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ABSTRACT 

The basic concepts of the spccial and general theories of relativity 
arc described. Sirriple examples are given to illustrate the effect of 
relativity on measurexncnts of time and frequency in thc near-earth 
environment. 



Down to Earth Relativity 

I. Introduction - 

As almost everybody knows, next hrch 14th is the 100th 
Anniversary of the birth of Albert Einstein, and so many 
celebrations and symposia are planned for 1979 that I fear 
all will become violently ill from an overdose of relativity 
well before mid year. For now, I would like to distill some 
of the salient aspects of both the special and the general 
theories of relativity and to relate them to clocks and 
frequency standards. After describing the basic concepts 
of special and general relativity, I'll discuss the size of 
the relativistic effects near the earth and the level of 
their experimental verification to indicate how well one 
might be able to rely on general relativity. 

11. Special Relativity 

Special relativity is partly concerned with the percep- 
tions of observers viewing rods and clocks in uniform motion 
relative to one another (and  not accelerating with respect 
to some "absolute" inertial frame which we won't worry about 
here), A key idea in Einstein's development of this theory 
involves the concept of simbltaneity. If, as Newton assumed, 
there was a universal time coordinate that applied through- 
out all space, then there is no problem in our agreeing on 
a definition of the simultaneity of two events: We simply 
compare the readings of our "universals' clock. If the read- 
ings are the same at each event place, we agree that those 
events took place simultaneously. 

If there is a spatial coincidence between two points, 
then there's again no problem agreeing on a definition 
of simultaneity because the points are co-located. We can 
use the same watch at the same place to see whether the 
events occur at the same time, That's no problem, with or 
without a universal time. 

If there were spatial separation between two events, 
and if we could communicate between those two separate spa- 
tial points with infinite speed, then again, we'd all agree 
there would be no problem in deciding whether or not the 
events were simultaneous. 

However, if we have spatial separation and the communi- 
cation speed is limited by the speed of light, as Einstein 
thought, then, there is a problem. The definition of simul- 
taneity is no longer intuitively obvious. In fact, as a 
simple, down to earth, example can show, even with a rea- 



sonable definition, there is not necessarily agreement on 
simultaneity among observers moving relative to one another. 

Now, let us define simultaneity for events at spatially 
separated points with communication between them possible 
v i a  liqht signals. Concentrate for a moment on some given 
frame (Figure 1). 
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We're concerned about whether or not events t h a t  occur  a t  
p o i n t s  A and B i n  t h i s  frame a rc  simul.taneous. We can go 
to the midpoint between these two points, a distance L from 
A and B, and we can say t h a t  when a n  observer at point A 
sees an event he or she ( h e r e a f t e r  "he" for economy) immedi- 
ately t r a n s m i t s  a light s i g n a l  toward 0 and w h e n  the obser- 
ver  at point B sees an event he a l s o  immediately transmits 
a light signal to 0. If these two liqht si.crnals arrive at 
0 simultaneously, then we say that t h e  events A and B oc- 
curred simultaneously. That's a reasonablc definition f3f 
simultaneity. 

Now suppose we have twcl frames in relative motion. 
Consider, in particular, a down to e a r t h  example: the 
ground and a train (Figure 2) . 



(Any who know my f l y i n g  h a b i t s ,  know t h a t  I have a s p e c i a l  
s p a t  i n  m y  h e a r t  f o r  t r a i n s  even though they  do tend  t o  run  
a b i t  l a t e . )  L e t  u s  s i n g l e  out  two p o i n t s ,  A and B ,  on t l z e  
qround,  and set  an obse rve r  halfway between, W e  f o l l ow t l z e  
same procedure on t h e  t r a i n  s o  t h a t  a t  a c e r t a i n  i n s t a n t ,  
say t w e  have our  t r a i n  p o i n t  A* c o i n c i d e n t  w i t h  A ,  our  

0 observer  0* c o i n c i d e n t  w i t h  0 ,  and B* c o i n c i d e n t  w i th  B .  
Suppose t h a t  an e v e n t  occu r s  a t  bo th  A and B a t  t a s  meas- 
ured i n  t h e  "'qround" frame and t h a t  l i g h t  s i g n a l s o a r e  t r a n s -  
m i t t e d  from A toward 0 ,  and from B toward 3 a t  t h a t  i n s t a n t .  
A s  t h e  l i g h t  s i g n a l s  t r a v e l ,  t h e  t r a i n  is ,  o f  c o u r s e ,  mnvinq, 
say i n  t h e  d i r e c t i o n  from B t o  A.  Thus, t h e  l i g h t  s i g n a l  
from A i s  going to a r r i v e  a t  0* w h i l e  t h e  l i y h t  s i g n a l  from 
B i s  s t i l l  t r a v e l l i n g  toward O * .  R l i t t l e  wh i l e  l a t e r ,  t h e  
two s i g n a l s  a r r i v e  a t  0 ,  s imu l t aneous ly ,  so t h e  observer  a t  
0 would say e v e n t s  A and B occur red  s imul ta reous ly .  But 
ou r  obse rve r  a t  0* would n o t  a g r e e  hecause he r ece ived  t h e  
s i g n a l s  from A* and B* a t  d i f f e r e n t  t imes .  So one may con- 
c l u d e  t h a t  i f  an  e v e n t  i s  s imul taneous  as  measured accord-  
i n g  t o  our  d e f i n i t i o n  i n  one f rame,  t h e  even t  w i l l  n o t  nec- 
e s s a r i l y  be s imul taneous a s  measured i n  ano the r  frame. O f  
c o u r s e ,  t h e r e  i s  no th ing  special. about  any one frame: t h ~  
e v e n t s  could a s  w e l l  have been a r ranqed  t o  appear s imul tan-  
eous t o  t h e  obse rve r  a t  O* as  t o  t h e  observer  a t  0 .  

I n  f a c t ,  one may conclude more g e n e r a l l y  t h a t  s imul-  
t a n e i t y  i s  dependent  on tkemotion of t h e  obse rve r .  Ein- 
s t e i n  a l s o  thought  t h a t  all obse rve r s  moving uniformly wi th  
r e s p e c t  t o  one ano the r  should be e q u a l l y  v a l i d  o b s e r v e r s  so 
t h e r e  should be no p r e f e r r e d  ( i n e r t i a l )  f rame,  F u r t h e r ,  he 
f e l t  t h a t  t h e r e  should be no r eg ion  of space-t ime s i n g l e d  
o u t  as  more impor tan t  t han  any o t h e r ;  he t h e r e f o r e  assumed 
t h a t  space and t ime were homogeneous. This  assumption i m -  
p l i e s  t h a t  a l i n e a r  t r ans fo rma t ion  de te rmines  t h e  r e l a t i o n  
of ( C a r t e s i a n )  space-t ime c o o r d i n a t e s  i n  one frame wi th  r e -  
spect t o  t h o s e  i n  ano the r .  E i n s t e i n  made one more assump- 
t i o n :  t h e  speed of l i g h t ,  c ,  i s  c o n s t a n t ,  such t h a t  t h e  
same v a l u e  would be measurea by any obse rve r  no m a t t e r  what 
h i s  s t a t e  of r e l a t i v e  motion.  This  seemingly provoca t ive  
assumption had,  of cou r se ,  been upheld w i t h  e x q u i s i t e  ac- 
curacy i n  Miche l son t s  and Mor ley ' s  1887  experiment.  

