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Abstract: The behaviour  o f  e lec t romagnet i c  r a d i a t i o n  i n  t h e  Schwarzschi l d  
m e t r i c  o f  the sun i s  s t u d i e d  w i t h  the presence o f a n o n - m i n i m a l  c o u p l i n g  
term o f  e lect romagnet ism and g r a v i t y .  An anomalous d,ef l e c t  i o n  i s  p re-  
d i c t e d ,  as w e l l  as a  p o l a r i z a t i o n  e f f e c t .  These e f f e c t s  can be used t o  
o b t a i n  exper imenta l  upper bounds f o r  t h e  coup l ing  c o n s t a n t  o f  t h e  non- 
-mínima1 c o u p l i n g .  The s t r e n g t h  o f  these upper bounds i s  d iscussed .  

1. INTRBDUCTIQN 

A.  ~ . ~ t - a s a n n a ~  suggested a  non-mi nimal coupl i n g  o f  e l  ectromag- 

nest ism and g r a v i  t y  by w r i  t i n g  t h 6  t o t a l  Lagrangian 

which y i e l d s  

and 

The cons tan t  

L = u ~ g  {R  i wrZhPb t ~ ~ ~ ~ ~ f ~ f ~ }  (1 - 1 )  

the  f i e l d  equa t lons  

e .  

3 . [ a G  .Fi' + B J ; ~  R F ~ ~ J F  = O 
3 P9 

- - R = - 2 a [ ~ .  F a  - I g . P  pb_l 
2 g i j  t a  j  4 z j  ab 

(1.3) 

R E ~ ~ ~ - ~ R ~ ~ ~ F  F + 2 ( p  2 g i j  wnsq j ) m  sq  

a i s  r e l a t e d  t o  E i n s t e i n t s  constant  

I - 4 3  - 1  - 1  2 
ry. = - - K = -1.04.10 Kg m s  

2 
6 9  2 

(o r  i n  n a t u r a l  u n i t s  w i t h  h = c = 1, a  = -3.3.10- m ) ,  and f3 i s  a  new 

coupl i ng  cons tan t  w i t h  d imension m4 ( i n  n a t u r a l  u n i t s ) .  As 6 i s  a  dimen- 

s i o n a l  q u a n t i t y ,  whose d imension i s  d i f f e r e n t  f rom t h a t  o f  a ,  t h e r e  i s  

no a-priori c r i t e r i o n  t o  e s t i m a t e  i t s  va lue .  The o n l y  n a t u r a l  v a l u e  
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would be 8-0, invoking the  equivaZence principZe.However, the equivalence 

p r i n c i p l e  i s  a physical one and hence i t  has t o  be checked by  e x p e r -  

iments. The main value o f  a model l i k e  the  one given by e q . ( l . l )  i s  t o  

provide us w i t h  s p e c i f i c  experimental t e s t s  o f  the  equ i v a l e n c e  p r  i n -  

c i p l e .  The non-minimal coupl i ng  term i n  eq.(l . l )  represents an i n t e r e s t i  ng 

d e v i a t i o n  from the equivalence p r i n c i p l e  because i t  respects the geo- 

me t r i ca l  na ture  o f  g r a v i t y  and the  gauge symmetry o f  electromagnetism. 

Moreover, the  c lass i ca l  experiments t e s t i n g  the  equivalence p r i n c i p l e  

such as t h e  E6tvos experiment a re  performed i n  space t ime regíons o f  

small curva ture  and they a re  n o t  s p e c i f i c  f o r  couplings o f  t h i s  k ind .  

For other possibl e coupl ingsb5 propor t iona l  t o  the  R icc i  tensor 

Rab o r  t he  sca lar  curva ture  R there  i s  almost no hope t o  make s ig-  

n i f  i can t  experiments, because such coupl ings cause e f f e c t s  onl  y i n s i d e  

the  mat ter  d i s t r i b u t i o n  t h a t  produces the curvature;  thus i t  would be 

extremely d i f f i c u l t  t o  d i s t i n g u i s h  between g r a v i t a t i o n a l  e f f e c t s  and 

o ther  i n te rac t i ons .  

