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Galaxies

ESA/DPAC/U.Lisboa/CENTRA

Why Strongly Lensed Quasars?

Alberto Krone-MartinsAstroinformatics 2019 Strongly Lensed Quasars: Entropy + Astrometry + Wavelets + Machine Learning 

DLR

Among the most interesting (and useful) extragalactic phenomena... 
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Galaxies

ESA/DPAC/U.Lisboa/CENTRA

Why Strongly Lensed Quasars?

Alberto Krone-MartinsAstroinformatics 2019 Strongly Lensed Quasars: Entropy + Astrometry + Wavelets + Machine Learning 

DLR

Among the most interesting (and useful) extragalactic phenomena... 
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Suppose you have a single QSO
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modelling: astrometry + photometry + spectroscopy

⌧ =
(1 + zL)

H0

dLdS

dLS


1

2
|~✓ � ~�|�  2D(~✓)

�

?

measurement:  
photometry 
time-series
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Among the most interesting (and useful) extragalactic phenomena... 

modelling: astrometry + photometry + spectroscopy
measurement:  

photometry 
time-series

⌧ =
(1 + zL)
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dLdS

dLS


1

2
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Among the most interesting (and useful) extragalactic phenomena... 

modelling: astrometry + photometry + spectroscopy
measurement:  

photometry 
time-series

⌧ =
(1 + zL)

H0

dLdS

dLS


1

2
|~✓ � ~�|�  2D(~✓)

�

Problem 

Very few multiply-imaged QSOs are known!
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Why Strongly Lensed Quasars?

How are we detecting 
Strongly Lensed Quasars?

Alberto Krone-MartinsAstroinformatics 2019 Strongly Lensed Quasars: Entropy + Astrometry + Wavelets + Machine Learning 
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We? The Gaia GraL (Gravitational Lenses)
ESA/DPAC/U.Lisboa/CENTRA
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A. Krone-Martins (U.Lisboa), C. Ducourant, J.-F Le Campion (Bordeaux),  
R. Teixeira (São Paulo), L. Delchambre, J. Surdej (Liège), J. Klueter,  
J. Wambsganß, U. Bastian (Heidelberg), O. Wertz (Liège/Bonn), L. Galluccio,  
F. Mignard, E. Slezak (Nice), D. Stern (JPL), M. Graham, S. G. Djorgovski, 

A. Drake (Caltech), S. Scarano (Sergipe), C. Boehm (Sydney)
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Why Gaia?
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E.g. > ONE TRILLION Gaia measurements as of this morning (25th June 2019) 

Astrometry + G-Photometry ~ 1.3 x 1012

Spectrophotometry (300-1000 nm SEDs) ~ 2.6 x 1011

Spectroscopy (R~11500, 847-874 nm) ~ 2.5 x 1010

Fantastic potential for GL 
All sky 
Resolving power : 0.18” 
Exception astrometric accuracy : ~100 uas 

Lens expected 
~2600 doubly imaged 
~250 Quads
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Astrometry + Single epoch photometry

Astrometry + Unresolved time-series

Astrometry + Imaging
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Astrometric + Photometric patterns
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Extremely  
Randomized  

Trees
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A systematic blind search for new lensed systems

NSIE� simulations + contaminants

The learning set of observations

10
8
simulated GLs composed of four components (ABCD)

+ all combinations of three components (ABC, ABD, ACD, BCD)

10
8
configurations of random fluxes/positions

Delchambre L. et al. (ULiege) Multiply-imaged quasars in Gaia 53rd ESLAB Symposium 10 / 25

including errors: Gaia DR2 + model misspecification  
(train with a biased set!)
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A systematic blind search for new lensed systems

Identification performances on known lenses

Delchambre L. et al. (ULiege) Multiply-imaged quasars in Gaia 53rd ESLAB Symposium 14 / 25
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* real Gaia raw and HST data, mock lightcurve (from Courbin et al)



Galaxies

ESA/DPAC/U.Lisboa/CENTRA

How to detect Strongly Lensed Quasars?
ESA/DPAC/U.Lisboa/CENTRA

Alberto Krone-MartinsAstroinformatics 2019 Strongly Lensed Quasars: Entropy + Astrometry + Wavelets + Machine Learning 
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Now, suppose you 
have a lensed QSO
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* real Gaia raw and HST data, mock lightcurve (from Courbin et al)