To q u a n t i f y  t h e s e  i d e a s ,  E i n s t e i n  u t i l i z e d  a t r a n s f o r -  
mation which a c t u a l l y  had been d e r i v e d  somewhat e a r l i e r ,  a l -  
though w i t h  a d i f f e r e n t  and i n f e r i o r  i n t e l l e c t u a l  founda- 
t i o n ,  by Lorentz  - t h e  Lorentz  Transformat ion:  



T h i s  t r a n s f o r m a t i o n  r e l a t e s  t h e  c c o r d i n a t e s  x and t ,  def i -ned  
i n  a frame S ,  t o  the c o r r e s ~ o n d i n q  c c o r d i n a t e ' s  i n  a f r ame  S * ,  
whe re  S* has a v e l o c i t y  v w i t h  r e s p e c t  t o  S .  One c a n  see 
t h a t  these transformations are l i n e a r  i n  x and -- t and i n  X* 

and t * .  Since n e i t h e r  S nor S* i s  " p r e f e r r e d " ,  w e  s h o u l d  b e  
a b l e  t o  i n v e r t  t h e  e q u a t i o n s  and o b t a i n  t h e  samc d e s c r i p t i o n ,  
a n d ,  i r d e e d ,  w e  d o ,  e x c e p t  For t h c  sicjn inversion of t h e  
v e l o c i t y :  

x = -  x* + v t *  

[I - ( v / C )  2 l  / 2  i 

Because  S*  h a s  a v e l o c i t y  of  v w i t h  respect t o  S, S h a s  a 
velocity m i n u s  v w i t h  respect-".to S*. T h e r e  i s  n o t h i n q  i n  
t h e  t r a n s f o r m a t T o n  t h a t  slngles out any one  frame a s  s p e c i a l ,  
d e s p i t e  t h e  t h e o r y ' s  b e i n g  c x l l e d  " s p e c i a l "  r e l a t i v i t y  ( f a r  
a d i f f e r e n t  reason ,  d i s c u s s e d  b e l o w ) .  

L e t  u s  now t u r n  t o  t h e  q u e s t i o n  O F  c l o c k s .  what i n  
p a r t i c u l a r ,  does s p e c i a l  r e l a t i v i t y  s a y  a b o u t  c l o c k  r a t e s ?  
Tf t h e r e  i s  a c l o c k  a t  rest i n  t h e  Trnme 5* and onc m e a s u r e s ,  
f rom frame S , t h e  i n t e r v a l  be tween  t w o  "t ~ c k s " ,  ' : the r e s u l t  
w i l l  be d i f f c r c n t  f rom t h c  c o r r e s p o n d i n g  mcasurernent made by 
an  o b s e r v e r  i n  f r a m c  S * .  The numerical .  r c l a t i o n  be tween  
these measurements made i n  different f r a m c s  i s  g i v e n  by 



A t  = A t *  

{I- ( v 2  j c 2 )  

I n  o t h e r  words, t h e  obse rve r  i n  S t h i n k s  t h e  i n t e r v a l  between 
t i c k s  i s  longe r  t han  does  t h e  observer  i n  S*.  The r a t i o  of 
t h e  two i n t e r v a l s  i s  g iven  by t h e  Lorentz  f a c t o r :  

S i m i l a r l y ,  s i n c e  t h e s e  are  symmetric s i t u a t i o n s ,  i f  t h e  c lock  
had b t e ~  in S ,  and the  obse rve r  i n  S* were t o  measure t h e  i n t e r -  
v a l  between two t i c k s ,  a s i m i l a r  r e l a t i o n  would be ob ta ined :  

At* = 
A t  

i1- (v2 /c2  1' 

The p o i n t  i s  t h a t ,  w i t h  t h e  c l o c k  i n  S*,  one i s  a c t u a l l y  com- 
p a r i n g  it t o  a s e r i e s  of ( i d e n t i c a l )  c l o c k s  d i s t r i b u t e d  i n  
S which t h e  c lock  i n  S* p a s s e s  as it moves w i t h  r e s p e c t  t o  
S;  s i m i l a r l y ,  w i t h  t h e  c lock  i n  S :  it moves w i t h  r e s p e c t  
t o  t h e  f i x e d  ( i d e n t i c a l )  c l o c k s  i n  S* ,  There i s  no paradox 
i n  t h e  r e l a t i o n s h i p  be ing  symmetric. One may conclude from 
t h i s  a n a l y s i s  t h a t  a c l o c k  always appea r s  t o  run  f a s t e s t  i n  
i t s  own frame. When an obse rve r  i s  a t  rest w i t h  r e s p e c t  t o  
t h e  c,lock, he t h i n k s  t h e  c lock  i s  running f a s t e r  t h a n  when 
he is4;finiforrn motion with r e s p e c t  t o  t h a t  c lock .  Th i s  ef - 
f e c t  has  been v e r i f i e d  very  w e l l  i n  t h e  measurement of t h e  
l i f e t i m e  of u n s t a b l e  e lementary  p a r t i c l e s .  Such p a r t i c l e s  
i n  cosmic r a y s ,  and i n  a c c e l e r a t o r s ,  o f t e n  move w i t h  v e l o c i -  
t ies  v v e r y  c l o s e  t o  c ,  and t h i s  l i f e t i m e  enhancement f a c t o r  
can  &en be ve ry  large because t h e  Lorentz  f a c t o r  tends t o  
zero and i t s  i n v e r s e  t o  i n f i n i t y .  S t u d i e s  of mu-mesons have 
v e r i f i e d  t h i s  e f f e c t  w i th  ve ry  h igh  accuracy .  

111. General  ~ e l a t i v i t y  

T h e  theory of r e l a t i v i t y  we j u s t  d i s c u s s e d  i s  s p e c i a l  
i n  t h e  sense of be ing  restr icted.  I t  i s  s i l e n t  on t h e  sub- 
ject of g r a v i t a t i o n ;  it is  concerned p r i m a r i l y  w i th  phys i c s  
i n  ( i n e r t i a l )  frames moving uniformly w i t h  r e s p e c t  t o  one 
ano the r .  E i n s t e i n  f e l t  t h a t  concern was n o t  s u f f i c i e n t ;  he 



wanted t o  i n t r o d u c e  g r a v i t a t i o n ,  E i n s t e i n  w a s  unhappy w i t h  
N e w t o n ' s  t h e o r y  of g r a v i t a t i o n  which had e x i s t e d  u n c h a l l e n g e d  
for a b o u t  two c e n t u r i e s .  Newton's t h e o r y  d i d ,  of c o u r s e ,  
have one s m a l l  problem,  There  w a s  a m i n u t e ,  but annoy ing ,  
d i s c r e p a n c y  between t h e  o b s e r v a t i o n s  and t h e  t h e o r y  which  be- 
came n o t i c e a b l e  i n  t h e  l a t e  1 8 5 0 ' s  and was q u i t e  w e l l  e s t a b -  
l i s h e d  by t h e p ~ r l y  1900's. E i n s t e i n  w a s  n o t  u p s e t  a b o u t  
Newton's theoryobecause  of a  mere disacjreement  w i t h  observa- 
t i o n s ;  h i s  concern  was a  m a t t e r  of p r i n c i p l e .  

E i n s t e i n  d i d  n o t  a c c e p t  Newton's t h e o r y  because i t  i m -  
p l i e d  a c t i o n  a t  a  distance. I n  t h i s  t h e o r y ,  t h e  f o r c e  f e l t  
by body A due to body B depended cn t h e  l o c a t i o n  o f  body B 
a t  t h e  very i n s t a n t  t h a t  body A f e l t  t h e  f o r c e .  But if no 
s i g n a l  can  t r a v e l  f a s t e r  t h a n  t h e  speed of l i g h t ,  how i s  
body A t o  know where body- B was l o c a t e d  a t  t h a t  i n s t a n t ?  
T h i s  a s p e c t  was a s e v e r e  drawback t o  Newton's  t h e o r y  i n  Ein-  
s t e i n ' s  mind and h e  s e t  abou t  development  of  a n  alterna- 
t i v e .  The process t o o k  a b o u t  a decade .  The main p r i n c i p l e  
upon which he based  t h i s  general t h e o r y  of  r e l a t i v i t y  i s  t h e  
so-called " p r i n c i p l e  of e q u i v a l e n c e " .  

