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Experimental curves of light for the Experimental curves of light for the p gp g
four images of Einsteinfour images of Einstein´́s Crosss Cross
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Simulation and statistical Simulation and statistical 
analysisanalysis

 ComparisonComparison betweenbetween observedobserved andand simulatedsimulated
microlensedmicrolensed effecteffect allowsallows toto studystudy::
 SourceSource

•• SizeSize atat differentdifferent wavelengthswavelengths..
QQ l i itl i it filfil•• QuasarQuasar luminosityluminosity profileprofile

 LensLens galaxygalaxy
MM di t ib tidi t ib ti•• MassMass distributiondistribution

 MicrolensesMicrolenses
AbundanceAbundance•• AbundanceAbundance

•• MassMass
LensLens systemsystem LensLens systemsystem

•• TransversalTransversal velocityvelocity
 DeterminationDetermination ofof thesethese parametersparameters cancan bebe onlyonly DeterminationDetermination ofof thesethese parametersparameters cancan bebe onlyonly

statisticallystatistically donedone..



Simulation and statistical Simulation and statistical 
analysisanalysis

 ComparisonComparison betweenbetween observedobserved andand simulatedsimulated
microlensedmicrolensed effecteffect allowsallows usus toto studystudy::
 SourceSource

•• SizeSize atat differentdifferent wavelengthswavelengths..
QQ l i itl i it filfil•• QuasarQuasar luminosityluminosity profileprofile

 LensLens galaxygalaxy
MM di t ib tidi t ib ti•• MassMass distributiondistribution

 MicrolensesMicrolenses
AbundanceAbundance•• AbundanceAbundance

•• MassMass
LensLens systemsystem LensLens systemsystem

•• TransversalTransversal velocityvelocity
 DeterminationDetermination ofof thesethese parametersparameters cancan bebe onlyonly DeterminationDetermination ofof thesethese parametersparameters cancan bebe onlyonly

statisticallystatistically donedone..



Trans ersal elocitTrans ersal elocitTransversal velocityTransversal velocity

We need to know transversal velocity of  We need to know transversal velocity of  
quasar to define observing window inquasar to define observing window inquasar to define observing window in quasar to define observing window in 
suitable Einstein radii units.suitable Einstein radii units.

Dificult Dificult to meassure.to meassure.
 In many experimental studies estimates ofIn many experimental studies estimates of In many experimental studies estimates of In many experimental studies estimates of 

parameters depend on it.parameters depend on it.
 The number of caustic crossings depends The number of caustic crossings depends 

on quasaron quasar´́s velocity moving overs velocity moving overon quasaron quasar s velocity moving over s velocity moving over 
magnification map.magnification map.



St ti ti l t d blSt ti ti l t d blStatistical study problemsStatistical study problems

ExperimentalExperimental errorserrors andand intrinsicalintrinsical
i biliti bilit ff tff t d td t dd ltltvariabilityvariability cancan affectaffect datadata andand resultsresults



ObjectivesObjectivesObjectivesObjectives

SimplifySimplify thethe problemproblem reducingreducing
microlensingmicrolensing toto aa seriesseries ofof discretediscrete
eventsevents thethe causticcaustic crossingscrossings IfIf thetheevents,events, thethe causticcaustic crossingscrossings.. IfIf thethe
sourcesource sizesize isis smallsmall enoughenough ::gg
 TheyThey appearappear wellwell separatedseparated
 TheyThey areare ofof highhigh magnificationmagnification

TheyThey areare difficultdifficult toto mistakemistake withwith otherother TheyThey areare difficultdifficult toto mistakemistake withwith otherother
variabilityvariability featuresfeatures



Statistical analysis of Statistical analysis of yy
caustics concentration caustics concentration 

based on causticsbased on causticsbased on caustics based on caustics 
crossings countscrossings countscrossings counts. crossings counts. 

Application to QSOApplication to QSOApplication to QSO Application to QSO 
2237+03052237+03052237+03052237+0305



Anal sis stepsAnal sis stepsAnalysis stepsAnalysis steps
 Simulate magnification maps for different Simulate magnification maps for different 

densities of matter, different mass distribution and densities of matter, different mass distribution and 
hhshear.shear.

 Identify caustic curvesIdentify caustic curves
 Count the number of caustics detected in a oneCount the number of caustics detected in a one--

dimensional window of certain size in pixels for dimensional window of certain size in pixels for 
h ih ieach axiseach axis

 Estimate probability of detecting a caustic in a Estimate probability of detecting a caustic in a 
i l f h ii l f h ipixel for each axis pixel for each axis 

 Compare experimental distributions obtained in Compare experimental distributions obtained in 
i l ti ith th ti l bi i l di t ib tii l ti ith th ti l bi i l di t ib tisimulations with theoretical binomial distribution.simulations with theoretical binomial distribution.

