After a traditional lesson on the image formed by lenses such as the following
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Ex. Find the image
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We can ask “What else can act like a lens?”

According to the theory of general relativity, the presence of a massive body warps the space nearby. For a star like the Sun, the effect is very small, but very close to a black hole, the space would be greatly curved. However, even if the Sun suddenly turns into a black hole, the earth’s orbit would not change as the curvature at the position of the earth would not change noticeably.
The diagram below shows how a two-dimensional surface warped into three dimensions can change the direction of a “straight” line that is constrained to its surface. The warping of space is analogous.
[image: image13.png]\
2

Image

Object

Lens

2nd
Image




We can draw a simplified diagram that illustrates how the position of a star seems to shift when it is near the Sun, which can be observed during the solar eclipse.
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(http://www.etsu.edu/physics/bsmith/blackholes/bh.html)
A mass, which effects are big enough to bend light, is therefore called a Gravitational Lens. The bending of light gets stronger, if the distance of the ray to the lens gets lesser: 
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This behavior is completely different as it is known with normal lenses of positive focal length made of glass; in that case, light is bent stronger if the ray's distance to the optical axis gets greater: 
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One unusual property of a gravitational lens is that some object may be seen by an observer more than once; this effect may be imagined easy, since light rays may reach the observer's eye using different paths: 
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In the case shown here the upper path is shorter than the lower one, the object seems to be less away seen by the upper path and therefore shines more brightly.
http://spiff.rit.edu/classes/phys240/lectures/grav_lens/grav_lens.html
If an intervening mass lines up perfectly with a background source, it can bend the light from the source which would otherwise go far above us to come to us; and bend the light which would otherwise go far below us to come to us. 
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To us, it looks like there is light coming from an angle theta E above the actual source ... and from an angle theta E below the actual source ... and, in fact, from an angle theta E to the left, and the to the right, and everywhere in between. The result is that we see a ring of light surrounding the actual position of the source: 
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The angle theta E is called the Einstein ring radius, 

Einstein’s ring ray diagram (http://casa.colorado.edu/~ajsh/approach.html#ring)
Gravitational distortion of images 





Illustrating the manner in which images are gravitationally distorted. Mass bends light around it (upper picture). 

Thus a foreground lensing mass (red dot) appears to `repel' the image of a background object radially outward (picture to left). The repulsion stretches the image in the transverse direction. Parts nearer the lensing mass are pushed out more, so images appear compressed radially. Multiple images may appear if the gravitational potential of the lens is deep enough. 

In the illustrated case, the lensing mass is a black hole. Any light rays which come within 1.5 Schwarzschild radii of the black hole fall into the black hole. Here there is a dark region, bounded by the red lines, within which images of background objects cannot appear. 

All masses bend light, not just black holes, but large distortions require deep gravitational potential wells. A beautiful example is the arcs seen around rich galaxy clusters such as Abell 2218 (STScI provides a higher resolution version of this image of Abell 2218). 

See the Spacetime Wrinkles exhibit on the gravitational bending of light or Pete Newbury's gravitational lensing demos for more. 
Einstein’s ring picture 

(http://imagine.gsfc.nasa.gov/docs/features/news/grav_lens.html)



Einstein’s cross picture
archive.ncsa.uiuc.edu/Cyberia/NumRel/Images/EinsteinCross_lg.jpg
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Image credit: Hubble
Three of the images arrive 2, 8, 14 days after the first image. (Dr. Jacobson’s lecture)
Gravitational lensing by a black hole

http://www.youtube.com/watch?v=L06zzuSpTGE
http://imagine.gsfc.nasa.gov/docs/features/news/grav_lens.html
http://imagine.gsfc.nasa.gov/docs/teachers/teachers_corner.html
http://imagine.gsfc.nasa.gov/docs/ask_astro/black_holes.html
http://spiff.rit.edu/classes/phys240/lectures/grav_lens/grav_lens.html
http://www-ra.phys.utas.edu.au/~jlovell/simlens/
http://astro.berkeley.edu/~jcohn/lens.html
http://www.cfa.harvard.edu/~bmcleod/castle.html
A Lensed Castle  (http://www.cfa.harvard.edu/castles/)
The Castle on the Mall in Washington, D.C., as viewed from the Natural History museum. 




Photo credit: Smithsonian Photo by Eric Long. 

Now we place a black hole with the mass of Saturn over the middle of the Mall, and view the Castle through the resulting gravitational lens. 




Click on the image for a higher resolution version. 

Note that there are two images of each of the middle towers, one inside the ring and one outside. 
The inner image is turned inside-out. 

These images form the logo for the CfA-Arizona Space Telescope Lens Survey, CASTLeS . 
Click here to see a  press release  describing CASTLeS and these images. 

Other applications of Gravitational lensing

Gravitational lensing
physicsworld.com/cws/article/print/19575

Jun 10, 2004

Gravitational lensing brings extrasolar planets into focus

Astronomers have used gravitational microlensing to detect a cool planet orbiting a star some 15,000 light-years away
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