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Strong	
  Lensing	
  

•  Introduc=on	
  to	
  strong	
  gravita=onal	
  lensing	
  
•  strong	
  lensing	
  as	
  a	
  tool	
  for	
  cosmology:	
  
cosmography	
  from	
  gravita=onal	
  =me	
  delays	
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A	
  very	
  useful	
  reference	
  
•  hWp://www.astro.uni-­‐bonn.de/~peter/SaasFee.html	
  

You	
  are	
  expected	
  to	
  study	
  and	
  know	
  the	
  content	
  of	
  the	
  introductory	
  chapter	
  by	
  Schneider	
  



How	
  does	
  it	
  work?	
  Fermat’s	
  principle	
  

Fermat distance Shapiro delay 

Excess time delay geometric time delay 



How does it work? 



Recap	
  of	
  useful	
  formulae	
  -­‐	
  nota=on	
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What	
  can	
  strong	
  lensing	
  do	
  for	
  us?	
  
• Strong	
  lensing	
  measures	
  very	
  accurately:	
  

• Mass	
  enclosed	
  within	
  Einstein	
  Radius	
  

• Deriva=ve	
  of	
  enclosed	
  mass	
  (some=mes)	
  

• Projected	
  orienta=on	
  of	
  the	
  mass	
  

• Projected	
  ellip=city	
  of	
  the	
  mass	
  

• Strengths:	
  
• Mass	
  independent	
  of	
  presence	
  of	
  tracers	
  

• Mass	
  independent	
  of	
  dynamic	
  state	
  

• Measures	
  total	
  mass	
  

• Weaknesses:	
  

• Projec=on	
  effects	
  

• Measures	
  total	
  mass	
  

 



Example:	
  SIS	
  as	
  a	
  simple	
  model	
  for	
  
galaxy	
  scale	
  lenses	
  

In	
  prac=ce	
  you	
  need	
  ellip=cal	
  models	
  at	
  least	
  and	
  those	
  cannot	
  be	
  treated	
  analy=cally	
  



For	
  simple	
  ellip=cal	
  mass	
  dis=ribu=ons	
  

caustics critical lines 

Kneib & Natarajan 2011 

T-­‐delay	
  surf	
  



Examples	
  of	
  galaxy-­‐scale	
  lenses	
  

caustics critical lines 

Saha & Williams 2003 

T-­‐delay	
  surf	
  



Examples	
  of	
  galaxy-­‐scale	
  lenses	
  
Classify	
  the	
  configura=ons	
  



Cosmography	
  with	
  =me-­‐delays	
  



Time	
  delay	
  distance	
  in	
  prac0ce	
  

Steps:	
  
•  Measure	
  the	
  =me-­‐delay	
  

between	
  two	
  images	
  
•  Measure	
  and	
  model	
  the	
  

poten=al	
  
•  Infer	
  the	
  =me-­‐delay	
  distance	
  
•  Convert	
  it	
  into	
  cosmlogical	
  

parameters	
  

�t � D�t(zs, zd) � H�1
0 f(�m, w, ...)

Riess et al. 2011 



Cosmography	
  with	
  strong	
  lenses:	
  
the	
  4	
  problems	
  solved	
  

•  Time delay – 2-3 % 
–  Tenacious monitoring (e.g. Fassnacht et al. 2002); 

COSMOGRAIL (Meylan/Courbin) 
•  Astrometry – 10-20 mas 

–  Hubble/VLA/(Adaptive Optics?) 
•  Lens potential (2-3%) 

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

•  Structure along the line of sight (2-3%) and the 
mass-sheet degeneracy,  
–  Galaxy counts and numerical simulations (Suyu et al. 

2009) 
–  Stellar kinematics (Koopmans et al. 2003) 



Gravitational Lens Time Delays 



COSMOGRAIL: the COSmological MOnitoring of  
GRAvItational Lenses 

•  time delays of lensed quasars from optical monitoring 
•  expect to have delays with a few percent error for ~20 lenses 



The slope-H0 degeneracy 
•  Uncertainty of the mass density profile of the main 

lens is the single largest source of uncertainty. 
•  If mass density profile is a power law  ρ~r-γ’ then 

H0(γ’)~H0(2)(γ’-1)   (Wucknitz 2002) 
•  Can be broken using lensing (Suyu et al. 2010) and 

stellar kinematic data (Treu & Koopmans 2002) 
•  We need to know the slope of the mass density profile 

to break this degeneracy! 
•  The degeneracy can be broken using multiple time 

delays, extended rings, and external information such 
as stellar kinematics 



Lens	
  Model	
  

Observed	
  Image	
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Lens	
  Model	
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  +	
  	
  
=me	
  delays	
  



Lens	
  Model	
  



Mass-sheet degeneracy 

lensing observables 
do not change, but 

κext 

θ  

κ(θ) 



Mass-sheet degeneracy: why? 

⇥� = (1� ⇤) + ⇤⇥; �� = �/⇤
�t� = ��t; µ� = µ2

�

⇥ = 1� �ext

”� ”�ext =



Line of  sight vs mass sheet 

Excess time delay with respect to what? 



Structure along the line of  sight 
•  H0(κext)=H0(0)*(1-
κext) 

•  Ray-trace through 
simulations 

•  Choose light cones 
comparable to 
those of the lens 

•  Observables: 
•  Number counts 
•  Shear 

•  Transform line-of-
sight structure into 
kappa_ext!! 

zS⇥1.39:
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Suyu et al. 2010; Hilbert et al. 2007 



Time	
  delays	
  vs	
  other	
  probes	
  
WMAP7owCDM	
  prior	
  

• 	
  contour	
  orienta=ons	
  are	
  different:	
  complementarity	
  b/w	
  probes	
  
• 	
  contour	
  sizes	
  are	
  similar:	
  lensing	
  is	
  a	
  compe==ve	
  probe	
  

[Suyu	
  et	
  al.	
  2012]	
  



The	
  end	
  	
  