Galaxies

ESA/DPAC/U.Lisboa/CENTRA

How to detect Strongly Lensed Quasars?
ESA/DPAC/U.Lisboa/CENTRA

Alberto Krone-MartinsAstroinformatics 2019 Strongly Lensed Quasars: Entropy + Astrometry + Wavelets + Machine Learning 
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Now, suppose you 
have a lensed QSO
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Galaxies

ESA/DPAC/U.Lisboa/CENTRA

How to detect Strongly Lensed Quasars?
ESA/DPAC/U.Lisboa/CENTRA

Alberto Krone-MartinsAstroinformatics 2019 Strongly Lensed Quasars: Entropy + Astrometry + Wavelets + Machine Learning 

0 1000 2000 3000 4000

17
.0

17
.5

18
.0

18
.5

19
.0

HE 0435−1223

Time [days]

R
el

. M
ag

 [m
ag

]

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●
●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●●

●

●
●
●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●
●

●
●●

●

●

●●

●●

●

●

●

●

●

●

●●
●
●

●

●●●

●
●●

●

●●●●
●●

●

●
●

●

●

●

●
●

●

●
●

●
●

●

●
●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●●●
●●

●

●
●

●

●

●●

●

●
●

●

●
●

●

●

●

●

●
●

●●

●

●

●

●

●

●
●
●

●

●

●

●●
●

●

●

●

●
●

●

●
●

●

●

●●

●
●
●

●

●
●
●
●

●

●

●

●●
●●

●●

●

●
●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●
●●●

●

●

●

●

●

●

●

●

●
●
●

●
●

●●

●

●

●

●

●

●

●
●

●

●
●

●

●●
●●
●
●●

●

●

●

●

●

●
●
●

●

●

●

●●●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●●
●

●●●

●

●

●●

●

●
●

●
●●

●

●
●

●

●

●
●

●
●●●

●

●

●

●

●

●

●

●

●
●
●

●

●
●

●

●

●

●
●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●●

● ●●

●●

●
●

●

●

●

●

●

●

●

●●
●

●

●
●

●

●

●
●

●

●●
●
●

●

●

●

●

●

●●

●
●
●
●
●

●●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●

●
●

●
●
●●

●

●

●
●

●

●

●

●

●

●

●●●

●●

●

●
●

●

●
●
●
●

●
●

●●
●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●●

●

●

●
●

●●
●

●

●

●

●

●●

●

●

●●

●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●
●●●

●●
●

●

●

●

●
●●

●

●

●
●

●
●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●
●
●

●

●
●
●●

●

●

●
●
●

●

●

●●

●

●

●

●

●

●

●●
●

●

●

●●

●●

●

●
●

●
●

●

●
●
●
●

●

●

●

●

●
●

●
●●

●

●

●
●

●●

●●

●

●

●

●

●

●

●

●

●●

●

●●

●●
●

●●

●●
●
●
●
●●

●

●

●

●●

●●

●

●

●

●●

●

●

●●
●

●

●

●

●
●●
●

●

●

●
●
●
●

●

●
●

●

●

●
●

●

●

●

●

●
●
●
●

●

●
●

●
●

●

●

●
●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●

●
●

●
●●

●
●
●

●

●

●

●

●

●

●●●

●
●

●
●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●
●
●

●

●

●●

●

●

●●

●

●
●

●●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●
●

●

●

●●
●●

●

●

●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●
●
●
●

●

●

●

●

●

●

●●
●

●●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●
●●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●
●
●

