼

q

3/2, i.e.

a ∼ 4.3 AU for a solar-mass host. By contrast, the “snow line”, outside of which ices can
condense and so promote the growth of giant planets, is 2.7 AU in the solar system and is
generally believed to increase monotonically with host mass (e.g. (2)). Hence, microlensing
probes planets in the cold outer regions, far from their host stars. By contrast, the radial velocity
(RV) and transit techniques are most sensitive to planets much closer to hosts, and imaging is
sensitive to planets much further out. Because microlensing does not depend on host (or planet)
light, it is sensitive to low-luminosity (even non-luminous) hosts and to systems that are many
kiloparsecs (kpc) away. Finally, in sharp contrast to all other methods, the amplitude of the
microlensing signal does not necessarily decline as the planet mass decreases. This does not
mean that microlensing is equally sensitive to all planet masses: the linear extent of the planetary
√
caustic (closed curve of formally infinite magnification) declines as q, where q = mp /M,
4

which reduces both the probability and duration of perturbation by

√

q. However, when these

perturbations occur, they can be robustly detected (see review by Gaudi (3)).
Microlensing event OGLE-2013-BLG-0341 was detected by the Optical Gravitational Lens
Experiment1 (OGLE, Chile) (4) and was also observed in survey mode by two other surveys,
Microlensing Observations in Astrophysics2 (MOA, New Zealand) (5, 6) and Wise3 (7) (Israel).
It was intensively observed in followup mode by six Microlensing Follow Up Network4 (µFUN)
observatories. See Table 1.
The precise extraction of all parameters requires computationally intensive modeling (see
Supplements (8)), but the characteristics relevant to the main scientific implications of this
discovery can mostly be derived from inspection of the light curve (Fig. 1). There are three
main features, a double-horned peak lasting ∼ 1 day centered at t ∼ 6406.5 day, an extended,
very shallow “bump” at t ∼ 6100 day, and a very short “dip” at t ∼ 6394 day. The first two are
due to the binary and the last is due to the planet. Such features have been seen and analyzed
previously in many planetary and binary microlensing events; the difference in this case is
that 1) they appear together, and 2) there is a subtle interplay between them. The duration of
the principal peak is ∼ 65 times shorter than the Einstein diameter crossing time 2tE , where
tE ≡ θE /µrel ∼ 33 days and µrel is the lens-source relative angular speed. This peak is terefore
due to a very small central caustic, which could in principle be due either to a planet near the
Einstein ring, or to a companion star that is far from it. The sharp beginning (t ∼ 6406.0
day) and smooth end (t > 6407 day) imply fold-caustic entrance and cusp exit (Fig. 2). This
morphology is consistent only with a binary lens. Although the binary companion could be,
in theory, either very far inside (“close”) or very far outside (“wide”) the Einstein ring, the
early bump at t ∼ 6100 day confirms the latter interpretation: this bump was generated by the
1

http://ogle.astrouw.edu.pl/ogle4/ews/ews.html/
https://it019909.massey.ac.nz/moa/
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source passing moderately close to the companion a year earlier (Fig. 2). Finally, the small dip
at t ∼ 6394 day can only be caused by a planet that is inside the Einstein ring. Recall that
the principal lens creates two images, which are at extrema of the time-delay surface (Fermat’s
Principle). The outside image is at a minimum of this surface, and the inside image is at a saddle
point. A planet sitting at exactly this saddle point will effectively annihilate the image, causing
a dip. To generate only a dip and no neighboring bumps, the source must have “threaded” the
planetary-caustic structure as it headed toward the central caustic (Fig. 2). The half-crossing
time of the dip is tdip ∼ 0.25 day. Because the planetary caustic size scales as (tdip /tE ) ∼
q 1/2 , the planet is q ∼ 0.6 × 10−4 times less massive than its host. From the fact that the
interval between the planetary and binary caustics is ∼ 0.4 tE , we calculate that the planet-host
separation (normalized to the Einstein radius) is s2 ∼ 1 − 0.4/2 = 0.8 from the center of
magnification of the system (which in this binary system is very close to the host).
The next step is to transform the dimensionless separations into angles by measuring θE , using the source size θ∗ as a “ruler” (9). From its measured color (and thus, since stars are approximate black bodies, surface brightness, S) and flux F , we determine θ∗ =

q

F/πS = 2.9 µas (8).

