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Discovered exoplanets (Mp-a)
•RV
•Transit (Kepler)
•Direct image
•Microlensing

Mass measurements
Mass by Bayesian



Discovered exoplanets (Mp-a/asnow)

、snow line

Theory
(Ida & Lin, 2004) 10asnow、snow line

•RV
•Transit (Kepler)
•Direct image
•Microlensing

Mass measurements
Mass by Bayesian



Gravitational Microlensing
star

observer
lens

distortion of space due to gravity  

100µarcsec.
✧If a lens is a star, 

elongation of images is an 
order of 100µarcsec.

✧Just see a star magnified
✧Einstein predicted 1936, but concluded 
impossible to observe. Event rate is 1/1M

Science,	1936

l 1986

Watch Millions stars
Paczynski



planetary microlensing

Time scale: tp~M1/2 ~1day(MJ)

Sensitive to Cold planets
outside of snowline (~3asnow)



How	to	detect/miss	a	planet	orbiting	a	microlens star

planet
primary

Magnification map at source plane

s

low-mass planet signals 
are rare and brief, 
but not weakà
Need large sample with 
moderate precision, high 
cadence

Light	curve	modeling	give	us	
mass	ratio:	q=Mp/M*
Projected	separation:	s	(RE)



MOA (since 1995)

（Microlensing Observation in Astrophysics）
（ New Zealand/Mt. John Observatory, Latitude： 44°S, Alt:    1029m ）

Mirror : 1.8m
CCD   : 80M pix.      
FOV   : 2.2 deg.2
cadence: 15-50 min. 



Observation by MOA

•50 deg.2(20Mstars)

1obs./night.(>MJup)
•1obs./95min.(Mjup)
1obs./47min. (Mnep)
1obs./15min. (MÅ)

è~600events /yr
http://www.massey.ac.nz/~iabond/alert/alert.html

G.C.



Jupiter/Saturn analog : OGLE-2006-BLG-109L

• 5 distinct planetary 
features

• Feature #4 requires an 
additional planet

• Half size of 
Sun/Jupiter/Saturn
in terms of mass & 
separation

constrains	four	and	weak	
constrain	5th of	the	six	
parameters	that	are	needed	
to	describe	the	planetary	
orbit.	

TMT,	EELT	may	confirm	by	
RV 3/28

4/8

4/5-6

Gaudi et al. 2008, Bennett et al. 2010



Comparison to solar Jupiter/Saturn

mb/M*=1.35x10
-3,(Mj/M¤=1x10

-3)

mc/mb=0.37, (ms/mj=0.3)
ab/ac=0.50, (aj/as=0.55)

Tb=85K (〜0.7´TJ)
Tc=60K (〜0.7´TS)

 5.2AU 4.3AU

0.3MJ

0.5M¤ 0.71MJ 0.27MJ

2.3AU 2.3AU

OGLE-2006-BLG-109L



1.7	Earth-mass	planet	in	a	binary	system
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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), in-
dicating 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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Gould+2014

OGLE-2013-BLG-0341/MOA-2013-BLG-260

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 for-
mally 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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peak
At	A

Source	trajectory companion Planetary	
system

Dl=911.00±0.07kpc
Mc=0.121±0.009M¤

Mh=0.113±0.009M¤

Mp=1.66±0.18 ME
a=0.70±0.02AU

Linear	approximation	of	orbit
α(t)=α0+dα/dt(t−tfix)
s(t)=s0 +ds/dt(t−tfix)	

The Astrophysical Journal, 764:64 (6pp), 2013 February 10 Shin et al.