●

●
●

●

●
●
●

●
●

●

●

●
●●

●

●

●●

●

●
●
●

●

●●

●

●
●

●

●

●●

●

●

●

●
●

●
●

●

●
●
●

●
●

●

●

●

●
●
●

●
●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●●

●●

●●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

● ●

●●

●
●

●

●

●●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●
●

●

●
●

●

●●

●

●●

●

●

●●

●

●
●

●

●

●

●●

●●

●

●

●

●

●

● ●

●

●

●
●●

●

●●

●

●
●

●

●●

●

●

●

●

●

●
●

●
●

●

●
●

●

●

●●

●

●

●

●

●

●
●

●

●

●●

●

●●●

●

●

●
●●●

●●
●

●

●

●

●

●

●

●

●●

●●●
●●

●

●●
●●
●●
●

●

●

●

●

●
●
●

●

●

●

●
●●●

●

●

●
●

●

●

●

●

●●

●●

●
●

●

●
●●

●

●

●

●

●

●
●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●●
● ●

●

●

●

●

●
●

●

●
●

●

●●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●
●

●

●
●

●

●
●

●●

●

●

●

●

●

●●

●

●

●

●●
●
●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●
●

●

●

●

●

●

●

●●

●
●

●

●

●

●●

●

●

●●●

●
●

●

●
●
●

●●
●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

● ●

●

●

●●●

●

●

●

●●
●

●
●

●

●
●●

●

●

●
●

●

●

●●●

●

●●

●●

●
●

●

●
●

●
●●●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●
●
●
●
●

●

●

●

●

●
●

●

●

●

●●
●
●

●

●
●
●

●

●
●
●

●●
●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●
●

●

●
●

●

●

●

●
●

●

●

●
●
●

●

●

●

●

●●

●

●
●

●
●

●

●

●

●

●
●
●

●

●
●

●

●
●

●

●●

●

●

●

●

●

●

●●

●

●●

●●●●
●

●
●

●

●

●●●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●
●
●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●
●

●

●

●

●

●

●
●●

●

●

●

●

●

●●
●

●

●

●
●

●

●

●

●
●

●

●
●
●

●

●

●

●

●

●

●

●

●

●
●
●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●●
●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●●

●

●

●

●

●

●●

●●

●●

●

●

●

●●

●
●●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●
●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●●

●

●

●

●
●●
●

●●

●

●
●

●

●

●

●
●

●

●
●

●
●
●

●

●●
●●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●
●●

●

●●

●

●

●●

●

●
●
●

●

●

●

●●

●

●

●
●
●

●
●

●

●

●

●

●

●

●

●

●●●●

●
●

●

●

●
●

●

●

●
●●●

●

●
●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

● ●

●

●

●

●●

●

●

●

●
●●

●

●
●

●
●

●
●

●
●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●
●●

●

●

●

●

●

●

●

●
●●

●

●

●
●

●

●●
●

●

●

●

●●●●

●

●

●
●

●

●●

●

●
●

●

●
●

●

●
●

●

●

●

●
●
●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●
●
●

●

●
●

●

●

●

●

●

●

●●
●●●

●

●

●

●

●●
●●

●

●

●

●

●

●
●

●

●
●●
●

●

●

●

●

●

●●
●

●

●●●

●

●
●●

●
●

●

●

●●

●

●
●

●●
●

●

●

●●

●

●●●
●●

●

●

●

●

●
●

●
●

●

●

●

●●

●
●

●●

●

●

●

●

●●
●

●

●

●

●
●

●

●

●

●

●

●●

●●
●
●

●

●
●
●

●

●

●

●●●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●●

●

●

●

●

●

●
●

●●

●

●

●●

●

●

●

●

●

●

●

●
●

●●
●

●

●
●

●

●

●

●

●

●

●

●
●

●

●●

●

●●

●

●

●

●

●

●

●

●●

●

●
●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●
●

●

●
●

●

●

●

●

●

●

●

●●

●

● ●●●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●●

●

●●

●

●

●

●

●

●
●●

●●

●
●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●
●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●●

●●●

●

●

●

●

●

●
●●

●

●

●

●

●

●
●

●

●●

●

●

●

●
●
●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●
●
●

●

●●●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●
●●●

●

●

●

●
●
●
●

●

●

●
●

●

●

●

●

●●

●

●

●●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●●

●
●

●
●

●

●

●
●

●

●

●

●

●
●

●

●
●

●
●
●

●

●

●

Suppose you have a single QSO

M
ag

ni
tu

de

Time

0 1000 2000 3000 4000

17
.0

17
.5

18
.0

18
.5

19
.0

HE 0435−1223

Time [days]

R
el

. M
ag

 [m
ag

]