Comparing the caustic rise time (6405.97–6406.17) to the standard mathematical form (steep,
then rounded rise totaling 1.7 source-radius crossing times, (10)), and for simplicity ignoring
that this entrance is at an angle, we can estimate a source crossing time of t∗ ∼ 0.12 days. The
resulting Einstein radius is θE = (tE /t∗ )θ∗ ∼ 0.8 mas.
The final step is to measure the distance using the “microlens parallax”, πE ≡ πrel /θE . This
quantifies the amplitude of lens-source relative motion due to reflex motion of Earth’s orbit
(scaled to the Einstein radius) and therefore the amplitude of the lightcurve deviations due to
this effect (see (11), Fig. 1 for a didactic explanation). The impact of this effect on the lightcurve
is easily seen (if not quantified) in the residuals to models with and without parallax (see Fig. 3).
There is a well known degeneracy in parallax solutions (labeled “+/-”), depending on which side
6

of the projected position of Earth the lens passes relative to the source (12), and we show (8)
that this degeneracy cannot be broken in this case5 . Thus, we find πE = 1.0 or πE = 0.8. Then
from the definitions of θE and πE , we obtain πrel = θE πE and M = θE /κπE and have calculated
the relevant physical parameters that are derived from each of the two solutions (Table 2).
In either case, the planet has mass mp ∼ 2 Earth masses (M⊕ ) and the host is a late M dwarf,
with another, slightly more massive, M dwarf as a companion lying at a projected separation
of 10 or 14 AU. The entire system lies ∼ 1 kpc from the Sun. Simulations of microlensing
with realistic planetary systems that include eccentricity and inclination (13) confirm the naive
expectation that these projected separations are good proxies for the semi-major axis (after
upward adjustment by

q

3/2 to correct for projection effects). Indeed, the relation between a

and a⊥ is very similar to the relation between m and m sin i for RV detections. Hence, as with
RV masses, this proxy can fail badly in rare individual cases.
What are the implications? First, while we cannot reliably estimate the frequency of such
systems, we can ask the simpler question: if all stars were in such binary/terrestrial-planet
systems, how many should have been detected? The detection required 1) a transit of the source
by both the planetary (p ∼ 6 × 10−3 ) and central caustics (p ∼ 7 × 10−2 ) and 2) relatively
high-cadence data on a relatively bright star IS < 18.5 to ensure sufficient signal-to-noise ratio
to detect the dip. Therefore, if all I < 18.5 stars that undergo microlensing events had such
planets, we would detect ∼ 0.04% of them. During the three years that OGLE-IV has issued
alerts, it detected a total of ∼ 103 of IS < 18.5 events in its high-cadence fields, which implies
an expectation of 0.4 such planets. This would be compatible with survey results showing that
Earths and super-Earths are the most common type of planet orbiting stars with a wide range of
masses (14–18) and with predictions from microlensing based on more massive planets orbiting
low-mass stars (19).
5

We also include in the model orbital motion of the binary about its center of mass. These effects are discussed
in detail in the Supplement, but are too subtle to detect by eye from the lightcurve.

7

Second, this result shows that terrestrial planets can exist relatively far (∼ 1 AU) from their
hosts even if the latter have relatively nearby ( <
20 AU) binary companions, thus providing
∼
empirical test of models of terrestrial planet formation in such close binaries (e.g., (20–22)).
Third, when combined with the RV detection of a terrestrial (mp sin i = 1.3 M⊕ ) planet
orbiting very close (0.04 AU) to αCenB (23), which is a solar-type star, it shows that terrestrial
planets can form in binaries with diverse properties in terms of host mass and planet-host separation. Although OGLE-2013-BLG-0341LBb was discovered in a search of ∼ 103 microlensing
events and αCenBb resulted from intensive observations of a single system, the expected yield
in each case (if all stars had similar planets) was roughly unity.
Planets have been discovered in a variety of binary configurations. For example, about
7 transiting circumbinary planets have been discovered in Kepler satellite data (24), and two
Jovian planets have been found in binary systems using RV (25, 26). Microlensing is also
sensitive to planets in very different binary configurations, and both current and future surveys
are likely to discover these.
Finally, we discuss an extremely interesting aspect of the modeling of OGLE-2013-BLG0341 that points to the possibility of much greater sensitivity to systems of this type. When
the data near the dip are removed and the remaining lightcurve is fitted for a binary both with
and without a planet, the former solution is preferred by ∆χ2 = 216 over the no-planet model.
That is, although the planet is lighter than the binary by a factor q < 10−4 , its presence distorts
the caustic enough to be noticed in the very high-density observations of the caustic features.
Moreover, this model accurately “predicts” the position of the planet. This means that the planet
could have been detected even if the source had not passed over the tiny planetary caustic.
This passage accounted for p ∼ 1/170 in the above probability calculation, implying that by
probing the central caustic, sensitivity can be improved by 1/p ∼ 170. However, high-density
observations (as in Fig. 1) are not routinely taken for binaries. Indeed, µFUN organized these
8

