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Introduction: Exoplanet demographics

» Obseved distribution is biased.

—_ ?
> 100 » How abundant are they?
E » Only the intrinsic distribution can
g be compared with theoretical
© predictions and results from other
= 10 methods.
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Bias correction by detection efficiency
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of planets per lens system.
N v it could exceed 1, if the planets are really abundant.
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v In microlensing, the occurrence rate is the average number



Build a statistical sample

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

§Z Selected this event as it has a planetary signal.

§Z Rejected this event as it does not show a planetary signal.

(5) 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-Il 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 .



Injection and recovery for detection efficiency

HJD — 2450000 x (Rp)



Injection and recovery for detection efficiency

g =0.006, s = 1.26, a = 0.35 (20deg)

HJD — 2450000

Not detectable




Injection and recovery for detection efficiency

q— 0006, S = 126, o=3.91 (224deg) Detectable

HJD — 2450000



Injection and recovery for detection efficiency

q— 0006, S = 126, o=4.05 (232d6g) Not detectable

HJD — 2450000




Injection and recovery for detection efficiency

q— 0006, S = 126, o=4.05 (232deg) Not detectable

HJD — 2450000

» Detection: if Xzsingle B szlanetary > Athhreshold
> ¢&(logs, logg): Fraction of detections within 0 < a <2n



Detection efficiency, € (log s, log q)

Detection Efficiency
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Detection efficiency, € (log s, log q)

Suzuki+16
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Mass-ratio corrected distribution

Suzuki+16

Detection efficiency on the mass-ratio
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Mass-ratio corrected distribution

Detection efficiency on the mass-ratio
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Occurrence, planet frequency

Suzuki+16
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function, we got roughly 1 cold
planet(s) in the microlensing
sensitivity region.
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History (before the first plens planet discovery)
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History (a few detection)

+ Gould et al. 2006 used just two discoveries

of g ~10* planets (OGLE-2005-BLG-169Lb, 1000 E

OGLE-2005-BLG-390Lb) to estimate the
occurrence

Combining the two detections yields 90% upper
and lower frequency limits f = 0.38+0-31_; ,, just
0.4 decades of planet-star separation. In
particular, f > 16% at 90% confidence.
(Gould+06)

IIIIII" 1 1 Illllll 1 1 Illllll 1 1 Illllll 1 L1l
-5 —4 -3
Note: The blue point w/ error was plotted by hand, 10 10 10‘ 0.01 0.1
and the x-axis values are approximate. Mass Ratio, g

16

o
Planet Frequency, f

o
o
—

1073



History (10 detections, 6 detections)
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Mass-ratio function from the KMT survey
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Mass-ratio function from the KMT survey

Planet Frequency

7 T T T T T ]
Power-Law ]
b ' 2—Quadratic |
0.15— )
0.015— .
1()_32;
- | o U
10_4? | | | | A -
3 -5 —4 —3 —2
logqg
Zang+25

103
wn
[
i)
]
O
100 463
Qo
3
)
[
O
10 &
1

Number of planets

Cumulative fraction

ARMALAAMARacaaRasaseass ny RBARIAAMRESS: saaas sassa sy ARMALAAMRAS ) Raass sansa sy
60 [-by-eye + 60 [~by-eye < 60 [~by-eye .
| AF 4 | AF g I AF 4
40 - + 40t - 40 .
20 - H4 =20 -4 20t ' \ . -
' NN 1 © 1 1 .‘}~\zgz\
] XX XX
T SN P 0 I L RN
R e e, NRASEE e s T Saasseeeees
1 Fan 1 [an 1 [Fan
- by-eye b I by-eye
[ AF [ A ] [ AF
0.8 - 0.8 - -1 08
0.6 | 0.6 [ d o6f
0.4 | 0.4 | 4 o0a4f
0.2 f 0.2 [ 4 oz2F
ot ot 4 ot

-6 -5 -4 -3 -2 -1
l°g|o(q)

Samples (AF, eye):
2016 (11, 21)
2017 (13, 23)
2018 (12, 28)
2019 (14, 21)
Total: 143

Suzuki's break
Jung's break

-6 -5 -4 -3 -2 -1
log,4(q)

Samples (AF, eye):
2016 (11, 21)
2017 (13, 23)
2018 (12, 28)
2019 (14, 21)
2021 ( 7, 29)
Total: 179

dip at —-3.68 < log,(q) < -3.0

-6 -5 -4 -3 -2 -1
log,4(q)

Samples (AF, eye):
< 2015 ( 0, 66)
2016 (11, 21)
2017 (13, 23)
2018 (12, 28)
2019 (14, 21)
2020 ( 0, 4)
2021 ( 7, 29)
2022 ( 0, 28)
Total: 277

Shin+26
i9

v



KMT+ MOA combined sample

Cold Planet Mass-Ratio Function
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Compa rison to the theory (core accretion population synthesisimodel)

Cold Planet Distribution

bound planets, 3000 stars
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Gap between planets and brown dwarfs
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» Shvartzvald et al. 2016 estimated mass-
ratio function from the planetary to stellar
companion regime by using the MOA,
OGLE and Wise survey data.

» 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?

Survey sensitivity and detected planets
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Poleski et al. 2021 estimated the occurrence of wide plens planets,
whichis 2.40 higher than Suzuki+16 estimate.
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A wide planet detected only the anomaly
signal: no magnification by the host.
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Discussion: multiplicity?
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Discussion: binary systems?
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Bennett et al. 2016 found that the HST data is only consistent with the circumbinary model.

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

| » This is not super surprising. But, with the
A —,  ground based data, it will be hard to measure
D — 20000 the planet coccurce around the white dwarf.
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Mass function (Cassan+12)
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* They calculated the detection efficiency in g(log s, log q)
* Then, converted itto g(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

m=0,r=0
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» Microlensing studies have constrained cold planet occurrence rate.
»Many open questioins remain;
* Mass-ratio break, wide planet occurrence, super-jupyter/brown
dwarf desert, multiplicity, binary system, white dwarf hosts, etc
»These 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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