’Grayltatlonal ancs.aS o 3
cosrm)loglc,al and astrophysmal .
probeg the case of § ipe,82.
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OUTLINE

@ Introduction to Strong Lensing
@ Strong lensing and cosmology

® Cluster scales and cosmology

® Finstein Rings and modified gravity
® Finstein Rings in the CS82 Survey

® Automated arc finding




BENDING OF LIGHT BY GRAVITY

L o (1 5 %) 2 (1 = %> 1o®
ermat principle

chi_(; :Cl\/1+2¢/62 ~ (1 + 26/c2)

4GM 1
¢’ E

Deflection angle (point source) ¢ =




= Multiple images, strong distortions, large magnifications,
time delays

= Null geodesics
® surface brightness conservation ]

® achromatic

= Unique probe of inner structure of galaxy clusters & DM, b

= Provide complementary cosmological probes and tests of gravity

strong lensing, weak gravity

Gravitational arcs



INVERSE MODELING:
MAPPING THE MASS

' Use systems of multiple images to
| determine the lensing potential

2
Hol)s Hmod 3 H)
Xl( nte ° Z ()bs

Muluple 1mage positions

Error on image positions

Methods: parametric (often “mass
. traces light”), free form

¢ Combination with independent mass constraints (e.g., x-ray, Sunyaev
Zel'dovich, velocity dispersions) yields limits on cosmology or gravity



Strong Lensing

Lens potential: Mass distribution

® Dark Matter properties
® Modified Gravity

® C(Cluster and galaxy evolution

Gravitational telescope
® 7z~ 2 —details of highly magnified galaxies (resolved!)
® 7z~ 6 — galaxy abundance at high-z
® 7 ~|2 —find the next highest-z record holder
Geometry

e Cosmology
Need a good mass model for all applications!
Multi-wavelength data: astrophysics

Need follow-up data: IFU, high-quality deep imaging

7



Families of images with sources at different redshifts
[A constraints on cosmology, in addition to the matter
distribution

The ratio of angular diameter distances for 2 (or more) images
with sources at different redshifts defines a ratio of families

L D(z,2q) D(0, ze)

E('Zl..2‘\1..1\329_\[.&2}(.11‘}() - ‘ .‘ -
‘ | D(0, z51) D(21, 259)

™ Jullo et al. 2010, Science: example of competitive limits in
cosmological parameters fom the Abell 1689 system

™ 8 families of sources with z = 1.15 to 4.86

M Caminha et al. 2016: RXC |2248.7-4431 (Abell S1063), 16
sources, 4/ images

1 Magafa, Motta, Cardenas,Verdugo, Jullo, 2015



THE HST FRONTIER FIELDS TARGETS

THE DEEPEST DATA EVER'-OITA _ED FOR LENSING GALAXY CLUSTERS !!!

Abell 2744-z=0.308 'L . & . . : "~ MACS J0416 - z = 0.396
Fully observed "~ = 1 - . - T Rt Nk i s - .o Fully observed
. »” . » B RO G i S
Atek et al. 2014a, A ’ g R RN I s . Jauzac et al. 2014, MNRAS, 443,
- 786, 60 ; Laporte et al. .l , T % uw 1549; Lam et al. 2014, ApJ, 797,
‘2?1;6:4&2' 56;,9g; ;’.;t.ﬂn ot BTN e T S %o - " 98; Jauzac et al. 2015, MNRAS,
al. 2014, ”»201,5 12 % > . . ‘.- e "y * 446 4132; Grillo et al. 2015, ApJ,
gaki et al. 2015, ApJ, ., Pal - %800, 38 ; Harvey et al. 2016,
799, 12; Atek et alt 2015,  §f - - ~ by ’ MNRAS, 458, 660 ; Caminha et
R'ApJ; 800, 18; Jauzac et al.. ! . Y X L e %e.® al, 2016, arXiv1607.0346
% 2015, MNRAS, 452, 437 ; Py = : R B, : L 2
Wang et al’, ApJ, 811,29 - . o ot o : e
e g Wty B o B Tl .
> S " MACS J1149- z = 0.543 ., g ;¥
Y Fully observed N ' 5 R '
- » # Kelly et al. 2015, Science, 347, 1123 ; R P T 3 Sy
shes e Sharon & Johnson 2015, ApJ, 800, 26 ; -~ - - -
: ' i > Oguri 2015, MNRAS, 449, 86;Dlegootal.' . . 4’ - ¢
TR B ~ . - 2016, MNRAS, 459, 344°; Jauzac et al. 2016, " Abel 34;
\ -~ % . MNRAS,457,2029 ; Treu et al. 2016, ApJ, - ;-‘31702239;93
MACS J0717-2=0.545 . . .. ., 817,60; Grillo etal. 2016, ApJ, 822, 78 g ' 20’; 6, MNRAS 459, 3447
Fully observed W, N D
Diego et al. 2015, MNRAS, . - " o) ‘A 5T . P e
451, 3920 ; Limousin et al. ';', & B ’ Pds wcsLtgm z .0375 ..
2016, A&A, 588, 99; AP - . ACStogo W
Kawamata ef al. 2016, ApJ, 77 DAy R ". ¥ GRS e - o
819,14 | .." R A
4 . . . " . ot o AU RE " SR L -
. '-. k 2 . s . - a o. ) . .
2 o . . J . \ . - R 4
e ‘ o ' ’ s gl "
o ™ ) ," » . B