only because it recognized from the form of the planetary caustic that the source was headed
toward the central-caustic region and sought to exploit this passage to obtain information about
the planet. The resultant dense coverage of the binary caustic was inadvertent. Dense followup
of “ordinary” binaries may then be the best way to probe for planets in binary systems (27).
Because there are a comparable number of high-magnification binary compared to apparentlysingle-star events, the additional observing resources required to carry out such followup is
relatively modest.
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Name
OGLE
MOA
Wise
Auckland
CTIO-SMARTS
Farm Cove
PEST
Possum
Turitea

Location
Chile
New Zeal.
Israel
New Zeal.
Chile
New Zeal.
West Aus.
New Zeal.
New Zeal.

Diam.(m) Filter
1.3
I
1.8
RI
1.0
I
0.40
R
1.3
I
0.36
N
0.30
N
0.36
N
0.36
R

Table 1. Observatories.

Parameter
Mtotal
Mhost
Mplanet
Mcompanion
Distance
a⊥,ph
a⊥,ch

Unit Wide(+) Wide(-)
M⊙
0.2336 0.3207
0.0182 0.0284
M⊙
0.1127 0.1452
0.0089 0.0135
M⊕
1.66
2.32
0.18
0.27
M⊙
0.1209 0.1755
0.0094 0.0155
kpc
0.911
1.161
0.070
0.093
AU
0.702
0.883
0.022
0.043
AU
10.536 14.013
0.318
0.617

Table 2. Physical Parameters of the binary + planet models. Masses, Distances, and projected
separations for binary+planet system in the two models that are consistent with the microlensing
data.
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Figure 1: OGLE-2013-BLG-0341 lightcurve. Upper panels: lightcurve features (C through
F), induced by main caustic due to binary, are seen as source passes close to planet host. The
entrance has a sharp break (C) indicating a caustic crossing, while the exit does not (EF), indicating a cusp exit. Lower-left: low amplitude “bump” (A) due to sources passage relatively
far from binary companion to host, ∼ 300 days earlier. Lower-right: “dip” (B) due to planet
“annihilating” one of the the two main images of the source.
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Figure 2: Geometry of OGLE-2013-BLG-0341 “Wide minus” solution. This includes locations
of the host (M∗ ), planet (Mp ), and companion (Mc ), and of the caustics (closed curves of formally infinite magnification) that induce strong perturbations in the lightcurve. Source position
is shown at six key times (ABCDEF) corresponding to lightcurve features in Fig. 1. Middle
panel: Zoom of planetary caustic (left) and central caustic (right) giving rise to “dip” and main
peak seen in Fig. 1. Central caustic and lens positions are shown at two different epochs (“A”
and “E”) separated by ∼ 300 days during which it changed its shape and orientation due to
binary orbital motion as described in Supplements. Upper panel: Further zoom showing source
(yellow) to scale. Blue and red caustics and circles indicate lens geometries at times of “bump”
(A) and main peak (D), respectively. One unit on x-axis corresponds to tE = 33 days in time.
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Figure 3: Full OGLE-2013-BLG-0341 lightcurve (top) and residuals from “Wide minus” model
with (middle) and without (bottom) including the parallax effect. Parallax is strongly detected,
∆χ2 = 730. Silhouetted black and red curves indicate zero and difference between parallax
and no-parallax models, respectively. In contrast to all other crucial lightcurve parameters, the
parallax effect is not directly visible in the lightcurve, but only in the residuals. However, as
explained in Supplements, an experienced modeler can “read off” from these residuals that
πE >
0.7.
∼
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