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strong lensing, weak gravity             

Strong Lensing
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 

} Gravitational telescopes

Gravitational arcs



Use systems of multiple images to 
determine the lensing potential

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

Error on image positions

Multiple image positions

Inverse Modeling: 
Mapping the Mass

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

The more multiple images, the more constrains



Strong Lensing
• Lens potential: Mass distribution

• Dark Matter properties

• Modified Gravity

• Cluster and galaxy evolution

• Gravitational telescope

• z ~ 2  – details of highly magnified galaxies (resolved!) 

• z ~ 6 – galaxy abundance at high-z

• z ~12 – find the next highest-z record holder

• Geometry

• Cosmology 

• Need a good mass model for all applications!

• Multi-wavelength data: astrophysics

• Need follow-up data: IFU, high-quality deep imaging
7



Galaxy Cluster Scale
Cosmological Constraints and more
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 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
 Caminha et al. 2016: RXC J2248.7-4431 (Abell S1063), 16 

sources, 47 images
Magaña, Motta, Cárdenas, Verdugo, Jullo, 2015

Families of images with sources at different redshifts
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



THE DEEPEST DATA EVER OBTAINED FOR LENSING GALAXY CLUSTERS !!!



Galaxy Clusters:
Cosmological Constraints and more

Caminha et al., 2016
Cosmological Constraints



Distance ratios from the ground?

• ~ 20 systems would yield the same constraints

• Better for systematics and comparison to simulations

HFF: magAB ∼ 29, 7 filters + MUSE

Example: RXC J2248.7−4431

Planck

SL

SL + Planck

C
. Bom

, G
. C

am
inha, M

M
, 2017

HFF degraded to FWHM = 0.6”, 
mag = 25 (7 families, 17 multiple 

images), assuming known redshifts

C
. Bom

, G
. C
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inha, M

M



Light-Matter Offsets
Smoking gun for self-interacting dark matter

• Williams and Saha (2011): 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:

• 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... 
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Constraints on Warm Dark Matter
• WDM produces a cutoff in the matter power spectrum 

(Bode et al. 2001) and thus on the halo mass function

• Gravitational telescopes: luminosity function of ultra-
fraint UV galaxies at high-redshift

13

Mass of thermal relic WDM 
particles m X ≥ 2.1 keV at 3σ. 



Ia supernovae in Abell 2744 (FF)
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μobs = 2.03 ± 0.29SNIa with measured light curve:

Testing models and inversion codes and constraints for new analyses



Use measured magnification to test model predictions





Supernovae in MACS J1149.6+2223
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Use prediction for the appearance of multiple 
images of the SN to test the models 

zS = 1.49

zL = 0.54
FF+GLASS+CLASH+FontierSN HST programs

When Refsdal 
meets Popper!







Supernova em MACS J1149.6+2223
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zS = 1.49

zL = 0.54
FF+GLASS+CLASH+FontierSN HST programs

~1995

2014

~ 1964

~ 2015-2020



A aparição de Refsdal!



Use simulated clusters to test different model reconstructions



Galaxy Scale Lenses
• Einstein rings

• Probing mass profiles 

• Substructures

• Modified gravity

• HST (SLACS/BOSS), CFHTLS 
(+CS82, etc.)

Goobar et al., The discovery of the 
multiply-imaged lensed Type Ia supernova 
iPTF16geu, arXiv:1611.00014

• Time delays

• H0, time delay distance

• Angular diameter distance

• HST mass models

• QSO and...

