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charges  because they  do  no t  con t r ibu t€  to  the  Poynt ing  vec tor .  l c '  i s

p ropor t iona l  ro  the  con jugate  produc t ,  and the  la t te r  a lso  does  no t

c o n l r i b u t e  t o  e l e c t r o n a g n e t i c  e n e r g y  d €  s i t y .

I f  these f ie lds  l lave  Do e t ie rgy ,  hov  are  t lp i r  e f fec ts  observed?

T h e y  d o  n o t  c o n t r i b u t e  t o  t h e  e l e c t r o m a g n e t i c  e n e r g y  d e n s i t y ,  o r  l i S h t

i n t e n s i t y ,  b u t  t h e s e  q u a n t i t i e s  t a k e  n r e a n i n g  i 7 l  o n l y  w h e n  L h e  l i 8 h r

in te rac ts  w i th  na ter ia l .  The f ie ld  ao)  i s  dc f ined as  rea l  änd fo rms an

i n t e r a c t i o n  H a n i l t o n i a n  w i t h  s t o r n s  a n d  m o l € c u ] . s .  T h e  f i e l d  i t t : '  i s

iDag inary .  and does  no t  fo rn  a  reaL in te racL ion  Hami  l ton ian .  The var ie ty

o f  p o s s i b l e  e f f e c t s  c a u s e d  b y  a ( ' ) ,  a s s u m e d  t o  a . t  a s  a  m a g n € t i c  f i e l d ,  a r €

d e s c r i b e d  i n  R e f s .  [ 8  1 0 ] .  s i n i l a r l y ,  r h e  c o n i u A a t e  p r o d u c t  d o e s  n o t

c o n t r i b u t e  t o  f r e €  s p a c e  e 1 € c t r o r a g n e t i c  e n e r g y ,  b u t  i s  p a r t l Y  r e s P o n s i b l e

( w i t h  a { 3 ) )  f o r  t h e  i n v e r s e  F a r a d a y  e f l c c t  ( m a g n e t i z a t i o n  b y  l i g h t )
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In  th is  sunnary ,  sone qu€sr ions  concern ing  the  narure  o f  r |o )  (see  accompaly rng
a r t i c l € s )  a r e  a n s r e r e d  i n  a  s i n p l e  w a y  b y  r e f e r e n c e  t o  r h e  d e f i n i t i o n  o f  r r : ,  i n
te rms o f  the  con jugate  producr .  Some poss ib le  f l i sconcepr ions  and mrsrn le lp rera
t lons  are  an t ic ipaLed and c lä r i f i car ions  are  nade o f  rhe  way in  wh ich  S(3)  shou ld
b e  i n r e r p r e t e d  o n  t h e  b a s i s  o f  i t s  d e f i n i L i o n  i n  r e r m s  o f  L h e  c o n j u g a t e  p r o d u c t ,
i . e .  t h e  a n r i s y m m e r r i c  p a r t  o f  l i g h r  i n t e n s i r y .

- 1 .  I s  r ( t  e x a c t l y  l i k e  a  s t a t i c  n a g n e t i .  j . i c l d ?

N o ,  a ( '  i s  a  p r o p € r t y  o f  l i g h t ,  i L  i s  d e f i n e d  I r J  r h r o u g h  t h e  a n t i -
s y m m e t r i c  p a r t  o f  r h e  l i g h t  i n t e n s i r y  r e n s o r j  r r r !  i n  v a c u o .  I t  i s  a
fundamenta l  phoron proper ty  [2 ]  in  Lh€ same way thä t  Lhe Srokes  operarors
anc l  Poynt ing  v€c tor ,  fo r :  exanp le .  a re  {undanenra t  p roper r ies  o f  t i8hr .

2 .  I f  A ( 1 t  i s  a  n a 1 n e t i c  f i e l d ,  \ . t h a t  i s  i t s  s o u r . . d :

T h e  p r o p e r t y  a { 3 )  i s  d e f i n e d  t h r o u g b  t h e . o n i ü g : r t c  p r o d u c L  o f  I i g h t ,  a n d
has the uni ts ( tes1a) änd symmetry of  f requencv ind.pendenr nrasnet ic  f lux
d e  s i t y .  I t  v a n i s h e s  i f  r h e r e  i s  n o  € L e c r r o n r a S r r r i s m  p r e s e l r  i n  t h e  f o r m
o f  a  t r a v e t l i n g  p l a n e  w a v e  [ 3 - 5 ] .  T h e  s o u r c c  o f  . B ( t  i s  t h e  s a m e  r h e r e f o r e
as the source of  the usual  r ransver:se ele. j1 romaqnet ic Dlanc vaves r , rh ich
d e l  i r .  r h e  d n r  i s v j n m ,  r r . ,  p d r i  o t  l i g h r  . r '  , , , , . , .

3.  su .e l ) '  aß) ,  i . f  i t  i s  a  na 'ne t ic  f ie td ,  h :1s  an  energy .  r f  Dat ,  why?

Chapter 11

QUESTIONS AßOUT THE FIELD !(3)

By us ing  the  Lorentz  Lemmä as  in  the  accompany ing  paper  t6 I  
-  

t  s  seen rha t  !13)
is  accompan ied  by  an  imag inary  i r ( t ) ,  the  r re l  con t r ibur ion  o f  s ( r  and
i l t t  t o  t h e  e L e c r r o m a g n e t i c  e n e r g y  i s  z e r o .  T h e  p o y n t i n g  t h e o r e m  1 s
unchanged by  the  presence o f  -B{ t  and j r r3 )  in  f ree  space.  The f tux  due
to  Lhese f ie lds  over  any  c losed sur face  is  zero  and no  energy  t ranspor r
occurs  in  f ree  space due ro  8 (1)  and i !13 '  .  The f requency  assoc ia ted  w i rh  A( t '
and  i ! " r  i s  zero ,  and they  have no  p lanck  en€rsy ,  and these f ie tds  do  no t
c o n t r i b u t e  L o  t h e  p o w e r  ( v a t t s )  r a d i a r e d  r . ä m  a . r i , r .  o r  a c c e t e r a r e d

How can Bt t )  (o r  the  can jugaLe produc t )  be  . rea l . .d  v j thout  t f ie  expetd i ru re