GRAVLENS 2016 - Mathilde Jauzac 6



COSMOLOGICAL CONSTRAINTS
Frontier Field Cluster AS1063 (aka RXJ2248)

RX)2248 (z=0.35), HST/ACS _
(B.Caminha et al. 2016a,b) «

-

. ! ’
3b " 4
», ”
» ..' .l
- ‘
11D
Total of 17 families (10 spectroscopic) g

48 (30) multiple imageés, Zrange= 1.0-6.2 o

2016

MUSE SV programme + GO (PI: K.Caputi)

(Karman et al. 2015)
(W.Karman et al. 2016, arXiv/160601471)

Caminha et al,,

- 013 . —=40.16
l“m 0.25 0.163 p = —1.0% 0.42

Strong lensing
RXJ2248

Planck
release 2

1 arcmin2 FoV

2.6 A resolution (4800-9300 A)
0.2 arcsec/pxl

Exp.=5 hrs




Distance ratios from the ground!?

Example: RXC |2248.7-443 |

Planck

£10T ‘W ‘Byulwes ‘o ‘wog D

HFF: magAB ~ 29, 7 filters + MUSE HFF degraded to FWHM = 0.67,
mag = 25 (7 families, | 7 multiple
images), assuming known redshifts

® ~ )0 systems would yield the same constraints

® Better for systematics and comparison to simulations

WA ‘Byulwe) "5 ‘wog '



Light-Matter Offsets

Williams and Saha (201 1): kpc offsets in Abell 3827 from Free form
modeling [Can also do “blobology” using parametric models (Jauzac)]

If interpreted solely as evidence for self-interacting dark matter:
o/m > 8 x 1073 (t/l()myfr)_2 cm*GeV 1

Schaller (2015): tension with CDM, Kahlhoefer (2015) different value
Mohamed et al. (2014): Abell 3827 and also Abell 2218, no LoS
Interacting systems. Not seen in field galaxies and relaxed clusters

Not seen in MACS-J0416.1-2403 but not enough resolution (Sebesta
et al. 2016)

Not in contradiction with small offsets in Bullet Cluster (Robertson
et al. 2017), using sims with self interaction.

Alternative explanations: dynamical friction...

12



Constraints on YWarm Dark Matter

® VWDM produces a cutoff in the matter power spectrum
(Bode et al. 2001) and thus on the halo mass function

° luminosity function of ultra-
fraint UV galaxies at high-redshift

A STRINGENT LIMIT ON THE WARM DARK MATTER PARTICLE MASSES FROM
THE ABUNDANCE OF z= 6 GALAXIES IN THE HUBBLE FRONTIER FIELDS

N. Mencil, A. Grazianl2, M. Castellano?, and N. G. Sanchez®
Published 2016 June 23 « & 2016. The American Astronomical Society. All rights reserved.

The Astrophysical Journal Letters, Volume 825, Number 1

Mass of thermal relic WDM
particles m x = 2.1 keV at 30.

