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Fermat’s Principle - the principle of the shortest optical path 
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Invisibility cloak? 



Stealth technology 



Optical camoflage 

QuickTime™ and a
YUV420 codec decompressor

are needed to see this picture.



The secret of optical camoflage 



Invisibility: Invisible Man versus Invisible Woman 

transparency curved space 



Fermat’s Principle - the principle of the shortest optical path 
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Gravitational lens 



Conformal maps 



Mercator projection 



Conformal 

Virtual space Physical space 

[Leonhardt, Science 312, 1777 (2006)] 



Transformation 

Virtual space Physical space 

[Pendry, Schurig and Smith,  

Science 312, 1780 (2006)] 



Maxwell’s electromagnetism and Einstein’s general relativity 

The covariant free-space Maxwell equations are equivalent to  

electromagnetism in a material medium  

(Tamm, 1924; Plebanski, 1960). 



Patent office 



Practical demonstrations 

[Schurig et al., Science Express, October 19th (2006)] 

 

 

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

Wegener, Linden @ Karlsruhe 



Cloaking device for electromagnetic microwaves 



Challenge: Broadband invisibility 

Problems: * anomalous dispersion, 

                 * infinite speed of light at inner lining 
[Leonhardt and Philbin, New J. Phys. 8, 247 (2006)]. 

Ideas from Non-Euclidean Geometry 



The idea 



Ruby glass 

     Lycurgus Cup 

Roman, 4th century AD 



The resolution limit of imaging, established around 1870 

Ernst Abbe Carl Zeiss Otto Schott 



Pendry’s paper 



Negative refraction and perfect lens 
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Xiang Zhang et al. 

 @ Berkeley [Leonhardt and Philbin, New J. Phys. 8, 247 (2006)] 



Negatively refracting water 

n = -1.33 

[Aaron Danner, Singapore] 



Casimir effect 

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

Theory: Casimir 1948 

Precision experiment: Lamoreaux, PRL 78, 5 (1997) 

Capasso Casimir 



Quantum levitation 

[Leonhardt and Philbin, New J. Phys. 9, 254 (2007)] 



Challenge: intuition versus Lifshitz theory 



Challenge: theory of nanomachines 

. 

QuickTime™ and a
Cinepak decompressor

are needed to see this picture.

Static Casimir effect: Lifshitz 1955 

Motion: Philbin and Leonhardt, New J. Phys. 

11, 033035 (2009). 

No quantum friction between moving plates 



Pendry’s paper 



Maxwell’s fish eye makes a perfect lens 
Maxwell 1854 

Luneburg 1944: Stereographic projection 



Perfect imaging without negative refraction 
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 Index contrast: factor of 2 

[Leonhardt, New J. Phys. 11, 093040 (2009)] 



Fabrication 

Lipson Group, Cornell University 

Similar to carpet cloaking 

[LH. Gabrielli,  J. Cardenas, C.B. Poitras, and M. Lipson, Nature Photonics 3, 461 

(2009)] 



Artificial black holes 



Light in 1D moving fluids 

Light in 1D moving media 



Space-time transformations: moving media 

Moving media 

Constitutive equations of electromagnetism  

in a space-time geometry: 



Artificial event horizons 

Piotr Pieranski 
QuickTime™ and a

TIFF (Uncompressed) decompressor
are needed to see this picture.



Hawking radiation of black holes 



Hawking radiation: connections 



Artificial event horizons in superfluid Helium-3 



Artificial event horizons in optical fibers (St Andrews project) 



Ligh in 1D moving fluids 

Light in 1D moving media 



Moving fluids and pulse in fibre 

[Philbin et al., Science 319, 1367 (2008)] 



Fibre-optical black holes 



Few-cycle pulses in microstructured fibres 
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Experiment 

Probe laser 

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.



      Experiment: blue-shifting 

[Philbin et al., Science 319, 1367 (2008)] 



General relativity in electrical engineering 

[Leonhardt and Philbin, New J. Phys. 8, 247 (2006)] 



Einwell and Maxstein 

QuickTime™ and a
 decompressor

are needed to see this picture.
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