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HSC (~LSST) Sonnenfeld+17, 19

Strong Lensing with LSST
LSST+SL transformational

Single object science → statistical analysis

SL rare (1 in 104 massive galaxies capable of being a lens)

Only ~103 known to date 

Expectations (OM10; Goldstein+17,18)
1000s lensed AGN

104-5 galaxy-scale & galaxy-group-scale lenses

1000s of lensing clusters

100s of lensed SNe…

100 double source plane lenses

Multiple Science Goals
Overlap with DESC-SLWG, Galaxies, Transients, AGN, DM Task Force



DM Substructure

Cosmic 
telescopes: 
structure & 
properties of 
high-z galaxies

Galaxy Mass 
& structure:
Most direct 
measure of 
total (stellar & 
dark) mass in 
galaxies

Linder et al. 2011

Cosmography:
Constraints on the 
cosmic equation of 
state

Time delays (QSOs, 
SNe, Refsdal 1964) & 
double source plane 
lenses

Goobar+ 2017 

Linder et al. 2011 

SL: Wide ranging Science Goals

Kelly+ 2015,16 Tanaka+ 2016 

Tom Collett’s 
talk

Strigari et al. 2007



Strong Lensing in LSST: SC Connections
DESC Strong Lensing Working Group (T. Collett, D. Goldstein)

● Cosmography of ~100 qso & SNe, 100 DSPL
 

Strong Lensing Science Collaboration (C. Keeton, AV) e.g.
● Galaxies SC: Mass/DM structure of 104 lenses
● Galaxies SC: Detailed structure of high-z galaxies
● Clusters WG: SL+WL mapping DM potential ~100 clusters
● AGN SC: intrinsic variability and detailed properties of QSOs/AGN (few 

103 microlensed AGN)
● Transients: host galaxy properties of lensed (fainter/higher z) SNe
● ...



SLSC Roadmap Schematic

Verma, Keeton et al. in prep



DESC SL Roadmap Tom Collett’s 
talk



WP8 Building LSST’s SL Discovery System



WP8 Building LSST’s SL Discovery System



LSST: Discovery problem
★ Rare: Only 1 in 104 galaxies are 

strong lenses (~1 deg-2)

★ Lenses are complex and varied 
systems

★ No single method is complete

★ High (~101-3:1) ML FPR requiring 
human visual inspection

★ Unsustainable in the next era of 
sensitive, wide area surveys

★ Large scale “optimal” lens 
finding strategies are 
undetermined and untested on 
such a large, sensitive & time 
resolved datasets

★ Current lens finding systems are 
untested on this scale of data 



SL Discovery Ingredients
 Image searches
★ Traditional algorithms:

○ ArcFinder, RingFinder, Yattalens e.g. More+12, Gavazzi+14, 
Sonnenfeld+17, etc. 

★ AI/ML: 
○ CNN/DL e.g. supervised: Avestruz+17, Jacobs+17, Jackson & 

Hartley+17; unsupervised: Hocking+18, Lanusse, Ma, Li + 
2017

★ Citizen Science: 
○ Space Warps Marshall, More & Verma+ 16,19, in prep

Catalogue searches 
★ SLRealizer & Magnificat J.W.. Park, Marshall+

Require:
★ Sims (e.g. DESC DC2/3) & FPs (testing/training)

○ SL Li+, SNe Goldstein+, DC2 & Twinkles TF
★ Accurate photometry (phot-z, lens/source props):

○ Accurate lens subtraction
○ Reliable deblending (SCARLET, Melchior & Moolekamp) 

More+16, Jacobs+ 2017



ML enabled lens discovery
● ML discover sensitive to the input training set

● Only as good as the training sample
○ Learns imperfections
○ Full range of lens configurations needs to be 

included (simulations, confirmed lenses)
○ Lacking large samples of false positives 

(spacewarps)
○ Unsupervised training highly impure
○ More complex than other ML challenges, looking for 

