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Interesting circular orbits:

Photon orbit

Tourist orbit

Last stable orbit

Classical limit



Perihelion advance: 43 arcseconds/century

Mercury
Sun



TODAY’S TOPICS:
• Lensing
• Shapiro time delay
• Evidence for GR
• Time travel
• Mysteries for you to figure out
• o
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Simulation by Andrew Hamilton.

Courtesy of Andrew Hamilton. Used with permission.



Gravitational 
lensing



lensing.mov



Figure by MIT OCW.



(Upper) The Hubble Space Telescope 
picture of the distant galaxy 1938+666 
which has been imaged into an Einstein 
ring by an intervening galaxy. The 
intervening galaxy shows up as the 
bright spot in the centre of the ring. The 
picture was taken in the infra-red region 
of the spectrum and the computer-
generated colour of the image has been 
chosen simply for ease of viewing.

(Lower) The MERLIN radio picture of 
the radio source 1938+666 embedded in 
the distant galaxy. The incomplete ring 
(or arc) shows that the radio source is 
not perfectly aligned with the lens 
galaxy and the Earth. The lens galaxy 
does not contain a radio source and 
hence does not show up in this picture. 
The colours are computer-generated and 
represent different levels of radio 
brightness. 

Images courtesy of NASA.



How deal with 
photons?









Δφ ≈ 4M/b

271/2

π
(Twice 
Newtonian 
guess)





Chema lensing movie



Image courtesy of NASA.





What black 
holes look like



Courtesy of Andrew Hamilton. Used with permission.



Galactic center movie



Courtesy of Andrew Hamilton. Used with permission.



What’s wrong with this picture?



The Einstein 
field equations
(how matter curves spacetime)





Evidence for 
GR



Evidence for GR:

• Gravitational redshift (in GPS, say)

• Factor of 2 in small light deflection formula (lensing angle)

• Mercury perihelion shift

• Shapiro time delay (movie)

• Apparent existence of black holes

• Cosmological redshift in expanding Universe

• Hulse-Taylor pulsar

Future tests:

• Gravity Probe B

• Gravitational waves (LIGO, LISA, …)



Russell Hulse & Joe Taylor 1993



Hulse-Taylor Pulsar (PSR 1913+16)

A binary pulsar found in 1974. It consists of a pulsar (a 
neutron star) with a pulsation period of 59 milliseconds) and a 
companion that move around each other in an elongated orbit 
(period 7.75 hours, periastron 1.1 Rsun, apastron 4.8 Rsun). 
The orbit is gradually shrinking, by about 3.1 mm per orbit, 
because of gravitational waves as predicted by the general 
theory of relativity. This will cause the two stars to merge -
about 300 million years from now. The extreme density and 
small orbital radius of this system results in a huge orbital 
precession of 4.2° per year (Mercury does 1° every 8400 
years). 



Orbit shrinks by 3.1mm/year:

Figure by MIT OCW.





What is the answer to 
the question of life, 

the Universe and 
everything?





But what, more specifically, is the question?



What is the outer radius of a rainbow, in degrees?



Q: What is the maximum accretion efficiency of a black hole, in percent?

A: 1-3-1/2 ≈ 42%



Time travel



A Brief History of Time Travel:
1895 British author H.G. Wells publishes "The Time Machine"
1905 Einstein's special relativity: forward time travel possible 
1916 Einstein’s general relativity
1937 Kurt Gödel shows that the universe itself could be a time machine
1974 Frank Tipler finds that vast, spinning cylinder permits time travel
1988 Kip Thorne suggests using wormholes as a means of time travel
1991 Richard Gott finds that cosmic strings permit time travel



Kruskal: 
the singularity isn’t simply a point!



Kruskal: black holes have another side!

Our 
universe

Other 
universe?

Past 
singularity

Future 
singularity

Courtesy of Andrew Hamilton. Used with permission.



Figure by MIT OCW.



Figure by MIT OCW.



Figure by MIT OCW.



But can the wormhole be made stable?



Mysteries



• Where do the “constants” come from? Why 3+1 dimensions?

• Is there a quantum gravity TOE? (M-theory? Black hole evaporation?)

• Proton decay?

• SUSY?

• Higgs?

• Neutrino properties?

• Dark energy?

• Dark matter?

• Inflation?

UNSOLVED PROBLEMS:

Is GR 
correct?



Many questions for you to answer!



Some final words…



Think for 
yourself!




