
 

 
Introduction to (Strong) Gravitational Lensing:

Basics and History 
 

Joachim Wambsganss 
Zentrum für Astronomie der Universität Heidelberg (ZAH/ARI)



The history of gravitational lensing (pretty predictive ...)

Soldner, Einstein, Chwolson, Zwicky, Russell, Walsh, Refsdal, Paczynski, ...

The basics of gravitational lensing (pretty simple ...)

mass scales, distance scales, angular scales

A few examples of (strong) gravitational lensing (pretty diverse ...)

distant, nearby, imaging, monitoring 

Joachim Wambsganss

Introduction to (Strong) Gravitational Lensing:
Basics and History



A brief history of light deflection    

for solar limb:
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A brief history of light deflection 

             1911:  Light deflection at solar limb:  
                             Einstein is only half correct!     
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How? During a solar eclipse!

Who? Erwin Freundlich!

When? 21. August 1914! 

Where?  Crimean Peninsula!

Light on “curved” tracks:
 confirming  Einstein’s prediction? 

... and off they went, the Potsdam expedition ...
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1911: Einstein only  half correct!    
Light deflection at  solar limb:  
                                                                    
                                                                  
1915: General Relativity  

                                                                                                                 
1919: Solar Eclipse Expedition            
a       Eddington confirms:                                    
a       Einstein fully correct!             
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Einstein, Science 84, 506 (1936)                   
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Chwolson, Astronomische Nachrichten 221, 329 (1924) 
Jürgen Renn and Tilman Sauer

20

Figure 4: A brief note by Einstein published on the same page of the Astronomische Nachrichten as 
Chwolson’s 1924 note on the gravitational lensing phenomenon.

Clearly, Chwolson’s note, though written by an established physicist in a well-known journal,

did not have the least effect on Einstein and, it seems, did not have any effect at all.

Ironically, the more time passed by and the more gravitational lensing became a productive

field of research, the more precursors were identified. In 1964, at a time of renewed interest in

the effect of gravitational lenses,48 Liebes went to the efforts of compiling

the references which have been found in the literature to gravitational lens phenom-
ena, apologizing for those oversights which undoubtedly have been made.49

The first reference in Liebes’ list is a half-page note by Oliver Lodge on “Gravitation and Light”

published in Nature in the December 4 issue of 1919. While Lodge qualitatively conceived of

the idea of a gravitational lens, he emphasized that

it is not permissible to say that the solar gravitational field acts like a lens, for it has
no focal length.50

48  See, e.g., Darwin 1959, Mikhailov 1959, Metzner 1963, Klimov 1963, Refsdal 1964, and Schneider, Ehlers, and
Falco 1992, sec. 1.1.

49  Liebes 1964, p. B 835.
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Fritz Zwicky: "Nebulae as gravitational lenses"
Phys. Rev. 51, 290 - 290 (1937)

1) additional test for GR
2) "telescope": see fainter objects
3) measure masses: confirm large ma! ! !

! masses of "nebulae" (i.e. dark matter)
4) splittings of up to 30 arcseconds
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Scientific American, Feb 1937:

1) “Einstein effect” is perfect (but unavailable) test for GR: 
“effects conspicuous to the immediate gaze”

2)  source is not point-like:  “finite angular size”

3) image “appears to be enlarged vertically”, “bright crescent”, 
“image has developed pointed horns”

4) “most spectacular phenomena of the heavens”

September 17, 2012; XI-th School of Cosmology, IESC Cargese; Joachim Wambsganss: “Introduction to Gravitational Lensing: Basics and History”



13

Refsdal, MNRAS 128, 307 (1964)
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Refsdal, MNRAS 128, 307 (1964)
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A brief history of (micro)lensing (4)1979 Walsh, Carswell, Weymann: 

September 17, 2012; XI-th School of Cosmology, IESC Cargese; Joachim Wambsganss: “Introduction to Gravitational Lensing: Basics and History”



16

When are two quasar images »illusions«?
(... rather than a physical pair of quasars ...)

