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 Gravitational Lensing Theory and Applications

Lensing history                                                                      
s          Soldner, Einstein, Zwicky, ...

Lensing basics                                                                     
s          geometry, lens equation, Einstein radius

Lensing phenomena                                                            
s          strong/weak, macro/micro, near/far              

Lensing applications
cluster lensing: giant arcs, statistics, secondary matter
quasar (micro)lensing: Hubble constant, dark matter
stellar microlensing: exoplanets, icy matter

Lensing summary                                                                     
s          unique, useful, universal
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A brief history of light deflection    

for solar limb:
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A brief history of light deflection 

             1911:  Light deflection at solar limb:  
                             Einstein is only half correct!     
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How? During a solar eclipse!

Who? Erwin Freundlich!

When? 21. August 1914! 

Where?  Crimean Peninsula!

Light on “curved” tracks:
 confirming  Einstein’s prediction? 

... and off they went, the Potsdam expedition ...
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1911: Einstein only  half correct!    
Light deflection at  solar limb:  
                                                                    
                                                                  
1915: General Relativity  

                                                                                                                 
1919: Solar Eclipse Expedition            
a       Eddington confirms:                                    
a       Einstein fully correct!             

A brief history of light deflection 
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1936 Einstein:                    

A brief history of (micro)lensing (1)
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A brief history of (micro)lensing (2) 

1937 Zwicky: "Nebulae as gravitational lenses"

1) additional test for GR
2) "telescope": see fainter objects
3) measure masses: confirm large ma

masses of "nebulae" (i.e. dark matter)
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A brief history of (micro)lensing (3)

1967 Gunn: 

"A fundamental limitation on the accuracy of angular 
measurements in observational cosmology"

“On the propagation of light in inhomogeneous 
cosmologies. I - Mean effects”

(adding  to Einstein: weak/statistical lensing  ...)



 10
Introductory Lecture: “Gravitational Lensing Theory and Applications”

Joachim Wambsganss, KITP Santa Barbara, September 28, 2006 

A brief history of (micro)lensing (4)

1979 Walsh, Carswell, Weyman: 

"0957+561 A, B – Twin quasistellar objects or 
gravitational lens?"

(proving  Zwicky right  ...)
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A brief history of (micro)lensing (4)

1979 Chang & Refsdal: 

"Flux variations of QSO 0957+561 A, B and image 
splitting by stars near the light path"

(combining Einstein with Zwicky:    stars INSIDE nebulae ...)
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A brief history of (micro)lensing (5)

1981 Gott: 

"Are heavy halos made of low mass stars?                  
A gravitational lens test"

(correcting  Einstein: 
a            distant stellar microlensing IS observable  ...)
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A brief history of (micro)lensing (6)

1981 Blandford & Jaroszynski: 

"Gravitational distortion of the images of distant
radio sources in an inhomogeneous universe"

(quantifying  statistical lensing  ...)
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A brief history of (micro)lensing (7)

1984 Turner, Ostriker, Gott: 

“The statistics of gravitational lenses: the distributions 
of image angular separations and lens redshifts”

(verifying  Zwicky: galaxy lensing IS real and useful  ...)
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A brief history of (micro)lensing (8)

1986 Paczynski: 

"Gravitational Lensing by the Galactic Halo"

(correcting  Einstein:
a             local stellar microlensing IS observable  ...)
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A brief history of (micro)lensing (9)

1991 Mao & Paczynski: 

"Gravitational microlensing by double stars and 
planetary systems”

(correcting  Einstein: even planetary microlensing is 
observable ...)
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A brief history of light deflection 
1920/30s: Chwolson, Einstein, Zwicky:                                               

ring images, double images, galaxy lenses                    

1960s: Refsdal:  Hubble constant                                                                                  

1979: Walsh et al.:  lensed quasar Q0957+561A,B

1979: Chang/Refsdal: Prediction of Microlensing

1986/7: Soucail et al., Lynds & Petrosian: Giant Arcs

1989: Irwin et al.: quasar microlensing Q2237+0305

1993: Alcock et al, Afonso et al, Udalski et al: stellar microlensing

1998: many authors: weak lensing, cosmic shear

 2006: more than 3000 publications on                                           
a               gravitational lensing !?!                                                 
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Basics of 
lensing:

