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wlens Centennial: Einstein (1912)

[Renn, Sauer, Stachel 1997, Science 275, 184]

Fig. 1. Mote= sbout gravitational lensing dated to 1912 on two pages of Enstein's scratch notabook (1.5). [Reproducsd with permission of the Enstain
Amchives, Jewish National and Univarsity Library, Habresw University of Jeni=alam]
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* Einstein 1936a, Science, 84, 506

“Some time ago R.W. Mandl paid me a visit and asked me

to publish the results of a little calculation, which I had made
at his request .... there 1s no great chance of observing this
phenomenon.”

* Einstein 1936b (private letter to Science editor)

“Let me also thank you for your cooperation with the little

publication, which Mister Mandl squeezed out of me. Itis of
little value, but it makes the poor guy happy.”
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the lens. The effect is strong even if the companion is a planet. A massive search for microlensing of the
Galactic bulge stars may lead to a discovery of the first extrasolar planetary systems.
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5. OBSERVATIONAL REQUIREMENTS

Two distinct steps are required to observe a planetary
system by microlensing. First, one must single out a disk star
which happens to be microlensing a bulge star. Second, one
must observe this star often enough to catch the deviation in
the light curve due to the planet, The first step involves the
observation of millions of bulge stars on the order of once per
day. The second step involves the observation of a handful of
stars many times per day. In the following we give a rough
outline of what is required for each of these steps.

While observations from one site would be useful, there‘arc
advantages to be gained by observing from several sites. First,

two telescopes that were totally committed. Third, in view of
the fleeting nature of the events, it would seem prudent to build
in some redundancy in case of bad weather at a particular site.
Thus, the optimal scheme would employ, say, a dozen tele-
scopes. Each of these would be committed to carry out two
observations per night. During the near-December season,



How Microlensing Finds Planets
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amplitude

1995 PLANET Pilot Season

o Albrow et al. 1998 .
Apl, 509, 687 N

1 U | L

i: | I lei=il I | T LI ! ! | I
L i 1996 MACHD + OGLE Algris .-
- [ e - Boyden 1.5m
AL i f - SAAO 1.0m
: i i ] '
§ i II il
AN i - g

~

‘La Silla Danish 1.54m

Days since 1 April 1995



OGLE-2003-BLG-235
First Microlensing Planet
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First “High-Magnification™ Planet
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Amateurs + Professionals

Grant, Ian, Jennie, Phil




Amateurs + Professionals

"It just shows that you can be a mother,
you can work full-time, and you can
still go out there and find planets.”

Jennie McCormick
(Amateur Astronomer, Auckland, New Zealand)



OGLE-2005-BLG-390

“Classical-Followup” Planetary Caustic
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Tale of Two Planets
OGLE-2005-BLG-390 OGLE-2005-BLG-169

q = 8e-5 q = 8e-5

M _*=0.2 M_sun M_*=0.5M_sun
M_p =5.5 M_earth M_p =13 M_earth
D =7 kpc D =3 kpc

a=3 AU a=4 AU
T=50K T=70K
Low-mag Event High-mag Event

(1 det)/(4.4 probed) (1 det)/(2.25 probed)



OGLE-2006-BLG-109:
Without Followup Observations
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OGLE-2006-BLG-109
Parallax+Finite-Source+Rotation+Blend
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Five Lightcurve Features
1+2+3+5=Saturn 4=Jupiter

lﬂ LI I LI LI I L} LI I LI 14'5 T L L] L] L} l 13.5 L L] L L
[ Az Feature §#1 | B: Feature #e | C: Feature #3 |
[ | ooIE 4
16.06 - - Auckland
B 4 | Wige §
- 1148 | e .
& [ ] | e D
5 eaf y e
.E : [#mmgn
F-P I i - UTas . §
= 18.16 |- - New Mexico -H
— [ ] 1 1a2} f
8.2 |- 4 [ i igé
i 1182 & 'ﬁﬁﬁﬁ
KL {
1&“ -I I 1 1 11 I 1 11 1 I 1 I- I 1 I 1 1 ! l‘.‘ 1 1 1 1
3R22 3R23 3824 830 af30 8 3831 3841 2
14 ———— — T
. D: Fealure #4 | E: Feature_j#5
164 |- 3
} &
K 14.5_— } - : §
: =
= - 168 {
ad
o - E §
= s - ?
. 1 sl B
N""’!-k_ i L : 5# 3T ,_@
et i 1 gk '
15.5 - I. i
1 | 1 1 1 I 1 1 1 I le i 1 1 I 1 1 1 1 I 1 1 L L
3851.6 [p31.8 2832  SR93S 89 38945 agas
HJD-2450000. HID—-2450000.