Figure 2. Geometry of the lens systems corresponding to the close (upper panel) and wide-binary (lower panel) solutions. In each panel, the cuspy figures indicate
the caustics at the times marked in the upper panel. The dots marked by M1 and M2 represent the binary components, where the bigger dot represents the heavier
component. The curve with an arrow represents the source trajectory. Right panels show enlargements of the region around the caustic where the deviation occurred.
The coordinates (ξ, η) are centered at the center of mass of the binary and all lengths are scaled by the angular Einstein radius corresponding to the total mass of the
binary lens. The ξ -axis is set as the binary axis at the time HJD′ = HJD − 2, 450,000 = 5640.0.
(A color version of this figure is available in the online journal.)
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which must obey (KE/PE)⊥ ! KE/PE, where KE/PE is the
ratio of (three-dimensional) kinetic to potential energy (Dong
et al. 2009). Here, M is the total mass of the binary system,
r⊥ = sDLθE is the physical projected separation between the
lens components, and DL represents the distance to the lens. An
energy ratio greater than unity implies that a binary system is
dynamically unbound.

To determine the energy ratio, we must measure the total mass
and distance to the lens. We determine these quantities from the
measured lens parallax and the angular Einstein radius by

M = θE

κπE
, (4)

and

DL = AU
πEθE + πS

, (5)

where πE = (πE,N
2 +πE,E

2)1/2, πS = AU/DS, and DS represent
the distance to the source star. The Einstein radius is measured
by θE = θ⋆/ρ⋆. The normalized source radius ρ⋆ is determined
from light curve fitting. In this process, we consider the limb-
darkening variation of the source star’s surface by modeling
the surface brightness profile as Sλ = (Fλ/πθ⋆

2)[1 − Γλ(1 −
3 cos ψ/2)], where Γλ is the linear limb-darkening coefficient,
Fλ is the source star flux, and ψ is the angle between the normal
to the source star’s surface and the line of sight toward the star.
We adopt ΓR = 0.53 and ΓI = 0.44 based on the source type
determined by the procedure described below. We estimate the
angular source radius θ⋆ from the dereddened color (V −I )0 and
brightness I0 using an instrumental color–magnitude diagram
(Yoo et al. 2004). For the event, we estimate the instrumental
color of the source based on a linear regression method by using
multi-band (V and I) OGLE data. Then, we measure the offset

Table 2
Physical Lens Parameters

Parameter Close Wide

M (M⊙) 1.08+0.05
−0.24 1.80 ± 0.05

M1 (M⊙) 0.43+0.02
−0.10 1.58 ± 0.04

M2 (M⊙) 0.65+0.03
−0.14 0.22 ± 0.01

θE (mas) 1.17 ± 0.01 2.88 ± 0.02

µ (mas yr−1) 8.04 ± 0.02 8.05 ± 0.06

DL (kpc) 3.54+0.06
−0.45 1.45 ± 0.03

(KE/PE)⊥ 0.38+0.02
−0.05 9.84 ± 0.58

Notes. M: total mass of the close binary, M1 and M2: masses of the binary
components, θE: angular Einstein radius, µ: relative lens-source proper motion,
DL: distance to the lens, (KE/PE)⊥: transverse kinetic to potential energy ratio.

∆[(V − I ), I ] = (−0.24, +1.41) of the source star from the
centroid of the bulge giant clump, whose dereddened position is
known independently, [(V − I ), I ]0,c = (1.06, 14.41) (Bensby
et al. 2011; Nataf et al. 2012). This yields the dereddened color
and magnitude of the source star (V − I, I )0,S = (0.82, 15.79),
indicating that the source is a low-luminosity bulge giant.
Figure 4 shows the locations of the source star and the centroid
of the giant clump in the color–magnitude diagram constructed
based on OGLE data. Once the dereddened V−I color of the
source star is measured, it is translated into V−K color by using
the V−I versus V−K relations of Bessell & Brett (1988), and
then the angular source radius is estimated by using the relation
between V−K colors and angular stellar radii given by Kervella
et al. (2004).

