
General Relativity 



 𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = 𝐺𝐺𝐺𝐺
𝑔𝑔2
𝑚𝑚𝑔𝑔 

 𝐹𝐹 = 𝑚𝑚𝑖𝑖𝑎𝑎 
 



Because mi = mg (as 
verified by experiments), 
there is no way to tell 
the difference between 
an inertial frame in a 
gravitational field from 
an frame accelerating at 
a constant rate in the 
absence of a 
gravitational field.  



Even free fall in a 
gravitational 
field cannot be 
distinguished 
from an inertial 
frame . 



 All physical phenomena occur identically in a 
frame accelerating in gravitational free fall as in 
an inertial frame without gravity.  

 More precisely: The form of each physical law 
is the same in all locally inertial frames. 



 Start with a review of Doppler Shift 

 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑓𝑓𝑜𝑜𝑜𝑜𝑠𝑠𝑔𝑔𝑠𝑠𝑠𝑠
1−𝛽𝛽
1+𝛽𝛽

 “redshift” 

 Find a first order approximation for when β is 
low (slow speed). 



 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 ≅ 𝑓𝑓𝑜𝑜𝑜𝑜𝑠𝑠𝑔𝑔𝑠𝑠𝑠𝑠(1 − 𝛽𝛽) ≅ 𝑓𝑓𝑜𝑜𝑜𝑜𝑠𝑠𝑔𝑔𝑠𝑠𝑠𝑠(1 − 𝑣𝑣/𝑐𝑐) 

 So to Anna, 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 ≅ 𝑓𝑓𝑜𝑜𝑜𝑜𝑠𝑠𝑔𝑔𝑠𝑠𝑠𝑠(1 − 𝑔𝑔𝑔𝑔
𝑠𝑠2

) 



According to the principle of equivalence, Bob 
also observes 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 ≅ 𝑓𝑓𝑜𝑜𝑜𝑜𝑠𝑠𝑔𝑔𝑠𝑠𝑠𝑠(1 − 𝑔𝑔𝑔𝑔

𝑠𝑠2
) 

Does Bob observe a 
redshift or a blueshift? 



As light moves out of a gravitational well, Bob 
observes 

1. 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 ≅ 𝑓𝑓𝑜𝑜𝑜𝑜𝑠𝑠𝑔𝑔𝑠𝑠𝑠𝑠(1 − 𝑔𝑔𝑔𝑔
𝑠𝑠2

) 

2. 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 < 𝑓𝑓𝑜𝑜𝑜𝑜𝑠𝑠𝑔𝑔𝑠𝑠𝑠𝑠  lower frequency 
3. λf = c longer wavelength 
4. T = 1/f  longer period 
5. More generally, Bob observes a time dilation 

such that ∆𝑡𝑡𝑙𝑙𝑜𝑜𝑙𝑙𝑠𝑠𝑔𝑔 ≅ ∆𝑡𝑡ℎ𝑖𝑖𝑔𝑔ℎ𝑠𝑠𝑔𝑔(1 − 𝑔𝑔𝑔𝑔
𝑠𝑠2

) 
 
 

 



SR tells us that a satellite moving relative to Earth 
will run slowly. GR tells us that a clock runs slower 
when it is deeper in a gravitational well. The previous 
GR time dilation equation was for a uniform 
gravitational field. In Earth’s nonuniform field, the 
equation becomes 

∆𝑡𝑡𝐸𝐸𝑔𝑔𝑔𝑔𝑡𝑡ℎ ≅ ∆𝑡𝑡𝑜𝑜𝑔𝑔𝑡𝑡𝑠𝑠𝑙𝑙𝑙𝑙𝑖𝑖𝑡𝑡𝑠𝑠 1 − 𝐺𝐺𝐺𝐺
𝑠𝑠2

1
𝑔𝑔𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

− 1
𝑔𝑔𝑠𝑠𝐸𝐸𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐸𝐸𝑠𝑠

 

a) By approximately what fraction must the time be 
adjusted to account for both types of time 
dilation?  

b) If unaccounted for, how soon would the time be in 
error by 10 ns? 



 



 



 



 



 



 



 



 Book is OUT of date. (much has happened 
since 1998) 

 Big bang 13.7 billion years ago 
 Once thought to be expanding and decelerating 

due to gravity. 
 Now we know it is accelerating – dark energy 
 Lonely ending 



 Test on 24SEP15 
 Study guide 

 Reread chapter and Appendix 
 Review homework 
 Review Examples 
 Some fresh suggestions: Example 2.4, EOC 6, 9, 10, 

20, 21, 26, 34, 45, 54, 62, 71, 90 and 99 (assigned 
today) 
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