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IPAC WFIRST Microlensing Primer Series

I.  Basic Introduction to the Methodology and 
    Theory of Microlensing Searches for Exoplanets 

W, 21/Sept: Yossi Shvartzvald 

II.  Lens Companion Detection and Characterization 
W, 28/Sept: Yossi Shvartzvald 

III. Results from and Future Directions for
  Ground-based Microlensing Surveys

W, 12/Oct: Calen B. Henderson

IV.  Results from and Future Directions for 
 Space-based Microlensing Surveys 

W, 2/Nov: Calen B. Henderson 
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A Brief History: First Candidate Event(s) 

Same Issue of Nature!

Alcock+ (1993) Nature, 365, 621 Aubourg+ (1993) Nature, 365, 623 
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Microlensing Surveys 1st Generation: 
Alert and Follow-up 

OGLE MOA 

LCOGT (+PLANET+MicroFUN+RoboNet+MiNDSTEp) 



Calen B. Henderson IPAC WFIRST μlensing Series: III 

Microlensing Surveys 1st Generation: 
Alert and Follow-up 

~650 events/year 
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Microlensing Surveys 1st Generation: 
First Planet! 

q ~ 0.004 / M* ~ 0.4 M¤ / Mp ~ 1.5 MJ / a ~ 3 AU 

OB03235/MB0353 

Bond+ (2004) ApJ, 606, 155 
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Microlensing Surveys 1st Generation: 
First Two-planet System! 

OB06109 

M1 ~ 0.71 MJ / M2 ~ 0.27 MJ 

Gaudi+ (2008) Science, 319, 927 
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Microlensing Surveys 1st Generation: 
Statistical Results I 

²  13 Events 
²  6 Planets 
²  Amax > 200 

Gould+ (2010) ApJ, 720, 1073 
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Microlensing Surveys 1st Generation: 
Statistical Results I 

Gould+ (2010) ApJ, 720, 1073 

~1/3 of stars have snowline- 
region giant planets 

 

~1/6 of stars have Solar-like 
Planetary systems 
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Microlensing Surveys 1st Generation: 
Statistical Results II 

Sumi+ (2010) ApJ, 710, 1641 

4 Planets + 
Gould+ (2010) 

 
Neptunes are ~3 times more 

common than Jupiters 
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Microlensing Surveys 1st Generation: 
Statistical Results III 

Cassan+ (2012) Nature, 481, 687 

3 Planets +  
 

~1/6 of stars host Jupiters 
 

~1/2 of stars host Neptunes 
 

~2/3 of stars host Super-Earths 



Short-timescale 
Microlensing Event 

Overarching Timescale Distribution 

Sumi+ (2011) Nature, 473, 349 

Microlensing Surveys 1st Generation: 
Statistical Results IV 

Calen B. Henderson IPAC WFIRST μlensing Series: III 



Planetary Mass Budget 
Microlensing (FFPs) 
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Henderson+ (2015) arXiv:1512.09142 



Direct Imaging Constraints 

Giant Planet Fraction for 
Different Host Spectral Types 

Bowler (2016) arXiv:1605.02731 
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Planetary Mass Budget 
Microlensing (FFPs) 

Direct Imaging 

<0.4

1: Bowler (2016) arXiv:1605.02731
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Henderson+ (2015) arXiv:1512.09142 



Transit + RV + Microlensing 

Clanton & Gaudi (2014b) ApJ, 791, 91 

Fressin+ (2013) ApJ, 766, 81 

Planet Frequency versus 
Orbital Period 
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Planetary Mass Budget 
Microlensing (FFPs) 

Direct Imaging 

<0.4

1: Bowler (2016) arXiv:1605.02731

Transit + RV + 
Microlensing 

Henderson+ (2015) arXiv:1512.09142 
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“Alert and Follow-up” strategy limitations: 

High magnification events are rare events (~1%)  

à ~7 events/year à ~2 planets/year 

Complex decision and communication process 

à Bad statistical interpretation 

 

Solution: 

“Generation-II microlensing survey” 

Microlensing Surveys: 1st Generation 

Calen B. Henderson IPAC WFIRST μlensing Series: III 



Controlled experiment: 
§  Untargeted survey, specific field (high mag + low mag) 

