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What is a mirage?







This is all caused by a change in the refraction index n!



These optical phenomenons are caused by the 

electromagnetic interaction between light and matter

In the Universe,

can gravity bend light rays


and create mirages?

The Universe is mostly empty,

only gravity is everywhere….



FG = a . mM 

According to Newton’s theory of gravity: NO!



gravity = acceleration

According to Einstein’s theory of gravity: YES!



Acceleration can be felt from curved motion.



Einstein: can gravity be described by space-time 
curvature?



YES!

Newton: 
Gravitational force F

Einstein: 
NO force! 
Spacetime is curved instead 
Curvature is proportional to mass 
Curvature explains the perception 
of gravity



Implication for the propagation of light in a gravitational 
field…



Light follows the shortest path in a curved space-time!



Objects with the strongest gravitational field: black holes



Light can do weird stuff near a black hole!



We can see behind the black hole



Mirages are everywhere in the Universe…!



Source

Lens

Observer



The strongly lensed z=2.72 star forming galaxy cB58

Local star forming galaxy

European Southern Observatory



HE 0435-1223



Time delays between the four lensed images in HE 0435-1223

Hojjati et al 2013



The Cosmic Horseshoe LRG 3-757 from Hubble

Image Credit: ESA/Hubble & NASA



Image Credit: ESA/Hubble & NASA

5”

Central galaxy (lens) about 100 times 

more massive than the Milky-Way

The Cosmic Horseshoe LRG 3-757 from Hubble





Abell 1689 Hubble space telescope







Dark Matter



Optical telescopes are used for these observations



The bullet cluster







The large scale structures in the 
Universe

~100 Mpc



The real Universe (Galaxies)



Galaxies do not tell the whole story…









The Cosmic Microwave Background (Planck)



Gravitational lensing of the Cosmic Microwave Background by 
the large scale structures



Gravitational lensing of the Cosmic Microwave Background by 
the large scale structures (simulation)



Gravitational lensing of the Cosmic Microwave Background by 
the large scale structures (real data)



Gravitational mirages are everywhere in the Universe!

They are also called gravitational lensing.

They are caused by the curvature of space-time.

They can be strong or weak.

They allow astronomers to probe the nature of dark matter, 
test the laws of gravity and study the geometry of the 

Universe.

Sometime they are viewed as a nuisance for some

cosmological studies.


