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Outline:
- (strong) Lensing applications
- When do we need a lens model?
- SL modeling methods
- How does lens modeling work?
- What are lens model products?
- Main cluster SL surveys
- What should we worry about 
(uncertainties)?
- The future...

Your morning briefing: what you need 
to know to get through the day
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Why do we care?
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Cluster physics*, cosmology* 

• mass distribution 

• dark matter vs. baryons

• slope, concentration

• mass-observable calibration → cosmology

• cosmological parameters (H0 ?? arc statistics)

Background Universe

• use clusters as cosmic telescopes

Why do we care?

* when combined
with other proxies
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Magnification of background sources
Affects... [measurements of all integrated quantities]

• Luminosity
• Stellar mass
• Star formation rate
• Sizes
• Background volume

Doesn’t affect... [properties derived from ratios]
• Colors
• Line ratios*  (*caveat: strong magnification gradients)

• Metallicity 
• Specific star formation rate
• Gini coefficient (Florian+16)
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Lens modeling approaches
“Parametric”

“non-parametric”

                    

mass/light assumptions

(2006)

} hybrid
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SDSS1004, Sharon et al. (2005), HST/ACS
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Lens modeling: figure out the “Optics” of a gravitational lens
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SDSS1004, Sharon et al. (2005), HST/ACS
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SDSS1004, Sharon et al. (2005), HST/ACS
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Lens modeling: figure out the “Optics” of a gravitational lens

• Detect multiple images of the same source

• Assume a mass distribution → deflection

• Compute source/image locations 

• Find the mass distribution that gives 
smallest scatter 
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critical curve

The “critical curve” represents points in the 
image plane with infinite* magnification

*mathematically; in 
reality, sources are not 
infinitely small. so 
magnification is finite. 
nevertheless, close to the 
critical curves the 
magnification can reach 
hundreds.

The “caustic” is the 
mapping of the 

critical curve into 
the source plane

Sharon+2017 -SGAS-

SDSS J2222+27
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Sharon+2017 -SGAS-
SDSS2222

example lens model products
magnification map + unc time delay

Projected mass density
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...We can tell the future!

Dahle+2015
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strong lensing samples / surveys with HST:

S G A S
Sloan Giant Arcs Survey

MEGaSaURA

Reionization Lensing Cluster Survey
RELICS

public model products - most
public data - all 

840/6

107/37

524/25

107/37

190/41

MACS, sMACS (snap)
SPT (snap approved for C25)



NOW



NOW
MEGaSaURA

Reionization Lensing Cluster Survey
RELICS
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USING DIRECTOR’S DISCRETIONARY (DD) OBSERVING TIME, Hubble will undertake a revolutionary three-
year deep field observing program to peer deeper into the Universe than ever before and provide 
a first glimpse of JWST’s universe. These Frontier Fields will combine the power of HST with the 

natural gravitational telescopes of high-magnification clusters of galaxies to produce the second-deepest 
observations of blank fields and the deepest observations of clusters and their lensed galaxies ever obtained.

Key Science Goals
 Reveal z = 5–10 galaxy populations that are 10–50 times intrinsically fainter than any presently known

 Solidify understanding of stellar masses and star-formation histories of faint galaxies at the earliest times

 Provide the first statistically meaningful morphological characterization of star-forming galaxies at z > 5

 Find z > 8 galaxies magnified sufficiently for spectroscopic follow-up and internal structure studies

Important Numbers
Six clusters and their parallel blank fields are currently being selected and will be announced by January 

15th. See http://www.stsci.edu/hst/campaigns/frontier-fields/ for the current candidates.

Observations for the first four cluster/blank field pairs will be obtained in HST Cycles 21 and 22, with 
two additional pairs to follow in Cycle 23 pending results of the initial observations.

Imaging will reach 5sigma depths of 28.7–29th AB magnitude for a point source in ACS F435W, F606W, 
F814W, WFC3/IR F105W, F125W, F160W (all fields) and WFC3/IR F140W (cluster only), at 140 total orbits 
per field. Spitzer Space Telescope will use ~1000 DD hours for deep IRAC observations.

How to Get Involved
All data for this observing program will be nonproprietary and available immediately upon entry 

into the Mikulski Archive for Space Telescopes.

STScI will release fully calibrated high-level science products ready for scientific analysis by the 
astronomical community soon after the raw data are obtained.

Opportunities to propose for HST Archival, Theory, and supplementary GO programs based upon the 
Frontier Fields campaign are available through the HST Cycle 21 Call for Proposals.