●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●
●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●●

●

●
●
●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●
●

●
●●

●

●

●●

●●

●

●

●

●

●

●

●●
●
●

●

●●●

●
●●

●

●●●●
●●

●

●
●

●

●

●

●
●

●

●
●

●
●

●

●
●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●●●
●●

●

●
●

●

●

●●

●

●
●

●

●
●

●

●

●

●

●
●

●●

●

●

●

●

●

●
●
●

●

●

●

●●
●

●

●

●

●
●

●

●
●

●

●

●●

●
●
●

●

●
●
●
●

●

●

●

●●
●●

●●

●

●
●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●
●●●

●

●

●

●

●

●

●

●

●
●
●

●
●

●●

●

●

●

●

●

●

●
●

●

●
●

●

●●
●●
●
●●

●

●

●

●

●

●
●
●

●

●

●

●●●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●●
●

●●●

●

●

●●

●

●
●

●
●●

●

●
●

●

●

●
●

●
●●●

●

●

●

●

●

●

●

●

●
●
●

●

●
●

●

●

●

●
●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●●

● ●●

●●

●
●

●

●

●

●

●

●

●

●●
●

●

●
●

●

●

●
●

●

●●
●
●

●

●

●

●

●

●●

●
●
●
●
●

●●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●

●
●

●
●
●●

●

●

●
●

●

●

●

●

●

●

●●●

●●

●

●
●

●

●
●
●
●

●
●

●●
●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●●

●

●

●
●

●●
●

●

●

●

●

●●

●

●

●●

●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●
●●●

●●
●

●

●

●

●
●●

●

●

●
●

●
●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●
●
●

●

●
●
●●

●

●

●
●
●

●

●

●●

●

●

●

●

●

●

●●
●

●

●

●●

●●

●

●
●

●
●

●

●
●
●
●

●

●

●

●

●
●

●
●●

●

●

●
●

●●

●●

●

●

●

●

●

●

●

●

●●

●

●●

●●
●

●●

●●
●
●
●
●●

●

●

●

●●

●●

●

●

●

●●

●

●

●●
●

●

●

●

●
●●
●

●

●

●
●
●
●

●

●
●

●

●

●
●

●

●

●

●

●
●
●
●

●

●
●

●
●

●

●

●
●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●

●
●

●
●●

●
●
●

●

●

●

●

●

●

●●●

●
●

●
●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●
●
●

●

●

●●

●

●

●●

●

●
●

●●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●
●

●

●

●●
●●

●

●

●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●
●
●
●

●

●

●

●

●

●

●●
●

●●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●
●●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●
●
●

●

●
●

●

●
●
●

●
●

●

●

●
●●

●

●

●●

●

●
●
●

●

●●

●

●
●

●

●

●●

●

●

●

●
●

●
●

●

●
●
●

●
●

●

●

●

●
●
●

●
●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●

●●

●●

●●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

● ●

●●

●
●

●

●

●●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●
●

●

●
●

●

●●

●

●●

●

●

●●

●

●
●

●

●

●

●●

●●

●

●

●

●

●

● ●

●

●

●
●●

●

●●

●

●
●

●

●●

●

●

●

●

●

●
●

●
●

●

●
●

●

●

●●

●

●

●

●

●

●
●

●

●

●●

●

●●●

●

●

●
●●●

●●
●

●

●

●

●

●

●

●

●●

●●●
●●

●

●●
●●
●●
●

●

●

●

●

●
●
●

●

●

●

●
●●●

●

●

●
●

●

●

●

●

●●

●●

●
●

●

●
●●

●

●

●

●

●

●
●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●
●●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●●
● ●

●

●

●

●

●
●

●

●
●

●

●●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●●

●

●

●

●

●
●

●

●
●

●

●
●

●●

●

●

●

●

●

●●

●

●

●

●●
●
●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●
●

●

●

●

●

●

●

●●

●
●

●

●

●

●●

●

●

●●●

●
●

●

●
●
●

●●
●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●
●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