§  Continuous coverage, high cadence 

Forward modeling for planet abundance: 
§  Simulate the experiment 

§  Define planetary anomaly detection threshold   

§  Compare data to simulation 

Microlensing Surveys: 2nd Generation 
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Wise, Israel, 1m
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OGLE, Chile, 1.3m MOA, NZ, 1.8m

Microlensing Surveys: 2nd Generation 



Group

OGLE

MOA

WISE
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Microlensing Surveys: 2nd Generation 



• 	8	deg2	of	bulge	with	highest	lensing	rate	
• 	covered	quasi-conAnuously	by	all	3	telescopes	
• 	cadences	20-40	min	
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Microlensing Surveys: 2nd Generation 



Microlensing Surveys: 2nd Generation 
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•  Frequency definition: 

 
•   “Jupiters”: 

 
•   “Neptunes”: 

Snowline	planet	frequency:	
		

	

High	occurrence	of	BD	companions:		
~4%	

Shvartzvald	et	al.	submiPed	
Calen B. Henderson IPAC WFIRST μlensing Series: III 

Microlensing Surveys: 2nd Generation 
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UKIRT Pilot H-band Microlensing Surveys in 2015–2016– 10 –
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Fig. 1.— UKIRT 2015 (purple) and 2016 (blue) microlensing survey fields. Fields with thick

lines are the seven 2016 fields searched in this work. The black circles are the positions of the

detected events. Also shown are the K2C9 superstamp (pink) and the proposed WFIRST

fields (gray).

2015 Survey: Spitzer 
 

²  3.4 square degrees 

²  39 nights (120 hr) 

²  5 epochs/night 

²  SNR ~ 10 at H ~ 16.5 

2016 Survey: K2 Campaign 9 
 

²  6 square degrees 

²  91 nights (240 hr) 

²  2—3 epochs/night 

²  SNR ~ 10 at H ~ 18.5 

²  Covered ~60% of proposed 

      WFIRST target fields 

Shvartzvald*, Bryden, Gould, Henderson*, Beichman, Howell (2016): submitted to ApJL 

Non-systematic Analysis of 2016 Data 
 

²  Partial exploration of 7 out of 132 subfields 

²  5 events discovered! 

²  High extinction: 0.81 ≤ AH ≤ 1.97 

²  Close to Galactic plane: -0.98 ≤ b ≤ -0.36 

²  All 5 covered by ground-based optical surveys, 

      4 with an hourly cadence, but none recovered! 

*Co-leads for WFIRST MicroSIT Precursor Observations Group 

– 11 –
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Fig. 2.— Light curves of the five UKIRT microlensing events.

LeQ:	light	curves	for	five	newly	discovered	
UKIRT	microlensing	events.	
	

Top:	UKIRT	image	for	UKIRT4,	emphasizing	
the	high	degree	of	differenAal	reddening	
across	the	WFIRST	target	field	region.	



ü  Longitudinal Coverage 
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ü  Longitudinal Coverage 

ü  Aperture 
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Microlensing Surveys: Next Generation 

MOA-II:	1.8m	
	

KMTNet:	1.6m	
	

OGLE-IV:	1.3m	
	

				Wise:		1m	



OGLE-IV:	1.4deg2	

MOA-II:	2.2deg2	

KMTNet:	4.0deg2	
ü  Longitudinal Coverage 

ü Aperture 

ü  Field of View 
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Microlensing Surveys: Next Generation 



	 Modified version of 
cool-planet mass function of Cassan+ 

(2012) 
 

Mp > 5 MEarth: 
 

~20 planets/year 
per dex in mass 

 

0.1MEarth < Mp < 5MEarth: 
 

~10 planets/year 
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Microlensing Surveys: Next Generation 

Yours truly+ (2014) ApJ, 794, 52 
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Yours truly+ (2014) ApJ, 794, 52 

Microlensing Surveys: Next Generation 
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Microlensing Surveys: Next Generation 

Hwang+ (2015) 
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Microlensing Surveys: Next Generation 

Hwang+ (2015) 
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Microlensing Surveys: Next Generation 

Hwang+ (2015) 
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41 planets!! 


