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Galaxies

ESA/DPAC/U.Lisboa/CENTRA

Why Strongly Lensed Quasars?

APOD 2017 December 17 
Delchambre, L.; Krone-Martins, A.; Wertz, O., et al., A&A, 622, A165, 2019. 
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GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QSOS
Among the most interesting and useful (and rare) extragalactic phenomena... 

Credit: R. Hurt (IPAC/Caltech)/The GraL Collaboration 
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GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QSOS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

Quasars are variable sources…
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GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QSOS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022
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GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QSOS

Credit: R. Hurt (IPAC/Caltech)/The GraL Collaboration 

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

Quasars are variable sources…
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M
ag

ni
tu

de

Time* mock lightcurve (adapted from Courbin et al)

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* mock lightcurve (adapted from Courbin et al)
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
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modelling: astrometry + photometry + spectroscopy

⌧ =
(1 + zL)

H0

dLdS

dLS


1

2
|~✓ � ~�|�  2D(~✓)

�

?

measurement:  
photometry 
time-series

⌧ =
(1 + zL)

H0

dLdS

dLS


1

2
|~✓ � ~�|�  2D(~✓)

�

Credit: R. Hurt (IPAC/Caltech)/The GraL Collaboration 



GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QSOS : H0
Lensed QSO variability is a key to H0 inference 

modelling: astrometry + photometry + spectroscopy
measurement:  

photometry 
time-series

⌧ =
(1 + zL)

H0

dLdS

dLS


1

2
|~✓ � ~�|�  2D(~✓)

�

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

BBC



GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QSOS : H0

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

Freedman, W. arXiv:2106.15656v1

CMB + Planck

CMB no Planck

No CMB, BBN
P(k) + CMB lensing

Cepheids+SNIa

TRGB+SNIa

Miras+SNIa
Masers

Surf. Brigth. Fluct.
SN II

HII galaxies

Tully-Fisher

QSO Lensing

Combined

GW

Di Valentino et al, arXiv:2103.01183



GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QSOS : DARK MATTER
What would happen if you had more matter around the lensing galaxy?

Credit: R. Hurt (IPAC/Caltech)/The GraL Collaboration (adapted)

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QSOS : DARK MATTER
Lensed QSOs are a probe of the dark matter clumpiness in the lens

Credit: R. Hurt (IPAC/Caltech)/The GraL Collaboration (adapted)

Astrometric + 
photometric 
deviation from 
smooth potential 
prediction 
due to DM  
substructure

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QSOS
Among the most interesting and useful (and rare) extragalactic phenomena... 

Credit: R. Hurt (IPAC/Caltech)/The GraL Collaboration 

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

MULTIPLY-IMAGED QSOS
Among the most interesting and useful (and rare) extragalactic phenomena: 

~2 x 103 among the ~2 x 109 Gaia sources 

Credit: R. Hurt (IPAC/Caltech)/The GraL Collaboration 

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



In this short talk…

Why?

How?

The future?

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

GAIA WAS CREATED FOR STARS, BUT IT ALSO OBSERVES GALAXIES!

0h
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6 0 6 0

7 5 7 5

Flisvos Gaia-WISE galaxy candidates catalogue. Created using unsupervised learning. [1.6 Million sources with Gal. Prob > 98.5%]

Krone-Martins et al., in prep.

Sky density of 1.8 million Gaia input galaxies selected by a fully unsupervised method  
(iterative HDBSCAN+SVM+Hausdorf metric over GaiaDR1+DR2+PS1DR2+AllWISE)

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



Galaxies

ESA/DPAC/U.Lisboa/CENTRA

GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Credit: R. Hurt (IPAC/Caltech)/The GraL Collaboration 

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

MULTIPLY-IMAGED QSOS
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Flisvos Gaia-WISE galaxy candidates catalogue. Created using unsupervised learning. [1.6 Million sources with Gal. Prob > 98.5%]

E.g. > ONE TRILLION Gaia measurements as of this morning (11th Feb. 2022) 

Astrometry + G-Photometry ~ 1.9 x 1012

Spectrophotometry (300-1000 nm SEDs) ~ 3.8 x 1011

Spectroscopy (R~11500, 847-874 nm) ~ 3.7 x 1010



SEARCHING FOR GRAVITATIONAL LENSES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

BULK DOWNLOAD 
VIA ESA CDN

1TB RAM NODE

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



SEARCHING FOR GRAVITATIONAL LENSES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

TAP+ 
ADQL

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



SEARCHING FOR GRAVITATIONAL LENSES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