Energy  is  needed fo r  r ransn i t t ing  e lec t romagnct ic  vaves  ( fo r  exampl€  a t  a

t r a n s m i r t i n g  a e r i a t  a s  e n e r g y  i n p u t  t o  t h e  t r a n s m i t t e r  m i n u s  h e a t  v a s t e d )

and e lec t romaSnet ic  vaves  t ransn l t  en€rgY to  the  rece iv in8  an tenna,  where

i t  i s  p i c k e d  u p  a s  a  s i 8 n a 1 .  E n e r g y  i s  c a r r i e d  o u t w a r d  i n  t h e  f o r n  o f

e l e c t r o n a g n e t i c  w a v e s  I 1 1 1 .  T h e  e l e c t r o m a S . . : t i c  e n e r t y  p e r  u n i t  a r e a  P € r
un i t  t ime is  g iven  by  the  Poynt ing  vec tor : ,  and i t s  magn i tude is  p ropor t ion-

a t  to  the  sca la r  par t  o f  the  rad ia t ion  in tens i ty .  The vecro .  Par r  o f

r a d i a t i o n  i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h e  c o n j u g a t e  p r o d u c t ,  o r  l o ) .  a n d

cannot  cont r ibu te  to  e lec t romagnet ic  energy  dens i ty .  Th is  does  Dot  nean

tha t  the  -B{3)  vec tor  does  no t  ex is t ,  nor  do€s  i t  Eean tha t  the  con jugate

p r o d u c r  d o e s  n o t  e x i s t .  T h e  l a t t e r  i s  f o r m . : d  f r o m  a  v e c t o r  c r o s s  p r o d u c t

o f  a l ready  fo rned osc i l la t ing  e lec t roma8net ic  f ie lds ,  and energy  has

aLready  been expend€d to  c rea te  these osc i l la t ing  f ie lds  a t  the  t ransn i t

6 .  r f  B t ' )  i s  s inp ly  another  vay  o f  des . : r ib i tß  the  con jagate  praduc t ,  \ |ha t

advantage is  there?

Th€ f ie ld  ! ( t  i s  de f ined as  the  .on jugate  produc t  d iv ided by  a  sca la r

iB lo )  .  l t  has  the  proper t ies  o f  I requency  independ€nt  magnet ic  f lux

dens i ty ,  hav i  ng  the  sane synnet  r ies  and un i ts  o f  an  ord inäry  un i fo rm

rnaSnet ic  f ie ld .  on  these Srounds i t  i s  ind is t ingu ishab le  f roü  a  regu la r

nagnet ic  f i€1d ,  and there fore  i t  i s  assumed tha t  i t  ! , , i11  in t€ rac t  i { i th

mater : ia l  oa t te r  in  the  same vay ,  by ,  fo r  example ,  se t t ing  up  a  Hami l ton ian
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w i l h  a  m a g n e l  i .  < l i p o ] .  m o m e n t  l 8 - 1 0 1 .  I h c  c o n j l r g a r e  p r o d u c t ,  i n  . o n t r a s t ,
c a n  f o i D  ,  l l a ' n i L t o n i a n  o n l v  r i r h  t h .  . r n t i s v m m e t r j .  p a r t  o f  a r , , n r j L  u r

n r o t ( c u l a r  p o l ä , i r a b i l i t v  I r ] .  T h e  H a m i l t o | i a n  d u e  t o  a ( 3 )  ( i f  i t  e x i s r s )
s h o u l . l  1 , .  p r o p o r t i o n a l  t o  t h .  s q l r a r _ . ,  i o o r  o f  l i g ] r t  i n l c l s i t \ , ,  \ ^ ' ] r - i l c  t h c
H a m i l r . r i i ä ' ,  d , r .  r o  t h e  c o n i u g n l c  p r o d u c r  s h o u l d  b e  p r o p o r r i . n a l  r o  t h e
i n t e n s i t r  i t s e l f  f h e  n r a t ü i r u d e  o f  t l L (  . ( ) n j u g a r .  p r o d u c t  c a n ,  h o w e v . , r ,  b e

e x F r . s s e d  I l l  a s  t h e  m a g n i t L l d e  o I  r ( r ) s , t u a r e d .  E r p e r j r n e n l a l  e v i d e  c e  f o r

t h .  ( , ) u j u g a t e  p r o d ü . : t  i s  a l s o  e v i d e i . e  1 . r  1 8 { r , F ,  a n d  r h e r f f o r .  I o r  . B ( 3 ) .

/ f  a ( t r '  i s  a  n a f l r e r t .  i i e l d .  w l ) a t  i - . j  i r s  ! ' e . r o r  p o t e r ) r i a J i

O n e  s u t - !  o f  f i n d i r l g  t h c  v c c t o r _  p o r e i r  i a l  ,  ä ( t ,  a s s o c i a t € d  r i t h  , B ( 3 )  i s  t o
e x p r e s s  t l r e  i n d i v i d L L a l  f j e L . l s  r ü a k i I g  u p  l h . . o n i u p , a t e  p r . d u . t  i n  l e r r n s  o f
t l ' . i r  o w n  v e . t o r  p o t e n t i a l s ,  a n d  t o . ; i r r y  o u r  t h .  . r o s s  p r o d u c t  i n  t e r m s

o f  t l r e s e .  T h .  v e c t o r  p o r e n t i a L  o f  B o )  w i l l  b e  i n d e p e n d e n t  ( ) 1 ' f r . , q u e t r y ,

b e c a u s e  r h e  p l r a s c  i s  e l i m i n a t e d  L l  t h .  c o n j u g a r e  p r o d u . t  o f  r h e  i n d i v i d u a l
! . . t o r  p o t . n t i a l s .  r h j c h  a r e  " r e l r r d r d  p o t e , , t  i . 1 s "  I f 2 ]  i n  t h e  u s u ! 1  w a y .

I n  o t h e r  w o r d s ,  c a u s a l i t y  m e a n s  t h a r  r h c  v e . t o r  | o t e r t l i a l  o f  r ( 1 )  i s  f o r m . d
I  r o r n  t h .  r e t a r d e d  p o t  (  n L i a l s  o f  I  h e  i r ( t i  v i d , r a l  I i c l d s  n r r k i r g  u p  r h €
c o n l u t a l e  p r o d u c r .  I n  a  s o L r r c e  t r . .  n . d i L r m ,  t h e  s a m e  p r o c e d r l r e  : 1 1 ) p l i e s ,
b u t  i r L  t h L s  . a s e  t h e  v e c t o r  p o t e D t i a l : r  o t  t l i .  i r  i v i d u a l  i i e l d s  o I  r h e
c o n t u i l a r e  p f o d u c t  c o n t a i n  r i o  r e l c r c n c e  r o . u r r e . t  . , r  c h a r g e  d e  s i r y ,  i ü  r h e
u s u a l  w a y  l 2 l  .