In Table 2, we list the projected kinetic to potential energy
ratios for the close- and wide-binary solutions along with the
determined physical quantities. For the close-binary solution,
this ratio [(KE/PE)⊥ = 0.4] is smaller than unity, implying that
the binary-lens system is dynamically stable. By contrast, for
the wide-binary solution, this ratio [(KE/PE)⊥ = 9.8] is much
larger than unity, implying that the binary system is dynamically
unstable, and thus the wide binary cannot be the solution of the

4

<1	to	be	bound	



2	Earth-mass	planet	at	1	AU
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　太陽以外の恒星の周囲をまわる「系
けい

外
がい
惑
わく
星
せい
」は，これまで1800個以上が見

つかっている。今回，大阪大学の住
すみ
貴
たか

宏
ひろ
准
じゅん
教
きょう
授
じゅ
，名古屋大学の阿

あ
部
べ
文
ふみ
雄
お
准教

授，京都産業大学の米
よね
原
はら
厚
あつ
憲
のり
准教授を

中心とする研究グループが発見した系
外惑星は，地球と同じく岩石でできて
いるとみられており，重さは地球の約2
倍。惑星の軌

き
道
どう
半径（恒

こう
星
せい
からの距

きょ
離
り
）

は1au（地球と太陽の平均距離）ほどだ。
　この系外惑星は，連星系をなす二つ
の恒星の片方の周囲をまわっている。
すなわちこの惑星には “太陽” が二つあ
り，昼に二つの “太陽” が同時に見える
季節と，二つの “太陽” が交互に見えて
夜がない季節がめぐるのである。ただし，
これらの恒星は「赤

せき
色
しょく
矮
わい
星
せい
」という暗

い恒星なので，惑星の表面はマイナス
210℃ほどと非常に冷たい。恒星がも
う少し明るいか，惑星の軌道半径がも
う少し小さければ，液体の水が存在し，
生命がいる可能性もあったという。

地球似の惑星さがしに適した観測方法
　今回の系外惑星は，「重力マイクロレ
ンズ現象」を観測することで見つかっ
た。ある恒星の前を別の恒星が通過す
るとき，地球から見ると，後ろ側の恒
星の放つ光が一時的に増光してみえる。
前を通過する恒星の重力がレンズのよ
うにはたらき，光を曲げるためだ。前
を通過する恒星の周囲に惑星があれば，
増光の度合いにわずかな変化があらわ
れるので，惑星の存在を検出できる。
　この方法ならば，地球サイズの惑星が，
恒星から1～数 auという比

ひ
較
かく
的
てき
遠い軌

道にいても発見できる。このほかの観
測方法で見つかるのは，木星のような
巨
きょ
大
だい
な惑星や，恒星のごく近くをまわ

る惑星が主だが，そういった惑星では
生命が存在する可能性は低い。さらに，
重力マイクロレンズ現象を近赤外線（波
長が比較的短い赤外線）で観測すれば，

今回のように暗い赤色矮星の周囲にあ
る惑星も発見できる。宇宙の恒星の約7
割は赤色矮星なので，この観測方法は
系外惑星探査には有効だ。

連星系でも生命が見つかるかもしれない
　今回の発見の重要な点は，地球に似
た特徴をもつ系外惑星が，連星系で

4 4 4 4

見
つかったことである。
　惑星は，原始的な恒星の周囲にある
ガスやちりでできた円

えん
盤
ばん
の中で誕

たん
生
じょう
す

る。この円盤は通常，恒星から数十～
100auほどまで広がっている。ところ
が，この円盤のすぐ近くに連星系のも
う片方の恒星がある場合，その影

えい
響
きょう
に

より惑星の材料となるガスやちりが吹
き飛ばされ，円盤が小さくなってしま
う。すると，惑星は形成されにくくなり，
また形成されたとしても軌道半径がと
ても小さな惑星になると考えられてき
たのである。実際，これまでに別の連
星系で地球似の惑星が 4個見つかって
いるが，いずれも 0.04auなどと軌道半
径がきわめて小さいものばかりだった。
　今回の場合，連星間の距離は 15auと
とても近いため，従来の理論的な予測
や観測結果からすれば，惑星の軌道半
径はきわめて小さいはずだった。しかし，
実際には軌道半径は 1auほどもあった
のである。「連星系でも生命が存在する
可能性を示