Supernovae!
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  Achromatic

S

O
^

ξ

Null geodesic, 
Fermat principle

Bending of light by (modified) 
gravity 
ds2 =

✓
1 +

2 

c2

◆
c2dt2 �

✓
1� 2�

c2

◆
d�2

d�

dt
= c0 = c

vuut1 + 2 
c2

1� 2�
c2

' c

✓
1 +

 + �

c2

◆

Dynamical mass obtained from

r2 = 4⇡G⇢

Use combination of lensing + 
dynamics to test gravity

�

 
= �



Einstein Rings

Measure velocity dispersion  Limit on gravity
Sm

ith, arX
iv:0907.4829; 

Schw
ab, Bolton, R

appaport, arX
iv:0907.4992

The results are in agreement with GR

Einstein Ring

Einstein rings in the SLACS sample



Galaxy Scale Lenses

• offsets found in a galaxy scale system

• Interacting systems

• kpc offsets in SDSS J1011+0143 

(Shu et al. 2015)

• If interpreted solely as evidence for 
self-interacting dark matter:

σDM/m ~(1.7 ± 0.7) × 10-4 cm2 g-1 × (tinfall/109 yr)-2

• only SDSS spectroscopy

• 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:
1503.07675 



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 J0747+4448 with NIFS + Altair LGS
One spectra per pixel

Lens

Souce
Einstein Radius

Magnification
NIFS resolution:

In the source plane
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SDSS Stripe 82

 CFHT Stripe 82 Survey (CS82): The weak lensing survey in S82

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

High-density spectroscopy 
Multi-wavelength coverage



Finding arcs in CS82
Multiple target selection and inspections

• More et al. arc finder (127.000 inspections!)

• Optical cluster catalogs

• x-ray (S82X, XCS, RASS-BSC), SZE (Planck, ACT)

• Weak Lensing Peaks (new!) 

• Luminous Red Galaxies

Additional 20 candidates and counting...

• + VICS82 (SpaceWarps)

Need multiple search criteria



CS82 Arc Candidates

•      



CS82 Einstein Rings

Anna Niemiec

CS82SL01:36:39+00:08:18

• oE = 3.51” 

• SDSS (right component), zspec = 0.344, 

• Fits with a single and two mass components: evidence for 
single potential  “bullet cluster like”?

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

�BCG
v = 372± 29



CS82 Einstein Rings

• zspec = 0.562, 

• oE = 2.54”

• velocity dispersion: 

Anna Niemiec

CS82SL21:15:27-00:38:17

�SDSS
v = 310± 47



CS82 Einstein Rings

• zspec = 0.445,

• oE = 3.33”

Anna Niemiec

CS82SL21:12:43+00:09:20

�SDSS
v = 224± 30



Einstein Rings or Ring Galaxies?
CS82SL23:27:42+00:17:46

zL = 0.217 oE ~2.15”

CS82 SDSS

Ring galaxies from scanning of LRGs?

zL = 0.126 oE ~2.5” �SDSS
v = 98± 9

zL = 0.043 oE ~2.5” zL = 0.193 oE ~2.5” �SDSS
v = 51± 16

Alice Candeias



Multi-wavelength information
Of the 38 lens candidates:

• 32 have SDSS spectroscopy

• 15 are in optical clusters/groups

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

• IR: 30 in WISE, 9 in SpIES [2016] + 4 in SHELA

• 4 in VLA-FIRST, 2 in VLA-Stripe 82,1in ACT

• 1 in XMM [2016], 2 in Galex

Arc candidates:

• 9 in VICS82, 7 in SpIES



Multi-wavelength data

• System found in CS82 has clear IR emission 

• Gemini approved for AO follow-up, but no suitable star

• Carry out systematic search

SpIES - Ch2

CS82SL00:44:37-00:55:20

S1

zL = 0.201, zphotS1
= 0.55± 0.06, �SDSS

v = (278± 14)Km/s

4.5 µm



Multi-wavelength data

• Build SED

• Estimate magnification

• Work in progress....