13



la supernovae in Abell 2744 (FF)

-y
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’ : )

SNIa with measured light curve: Wobs = 2.03 = 0.29

Testing models and inversion codes and constraints for new analyses




Use measured magnification to test model predictions
® Model assumptions

Rodney+ 15 Ap|
Illuminating a Dark Lens : A Type Ia Supernova Magnified by ‘e ’s
the Frontier Fields Galaxv Cluster Abell 2744 SN “Tomas
»
o Bradac(vl)
@ CATS(v1)
—— CATS(v1.1)
Il e Merten o
; - Sharon(v1l) ;
E —— Sharon(v2) %
5 ° » Zitrin-LTM
=) —_—— Zitrin-NFW
O » Williams
- CAIS(V2)
—_— Ot Diego
@ GLAFIC
—_— Lami(v]l) ;
& Bradac(v2) o
| Lam(v2) =
- CATS(v2.]
o CATS(v2.2
1 - 1 . L Fr. Par.
1.5 2.0 25 3.0 3.5 ® strong
Lensing Magnification, u o 4 strewk
unblind







Supernovae in MACS JI 149. 6+2223
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Use prediction for the appearance of multiple
images of the SN to test the models
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THE STORY OF SUPERNOVA ‘REFSDAL’ TOLD BY MUSE*

C. GriLLo!, W. KArRMAN?, S. H. Suyu?, P. Rosatr’, I. BALESTRA®, A. MERCURIO®, M. LoMBARDI’, T. TREU®,
G. B. CaMINHA?, A. HALKOLA, S. A. RopNeY?!'®!! R. Gavazzi'?, K. 1. CapuTr®

Draft version March 7, 2016

ABSTRACT

We present Multi Unit Spectroscopic Explorer (MUSE) observations in the core of the Hubble
Frontier Fields (HFF) galaxy cluster MACS J1149.5+2223, where the first magnified and spatially-
resolved multiple images of supernova (SN) ‘Refsdal’ at redshift 1.489 were detected. Thanks to a
Director’s Discretionary Time program with the Very Large Telescope and the extraordinary efficiency
of MUSE, we measure 117 secure redshifts with just 4.8 hours of total integration time on a single
1 arcmin? target pointing. We spectroscopically confirm 68 galaxy cluster members, with redshift
values ranging from 0.5272 to 0.5660, and 18 multiple images belonging to 7 background, lensed
sources distributed in redshifts between 1.240 and 3.703. Starting from the combination of our catalog
with those obtained from extensive spectroscopic and photometric campaigns using the Hubble Space
Telescope, we select a sample of 300 (164 spectroscopic and 136 photometric) cluster members, within
approximately 500 kpc from the brightest cluster galaxy, and a set of 88 reliable multiple images
associated to 10 different background source galaxies and 18 distinct knots in the spiral galaxy hosting
SN ‘Refsdal’. We exploit this valuable information to build 6 detailed strong lensing models, the best
of which reproduces the observed positions of the multiple images with a root-mean-square offset of
only 0.26”. We use these models to quantify the statistical and systematic errors on the predicted
values of magnification and time delay of the next emerging image of SN ‘Refsdal’. We find that
its peak luminosity should occur between March and June 2016, and should be approximately 20%
fainter than the dimmest (S4) of the previously detected images but above the detection limit of the
planned HST /WFC3 follow-up. We present our two-dimensional reconstruction of the cluster mass
density distribution and of the SN ‘Refsdal’ host galaxy surface brightness distribution. We outline
the roadmap towards even better strong lensing models with a synergetic MUSE and HST effort.

Subject headings: gravitational lensing — galaxies: clusters: general — galaxies: clusters: individuals:
MACS J1149.5+2223 — Dark matter




"REFSDAL" MEETS POPPER: COMPARING PREDICTIONS OF
THE RE-APPEARANCE OF THE MULTIPLY IMAGED
SUPERNOVA BEHIND MACSJ1149.5+2223

T. Treu™?®, G. Brammer?, J. M. Diego®, C. Grillo®, P. L. Kelly®, M. oguri®’+ A free-form prediction for the reappearance of supernova Refsdal in the

K. Sharon12, A. Zitrin1329 Show full author list

Hubble Frontier Fields cluster MACSJ1149.54-2223

Published 2016 January 20 = © 2016. The American Astronomical Society. All right

The Astrophysical Journal, Volume 817, Number 1
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THE STORY OF SUPERNOVA ‘REFSDAL’ TOLD BY MUSE*