J I  rhe  y ! .uu , ,  l : ] l s  n< ;  c . I ta rge ,  hor  car  i t  ( r .a tc  a  r r :?gDer i . .  f ie ld ,  Bß)?

t n  t h e  s a m e  w a y  t h a t  e L e c t r o m a g n e t i c  w a v e s  ! f ( . ( l c s c r i b c d  w i r h o u t  r c f c r e n c e
t o  c h a r g e  o r  c u r l e n t  i n  a  s o u r c e  f r e e  m e d i u m ,  s ü c h  a s  I  v a . u L r m .  I n  a
s o u r c e  f r e e  m e d i L r m  t h e  c h a r g e  a n d  c u r r e n L  d c n s i r i . s  a p p . a r i n g  i n  M a x w e l l  , s

e q u a t i o n s ,  o r  P r o c a ' s  e q u a t i o n ,  a r e  v a n i s l r i n g l y  s m a l l .  [ l . c l r o m a g n e t i c
s e l f - p r o p a g a t i n g  i n  a  v a c u m ,  a n d  a r e  l r r n : j v € . r : i . : .  a s  u s u a l  .  T h e

c o n j u g a t e  p r o d u c t  ( a n d  t h e r e f o r e  t h e  a i i t i s y m m c r r i .  p r r t  o f  l i g h t  i n r e n s i t y )
i s  f o r m e d  f r o n  t h e  v e c t o r  p r o d u c t  o f  t h e  n a g n . t  i .  | . r r  o f  a  v a v e  v i t h  i t s

c o m p l e x  c o n . j u g a i e ,  a n d  r ( 3 '  i s  r h e  c o n j u g a r .  I r o d u . r  d i v i d e d  b y  i a r 0 )  .
C l e a r L y ,  t h e  e l e c t r o m a g n e t i c  v a v e s  n u s t  h a v e  ( ) r  i l t j n r r c d  f r o m  a  c t ü r g e  a n d
c u r r e n t  d e i r s i t y j  b u t  v h e n  t h e  r n e d i u m  i s  " s o u r . .  1 r . . . . " ,  i t  i s  s t a t e d  l 1 3 l
t h a t  t h e s e  g o  t o  z e r o  a t  i n f i n i t y  a n d  t h e  c l . . r . l m a t n e t i c  w a v e  i s  a  p l a n e
! 'ave  in  vacuo.

S L r e l y .  i f  t h .  ( o D j u A a t e  p r o d u c l  i s  i t r . l t i r L r i y .  i l
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c a n t o t  h a v .  a  P l t t : ; t , a l9 .

1 0

1 1 .

I t  i s  r r u e  t h a t  t h e  c o n j u g a t e  p r o d u c l  i s , ,  t , ' , i (  i m a t l n a r y  q l r a n t i t y ,  r ) u r  r t

c a n  f o r m  a  r c a l  i n t c r a c t i o n  H a m i l t o n i ; r r r  L l  l / ,  l r ,  b v  m u l t i P l i c a t i o n  v j t h

a n o t h . r  i n a g i n ä r l  q u a n t i t y ,  t h e  a n t i s Y n t r N ' r  r i ,  l ) , i 1  o l  a t o m i c  o r  m o l e c u l a r

p o l a r i z a b i l i t ) . .  T h e  c o n j u g a t c  p r o d u ( : l  a r r i  .  a r r i  . J  t h e  s a g n e t i c  P a r t  o t

t h e  e l e c L r o m a g n c t i c  w a v e ,  g ( r ) ,  w i t h  i l s , , , r r t , l , \  1 , , r i i 1 r g a t e ,  a ( 2 ) ,  i s  t h e

i n a S i u a r y  q u ä l L i L y  j E l o ) 8 ( r ) .  T h c  l a r t r r  i s  r / ,  r ü r l r i p l i e d  b y  r h e  r e a l

n a g n e t  i c  I i e l d  l r r )  .

t l h y  i s  l i E h t  I r t e D s i a y  a  a - p r s o r ' ,  a D d  l ! , 8  ,  l ) . . r e a t e d  i n  e

L . l g h t  i n r e n s i L v  i s  r  t e r s u l  l e c a u s e  i l  i ,  r l , ,  1 , , , ' l ' , ,  I  1 ) l  l w o  ! ' e . , 1 : o r

t u a r  ' i r i F s .  i p  F l F , ,  i "  o , '  n " g r ' ' i  l ,  .  |  '  n . .  i  u . ' .

M a t h e m a t i c a l l y ,  t h e s e  t w o  v e c t o r s  c a n  f o r n  l l i , ' , \ o D , r r i (  , , , ) , 1  . , i r r  i s v m r r l r i .

p . r r . . f  a  . a n k  r l o  t e n s o r :  H o e  d o  w c  k , , ( i v  l l , , , l  t l i i , i  l , . . t , l r L s  r r , . ,  v i i . " [ r D 1

T h e  a n s w € r  i s  t h a r  v e  k ü o w  n o t h i n e  w h ä l  s ( ) ( , v ,  r  . , 1 l ) , , r  l l l r l i r  r , ' , 1 1 : , : ,  r l r ,  l : , l l  e l

i n t e r a c t s  w i t h  n a t e r i a l  n a t t e r  o f  s o r n .  l i , ! 1 .  . ,  i  i , , l , 1 r  ( s , n i l ' 1 ,  l l  ' r ' l ]  t r t t

e l e c t r o n .  I f  s ü c h  a n  i n t € r a c t i o n  o c c u I s .  , , , r 1  l i r l l L l  i : r  : i i , , , l l , ' r ( ( 1 .  r l r , r r  v (

k n o w  r l E t  t h e r e  e x i s t s  t h e  p h e n o m e n o r  ( , 1  . , ! , r  ' i ! r r i (  l r i .  l i l r h r  5 ( i , l l ( r i r r l ' ,

[ ] 7 1  h i c h  . a n  b e  e x p l a l n e d  o n l y  l l i r , , , , 1  l ,  l l , t  , r t r l  i s f n n ü I I  i (  l , , , r l  ( , 1

s c a t t e r e d  l i g h t  i n t e n s i t y .  T h e  I a t l ü  ,  I ' , , (  i n i , l f i r ' . f v  , 1 , , ; , L t  r l v .  r ) L r l

t h i s  d o e s  n o L  m e a r i  t h a t  i t  i s  u n p h y s i . i l  l r  i i  ( l i t f . l l y  p r o l x ) r l  i ( ) r , r l  l o

t h e  p u r e  i m a g i n a r y  c o n j u g a t e  p r o d u c (  .  , , r t r i  r l , (  ,  l r r (  1 o  1 t , t  p r r r .  r c a l  r r ' )  .

T h €  L a t t e r  i s  t h c  m o s r  f u r r d a m e n t a l  ( . 1 ( r I r r  , , 1  1 l i (  r t , l  i s Y m n { r r i .  I ) ä r t  o i

L i g h t  i n t e n s i t y .  l I  L h e  t i g h t  b e a r  v , r ,  r , ,  , , ' r , , i : i l  o l  o n l y  o r , e  p h o l o n .

t h e r e  w o u l d  s t i L L  b e  a  l i g h t  i n t . n s i l v  1 , , 1 , . , , r  .  . i r x l  l h e l e f o r .  B r r )  i .  a

fundarDen la l  phot  o l l  p roper ty .