し
唆
さ
する，はじめての観測結

果です」（住准教授）。
　連星系は銀河系内の全恒星の半数を
占
し
めているにも関わらず，観測のむず
かしさなどもあって惑星探査が進んで
いない。今後それらすべてが新たに探
査の対象になれば，生命のいる惑星発
見の可能性も高まるにちがいない。 a

（担当：小野寺佑紀）

FOCUS Astronomy

“太陽”を二つもつ，
地球似の惑星を発見

地球から 3000光年先にある連星
系で，重さや主成分が地球に似て
いるとみられる惑星が見つかった。
連星系とは，二つの恒星がたがい
の周囲をまわりあうものであり，
連星系では地球似の惑星は形成さ
れにくいと考えられてきた。今回
の発見によって太陽系外の惑星探
査の可能性が広がったことになる。
この成果は 2014年 7月 4日付け
のアメリカの科学雑誌『Science』
で発表された。

生命のいる惑星さがしの対象
が飛躍的にふえた

今回みつかった系外惑星と，連星系の想像図。この連星系は，
地球から見て，銀河系中心（いて座）の方向，3000光年
先に位置する。惑星は，連星をなす片方の恒星（星 B）の
周囲をまわっている。重力マイクロレンズ現象は，星 Bに
おいて観測された。星 Bの後ろ側にあり、増光してみえた
のは、XXXXXXXXという恒星である。なお，この連星
系や惑星にはまだ呼称はなく，重力マイクロレンズ現象に
番号（MOA-2013-BLG-260など）がつけられている状態
である。

協力

住 貴宏  大阪大学大学院理学研究科
　　　　宇宙地球科学専攻准教授

星A
重さが太陽の 0.15倍
の赤色矮星

15au

1au

星B
重さが太陽の 0.13倍
の赤色矮星

惑星

惑星の軌道

OGLE-2013-BLG-0341 /MOA-2013-BLG-260

Planet
〜2MÅ

However,
planet	temperature	is	
much	lower,	T	<	60	K,	
because	the	host	star	
is	only	0.13±0.03	
M¤,	400	times	less	
luminous	than	the	
Sun.	

Star	B
〜0.13	M¤

Star	A
〜0.15	M¤



Time（HJD）

ΔA
		M

ag
ni
fic
at
io
n	
		M

ag
ni
fic
at
io
n 40days

1day

TS+2016

MOA-2013-BLG-605: the Neptune analog planet
q=3x10-4, s=2.3,			
Neptune	or	super	Earth	around	Brown-dwarf



Discovered exoplanets (Mp-a/asnow)

、snow 
line

•RV
•Transit (Kepler)
•Direct image
•Microlensing
•MB13605

Theory
(Ida & Lin, 2004) 10asnow、snow line

neptunes at a〜10asnowcould be as common 
as ones at a〜3asnow



Neptune	formation	is	not	well	known
• Core	accretion	model	cannot	form	

ice	giants	like	Uranus	and	Neptune	
at	their	current	positions	due	to	low	
density	of	planetesimals and	slow	
evolution	in	these	orbits	(Pollack	et	al.	
1996)

• Uranus/Neptune	formed	in	the	
Jupiter-Saturn	region	and	migrated

• Neptune	should	have	moved	
23AUà30AU	to	explain	orbit	of	
plutinos which	are	TNO	in	2:3	
resonance	with	Neptune. (Malhotra,	R.	
1993,	The	Origin	of	Pluto's	Peculiar	Orbit,	Nature	365,	
819		)



The	Lowest	Mass	Ratio	Planetary	
Microlens:	OGLE	2016-BLG-1195Lb

q=4.2±0.7×10−5
∼3	M⊕ in	
∼2	AU	wide	orbit around
∼ 0.2	M⊙ star	
at 7.1	kpc.(Bond+	2017)