Planets 2010
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Planets 2011

FExoplanet Discoveries vs. Snow—Line
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OGLE-2007-BLG-349:
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MOA-2007-BLG-400
A =628
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MOA-2008-BLLG-310
Another Buried Planet
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OGLE-2008-BLG-279:
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OGLE-2007-BLG-050:
A =432
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Planet Sensitivity
OGLE-2008-BLG-279




Planet Sensitivity
OGLE-2007-BLG-050
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cumulative number
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Planet Sensitivity Vs. Detections

10-# 3 3 3
3 3 3 - 10%<P<25%
3 — —] —]
10 E E 2 [ 25%sP<50%
10-4 - - - 50%Z<P<75%
10-5 ] ] 1 [ 75%sP<90%
OCLE-2007—BLG —224 ] OGLE-2005—BLG— 169] MOA —2007 —BLG — 400 ] -goxgpg 100z
lO—S 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |
T 10-¢ = E 3 E
®) . . . -
t— 1078 = E E =
e 7 7 7 ]
— 107 E = = E
P ] ] ] .
% 10-% E E E E
:—| 0GLE—2UD?—HLG—34QE MOA-2008—-BLG-310 E OGLE-20068—-BLG— IUQE OGLE—EGDB—HLG—IBEE
H lO (3] 1 1 1 | | 1 1 1 | | 1 1 | | 1 1 1 | | | 1 11 | 1 1 11 1 | 1 1 | | 1 1 1 | | |
— .
10-2 3 3 3 3
1072 E E E E
3 E1 = = =
10~ E !! E E E
10-® =N E E E
MOA-200B-BLG-311 E E MOA-2008—-BLG-105 E GGL'FI—EOGG—F!I.G—E‘I&E GG].F}—EOGB—HI.G—ESEE
10 G 1 1 1 | | 1 1 1 | | 1 1 | | 1 1 1 | | | 1 11 | 1 1 11 1 | 1 1 | | 1 1 1 | | |

0 1 0 1 0 1 0 1



RV & Microlensing
Inside vs Outside Snow Line
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Solar System 1s Richer than Average
... But Not Dramatically So

Solar System Analogs
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Relation of Mass and Distance
to Lensing Observables
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To measure angular Einstein Radius:
Standard Sky-Plane Rulers
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To measure parallax:

Standard Observer-Plane Rulers
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OGLE-2009-BLG-020
Extremely Bright Lens
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MOA-2009- BLG 266
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Selection biases:
CMD (Absolute mags)
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Selection Biases:
CMD (Apparent Mags)
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NextGen Microlensing Planet Search

Simulations by Scott Gaudi

4 observatories

2m class telescopes

4 sq.deg. cameras
Realistic seeing & weather

photon-limited statistics
down to systematics limit

Fractional Deviation

1.8
1.6

1.4

Magnification

log(M/Mg)=0.00, log(a/AU)=-0,10, N =13
M,= 0.B56, R= 1.10, = 1850, I = 21.67, I= 0.3338
tem  7.44, u,=0.6740, q=4.67e-06, d= 0.70, p.=7 42e-03
I I I | | ] | I | I |

- Hawaii f";u“'—. 21827 5
[ South Africa a@=  250.78 ]
[ K ‘l Dizk-bulge event 7]
- Australia V4 “-..H ]
t 4 L% _
! ,lr “ -
= - o “'u.‘ i
. ‘-""ﬁ-‘
1 | /I T — | I T — | i1 1 1 1 1 | 7
190 195 200 205

