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Strong Lensing

* Introduction to strong gravitational lensing

* strong lensing as a tool for cosmology:
cosmography from gravitational time delays
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A very useful reference
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You are expected to study and know the content of the introductory chapter by Schneider




How does it work? Fermat’s principle
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Recap of useful formulae - notation
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Recap of useful formulae - notation
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What can strong lensing do for us?

*Strong lensing measures very accurately:
*Mass enclosed within Einstein Radius
*Derivative of enclosed mass (sometimes)
*Projected orientation of the mass
*Projected ellipticity of the mass

*Strengths:

*Mass independent of presence of tracers
*Mass independent of dynamic state
*Measures total mass

*Weaknesses:

*Projection effects

*Measures total mass




Example: SIS as a simple model for
galaxy scale lenses

*)
. o
pr) = 52

In practice you need elliptical models at least and those cannot be treated analytically




For simple elliptical mass distiributions

Fig. 12 Multiple-image configurations produced by a simple elliptical mass distribution. The panel (S)
shows the caust s in the source plane and the positions numbered ] to 10 denote the source position
relative to the caustic lines. The panel (I) shows the image of the ce without lensing. The panels (1)
to (10) show the resulting lensed images for the various source Certain configurations are very
typical and are named as follows: (3) radial arc, (6) cusp arc, (8) Einstein cross, (10) fold arc

Kneib & Natarajan 2011




Examples of galaxy-scale lenses

caustics critical lines || T-delay surf

CASTLES

CASTLES

CASTLES

Saha & Williams 2003




Examples of galaxy-scale lenses
Classify the configurations

Einstein Ring Gravitational Lenses

Hubble Space Telescope = ACS

.

J073728.45+321618.5

.

J095629.77+510006.6

»

J120540.43+491029.3

-

J125028.25+052349.0

J140228.21+632133.5

.

-

J162746.44-005357.5

‘.

J163028.15+452036.2

J232120.93-093910.2

NASA, ESA, A. Bolton (Harvard-Smithsonian CfA), and the SLACS Team

STScl-PRC05-32




Cosmography with time-delays




Time delay distance in practice

Steps:
Measure the time-delay
between two images
Measure and model the
potential
Infer the time-delay distance
Convert it into cosmlogical
parameters

W WMAP7 only
WMAP7+H, (HKP)

BWWMAP7+H, (SHOES) ]

WWMAP7+H, (SHOES II)
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Cosmography with strong lenses:
the 4 problems solved

Time delay — 2-3 %

— Tenacious moni’rorinfg (e.cc:g. Fassnacht et al. 2002);
COSMOGRAIL (Meylan/

Astrometry — 10-20 mas
— Hubble/VLA/(Adaptive Optics?e)
Lens potential (2-3%)

Uigellg)

— Stellar kinematics/Extended sources (Treu &
Koopmans 2002; Suyu et al. 2009

Structure along the line of sight (2-3%) and the
mass-sheet degeneracy,

— %%Ig)xy counts and numerical simulations (Suyu et al.

— Stellar kinematics (Koopmans et al. 2003)




Gravitational Lens Time Delays

>
=
n
g
o
[
>
=
=
o
D
=
F
~
o
Z

relative image flux

1000
MJD — 50000

100 150
time (days)

B1808+656 Variability in Radio Observations

Credits: 3, H. Suyy, C, D, Fassnacht, NRAQ/AUI/NSF
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The slope-H, degeneracy

« Uncertainty of the mass density profile of the main
lens 1s the single largest source of uncertainty.

e Ifmass density profile is a power law p~r" then
H,(v)~H,(2)(y’-1) (Wucknitz 2002)

* (Can be broken using lensing (Suyu et al. 2010) and
stellar kinematic data (Treu & Koopmans 2002)




Lens Model

Observed Image
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Lens Model




Mass-sheet degeneracy

lensing observables
do not change, but




Mass-sheet degeneracy: why?

pa = (1 —A) + A5 O =0/A




Line of sight vs mass sheet
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Time delays vs other probes

WMAP70owCDM prior [Suyu et al. 2012]
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 contour orientations are different: complementarity b/w probes
e contour sizes are similar: lensing is a competitive probe




The end