Geometry

He burned his house down

for the fire insurance and 

spent the proceeds on a 

telescope ...
Robert Frost: "The Star-Splitter"
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Basics of lensing:
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Basics of lensing:
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Basics of lensing:
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Basics of lensing:

positions in lens plane at which 
      det A = 0 (µ = '):
           critical lines

mapped to source plane:
            caustics  
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How does gravitational microlensing work?     the method, the history

Point lens: magnification of two images  (Einstein 1936):

Basics of lensing
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Basics of lensing:
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 Time delay / Hubble constant
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 change of position
 first confirmation of GR: offset at solar limb
 »normally« not observable: (astrometric microlensing)

 distortion
 extended sources: arclets, arcs, Einstein rings, ...

 (de)magnification
 point sources: brighter/fainter: no standard candles!
 galaxies: larger/smaller: arcs 

 multiple images
 most dramatic effect!  multiple quasars,                                          
a                                      giant luminous arcs

 Effects of gravitational lensing:         
strong and weak         
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 Strong Gravitational (Micro)lensing Near & Far:
recent results

Two regimes of strength:  strong  ⇔  weak

Two regimes of scales:    macro   ⇔   micro

Two regimes of distance:   near   ⇔  far

Two regimes of time:       ancient  ⇔  recent 

Lensing Phenomena:
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       How can we observe             
lensing phenomena?    

Depends on (lens) mass scale:
"Statically": 
macrolensing: galaxy or galaxy cluster as a lens, 
Einstein angle >  resolution of telescope!                                      
(time scale >> 100 years)
do surveys for quasars or galaxy clusters  (and be patient & lucky!):

1 out of 500 quasars is multiply imaged ...                                                 
a
"Dynamically": 
microlensing: stars as lenses,          
(Einstein angle << telescope resolution)                            
time scale = Einstein radius/transverse vel   ≈  months/years
monitor known multiple quasars (and be patient & lucky!) 
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Simulation: Point lens and extended source



19.02.2002, DLR Adlershof,  J. Wambsganß,  Microlensing Search for Planets Seite
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How does gravitational microlensing work?     the method, the history

Simulation: Point lens and extended source
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Simulation: Chang-Refsdal-Lens
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  Quasar Microlensing 
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 Strong lensing phenomena:            

Double quasars:
Q0957+561 and HE 1104-1805

Quadruple quasars:
Q2237+0305 and PG1115+080 

Einstein ring:
B1938+666

Giant Luminous Arcs:
Abell 2218 



 34
Introductory Lecture: “Gravitational Lensing Theory and Applications”

Joachim Wambsganss, KITP Santa Barbara, September 28, 2006 

Double quasar Q0957+561A, B

Two quasar images, 6.1 arcseconds apart, z
(quasar) = 1.41,    z(galaxy)  = 0.36                                 
(APO, HST, Falco et al., CASTLES)
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When are two quasar images »illusions«?
(... rather than a physical pair of quasars ...)

Criteria for gravitational lens candidates:

 two or more (point) images of same color

 identical (or very similar) redshifts

 identical (or very similar) spectra

 lensing galaxy between images visible

 change of brightness  identical (or very similar) in all 
images, after certain time delay(s): "parallel" lightcurves

So far (September 2006):
> 120  "accepted" multiple quasars systems!
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Quasars HE1104-1805 and PG1115+080

Double quasar  HE1104-1805
z(quasar) = 2.32
separation 3.2 arcsec
Courbin et al.                                               

Quadruple quasar PG1115-080
z(quasar) = 1.72
separation  2.4 arcsec
Impey et al.
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The quadruple quasar Q2237+0305

 z(quasar) = 1.695, z(galaxy) = 0.039                
image separation   1.7 arcsec                            
(HST)
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Einstein ring B1938+666

King et al. (1997) 
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Giant Luminous Arcs: Abell 2218
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Lensing Applications

(selected with a strong lensing bias ...)  

how to measure the Hubble constant (strongly simplified ...)

how many arcs out there (strongly magnified ...)

how much dark matter (possibly demagnified ...)

how to find cool planets (independently verified ...)