O n e  can  state t h i s  p r i n c i p l e  i n  v a r i o u s  ways. A u s u a l  
way i s  t o  s t a t e  t h a t .  t h e  e f f e c t  of a q r a v i - t a t i o n a l  f i e l d  
l o c a l l y  i s  i n d i s t i n g u i s h a b l e  from a n  i n e r t i a l  acceleration. 
The exarnplc u s u a l l y  g i v e n  i s  that of a n  "Einstein e l e v a t o r " .  
Suppose a  l a b o r a t o r y  i s  e n c l o s e d  i n  an  opaque s m a l l  e l e v a t o r  
and p l a c e d  i n  a g r a v i t a t i o n a l  f i e l d ,  s u c h  a s  on t h e  s u r f a c e  
of t h e  e a r t h .  The s c i e n t i s t s  i n s i d e  feel. the f o r c e  of g r a v -  
ity b u t  c a n n o t  u n e q u i v o c a l l y  i d e n t i f y  i t  a s  s u c h .  They :nay 
do any p h y s i c s  e x p e r i m e n t s  and o b t a i n  n u m e r i c a l  r e s u l t s .  
H o w e v e r ,  suppose  now t h e  l a b o r a t o r y  were  t a k e n  away from t h e  
e a r t h  and a c c e l e r a t e d  u n i f o r m l y  w i t h  a r o c k e t .  I f  t h e  s c i e n -  
tists i n  t h e  laboratory were t o  r e p e a t  a l l  t h e i r  e x p e r i m e n t s ,  
t h e  p r i n c i p l e  of e q u i v a l e n c e  s t a t e s  t h a t  t h e y  w i l l  q e t  ex- 
a c t l y  t h e  same n u m e r i c a l  a n s w e r s ,  p rov ided  t h a t  t h e  i n e r t i a l  
a c c e l e r a t i o n  i s  e x a c t l y  equa l  t o  t h e  y r a ~ i t a ~ l o n a l  a c c e l e r a -  
t i o n .  

Another  s t a t e m e n t  of t h e  p r i n c i p l e  of e q u i v a l e n c e  c a n  
be g i v e n  i n  t e r m s  of t h e  r a t i o  of  q r a v i t a t i o n a l  t o  i n e r t i a l  
mass.  G r a v i t a t i o n a l  m a s s  i s  t h e  m a s s  t h a t  a p p e a r s  on t h e  
r i g h t  hand s i d e  of t h e  equation t h a t  e x p r e s s e s  Newton's l a w  
of g r a v i t y :  



where G i s  Newton's c o n s t a n t  of g r a v i t a t i o n ,  m i s  t h e  
( g r a v i t a t i o n a l )  m a s s  of t h e  body be ing  a c t e d  uson,  M i s  t h e  
( g r a v i t a t i o n a l )  mass of t h e  body a t t r a c t i n g  m , and 9 i s  t h e  
d i s t a n c e  between them. The i n e r t i a l  mass i s  ghe c a e r f i c i e n t  
of  t h e  a c c e l e r a t i o n , a ,  i n  Newton's law of motion: 

The r a t i o  of t h e s e  two masses,  accord ing  t o  t h e  p r i n c i p l e ,  i s  
independent  of t h e  composi t ion of t h e  bodies  and independent  
of t h e  mass of t h e  bod ie s .  I t  i s  a u n i v e r s a l  c o n s t a n t .  This  
p r i n c i p l e ,  a l t hough  n o t  so named, w a s  a l s o  accep ted  by New- 
t on .  I n  f a c t ,  he was t h e  f i r s t  t o  v e r i f y i t  q u a n t i t a t i v e l y ,  
ach i ev ing  an accuracy of approximately  1 p a r t  i n  1,000.  

What can we i n f e r  from t h i s  p r i n c i p l e  of equ iva lence?  
One of t h e  t h i n g s  E i n s t e i n  i n f e r r e d  w a s  t h a t  t h e  t r a j e c t o r y  
of a  p a r t i c l e  could depend on ly  on t h e  geometry of space  and 
t i m e .  B y  t h e  p r i n c i p l e ,  t h e  t r a j e c t o r y  d i d  n o t  depend on t h e  
p a r t i c l e  i t s e l f ,  on i t s  composi t ion,  o r  on i t s  mass (exce,pt  
f o r  t h e  "back r e a c t i o n "  which I i g n o r e  h e r e ) .  I t  d o e s n ' t  
m a t t e r  whether we have a pea,  a f l a s h l i g h t ,  o r  whatever ;  it 
w i l l  move an t h e  same t r a j e c t o r y  because it w i l l  be a f f e c t e d  
i n  t h e  same w a y  a s  any o t h e r  mass. Thus, E i n s t e i n  reasoned 
t h a t  one could t a l k  about  t h e  t r a j e c t o r i e s  be ing  merely a 
p r o p e r t y  of t h e  geometry, and having no th ing  t o  do w i t h  t h e  
p a r t i c u l a r  o b j e c t  t h a t  was moving a long  t h e  pa th .  

What de te rmines  t h e  geometry? E i n s t e i n  f e l t  t h a t  t h e  
geometry should be determined s o l e l y  by t h e  mass, o r ,  more 
p r e c i s e l y ,  t h e  mass-energy, d i s t r i b u t i o n  i n  t h e  u n i v e r s e .  
But i s n ' t  i t  c o n t r a d i c t o r y  t o  say t h a t  t h e  p a t h  of t h e  par- 
t i c l e  d o e s n ' t  depend on t h e  p a r t i c l - e ,  on ly  on t h e  geometry, 
and t h a t  t h e  geometry depends on ly  on t h e  mass d i s t r i b u t i o n ?  
C e r t a i n l y  t h e  p a r t i c l e  i s  p a r t  of t h e  mass d i s t r i b u t i o n .  
Yes, b u t  i f  one c o n s i d e r s  t h e  p a r t i c l e  t o  have a n  i n f i n i -  
t e s i m a l l y  sma l l  mass, it  won ' t  a f f e c t  t h e  geometry, and t o  
t h a t  extent . ,  t h e s e  s t a t emen t s  a r e  c o n s i s t e n t .  But t h i s  
" c lo sed  loop" a s p e c t  i s  a k e y  t o  E r h ~ t e l ~ 1 ' 5  theet ,  1. 