Criteria for gravitational lens candidates:

• two or more (point) images of same color

• identical (or very similar) redshifts

• identical (or very similar) spectra

• lensing galaxy between images visible

• change of brightness  identical (or very similar) in all images,   
s             after certain time delay(s): "parallel" lightcurves

So far (September 2012):
! > 200  "accepted" multiple quasars systems!
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A brief history of (micro)lensing (4)1979 Chang & Refsdal: 

"Flux variations of QSO 0957+561 A, B and image 
splitting by stars near the light path"

(combining Einstein with Zwicky:    stars INSIDE nebulae ...)
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A brief history of (micro)lensing (5)
1981 Gott: 

"Are heavy halos made of low mass stars?                  
A gravitational lens test"

(correcting  Einstein: 
a            distant stellar microlensing IS observable  ...)
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1984 Turner, Ostriker, Gott: 

“The statistics of gravitational lenses: the distributions 
of image angular separations and lens redshifts”
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1986 Paczyński: 
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Microlensing by Planets (Mao & Paczynski 1991):

“The proposed approach is difficult, but not hopeless.”
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Basics of Lensing: 
Geometry

He burned his house down

for the fire insurance and 

spent the proceeds on a 

telescope ...
Robert Frost: "The Star-Splitter"
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Basics of Lensing: Lens Equation
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Basics of Lensing: Einstein Radius
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Depends on (lens) mass scale!
"Statically" (images): 

macrolensing: massive object as a lens (≥ 106 M☉)#

Einstein angle >  resolution of telescope (≥ 106 M☉)
morphological (multiplicity, shapes)

"Dynamically" (brightness, positions): 
microlensing: stars as lenses  (≈ 1 M☉)

Einstein angle << resolution of telescope (≥ 106 M☉)

time scale = Einstein radius/transverse velocity ≈  years (≥ 106 M☉)
variability (lightcuves, positions)# #                                                                                    

      How can we observe (strong) lensing phenomena?    
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Basics of Lensing: Scales 

mass scales:
• few Earth mass planets (10-5 M⊙◉☉⨀) to galaxy clusters (1015 M⊙◉☉⨀):         
⇒ 20 orders of magnitude (and counting ...) 

angular scales:
• quasar microlensing (10-6 arcsec) to giant arcs (100 arcsec)     
⇒ 8 orders of magnitude

distance scales
• Milky Way stars (few kpc) to most distant quasars (few Gpc)    
⇒ 6 orders of magnitude

(or even 15, if you’re ready to include a nearby star at a distance of a couple of microparsecs ...)
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(from Phil Yock, The Univ. of Auckland, NZ)
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(from Phil Yock, The Univ. of Auckland, NZ)

September 17, 2012; XI-th School of Cosmology, IESC Cargese; Joachim Wambsganss: “Introduction to Gravitational Lensing: Basics and History”



 

Simulation: Point lens and extended source
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Simulation: Point lens and extended source
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  Microlensing Lightcurve:  Single Star as a Lens

(from Sackett 1999)Paczynski (1986): MACHO, EROS, OGLE, ... 
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Simulation: Chang-Refsdal-Lens (point lens plus shear)
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Effects of Lensing 

change of position
first confirmation of GR: offset at solar limb
»normally« not observable:  astrometric microlensing

distortion
extended sources: arclets, arcs, Einstein rings,  ...

(de)magnification
point sources: brighter/fainter: no standard candles!
galaxies: larger/smaller: arcs 

multiple images
most dramatic effect!  multiple quasars, giant arcs
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  Many Lenses: Quasar Microlensing 
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Two regimes of strength:  strong  ⇔  weak

Two regimes of scales:    macro   ⇔   micro

Two regimes of distance:   near   ⇔  far

Lensing Phenomena:
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OBJECTS IN THE COSMOS ARE 
DIFFERENT FROM HOW THEY APPEAR
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Introduction to (Strong) Gravitational Lensing:
Basics and History

• Giant arcs, weak lensing and cosmic shear / cluster lenses and LSS

• Multiple quasars, Einstein rings, galaxy-galaxy lensing / galaxy lenses

• Quasar microlensing / stellar lenses

In the course of the last 33 years: 
Gravitational Lensing has developed from a curiosity to a very useful 
astrophysical tool on large range of mass, distance and angular scales

Cosmological Applications:


