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Planet mass vs. semi-major axis/snow-line 
•  “snow-line” defined 

to be 2.7 AU (M/M¤) 
•  since L∝ M2 during 

planet formation 
• Microlensing 

discoveries in red. 
• Doppler discoveries 

in black 
•  Transit discoveries 

shown as blue circles 
•  Kepler candidates are 

cyan spots 

•  Super-Earth planets 
beyond the snow-line 
appear to be the most 
common type yet 
discovered 
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common type yet 
discovered 

Most 
planets 

are here!  



Comparison of Microlensing and RV M-dwarf 
Planets Beyond the Snow-line 

Comparison of planets hosted by (likely) M-dwarfs beyond the snow line from as a 
function of mass ratio, q, on the left and mass on the right. Microlensing is more 
sensitive to Saturn-mass planets and below. Clanton & Gaudi (2014) and Montet 
et al. (2014) show that RV and microlensing results are consistent. 



MOA-II Survey 6-Year Analysis 2007-2012 
•  Based on 3300 microlensing events found by the MOA Alert system in 

2007-2012 
•  1448 of these events are high quality enough to be included in the 

analysis 
–  Other events are poorly sampled with poorly defined single-lens 

parameters 
•  All events were searched for anomalies, and those with anomalies 

were fit with binary lens models 
•  If binary lens model improves χ2 by Δχ2 ≥ 100, it is considered a 

significant anomaly detection  
•  only MOA data is used to define a detection, but all available data is 

used to determine if the mass ratio q < 0.03, the threshold for a planet 
•  23 planetary events found 

–  Compares to 8 in previous statistical samples 
–  3 (MOA-2008-BLG-288, 379 and MOA-2011-BLG-291) were not initially 

recognized as planetary events 
–  1 (OGLE-2011-BLG-0950/MOA-2011-BLG-336) is ambiguous with 

planetary model favored over q ≈ 0.3 model by  Δχ2 = 17.2 



New Planetary Events from Systematic Analysis 

Re-analysis of all events identified by the MOA alert system reveals 3/22 planets 
not identified when they occurred: MOA-2008-BLG-288, MOA-2008-BLG-379, and 
MOA-2011-BLG-291, plus one ambiguous event, OGLE-2011-BLG-0950/MOA-336. 

MOA-2008-BLG-379 

Suzuki et al. 2014 
Bond et al. 2015 



Includes analysis of “Exotic Events” 
MOA-2010-BLG-117 Planet with binary source 

Includes first circumbinary planet and first planet in a binary source 
microlensing event (discovery papers in preparation). 



MOA-2009-BLG-266 Real-Time Discovery 

 

mp = 10.4 ±1.7M⊕    M* = 0.56 ± 0.09M⊙

a = 3.2−1.5
+1.9  AU           DL = 3.0 ± 0.3 kpc

• Real-time discovery in 
MOA data. 

•  2/3 of the planetary 
deviation covered by 
follow-up groups 

• Detection efficiency 
calculation requires a 
significant signal in the 
MOA data 

• Planet characterization 
uses full data set. 

• Mass and distance 
measurements not used 

anomaly detected 
in MOA survey 



Ambiguous Event: OGLE-2011-BLG-0950/
MOA-2011-BLG-336 

Handled with Bayesian Analysis – assuming a model of stellar binary frequency 
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Table 1
Telescopes

Event Telescopes

OGLE-2011-BLG-0526 OGLE 1.3 m Warsaw telescope at Las Campanas Observatory in Chile
MiNDSTEp 1.54 m Danish telescope in Chile

PLANET 0.6 m at Perth Observatory in Australia
PLANET 1.0 m at SAAO in South Africa

RoboNet 2.0 m Liverpool telescope (LT) in La Palma, Spain

OGLE-2011-BLG-0950/ OGLE 1.3 m Warsaw telescope at Las Campanas Observatory in Chile
MOA-2011-BLG-336 MOA 1.8 m at Mt. John Observatory in New Zealand

µFUN 1.3 m SMARTS telescope at CTIO in Chile
µFUN 0.4 m at Auckland Observatory in New Zealand

µFUN 0.4 m at Farm Cove Observatory (FCO) in New Zealand
µFUN 0.4 m at Kumeu Observatory in New Zealand

µFUN 0.6 m at Observatorio do Pico Dos Dias (OPD) in Brazil
µFUN 1.0 m at Wise Observatory in Israel