E i n s t e i n  may have been guided i n  developing h i s  " f i e l d  
t heo ry"  f o r  g r a v i t a t i o n  by analogy w i t h  Newtonian p h y s i c s .  
I n  Newtonian phys ic s ,  one o b t a i n s  t h e  g r a v i t a t i o n a l  po ten-  
t i a l  from t h e  mass d i s t r i b u t i o n .  I n  o ther  words, t h e  g r a v i -  
t a t i o n a l  p o t e n t i a l  everywhere i n  space  i s  determined by t h e  
mass d i s t r i b u t i o n .  I n  f a c t ,  t h e  p o t e n t i a l ,  0, i s  determined 
by P o i s s o n ' s  Equat ion:  



where p i s  the m a s s  d e n s i t y .  Oniy t h e  q r a v i t a t i o n a l  po ten-  
t i a l  a p p e a r s  on t h e  l e f t  s i d e  and o n l y  t h e  mass ( d e n s i t y )  on 
t h e  r i g h t  s i d e ,  This equation i s  a l i n e a r ,  s c z o n d - o r d e r ,  
yartial d i f f e r e n t i a l  e q u a t i o n  for t. E i n s t e i n  in e f f e c t  
g e n e r a l i z e d  t h i s  purely s p a t i a l  ex~ression, t o  an ana loyous  
space-ti-me expression that a l s c  allowed t ,h~:  geometry t o  b e  
non-,YucIidean. Iie u s e d  Rie-manni a n  cjcornct~:y and clcvel.oped 
an  ana logous  e q u a t i o n  orhere, oil t h e  r i g h t  s i d e :  t h e  mass den -  
s i t y  i s  rep: aced by the energy-rr~omen.tum tensor : 

A s  in the Ncwtof l i ap  case, o n l : ~  t h e  riqht side contains the 
"mass" t e r m s ;  o n l y  t h e  l e f t  s i d e  c o n t a ~ . n s  t h e  "qeometry" 
dependence. Thc qeometry h c r c  i s  defined i n  a m e t r i c  s p a c e .  
The so-called '"metric t enso r"  g i n  essence exprcsscs the 
" c o n n e c t i o n "  between nelqh120rLn4'polnts i r_ t h l s  space - t ime  : 

T h e  i n t e r v a l  6 s  i s  t h e  " 2 i s t a n c e "  he tween t w c j  infinitesimal- 
1-17 s e p a r a t e d  po i -n t s  in tlie s p a c ~ - t i n e ,  To evaluate ds7, one 
s z l m s  Ever a l l  - v a l u e s  of the two indi~cs I,.! and b which  r u n  
from 1 t o  4 and correspond to the t h r c c  spatial and t h e  one 
t empora l  d imens ion .  I n  C a r t e s i a n  coordinates, i n  12uclidean 
three-dimensi -onal  spacc, ds' = dx' + dv"- dz'; Equa t ion  
(10) is t . h e  gencrali. z a t i - o n  for a Riemannian met-ric spacc.  

Z i n s t e i n  rn3.d~ o t h e r  assumptions, namelj- t h z t  t h i s  
energy-momentup. tel?sc)r i s  a conservec! q u a i l t l t y  i n  a sense 
analogous to t h e  consercvat.ion. of eriercry and ~iicrncnturrl i n  Ncw- 
t o n i a n  p h y s i c s .  F n r t h e y ,  he  l l m i t e f i  the d e r i v a t i v e s  on the 
l e f t  side to seconG-order dzrivat-ives cf q . i n  analog:{ t o  
t h e  second-order  derivattves o n  t h e  lcft sY$e of the  Yewton- 
tan equation 8 . Y'i-ti1 tho::- assi;;nptions, i~ :~c :  c a n  a n i q u e l y  
determine the l e f t  side up  t o  a term p~ ; ropo~ t : i ona l  t o  t h e  
m e t r i c  tens~r. The c s e f f i a i f : > n t  of t h i s  ter :~. ,  tb.e s o - c a l l e d  
cosmuiogica l .  constant, E i n s t e i n  ? j . r s t  tool< T r c  !je zero, t i  

p o s i t i o n  he  deviated f r o m  !.at?r when he t h o u q h t  t h e  u n i v e r s e  
was static; s t i . 1 . l  l a t e r ,  11- c : r c a t l y  -1-ecjref- ked -this temporary 
d e v i a t i o n .  ( I t  i s  r,cw gcncrally ass:lmed that. t h e  cosmolo- 
gical constant i s  z e r c ,  ) 



Because of symmetry ( T  = T ) ,  Equation ( 9 )  represents 
only 10 independent equatioks, noYL116. These are Einstein's 
field equations which he used as the basis for calculations. 
In Newtonian Physi-cs, the field equations were not enough. 
Equation (8) indicates how the gravitational potential can 
be determined, but it doesn't tell one how to calculate the 
paths of light rays and particles. In fact, Newton never 
said anything, as far as I know, about the effect of gravity 
on light rays. As for the effect of gravity on massive ob- 
jects,Newton had a separate assumption, his equally well- 
known law of motion, given in Equation ( 7 ) .  In relativity, 
the corresponding equations are the equations for geodesics 
in four-dimensional space-time. A very intriguing aspect of 
the general. relativistic formulation is that a separate as- 
sumption for the equations of motion does not seem to be 
needed; the equations of motion follow from the field equa- 
tions themselves. The hasic reason that makes this result 
possible, though by no means guaranteed, is that the field 
equations of qeneral relativity are non-linear. The New- 
tonian field equation, by contrast, is linear. The terms 
hidden in G in Equation (9) are, in fact, non-linear ex- 
pressions i# terms of the metric tensor q 

LJv ' 
IV . Maqnitude of Relativistic Effects 

What of the magnitude of the relativistic effects we 
might expect? We know, as Einstein also knew, that Newton- 
ian physics is a very good approximation, at least in our 
neighborhood, So the Newtonian equations must be, in some 
sense, the first approximation for the solution to the rela- 
tivistic equations. Deviations from Newtonian physics ap- 
pear in terms proportional to v2/c7 as we saw from the 
Lorentz Transformation; in the general theory of relativity, 
deviat.ions appear in terms proportional to the factor, 
G M / c ~ ~ .  The quantity G M / C ~  has the dimensions of length and 
is often denoted by x and called the gravitational radius 
of the body. We can ?valuate r near t .he sun, say, to de- 
termine t k  order of magnitude OF the relativistic effects 
there that are due to gravitation. We find that, for the 
sun, r = 1.5 km; by contrast, the radius of the sun is 
about ?OO,OOO km. Thus, we can expect relativistic effects 
to appear at the level of two parts per million. 

What about effects near the earth, which are of more 
direct concern for us? We find that the yravitational radi- 
us of the earth is near half a centimeter. In other words, 
the earth would have to be compressed down to half a centi- 
meter before it would turn into a black hole. The radius of 
the earth is about 6 x lo8 centimeters, so relativistic 



effects  near the surface of the earth co i~ ld  be expect& to 
be on the order of e i g h t  pa r t s  per billion, n o t  t e r r i b l y  
large. 

Let us now try t,o d c s c r ~ b c  the reJativrstic e f f e c t a  
quantitatively. T o  solve t h e  f i e l d  e c ~ u a t i o n s  t o  dctzrmlne 
the m e t r i c  t ~ n s o r  q i s  110 easy job. Thcl-e dre very few 

L/ 
problems that have Kcen formulated where  q l c ~ n  be deter- 
mined in c losed  f o r m .  The ]*lost: fa11-tous cne', solved b:. 
Schwarzschild v e r y  s h o r t l y  a f t e r  Einsteir published his 
t h e p r y ,  i s  f o r  a s p h e r i c a l l r - s y l " m e t r i c ,  static: mas5 d ~ s t r l -  
b u t i o n .  The s o l u t i o n  e x t ~ r - l o r  t r _ ?  that mdss can be written 
as: 

w h e r e ,  a s  s t a t e d  above, d s "  i s  the inf i.r.fi-kes.Ltn;li space---c.ilne 
i n t ~ e r v a l  and where the nor*-vanis;li.nq cnrnponents nir ,the met- 
ric tensor are the coefficients of dt , &'.-,  e t c ,  These  
c o e f f i c i e n t s ,  a s  he re ,  a r e  often w r i t t e n  as a power series  
i n  ~~/c'r. I n  g e n e r a l  relativi t-7 , , t h e  pzLraxe-ters, L, 5, and 
y , don' t: appear; they arc idectical ly one. The hiql-~er-dcrder 
terns,  i n d i c a t e d  by '\ ..", .cli-.) net. d;3:-car e l t h e r ;  they are  
identically zero i r l  genersl 1 ' 2 l a t i v i t y .  The reason for 
writinq the rnetric i1.1 t h i s  "qene ra l , s zed"  form i s  to f c?c-i1:i.-- 
tate the tesir.inq of the ,ttl~-:(?:ry, 3y a leas t : -squares  ma-i..i:'? 
of t h e  p r e d i c t i o n s  of t h e  the/>?::,; to the r e s u i t s  c,f ohscrva--, 
, t i .ons made, say, i n  the s:~?_.?r s y ~ t e n i . ~  or ie  (:a2 estimate the 
val .ues  of these parameters, If t h e  est-irnates t u r n  9 u t  k.c 
be u n i t y  t o  w i t h i n  e x p ~ r i r n ~ n r a l  unce r t a i i z t -y ,  WE c(2nclude 
that t h e  obscxvations a r s  consisten-t wi-th general r e l a . z i v - i t y .  
If they arenl t, then qcnerzl r e l a t i v i t y  i s  i l l  trouble. 