CS82SL02:20:32+00:28:03

CS82 - i VICS82 - Ks SpIES - Ch1 3.6µm

zL = 0.272, zphotS = 0.63± 0.14, �SDSS

v = (320± 8)Km/s

~ 1 arcmin

Lobes only 
seen in VLA-

Stripe82 
resolution



SpaceWarps Einstein Ring
• zL = 0.2 (zS = 2.553)

• oE ~3” 

• velocity dispersion: 476.6 ± 2.4 km/s

• New samples of Einstein rings from the ground will improve the MoG 
constraints
• Need redshifts
• IFU improves the modeling (both lens inversion and lens dynamics)
• Constraints on substructure from SB fluctuations

9io9



Mediatrix Neural Network 
Arcfinder

• Applied to HST data

• Apply to wide-field data

• Parallelization

• Masks

• 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. 2016b)

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

• Execution times range from ~ 1 to 2.5 hr (for 10 x 20k 
images, training + validation)



CNN + SVM

• Case 8: 4 CNNs with combinations of 3 filters + SVN

• Training time: 680 s

• Total Processing Time: 2h 30 min (for classifying 100k objects)

• Area Under ROC: 84.08%

10 cross validations



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 ~ 1

• Statistics: arcfinders

• As in any other modern astrophysical and cosmological setting, 
results are being dominated by systematics

• Models good down to ~ 10 kpc

• Explore implications for DM: WDM and SIDM

• Use data (“golden lenses”) and end-to-end simulations



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 ~ 1

• Synergy between wide-field studies and targeted observations

• Interdisciplinary field involving from fundamental physics to data 
reduction, including image processing, statistics, simulations, theory 
and semi-analytic modeling

• CS82 is an excellent playground for SL in wide-field surveys

• Lots of excellent data to come in the near future!

• Very happy to collaborate!
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Thank You
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Stripe 82 @ 2011

 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 i = 24 and superb median seeing of 0.6” 

ï40 ï20 0 20 40 60
RA

ï1

0

1

D
EC

1

0

1 Stripe 82 SDSS imaging (ugriz, i<22.75, 270 deg2)
CFHT Stripeï82 survey (170 deg2, i<23.5, seeing<0.8")
UKIDDS LAS, Kvega=18.4
UKIDSS: DXS Field 4
CFHTLS W4
WISER (this proposal), KAB=22

Imaging :
BOSS (220 deg2, 40,000 redshifts)
DEEP2 and PRIMUS
VVDS
Wiggleïz

Spectroscopy :

Radio :
VLA
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D
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+ SCUSS, RCS2, PTF, SkyMapper, UKIDSS, 
Galex, ACT, VISTA, PanSTARRS...

Multi-wavelength coverage

SDSS repeated imaging, coadds 2 mag deeper
Photo-z and cluster catalogs form SDSS coadds
Spectroscopy from SDSS-I/II (Wiggle-z and deep fields)
Emerging multi-wavelength coverage (UKIDSS, VLA,...)



Stripe 82 @ 2017
SDSS repeated imaging, coadds 2 mag deeper
Photo-z and cluster catalogs form SDSS coadds
Spectroscopy from SDSS-I/II (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 (SpIES), 115 sq-deg
Stripe 82 X-ray Survey (S82X), 31 sq-deg
Herschel HerMES Large Mode Survey (HeLMS)



MNRAS, 438, 2864 (2014)

arXiv:1502.00313

(editor’s suggestion)

+ fossil groups; compact galaxies;      
VT clusters; BOSS galaxies; satellites...

MNRAS, 458, 2573, 2016

arXiv:1509.08930

http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2013arXiv1311.6200H&db_key=PRE&link_type=ABSTRACT&high=497a237ef007872
http://adsabs.harvard.edu/cgi-bin/nph-data_query?bibcode=2013arXiv1311.6200H&db_key=PRE&link_type=ABSTRACT&high=497a237ef007872


Semi-automated arcfinding

• More-Alard Arcfinder (More et al., arXiv:1109.1821)

• 127000 candidates visually inspected!

• 10 volunteers (every candidate inspected by 2 people)

+ java applet (More et al.) for quick view

• 18 excellent candidates

http://arxiv.org/abs/1109.1821
http://arxiv.org/abs/1109.1821


also found 
in SOGRAS 

and 
inspection 
in CS82 
clusters
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First Type Ia Supernovae with 
Multiple Images



Primeiro Anel de 
Einstein Duplo



Primeiro Anel de 
Einstein Duplo