MiNDSTEp 1.54 m Danish telescope in Chile
PLANET 1.0 m at SAAO in South Africa

RoboNet 2.0 m Faulkes Telescope North (FTN) in Hawaii
RoboNet 2.0 m Faulkes Telescope South (FTS) in Australia
RoboNet 2.0 m Liverpool telescope (LT) in La Palma, Spain

Figure 3. Light curve of OGLE-2011-BLG-0526. Also drawn is the best-fit
single-lensing light curve that is obtained with data except those around the
perturbation. Colors of data points are chosen to match those of the labels of
observatories where the data were taken. The inset shows the enlarged view of
the peak region.
(A color version of this figure is available in the online journal.)

In Figures 3 and 4, we present the light curves of the two
events. The best-fit single-lensing light curves are also drawn.
For both events, the light curves are well represented by those
of standard single-lensing events except for the short-lasting
perturbations near the peak. The common morphology of the
perturbations is that the peak appears to be flat and blunt.

To investigate the nature of the perturbations, we conducted
binary-lens modeling of the light curves. In the modeling of
each light curve, we searched for the solution of the binary-
lensing parameters that best describe the observed light curve
by minimizing χ2 in the parameter space. For OGLE-2011-
BLG-0526, the timescale of the event is not long (tE ∼ 12 days)
and thus we modeled the light curve using seven basic binary-
lens parameters. The first three of these parameters characterize
the geometry of the lens-source approach and they include

Figure 4. Light curve of OGLE-2011-BLG-0950/MOA-2011-BLG-336. Nota-
tions are the same as those in Figure 3.
(A color version of this figure is available in the online journal.)

the Einstein timescale, tE, the time of the closest lens-source
approach, t0, and the lens-source separation at that moment,
u0, in units of the Einstein radius. Another three parameters
characterize the binary lens. These parameters include the mass
ratio between the lens components, q, the projected separation
in units of the Einstein radius, s, and the angle between the
source trajectory and the binary axis, α. The last parameter of
the normalized source radius ρ⋆ describes the deviation of the
light curve affected by the finite-source effect and it represents
the angular source radius θ⋆ in units of the angular Einstein
radius θE, i.e., ρ⋆ = θ⋆/θE. For OGLE-2011-BLG-0950/MOA-
2011-BLG-336, the duration of the event (tE ∼ 65 days) is
relatively long. For such a case, the motion of the source with
respect to the lens may deviate from a rectilinear one due to the
change of the observer’s position caused by the orbital motion
of the Earth around the Sun and this deviation can cause a long-
term deviation in the light curve (Gould 1992). Consideration
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Figure 7. Light curve of OGLE-2011-BLG-0526 near the peak region and the
residuals from four local solutions. The model light curve drawn over the data is
based on one of the local solutions (local “B”). Colors of data points are chosen
to match those of the labels of observatories where the data were taken.
(A color version of this figure is available in the online journal.)

Figure 8. Light curve of OGLE-2011-BLG-0950/MOA-2011-BLG-336 near
the peak region and the residuals from four local solutions. The model light
curve drawn over the data is based on one of the local solutions (local “C”).
Notations are the same as those in Figure 7.
(A color version of this figure is available in the online journal.)

perturbed parts of the light curve in the upper panel of
each figure. For the case of OGLE-2011-BLG-0526, the χ2

difference between the planetary and binary models is ∼3,
implying that the degeneracy is very severe. For the case of
OGLE-2011-BLG-0950/MOA-2011-BLG-336, the plane-
tary solution is favored over the binary solution with ∆χ2 ∼
105 and thus the stellar binary model is formally excluded.
However, from the visual inspection of the residuals, it is
found that systematic residuals of the data from the plane-
tary model are larger than the difference between the plan-
etary and binary models. In addition, the CTIO, Danish,
and OGLE data of overlapping coverage appear to be dif-
ferent from each other by an amount at least as large as the
difference between the planetary and stellar binary models.
Therefore, it is difficult to claim a planet discovery based
on < 1% variations in the light curve.

3. For a pair of solutions with similar mass ratios, the solutions
with s > 1 and s < 1 result in a similar caustic shape.
The degeneracy between these solutions, often referred to
as s ↔ s−1 degeneracy, is known to be caused by the
symmetry of the lens-mapping equation between close and
wide binaries (Dominik 1999; Albrow et al. 1999; Afonso
et al. 2000; An 2005; Chung et al. 2005).