Gi-ven t h e  metric tensr:)r an.d t h e  ecpaati.ons of m o t i o r i ,  one 
car, then c a l . c u l a t e  e x p l i c . i t l y  t h e  p a t h s  of test p a r t i c l e s  and 
light s i q n a l s .  T h e  r l a l c u l a t i o n s  ar.2 2 b i t  I ; . n t . r i c a t e r  one 
cannot. in g e n e r a l  9 h t a i . n  "closed--f  orm" s o l u t i . o n s ,  One of ten 
uses a perturbation e x p a n s i o n  in powers ~f rc/r where  t h e  
f i r s t  approximation represex+,.ts t h e  Newtonian s o l u t i o n  3nd 
t h e  n e x t  h i g h e r  approx,irnatic;n, t h e  so-called pos t -Newton ian  
so l .u t ion .  



V Simple Examples of - Relativistic Effects on 
-+-- 

Frequency and Time -- --- - 

Let us, finally, turn to the predicted relativistic: 
effects on the frequency of light signals an6onclocks. We 
will t r e a t  first a very simple example to show how one can 
use elementary reasoning to obtain an answer, without employ- 
ing the full armamentarium of general relativity. We'll need 
only to apply the principle of equivalence. Thus, suppose we 
have a transmitter and a receiver that are stationary but 
separated. Let the receiver, or observer, be on the surf'ace 
of the earth; let the transmitter, at an altitude R above 
the observer, transmit a signal with frequency f (see Figure 
31. The question i-s, "What frequency does the observer meas- 
ure?'" 

An easy way to answer this question is to use the 
principle of equivalence. The system, or laboratory, we set 
up is equivalent to another where we replace gravity by an 
acceleration: We accelerate the laboratory at a value a, 
equal in magnitude to the acceleration g of the earth's- 
gravity. We keep the observer and transmitter separated by 
the same distance H.  At same i n s t a n t . ,  the transmitter sends 
a signal which the observer receives a short time, At, later. 
Let the velocity of the observer, at the insta-nt of recep- 
tion of the signal, relative to h i s  and the transmitter's 
velocity, at the instant of transmission of the si-gnal, be 
Av. The value of Av will. be equal to the acceleration of the 
laboratory multiplied. by the t i m e  interval between trans- 
mission and reception. Thus, using the principle of equi-va- 
Lence, 



where h t  is just the time taken by l i g h t  ta travel t h e  dis- 
tance H ( A t  = Il/c), and where a = g. These  a r e  a l l  app rax i -  
mate relations, v a l i d  to the first order In the small quan- 
tities. The frequency shift,: f ' f ' - f ,  of the observed  
f r e q x e n c y  r e l a t i v e  t o  t h e  t r a n s m i t t e d  frequency, - f, i s  l s k c  
a f i r s t - o r d e r  Doppler  s h i f t  and i s  qiven bv 

/If - i"v - - - sr (13'1 
f c 

r 2  

where we have s u b s t i t u t e d  f ron  Equation ( 1 2 ) .  T h i s  chansc  
~n f r e q u e n c y  represents, i n  fact, a v r o l e t  shift, 

Thus,  the transmitter, a t  a l t ~ t u d e  H, sends  a s i q n a l  
a t  f r e q u e n c y  f and t h e  oLsrrver receives a s l ( 7 n d l  with a fre- 
quency q r ~ a t e r  by If. We n o t e  t h a t  t h e  change i n  q raxTi ta -  
t i o n a l  p o t e n t l a 1  hetwcen t r a n s m i t t e r  apd r e c c l v e r  i s  just 
the change i : ~ - G n l  /R t h c  q r a ~ ~ i t a - t - l o n a l  p o t e g t l a l  for the 
earth: @ fBr  

* GM 

AR@ gH 
('14) 

where M and RB a re  t h e  m a s s  and radius, i e s p t c t i v e l \ r ,  of 
t h e  e a r e h ;  and hR i s  equdi t o  11. The i r a c t l o K a l  chan:je, 

€B A£/£, in fs-cquency ar3d the accdmula t ed  ( J l f  f e r c n c e ,  I T ,  i n  
apparent c l o c k  readings a f t e r  e l a p s e c  t ~ m c  7 a r e  qiven by: 

i\ f a o -- - 
f 2 

C i 
i l 5 )  

, T  E - -- 
c 7  

In other words, if the o h s c r v e r  hac: a C ~ G C ! :  I icnt- ichl  1ri ccn- 
s t r u c t i o n  t o  t h a t  govern lnq  the transmitter, 2nd i f   he ob- 
server knew the value of t h e  transmitted Erequer icy,  as LIE- 
termined at t h e  t r a n s r r ~ i t t e r  , 51' t h e  clock the1 c ,  t-he obser- 
ver  would infer t h a t  hir c l o c k  wzs l o s l n g  t i T n e  rc la- t ive  tr, 
the clock in the lower g r a v i t a t i o n a l  p o t c ~ t i n l  of  t h e  trans- 
m i t t e r .  Of  course, t h i s  " r e l a t l v ~ s t l c "  l o s s  can e a s i l y  be 
ta lcex1  i n t o  a c c o u n t  i n  any e o m p a r i s u n .  

L e t  u s  c o n s l d c r  a n o t h e r  example.  Suppose a f r e y u e n e l r  
s t anda rd  w e r e  In a c z r c u l a r  orbit a b o u t  t h e  e a r t h ,  and sup-  



pose, incorrectly, that the first-order Doppler shift and 
the earth's rotation were negligible. Suppose, further, 
that a signal of frequency, f , is transmitted by the satel- 
lite and received on earth, a8d that the frequency of that 
signal is measured on earth, with equipment governed by a 
clock identical in construction to the clock in orbit that 
governed the transmission of the signal. Under our assump- 
tions, the frequency, f measured on earth will be related 
to fs by: e' 

where the subscripts s and e refer to conditions at the sat- 
ellite and on the earEh, respectively. Thus, the difference, 
f - f in frequency is determined by the motions of the 

s bgdies and by their gravitational potentials. Recall from 
Equation (2) that for the motion itself, we have the factor 
(1 - v " c ~ ) ~ ' / ? ;  but here, where we axe considering frequen- 
cy r a t h e r  than time, this factor enters with the plus half 
power rather t h a n  with the minus half power. As we saw in 
the first example, although not in this more exact form, the 
gravitational potential also affec ts  the frequency; the ef- 
fect was linear in ( a  /c2) with a coefficient of unity. This 

S result can be recovered here, for ( @  /c2)<<1, by ex ansion 7 of (1 + 2 Q s )  '1" Since (Os/c2) , (@,$c2), and (v'/c ) are all 
small near the earth, we expand the right side Equation 
(16) , rearrange, and obtain(uith t h e  aid r f  c a ~ r r g ~ . . m  4 @~l*ry , f ) :  

where H is the altitude of the satellite. The ratio 
Af/f, the apparent fractional change in frequency measured 
by the observer on the surface of the earth is thus of t'he 
order o f  a few parts in lo", where for H less than half 
the radius of t h e  earth we observe a violet shift, and for 
H greater than half the radius of the earth we observe a 
red shift. Above half an earth radius, the effect of the 
motion dominates over the ef fec t  of the gravitational poten- 
tial, and vice versa, below half an earth radius. With the 
combination of the motion and the gravitational potential 



- 

e f f e c t s ,  we would  measure either a violet shift or a red 
shift, dependinq simply on the altitude of the satellite. 
Were we to observe Erom a lower potential, that is, from a  
position higher above the earth than the satellite, w e  would 
measure a r e d  shift. Remember, however, that this entire 
development must really he modified for the observer's motion 
and for the first-order Doppler shift, both of which  were 
ignored i n  this example. 