I o u r  a s s e r a i o n  a h a u t  a  B ( 3 '  c o D r r L x l t , t . t  t l t .  l . t ' t  / / J . r  i - 1 . . 1  r . r t a S t e l  i . r  L r ! c s

are  t ra lßverse?

' l h e  
i n d i v i d u a L  v a v e s  n a k i n t  u I  r l , ,  , . , , i 1 , 1 1 , , 1 (  p r o d n c t  [ 2 ]  a r e  b o r ] ,

t r a n s v € r s c  t o  t h e  d i r € c t i o n  o f  p r o t t , l t , , l  i , , r r  . r , r l  ( ) l x ' !  C a u s s ' s  t h e o r : e m .  T h c

c o n i u g a t e  p r o . l u . t  i s  a  l o n g i t u . l l r . i l  , \ i : , 1  ' . ( . 1 ( ' r  w l r i c h  g i v e s  r ( 3 ) ,  \ t h i . l r

i n  t u r n  i s  i n d e p e n d e n t  o f  t h e  p h i i (  , , r ! t  r l , , )  ( ) l x ' y s  G a u s s ' s  t h e o r e n .  T h .

d i v e r g e n c e  ( d e ]  )  o f  r { r )  v a n i s h . s  n r ( l  1 1 , , , r .  i s  n o  c o n t r a d i c t i o n .
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vou say that  a(3)  i r  qua. tun farn is  proport io1al  ta an7ular
th is conpat ib le wi th tundanental  synneLry in räere räe.e is  no

T h e  d e f i n i t i o n  o f  a ( n  i n  q u a n r u n  f i e l d  t h e o r y  t 8 l  i s

d  
" ,  

! .

Questio s About The Field BQ)

1 4 .  I f  E < t ,  i s  a  p r o p e r t y  o f  l i g h t  i r  v a . u o .
carrot  öe stat ic ,  ar  uDl forn?

1 5 .  s i r c e  L i r e r e  i s  n o  e x p e r l n e i t a l  c v i d . r r ' .  1 , , i

un foL tnded?

209

i t  n n s t  h e  t r a v e l l i n E  a t  c .  a n d

a 6 ) ,  v , , u r  r i r s e r a i o n  i s

1 2 .

1 3 .

( 1 )

Si .ce  E(1)  i s  the  expec ta ! ion  va lue  o I  t l t  op . ra to r :  ,6 ! )  ,  a  fundanrent ; r ]

p r o p e r t y  o I  o n e  p h o t o n ,  i t  t r a v e l s  w i t h  t l r .  f l r o l o , ,  i n  a  v a c u u m  a t  t h e  s p € e d

o f  l i g h !  ( a s s u m i n g  t h a t  L h e  p h o t o n  ] r a : ;  ü o  n . r s s ) ,  o r  r n o r e  s l o w l y  i {  t h e

p h o t o n  h a s  n a s s .  T h e  a  t i s y ü m e t r i c  p a l t  o l  i i d r t  j r , t e n s i t y  i s  t b e r e f o r e

b u i l L  u p  s r a t i s t i c a L l y  f r o n  t h e  - 6 ( ' )  o p e r , , t , , r s  o l  . ' a c h  i  i v i d u a l  p h o t o n ,

r o  g i v e  a  D a c r o s c o p i c  a v e r a g e .  T h i s  i s  1 l ) f  l ) f o p c f  , a y  t o  d e s c r i b e  l ß ) ,

a n d  L h e  l a t t e r  i s  c l e a r l y  n o t  t h e  s a ! n '  r s  , i  s l  a t  i c  m a a n e t i c  f i e l d

S i m i l a r l y ,  t h e  v e c t o r  p o t e ü t i a 1  ] l ( 3 r  i c  r  s l - r l i l i r  i , : r 1  P r o p e r t y  o I  p h o t o n s ,

a n d  s o  i s  t h e  c o n j u g a t e  p r o d u c t .  T h e y  r i r (  , , l l  ( l ( ' : ; . r i b . : d  i n  t e r m s  o f

c r e a t i o n  a n d  a n n i h i L a t i o n  o p e r a t o r s  l O l .

where i  is  a photon angular  momentum, and i  the reduced planck cors lanl .
Th€re are three elementary d iscrere symnerr ies in nature C, the operator
oI  charge conjugat ion;  F,  the par i ty  invers ion oper:ator ,  and ?,  rhe not ion
r e v e r s ä l  o p e r a t o r .  I n  p a r t i c l e  p h y s i c s  6  i s  a l s o  t h e  o p e r a r o r  v h i c h
p r o d u c e s  a n  a n t i p a r t i c l e  f r o n  a  p a r t i c l . ,  [ 1 8 ]  b y  r e v e r s i n g  l t s  c h a r g e .  F o r
p r e c i s e  d e f i n i t i o n s  o r  e .  ? ,  a n d  l ,  s e e  R e L  l t 8 l .  E q u a r i o n  ( t )  i s  a  l a ! ,
of  physics,  and i t  is  not  changed i f  i ,  for  exanple,  is  appl ied to each
s y m b o l  o n  b o t h  s i d e s .  I n  s o  d o i n g .  i ( B ( 0 r ) =  E ( 0 )  b e c a u s e  t h e  c h a r g e  p a r i t y
of  the photon is  negat ive l18l  Al l  spat io remporal  quant i r ies of  any k ind
a r e  p o s i t i v e  u n d e r  ö  t f S l  b y  d e f i r i t i o n ,  s o  l h a r  a n g u t a r  n o n e n r u n  i s
u n c h a n g e d  b y  C .  s i m i l a r l y ,  E q .  ( r )  i s  u n c h a n g e d  b y  ( i . e .  1 s  i n v a r i a n r  r o )  i
and i .  I t  a lso has the r ight  uni ts,  because n in quantum mechanics is  the
u n i t  o f  a n g u l a r  m o m e n t u m -  E q u a t i o n  ( 1 )  ' a s  f i r s t  d e r i v e d  i n  R e f .  I l a l _

yes,  but  äor can you nake a nagnet ic f le ld l .on angt lar  aonentun when there
is no charge present,  as i t1 a vacuun?

