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Invisibility: Invisible Man versus Invisible Woman
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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).



Refraction in ordinary medium



Refraction in ordinary medium: 
virtual image depends on viewpoint



Transformation medium



Transformation medium: definite virtual image



Transformation medium

Virtual space Physical space



Transformation medium

Virtual space Physical space



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



Cloaking device for electromagnetic microwaves



Transformation optics

[Greenleaf, Lassas and Uhlmann,  Math. Res. Lett. 10, 685 (2003) electrostatics;
Leonhardt, Science 312, 1777 (2006) conformal transformations;
Pendry, Schurig and Smith, Science 312, 1780 (2006) spatial transformations;
Leonhardt and Philbin, NJP 8, 247 (2006)] spacetime & negative refraction]



Turning a fugu into a flatfish

Credit: Maria Leonhardt



To invisibility and beyond

[Leonhardt, Nature 471, 292 (2011)]



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)]



“Poor man’s perfect lens” [Science. 308, 534 (2005)]



Invisibility: Invisible Man versus Invisible Woman

transparency curved space



Cloaking at a distance
[Lai, Chen, Zhang and Chan, Phys. Rev. Lett. 102, 093901 (2009)]

Invisible slab Invisible sphere



The Invisible Man  cloaking at a distance
[Lai, Chen, Zhang and Chan, Phys. Rev. Lett. 102, 093901 (2009)]



Section “Perfect imaging”



Maxwell and Luneburg



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)]



Feynman’s objection to the diffraction limit

Maxwell’s equations are timereversible!
But you have to inverse the source, too.



Thermal cloaking



Thermal Cloaking

R. Schittny et al., Phys. Rev. Lett. 110, 195901 (2013)



Robert Schittny



Thermal cloaking is not just thermal isolation



“Free Space”

Robert Schittny

optics                                           thermodynamics



Simple Isolation

Robert Schittny

optics                                           thermodynamics



simple isolation                                        complete cloak

Experiment: t = 90 s

R. Schittny et al., Phys. Rev. Lett. 110, 195901 (2013)







Invisible for Diffusive Light

R. Schittny et al., Science 345, 427 (2014)



Experimental Setup

L = 6.0 cm, 2R1 = 3.2 cm, 2R2 = 4.0 cm
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Sound waves and sonar 



The deep sea 



Sound waves and sonar 



Sound waves and sonar 



Cloaking against sound waves

Nicholas Fang, 
MIT

Photo: L. Brain 
Stauffer



Earthquakes 



Earthquakes 



Seismic cloaking



General relativity in electrical engineering
[Leonhardt and Philbin, New J. Phys. 8, 247 (2006)]



Einwell and Maxstein



Geometry and Light
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