PI , Validity of t h e  General Theory of Relativity - 

Now let us address briefly the question of whether or 
not qeneral relativity is a valid theory. It is clear in 
principle that at some level qeneral relativity must "break 
down", because it is incompatible with quantum mechanics. 
No one has yet been able to formulate a satisfactory quantum 
theory of gravity, although there are some goad ideas cur-- 
rently being explored. As one makes observations on a more 
microscopic scale, quantum mechanics plays an increasiaqly 
important role. At what lenqth scale will quantum gravity 
actually be important? One answer is based on the evalua- 
tion of the "fundamentalt1 lenqth that can be formed from 
the qravitational constant, the speed of light, and Pl.anckls 
constant, h, which  is a measure of the importance of quantum 

- 
phenomena. This lenqth is called the Planck length and  is 
given by : 

- fir7 5'7 

L~ -[r/ = 1.6 x 1 0 - ? ~ % c r n  I 118) 

w h e r e , i n  accordance with convention, the "slash" on h de- 
notes division by 27r. It is clear for present PTTI purposes 
that one need not worry about such lenqth scales. I t  will 
be a long time before anyone will conceive of practical ex- 
perimental procedures that will expose what  happens at these 
length scales. Quantum theories of gravity currently under 
study center on so-called "super gravity", which tries to 
unite g e n e r a l  relativity and quantum mechanics in a "higher 
level" theory for which  qeneral relativity will he the ap- 
propriate macroscopic limit. Testiny the validity of these 
ideas is hopelessly beyond present experimental capabilities. 

In the macroscopic world of the solar system, relativ- 
istic effects are very small. In addstion, they have heen 
verified by measurements to one percent or better. The rela- 
tivistic effects of motion and gravity on clock rates, in 
particular, have been verified to approximately one hun- 
dredth of one percent already. A relativistic effect on 
trajectories, the prediciton of a non-Newtonian advance of 
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t h e  p e r i h e l i o n  p o s i t i o n  of Mercury's  o r b i t ,  has been v e r i f i e d  
t o  about  h a l f  a p e r c e n t .  The p r e d i c t e d  d e f l e c t i o n  of l i g h t  
r a y s ,  and t h e  p r e d i c t e d  i n c r e a s e  i n  echo d e l a y s ,  have been 
v e r i f i e d  t o  t h e  o r d e r  of one percent , ,  and a few t e n t h s  of one 
p e r c e n t ,  r e s p e c t i v e l y .  

There i s  no problem, i n  p r i n c i p l e f i n  apply ing  t h e  gen- 
e r a l  t heo ry  of r e l a t i v i t y  t o  t-he solar system, and,  i n  pa r -  
t i c u l a r ,  t o  t h e  e a r t h  environment a t  a  u s e f u l  l e v e l  of accur- 
acy.  The s i t u a t i o n  i s  a l l  very we.11 de f ined  by t h e  p r i n -  
c i p l e s  of t h e  theory. Unfor tuna t e ly ,  how t o  apply  t h e s e  
p r i n c i p l e s  i s  n o t  always so c l e a r  t o  t h o s e  who t r y .  A s  one 
consequence, a p p a r e n t  paradoxes have appeared i n  t h e  l i t e r -  
a t u r e ,  as w e l l  as  many o t h e r  e r r o r s .  But ,  a t  t h e  l eve l  of 
accuracy of i n t e r e s t  t o  P T T I ,  t h e s e  a r e  t h e  problems of 
those doing t h e  c a l c u l a t i o n s ,  and n o t  t h e  problems of t h e  
t heo ry .  The theo ry  i s  q u i t e  reliable and often u s e f u l  a t  
this level of accuracy.  



SUESTIONS APiD ANSWERS 

DR. CARROLL ALLEY, Universi ty o f  Maryland: 

I think i t  i s  appropr ia te  f o r -  th is  .... audience t o  re .al?ze t h a t  t h e  
f i  r*st prac t ica l  a p p l  icat ioi ls  o f  E i n s t e i n ' s  ideas i  r! actual  engineer- 
ing situaticlris a re  w i t h  us in -the f a c t  that, c'locks a r e  now so s t a b l e  
t h a t  one nlust take  these  sniall e f f e c t s  i n t o  account. in a va r i e ty  o f  
sys.cems -that a r e  xiow llndergoirlg developm?nt or  are  ac tua l ly  in use 
in  cor::paring time wori liwide. 

I t  i s  no longer a r;iat?:er of s c i e r d i f i c  i n t e r e s t  and sc ien t , i f i c  
app l i ca t ion ,  b u t  i t  has x:~oved in to  t h e  realrn of  engineering necessi-  
t y .  So t a l k s  l i k e  t h i s  a re  v?ry iinportant t o  tr,y to acc ,~ ;a in t  the  
com:nuni t y  with these  f~;ndar:ieti'tal p r i n c i p l e s ,  because the  uncertain-  
t i e s  have, indeed, a r i sen  :'II - !ark.  3: ; rndevstar~d 'n~ o f  what i s  c;oing 
on, r a the r  t h a n  in t h e  basic i d ~ i i s .  

DR. SHAPIRO: 

Yes, in f a c t  I l e f t  o u t  one s l i d e  whcre 1 lnieant t o  show \ \ iha t  t he  3c-  

cumulated e f f e c t ,  say,  i n  a day w o u l d  he I f  you took t w o  i den t i ca l  
clocks,  p u t  one on the  cjrc~ind and one i n  t h e  spzcecraf t  i r i  o r b i t  
around t h e  ea r th  a t  some rlominal a 1  titr.lde. 

Of course,  we cat) cancel ~t out a s  WI? saw, klit what would be 
the  oraer  of magnitude of the  dccum~la+,ed d ~ f f e r e n c e  i n  tkle I eadi rcs  
of the  two clocks per day.' l \ n d  i t  i s  about 20 microseconds. Sc jt 
can be q ~ u i t e  subs tdnt ia l  . 

O f  course,  t h a t  i s  a  i i t - t l e  b i t .  of a spoof s ince  rre ciop't yet. 
have such extreii~ely s t a b l e  al-rsoliite sta!;dards, so i f  yo9 p u t  a clock 
i n  o r b i t  and jus t  rneasure i t s  r a t e  irl o r b i t ,  then Y C L ~  w o ~ ~ l d ,  in e f - -  
f e c t ,  autoniatical l y  co r rec t  f o r  these  re1 a t i  v i s 1 . i ~  e f f ~ c t ~ .  , provided 
it was a c i r c u l a r  o rb i t  and provided c e r t a i n  nther th ings  werc t rue .  

