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Collaborative Efforts.

Worldwide Collaborations:
 UFUN

e MINDSTEP

« MOA

e OGLE

 PLANET

e RoboNet



“Microlensing is a cult.”
-Dave Koerner



To the Snhow Line...
and Beyond!
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To the Snow Line...
and Beyond!

@RV A Transits © ulensing B Imaging 3 Timing
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Gravitational Lensing.




Rings and Images.
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Microlensing is directly
sensitive to planet mass.

Time (tg)

Works by perturbing
Images
Does not require light

from the lens or
planet.

Sensitive to planets
throughout the Galaxy
(distances of 1-8 kpc)

Sensitive to wide or
free-floating planets

Not sensitive to very
close planets



Microlensing Host Stars?

Sensitive to planets
around:

]

 Main-sequence
stars with M < Mg
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e Brown dwarfs

e Remnants




Very Low-mass Planets

Large signals for low-mass planets.

« Signals get rarer and briefer.
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 Mars-mass planets
detectable (!)

_ 0 0.5
time in units of RE

(Bennett & Rhie 1996)



Drink the Kool-Aid...

* Planets beyond the snow line.
— Most sensitive at ~few x a,,,,

* Very low-mass planets.
— >10% Matrs.

* Long-period and free-floating planets.
— 0.5AU -

* Wide range of host masses.
— BD, M<Mg, remnants
— Typically 0.5 Mg

 Planets throughout the Galaxy.
— 1-8 kpc



“I don’t understand. You are looking for planets you
can’t see around stars you can’t see.”

-Debra Fischer
(c. 2000)



We lied to you.

 We told you that we won't learn anything
about the host stars.

e This Is not true.

— Often can measure host star and planet masses to
~10-20%.

— Sufficiently bright to measure flux, color, and in
some cases get spectra.

— In some cases can learn something about the orbit.

— Discoveries can be compared to nearby detections.



10 Detections.
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A Multiple-Planet System.

OGLE
u#FUN Auckland

e Single planet
models fall.

i % uFUN New Mexico o TWO planets
models work
well.

e First multiple-
planet system
detected by
microlensing.
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3820 3825 3830 3835
HJD—-2450000.

(Gaudi et al 2008; Bennett et al, 2010)



Physical Properties.

Host:
Mass=0.51+ 0.05 M, AO |magi ng

Luminosity ~5% L g

Distance = 1510 £ 120 pc from Keck

Planet b:

Mass=0.73£0.06 M ,,
Semimajor Axis=2.3+0.5AU

Planet c:
Mass = 0.27 + 0.02 M

= 0.90 M ¢,
Semimajor Axis=4.6+15AU
Eccentricity = 0.15+0.17-0.10
| nclination = 64+4-7 degr ees

Jup




A Jupiter/Saturn Analog.
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Orbital Motion.
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What do we learn from
orbital motion?

Measure 2 components of projected
separation.

Measure 2 components of projected velocity.

Assuming circular orbits, determines
Inclination up to a 2-fold degeneracy.

Acceleration breaks this degeneracy, and Is
weakly constrained.

Constraints on inclination and eccentricity.



The Most Massive M Dwarf
Planet.

OGLE-2005-BLG-071
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Observat ory Passband
—  wide OGLE |
OGLE
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uFUN CTIO |
pif
uFUN Farm Cove Clear
|” wuFUN MDM |

PLANET Canopus |

I magnitude

Dong et al. 2008
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Low Mass Planet Orbiting a
Sub-stellar Host.
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Potential Galactic
Planet.
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PLANET SAAOD |
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Jupiter-mass planet.
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OGLE-2008-BLG-513

Brown dwarf companion?

(Yeeetd., inprep.)
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Another planetary system: Saturn + Earth?
Currently being analyzed by Subo Dong.