The f ie ld 6ß) is  formed f rom angular  momentun by f lut t ipty ing the lat ter
b y  a  s c a l a r  a n p l i t u d e  a ( 0 )  w h i c h  i s  a  n e g a r i v e .  T h e  o r i g i n  o f  a ( o )  i s  t h e
o r i g i n  o f  e l e c t r o m a g n e t i s m  i n  v a c u o ,  b e c a u s c  i f  E 1 0 )  v ä n i s h € d  r h e r e  w o u l d
be no electronagnet ism. Tbe fact  that  I ,10) is  e negat ive means rha!  i t
o r i g i n a t e s  i n  e l e c t r i c  c h a r g e ,  b e c a u s e  r h e  o n l y  c t f c c t  o f  a ,  b y  d e f i n i
t i o n ,  i s  t o  l e v e r s e  t h €  s i g n  o f  c h a r g e  C o D v c D r i o n a l l y ,  a l o )  i n  a  s o u r c e
f r e e  m e d i u n  o r i g i n a t e s  a t  a  c u r r e n t  ä t  i n f i n i t v .  l n  a  n c d i u m  w i r h  s o u ! c e s ,
i L  o r i g i n a t e s  i n  c u r r e n t  d e n s i t y .  S o  r h e r e  i s  c h a r g e  p r e s e n r ,  b u t  i t  i s
locäted in nat ter  " inf in i te ly renoved f ron rhe vacuu".  This is  why the
charge par i ty  of  the photon is  negat ive.  For ex:r f tpte,  the potent iat  four
vector  Är is  negat ive to e,  and so are elcctr ic  and magnet ic f ietd
components of  an electronagner ic rave.  O' l  rhc orh€r hand, the spar io-
temporal  parts of  an elecrronagnet ic wave carDot be chang€d by ö_ Eor
exanple the phase of  a p lane wave is unchanged by f ,  and neirher is  i ts
s l a t e  o f  p o l a r i z a t l o n ,  u s u a l l y  d e s c r i b e d  b y  u n i t  v e c t o r : s  i n  a  c i r c u l a r

1 6 .  S ü c h  d a t a  n a y  b e  a . c e p t a b l e  f o r  t l t . . ! t t t t  . t  D o t  s q L t a . e d ,  b l t t  w h y  h a v . ,

e f f e c t s  d u e  t o  a ( t  i t s e - l f  n e v e r  l ) ,  , , t  r , r : , ( ' r  v , ' , / : '

O n  t h e  c o n t r a r y ,  t h e r c  i s  p l e n t i f u l  e v i d . r r . (  l 0 r  l l i (  : i , , 1  i i y r r N  I  r i .  p a r t  o f

l i g h t  i n t e n s i t y ,  f o r  e x a n p l e  i n  R c f s .  l l ( )  l i  l l r i : i  i 1 ,  { v i d { ' r . (  l o r  t h e

c o n j u g a t e  p r o d u c t  a n d  t h e r e f o r e  f o r  l h r  I r { ) . 1 1 , (  r  ; / r ' o ) a ( r )  w l r ( )  ( '  < . . l a r

m a g n i t u d c  i s  l r r t l ' z  s q u a r e d .  T h e  f a c r  r l , r r  r l , (  r (  i s  ,  l a ( ' ) f  s ( l t t , , . d  i s

e ) r p e r i n r e n t a l l y  a e L I  e s t a b l i s h c d ,  f o r _  ( i : t n r l , l ,  r l ) ' ( r , , l l h  d , l a  l r o n :  r l r l  i

s y m n e t r i c  l i g h t  s c a t t € r i n g  [ 1 9 ] ;  e l l i p s ( ' : : ,  l l  , , , r , , 1  i o r '  2 0  i ß ! i ] I ' . r ' 7 n r ' . n

b y  l i g h r  i n  t h e  i n v e r s e  F a r a d a y  e f t ( . 1  . ) l  l l r  o l , r i ( : ä l  f a l a d a !  ' ' l l . . l

[ 2 2 ] ;  a n a  L i g h t  i n d u c e d  f r e q u e n c y  s h i l l : ,  i r  ' , r o t r , i ,  : i p . c t r - r  l 2 : l l  ( " l i ! , h t

s h i f t s " ) .  R e c e n t L y ,  i t  b a s  b e e n  l o u r x l  r l , . L r  ,  i r ( r 1 1 l , r r L y  P o l a r i z e d  l i g h t

sh i f t s  nuc l  ear  magner ic  resonanccs  /4  l l r (  . ( )L  jü8ate  Produc l  has

d . t u a l l y  b e e n  r e f e r r e d  t o  l 2 I , 2 l  a : t  ' , , ,  ( l l , ( r i v .  o a g n e t i c  f i e l d " .  I t

i s  e x p e c t e d  t h a t  i f  r { ' )  a c t s  a s  a  n t , l 1 , , (  r i (  l i (  l ( 1 .  l h a t  t h € r e  s h o r l l d  b e

p h e n o m e n a  d u e  t o  i t  a n d  p r o p o r r - i o n a 1  t ( )  r l , (  5 ( l , L r f .  r o o t  o f  i n r e n s l t y .  I t

i s  c l e a r  a l r e a d y  h o w e v e r  t h a t  a ( 3 )  i .  r l r ,  l , , , r l , i D , r r t , r l  u n i t  o f  a n L i s y m m e t r i c

l i g h t  i n t e n s l t y ,  a n d  i s  a  f u n d a D . I r l  ; , I  r , r  , , | , d  I  v  o l  ä  s i n g l e  p h o t o n ,  i f

c i r c u l a r L y  p o l a r i z e d .

T h e  m a j o r i t y  o f  t i g h t  s h l f t  d a t r  h : , v ( .  l l ( n  o b t a i n c d  w i t h  l i g h t  w h i c h  i s

i n c o h e r e n r ,  o r  l i n e a r l y  p o l a r j z . ( 1 .  ( ,  1 l i , l  , B { 3 )  i s  z e r o  b e c a r r s .  l h u

a n t i s y m n e t r i .  p a r t  o f  l i g h t  i n t . n s i l y  i : ;  / f r o  E f l e c t s  d u e  t o  a ( 1 t  i t s e l f

a r e  e x p e c t e d  w h c n  r h e r e  i s  a  d - a g r . ( :  o l  . j f . u l a r  p o l a r i z a r i o n  i n  t h e  p u m P

l a s e r ,  a s  d i s c u s s e d  e l s e w h e r e  [ 8 ]  T h . r .  h ä s  b e e n  o n ] y  o n e  i n v e r : s e  F a r a d a v

e f f e c t  e x p e r i n e n t  r e p o r t e d  [ 2 1 ] ,  a n d  t h o  m a j o r i t y  o f  d a t a  N e r e  o b t a i n e d  f o r
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d j a m a g n c t i c  l i . J u i d : i  i n  u h i c h  t h e r e  i s  n o  p e r m a n e r r t  m a g n e t i c  d i p o L c  R o m c n r ,

s o  t t i a t  m a S n e t i z a t j o i  d u c  t o  l r r ' ) l ?  i s  e x p e . t e d  b u r  o t  d u e  t o  a ( 3 i .  A
l  i m i t e d  ! n \ r n r  o f  d . t a  w e r e  o b t a i n c d  2 l  i n  d o p e d  C a F :  S l a s s e s  a t  l o w
t e n p e r a t u r . , .  1  I  t  h e  n e t  m a g n e t i c  d i  p . l  .  o n e n t  i n  t l L c s e  g l a s s c s  i s  n o n -

z c r o ,  m a g n . l i z : i t i o h  d u e  t o  l t ( 3 )  i s  e x p e c t e d ,  a n d  r h e  a \ ' d i l a b 1 e  d a L a  h a v e
b e e n  r . j n l . r p r . r . . d  ; 8 1  t o  a c c o l 1 n t  f o r  i h i s  p o s s i b i L i t y .

