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Introduction: Exoplanet demographics発⾒されている系外惑星の分布

2⽇本天⽂学会2023年秋季年会 V237a

Øトランジット法
Ø視線速度法
Ø直接撮像法
Ø重⼒マイクロレンズ法
• 重⼒マイクロレンズ法は低質量

かつ雪線以遠の惑星を検出可能

• ⾃由浮遊惑星も発⾒可能

(P304a:越本さん, P305a:住さん)

Snow line : !!"#$~2.7 %
%!"#

[AU]

(exoplanet.eu)

Ø Obseved distribution is biased.

Ø How abundant are they?

Ø Only the intrinsic distribution can 
be compared with theoretical 
predictions and results from other 
methods.
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Bias correction by detection efficiency

= x x  Nstar 
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Nplanet       =             f          x           ε x  Nstar 発⾒されている系外惑星の分布
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?

Occurrence rate Detection efficiency

ü In microlensing, the occurrence rate is the average number 
of planets per lens system.

ü it could exceed 1, if the planets are really abundant.
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Build a statistical sample

Ø The statistical sample  for the µlens occurrence rate study : single lens events + planetery events
Ø These events should be selected with the criteria that are not relevant to the planetary signal

• Selected this event as it has a planetary signal.
• Rejected this event as it does not show a planetary signal.
• Selected this event as the light curve coverage is good.

• Treatment of ambiguous and degenerate events is difficult and important

🙅

🙆

Gould+10: Used only high magnification events, where 6 planets are included in 13 events. 

Suzuki+16 (the MOA-II sample): Used good coverage events, where 23 planets are included in 1474 events.
 -> 1 ambiguous event tuned out to be a binary system(Terry+22).
 -> Further analysis found a new planetery model for the ambiguous event(Zhang+26)

Zang+25 (the KMT sample): Used good coverage events, where 63 planets are included from 2016-2019 data.
 -> they extrapolate the detection efficiency from 2018-2019 data to 2016-2017
 -> some ambiguous events were excluded from the sample

🙅
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Injection and recovery for detection efficiency

5



Injection and recovery for detection efficiency

q = 0.006, s = 1.26, α = 0.35 (20deg) Not detectable

planetcaustic
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Injection and recovery for detection efficiency

q = 0.006, s = 1.26, α = 3.91 (224deg) Detectable
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Injection and recovery for detection efficiency

q = 0.006, s = 1.26, α = 4.05 (232deg)  Not detectable
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Injection and recovery for detection efficiency

q = 0.006, s = 1.26, α = 4.05 (232deg)  Not detectable

Ø Detection: if χ2
single – χ2

planetary > Δχ2
threshold 

Ø ε(logs, logq): Fraction of detections within 0 < α < 2π
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Detection efficiency, ε(log s, log q)
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Detection efficiency, ε(log s, log q)
Suzuki+16
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Mass-ratio corrected distribution

• Observed distribution is 
flat in log q

• Efficiency correction 
including Poisson noise

• Flatten out below q ~ 
1.0e-4

MOA-II 
23-planet 

sample

Detection efficiency on the mass-ratio

Suzuki+16
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Mass-ratio corrected distribution

• Observed distribution is 
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Occurrence, planet frequency
[q ≥ qbr]

[q < qbr]

qbr~1.7×10-4

• By integrating the mass-ratio 
function, we got roughly 1 cold 
planet(s) in the microlensing 
sensitivity region. 

• When combined the MOA-II 
sample with the previous 
surveys (30 planets) w/ fixed qbr

 A= 0.61+0.21
-0.16

 n=-0.94±0.13
 m= 0.49+0.47

-0.49

 p= 0.6+0.5
-0.4

Suzuki+16
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History (before the first µlens planet discovery)

Rhie+00 

Detection efficiency for MACHO 98-BLG-35 
Upper limit on the plane occurrence by 5-year 
PLANET collaboration data (Gaudi+02)
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History (a few detection)

Combining the two detections yields 90% upper 
and lower frequency limits f = 0.38+0.31

-0.22  just 
0.4 decades of planet-star separation. In 
particular, f > 16% at 90% confidence. 
(Gould+06)

v Gould et al. 2006 used just two discoveries 
of q ~10-4  planets (OGLE-2005-BLG-169Lb, 
OGLE-2005-BLG-390Lb) to estimate the 
occurrence 

Note: The blue point w/ error was plotted by hand, 
and the x-axis values are approximate.
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History (10 detections, 6 detections)

Using 10 planets and asummed detection efficiency slope,
only slop was constrained as n = -0.68±0.20

Sumi+10
Gould+10

6 planets from the high-magnification sample
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Mass-ratio function from the KMT survey