 Minimize                            to obtain <M> and tv.Minimize                            to obtain <M> and tv.
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Magnification MapsMagnification MapsMagnification MapsMagnification Maps
1 solar mass microlenses

Microlenses distributed in a range of masses
A Y B C D

A Y B C D
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Magnification map of image D Magnification map of image D g p gg p g
hypothesis Ahypothesis A



Effects of source size on Effects of source size on 
magnification mapmagnification map



Caustics can only be isolated in XCaustics can only be isolated in X--yy
ray emissionray emission



Ca sticsCa sticsCausticsCaustics
1 solar mass microlenses
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Comparison with the binomial Comparison with the binomial pp
distribution (D image) distribution (D image) 

Unimodal distributionUnimodal distribution PeakPeak CentroidCentroid
400 pixels X axis400 pixels X axis 11 11
200 pixels X axis200 pixels X axis 00 00

Masses in a rangeMasses in a range PeakPeak CentroidCentroid
400 pixels X axis400 pixels X axis 66 77
200 pixels X axis200 pixels X axis 33 33200 pixels X axis200 pixels X axis 00 00

400 pixels Y axis400 pixels Y axis 00 22
200 pixels Y axis200 pixels Y axis 00 00

200 pixels X axis200 pixels X axis 33 33
400 pixels Y axis400 pixels Y axis 99 1010
200 pixels Y axis200 pixels Y axis 33 44



Results and future workResults and future workResults and future workResults and future work



Res lts (I)Res lts (I)Results  (I)Results  (I)
D IMAGE

X AXISX AXIS Y AXISY AXIS
n=7, error=  3n=7, error=  3
P(7  3/A)=0.63P(7  3/A)=0.63

n=1, error=  1n=1, error=  1
P(1 1/A)=0.049P(1 1/A)=0.049






n=10, error= 3n=10, error= 3
P(10  3/A)=0.37P(10  3/A)=0.37

n=2, error= 1n=2, error= 1
P(2 1/A)=0.12P(2 1/A)=0.12 










P(7  3/B)=0.22P(7  3/B)=0.22 P(1  1/B)=0.66P(1  1/B)=0.66  P(10  3/B)=0.12P(10  3/B)=0.12 P(2 1/B)=0.38P(2 1/B)=0.38 

P(A/7)=0.75P(A/7)=0.75
P(B/7)=0.25P(B/7)=0.25

P(A/1)=0.07P(A/1)=0.07
P(B/1)=0.93P(B/1)=0.93

P(A/10)=0.76P(A/10)=0.76
P(B/10)=0.24P(B/10)=0.24

P(A/2)=0.24P(A/2)=0.24
P(B/2)=0.76P(B/2)=0.76( )( ) ( )( )

We can distinguish between A and B hypothesis



Res lts (II)Res lts (II)Results (II)Results (II)

Can we solve the size  / transversal velocity degeneracy?Can we solve the size  / transversal velocity degeneracy?



Res lts (II)Res lts (II)Results (II)Results (II)



Res lts (II)Res lts (II)Results (II)Results (II)

D D imageimage microlensesmicrolenses distributeddistributed in a in a rangerange of of massesmasses

NumberNumber of of causticscaustics (X axis) > 6          (X axis) > 6          WindowWindow > 1.2 Einstein > 1.2 Einstein radiiradii

NumberNumber of of causticscaustics (X axis) < 3          (X axis) < 3          WindowWindow < 1.2 Einstein < 1.2 Einstein radiiradii

NumberNumber ofof causticscaustics (Y axis) > 9(Y axis) > 9 WindowWindow > 1 2 Einstein> 1 2 Einstein radiiradiiNumberNumber of of causticscaustics (Y axis) > 9          (Y axis) > 9          WindowWindow > 1.2 Einstein > 1.2 Einstein radiiradii

NumberNumber of of causticscaustics (Y axis) < 3          (Y axis) < 3          WindowWindow < 1.2 Einstein < 1.2 Einstein radiiradii( )( )



XX--ray light curve of the four images ray light curve of the four images y g gy g g
of Q2237of Q2237

Zimmer, F., Schmidt, R. W. and Wambsganss, J. (2010).



C i ith th ti l ltC i ith th ti l ltComparison with theoretical resultsComparison with theoretical results

0 caustics crossings in a year 0 caustics crossings in a year 

Either of the two cases of distribution of Either of the two cases of distribution of 
mass in starsmass in stars

We need to observe during ten years toWe need to observe during ten years toWe need to observe during ten years to We need to observe during ten years to 
obtain definitive resultsobtain definitive results



F t re orkF t re orkFuture workFuture work
 Simulate distributions of stars characterized by their Simulate distributions of stars characterized by their 

average massaverage mass <M> and<M> and determine probabilitydetermine probabilityaverage mass, average mass, <M>, and <M>, and determine probability determine probability 
distribution functions for each distribution functions for each <M>.<M>.

 Define a ChiDefine a Chi22 function to apply a test to the probabilityfunction to apply a test to the probability Define a ChiDefine a Chi22 function to apply a test to the probability function to apply a test to the probability 
distributiondistribution::
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 Obtain an estimate of <M> minimizing this function with Obtain an estimate of <M> minimizing this function with 
respect to <M>.respect to <M>.

 Obtain an estimate of transversal velocity minimizing Obtain an estimate of transversal velocity minimizing this this 
function function with respect to transversal velocity.with respect to transversal velocity.


