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Lensing – basic stuff:  
What? Why? Where? 

 

What do you need it for? 
Want to probe the source, the 
lens, or the Universe?  

 

 
 



 Overdensities of matter along line of sight  
◦ Magnification 
◦ Distorted morphology 
◦ Shift in apparent position 
◦ Multiple images 
◦ Delays in time signals 

 
 

 

 
 

 
 



Magnification 
 
 
 
 

Intrinsic source size Apparent source size 
(boosted due to lensing) 

Surface brightness 
conserved  
(as long as the whole  
source experiences the 
same magnification)  

Increased size + conserved surface brighness  
increased apparent flux 



Distorted morphology 

 

 
 

 

 

Intrinsic source morphology/orientation/parity 

Apparent source  morphology/orientation/parity 

Stretched, curved and mirror-flipped! 



Shift in apparent positions 

 

 
 

 

 

The mass of the Sun 
shifts the apparent 
positions of stars close 
to the limb  



Multiple images 

 

 
 

 

 



Delays in time signals 

 

 
 

 

 

Longer path length & 
Shapiro time delay  
(clocks running slow  
in strong gravitational 

 fields)  outburst delayed 

Observer 
Lens 

Source 



 Magnification  Can detect sources 
too faint to be seen otherwise 
 

 Multiple images, distortions time 
delays  Probes of structure and dust 
reddening along line(s) of sight 
 

 Testing gravity & cosmology 

 

 

 



A couple of examples: 
 The flux you measure doesn’t directly 

reflect the intrinsic luminosity 
◦ Can standard candles (e.g. type Ia supernovae) 

always be trusted? 

 
 CMBR maps distorted 

 
 
 

 

 
 

 
 Intrinsic CMBR Lensed CMBR 



Strong lensing: Multiple images, large  
distortions, high magnifications 
Very rare! 



Weak lensing:  
Mild distortions, small 
magnifications 
Very common! 

Strong lensing 

Weak lensing 

Strong lensing 

Weak lensing 



Unlensed Lensed 

Cosmic shear 



Microlensing is a special, 
time-dependent case of 
strong lensing. There’s also  
nanolensing, attolensing, 
femtolensing… 

The angle between images 
is at the microarcsecond 
level if the lens has the 
mass of a star or planet 
 
 
Unresolvable with current 

telescopes  Observer sees 
just one image! 



 Glass lenses are chromatic 
 

 
 

 Graviational lenses are achromatic 
◦ But note: GL may still alter the colour 

profiles of extended sources experiencing 
non-uniform magnification  

 

Unlensed source Lens magnifies 
red area 

Total colour  
becomes redder 



Geometrical optics Wave optics 
Valid in almost all  
observable situations related  
to gravitational lensing! 

Important in special cases, e.g. 
the gravitational lensing of  
gravity waves (due to very long,  
AU-scale wavelengths)  





 
 

 

 
 
 

Casual definition:  
Image separations ~1 arcmin or higher 
(a.k.a. macrolensing) 
 
 

The Einstein cross 

A partial Einstein ring 

 1/1000 of currently detectable  
extragalactic sources have multiple images 
 



 Determine mass distribution in the lens 
◦ Density profile of main lens 
◦ Dark halo substructure 

 As a gravitational telescope 
◦ To detect objects too intrinsically faint to be 

observed otherwise 
 Measure the Hubble Parameter 
 Measure dust extinction along different 

lines of sight through the lens 
 

 
 

 
 

 
 

Typical lenses: Galaxies and galaxy clusters 
Typical sources: Quasars and galaxies 



Multiply-imaged 
Quasar 

Lens galaxy (with dark halo) 

Observer 



 ~100 candidates known, with ~20 
clear-cut cases  
 

 Identification criteria: 
◦ Two or more point-like images 
◦ Lensed images have consistent redshifts 
◦ Lens identified 
◦ Intrinsically variable quasar  detectable 

time-delay between images 
 

 
 

 
 



z=1.01 
U-B=-0.5 
B=20.2 

z=1.02 
U-B=0.5 
B=20.7 

z=1.01 
U-B=-0.5 
B=20.2 

z=1.12 
U-B=-0.8 
B=21.01 

z=1.03 
U-B=-0.4 
B=20.5 

z=0.55 
U-B=1.0 
B=19.4 



The image separation  depends on 
the lens mass  and the lens density 
profile 

Example (Li & Ostriker 2003): 
Statistics of strong lensing 

rates & the  distribution  
Galaxies with masses of 
~1010-1013 Msolar are well-
described by Singular 
Isothermal Spheres (SIS) with 

r-2 in their central regions Log Radius 

Log 
Density 

Inner slope  



Depends on lens model Measured 

Angular size distances - 
Depend on cosmology (mostly H0) 

Time delay  
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3D gravitational potential 
(depends on density  
profile of lens) 

Projected  
gravitational  
potential 



Colour differences between images   
Extinction law measurement at high z 

Quasar 

Lens galaxy with dark halo 



 Produced by extended sources, typically galaxies 

 Note: Quasars have host galaxies, and fquasar/fhost  
depends on wavelength   lensed quasars can 
appear ringlike at some wavelengths but as separate 
images at others 

 

 

 
 
 

Quasar 
(multiply 
imaged) 

Quasar  
host galaxy 
(Einstein ring) 

Lens 

Einstein ring and multiple images 



Long-standing CDM problem: 

Simulations predict more dark matter clumps 
(subhalos) within halos than visible in the form of 
dwarf galaxies (”missing satellite problem”) 

Einstein rings can help! 

Is the lens galaxy 
surrounded by 

subhalos? 

z≈2 
 

z≈0.5 
 



Data 

Vegetti et al. (2012, Nature) 

Subhalo 

Model Residual 



 Dark matter and baryons ”conspire” to 
produce a Singular Isothermal Sphere (SIS)-
like density profiles in early-type galaxies 
(i.e. ellipticals) :  

2 with    r

Strong lensing + dynamical information (from 
spectroscopy) on the lens  Dark matter fraction & 
constraints on the stellar IMF in the lens  
(but beware of degeneracies!) 



Tyson  



Galaxy cluster 

Observer 

µ = 1 

Magnification 
µ ~ 10-100 

Lensing makes background objects brighter/bigger by a factor , 
but also zooms in on a volume that is smaller by the same amount 

 Very rare types of objects may be impossible to detect this way 



Galaxy cluster Magnification map 

The magnification attains its highest 
value along a narrow strip – the critical line 



Giant arc 
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Giant arcs can be  
used to assesss: 
• Enclosed mass 
• Cluster shape 
• Density profile 
(through arc  

curvature vs. arc) 





 Map dark matter in galaxies and 
galaxy clusters at large projected 
distances 

 Study the shapes of dark matter halos 

 Constrain cosmological parameters 



 Convergence, :  

 Captures the effects of 
focusing along the beam 
and depends on the surface 
mass density at the position 
of the image 

 Shear, : 

 Captures the effect of 
matter outside  the beam.  

  

Intrinsic source size/shape 

Convergence & no shear  
Source magnified 

Convergence & shear  
magnification & ellipticitiy 
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”curl” 



Weak lensing distorts the ellipticities of sources  
at the ~1% level - very difficult to measure! 



X-ray gas 
(believed to  
dominate 
baryon budget) 

Overall 
matter  
distribution 
(dark matter) 
from weak 
lensing 

The bullet cluster 



Dark matter tomography in the COSMOS survey 
 based on weak lensing 

z=0 

z=1 



Cosmic shear 
(weak lensing) 

CMBR 