A1 though the curvatures' ava i l a b l e  i n  experirnents are qui  t e  mod- 

era te ,  t he re  e x i s t  e f f e c t s  t h a t  permi t  i n t e r e s t i n g  l i m i t a t i o n s  on p. I n  

t h i s  paper we study the  behaviour o f  electromagnetic rad ia t i on  from some 

d i s t a n t  s t e l a r  ob jec t  i n  the  Schwarzschild rnetr ic  o f  the sun f o r  $ # 0,  

o f  course neg lec t ing  the  r ight- hand s i d e  o f  eq. (1.3). Our aim i s  t o  f ind 

some measurable e f f e c t  s u i t a b l e  t o  g i v e  an experimental upper bound f o r  

J B J .  I n  sec t i on  3 two such e f fec t s  a r e  descrjbed and j n  sec t ion  4 the  

corresponding upper bounds a r e  discussed i n  terms o f  the r ight-hand s ide  

o f  eq.(1.3). 

The upper bounds t h a t  we w i l l  ob ta in  w i l l  be much b i g g e r  than 

what might  be expected t h e o r e t i c a l  l y ,  namely the bth power o f  Planck's 

length  -10-137 m4.  However, t h i s  expecta t ion  would be based on a theor-  

e t i c a l  p re jud i ce  concerning l eng th  scales, which i s  essen t i a l l y  thesame 

as accept ing the  equivalence p r i n c i p l e  r i g h t  away. 

2. GEOMETRICAL OPT1CS WITH ps"O 

Usual ly  propagation o f  l i g h t  i n  a weak g r a v i t a t i o n a l  background 

f i e l d  i s  discussed i n  terms o f  l i g h t  rays, ra ther  than i n  terms o f  wave 
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s o l u t i o n s  o f  Maxwell @ s  equations. However, w i  t h  WO one has t o  handle 

the  t r a n s i t i o n  from wave op t i cã  t o  geometrical o p t i c s  w i t h  some care. 

For $-O, t h i s  t r a n s i t i o n  i s  us i i a l l y  made by w r i t i n g  f o r  the  po ten t i a l  

whese ÂR may be cornplex and S i s  rea l  (see f o r  instance ref .2) .  One then 

equates t o  zero separately the fac tors  o f  w h n d  w i n  the equation 

neg lec t ing  terrns o f  order w
Q

. Looking f o r  a s o l u t i o n  such tha t  F i s  o f  
ab 

order  w one concludes from the wQerms t h a t  

and 

Eq. (2.4) together w i t h  Saib = Sbio g ives  ssbSaib = O. Thus eq. 

te1 Ps us t h a t  l i gh t  rays a re  nu1 1-geodesics. 

For BPO, wièh eq. (1.2) instead o f  eq. (2.21, t h i s  would lead 

t o  

One expects t ha t  S and A can be expanded i n  a Taylor  ser ies i n  B around 

B=0 

O O 
Then S and AR would s t i l l  f u l f i l l  eqs. 

one ge ts  f rom eq. (2.5) 

( ~ a ,  + B ~ ~ A ~ ) B ~ ~  - 2(i2b,+b~ia 

x, 

1 1 
(2.3), (2.4) and f o r  AR and S 



Revista Brasileira de Física, Vol. 17, n? 1. 1987 

The vector  i nvo l v ing  the curvature tensor . w i l l  i n  general not  be i n  the  

plane o f  Jya and ia. Therefore eq. (2.6) wi  11 i n  general not  have a so l -  

u t i on .  Phys i ca l l y  t h i s  means t h a t  t he  i n t e r a c t i o n  w i l l  generateasecond 

wave, w i t h  d i f f e r e n t  po lar iza t ion ,  which cannot be d e s c r i b e d  b y  t h e  

