
    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 
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• A short history of Light Deflection … 
... and what Einstein contributed 

• How a Gravitational Lens works … 
... and why Einstein was so skeptical 

• Exciting Gravitational Lens Phenomena … 
... and very useful for astrophysical research 

• Giant Luminous Arcs
• Einstein Rings
• Searching for Exoplanets

• Summary … 
... and why Einstein would be very pleased today

Prof. Joachim Wambsganss  
(Heidelberg University)

Gravitational Lensing: Giant Luminous Arcs,  
Einstein Rings and Exoplanets
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What is General Relativity all about 
(GR)?

Gravity and Acceleration are equivalent: 
Equivalence Principle

Objects/Masses affect („deform“) space

The „deformed“ space determines, how objects/masses 
have to move

Gravity attracts light rays as well and forces them on 
„curved“ paths

Space and Time are densely intertwined
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Website: http://www.einstein-online.info/

Euclidian Geometry: 
Parallels always stay parallel: 

Or is it possible that 
parallel rays meet ?!?  

Yes !  
In curved spaces parallel lines can meet ! 
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Von Webseite: http://www.einstein-online.info/

Einstein: 
Sun „attracts light rays“ or „deflects light rays“!

Prediction of General Relativity !

Can be tested during a solar eclipse !!
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Short History of Light Deflection

For solar limb:
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Short History of Light Deflection

Einstein 1911: 
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Idea to measure/verify Einstein’s prediction:

• How? During a solar eclipse! 

• Who? Erwin Freundlich! 

• When? August 21, 1914!  

• Where?  Crimean Peninsula!

... and off they went, the  Potsdam Expedition  ! 

Short History of Light Deflection

8



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets”     Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

9



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets”     Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

10



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets”     Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

11



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets”     Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

12



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets”     Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

13



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets”     Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

14



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

1° 2°1°2°

2°

2°

1°

1°

Sterne am NachthimmelStars at night sky

15



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

1° 2°1°2°

2°

2°

1°

1°

Sterne am    Taghimmel   Day sky

16



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

1° 2°1°2°

2°

2°

1°

1°

Sterne am    Taghimmel   Stars at day sky

17



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

1° 2°1°2°

2°

2°

1°

1°

Sterne am NachthimmelStars at night sky

18



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

1° 2°1°2°

2°

2°

1°

1°

Sterne am Nachthimmel

1° 2°1°2°

2°

2°

1°

1°

Sterne am    Taghimmel   

1° 2°1°2°

2°

2°

1°

1°

Sterne am    Taghimmel   
Stars at night sky
Stars at day sky

19



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

Von Webseite: http://www.einstein-online.info/

Einstein says: 
Sun „attracts light rays“ or „deflects light rays“!

Prediction of General Relativity !

Can be tested during a solar eclipse !!

Light Deflection at solar limb confirmed during Eclipse Expedition  
in May1919 by Sir Arthur Eddington and his team:  

Triumph for Einstein and General Relativity  !!!       
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Stern

Erde
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Dezember 14, 1919

A new big name in 
world history: 

Albert Einstein, 
whose research 

means  a complete 
change of our view of 
Nature, equal to the 

discoveries of 
Copernicus, Kepler 

and  Newton.
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Einstein 1936:                    

A short history of Light Deflection
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Zwicky 1937: "Nebulae as gravitational lenses"                    

1) additional test for General Relativity 

2) "Telescope": fainter objects visible 

3) determine masses: confirmation of [high!] masses of  "nebulare" 
(”dark matter”)

A short history of Light Deflection

25



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

Henry Norris Russell,   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”
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Einstein 1936:                    

A short history of Light Deflection
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Geometry of Gravitational Lensing Effect
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Geometry of Gravitational Lensing Effect
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Effects of Gravitational Lensing

• Change of Position 
• first confirmation of light deflection (1919!) 
• »normally« not observable 

• Distortion 
• extended sources: Galaxies  

• Magnification/Demagnification 
• Stars: may appear brigher/dimmer 
• Galaxies: may appear larger/smaller 

• Multiple Images 
• most dramatic effect
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Effects of Gravitational Lensing:  
Point lens  and extended source
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Effects of Gravitational Lensing:  
Point lens and extended source
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Effects of Gravitational Lensing:  
Point lens and more
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Wirkungen des Gravitationslinseneffekts:  
Viele Punkt-Linsen
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Wirkungen des Gravitationslinseneffekts:  
Viele Punkt-Linsen
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(from Phil Yock)