1-in-10,000 candidate
○ TP:FP 1:10-100  (ypically)
○

Jacobs et al. 2017
Lanusse et al.. 2017

Make large samples of realistic, 
high-quality LSST like sims 

Sugata 
Kaviraj’s talk

Nan Li, Tom 
Collett’s talks

Jacobs+ 17, 19 



LSST: Discovery issues
★ Different methods sensitive to different lens 

types

★ ML (e.g. Avestruz+17, Jacobs +19) becoming 
increasingly successful

★ But human pattern recognition skills currently 
outperform the automated selection tools (c.f. 
Nan Li’s talk)

.Machines e.g.
Hartley, Jackson et al

Citizens
Marshall, 
AV, More+ 16



LSST SL Discovery Solution: Robots+People
● Multi-method approach

● Intermediate goal reduce TP:FP ML 1 : tens

● Longer-term goal: ML TP:FP 1 : 1-few

ML pattern 
recognition

LSST Lens 
Discovery

Visual 
Inspection

Fast 
modelling

UK has expertise in all of these 
fields, synergy with EUCLID strong 
lensing efforts & leadership 



SL Modelling

Fast automated modelling - AutoLens J. 
Nightingale+ 15,18

Free-form Voronoi grid 

Fast iterative modelling pipeline



CNN assisted fast Lens Modelling

Hezaveh, Perreault-Levasseur, Marshall Nature 2017

Pearson, Li, Dye 2019 Nan Li’s 
talk

Reduce FPR by 
folding fast 
modelling into 
lens discovery

Detailed modelling 
still required 
(outliers and 
improved analysis)

Symmetry, SLAC News



LSST:UK SRM v2.1

Unfunded but lots 
of requirements :-)

Donations welcome



Examples Other areas of UK SL LSST interest (incomplete)
Realistic sims for training, testing and determination of follow-up strategy for 
source/lens and time-domain sources (Verma, Collett, Dye …)

Multi-wavelength selection (Serjeant, Davies, Jackson, Hartley…)

Further development of fast modelling software (Li, Pearson, Dye, Nightingale, Massey...) 

Implementation of a detailed mass modeller for complex/challenging lenses (Dye, 
Li, Nightingale, Massey….)

Deblending strategies for lenses (Serjeant, Davies, Verma, ….)

Statisical properties of galaxy ensemble (Jackson, Hartley, …)

Tides follow-up of SL (Collett, Nichol, + TiDES team)



Observing Strategy Input



SL Observing Strategy Input
★ Requirements for general strong lens 

discovery Verma, Collett+ arXiv:1902.05141

○ Wide area with reasonable sensitivity in all 
bands (increases sample size) - early 
reference survey

○ Good image quality (to discern lensed 
images from lenses, better Rein sampling, 
accurate image positions, majority have 
low Rein)

○ Blue sensitivity (detect typically blue SFGs)
■ Good “blue”/g-band seeing

★ Strongly Lensed Gravitational Wave 
events Smith+ arXiv:1902.05140

○ ToO & early reference survey Collett 2015

Theoretical Einstein Radius distribution
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SL Observing Strategy Input
● Strong gravitational lens time 

delays (lensed QSOs & SNe) 
○ Strongest observing constraints:

○ Early WFD - know where SL 
candidates are, nightly alert stream

○ DESC Obs Strat WFD WP 
arXiv:1812.00515

SL SNe
alt_sched_rolling 
performs best: recover 
dtinput within ~4% 
S. Huber & S. Suyu
arXiv:1903.00510

SL QSOs
Precision is comparable 
between rolling 
cadence and baseline
T. Anguita & P. Marshall

Kelly et al. 2015, 2016

1/H0

Lens model
Predict the delays 

Tom Collett’s talk



SLSC priority tasks 
Roadmap - middle of year

LSST SL simulations DC3

Preparations for commissioning 
& early ops

SL discovery & modelling 
challenges

SL discovery and server system

SLSC/DESC-SLWG face-to-face 



SUMMARY
● Strong lensing activities address a wide variety of science cases from in 

line with science interests in the UK

● Potential lead contributions complementing the international effort in 
lens finding, lens modelling, SNe/DSPL cosmography, detailed 
simulations, galaxy evolution...

● Further development of software, simulations and analysis tools needed 
through now to be ready to exploit ComCam & early operations data

● Computational resources required are moderate, large-scale fast lens 
modelling will require parallel architecture

● Potentially run LSST”s SL server through the UK DAC