So far (September 2006):
> 120  "accepted" multiple quasars systems!
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 Time delay & Hubble constant from 
lensed quasars (Refsdal 1964):
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 Double quasar Q0957+56: Time Delay & Hubble constant
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 Ensemble of 15 multiple quasars: 
Time Delay & Hubble constant

Oguri (yesterday, astro-ph/0609694):

“We find that 15 published time delay quasars constrain
the Hubble constant to be H0 = (70 ± 3) km/s/Mpc.”
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  Frequent approximation in cosmological scenario:
 single lens plane, single cluster 

However: 
foreground/background are not entirely "empty"

→ multi-plane lensing with matter from n-body   

Strong lensing by galaxy clusters: arcs
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Strong lensing by galaxy clusters: arcs
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Multi lens plane lensing

' 19

'     

Magnification at position x: 
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 Ingredients for multi-lens plane approach: 

large box size  L (in order to cover primordial 
fluctuations with large wavelength)

L = 320 Mpc/h

small "smoothing length" l (in order not to 
smooth small fluctuations)

l = 3.2 kpc/h

very large number of particles N (in order to 
resolve cores of individual galaxy mass halos) 

N = 10243 = 1,073,741,824 

n-body simulations with:   
 TPM (Tree-Particle-Mesh) code (with Ostriker, Bode) 
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 Parameters of cosmological model: 
Example for lens planes as a function of redshift:
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 Parameters of cosmological model: 
Example for regular source grid at high redshift:
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   Ray tracing simulations:  matter & shear 

integrated 
matter 

distribution

plus

shear 
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   Ray tracing simulations:  matter & shear 

integrated 
matter 

distribution

plus

shear 
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   Ray tracing simulations:  critical lines & images

critical lines
in image plane

plus

images

(for regular grid of circular 
sources at zs = 4.8)
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 Parameters of cosmological model: 
Magnification distribution in source plane:
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Examples for arc-structures at high redshift:
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Scientific questions which can be addressed with  
these gravitational lensing simulations:      

Magnification distribution due to lensing as a function of 
source redshift:                                                                                        
there are no standard candles!   not even high-z supernovae!

Frequency and separation distribution of large separation 
multiple quasars:                     
why aren't (weren't) there (m)any  > 10 arcsec lensed quasars?

Frequency of giant luminous arcs:              
in concordance with concordance cosmological model?

Importance of secondary (tertiary, ...) lens planes:                     
how frequently is strong lensing supported by sub-critical lens 
planes? 
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Frequency of giant luminous arcs:            in 
concordance with concordance cosmological 

model?     
Probability for the 

occurance of 
giant arcs:

strong function of 
source redshift! 

Wambsganss, Bode, 
Ostriker (2004)
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Importance of secondary (tertiary) lens planes: 
how frequently is strong lensing supported by sub-critical lens planes?     

Most strong lens systems are modelled assuming "thin" lens 
approximation:   Is this always correct/justified?  

For some multiple quasars:  different redshifts for lensing galaxies 
measured statistically important?
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Importance of secondary (tertiary) lens planes: how 
frequently does strong lensing occur    with sum of 

sub-critical lens planes?     
for increasing source 

redshift:
increasing importance of 

secondary, tertiary, ... 
lens planes!

Wambsganss, Bode, 
Ostriker (2005)
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Importance of secondary (tertiary) lens planes: how 
frequently does strong lensing occur    with sum of 

sub-critical lens planes?     For two lens planes:
heavily dominated 
by ONE  lens 
plane, 

secondary contribution 
"minor" 

Wambsganss, Bode, 
Ostriker (2005)
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Importance of secondary (tertiary) lens planes: how 
frequently does strong lensing occur    with sum of 

sub-critical lens planes?     

Wambsganss, Bode, 
Ostriker (2005)
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Importance of secondary (tertiary) lens planes: how 
frequently does strong lensing occur    with sum of 

sub-critical lens planes?     
For three lens planes:

mostly dominated by 
one lens plane 

Wambsganss, Bode, 
Ostriker (2005)
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  The two regimes of microlensing:
 

 compact objects in the Milky Way, or its halo, or the 
local group acting on stars in the Bulge/LMC/SMC/
M31:                                                           a                                                                                       
a                     stellar microlensing                                               
a                     Galactic microlensing                                     
a                     local group microlensing                         
a                            optical depth:  ~10-6            

 compact objects in a distant galaxy, or its halo                
a           acting on even more distant (multiple) quasars                                  
a                                                                                                                  
a                      quasar microlensing                                               
a                      extragalactic microlensing                                     
a                      cosmological microlensing

near

far
a                            optical depth:  ~1
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  Quasar Microlensing  

how can we observe quasar microlensing?  
changing magnification, line shape, position;                             
a    due to relative motion of source, lens and observer:                                       
i       microlensing is a dynamic phenomenon!

photometrically
spectroscopically
astrometrically

what are the time scales?

how do we identify “dark” microlensing? 