- MOA-2009-BLG-268

002
Bronberg o

Lemmon

HID-2450000

(MOA, UFUN, PLANET, RoboNET)

Host Star
M =0.52+0.04M._
D, =3.02+0.18 kpc

m=92+0.7/M,

a=3.1,; AU




Demographics Beyond
the Snow Line:

@RV A Transits © ulensing B Imaging 3 Timing
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OGLE-2005-BLG-071
(Udalski et al 2005)

,~35M, r~36AU

. ~0.46M._, D, ~3.3kpc

OGLE-2004-BLG-235
MOA-2004-BLG-53
(Bond et al 2004)

MOA daia in IIOA data tm.med] ]
1 —day bins 3

Magnification
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2820 2840 #8680
HID — 2450000

M, ~25M, r~4.3AU

Two Neptune/Super Earth planets k&

First Four
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Two Jovian-mass planets

Mp

OGLE-2005-BL G-390
(Beaulieu et a 2006)

,~55My, r~26AU

"~ 0SSN DY -eexbe

OGLE-2005-BLG-169
(Gould et a 2006)

~13Mg, r ~3.5AU

=05M.., Dy =2.7kpc




How It IS done:
Alert/Follow-Up.
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Current Shoe-String, Slipshod
WFUN Approach.

Limited resources: shoe-string operation.

Save money by employing enthusiastic amateurs.

e Focus on high-magnification events.

Struggle to identify these real-time.

e Go all out!



“A Controlled Experiment”
from Chaos.

The one that got away... ...and the one that didn’t

T
| OGLE (Chile)
[ uFUN (Chile)
[ wFUN (Auckland, NZ)
| RoboNet (Hawaii)

[ caustic

u
o
=] |

I magnitude

Residual

| S TR S TN N S S SO M B | L L L | T
3175 3180 3185 : : L 04
i R, At [HID — 2453491.875]
HJD — 2450000

(Dong et al. 2006) (Gould et al. 2006)




Uniform Sample.

15

I | <+ |13 Tota Events

o

Cumulative Number of Events

| | 1 | ‘ [ |
0 002 .004 .006 .008 .01

(Maximum Magnification)*



Detection Efficiencies.
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Detections.
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Frequency of Planets
Beyond the Snow Line.
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Johnson et al. (2010)
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Periods < 2000 days
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No Place Like Home?

Solar System Analogs
<
\Uranus

(0.3)

Jupiter
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Total One Two Three Four
Planets Planet Planets Planets Planets
Detected Detected Detected Detected Detected

(18.3) (5.8) (5.7) (0.3) (<0.1)

Freguency of Solar System Analogs: ~15% (Gould et al. 2010)



So what’s next?

Ten announced so far:
— Six from 2003-2006
— Four from 2007-2008

Seven more events with secure
detections.

17 likely planets discovered to date, In
16 systems.

Can expect ~4 planets per year.
Earth mass planets?
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Ide-field Monitoring.
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The Future 1s Now/!

« MOA-II (2006)
— 1.8m telescope, 2.18 sg. degree camera, NZ

e OGLE -IV (2010)
— 1.3m telescope, upgrade to 1.4 sg. degree camera

 Korean Microlensing Telescope Network
(20127?)
— Approved ~$30M Korean initiative

— Three telescopes:
e South Africa
« Chile
e Australia



NextGen uLensing Survey.
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Free Floating Planets

(MOA Collaboration; Kamiyaet al., in prep.)

2006-2007 data

Excess of short
events.

0.68 expected,
12 found.

Wide or Free-
floating planets?

Mass Ratio
~0.005

~3 per star



Planet Search Synergy!
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Summary.

Microlensing is sensitive to planets beyond the snow line,
Including low-mass planets.

Contrary to popular belief, it is possible to learn a great deal
about individual systems detected by microlensing.

Results from microlensing surveys:

— Cool Neptunes/Super Earths more common that Jupiter-mass
planets.

— Jovian companions are more common beyond the snow-line: most
massive planets do not migrate (much).

— Solar system analogs are probably not rare, nor are they likely the
majority.

Next-generation ground and space based surveys will tell

us about the demographics of planetary systems.
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