Please send comments and suggestions to frontierfields@stsci.edu

More information: http://www.stsci.edu/hst/campaigns/frontier-fields/

PI: Jennifer Lotz
6 massive lensing clusters
140 orbits (each)
public data, lens models
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What do we need to worry about?
• Statistical error: higher in 

areas of high magnification 

• Mass sheet degeneracy

• Structure along the line of 
sight

• Correlated substructure / 
subhalos / complexity

• Model assumptions

• # of constraints, 
spectroscopic redshifts

Cerny+2017 (in prep) - Relics
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What do we need to worry about?
Statistical error: higher in 
areas of high magnification 

• Mass sheet degeneracy

• Structure along the line of 
sight

• Correlated substructure / 
subhalos / complexity

• Model assumptions

• # of constraints, 
spectroscopic redshifts

Sharon+2017 ; SGAS

z=0.27
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Bayliss et al. 2013

Mass on the Line of Sight 
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What do we need to worry about?
Statistical error: higher in 
areas of high magnification 

• Mass sheet degeneracy

• Structure along the line of 
sight

• Correlated substructure / 
subhalos / complexity

• Model assumptions

• # of constraints, 
spectroscopic redshifts

NEW!!
SL algorithms treat multi-
plane lenses:
- Gravlens (C. Keeton+)
- GLEE (S. Suyu+)

- Lenstool* (CATS, Jullo+)
Chirivi, Suyu+ 2017 arXiv:1706.07815
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What do we need to worry about?
• Statistical error: higher in 

areas of high magnification 

• Mass sheet degeneracy

• Structure along the line of 
sight

• Correlated substructure / 
subhalos / complexity*

• Model assumptions

• # of constraints, 
spectroscopic redshifts

 A problem for BG studies, 
an excitement for cluster
physics and structure 
assembly!
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What do we need to worry about?
• Statistical error: higher in 

areas of high magnification 

• Mass sheet degeneracy

• Structure along the line of 
sight

• Correlated substructure / 
subhalos / complexity

• Model assumptions

• # of constraints, 
spectroscopic redshifts

Priewe+16 arXiv:1605.07621
Lens Models Under the Microscope: Comparison of Hubble Frontier Field Cluster 
Magnification Maps

see also:
Meneghetti+16  arXiv:1606.04548
The Frontier Fields Lens Modeling Comparison Project

Remolina+ in prep -- see poster!  
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What do we need to worry about?

Rodney+15 ApJ 
Illuminating a Dark Lens : A Type Ia Supernova Magnified by 
the Frontier Fields Galaxy Cluster Abell 2744

• Model assumptions

SN “Tomas”

SN “Tomas”
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What do we need to worry about?
• Statistical error: higher in 

areas of high magnification 

• Mass sheet degeneracy

• Structure along the line of 
sight

• Correlated substructure / 
subhalos / complexity

• Model assumptions

• # of constraints, 
spectroscopic redshifts Acebron+2017

see poster behind you!
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What do we need to worry about?
• Statistical error: higher in 

areas of high magnification 

• Mass sheet degeneracy

• Structure along the line of 
sight

• Correlated substructure / 
subhalos / complexity

• Model assumptions

• # of constraints, 
spectroscopic redshifts

Johnson+2016
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Strong Gravitational Lens Models for RELICS Clusters 11

Fig. 11.— We plot the model-predicted redshifts against photometric redshifts for each of the test models considered in this paper. Model-
z uncertainties (1-�) are from the MCMC sampling of the parameter space, and the photo-z uncertainties are from the BPZ photometric
redshift analysis and represent the joint confidence limit marginalized over all the images of each system for which photo-z could be
measured. Spectroscopic redshifts were always used as fixed parameters, and are labeled as ‘specz’ in the figure. Photometric redshifts that
were used as fixed parameters are labeled as ‘fixed’. A line with slope of unity is plotted in black to guide the eye. In tests E1 and E2, we
deliberately fixed a redshift parameter to a redshift that is significantly lower or higher than its best photo-z, respectively. In these models,
we find that the model systematically predicts other sources to have lower or higher redshifts when compared to their photo-zs, respectively,
thus aiding in identifying whether a wrong redshift assumption was made. The two left panels show a reasonable agreement between the
model-z and photo-z, confirming that the redshift assumptions that were used for these models produced reliable models, despite the small
number of spectroscopic constraints. TLJ: My concern here is that the error bars are measuring di↵erent things. Model-z is 1-sigma and
the CI for the photo-z is e↵ectively 2-sigma. This might account for why the x errorbars generally look a lot bigger than the y errorbars.
change the x,y limits to 6.