Einstein time:      

Crossing time:      

(zL = 0.5, zS = 2.0)



 64
Introductory Lecture: “Gravitational Lensing Theory and Applications”

Joachim Wambsganss, KITP Santa Barbara, September 28, 2006 

Why "Micro"-lensing?  The Scalings

Einstein radius:        
(zL = 0.5, zS = 2.0)

Einstein angle:        
(zL = 0.5, zS = 2.0)

Einstein time:     
   (zL = 0.5, zS = 2.0)

Crossing time:     
  (zL = 0.5, zS = 2.0)

arcsec



19.02.2002, DLR Adlershof,  J. Wambsganß,  Microlensing Search for Planets Seite
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  Quasar Microlensing 

L =
 100 RE

20 RE

4 RE0.8 RE
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The two regimes of 
microlensing: quasar ML
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The quadruple quasar Q2237+0305

 z(quasar) = 1.695, z(galaxy) = 0.039                                               
image separation   1.7 arcsec        (HST)
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  Quasar Microlensing

Wozniak et al. 2000  (OGLE) OGLE Web page

analysed by various teams (e.g, Webster et al., Wambsganss et al., Wyithe et al., 
Yonehara et al., Kochanek), most recently Wayth et al. (2005):
ML of BLR:  size ≤ 0.06 pc 
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  Quasar Microlensing: Q2237+0305

Gil-Merino,
Wambsganss 
et al. (2004))

Limits on transverse velocity of lensing galaxy
Monitoring campaign: 6 months in 2000
GLITP - Gravitational Lens International Time Project 
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  Quasar Microlensing: Q2237+0305

Gil-Merino,
Wambsganss et al.  
(2004)

Limits on transverse velocity of lensing galaxy:

Idea: "typical" distance between caustics  
 ⇒ due to effective transverse motion:
 ⇒ typical time scale between maxima! 
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  Quasar Microlensing: Q2237+0305

Gil-Merino,
Wambsganss
et al.  (2005)

limits on   Vtrans:

M  = 1 MM:

Vtrans, 90%  ≤  2160 km/sec 
Vtrans, 95%  ≤  2820 km/sec

M  = 0.1 MM:

Vtrans, 90%  ≤   630 km/sec 
Vtrans, 95%  ≤   872 km/sec



 72
Introductory Lecture: “Gravitational Lensing Theory and Applications”

Joachim Wambsganss, KITP Santa Barbara, September 28, 2006 

  Quasar Microlensing: Q2237+0305

Gil-Merino,
Wambsganss
et al.  (2005)

limits on   Vtrans:

M  = 1 M☉:

Vtrans, 90%  ≤  2160 km/sec 
Vtrans, 95%  ≤  2820 km/sec

M  = 0.1 M☉:

Vtrans, 90%  ≤   630 km/sec 
Vtrans, 95%  ≤   872 km/sec
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  Quasar Microlensing? Q0957+561

Falco et al. (1998);  Kundic et al. (1997); Colley, Turner et al. (2001)
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  Quasar Microlensing Simulation: Q0957+561

10-1M☉

10-3M☉

10-5M☉
Wambsganss et al. (2000)



 75
Introductory Lecture: “Gravitational Lensing Theory and Applications”

Joachim Wambsganss, KITP Santa Barbara, September 28, 2006 

  Quasar Microlensing Results: Q0957+561

Halo of lensing 
galaxy cannot
consist entirely of 
compact objects 
(MACHOs) in certain 
mass ranges
(Wambsganss et al.  2000)

More systems,
longer baseline
⇒ better constraints!
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Quasar Microlensing at high magnification:  
suppressed saddlepoints and the role of dark matter 

(Schechter & Wambsganss 2002)

CASTLES

PG1115+080:
0.48", Δm = 0.5 mag 
(Weymann et al. 1980)        
                  

SDSS0924+0219:
0.66", Δm = 2.5 mag 
(Inada et al. 2003)
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Quasar Microlensing at high magnification:
 suppressed saddlepoints and the role of dark matter 

(Schechter & Wambsganss 2002)

CASTLES

MG0414+0534:

close pairs of bright images:  
they should be "about"              
a     equal in brightness
 they are not!     
saddle point image                
a           demagnified!      
 at least 4 similar systems
 what's going on?!?