● ●

●

●

●●●

●

●

●

●●
●

●
●

●

●
●●

●

●

●
●

●

●

●●●

●

●●

●●

●
●

●

●
●

●
●●●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●
●
●
●
●

●

●

●

●

●
●

●

●

●

●●
●
●

●

●
●
●

●

●
●
●

●●
●

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●
●

●

●
●

●

●

●

●
●

●

●

●
●
●

●

●

●

●

●●

●

●
●

●
●

●

●

●

●

●
●
●

●

●
●

●

●
●

●

●●

●

●

●

●

●

●

●●

●

●●

●●●●
●

●
●

●

●

●●●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●
●
●

●●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●
●

●

●

●

●

●

●
●●

●

●

●

●

●

●●
●

●

●

●
●

●

●

●

●
●

●

●
●
●

●

●

●

●

●

●

●

●

●

●
●
●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●●
●

●

●

●

●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●●

●

●

●

●

●

●●

●●

●●

●

●

●

●●

●
●●

●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●
●

●

●
●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●●

●

●

●

●
●●
●

●●

●

●
●

●

●

●

●
●

●

●
●

●
●
●

●

●●
●●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●●

●●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●
●●

●

●●

●

●

●●

●

●
●
●

●

●

●

●●

●

●

●
●
●

●
●

●

●

●

●

●

●

●

●

●●●●

●
●

●

●

●
●

●

●

●
●●●

●

●
●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

● ●

●

●

●

●●

●

●

●

●
●●

●

●
●

●
●

●
●

●
●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●●

●

●●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●
●●

●

●

●

●

●

●

●

●
●●

●

●

●
●

●

●●
●

●

●

●

●●●●

●

●

●
●

●

●●

●

●
●

●

●
●

●

●
●

●

●

●

●
●
●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●
●
●

●

●
●

●

●

●

●

●

●

●●
●●●

●

●

●

●

●●
●●

●

●

●

●

●

●
●

●

●
●●
●

●

●

●

●

●

●●
●

●

●●●

●

●
●●

●
●

●

●

●●

●

●
●

●●
●

●

●

●●

●

●●●
●●

●

●

●

●

●
●

●
●

●

●

●

●●

●
●

●●

●

●

●

●

●●
●

●

●

●

●
●

●

●

●

●

●

●●

●●
●
●

●

●
●
●

●

●

●

●●●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●●

●

●

●

●

●

●
●

●●

●

●

●●

●

●

●

●

●

●

●

●
●

●●
●

●

●
●

●

●

●

●

●

●

●

●
●

●

●●

●

●●

●

●

●

●

●

●

●

●●

●

●
●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●
●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●
●

●

●
●

●

●

●

●

●

●

●

●●

●

● ●●●

●
●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●●

●

●●

●

●

●

●

●

●
●●

●●

●
●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●

●
●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●●

●●●

●

●

●

●

●

●
●●

●

●

●

●

●

●
●

●

●●

●

●

●

●
●
●

●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●

●

●●

●

●
●
●

●

●●●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●
●●●

●

●

●

●
●
●
●

●

●

●
●

●

●

●

●

●●

●

●

●●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●●

●
●

●
●

●

●

●
●

●

●

●

●

●
●

●

●
●

●
●
●

●

●

●

Now, suppose you 
have a lensed QSO
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Galaxies

ESA/DPAC/U.Lisboa/CENTRA

How to detect Strongly Lensed Quasars?
ESA/DPAC/U.Lisboa/CENTRA

Alberto Krone-MartinsAstroinformatics 2019 Strongly Lensed Quasars: Entropy + Astrometry + Wavelets + Machine Learning 
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Now, suppose you 
have a lensed QSO
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Galaxies

ESA/DPAC/U.Lisboa/CENTRA

How to detect Strongly Lensed Quasars?
ESA/DPAC/U.Lisboa/CENTRA

Alberto Krone-MartinsAstroinformatics 2019 Strongly Lensed Quasars: Entropy + Astrometry + Wavelets + Machine Learning 
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Now, suppose you 
have a lensed QSO
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Principle 
The stochasticity of non-lensed QSOs  
should be higher than  
the stochasticity of lensed, but unresolved, QSOs.
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ESA/DPAC/U.Lisboa/CENTRA