Combine	Spitzer	and	
ground-based	KMTNet
Earth-mass	(1.32+0.41−0.28M⊕)	planet	
1.11+0.13−0.10	AU	orbiting	a	round
0.072+0.014−0.010M⊙ ultracool
dwarf,	likely	a	brown	dwarf.
at	4.20+0.29−0.34	kpc
(Shvartzvald+2017)

∼2.5hours MOA
OGLE



7x more cold Neptune than cold Jupiters.
7x more planet than inner planets. (1 planet/tar.)

Cassan et	al.	2012mP ,Planet Mass
E SUN J
f=

 
dN

/(d
lo

gm
P×

dl
og

a)

•TS et al. 2010 
f∝q-0.68±0.2

•Gould et al. 2010
0.36±0.15 @ q ~5×10-4

•Cassan et al. 2012
10-0.62±0.22(M/MSat)-0.73±0.17

mass function from early microlensing results

Gould	+2010

Sumi +2010

Cassan +2012

#of	planets	used

(10)

(6)

(8)



Efficiency Corrected mass ratio function

qbreak=1.6×10-4

• model with 
Broken 
power-law

• Break at
qbreak=1.6×10-4

• Power of 
-0.96 (q>qbreak)
0.94(q<qbreak)

Suzuki+16	

original

Efficiency
corrected

Full 30-event 
microlensing
sample



Full 30-event 
microlensing
sample

Microlensing vs RV Surveys 

• Ice	Giants	are	~8	
times	more	
common	than	
Jupiters

Consistent	with	RV	for	
cold	Jupiter	around	M-
dwarfs

Suzuki+16



MOA	result	is	
~factor	2 lower	than	
previous	Gould	et	al.	
(2010)	result.

Planets	beyond	the	
snow	line	are	5x	
more	common	(per	
log a)	than	planets	
inside	the	snow	line.

Along	the	line	of	the	
slope	from	inner	
planets.

Planet Frequency vs Semi-Major Axis
Suzuki+16



Comparison to Population Synthesis

• Host mass for Ida-san’s model 
log M = {-0.10, -0.25, …, -
1.15, -1.30}

Preliminary Preliminary

• Host mass for Mordasini’s
model  log M = {0.00, -0.30, -
0.60}

A	huge	gap	around	~50 MEarth

Suzuki+	in	prep.



Preliminary Preliminary
No-migration

Comparison to Population Synthesis

• Host mass for Ida-san’s model 
log M = {-0.10, -0.25, …, -
1.15, -1.30}

A	huge	gap	around	~50 MEarth

Suzuki+	in	prep.



PRIME (PRime-focus Infrared Mirolensing
Experiment) Wide FOV 1.8m Telescope at SAAO
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Sothern	African	
Astronomical	
Observatory

Alt.	1761m

Diameter: 1.8m, (f/2.29)

FOV:1.13°x1.13°=1.3deg2(0.5”/pix)

(6xfull moon) World Largest FOV

H-band

Expected	picture

Loan Four Teledyne HgCdTe 
4kx4k H4RG-10 (10μm pitch) 
from WFIRST team (NASA)



More events & planets in NIR at G.C.
Optical G.C.

Galactic bulge is highly obscured.

NIR uMore stars & more events at GC.          
（〜2400events/yr, 〜12planets/yr）

uPlanet frequency at GC. 

uSelect WFIRST fields.

uSimultaneous observation with 
WFIRST to measure lens mass.

uMass Function at GC （planet-
Black Hole）

disk



Study the galactic structure & 

Optimize WFIRST microlensing survey fields 
by mapping the event rate in IR

Event rate vary by a factor of 2 （peak is at l=1°）

WFIRST

(Sumi et al. 2013)

Event	rate	map	in	optical

G.C.