Ø 63planets from 2016-2019

Ø Possible dip at ~5x10^-4

Ø Which is almost Saturn mass assuming 0.5MSun 

Ø Which is not seen in the previous works

Zang+25

Figure 3: The KMTNet mass-ratio distribution. A: two models are fit to the observed planet
distribution (cyan) as corrected by the sensitivity function (blue). [DELETED: The green his-
togram shows the planets found via visual inspection.] B: the model predictions (multiplied
by the sensitivity function) are compared to the observed cumulative distribution of planet mass
ratios. There is an inflection point at log q = �4 because the planets are drawn from four years
of data below this point and only two years above it and so the lower mass-ratio planet detections
are down-weighted by a factor of 2. The observed mass-ratio distribution is reasonably well-
described by a single power-law function (black). However, due in part to an under-abundance
of planets �3.5 < log q < �3, it is better fit by a double-quadratic (magenta), which could
be a signature of formation processes that differentiate giant planets from their smaller
counterparts.
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Mass-ratio function from the KMT survey

Figure 3: The KMTNet mass-ratio distribution. A: two models are fit to the observed planet
distribution (cyan) as corrected by the sensitivity function (blue). [DELETED: The green his-
togram shows the planets found via visual inspection.] B: the model predictions (multiplied
by the sensitivity function) are compared to the observed cumulative distribution of planet mass
ratios. There is an inflection point at log q = �4 because the planets are drawn from four years
of data below this point and only two years above it and so the lower mass-ratio planet detections
are down-weighted by a factor of 2. The observed mass-ratio distribution is reasonably well-
described by a single power-law function (black). However, due in part to an under-abundance
of planets �3.5 < log q < �3, it is better fit by a double-quadratic (magenta), which could
be a signature of formation processes that differentiate giant planets from their smaller
counterparts.
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Zang+25
Shin+26
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KMT+ MOA combined sample

preliminary

Ø Combined Suzuki+16 sample (30 planets) 
with  Zang+25 sample (55 planets from 
2018 and 2019 )

Ø Total 85 planets are used.

Ø The dip at 5x10-4 disappeard.

Ø Broken power law is slighty favored.
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Comparison to the theory (core accretion population synthesis model)

Guo+26Suzuki+18
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Gap between planets and brown dwarfs

Ø Shvartzvald et al. 2016 estimated mass-
ratio function from the planetary to stellar 
companion regime by using the MOA, 
OGLE and Wise survey data.

Ø We see the two population clearly and 
the deficit would be an analog of brown-
dwarf desert found by RV around solar 
type stars.
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Discussion: very wide planets?

Poleski et al. 2021 estimated the occurrence of wide µlens planets,
which is 2.4σ higher than Suzuki+16 estimate. A wide planet detected only the anomaly 

signal: no magnification by the host. 

Bennett+12
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Discussion: multiplicity?

Gaudi+08, Bennett+10

These are both two gas-giant system.
Assuming the extrapolation of the detection efficiency,
the occurrence of two gas-giant system is estimated as 
ηmulti = 0.06±0.02

Suzuki+18
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Discussion: binary systems?

Bennett et al. 2016 found that the HST data is only consistent with the circumbinary model.
This event is inclueded in the Suzuki+16 sample, as the light curve shape is not dominated by the stellar binary lens.
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Discussion: white dwarf hosts?

Blackman+21

ØSuzuki+16 includes at least one (probably 
another one) white dwarf planet(s) that is 
about 4-9% of the selected sample.

Ø This is not super surprising. But, with the 
ground based data, it will be hard to measure 
the planet coccurce around the white dwarf. 
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Mass function (Cassan+12)

• They calculated the detection efficiency in ε(log s, log q)
• Then, converted it to ε(log a, log M) using the Galactic model
• Which assumes that planet occurrence dose not depend on the host parameters (Mass, Distance)
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On the host star mass / distance

Nunota+24, Koshimoto+21

Kansuke Nunota

Ø η∝MmRr

Ø m=0.50+0.90
-0.70 

Ø r = 0.10+0.51
-0.37

q < 10-3 : m = -0.08+0.95
-0.65 

q > 10-3 : m = 1.25+1.07
-1.14
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Summary

ØMicrolensing studies have constrained cold planet occurrence rate.
ØMany open questioins remain;
• Mass-ratio break, wide planet occurrence, super-jupyter/brown 

dwarf desert, multiplicity, binary system, white dwarf hosts, etc
ØThese issues will be addressed by the Roman data

Rmoan is not just x1000 faster surveyor for the GBTDS, not just increasing the 
planet sample.

Roman will add a lot of new information that cannot be obtained from the 
ground, enabling a much better planet occurrence.
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