Y . r !  5 r I  r / r d .  A r t )  v a  l s ä e s  i n  l i n e a r  t ) 1 . r i t l t  j ö D .  i t  s o ,  \ r c | |  < : a D  i t  b e  a
fün t l in . \ i  a l  p roper ty  a f  t lE  phot  o t ) . '

T h c  f i e l d  a r l '  v a n i s h e s  i n  l i n e a r  p o l . , r i z ä 1  i o n  b c . a u s e  t h e  a n t i s v m n e t r i c

| a r 1  o l  l i g t i t  i n t e n s i t y  h a s  o p p o s i r .  s i g n  f o r  r i 8 h r  a n d  l e f r  c i r c u l ä r

p o l a r l z a t i o n ,  m e a n i n g  t h a t  t h e  v e . 1 o r  a r 3 )  . e t s  t o  z e r o  w h c n  t h e r c  i s  5 0 2
o f  r i g h t  a n d  5 0 2  o f  l e f t  c i r c u l a r _ l )  t o l . r  i z e d  . o m p o n e n t s  i n  t h e  b e a m .

Questions About The Field B"' ? t l

t l t r  \ t t ,  t t . ,  t o  l e r t e

r l , e  e ,  p ,  a n d  i  s y m n e t r i e s  a n d  u n i r s  ( r ( , i 1 , r .  o r  g a u s s )  o f  s r l ( : ] ,  ä  t i e l d .

a n d  s i n c . r  r ß ) l '  j s  o n  z e r o ,  r h e i  s o  i : r  a ß ) .  ^ t s o .  i f  ! r r )  B L 0 ) ;  v c r ( ,

2 e r o ,  t h e n  t h e  a n t i s y m o r e t r i c  p a r l  ( ) l  l i r ' , 1 1 1  i n t . n s i L v  w o u L d  v a n i s h ,

c o n t r a d i c t i r r g  o b s . r v a t i o n .  T h e  l a t l f r  i : ;  i l s o  a  s o l u r i o n  o f  t h .  P ) - o , , a

e q u a t i o n  a s  v e  s e e  i n  t h .  a c c o m p a n y i , r l t  , , r r  i ,  L (  f h i s  i s  a n  o p e n  q u e s t r o n

a t  p r e s e n t .  b e c a u s c  v .  h a v e  s o  1 i t 1 l , , ( i i l . , i i t r r r r L r l i  g  d i t a ,  i n  t h e  c a s e  o f

n r a g n e t i r a l i . n  b y  l i g h t ,  o n l y  o n e  s { r i , ,  , , 1  r  ' : r x  r i D e n t s  [ 2 1 j .  T h F c e

. r p e r i | i e n r s  h a v e  t i e v e r  b e e n  r e p e a r . : d .  ; , , , ( 1  r l , i  D , , , r : r .  p . r h a p s ,  1 : h a t  t h e y

a r e  d i f f i c u t t ,  o r  t h a r  o t h e r s  h a v - .  l r i ( d  r , ,  r , 1 , , ; , r  r l , e  e x p e r i m e n t  a n d

I a i l e d .  I f  s o ,  t h e  o r i g i n a l  d a t a  a r e  o p . r )  r , )  r ' , 1 , . , , , , , , 1 , 1 ( , d o u b t .  f h i s  w o u l d

n o t  m e a n  L h a t  l h e  c o n - j , r g a t e  p r o d ü . t  d o . s  M l  ,  : i r  ' r  l x  ( . , r r : i ( '  f h e r e  a r .  o l  h . r

s o u r c e s  o I  e v i d e n c e  f o r  i t ,  n a m e l y  a n t i s y n r r ,  I r i !  l L r l , l  . (  , , 1  l . r i n g  P h e n o n e n a
o t  v a r i o u s  k i n d s  [ 2 5  .  l h i s  i l l u s t r ä l ( , : i  l l , ,  t r ,  ,  r r  ' r . ! r ,  o J  t h e  a r t .

1 7 .

t 6 .

l 9

t l h a t  a b o ü t  y o r r r  r s s e r r i o r  a f  i E \ "  ,  v l \ t l t l n  l

e t f e . r s ,  r h i c h  s l r . { l d  . : a s i  l I  i r a v e  b . . r )  ( , / , i , ' ,  L  , ' , /

l i  a h e  a r ) r i s l r m . r t r i .  p e r t  ö f  l j + l l ü  ) , t t . t t s i t v  i s  I  r e r s o r ,  r n y  j s  A ß )  a
T h c  f i c L d  i a ( 3 )  i s  p ü r e  i t u a g i n a r y .  i r l l  r l ' ,  i ,  r , i r ( r r r , r 1 , l  i , ,  r h ( '

c o n v e n t i o n a l  w a y  d e s c r i b e d  f o r  e a a m p l .  l ) Y  l ' ,  l .  i , , , ,  . ) /  r , )  ß  , ! '  r l , . L r  r r  l L l s

n o  p h y s i c a l  e x i s t . n c c ,  b € c a L r s e  j t s  r e r l  r , , , r  i  . , , ( , .  l . r r r r , r  , . L r i  ( . , " ! i t '

e l e c t r i c  p o l a r i z a r l o n ,  t h e  p h e n o m e n o h  ( i 1  , ) 1 , r  , ,  r l  , ( r 1 i I i ( , . , I I L ) L  , r r ,  I n , l

t h i s  i s  o b s e r v a b l e  i n  l i n e a r  p o l a r j T r r  j , , , , .  , , , 1  r l r , , ,  t i r , l y  i , ,  ( l i i r , l  r ß i l r . r