ansatz (2.1 ) . 
Despite t h i s  f a i l u r e  one can s t i l l  t a l k  o f  s ing le  1 i gh t  rays, 

i f  the  geometry o f  the  experiment i s  chosen appropr ia te ly .  I n  our case 

t h i s  geometry i s  determined by the  i nc iden t  wave, t he  sun, and the ob- 

server.  The ansatz o f  a s ing le  l o c a l l y  p lane wave w i l l  s t i l l  besuccess- 

f u l  f o r  special  po la r i za t i ons  o f  the  incoming wave r e l a t i v e t o t h e  plane 

def  ined by the  wave vector o f  i ncident r a d i a t  ion and the radius between 

sun and observer. We there fore  r e s t r i c t  ourselves t o  consider eq. (2.5) 

on ly  i n  one plane and we look f o r  p o l a r i z a t i o n s  r e l a t i v e  t o  t h i s  plane 

so t h a t  eqs. (2.5) and (2.6) have a sb lu t i on .  

Let  t, r, 8, @ be the usual Schwarzschild coordinates, inwhich 

the  m e t r i c  takes the diagonal form 

where 2M i ç  t h e  Schwarzschi l d  radius o f  t he  sun. We s h a l l  consider a sol- 

u t i o n  o f  eq. (2.5) i n  the plane @=O, i n  which we suppose the observer 

t o  be located.  We can make sure tha t  t h e  t h i  r d  term o f  eq. (2.6) involv-  
ou O ing R P ~ ~ ~  i s  i n  the plane formed b y A  and ~ ~ ~ b ~ c h o o s i n ~ a ~ o l a r i z a t i o n  

o u 
such t h a t  i i s  an eigenvector o f  t he  ma t r i x  gq; S,b SPp. This i s  the  

o 
case i f  A i s  e i t h e r  i n  the plane +O o r  orthogonal t o  tha t  plane. We 

9 
sha l l  ca l  i the  corresponding po la r i za t i ons  o f  the  incoming wave rad ia l  

(R) and tangent ia l  (F)  respect ively.  Supposing we have one  o f  t h e s e  

po la r i za t i ons ,  we s h a l l  now ex t rac t  in format ion about t he  phase from 
o Oa 

eq. (2.6). M u l t i p l y i n g  eq. (2.6) w i t h  Aa and w r i t i n g  1 ~ 1 ~  f o r  A Aa we 

get 



Revista Brasileira de Fisica, Vol. 17, no 1, 1987 

T h i s  equat ion can be used t o  g e t  an express ion  f o r  t h e  i n t e g r a l  o f  

a long  t h e  t r a j e c t o r y  o f  t h e  unper tu rbed  1  i g h t  ray 

(3.3) 
where c?& means o r d i n a r i l y  d e f l e c t e d  r a y .  As the  o r d i n a r i l y  d e f l e c t e d  

ray and the  ray  w i t h  e+O d i f f e r  o n l y  by terms o f  o r d e r  R we may r e p l a c e  
1 

t h e  f i r s t  o r d e r  c o r r e c t i o n  S o f  t h e  phase a t  a  p o i n t  on t h e  r a y  w i t h  

BZO by t h e  i n t e g r a l  ( 3 . 3 ) .  Moreover, a s  t h e  r a t i o  o f  t h e  s o l a r  

Schwarzschi ld  r a d i u s  ZMQ and t h e  s o l a r  r a d i u s  Rg i s  about 4.10-' w e w i l  I 

d i s c u i s  S o n l y  up t o  f i r s t  o r d e r  i n  M. She  R iemann t e n s s r  fipqUb i s  
O O 

a l r e a d y  o f  o rder  M. Then we can r e p l a c e  S and A by t h e i r  va lues  f o r  , b ? 
M=O and we may a l s o  s imp ly  i n t e g r a t e  o v e r  t h e  s t r a i g h t  l i n e  t = - rcos6,  

r s i n 8 =  D = csns t . ,  $=O wh ich  corresponds t o  an u n d e f l e c t e d  l i g h t  ray  

coming from z = r c o s  O= im and pass ing  t h e  sun a t  a  d i s t a n c e D  f r o m i t s  

c e n t e r .  Eva lua t ing  eq.(3.3) we o b t a i n  

where R/T s p e c i f y  t h e  r e s p e c t i v e  p o l a r l z a t i o n s  o f  t h e  i n c o m i n g  wave. 

Combining t h i s  r e s u l  t wi  t h  t h e  known express ion  f o r  t h e  phase up t o  f i r s t  

o r d e r  i n  M f rom o r d i n a r y  min imal  coupl  ing,  we ge t  two s i n g l e  wave s o l -  

u t  i ons  

and from eq. (3.4).  A t  t h e  pos i  t i o n  o f  the  observer ,  which we suppose 

t o  be loca ted  a t  z = r c o s e =  -w ,  w i t h  D = r s i n 6  = cons t . ,  one g e t s  

f o r  t h e  wave v e c t o r s  o f  t h e s e  waves 
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+ + 
where eZ and eg a r e  u n i t  v e c t o r s  i n  t h e  d i r e c t i o n s  aZ and ag respec t-  

i v e l y ,  az r e f e r r i n g  t o  t h e  c o o r d i n a t e s  x = P s i n 8 c o s @ ,  y = ~ s i n 0  s in4,  

z = r c o s 0 .  Up t o  f i r s t  o r d e r  i n  M t h e  parameter D i s  t h e  minirnal d i s -  

tance  between t h e  observed 1  i g h t  r a y  and t h e  c e n t e r  o f  t h e  sun. l n  o r d e r  

t o  a v o i d  s o l a r  corona e f f e c t s  D shou ld  b e  chosen c o n s i d e r a b l y  l a r g e r  

than t h e  s o l a r  r a d i u s ,  t a k i n g  i n t o  account  t h e  f requency dependence o f  

t h e  corona e f f e c t s .  We wi  l l assume a  r e p r e s e n t a t i v e  v a l u e  o f  D = 2R0. 
+ + 

For z + t h e  u n i  t v e c t o r s  e  and eg become or thogona l  . So eq. (3.6) 
Z + 

t e l l s  us t h a t  t h e r e  w i l l  be two d e f l e c t i o n s  o f  l i g h t  i n  d i r e c t i o n  
e~ 

w i t h d e f l e c t i o n a n g l e s A 8  g i v e n b y  
R/T 

The f i r s t  term 4M/D,is t h e  o r d i n a r y  d e f l e c t i o n  p r e d i c t e d  w i t h  t h e e q u i v -  

a l e n c e  p r i n c i p l e .  The second te rm i s  an anornalous p o l a r i z a t i o n d e p e n d e n t  

d e f l e c t i o n .  For an incoming wave w i t h  a r b i t r a r y  p o l a r i z a t i o n ,  which w i l l  

i n  genera l  be some s u p e r p o s i t i o n  o f  t h e  p o l a r i z a t i o n s  R  and T, aR + bT ,  

t h e  o u t g o i n g  rad i a t i o n  wi  11 b e  t h e  correspond i n g  1 i near  superpos i t i o n  o f  
T t h e  two waves o f  eq. (3.5) : a~~ + bA . Th i s  means t h a t  i n  genera l  - and 

e s p e c i a l l y  f o r  unpo la r i zed  incoming r a d i a t i o n  - t h e  incoming l i g h t  r a y  

g e t s  s p l i t  i n t o  two l i g h t  r a y s .  As t h e  measurements o f  d e f l e c t i o n  a r e  

done w i t h  u n p o l a r i z e d  l i g h t  one should,  f o r  s u f f i c i e n t l y  b i g  161, expec t  

a  d o u b l i n g  o f  t h e  images o f  s t a r s .  No such e f f e c t  has been observedwi th  

l i g h t  pass ing  t h e  sun a t ' a  d i s t a n c e  D :: 2RQ. There fo re  we can a t  l e a s t  

say t h a t  t h e  anomalous d e f l e c t i o n  i s  s m a l l e r  than  t h e  o r d i n a r y  one 

