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Why Strongly Lensed Quasars?

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

Gravitation field

‘ Massive object
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Why Strongly Lensed Quasars?

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

Gravitation field

‘ Massive object

modelling: astrometry + photometry + spectroscopy

measurement: 1+z7)drde [1 5 < =
photometry 7 — g Lo 5\9—5’ —¢2D( )

time-series ? drs
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Among the most interesting (and useful) extragalactic phenomena...
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Why Strongly Lensed Quasars?

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

modelling: astrometry + photo»

measurement:
photometry
time-series
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How are we detecting
Strongly Lensed Quasars?
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We? The Gaia GralL (Gravitational Lenses)
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Why Gaia?

ESA/DPAC/U-L;WT\' >

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

Lens expected
~2600 doubly imaged
~250 Quads

E.g. > ONE TRILLION Gaia measurements as of this morning (25th June 2019)

Astrometry + G-Photometry ~1.3x 1012

Spectrophotometry (300-1000 nm SEDs) ~ 2.6 x 101

Spectroscopy (R~11500, 847-874 nm) ~2.5x%x1010
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How to detect Strongly Lensed Quasars?

\

ESA/DPAC/U Lisboa/CENTRA
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‘How to detect Strongly Lensed Quasars?
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Astrometry + Single epoch photometry

Astrometry + Unresolved time-series

Astrometry + Imaging
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Astrometry + Single epoch photometry
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How to detect Strongly Lensed Quasars?

y

Astrometric + Photometric patterns
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_How to detect Strongly Lensed Quasars?

Tree from similarity in the Leaf similarity check in
mmnd positional space (e.g. RA, mmmd 2dditional spaces (e.g.
Dec) or Healpix (2D) Gimag, color, mouv. propre)

Lens modelling + Extremely

spectroscopic Randomized
observation Trees

] Yes Model converged Probably not a
Confirmed lens Ry + spec. ok? lens

| o

Candidate lens
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How to detect Strongly Lensed Quasars?
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The learning set of observations

@ 10% simulated GLs composed of four components (ABCD)

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

e 10° configurations of random fluxes/positions

| | . H - || - H H .. || | H H . || : H | H || .|| '.
including errors: Gaia DR2 + model misspecification
(train with a biased set!)
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How to detect Strongly Lensed Quasars?
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P& 0899 Papc = 0.99

2MASSJ
11344050-21032 J1606-2333 WGD2038-4008 HEQ0435-1223 PG1115+4080 SDSSJ14334+6007

2MASXJ 2ZMASSJ
B14224 231 J0408-5354 014710204+46304 HEO0230-2130 13102005-17145 J1721418842

PABD. = 0.45

WISE
WEFI2033-4723 H1413-+4+117 RXJ1131-1231 J0630-1201 025942.9-1635
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detect Strongly Lensed Quasars?

Astrometry + Unresolved time-series
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How to detect Strongly Lensed Quasars?
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How to detect Strongly Lensed Quasars?
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lensed and resolved QSO
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* real Gaia raw and HST data, mock lightcurve (from Courbin et al)
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detect Strongly Lensed Quasars?

non-lensed QSO

Magnitude

lensed and resolved QSO
Principle

The stochasticity of non-lensed QSOs

should be higher than
the stochasticity of lensed, but unresolved, QSOs.

Magnitude

lensed and unresolved QSO

Magnitude

* real Gaia raw and HST data, mock lightcurve (from Courbin et al)
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detect Strongly Lensed Quasars?

Magnitude
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Principle

The stochasticity of non-lensed QSOs

should be higher than
the stochasticity of lensed, but unresolved, QSOs.