C. GRriLLO', W. KARMAN?, S. H. Suyu?, P. Rosart', 1. BAu;sm,\", A. MERCL"I‘UOG. M. LOMB:}RDl?. T. TREU®,
G. B. CaMintA', A. HALKoLA, S. A. RopNey™ %" R, Gavazz1'?, K. 1. Carutt®

Draft version March 7, 2016

Monthly Notices

MNRAS 457, 2029-2042 (2016) doi: 10,1093/ mnrus/stw069

Hubble Frontier Fields: predictions for the return of SN Refsdal with the
MUSE and GMOS spectrographs

M. Jauzac,'>** J. Richard,* M. Limousin,” K. Knowles,’ G. Mahler,* G. P. Smith,°
J.-P. Kneib,>” E. Jullo,’ P. Natarajan,® H. Ebeling,” H. Atek,® B. Clément,*
D. Eckert,!? E. Egami,!! R. Massey!+? and M. Rexroth’

of MACS J0416.1-2403 and Abell 2744. In light of the discovery of the first resolved
quadruply lensed supernova, SN Refsdal, in one of the multiply imaged galaxies identified in
MACS J1149, we use our revised mass model to investigate the time delays and predict the
rise of the next image between 2015 November and 2016 January.




Supernova em MACS JI 149. 6+2223
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DEJA VU ALL OVER AGAIN: THE REAPPEARANCE OF
SUPERNOVA REFSDAL

P. L. Kelly?, S. A. Rodney?, T. Treu®3, L.-G. Strolger?, R. J. Foley>®, S. W. Jha’, J. Selsing®, G. Brammer?,

M. Bradad®, S. B. Cenko1911 show full author list
Published 2016 February 24 « © 2016. The American Astronomical Society. All rights reserved.

The Astrophysical Journal Letters, Volume 819, Number 1

" F125W+F160W (Dec 2015)




FF Lens Modeling Comparison Project
Use S|mulated clusters to test different model reconstructions

MOKA cluster N-Body cluster

All methods use multlple image
/ positions, they reconstruct quite well the =
™ mass density distribution of the cluster |
and the location of the critical lines. Meneghetti+16




GALAXY SCALE LENSES

® E| nstein ri ngs B Keck OSIRIS AO LGS (H-band) SN la iPTF16geu
® Probing mass profiles Lensed SN
24.4 host galaxy

® Substructures

Lensing galaxy

® Modified gravity

o HST (SLACS/BOSS), CFHTLS @
(+CS82, etc.) 028W, 6,62
e Time delays @

0.09"E, 0.31"S

® Hp, time delay distance

® Angular diameter distance Goobar et al., The discovery of the
multiply-imaged lensed Type la supernova
® HST mass models iPTE1 6geu, arXiv:1611.00014

o QSO and...

Supernovae!



BENDING OF LIGHT BY GRAVITY

L o (1 5 %) 2 (1 = %> 1o®
ermat principle

chi_(; :Cl\/1+2¢/62 ~ (1 + 26/c2)

® Achromatic M

4GM 1
¢’ E

Deflection angle (point source) ¢ =




BENDING OF LIGHT BY (MODIFIED)

Null geodesic,
Fermat principle

GRAVITY

d32:<

et %> o (1 ™ %) do?

c? c?

L=

peculiar gravitational potentials

(in GR ¢ = ¢)

® Achromaitic

M




BENDING OF LIGHT BY (MODIFIED)

GRAVITY
L geoc.jes.ic’ ds? = (1 T %> cldt? — (1 - %> do”
Fermat principle i c?
e S 1+26—EDN 1,¢+¢ Qr
SradeRt IR T
S : R »
® Achromatic M B
O

Dynamical mass obtained from ' Use combination of lensing +
Tdehi e dynamics to test gravity




Einstein Rings

1+ ’}’PPN) D;Dys

Einstein Ring  Rs —47raobs( > B

Measure velocity dispersion = Limit on gravity

Einstein rlngs in the SLACS sample

\ y=1.01 £0.05

Posterior Probability Density
166¥ /060:AXJe Quodeddey ‘uoljog ‘qemyds
‘6(8Y"LO60:AIXIE PIWS

The results are in agreement with GR



GALAXY SCALE LENSES

® Self-Intercting Dark-Matter predicts offsets between luminous and dark

matter in dense regions

® Seen in clusters, e.g., Harvey et al,, 2015, The nongravitational interactions
of dark matter in colliding galaxy clusters, Science, 347, 1462 (2015); arXiv:

0.12 > 0.16

1503.07675
< -0.02 0.04 0.08
i ' |

® offsets found in a galaxy scale system

® Interacting systems
® kpc offsets in SDSS J1011+0143

(Shu et al. 2015)

® |[f interpreted solely as evidence for
self-interacting dark matter:

0, [arcsec]

opM/m ~(1.7 £ 0.7) x 10* cm? g x (tinan/ 107 yr)-2

® only SDSS spectroscopy ' :
6, [arcsec]



2D Kinematics

Detailed “3D” modeling of systems with IFU. Source and lens redshifts,
new images. Control astrophysics systematics, velocity dispersion maps.

Example: follow-up of SDSS |0747+4448 with NIFS + Altair LGS
S T T T e e One spectra per pixel

Lens z = 0.4366 4 0.0001
| Souce z = 0.897 4= 0.001

Einstein Radius
(0.610 %+ 0.001)”

I Magnification p = 39.72

NIFES resolution:
0.2"” /spaxel

| In the source plane

~ 0.01” ~ 40 pc
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Finding arcs in CS82

Multiple target selection and inspections
® More et al. arc finder (127.000 inspections!)

® Optical cluster catalogs

® x-ray (582X, XCS, RASS-BSC), SZE (Planck, ACT)

4 v s e,
fs'}\.-x“.q. - ,--"q:._ -,_\n . .\}.‘.’. 44 ." 1 -‘_ Y == '.‘ - ._u.-"

[ ]
Weak Lensing Peaks (new! | |
N .t .'~;1_—_:’ "'. . e _.,“- .:_.“‘ o .-’-;ea_ p . e . | B e A L Sy Q'_..". O . et/ £ fut Al L—", _....:"" o ,."_;-u 'h.-- s __‘r. & |
b L ]l M Lot T L odem B ol bbb od S A s SR s me s it ST TL S R S Sl a s ¢ S IS




CS82 Arc Candidates

Redshift distribution of SL systems on S82

CS82

SDSS

SL2S

ULAS
SOGRAS

RCS
ARCRAIDER |

0.4 0.6
Redshift




CS82 Einstein Rings

CS82SL01:36:39+00:08:18
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Anna Niemiec

o= 3.51”
® SDSS (right component), zspec = 0.344, 0, = 372 4+ 29

® Fits with a single and two mass components: evidence for
single potential = “bullet cluster like™?

® velocity dispersion (from SL): 440 km/s



CS82 Einstein Rings

CS82SL21:15:27-00:38:17

’ -
Bl -
& (.‘
N S ¢
=, %
Anna Niemiec
[ ZSp ec — 0.562’ Parameter | Best DS9 Best bright
x (arcsec) | —0.06 & 0.04 —0.06 £ 0.05 —0.04 £0.03
= y (arcsec) | —0.21£0.03 0.22 £+ 0.03 0.23 +0.03
® OE — 2.54 ellipticity 0.24 + 0.06 0.26 + 0.06 0.26 + 0.06

0 (deg) | 52.96+4.32 51.30 + 6.01 53.01 + 4.52
o (km/s) | 476.63+2.39 | 475.24+2.35 | 476.97 & 2.46

® velocity dispersion:

ooP55 — 310 + 47



CS82 Einstein Rings
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Einstein Rings

CS82SL.23:27:42+00:17:46

CS82 SDSS
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or Ring Galaxies!

..

SDSS =25

Ring galaxies from scanning of LRGs!?

+ 16



Multi-wavelength information

Of the 38 lens candidates:
® 32 have SDSS spectroscopy

® |5 are in optical clusters/groups

NIR: 16 in 2MASS, most in VICS82 (VISTA+CFHT) [2017]

ke 2o L el B s Tl /R B Y B S i e s i R




Multi-wavelength data

CS825L00:44:37-00:55:20

SpIES - ch?® 4.5

~ar
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Multi-wavelength data

CS825L02:20:32+00:28:03




SpaceWarps Einstein Ring

WK -band (CS82+VICS82)

® 2.=0.2 (z5= 2.553)
.’ P OE~3”

iy  9i09| ® velocity dispersion: 476.6 £ 2.4 km/s

2 N
ROYAL ASTRONOMICAL SOCIETY o —
MNRAS 452, 502-510 (2015) do1:10.1093/mnras/stv 1243

The Red Radio Ring: a gravitationally lensed hyperluminous infrared
radio galaxy at z = 2.553 discovered through the citizen science project
SPACE WARPS