I t  i s  n o t  p o s s i b l .  t o  l o r m  a  l o n g i t u d j , h l  , 1 , , r  i ,  l r ( L ( 1  l r . n i  l l r . ( J r ,  l ' , l t i r l ,

p r o d L r c t .  b e . a u s e  t h i s  N o u l d  v i o t a t ( .  i  . \ ,  L , r r \  , r : i  ( l ( ! . 1 j I n 1 1  r r ,  l r r , '

a c c o n p a n y i D g  a r t i c l . .  T h e r e l o r e  w e  i r r , r r r , t  r l L i ' ,  r o  r t r ' . L  t h a l  t l x r (  r r i

n o  L o n g i t u d i n a l  e l e ( : t r i .  f i e L d .  a n d  l l t . r 1  r l L , , ,  , ) ,  I i , J  l i | \ s i . ! l  1 ' 1 1 ( 1 i ' r  ( l L ' {

t o  s u c h  a  f i e l d  T h e  e m e r g € n c €  o t  / r r ) '  1 , , , n  1 . , , r ' i t , : ' s  l , c n t r n a  i s  a  l o r t r b l

s a y  o f  d e s c r i b i r L g ,  a n d  i s  a  c o n s e q r l e n . (  , ) l  .  r l , ,  i  , ,  r  r l i : , 1  r h . i  L o n g i t u d i n a l  a o '

d o € s  r o t  . o n t r i b u t e  t o  e l e c t r o m a g r r (  l  i ,  (  r L ,  I  r . ,  , t L  r r ' , r l  v  r n  v a . r r c .

T h i s  i s  a l L  v . , r y  q . t l l ,  b o t  j t  a t l t  , j i  r , . , 1  r I  t r t \ t v t i / . s  n a t t e r .  a D d  1 o r

t l E a  r e  n e e d  ä D  r ' r t e r a . t i o D  e n e r ' t r  l /  a r r )  , / , ) (  r i  i r , r  . o D f r i b u t e  r o  f j e l d

eDerqy  haw . :a r1  i t  naq iF t ize l

B y  r e f e r e n c e  t o . I a c k s o n  [ 2 / ] ,  p a l t : :  l ! / r r  l l  r l , (  ü o r k  d o r ) t  P c r  u n i t  t i m e  p e r

u n i t  v o L u m e  b y  e L c c t  r o m a g n e r  i .  I  i ,  l , i r ;  i , ,  . t  E .  , I r d  r e p r e s e n l  s  r  h c

c o n v e r s i o n  o f  e l e c t r o m a g n e t i c . n ( r r , v  i r r , ,  n L ( l ) ; , , r i . a l  o r  h . a t  e n e r g y .  T h e

n a 8 n e t i c  f i e l d  d o e s  n o  \ t o r k  o  , ) l  . l , . r r 1 t c s  a n d  c u r r e n t s ,  b e c a u s c

I o r  o n e  c h a r S e  q ,  t h e  m a 8 n e t i .  1 ( ) r , r  1 ,  l r r l , ( , i . l i c u l a r :  r o  t h e  c h a r S e ' s

v e l o c i t y  v .  I f  t h e r e  e x i s t s  a  ( i J r i r  i , i , , ( ) , , : i  ( l i : ; t r i b u t i o i i  o f  c h a r 8 e  a n d

. , , r r a n r  r r , p  1 ^ F . r  f a f e  ^ f  i r , , , , , ,  w l l k  l ) v  l l r ( .  f i c l d s  i l  a  f i n i t e  w o l u e  t

i s  t h e  v o l  u r n e  i n t e g r a l  
/ . t  

! , J ' x  l l !  . , : , 1  I  i . 1 . 1  t ( 3 )  d o c s  n o t  c o n t r i b u t e

t o  t h l s  i n t e g r a L ,  a n d  t h e r e f o r e  ( l . e : ;  r ( , 1  . o n t r i b u t e  t o  t h e  n a c r u s c o P i !

T h e  a n t i s y m m e t r i c  p a r t  o f  a  r a n k  ( ! ( )  r o r i i o r -  c r n  b .  € x p r e s s e d  a s  a  r a n k  o n e
a x i a l  v c c t o r  t h r o u g h  t l , e  i n t e r m e c l i n . v  l / !  ! i  l h - "  l . e v i  C i v i t a  s y m b o l  ,  r h c
r a n k  t h r e e  r o r ä L 1 y  a n t i s y m e t r i c  u n i t  r r . ' , , i ( ) r  ( , , .  T h e r e f o r e  t h e  c o n j u g a t e
p r o d u c t  i s  a n  a x i a l  v e c t o r  a s  w e l i  d s , t  l i ) l : , r .  r n n k  t w o ,  r c n s o r .  T h i s  i s
c o n s i s t e n r  w i t h  t h e  f a c t  t h a r  l h .  c o n j u U . l l . . p r o d u c t  i s  a  c r o s s  p r o d u . r  o f
t r r , o  v e c l o r s ,  e i t h e r  o f  t w o  p o l a r  e l e . t  f i .  I  i . l . l  v . r . r o r s .  o r  o f  t v o  a : i a i
m a g n e t i c  f r e l d  v e c t o r s .  T h e  c o n j u g a r e  t ) r ( n l , ( . 1  i s  a l s o  c x p r c s s i b l e  a s  t h e
a n t i s y n m e t r i c  p a r t  o f  a  L i g h t  i n t c n s i t v  t ,  n s ( ' r  

' i h e r e l o r e  
t h e  m a g n e t j c

f i e l d  E t t  i s  a l s o  e i t h e r  a  r a n k  o n !  ! r j r l  v r . l o r  o r  a  r a l k  t v o  p o l a r

l e r s o r .  I n  i t s  r a n k  t w o  f o ] ] n  ( s c . (  a , . . . I n l , , , ! v i n g  a r t l . l e ) ,  B , j ' '  i s
p r o p o r : t l o n a L  t o  a  n o n  z e r o  r o t a t i o D : ! , e n e r r l ( ) r .  ! l r i ( . l i  i : r  a r i  a n $ r l a r  f t ) n r e n t u n
t c n s o r  w i t h l n  a  f a c t o r  o f  i .

/ t  e ! , t d . ? k .  i s  a v a i l a b L e  f o r  l s t t t y .  a , d  r r J r ) ,  / ) ( ( L r n e : i  a r a i l a b l e  r o r  t t ) e

. , 1 1 . ( . t  o l  B r r )  a t  f i r s t  o r d . r .  r h e r e  q o 0 l , ?  r l ) . , r  l . , . r r c  y d r t . n e o l y ?