Effects of Gravitational Lensing: 
Experiment with one point lens

38



    Prof. Joachim Wambsganss (Heidelberg University), Prague, January 30, 2016, Relativity Seminar: “Gravitational Lensing: Giant Arcs, Einstein Rings and Exoplanets” 

Wirkungen des Gravitationslinseneffekts:  
Experiment für Punkt-Linse

(from Phil Yock)
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Effects of Gravitational Lensing: 
Experiment with double point lens

(from Phil Yock)
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Gravitational Lens Phenomena

• Giant Luminous Arcs 

• Einstein Rings 

• Microlensing by Exoplanets
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Giant Luminous Arcs: Abell 
2218

Galaxy Cluster Abell 1689
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 Parameters of cosmological 
model: 

Example for regular source grid at high redshift:
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 Parameters of cosmological 
model: 

Example for regular source grid at high redshift:
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ART 

Microlensing by Exoplanets
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Astrophysical Application of Gravitational Lensing: 
 Searching for planets around other stars

Background star 
magnified by  
single lens star

Background star 
magnified by  
single lens star  
plus planet

Time in days

Time in days
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Gravitational Microlensing
Principle of a gravitational lens:

Unperturbed light rays:  A relatively small 
fraction of the stellar light reaches Earth.

If a massive object passes between 
background star and Earth, its gravity 
attracts and focusses the light rays like 
a lens:  More light reaches Earth, the 
background star appears brighter. 

Astronomers register the 
temporary increase of 
brightness of the background 
star as a symmetric light curve. 
If the lensing star is 
accompanied by a planet, an 
additional peak can occur.
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 The 24-hour night shift:  The Telescopes         

Searching for exoplanets with microlensing: 
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Discovery of a cool planet of 5.5 Earth masses
through gravitational microlensing
J.-P. Beaulieu1,4, D. P. Bennett1,3,5, P. Fouqué1,6, A. Williams1,7, M. Dominik1,8, U. G. Jørgensen1,9, D. Kubas1,10,
A. Cassan1,4, C. Coutures1,11, J. Greenhill1,12, K. Hill1,12, J. Menzies1,13, P. D. Sackett1,14, M. Albrow1,15,
S. Brillant1,10, J. A. R. Caldwell1,16, J. J. Calitz1,17, K. H. Cook1,18, E. Corrales1,4, M. Desort1,4, S. Dieters1,12,
D. Dominis1,19, J. Donatowicz1,20, M. Hoffman1,19, S. Kane1,21, J.-B. Marquette1,4, R. Martin1,7, P. Meintjes1,17,
K. Pollard1,15, K. Sahu1,22, C. Vinter1,9, J. Wambsganss1,23, K. Woller1,9, K. Horne1,8, I. Steele1,24,
D. M. Bramich1,8,24, M. Burgdorf1,24, C. Snodgrass1,25, M. Bode1,24, A. Udalski2,26, M. K. Szymański2,26,
M. Kubiak2,26, T. Więckowski2,26, G. Pietrzyński2,26,27, I. Soszyński2,26,27, O. Szewczyk2,26, Ł. Wyrzykowski2,26,28,
B. Paczyński2,29, F. Abe3,30, I. A. Bond3,31, T. R. Britton3,15,32, A. C. Gilmore3,15, J. B. Hearnshaw3,15, Y. Itow3,30,
K. Kamiya3,30, P. M. Kilmartin3,15, A. V. Korpela3,33, K. Masuda3,30, Y. Matsubara3,30, M. Motomura3,30,
Y. Muraki3,30, S. Nakamura3,30, C. Okada3,30, K. Ohnishi3,34, N. J. Rattenbury3,28, T. Sako3,30, S. Sato3,35,
M. Sasaki3,30, T. Sekiguchi3,30, D. J. Sullivan3,33, P. J. Tristram3,32, P. C. M. Yock3,32 & T. Yoshioka3,30