* New samples of Einstein rings from the ground will improve the MoG
constraints

* Need redshifts

* |[FU improves the modeling (both lens inversion and lens dynamics)

* Constraints on substructure from SB fluctuations



Mediatrix Neural Network
Arcfinder

Dply to wid

e-fie

Parallelization

MERNIS

ata

d data

Genetic optimization

Model subtraction

Use Mediatrix (Bom, et al. 2016a), a novel
method to obtain object parameters

Use simulations (AddArcs) to train an
Artificial Neural Network (Bom, et al. 201 6b)

Mediatrix Arcfinder Training

Threshold

Obtain completeness and spurious detections



Gravitational Lens Finding Challenge

Data on 4 filters
Tested combinations of CNN and SVM

No human intervention in any step

CNN1

CNN2

Wiener
filtering
+
Contrast
Adjustment

Execution times range from ~ | to 2.5 hr (for 10 x 20k
images, training + validation)

SVM

P
P2
>

CNNs

CNN4 |

Lens/
not Lens




CNN + SVM

0.
0.7 [~

/7 ’/
0.6 [~

|0 cross validations

® (Case 8:4 CNNs with combinations of 3 filters + SYVN

® Training time: 680 s
® TJotal Processing Time: 2h 30 min (for classifying 100k objects)
® Area Under ROC: 84.08%



Concluding remarks

® Strong lensing has become a useful cosmological and astrophysical
observable, fulfilling its promises for studying the lenses, the
sources, and the large-scale geometry of the Universe

® Unique for modified gravity and DM properties
® Unique for inner cluster regions and inner ETG slope
® Resolving~ 10-100 pc @ z ~ |
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Stripe 82 @ 201 |

SDSS repeated imaging, coadds 2 mag deeper

Photo-z and cluster catalogs form SDSS coadds

Spectroscopy from SDSS-I/Il (Wiggle-z and deep fields)

Emerging multi-wavelength coverage (UKIDSS,VLA,...)

Multi-wavelength coverage
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+ SCUSS, RCS2, PTE, SkyMapper, UKIDSS,
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Galex, ACT, VISTA, PanSTARRS...

SOAR Gravitational Arc Survey (SOGRAS)

47 clusters selected from S82 coadd
CFHT Stripe 82 Survey (CS82): The weak lensing survey in S82

)

170 deg2, down to ¢ = 24 and superb median seeing of 0.6



Stripe 82 @ 2017

SDSS repeated imaging, coadds 2 mag deeper

Photo-z and cluster catalogs form SDSS coadds

Spectroscopy from SDSS-I/Il (Wiggle-z and deep fields)

Emerging multi-wavelength coverage (UKIDSS,VLA Stripe 82)

Increased spectroscopic coverage from BOSS and eBOSS

VISTA-CFHT Stripe 82 survey (VICS82) in J and Ks, 140 sq-deg (+VHS-DES)
The Spitzer-IRAC Equatorial Survey (SplES), | |5 sq-deg

Stripe 82 X-ray Survey (582X), 31 sq-deg

Herschel HerMES Large Mode Survey (HelLMYS)

THE ASTROPHYSICAL JOURNAL, 817:172 (2Z1pp), 2016 February | doi:10.3847 /0004-637X/817/2/172
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Semi-automated arcfinding

® More-Alard Arcfinder (More et al., arXiv:1109.1821)
® |27000 candidates visually inspected!

® |0 volunteers (every candidate inspected by 2 people)

S e > &

+ java applet (More etal) for quick view
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First Type la Supernovae with
Multiple Images

F475W, HST/WFC3

O

F625W, HST/WFC3 F814W, HST/WFC3

® .

J-band, Keck/NIRC2 AO we derive a lensing magnification, Am = 4.37 + 0.15 mag, corresponding to a

o %

A | iPTF16geu suggests that lensing by sub-kpc structures may have been greatly

total amplification of the supernova flux by a factor ; ~ 56. The discovery of

underestimated. In that scenario, many discoveries of gravitationally magni-
fied objects can be expected in forthcoming surveys of transient phenomena,

opening up a new window to precision cosmology with supernovae.
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