C R, FORTAN,C

R, C, PERL, POSTGRESQL 

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



SEARCHING FOR GRAVITATIONAL LENSES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Human Vetoing 
Of Candidates

~1.8 BILLION INITIAL SOURCES ~20 MILLION INITIAL SOURCES

~2 MILLION INITAL SOURCES

~1 THOUSAND CANDIDATES

~100 CANDIDATES

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



SEARCHING FOR GRAVITATIONAL LENSES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Human Vetoing 
Of Candidates

And more recently 
SOAR, DOT, BTA, VLT 

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



SEARCHING FOR GRAVITATIONAL LENSES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Human Vetoing 
Of Candidates

Results

A continuous learning loop, with continuously evolving training sets AND methods 
AI as Augmented Intelligence, not as Artificial Intelligence

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



THREE MAJOR METHODOLOGICAL FAMILIES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

Mean astrometry + photometry 
+ Supervised Learning

Astrometry + Photometry  
time-series 

+ Supervised Learning

Imaging data (including time-series) 
+ Unsupervised and supervised learning



THREE MAJOR METHODOLOGICAL FAMILIES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

Mean astrometry + photometry 
+ Supervised Learning

Astrometry + Photometry  
time-series 

+ Supervised Learning

Imaging data (including time-series) 
+ Unsupervised and supervised learning



PRODUCE > 106 MILLION "GAIA SIMULATIONS"  

INCLUDING GAIA DR2/EDR3 ERROR DISTRIBUTIONS (TRAIN WITH A BIASED SET!)

GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

SEARCHING FOR GRAVITATIONAL LENSES: ERTS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

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



SEARCHING FOR GRAVITATIONAL LENSES: ERTS

Extremely Randomized Trees

GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



THREE MAJOR METHODOLOGICAL FAMILIES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

Mean astrometry + photometry 
+ Supervised Learning

Astrometry + Photometry  
time-series 

+ Supervised Learning

Imaging data (including time-series) 
+ Unsupervised and supervised learning



THE ROLE OF TIME SERIES ENTROPY
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022
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THE ROLE OF TIME SERIES ENTROPY
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS
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Now, suppose you 
have a lensed QSO
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THE ROLE OF TIME SERIES ENTROPY
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022
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Now, suppose you 
have a lensed QSO
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THE ROLE OF TIME SERIES ENTROPY
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022
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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.



DETECTION FROM TIME SERIES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022
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DATA
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DETECTION FROM TIME SERIES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

ZTF PHOTOMETRIC TIMESERIES ZTF ASTROMETRIC TIMESERIES

FEATURE 
EXTRACTION 

CORRELATIONS BETWEEN 
PHOTOMETRIC AND ASTROMETRIC 

TIME SERIES

ENTROPY

FOURIER 
POWERSPECTRA

SLOPES OF SIGNIFICANT 
FREQUENCIES IN 

POWERSPECTRA (PVAL 
SELECTED)

FEATURE 
TRANSFORMATION 

DATA

PCA

ANDERSON-DARLING TESTS BETWEEN ALL DIMENSIONS (USING KNOWN LENSES)DIMENSION 
SELECTION

ML MODEL 
TRAINING

ENSEMBLE RANDOM FOREST MODEL CREATED FROM THE RESULTS OF : 

RANDOM FORESTS, RECURSIVE PARTITIONS, SUPPORT VECTOR MACHINE WITH RBF, 
KNN, GRADIENT BOOSTED DECISION TREES, ROTATION FORESTS & SHRINKAGE 

DISCRIMINANT ANALYSIS



THREE MAJOR METHODOLOGICAL FAMILIES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

Mean astrometry + photometry 
+ Supervised Learning

Astrometry + Photometry  
time-series 

+ Supervised Learning

Imaging data (including time-series) 
+ Unsupervised and supervised learning



DETECTION FROM IMAGES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS
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DISTANCES BETWEEN 

IMAGES



DETECTION FROM IMAGES
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PS1 IMAGES (GRIZY)

FEATURE 
EXTRACTION 

WAVELET POWERSPECTRA OF 
G,R,I,Z,Y AND (G-R), (R-I), 

… IMAGES

DATA

ANDERSON-DARLING TESTS BETWEEN ALL 
DIMENSIONS (USING KNOWN LENSES)

DIMENSION 
SELECTION

ML MODEL 
TRAINING

FOURIER POWERSPECTRA OF 
G,R,I,Z,Y AND (G-R), (R-I), … 

IMAGES

SIMPLE HIERARCHICAL CLUSTERING 
MODEL (WAVELETS ONLY)

WASSERSTEIN 
DISTANCES BETWEEN 

IMAGES

PROBLEM: DIMENSIONALITY



DETECTION FROM IMAGES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

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

Candidate



DETECTION FROM IMAGES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS
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PS1 IMAGES (GRIZY)

FEATURE 
EXTRACTION 

WAVELET POWERSPECTRA OF 
G,R,I,Z,Y AND (G-R), (R-I), 

… IMAGES

DATA

ANDERSON-DARLING TESTS BETWEEN ALL 
DIMENSIONS (USING KNOWN LENSES)

DIMENSION 
SELECTION

ML MODEL 
TRAINING XGBOOST MODEL

FOURIER POWERSPECTRA OF 
G,R,I,Z,Y AND (G-R), (R-I), … 

IMAGES

SIMPLE HIERARCHICAL CLUSTERING 
MODEL (WAVELETS ONLY)

WASSERSTEIN 
DISTANCES BETWEEN 

IMAGES

MORE ABOUT THE 
DIMENSIONALITY OF THIS CASE 

LATER IN THIS TALK!



DETECTION FROM IMAGES
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PS1 IMAGES (GRIZY)

FEATURE 
EXTRACTION WAVELET POWERSPECTRA OF G,R,I,Z,Y AND (G-R), (R-I), … IMAGES

DATA

ML MODEL 
TRAINING

VARIATIONAL AUTOENCODER : VARIABLE TRANSFORMATION

RANDOM FOREST + SIMPLE NNETS



SEARCHING FOR GRAVITATIONAL LENSES
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Human Vetoing 
Of Candidates

Results

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

A continuous learning loop, with continuously evolving training sets AND methods 
AI as Augmented Intelligence, not as Artificial Intelligence



THE FIRST LENSED QSO DISCOVERED FROM ASTROMETRY
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GRAL113100−441959
(11h 31m 0.042s; −44° 19' 59.370'')

Krone-Martins, A.; Delchambre, L.; Wertz, O. et al., A&A, 616, L11, 2018

GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Wertz, O.; Stern, D.; Krone-Martins, A. et al., A&A, 628, A17, 2019

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



GRAL: SEEING QUADRUPLE…
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

+ ~3 quadruply imaged, 
exact number still waiting 
higher SNR spectra 
(EDR3) 

+ ~31 doubly imaged 
(DR2+EDR3)

1 arcsec

Also WGD 2038-4008

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

Connor, T., Stern, D., Krone-Martins, A., arXiv:2109.14103 
Stern, D. Djorgovski, S. G., Krone-Martins, A., et al.,  arXiv:2012.10051 

Krone-Martins, A., Graham, M..; Stern D, et al.,  arXiv:1912.08977 
Wertz, O.; Stern, D.; Krone-Martins, A. et al., A&A, 628, A17, 2019 

Delchambre, L.; Krone-Martins, A.; Wertz, O., et al., A&A, 622, A165, 2019 
Ducourant, C.; Wertz, O.; Krone-Martins, A., et al., A&A, 618, A56, 2018 
Krone-Martins, A.; Delchambre, L.; Wertz, O. et al., A&A, 616, L11, 2018



GRAL: SEEING DOUBLE…
GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

+ ~15 quadruply imaged, 
exact number still waiting 
higher SNR spectra 
(EDR3) 

+ ~23 doubly imaged 
(DR2+EDR3)

1 arcsec

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

Connor, T., Stern, D., Krone-Martins, A., arXiv:2109.14103 
Stern, D. Djorgovski, S. G., Krone-Martins, A., et al.,  arXiv:2012.10051 

Krone-Martins, A., Graham, M..; Stern D, et al.,  arXiv:1912.08977 
Wertz, O.; Stern, D.; Krone-Martins, A. et al., A&A, 628, A17, 2019 

Delchambre, L.; Krone-Martins, A.; Wertz, O., et al., A&A, 622, A165, 2019 
Ducourant, C.; Wertz, O.; Krone-Martins, A., et al., A&A, 618, A56, 2018 
Krone-Martins, A.; Delchambre, L.; Wertz, O. et al., A&A, 616, L11, 2018

GraL J024612.2-184505.1 GraL J034611.0+215444.6 GraL J081830.5+060137.9 GraL J090710.5+000321.7

GraL J125955.5+124152.6 GraL J155656.1-135210.1 GraL J220015.6+144859.5 GraL J234330.6+043557.9

PS1DR2 zrg 10"x10"
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A CURIOUS CASE… THE DRAGONS’ KITE

GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

+ ~3 quadruply imaged, TBC! 
(EDR3) 

+ ~31 doubly imaged 
(DR2+EDR3)