Support for program GO-14096 was provided by NASA
through a grant from the Space Telescope Science Insti-
tute, which is operated by the Association of Universi-
ties for Research in Astronomy, Inc., under NASA con-
tract NAS 5-26555. This paper is based on observations
made with the NASA/ESA Hubble Space Telescope, ob-
tained at the Space Telescope Science Institute, which
is operated by the Association of Universities for Re-

search in Astronomy, Inc., under NASA contract NAS 5-
26555. These observations are associated with program
GO-14096. Archival data are associated with programs
GO-9270, GO-12166, GO-12477, GO-12253. This pa-
per includes data gathered with the 6.5 meter Magellan
Telescopes located at Las Campanas Observatory, Chile.
This work makes use of the Matlab Astronomy Package
(Ofek 2014).
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12 Cerny et al.

Fig. 12.— The fraction of the field in which the uncertainty (measured as �µ/µ) is better (lower) than a given number. We show the
statistical uncertainty in black, and the di↵erent uncertainty tests in colored lines as indicated in the legend. The models of testE1 and
testE2 are extreme cases where the redshift is assumed to be significantly far from its best-fit value. The gray line adds in quadrature the
statistical uncertainty and model2/3 uncertainty.

TABLE 4
Strong Lensing Results

Cluster M(< 300 kpc) M(< 400 kpc) M(< 500 kpc) R
E

(z = 9) # sources # spec-z
[1014M�] [1014M�] [1014M�] [arcsec] (# clumps)

Abell 2537 2.0± 0.4 2.6± 0.5 · · · 4 (27) 1
RXC J0142.9+4438 3.4± 0.3 4.5± 0.4 · · · 4 (14) 0
RXCJ2211.7-0349 4.6± 0.2 6.3± 0.3 7.9± 0.4 3 (10) 1
ACT-CLJ0102-49151 5.7± 0.5 8.3± 0.6 11.0± 0.7 8 (28) 0
Abell 2163 1.6± 0.3 · · · · · · 4 (12) 0

Note. — Strong lensing analysis summary by cluster. Lensing mass is projected mass density within a projected
radius of 300, 400, and 500 kpc, centered on the BCG. Errors are 1� and include model uncertainties. R

E

is the
e↵ective Einstein radius, measured as R

E

=
p
A/⇡, where A is the area enclosed in the tangential (outer) critical

curve for a source at z = 9. We list the number of unique sources, as well as the total number of multiple images
of clumps that were used as constraints in parentheses.
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Note. — Strong lensing analysis summary by cluster. Lensing mass is projected mass density within a projected
radius of 300, 400, and 500 kpc, centered on the BCG. Errors are 1� and include model uncertainties. R

E

is the
e↵ective Einstein radius, measured as R

E

=
p
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Cerny+2017 (in prep) - Relics

what if we don’t have spec-zs?
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Euclid
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SGAS0915+38++

Euclid
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Proof of concept for RELICS clusters: RXC J0142.9+4438 

•  Made fake fiducial lens model of cluster from real multiple images 
(Based on lens model by Catherine Cerny) 

•  Assumes system #1 has z = 2 
•  Produce model that is representative of a typical RELICS cluster 

HST imaging, z=2 critical curve Mass distribution 
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1.  Plant fake sources 1 < z < 4 
behind cluster 

2.  Lens fake sources to image 
plane using mass model 

 
3.  Select 5 random systems, 

remodel cluster with… 
•  0 redshifts 
•  1 redshift 
•  2 redshift 
•  … 
•  all redshifts 

20x 
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Total mass inside the multiple image locations is well 
constrained if there are ~2 spectroscopic systems 



James Webb Space Telescope (2018)

THE FUTURE...



Giant Magellan Telescope (2021)
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SDSSJ1110+64      Johnson+17a
cluster z=0.659; arc z=2.481; Hybrid lenstool (Jullo+2007) model

Star formation under the microscope: z~2

arXiv:1707.00707
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Johnson+17bJohnson+17b arXiv:1707.00706
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Star formation under the microscope: z~2
HST+lensing HST  “CANDELS” JWST

Rigby+17: what 
CANDELS may be 
missing?

(ray-traced)

HST   LUVOIR simulated
2.4m      4m            6m               8m          10m            12m   

arXiv:1707.00704
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What would 
JWST + lensing 
do ?!!! 
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