 ML, substructure, DM ? 
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Quasar Microlensing at high magnification: suppressed saddlepoints and the 
role of dark matter (Schechter & Wambsganss 2002)

κtot = constant  in horizontal rows

minimum image:

saddle point                      

κsmooth = 0%                    = 85%                                = 98%

image:
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Quasar Microlensing at high magnification:
suppressed saddlepoints and the role of dark matter

 (Schechter & Wambsganss 2002)
κtot = const  in columnsminimum: saddle:

κsmooth = 0% 

                         
 

= 85%      

                          
= 98%
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Astrometric microlensing  of quasars       
               

                 (Treyer & Wambsganss 2004)
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Astrometric microlensing  of quasars:

(Treyer & Wambsganss 2004)
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Stellar Microlensing

Microlensing by stars in the Milky Way (Halo):  
proposed by Paczynski (1986) as a test for compact dark matter

Idea: 
 monitor (background) stars in LMC or Milky Way Bulge
 occasionally a random (foreground) star passes in front and  
magnifies background star in characteristic way

 problem: very small probability for stellar ML events (of order 10-6) 
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  “Near”:  Stellar Microlensing

" ... so many (LMC) stars, so few (intervening) lenses ...

Alcock et al. (2000): 5.7 years, 12 million LMC stars, 13-17 events
               -->   ≤  20% of halo made of   0.15-0.9 MM  objects

Laserre & EROS (2000): objects smaller than few solar masses 
                   ruled out as important component of galactic halo 

Alcock et al. (2001): no long duration events:  --> limits on      
                black holes/dark matter in   1 - 30 MM  objects

(from Sackett 1999)Paczynski (1986): MACHO, EROS, OGLE, ... 
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“Near”:  stellar microlensing towards the LMC/SMC

(illustration from MACHO team/website)

(from Sackett 1999)
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Macho Experiments:  Dark Matter Detection?

Sahu et al. (2003):

macho contribution to 
dark matter halo: 

MACHO team results (Alcock et al. 2001): 
13 - 17 events in 5.7 years
consistent with ≤ 20% macho contribution to dark matter 
halo           a                                                                                           
(still being debated what “≤” means: Sahu (2003), Belokurov 
& Evans (2005), Griest et al. (2005) ...)                                         

EROS results (Milsztajn et al. 2000, Afonso et al. 2003):    
macho contribution ≤ 3% (95% confidence level)   

Little (or no?) evidence for dark matter!
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Microlensing towards the Bulge: OGLE and MOA

Microlensing events galore: more than 3000 events 
          (> 600 this season by OGLE and MOA!): 

most single lens, many double lens/caustic crossing 

normal stars (binaries) acting as lenses!

lots of interesting stellar/Galactic astrophysics: 
here:  results on planet searching

BUT: some very long events:
     Black hole candidates (Bennett et al. 2002)
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Stellar Microlensing

Microlensing by stars in the Milky Way (Halo):  
proposed by Paczynski (1986) as a test for compact dark matter

Idea: 
 monitor (background) stars in LMC or Milky Way Bulge
 occasionally a random (foreground) star passes in front and  
magnifies background star in characteristic way

 problem: very small probability for stellar ML events (of order 10-6) 

 Mao & Paczynski (1992) propose:
 about 10% of cases will be binary lenses
star-planet systems can/will act as lenses as well: probability 
smaller by at least factor 100 ... !
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How does gravitational microlensing work?     the method, the history

 double lens: lightcurves can get very diverse; 3 additional parameters: 
 mass ratio:  q = 1 ... 10-6;         lensing effect   ∝  q0.5

 projected separation:  d = 1 ... 5 AU

 angle of motion relative to connecting line: ϕ
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Microlensing by Planets: The Method (4)