The degeneracy between the pairs of solutions with planetary
and binary mass ratios corresponds to the degeneracy mentioned
in Section 2. Note that despite the large difference in caustic
shape, the resulting perturbations appear to be very alike.
The planet/binary degeneracy introduced in this work was not
known before. This is mostly because the caustics induced by a
planet and a binary companion have very different shapes and
thus it is widely believed that perturbations induced by the two
types of companions can be easily distinguished. Considering
that two events of a single season suffer from this degeneracy,
it is expected that central perturbations suffering from this is
common.

4. CONCLUSION

We introduced a new type of degeneracy in the planet/binary
interpretation of central perturbations in microlensing light
curves. The planetary lensing case for this degeneracy occurs
when the source trajectory passes the negative perturbation
region behind the back end of the arrowhead-shaped central
caustic with a source-trajectory angle of ∼90◦. For a binary
case, a similar perturbation occurs when the source trajectory
passes through the negative perturbation region between two
cusps of an astroid-shaped caustic with a source-trajectory an-
gle of ∼45◦. For both cases, the morphology of the resulting
perturbation is that the peak of the light curve appears to be
blunt and flat. From an investigation of events detected dur-
ing the 2011 microlensing observation season, we found two
events, OGLE-2011-BLG-0526 and OGLE-2011-BLG-0950/
MOA-2011-BLG-336, which exhibit such perturbations. From
detailed modeling of the light curves, we demonstrated the sever-
ity of the degeneracy. Considering that two events during a sin-
gle season suffer from the degeneracy, we conclude that central
perturbations experiencing the degeneracy should be common.

Work by C.H. was supported by the Creative Research Initia-
tive Program (2009-0081561) of the National Research Foun-
dation of Korea. The OGLE project has received funding from
the European Research Council under the European Commu-
nity’s Seventh Framework Programme (FP7/2007-2013)/ERC
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Combined Detection Efficiencies 

23 planets from 
MOA-II sample 
plotted with total 
detection efficiency 
contours.  
 
Contour numbers 
indicate the number 
of expected 
detections if every 
star has such a 
planet. 
 
Open circles are 
high mag events 
with s        1/s 
degeneracy 



Detection Efficiency vs. Mass Ratio, q 

Detection 
efficiency 
scales as q for 
low masses 
and q1/2 for 
high masses 

q 

q1/2 



Efficiency Corrected # of Planets vs. q  

Observed 
distribution is 
flat in log q 
 
 
 
 
Efficiency 
corrected 
distribution 
scales as q-0.7, 
which is the 
inverse of the 
detection 
efficiency 

Exoplanet MF might 
flatten out at q < 3 ×10-5  



Exoplanet Mass Function Model Parameters 
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Exoplanet Mass Function Model Parameters 

Full 30-event 
microlensing 
sample 

 
f ≡ d 2N

d logq d log s
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Includes 8 more 
events from Gould et 
al. (2010) and 
Cassan et al. (2012), 
but there is 1 event 
in common  



Exoplanet Frequency vs. Semi-Major Axis 

MOA result is 
~1.4σ lower than 
previous Gould et 
al. (2010) result. 
 
Gould (2010) result 
is low due to 
statistics and 
subtle biases, like 
“publication date 
bias”. µFUN has 
fewer planets in 
2009-2014 (6 yrs) 
than in 2005-2008 
(4 yrs) 

MOA-only 



Exoplanet Frequency vs. Semi-Major Axis 

Combined RV 
(Cumming et al. 
2008) and 
microlensing results 
may be well 
described by a 
power for fixed 
mass ratios from 
inside to outside the 
snow line 

Full 30-event 
microlensing 
sample 



Comparison to RV Samples 

Planets beyond 
the snow line are 
more common 
(per log a) as 
planets inside 
the snow line 
and Ice Giants 
are ~8 times 
more common 
than Jupiters 

Full 30-event 
microlensing 
sample 



Future Work 
•  About half of the 30 planets in the full statistical sample 

have mass and distance measurements 
–  Through microlensing parallax 
–  Or direct detection of the host star 

•  These mass/distance measurements will be included in a 
Bayesian analysis 
–  Exoplanet mass function dependence on host mass and 

Galactic position 
•  Comparison to Exoplanet population synthesis models 

–  Protoplanetary disk mass ~M not ~M2 