In the favoured core-accretion model of formation of planetary
systems, solid planetesimals accumulate to build up planetary
cores, which then accrete nebular gas if they are sufficiently
massive. Around M-dwarf stars (the most common stars in our
Galaxy), this model favours the formation of Earth-mass (M%) to
Neptune-mass planets with orbital radii of 1 to 10 astronomical
units (AU), which is consistent with the small number of gas giant
planets known to orbit M-dwarf host stars1–4. More than 170
extrasolar planets have been discovered with a wide range of
masses and orbital periods, but planets of Neptune’s mass or
less have not hitherto been detected at separations of more than
0.15 AU from normal stars. Here we report the discovery of a
5.515.5

22.7M% planetary companion at a separation of 2.611.5
20.6 AU from

a 0.2210.21
20.11M(M-dwarf star, whereM( refers to a solar mass. (We

propose to name it OGLE-2005-BLG-390Lb, indicating a planetary
mass companion to the lens star of the microlensing event.) The
mass is lower than that of GJ876d (ref. 5), although the error bars
overlap. Our detection suggests that such cool, sub-Neptune-mass
planets may be more common than gas giant planets, as predicted
by the core accretion theory.

Gravitational microlensing events can reveal extrasolar planets
orbiting the foreground lens stars if the light curves are measured
frequently enough to characterize planetary light curve deviations
with features lasting a few hours6–9. Microlensing is most sensitive to
planets in Earth-to-Jupiter-like orbits with semi-major axes in the
range 1–5 AU. The sensitivity of the microlensing method to low-
mass planets is restricted by the finite angular size of the source
stars10,11, limiting detections to planets of a few M% for giant source
stars, but allowing the detection of planets as small as 0.1M% for
main-sequence source stars in the Galactic Bulge. The PLANET
collaboration12 maintains the high sampling rate required to detect
low-mass planets while monitoring the most promising of the.500
microlensing events discovered annually by the OGLE collaboration,
as well as events discovered by MOA. A decade of pioneering
microlensing searches has resulted in the recent detections of two
Jupiter-mass extrasolar planets13,14 with orbital separations of a few
AU by the combined observations of the OGLE, MOA, MicroFUN
and PLANET collaborations. The absence of perturbations to stellar
microlensing events can be used to constrain the presence of
planetary lens companions. With large samples of events, upper

LETTERS

1PLANET/RoboNet Collaboration (http://planet.iap.fr and http://www.astro.livjm.ac.uk/RoboNet/). 2OGLE Collaboration (http://ogle.astrouw.edu.pl). 3MOA Collaboration
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Searching for exoplanets with microlensing: 
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Searching for exoplanets with microlensing: 

13 

 

Figure 1 : The observed light curve and best fit model plotted as a function of 

time. The data consists of 650 data points from PLANET Danish-I, PLANET 

Perth-I, PLANET Canopus-I, RoboNet Faulkes North-R,  OGLE-I, MOA and are 

plotted in red, cyan, blue, green, black, brown, respectively. The top left inset 

shows the OGLE light curve extending over the previous 5 years, whereas the 

top right one show a zoom of the planetary deviation, covering a time interval of 

1.5 days. The solid curve is the best binary lens model described in the text with 

a planet-to-star mass ratio of q = 7.6 ± 0.7 × 10-5, and a projected separation d 

= 1.610 ± 0.008 RE (where RE is the Einstein ring radius). The dashed grey 

curve is the best binary source model that is rejected by the data while the dash 

orange line is the best single lens model.  

 

31.7.05

10.8.05Time in days

Detection of a planet with 5.5 times the mass of Earth
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All stars in the Milky Way have on average at 
least one planet!

Planets are the rule, not the exception: 
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Free floating planets ?!?

 Sumi et al., Nature 473, 349  (May 19, 2011)
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Prof. Joachim Wambsganss  
(Heidelberg University)

Gravitational Lensing: Giant Luminous Arcs,  
Einstein Rings and Exoplanets

Gravitational Lensing is an extremely useful tool in modern astrophysics: 

• Giant Luminous Arcs are highly magnified background galaxies which can be studied 
in great detail;  using them we can determine mass/mass distributions of galaxy clusters 

• Einstein Rings can be used to determine the mass of the lensing galaxy very 
accurately 

• Gravitational Microlensing is a very efficient method for the detection of extrasolar 
planets: sensitive to low masses and well suited for statistical analyses 

… so 80 years after Einstein’s original paper in 1936:  
        Yes, we can detect this effect and make great use of it in astrophysics !
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