Time (days)

-| ||||||T-I:' TR S SR P | -
198 198.2 1984 1986 1988 199

Time (days)




Frequency

300

200

Number of Observations

100

All

Chile 1
South Africa
Australia il
Hawaii 1

Seeing FWHM (")

1.2

LI Dy e e e

0.8 |-

0.8

0.4

L e JEC N T B 20|

0.2

. Unresclved Stars

New Moon
al Zenith

16 16 20 e 24

M, (mag/sq.arceec)

14

18

18

Background {mag/sq. arcsec)

Seeing FWHM ()
B

,S,i,mu,l.ati,on Ingredients (abridged)

CL - = T & B B
"y FEETH

- R & .

Days [rem January 1



Target Fields

« Four Fields
- (Lb)=(1,-3) of ——  —
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Magnification
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Fractional Deviation
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Baseline Results

« Simulate:
— Mass:

log(M/M_)=-1.0,-0.5, 0.0, 0.5,
1.0, 1.5, 2.0;,.2.5, 3.0

— Semimajor Axis:

log(a/AU)=-0.35, -0.10, 0.15,
0.40, 0.65, 0.90, 1.15

« Average over a
— -0.35<log(a/AU)<1.15

— Two planets per star

« Scaling with Mass:
e NGC PV'I fbl PVI{':B PV’I.;{.;.
—  Ne<M®¢ for M>3M_,
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Summary of Baseline Results
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Approach: Threshold + Upgrades

« THRESHOLD: Major new telescope 1n
Africa jomed with existing/upgraded MOA
and OGLE telescopes

« POTENTIAL UPGRADLES:

o Additional 2m/4sq.deg. telescope (Chile?)
» Participation of other widefield telescopes e.g.
PanStars (Hawaii), SkyMapper (Australia)



Heidelberg: November 2005

Participants from France, Germany, Japan,
Korea, New Zealand, Poland, UK, US

Critically reviewed models to predict planet
detection and their underlying assumptions

Presentations about wide range of potential
[nitiatives for implementation

Generally enthusiastic response



Initiatives

MOA: 1.8m tel, 2.2 sq.deg camera already exists
(New Zealand)

OGLE: 1.3m tel already exists, currently being
upgraded to 1.6 sq.deg. (Chile)

KOREA: KASI entered national competition. Dec
2008: Korean Congress approved US$30M for three

2m tels, with 4 sq.deg cameras (Africa South
America, Australia) [KMTNet]



Seeing Better In Space (also Weather)
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Anti-Lemming

Wide Field Imager in Space for Dark Energy and Planets

Andrew Gould

Dept. of Astronomy, Ohio State University, 140 West 18th Avenue, Columbus, OH 43210
gould @astronomy.ohio-state. edu

ABSTRACT

A wide-field imager in space could make remarkable progress in two very
different frontiers of astronomy: dark energy and extra-solar planets. Embedding
such an imager on a much larger and more complicated DE mission would be a
poor science-approach under any circumstances and is a prescription for disaster
in the present fiscal climate. The 2010 Decadal Committee must not lead the

lemming stampede that is driving toward a DE mega-mission, but should stand
clearly in its path.

1. WMAP Model for DE: Faster, Cheaper, “Better”

Dark energy (DE) is arguably the most important physics problem of the 21st century,

with major implications for astronomy, fundamental physics, and perhaps even philosophy.
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GEST Planet Discovery Potential
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WEFIRST
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Microlensing Extremes

Cold Neptunes --> Cold Earths

Dim Hosts --> Invisible Hosts

No Hosts (1.e. Free-Floating Planets)
Distant Systems (e.g., Galactic Bulge)

Complete Census (from space)



Conclusions

High-mag llens events: “controlled sample

I st Frequency measurement past snow line
0.36 +- 0.15 /dex”2 at q = Se-4 (saturn mass ratio)
Solar system: 3 X more giants than average
6 X more likely to have 2 giants

NextGen experiments will increase 10-fold

MOA/OGLE/Wise/Canopus/KMTNet
WFIRST/EUCLID would increase 10-fold again