B u t  when one gets  dowr~ t o  1;ne t e n s  of  !:anosecor;ds l e v e l ,  and 
one worries about eccen t r i c  orI:i t s  a n d  v a r i o u s  other th ings ,  then i t  
i s  t r u e  t h a t  these  e f f e c t s ,  sr~iali as  the,y a r c ,  a re  r,c:)r: rieqligihle 
cornpared t o  the  accuracy tha t  yon  can ~ c h - i e v e  vjith c locks .  

The f i r s t  r e a l l y  pr-tictical appliccl.tior-I :;hat. 1 k,rln!hi c f  t h a t .  
peotple a re  worried a h o u t  i s  in the  C P S  syster.;!, whcre the eff 'ects a re  
of t h e  ordcr  of  t ens  of ndnosecnnds f o r  sc~::c o f  t he  a l ! l i l i c a t i o n s .  

D R .  ALLEY:  

For the GPS, a l b e i t  a 1 2  hour o r b i t ,  it. i s  38 I-:icroseconds per (jay, 

CR. S H A P I R O :  

T h a t  i s  t r u e .  B u t  1 say t h d t  ygu car1 gc t  r i d  o-F that. vclry easi ' ly  by 
the  r ede f in i t ion  of ra te .  



DR. ALLEY: 

Yes. 

DR. SHAPIRO: 

But you s t i l l  have t o  wor ry  even i n  comparisons w i t h i n  a day o f  t h e  
o r d e r  o f  t e n s  o f  nanoseconds. 

DR. ALLEY: 

If I may be p e r m i t t e d  one more comment: I n  t h e  summer o f  ' 7 7  we 
a c t u a l l y  c a r r i e d  ou t  t h e  E i n s t e i n  f a 1  1  i n g - e l  e v a t o r  exper iments  u s i n g  
t h e  e a r t h  f a l l i n g  towards t h e  sun. lde t r a n s p o r t e d  c l o c k s  essen- 
t i a l l y  f r om  t h e  f l o o r  t o  t h e  c e i l i n g  by c a r r y i n g  them f r om t h e  no r -  
t h e r n  hemisphere t o  t h e  southern hemisphere a t  t h e  t i m e  of t h e  sum- 
mer s o l s t i c e ,  when t h e  a x i s  i s  t i l t e d  toward  t h e  sun. We v e r i f i e d  
f o r  c l o c k  r a t e s  t h a t  t h e  p o t e n t i a l  o f  t h e  sun does no t  e f f e c t  t h e  
c l o c k  r a t e s  between f l o o r  and c e i l i n g  i n  t h e  f r e e l y - f a l l i n g  e l e v a t o r  
ea r t h .  Thank you. 

DR. SHAPIRO: 

There a re  many exper iments,  as I a1 l uded  t o ,  t h a t  v e r i f i e d  va r i ous  
aspects  o f  genera l  r e l a t i v i t y .  I f e l t  I c o u l d n ' t  do j u s t i c e  t o  a l l  
o f  them, and t h e r e f o r e  I d i d  j u s t i c e  t o  none o f  them. 

DR. CHARLES MARTIN, Defense Mapping Agency: 

I would l i k e  t o  make one comment here  because I t h i n k  i t ' s  q u i t e  
impo r tan t  i n  terms o f  ou r  p o t e n t i a l  u t i l i z a t i o n  o f  t h e  g l o b a l  p o s i -  
t i o n i n g  system. I d o n ' t  t h i n k  t h e r e  i s  any ques t i on  about t h e  
microsecond e r r o r s  i f  you do no t  t a k e  them i n t o  account. 

But I t h i n k  i t  i s  c e r t a i n l y  impo r tan t  t h a t  we a l l  r e a l i z e  t h a t  
t h e  c a p a b i l i t y ,  t h e  theory ,  i s  adequate t o  t a k e  i n t o  account r e l a -  
t i v i t y  e r r o r s  t o  t h e  l e v e l  o f ,  say, 20 o r  30 nanoseconds. 

DR. SHAPIRO: 

No. To much b e t t e r  t han  t h a t .  My main message was t h e  t h e o r y  makes 
very  s p e c i f i c  p r e d i c t i o n s  and t h e y  have been v e r i f i e d  t o  a smal l  
f r a c t i o n  o f  one percent  as f a r  as c l o c k s  a re  concerned. 

So, s imp l y  on t h e  exper imenta l  v e r i f i c a t i o n  l e v e l ,  you  can be- 
l i e v e  them t o  t h e  sub-nanosecond l e v e l .  But as f a r  as t h e  t h e o r y  i s  
concerned, t h e r e  i s  no good reason t o  be1 i e v e  i t  breaks down t h e r e  
j u s t  because you haven ' t  t e s t e d  below t he re .  There i s  no t h e o r e t i -  
c a l  reason t h a t  i t  shou ld  break down j u s t  below. And i t  does make 
ve ry  s p e c i f i c  p r e d i c t i o n s .  The problems a r i s e ,  as I sa id ,  when 
people  d o n ' t  f u l l y  unders tand t h e  t h e o r y  when t h e y  t r y  t o  use i t  i n  
t h e i r  c a l c u l a t i o n s .  

MR. ALLAN, Na t i ona l  Bureau o f  Standards:  

1 aga in  t h i n k  f o r  t h i s  audience, a l ong  t h e  l i n e s  P ro fesso r  A l l e y  
mentioned, t h a t  f o r  t h e  GPS use r  i n  t h e  f u t u r e ,  because t h e  e a r t h  i s  



s p i n n i n g ,  t h e s e  e f f e c t s  become v e r y  s i g n i f i c a n t .  i f  you  s y n c h r o n i z e  
two  c l o c k s  an t h e  s u r f a c e  o f  t h e  e a r t h  v i a  p o r t a b l e  c l o c k  and v i a  
s a t e l l i t e  (by  G P S ) ,  and i g r i o r e  t h a t  t h e  e a r t h  i s  s p i n n i n g ,  assu r i i ng  
t h e  E i n s t e i n  s y n c h r o n i z a t i o n  t e c h n i q u e ,  y o u  cat1 make e r r o r s  o f  t h e  
o r d e r  of hundreds o f  nanoseconds. So one h d s  t o  be c d r e f u l .  

DR. SHAPIRO: 

That  i s  r i g h t .  One has t o  be c a r e f u l .  Out I at;) s a y i n g  t h a t  t h e  
t h e o r y  i s  v e r y  c l e a r .  T c o u l d  work o u t  any example, i n c l u d i n g  t h e  
s p i  n n i  ng e a r t h ,  i n c l  u d i  ng f l y i n g  c l o c k s  westward  aga i  t i s t  t h e  d i  - 
r e c t ' i o n  o f  e a r t h  (as  was done a1read.y) and eas tward  w i t h  t h e  d i r e c -  
t i o n .  And t h e r e  a r e  d i f f e r e n c e s  t h e r e ,  because yuu a r e  a d d i n g  t o  o r  
s u b t r a c t i n g  f ron i  t h e  v e l o c i t y  o f  r o t a t - i o n  o f  t h e  e a r t h .  A l l  of 
t h e s e  t h i n g s  have been w o r r i e d  about  and have been c a l c u l a t e d  and 
t h e r e  i s  no problem, as l o r i g  as y o u  r e a l l y  u n d e r s t a n d  t h e  t h e o r y  
t h a t  y c u  a r e  a p p l y i n g .  