Mi
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Microlensing by Planets:    Scott Gaudi’s Simulations/Animations 

http://cfa-www.harvard.edu/~sgaudi/Movies

time sequence: 

star-plus-planet
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The 24 hour night shift:                       
Sites of the PLANET-Telescopes         

PLANET -

Probing
Lens
Anomaly
NETwork
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Discovery of a cool planet of 5.5 Earth masses
through gravitational microlensing
J.-P. Beaulieu1,4, D. P. Bennett1,3,5, P. Fouqué1,6, A. Williams1,7, M. Dominik1,8, U. G. Jørgensen1,9, D. Kubas1,10,
A. Cassan1,4, C. Coutures1,11, J. Greenhill1,12, K. Hill1,12, J. Menzies1,13, P. D. Sackett1,14, M. Albrow1,15,
S. Brillant1,10, J. A. R. Caldwell1,16, J. J. Calitz1,17, K. H. Cook1,18, E. Corrales1,4, M. Desort1,4, S. Dieters1,12,
D. Dominis1,19, J. Donatowicz1,20, M. Hoffman1,19, S. Kane1,21, J.-B. Marquette1,4, R. Martin1,7, P. Meintjes1,17,
K. Pollard1,15, K. Sahu1,22, C. Vinter1,9, J. Wambsganss1,23, K. Woller1,9, K. Horne1,8, I. Steele1,24,
D. M. Bramich1,8,24, M. Burgdorf1,24, C. Snodgrass1,25, M. Bode1,24, A. Udalski2,26, M. K. Szymański2,26,
M. Kubiak2,26, T. Więckowski2,26, G. Pietrzyński2,26,27, I. Soszyński2,26,27, O. Szewczyk2,26, Ł. Wyrzykowski2,26,28,
B. Paczyński2,29, F. Abe3,30, I. A. Bond3,31, T. R. Britton3,15,32, A. C. Gilmore3,15, J. B. Hearnshaw3,15, Y. Itow3,30,
K. Kamiya3,30, P. M. Kilmartin3,15, A. V. Korpela3,33, K. Masuda3,30, Y. Matsubara3,30, M. Motomura3,30,
Y. Muraki3,30, S. Nakamura3,30, C. Okada3,30, K. Ohnishi3,34, N. J. Rattenbury3,28, T. Sako3,30, S. Sato3,35,
M. Sasaki3,30, T. Sekiguchi3,30, D. J. Sullivan3,33, P. J. Tristram3,32, P. C. M. Yock3,32 & T. Yoshioka3,30

In the favoured core-accretion model of formation of planetary
systems, solid planetesimals accumulate to build up planetary
cores, which then accrete nebular gas if they are sufficiently
massive. Around M-dwarf stars (the most common stars in our
Galaxy), this model favours the formation of Earth-mass (M%) to
Neptune-mass planets with orbital radii of 1 to 10 astronomical
units (AU), which is consistent with the small number of gas giant
planets known to orbit M-dwarf host stars1–4. More than 170
extrasolar planets have been discovered with a wide range of
masses and orbital periods, but planets of Neptune’s mass or
less have not hitherto been detected at separations of more than
0.15 AU from normal stars. Here we report the discovery of a
5.515.5

22.7M% planetary companion at a separation of 2.611.5
20.6 AU from

a 0.2210.21
20.11M(M-dwarf star, whereM( refers to a solar mass. (We

propose to name it OGLE-2005-BLG-390Lb, indicating a planetary
mass companion to the lens star of the microlensing event.) The
mass is lower than that of GJ876d (ref. 5), although the error bars
overlap. Our detection suggests that such cool, sub-Neptune-mass
planets may be more common than gas giant planets, as predicted
by the core accretion theory.

Gravitational microlensing events can reveal extrasolar planets
orbiting the foreground lens stars if the light curves are measured
frequently enough to characterize planetary light curve deviations
with features lasting a few hours6–9. Microlensing is most sensitive to
planets in Earth-to-Jupiter-like orbits with semi-major axes in the
range 1–5 AU. The sensitivity of the microlensing method to low-
mass planets is restricted by the finite angular size of the source
stars10,11, limiting detections to planets of a few M% for giant source
stars, but allowing the detection of planets as small as 0.1M% for
main-sequence source stars in the Galactic Bulge. The PLANET
collaboration12 maintains the high sampling rate required to detect
low-mass planets while monitoring the most promising of the.500
microlensing events discovered annually by the OGLE collaboration,
as well as events discovered by MOA. A decade of pioneering
microlensing searches has resulted in the recent detections of two
Jupiter-mass extrasolar planets13,14 with orbital separations of a few
AU by the combined observations of the OGLE, MOA, MicroFUN
and PLANET collaborations. The absence of perturbations to stellar
microlensing events can be used to constrain the presence of
planetary lens companions. With large samples of events, upper