T h i s  g i v e s  an upper bound f o r  I P I  
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Now l e t  us suppose tha t  ( @ I  i s  very much smal l e r  t h a n  t h i s  

value, and suppose tha t  u and the diameter d o f  the telescope are  such 

tha t  

This rneans tha t  the phase s h i f t  due t o  the 8-coupling i s  p r a e t i c a l l y  

constant  over the aperture o f  the telescope. Then we may neglect  anom- 

alous de f l ee t i on  e f f e c t s  and replace the  func t i on  i o f  eq. (3.4) by i t s  

value a t  the  pos i t i on  o f  the observer 

The two waves A and A  would then t rave1 approximately i n  the same da- R T 1 
r e c t i o n ,  but  w i t h  a  phase d i f f e r e n c e  o f  2wBS. I f  the inc ident  l i g h t  i s  

po lar ized w i t h  a  superposi t ion o f  t h e  po la r i za t i ons  R and T t h i s  phase 

d i f f e r e n c e  causes a change o f  the p o l a r i z a t i o n  s ta te .  Bhe co r rec t i ons  
1 

o f  ampl i tude AR' which we have n s t  calcu8ated, can a1 ço cliange the s  t a t e  

o f  p o l a r i z a t i o n .  However t h i s  change i s  smal ler  by one arder  i n  w and 

we may neglect  i t .  For example, i f  the  i nc iden t  wave w e r e  1 i n e a r l  y  
o 

po la r i zed  w i t h  A  R = A R + A  
O R  O T  O R  

OT w i t h  I A  I = I A  1 ,  f l ie  wave iii the reg ion 
I% 

o f  t h e  observer would be e l  i p t i c a l l y  po lar ized,  w i t h  a r a t i o  o f  m a l 1  

to  b i g  serni-axis 

1 
--  Amin - tan I ~ & c /  . 
Amax 

Observing the p o l a r i z a t  ion o f  r a d i a t i o n  f rom pulsars o r  o ther  sources o f  

po la r i zed  rad ia t i on  whhn t h e i r  r a d i a t i o n  p a s s e s  n e a r  t h e  sun ,  one 

should be ab le  t o  detec t  a  phase s h i f t  o f  the  order o f  1 .  There e x i s t  

numerous sources o f  po lar ized r a d i a t  ion  wi t h  frequensies ranging f rom 

some 1000 MHz up t o  v i s i b l e  l i g h t  w i t h  degrees o f  po ' la r iza t ion  o f  a  few 

percent up t o  50% 3 .  I f  no change o f  p o l a r i z a t i o n  occurs one can con- 

c l  ude t h a t  
1 

12wBsI 1 (3.10) 

This would lead t o  an upper bound f o r  I 81 
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which i s  b e t t e r  than the upper bound (3.9) by a f a c t o r  ( 4w~) - ' .  For a 6 

of t h i s  o rder  o f  magnitude the necessary c o n d i t i o n  f o r  negle'ct ing the  

anomalous d e f l e c t i o n  i s  simply d << D, which i s  o f  course a l w a y s f u l f i l -  

led. 

For a r a d i a t i o n  of about 2000 MHz one has w = 42 m-'. W i  t h  

M. = 1.48.10~ m we ge t  O 

For v i s i b l e  1 i g h t  we would ga in  another f a c t o r  o f  1 0 - ~ . ~ i v i n ~  an upper 

bound 161 < m4.  I n  p r i n c i p l e  one cou ld  improve t h i s  upper bound 

a r b i t r a r i l y  by using shorter  and shor ter  wave lengths.  