Survey
Galactic	disk

l	(degree)

b（
de

gr
ee

）



Simultaneous	Ground-Space	
monitoring	with	Spitzer

M	= 0.23	±0.07	Msun
DL = 3.1	±0.4	kpc.	

Yee	et	al.2005

We	can	do	same	
observations
with	WFIRST



OGLE-2015-BLG-0966/MOA-2015-
BLG-281

– 25 –

Fig. 1.— OGLE-2015-BLG-0966 lightcurve. Combined data from 10 telescopes (color coded)

trace the ground-based light curve nearly continuously. With the exception of the ∼ 6 hr
post peak bump, it is well characterized by a high-magnification point-lens Paczyński (1986)
curve. As described in the text, five of the seven parameters (t0, u0, tE,α, ρ) needed to

describe this curve can be read off lightcurve or extracted with very simple analysis. The
remaining two (s, q) (planet-star separation and mass ratio) require more detailed modeling.

The Spitzer lightcurve is aligned to the OGLE scale so that equal “magnitudes” represent
equal magnifications. The microlens parallax πE can be well-estimated simply by comparing

the Spitzer and ground-based light curves. See Section 3. (OGLE and MOA data are binned
for display in the Figure, but not in the fit. Ground-based data points with uncertainties
> 0.2 mag are suppressed in the figure to avoid clutter, but are included in the fit.)

 

（Street	et	al.	2015)
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Wide-Field InfraRed Survey Telescope-
Astrophysics Focused Telescope Assets  

WFIRST-AFTA 
Final Report 

by the 
Science Definition Team (SDT) and WFIRST Project  

April 30, 2013  

(Wide	Field	Infra	Red	Survey	Telescope)

ISAS/JAXA  WFIRST Working Group trying to join to the WFIRST

Launch in 2025

•Dark Energy
•Exoplanet Microlensing
•Near Infrared Sky Survey
•Guest Observing Prog.

Recommended by Decadal survey astro2010
NASA’s flagship mission following HST, JWST

Diameter: 2.4m
FOV：0.281deg.2

λ＜２μm



0.788° wide

6x3 H4RG  @ 0.11"/p, 0.328 sq.deg 
0.427° high

X gaps 2.5mm
Y gaps 8.564mm

HST/WFC3 JWST/NIRCAMHST/ACS
Moon (average size seen from Earth)

18		4k	x	4k	pixel	H4RG-10 IR detectors
VOF:	0.28	deg2 0.11	arcsec/pixel

Slitless spectroscopy	with	grism in	filter	wheel
R_q ~	100	arcsec/micron

Each	square	is	a	H4RG-10
4k	x	4k,	10	micron	pitch

288	Mpixels total

29

~90	× bigger	than	HST–ACS	FOV,
~200	× bigger	than	IR	channel	of	WFC3	

WFIRST-AFTA 
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HST/ACS HST/WFC3 JWST/NIRCAM 

Figure 1-1: Field of view comparison, to scale, of the WFIRST-AFTA wide field instrument with wide field instruments 
on the Hubble and James Webb Space Telescopes. Each square is a 4k x 4k HgCdTe sensor array. The field of view 
is 0.28 degrees2. The pixels are mapped to 0.11 arcseconds on the sky. 



Simulated Exoplanet Signal

Detect 3000 exoplanets
including 200 sub-Earth 
mass planets.

Monitor 3 billion stars in 2.8 deg.2
every 15 minutes with 0.2-1% 
precision for six 72-day continuous 
observation, 432days in total
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Complete	the	census	of	planetary	systems	

• WFIRST can 
detect all solar 
system planet 
analog except 
Mercury.

•3000 bound planet, 200 (< 1 MÅ)



Summary
• neptunes at a〜10asnowcould be as 
common as ones at a〜3asnow

• Planets outside of snowline: Broken 
power-law, break @qbreak=1.6×10-4

• Significant gap from pop. synthesis.
• PRIME will increase the samples.

• WFIRST can complete the 
statistical census outside of snowline