LETTERS

1PLANET/RoboNet Collaboration (http://planet.iap.fr and http://www.astro.livjm.ac.uk/RoboNet/). 2OGLE Collaboration (http://ogle.astrouw.edu.pl). 3MOA Collaboration
(http://www.physics.auckland.ac.nz/moa). 4Institut d’Astrophysique de Paris, CNRS, Université Pierre et Marie Curie UMR7095, 98bis Boulevard Arago, 75014 Paris, France.
5University of Notre Dame, Department of Physics, Notre Dame, Indiana 46556-5670, USA. 6Observatoire Midi-Pyrénées, Laboratoire d’Astrophysique, UMR 5572, Université
Paul Sabatier—Toulouse 3, 14 avenue Edouard Belin, 31400 Toulouse, France. 7Perth Observatory, Walnut Road, Bickley, Perth, WA 6076, Australia. 8Scottish Universities
Physics Alliance, University of St Andrews, School of Physics and Astronomy, North Haugh, St Andrews KY16 9SS, UK. 9Niels Bohr Institutet, Astronomisk Observatorium,
Juliane Maries Vej 30, 2100 København Ø, Denmark. 10European Southern Observatory, Casilla 19001, Santiago 19, Chile. 11CEA DAPNIA/SPP Saclay, 91191 Gif-sur-Yvette cedex,
France. 12University of Tasmania, School of Mathematics and Physics, Private Bag 37, Hobart, TAS 7001, Australia. 13South African Astronomical Observatory, PO Box 9,
Observatory 7935, South Africa. 14Research School of Astronomy and Astrophysics, Australian National University, Mt Stromlo Observatory, Weston Creek, ACT 2611, Australia.
15University of Canterbury, Department of Physics and Astronomy, Private Bag 4800, Christchurch 8020, New Zealand. 16McDonald Observatory, 16120 St Hwy Spur 78 #2,
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Institut Potsdam, An der Sternwarte 16, D-14482, Potsdam, Germany. 20Technische Universität Wien, Wiedner Hauptstrasse 8 / 020 B.A. 1040 Wien, Austria. 21Department of
Astronomy, University of Florida, 211 Bryant Space Science Center, Gainesville, Florida 32611-2055, USA. 22Space Telescope Science Institute, 3700 San Martin Drive, Baltimore,
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Third Microlensing Planet 
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Third Microlensing Planet 

13 

 

Figure 1 : The observed light curve and best fit model plotted as a function of 

time. The data consists of 650 data points from PLANET Danish-I, PLANET 

Perth-I, PLANET Canopus-I, RoboNet Faulkes North-R,  OGLE-I, MOA and are 

plotted in red, cyan, blue, green, black, brown, respectively. The top left inset 

shows the OGLE light curve extending over the previous 5 years, whereas the 

top right one show a zoom of the planetary deviation, covering a time interval of 

1.5 days. The solid curve is the best binary lens model described in the text with 

a planet-to-star mass ratio of q = 7.6 ± 0.7 ! 10-5, and a projected separation d 

= 1.610 ± 0.008 RE (where RE is the Einstein ring radius). The dashed grey 

curve is the best binary source model that is rejected by the data while the dash 

orange line is the best single lens model.  
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Third Microlensing Planet 
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Third Microlensing Planet 

Microlensing event OGLE-2005-BLG-390:

produced by star-plus-planet system with 
mass ratio 7 × 10-5 

most likely (with model of Milky Way): 
 star of 0.2 solar masses  
 planet of 5.5 Earth masses
 (instantanous) separation 2.6 AU
 orbital period 10 years
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Summary

... is unique as a geometrical tool for exploring the 
cosmos ...

... is useful on a wide range of mass and angular 
scales ...

... is universally applicable in many areas of 
astrophysics and cosmology ...  

Gravitational Lensing ...

... and hence has a very bright future!