Magnitude

Catalina Real Time Survey Data

lensed and unresolved QSO

Magnitude

Multiscale Differential Entropy

* real Gaia raw and HST data, mock lightcurve (from Courbin et al)
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‘How to detect Strongly Lensed Quasars?
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Unresolved entropy measurement Resolved astrometry and photometry

Catalina Real Time Survey Data

Multiscale Differential Entropy

SVM + RBF kernel
grid + GPe hyperparameter optimization
Candidate
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* real Gaia raw and HST data, mock lightcurve (from Courbin et al)




How to detect Strongly Lensed Quasars?
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Astrometry + Imaging
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How to detect Strongly Lensed Quasars?
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PanSTARRS DR1 color-z-2g-g PanSTARRS DR1 color-z-29-g

PanSTARRS DRI color-z-2g-g PanSTARRS DR1 color-2-29-g

PanSTARRS DR1 color-z-2g-g BAISTARRS DR cCloiez 292sg
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How to detect Strongly Lensed Quasars?
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Total power per scale

PanSTARRS DR1 color-z-2g-g

PanSTARRS DR1 color-z-2g-

-
:

PanSTARRS DR1 color-z-2g-g

Wavelet Scale & Channel
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How to detect Strongly Lensed Quasars?

Lens candidate selection

Astrometric + photometric Astrometry +

patterns + ERTs lower lightcurve entropy
+ SVM

Total power per scale

Image wavelet
power spectrum
signatures +
hierarchical
clustering

+Astrometry
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How to detect Strongly Lensed Quasars?
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Lens candidate selection

Astrometric + photometric Astrometry +

patterns + ERTs lower lightcurve entropy
+ SVM

48 cores Image wavelet
1TB RAM power spectrum
2TB PCI-X SSD signatures +
hierarchical
clustering

+Astrometry
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How to detect Strongly Lensed Quasars?

Lens candidate selection

Astrometric + photometric Astrometry +

patterns + ERTs lower lightcurve entropy
+ SVM

= - 3 R - . Total power per scale
BRCRTS et Image wavelet

| T power spectrum

signatures +

hierarchical
clustering

+Astrometry
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How to detect Strongly Lensed Quasars?
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Lens candidate selection

— -
Astrometric + photometric Astrometry + Candidates

patterns + ERTs lower lightcurve entropy
+ SVM

—— Lens spectroscopic confirmation

V. ?@L/{){IZ/Y\(»“ Cétaliiza Real-Time Image wavelet

Transiént Survey
— power spectrum
signatures +
hierarchical
clustering

+Astrometry
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Lens candidate selection

How to detect Strongly Lensed Quasars?

Astrometric + photometric Astrometry +
patterns + ERTs lower lightcurve entropy

+ SVM

— Candidates

—— Lens spectroscopic confirmation

V. ?@L/{){IZ/Y\(»“ Cétaliiza Real-Time Image wavelet

Transiént Survey
— power spectrum
signatures +
hierarchical
clustering

+Astrometry

Results
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Lens candidate selection

How to detect Strongly Lensed Quasars?

Astrometric + photometric Astrometry +
patterns + ERTs lower lightcurve entropy

+ SVM

— Candidates

—— Lens spectroscopic confirmation

BCRTS “ismsmme, Image wavelet
‘ - power spectrum
signatures +
hierarchical
clustering

+Astrometry

Results

Exporting an Agile Software Engineering methodology =~
approach to doing Science...
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__How to detect Strongly Lensed Quasars?

GRALJ1131-4419 : The first lens
discovered from astrometry alone?
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__How to detect Strongly Lensed Quasars?

GRALJ1131-4419 : The first lens

discovered from astrometry alone? GRALJ0659+1629 : The Orion Crossbow
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Gaia DR2 PS1 Image
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GralL confirmed lenses: May/2018 - April/2019
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PanSTARRS DRI color-2-29-9 PanSTARRS DRI color-2-29-9

PanSTARRS DRI color-2-29-9 PanSTARRS DRI color-z-29-9 PanSTARRS DRI color-2-29-g PanSTARRS DRI color-2-29-g

Many more are arriving...
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A new beast...

The Arrow

PanSTARRS DR1 color-z-zg-g

19.03" x 9.802"
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