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(a) A beam of light emerges from a flashlight in an upward-accelerating elevator. Since the
elevator moves up during the time the light takes to reach the wall, the beam strikes lower than it
would if the elevator were not accelerated. (b) Gravity has the same effect on light, since it is not

possible to tell whether the elevator is accelerating upward or acted upon by gravity.
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This schematic shows how light passing near a massive body like the Sun is curved toward it.
The light that reaches the Earth then seems to be coming from different locations than the known
positions of the originating stars. Not only was this effect observed, the amount of bending was

precisely what Einstein predicted in his general theory of relativity.
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(a) Light from a distant galaxy can travel different paths to the Earth because it is bent around
an intermediary galaxy by gravity. This produces several images of the more distant galaxy. (b)

The images around the central galaxy are produced by gravitational lensing. Each image has the
same spectrum and a larger red shift than the intermediary. (credit: NASA, ESA, and STScI)
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A black hole is shown pulling matter away from a companion star, forming a superheated
accretion disk where X rays are emitted before the matter disappears forever into the hole. The

in-fall energy also ejects some material, forming the two vertical spikes. (See also the
photograph inIntroduction to Frontiers of Physics.) There are several X-ray-emitting objects in

space that are consistent with this picture and are likely to be black holes.
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This Hubble Space Telescope photograph shows the extremely energetic core of the NGC 4261
galaxy. With the superior resolution of the orbiting telescope, it has been possible to observe the

rotation of an accretion disk around the energy-producing object as well as to map jets of
material being ejected from the object. A supermassive black hole is consistent with these

observations, but other possibilities are not quite eliminated. (credit: NASA and ESA)
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The control room of the LIGO gravitational wave detector. Gravitational waves will cause
extremely small vibrations in a mass in this detector, which will be detected by laser

interferometer techniques. Such detection in coincidence with other detectors and with
astronomical events, such as supernovas, would provide direct evidence of gravitational waves.

(credit: Tobin Fricke)

Stephen Hawking (b. 1942) has made many contributions to the theory of quantum gravity.
Hawking is a long-time survivor of ALS and has produced popular books on general relativity,

cosmology, and quantum gravity. (credit: Lwp Kommunik‡ci—)

Gravity and quantum mechanics come into play when a black hole creates a particle-antiparticle
pair from the energy in its gravitational field. One member of the pair falls into the hole while
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the other escapes, removing energy and shrinking the black hole. The search is on for the
characteristic energy.
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Problems & Exercises
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Construct Your Own Problem
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