How to detect Strongly Lensed Quasars?
ESA/DPAC/U.Lisboa/CENTRA

Alberto Krone-MartinsAstroinformatics 2019 Strongly Lensed Quasars: Entropy + Astrometry + Wavelets + Machine Learning 
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Now, suppose you 
have a lensed QSO
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* real Gaia raw and HST data, mock lightcurve (from Courbin et al)
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Principle 
The stochasticity of non-lensed QSOs  
should be higher than  
the stochasticity of lensed, but unresolved, QSOs.
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* real Gaia raw and HST data, mock lightcurve (from Courbin et al)

SVM + RBF kernel  
grid + GPe hyperparameter optimization

Candidate

Not a lens

Unresolved entropy measurement Resolved astrometry and photometry
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Astrometry + Single epoch photometry

Astrometry + Unresolved time-series

Astrometry + Imaging
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45

Wavelet Scale & Channel

J041449.20−185413.3J035535.05+291319.3J034823.37+120847.8J021655.27−202738.4J042419.07+304715.7J040506.21−091246.5J055939.31−242316.8J041819.97+321334.3J060326.36−131930.3J031232.43+110626.4J042156.69+070436.7J034046.46+334736.7J031938.43+173639.4J025224.75+124725.4J033721.39−274057.7J041423.36+112256.9J052322.62+743609.3J021617.82−282611.2J025614.04−203521.8J020657.05−292512.9J030354.05−252710.3J051301.25+142133.7J035103.12+400710.3J024103.49−140437.4J030338.48−072303.8J035204.46−235417.8J020648.68+731030.9J032316.51−063821.6J054728.72+654438.0J041221.39+181437.4J025246.94+154129.1J025142.74−050825.1J034055.51+423227.6J030356.60−102429.6J023732.88+013805.7J044751.05−093752.7J041237.92−134050.4J022107.24−250957.1J041848.48−261448.3J031810.94−193254.2J031931.02−015048.7J045912.48+663146.6J025427.04+143803.5J021108.32−210556.0J040946.37−193628.1J041905.42−144628.2J050128.66−171005.0J021141.29+335915.4RJ040019.15+301423.7J032244.74+424223.3J034028.28+184111.7J033016.58−121059.8J042808.21−111828.3J043604.46−194144.1J045638.87+614154.9J030805.82+253759.2J034231.07−225120.9J033201.55−210531.5J030236.29−053308.5J021733.77−294711.4J044043.90−124043.0J055849.89+461819.3J060502.44−280403.1J024316.83−122913.3J020422.81−063147.1J054041.63−195443.2J022535.99+251817.5J033310.46−040735.8J034727.80+274043.5J043347.31−113738.6J021052.56−050620.3J023522.88−060800.10−J1418−1610J024607.32+352044.1J025644.00+394152.50−A1523−0517J035247.20−133746.40−HE2149−27450−HE1104−1805J054519.89−205733.8J025014.41+051425.2J043323.63−111536.5J045443.94+180946.7J054539.95−171409.5J044202.09+074658.6J025911.74+244143.2J032140.38+100500.7J055538.89+664652.9J051807.68+175459.8J032024.01−033052.3J060610.26−144247.5J032302.79−092451.9J024030.12+470626.30−J1428+05000−J2212+31440−J2032−23580−HE0047−1756J021548.82−201314.9J033027.29+354711.9J033745.01+133419.1J021418.40+283127.2J042443.51+331531.2J021500.33−180821.5J052939.39−284619.5J020946.19+272208.0J040141.97−174158.9J030830.32−032612.1J024009.13+010334.1

Total power per scale
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Results

 Exporting an Agile Software Engineering methodology  
approach to doing Science…
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Many more are arriving…



Galaxies

ESA/DPAC/U.Lisboa/CENTRA

A new beast…
ESA/DPAC/U.Lisboa/CENTRA

Alberto Krone-MartinsAstroinformatics 2019 Strongly Lensed Quasars: Entropy + Astrometry + Wavelets + Machine Learning 

The Arrow

ESO/NTT Keck
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Flisvos Gaia-WISE galaxy candidates catalogue. Created using unsupervised learning. [1.6 Million sources with Gal. Prob > 98.5%]
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Why Strongly Lensed Quasars?

How are we detecting 
Strongly Lensed Quasars?
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