
N-body equations of motion: 
Worked example: 2 bodies and the perihelion shift 
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Components of the disturbing force 

Integrate the Lagrange planetary equations: 
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Mercury’s Perihelion: Trouble to Triumph 
•  1687 Newtonian triumph 

•  1859 Leverrier’s conundrum 

•  1900 A turn-of-the century crisis 

575 “ 
per 
century 

Planet Advance

Venus 277.8

Earth 90.0

Mars 2.5

Jupiter 153.6

Saturn 7.3

Total 531.2

Discrepancy 42.9

Modern measured value 42.98± 0.001
General relativity prediction 42.98
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For a point mass at the origin 
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Deflection of light: The 1919 Eclipse 

A. S. Eddington Sobral site 

Photo from Principe 
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Gravitational lenses 
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Schwarzschild lens 

↵(⇠) = �4GM

c2
⇠

⇠2

✓ � ✓2E
✓

= �

✓2E :=
4GM

c2
DLS

DSDL

↵(t) = �2G

c

2

Z
⇢(t,x0)

b

b

2

✓
s · k
s

� se · k
se

◆
d

3
x

0

= �4G

c

2

Z
⇢(t,x0)

b

b

2
d

3
x

0

= �4G

c

2

Z
⌃(t, ⇠0)

⇠ � ⇠

0

|⇠ � ⇠

0|2 d
2
⇠

0



Gravitational lenses 
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Gravitational lenses 



Gravitational lenses: Magnification 
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Post-Newtonian time 
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For travelling clock with v << c 
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Sagnac effect: 
207 ns for closed path 
at the equator 

Clock synchronization on the Earth 

Two clocks at rest 
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General Relativity and Daily Life 
The Global Positioning System (GPS) 

Navigation Requirement: 15 m ➭ 50ns 

Relativistic effects: 39,000 ns per day!

GR = 46,000           SR = -7,000

Relativity must
be taken into 
account, for GPS
to function
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PN theory: Far-zone physics 

Recall the wave-zone solution to  ⇤ = �4⇡µ =)
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