MR. THOMAS MCCASKILL, Vaval  Research L a b o r a t o r y :  

We have a t a l k  t h i s  d f t e r n o o r i  i n  wh ich  we w i l l  p r e s e n t  s o r x  r e s u l t s  
w i t h  t h e  NTS s a t e l l i t e s .  I n  v iew  o f  t h e  h i g h  amount o f  i n t e r e s t  
t h a t  has been shown on t h e  r e l a t i v i s t i c  e f f e c t s ,  we w i l l  b r i n g  a 
c o u p l e  o f  s l i d e s  t h a t  Mr., Buissor i  p r e s e n t e d  l a s t  y e a r ,  wh ich  show 
t h e  d i f f e r e n c e  i n  f requency  between a  ces i i r r l  c l o c k  measured on t h e  
grouncf arid a ces ium c l o c k  t h a t  was p l a c e d  i n  o r b i t ,  wh i ch  v e r i f i e d  
t h e  f i r s t  o r d e r  r e l a t i v i s t i c  e f f e c t .  

DR. ALFRED KAHAN, Ror;ie A i  r Devel  o p ~ i c n t  C e n t e r :  

I n  y o u r  o p i n i o n ,  t h e n ,  i s  t h e r e  any experiment, t h a t  s t i l l  needs t o  
be done t o  f u r t h e r  p r o v e  t h e  g e n e r a l  t h e o r y  of r e l a t i v i t y  w i , t l :  
s a t e l l i t e s ,  f l y i n g  c l o c k s ?  Or i s  t h e  t h e o r y  so good t h d t  we have  
c o n f i r m e d  t o  t h e  one -pe rcen t  o r  h a l f - p e r c e n t  l e v e l  t h a t  we d o n ' t  
need any more e x p e r i m e n t s ?  

DR. S H A P I R O  

I am a firrri b e l i e v e r  t h a t  p h y s i c s  i s  a n  exper i rnun ta l  s c i e n c e  and 
when one has t h e  o p p o r t u n i t y  t o  t e s t  t o  a  h igher -  l e v e l  o f  accu racy  
one shou ld ,  p r o v i d e d  i t  d o e s n ' t  c o s t  a  r~~a , j o r  f r a c t i o n  c f  t h e  g ross  
n a t i o n a l  p r o d u c t .  

And one has t o  draw sorrle r e a s o n a b l e  p o s i t i o n  t h e r e  between do- 
a b l e  b u t  h u g e l y  e x p e n s i v e  and d o - a b l e  b u t  n o t  such a  g r e a t  g a i n .  I 
b e l i e v e  i n  e x p u r i ~ n e n t s  if you can [;lake an o r d e r  o f  magn i tude g a j n  i n  
t h e  e x p e r i n i e n t a l  limit: I t  i s  w o r t h  a  r e a s o n a b l e  ar:lount o f  money. 

If you are g o i n g  t o  make a  t e n  p e r c e n t  g a i n ,  I p e r s o n a l l y  
w o u l d n ' t  b o t h e r  d o i n g  t h e  e x p e r i n e l i t .  There  a r e  some e f f e c t s  of 
gene ra l  r e l a t i v i t y  t h a t  h a v e n ' t  heen observed a t  a1 1 a t  any l e v e l  
t h a t  a r e  i m p o r t a n t .  

Fo r  example: The d r a g g i n g  o f  ' n e r t  i a l  f ranies due t o  t h e  
s p i n n i n g  o f  t h e  mass ive  body were p r e d i c t i o n s  worked o u t  f rom 



general  r e l a t i v i t y  as l o n g  ago as 1918. They have never been v e r i -  
f i e d  because t h e  e f f e c t s  a re  ve ry  smal l .  

There a re  severa l  p o s s i b l e  ways o f  g e t t i n g  an exper imenta l  
handle  on t h i s  w i t h  e a r t h  exper iments ,  i n c l u d i n g  f l y i n g  s p i n n i n g  
gyroscopes and so f o r t h ,  bu t  they  a re  t e c h n i c a l l y  ve ry  d i f f i c u l t  and 
very  expens ive t o  perform, and i t  i s  n o t  c l e a r  y e t  t h a t  we are 
r e a l  l y  ready t o  do t h a t .  

DR. ALLEY: 

I would l i k e  t o  adopt a s l i g h t l y  d i f f e r e n t  stance. The con fus i on  i n  
t h e  unders tand ing  o f  t h e  fundamental p r i n c i p l e s  i s  widespread even 
among a u t h o r i t i e s .  

I mean, t h e r e  a r e  r e c e n t l y  pub l i shed  papers i n  t h e  l i t e r a t u r e  
making p r e d i c t i o n s  con ing  f r om people  who shou ld  know b e t t e r .  For  
example, on t h i s  f a l l i n g  e a r t h  exper iment I mentioned, one of t h e  
l e a d i n g  t h e o r i s t s  i n  Europe i n  genera l  r e l a t i v i t y  pub l i shed  i n  Phy- 
s i c s  L e t t e r s  t h e  f l a t  statement t h a t  c l o c k s  would r u n  a t  d i f f e s  
r a t e s  a t  t h e  No r th  Po le  and South Po le  a t  t h e  t i m e  o f  t h e  s o l s t i c e s .  

Th is  i s  f l a t  wrong, which he now admits.  But t h e r e  i s  a  t r e -  
mendous arnount o f  i n t u i t i o n  t h a t  i s  l a c k i n g  i n  unders tand ing  genera l  
r e l a t i v i t y ,  which we have i n  e l e c t r i c i t y  and magnetism. And, I would 
submit  t h a t  t h e  performance o f  c l o c k  exper iments  t h a t  we a r e  now 
ab le  t o  do w i l l  c o n t r i b u t e  v a s t l y  t o  deve lop ing  t h i s  k i n d  o f  i n t u i -  
t i o n .  

I n  a c e r t a i n  sense t h e  c l ocks  i n  g r a v i t a t i o n a l  f i e l d s  a re  
analogous t o  magnet ic f i l i n g s  i n  magnet ic f i e l d s .  And i t  i s  q u i t e  
impo r tan t  t o  do these exper iments  when one i s  ab le  t o  do them. 

DR. SHAPIRO:  

I d o n ' t  l i k e  t o  d i sag ree  w i t h  my co l league ,  bu t  I f i n d  t h a t  I must 
d i sag ree  s t r o n g l y  w i t h  what P ro fesso r  A l l e y  j u s t  sa id .  I f i n d  t h a t  
no amount o f  exper iment can r e a l l y  t a k e  people  away f rom wrong no- 
t i o n s .  For  example, t h e  t w i n  paradox has c rea ted  f a n a t i c s  i n  g rea t  
numbers and no amount o f  exper iments  q u e l l  s  t h a t  a t  a1 1. 

As f a r  as t h e o r e t i c a l  p h y s i c i s t s  l i k e  t h e  one t o  whom P ro fesso r  
A1 l e y  a1 luded, and whorn he d i d n ' t  ment ion and whorn I won ' t  ment ion,  
he was p e r f e c t l y  we1 1 conv inced t h a t  he had made an e r r o r  s imp l y  on 
a t h e o r e t i c a l  bas is .  It d i d n ' t  t a k e  an exper iment t o  conv ince h im 
t h a t  he made an e r r o r .  

I t  was p e r f e c t l y  c l e a r  t h a t  he j u s t  d i d n ' t  app l y  p r o p e r l y  t h e  
r e l a t i v i s t i c  p r i n c i p l e s .  Many people, i f  t h e y  a r e  reasonable,  can 
be convinced by t h e  t h e o r e t i c a l  arguments, and hav ing  exposed t h e i r  
wrong s tep,  t h e y  admit  it. 

The non - f ana t i c s  w i l l  be convinced by t h e  theory ,  and t h e  
f a n a t i c s  won ' t  be conv inced by any th ing .  