GRALJ165105371-041724936
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Connor, T., Stern, D., Krone-Martins, A., arXiv:2109.14103 
Stern, D. Djorgovski, S. G., Krone-Martins, A., et al.,  arXiv:2012.10051 

Krone-Martins, A., Graham, M..; Stern D, et al.,  arXiv:1912.08977 
Wertz, O.; Stern, D.; Krone-Martins, A. et al., A&A, 628, A17, 2019 

Delchambre, L.; Krone-Martins, A.; Wertz, O., et al., A&A, 622, A165, 2019 
Ducourant, C.; Wertz, O.; Krone-Martins, A., et al., A&A, 618, A56, 2018 
Krone-Martins, A.; Delchambre, L.; Wertz, O. et al., A&A, 616, L11, 2018



A CURIOUS CASE… THE DRAGONS’ KITE

GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

GRALJ165105371-041724936

+ ~3 quadruply imaged, TBC 
(EDR3) 

+ ~31 doubly imaged 
(DR2+EDR3)

POSS-2 R + B + IR 
1985-07-20

Alberto Krone-Martins, for GraLUFES, 11th of February 2022
POSS-1 103aO (~B) 

1954-06-01



A CURIOUS CASE… THE DRAGONS’ KITE

GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

GRALJ165105371-041724936

POSS-2 R + B + IR 
1985-07-20

Zwicky
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FOLLOW UPS FOR H0 + DM

GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Current: 
Radio: ATCA/Australia + Jansky-VLA/USA 
Optical: Keck/OSIRIS + Gemini/GMOS + VLT/MUSE (AO+IFU)

Preliminary!

1 arcsec

ATCA VLA/Jansky

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



HIGH ENERGY FOLLOW UPS: BLACK HOLE PROPERTIES

GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Current: 
XMM Newton EPIC

XMM

ROSAT data ALSO! 
Highly variable!  
major microlensing?

0.3 -8 keV

Alberto Krone-Martins, for GraLUFES, 11th of February 2022



In this short talk…

Why?

How?

The future?
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GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Small training sets: an important challenge

▸ Supervised learning: only a small number of known lenses to learn… 

▸ Creating training sets from simulations always introduce biases 

▸ Semi-supervised learning and Unsupervised learning are very hard in 
high-dimensional spaces
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Small training sets: an important challenge

▸ How to find the best subspace to solve a classification problem?  

▸ This is equivalent to find the subspace for which the distance 
between your classes is maximal. 

▸ Example: 
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Nakazato & Ito, arXiv:2103.00503



GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS

Small training sets: an important challenge

▸ How to find the best subspace to solve a classification problem?  

▸ This is equivalent to find the subspace for which the distance 
between your classes is maximal. 

▸ Select dimensions by using Wasserstein distances 

▸ Combine multiple dimensions by solving a QUBO problem
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min
x2{0,1}n

fQ(x)

fQ(x) =
X

i=1

qiixi +
X

i<j

qijxixj

Use qi,j to encode 
the Wasserstein distance 
between the p.d.f. of lenses 
and no-lenses, projected on the 
(i, j) dimensions.
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VARIABLE SELECTION VIA QUANTUM ANNEALING
▸ Heuristic to find good candidate solutions to certain optimization problems using 

superposition and entanglement of qubits  

▸ Uses a mapping of the problem to be optimized into a physical system that can make 
use of quantum properties 

▸ We can use Quantum Bits (or qubits) for this ——> Quantum Annealers 

▸ The annealing process makes the physical system evolve to reach a very low (possibly 
the ground) energy state 

▸ This is equivalent to finding a solution to the original optimization problem that was 
mapped into the physical system!

GRAL: IN SEARCH OF LENSED AND MULTIPLY IMAGED QUASARS
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fQ(x) =
X

i=1

qiixi +
X

i<j

qijxixj

min
x2{0,1}n

fQ(x)

qi,j encodes Wasserstein distances 
between the p.d.f. of lenses and no-lenses, 
projected on dimensions (i, j).



[GRALJ100846.37+004620.47]
Slit PA ~ 0o 

(indicated by the blue rectangle)

DOUBLE CANDIDATES FOR KECK, 2021-11-01 UT

HIGH PRIORITY OBSERVATION

LENS!

QSO images  
(EDR3 sources)

Fuzzy red emission 
between QSO  
images indicating  
possible lensing galaxy

Alberto Krone-Martins, for GraLUFES, 11th of February 2022

(XGBOOST + QUANTUM ANNEALING CANDIDATE SELECTION USING EDR3 + WISE + PANSTARRS CATALOGUE AND IMAGE DATA)
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