4. CONCLUSIONS 

We go t  two upper bounds f o r  (@I: one i s  based on present ex- 

perimental data and the  o ther  one may be obtained some day w i t h  appro- 

p r i a t e  experiments. How r e s t r i c t i v e  a r e  these upper bounds? One can give 

an i n t e r p r e t a t i o n  o f  these resul t s  i n  terms o f  t he  r ight- hand s ide  o f  

eq. (1.3), ask ing  how b i g  must the cu rva tu re  be i n  order  t ha t  the BLterm' 

i n  eq.(1.3) becomes comparable t o  the  o rd ina ry  a- cont r ibu t ion .  That i s ,  

what val  ue o f  RABCD i s  needed t o  have a and BRABCD o f  the same order o f  

magnitude, where A,B,C,D r e f e r  t o  some normalízed t e t r a d  basis. With 

the  i n e q u a i i t i e s  (3.9) and (3.11) we ge t  IRABCD\ > 2/D2 f o r  the  f i r s t  

upper bound and IRABCD\ > 8m0/D2 f o r  t he  second upper bound. On the  

o ther  hand RABCD on the surface o f  the  sun can be (depending on thecom- 

ponent) ~M@/R;  = ~M@/R@D~. This means t h a t  on t h e  surface o f  the sun, 

f o r  6 o f  eq. (3.9), the B-cont r ibu t ion  t o  eq. (1.3) i s  a t  l eas t  5 orders 

o f  magnitude smal ler  than the  ord inary  a- con t r i bu t i on ;  f o r  the second 

upper bound i t would be a t  ' l eas t  by 10 (or  15 f o r  t h e  upper bound from 

v i s i b l e  1 i g h t )  orders o f  magnitude smal l e r .  So the  upper bounds a re  no t  

u n i n t e r e s t i n g l y  weak. On the  o ther  hand, they a r e  no t  s t rong enough t o  

banish the nonminimal coupl ing suggested by Prasanna i n t o  an un in ter -  

e s t i n g  reg ion o f  weakness. A f te r  a l l ,  t h e r e e x i s t c u r v a t u c e s  much bigger 

than the one produced by the sun. 

We have discussed on ly  the d e f l e c t i o n  and p o l a r i z a t i o n  e f f e c t s  

i n  the  g r a v i t a t i o n a l  f i e l d  o f  the sun. Considering o ther  masses, which 
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produce a Schwarmschild m e t r i c ,  we observe t h a t  the  a n o m a l o u s d e f l e c t i o n  

o n l y  depends on t h e  e f f e c t i v e  rnass densi t y  p Z 3 ~ / 4 i ~ ~ ~ ,  w h e r e a s  t h e  

p o l a r i n a t i o n  e f f e c t  i s  p r o p o r t i o n a l  t o  D . p .  I f  t h e r e  were a 6 # O one 

cou ld  expect t o  f i n d  measui-able anomalous d e f l e c t i o n  e f f e c t s  wi t h  ob- 

j e c t s  o f  much h i g h e r  densi  t y  such as neutron s t a r s  o r  b l a c k  h o l  e s .  A 

s i g n a l  f o r  such an e f f e c t  would be t h e  doubl i ng  o f  i m a g e s  o f  s t a r s ,  

where t h e  two images a r e  l i n e a r l y  p o l a r i n e d  w i t h  two d i f f e r e n t , m u t u a l l y  

o r thogona l ,  p o l a r i z a t i o n  a n g l e s .  
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Resumo 

O comportamento da r a d i a ç ã o  e l e t r o m a g n é t i c a d a  m é t r i c a  de 
Schwarzschi ld  do so l  é estudado com a presença de um termo de acop la -  
mento não-mínimo e n t r e  e le t romagnet  i smo e g r a v i  tação. Uma d e f  lexão  ano- 
mala 6 p r e d i t a ,  assim como um e f e i t o  de po la r i zação .  Estes e f e i t o s  po- 
dem s e r  usados para o b t e r - s e  1 i m i t e s  exper imenta is  para a c o n s t a n t e  de  
acoplamento não-mínimo. D iscu te- se  quão r e s t r i t i v o s  são es tes  l i m i t e s .  