S u c h  a n  - . ! e n t u a l i t y  w o u l d  i D p l y  t h a t  ! ( r )  ( l ( ) , . i  r ) ( ) l  l o r m
i n l . r n . t i o n  H a n i L t o n i a n  i r h  a  m a g n e t i .  d i p ( ) 1 ,  , , , r o . h r ,  a n d  w o u l d  o b v j o u s l v

n o t  D e ä r i  l h a t  . 6 ( 3 '  i s  z e r o .  b e c a u s e  e f l . . l s  ( l , i (  t o  t h e  c o n j u g a t e  p r o d u c t
e x i s t  e r p e r i m e n t a i l v .  l . 1 o r e  t . n e r a L t y .  i t  o i l t l , l  d e r n  r h a r  t h € r e  e x i s t s  a

" h i d d e n  s v m , f e l  r y "  i n  n a t u r e  w h i c h  f o r b i d s  { , 1 { ( . 1 s  d u e  t o  t t 3 )  .  b u t  a l l o w s

e f f e c t s  d u e  t o  a ( 1 '  s q u a r e d .  T o  a s s . r t  l h a t  B ( 1 )  i s  n o t  a  s a g n e t i c  f i e l d

w o u l d  b e  p a r a d ( ) x i c a L  i n  t h e . u r r e n t  s r a l .  o l  k r ) o e l e . l g c .  b e c a u s e  l r ! )  h a s
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P o y n t i n g  t h e o r . m .  w h i . h  i s ,  e s s e n r i a l l y ,  a  r e  e x p r e s s i o n  [ 2 / ]  o f  t h i s
in tegra l  in  te rms o f  the  e lec t ronagnet ic  energy  dens i ty  U and th€  Poynt ing
v e c t o r  I f  t b e  t o t a l  e n e r g y  o f  r h e  p a r t i c L e s  v i t h i n  r h e  v o l u n e  y  i s  r n ,
and assun ing  no  par t i c les  move ou t  o f  thc  voLume.

Ques,ions About The FieLl B@ 213

T h e  f i e l d  . B G )  f o r D s  a  p a r t  o f  t h e  t o t a l  . , r r r 8 y  o  b y  m u l t i p l i c ä t i o n  u i t h

a  m a g n e t i c  d i p o l e  D o n e n t ,  n r  w h i c h  i s  a  p r o p e r t v  o f  a n  a r o m  o r  n o l e c u t e .
r r ' /e  f ind  tha t ,

, " . ,  ( :+\  ' t "  .  (4)'  
I a8i' '  /,,

i . e . ,  r h e  r o t a l  e n e r g y  i n  t h e  a b s e n c e  o f  t h .  I  i . l ( t  i : i  e q u a l  L o  t h e  t o t a l

e n e r g y  i n  t h e  p r e s o n c e  o f  t h e  f i e l d ,  s o  t h a l  . n (  r f , v  i s  . o n s e r v e d .  I n  t h e

same way,  the  con juaate  produc t ,  denoLed bv  t  l , ( .  v .  (  l  o r  t r r  ,  con t r ibu tes

t h r o u 8 h  a n o t h e r  t v p e  o f  n o l e c ü L a r  p r o p € r t v .  ( , l w l d I I , ) j .

So  a( ,  doee no t  change the  to taL  energy  o f  par t i c les  w i th in  the  vo lune y ,

a n d  t h e r € f o r e  d o e s  n o t  c o n t r a d i c t  t h e  l a w  o f  c o n s e r v a r i o n  o f  e n e r g y .  I r
f o l l o w s  t h a t  t h e  c o n c e p t  o f  c o n j u S a r e  p r o d u c r  i s  a l s o  c o n s i s t e n r  w i r h
. o n s e r v a t i o n  o f  e n e r g y .

, ".(#)""r. , (JF)"

( 2 )

But  yaLL have s t i l - l  Do.  exp la ined vhy  Bt . )  ca t l  tnaqnet ize  w i räoot  coDr .ad i . r -

r t lq  t .he  law o f  conserva t io r  o f  e ie rgy .  t t  B t t ,  does  no t  change En ho \ r  can

To explain why re must consid€r the presencc of  atoms and molecules in
m a t e r i a l  n a t t e r  s u b j e c t  r o  ! ( 3 )  .  t o l l o w i n g  J a c k s o n , s  e x p l a n a r i o n  { 2 / 1 ,
e l e c t r o n i c  n o t i o n  r i t h i n  a t o o s  a n d  m o l e c u l c s  i s  a n  e x r r a  s o u r c €  o f  c h a r g e
a n d  c u r r e n t ,  a  s o u r c e  w h i c h  c o n t r i b u r c s  r o  t h e  c o n d u c r i o n  c u r r e n r  r .  T h e n
P o y n t i n g ' s  t h e o r e m  d e s c r i b e s  t h e  a o r k  ( l o n c  o n  a l L  c u r r e n t s  b y  t h e  e l e c r r i c
f 1 € I d  p e r  u n i t  t i m e .  I n c l u d e d  i s  t h e  e t l e c r i v e  m o l e c u l a r  ( o r  a t o m i c )
c u r r e n t  a P l a t + c V x I  ( i n  C a u s s i a n  u n i r s )  w h i c h  i n v o l v e s  p o l a r i z a t i o n  a n d
m a g n e t i z a t i o n .  T h e r e f o r e  a ( 3 )  c o n r r i b u r c s  r o  t h e  m a g n e t l z a r i o n  w i r h i n  t h i s
cun:ent ,  but  does not  change the tota l  en.rgy of  the system of  cbarges and
c u r r e n t s ,  n a d e  u p  o f  p a r t i c l e s ,  a t o n s  a n c t  n o l e c u l e s .  S i m i l a r t y  r h e
c o n i u g a t e  p r o d u c t  c o n t r i b u t e s  t o  t h e  n a t n e r j z a t i o n .  F o L l o r i n g  J a c k s o n , s
e x p l a n a t i o n  [ 2 7 ] ,  t h e  e n e r g y  a s s o c i a r e . i  r i t h  r h e  e i f e c r i v e  m o l e c u l a r
c u r r e n t  i s  " a b s o r b e d "  i n r o  t h €  e n € r g y  s r o r . d  i n  r h e  f i e L d ,  s i n c e  i r  ( r h e
e n € r g y )  i s  ä  p r o p e r t y  o f  t h e  n e d i u n  a n d  i s  i n  p , c r ) . r a l  s t o r e d  e n e r g y  ( i . e .
r e a c t i v e  p o v e r )  w h i c h  i n v o l v e s  n o  t i n e - a v e r i 8 .  d j s s i p a l i o n .

2 3 .  H o w  d a  y a o  e x p l a i n  t h i s  i  n o l e c ü 1 a r  t e r t  s , '

F o l L o w i n a  B a r r o n  I r a l ,  t h e  e n e r g y ,  , / ,  o l  t 1 t ,  s y s t € m  o f  c h a r g e s  a n d
currents is  expanded in a Taylor  ser ies abo, l  rh.  sysren energy ,yo in the
a b s e n c e  o f  t h e  f i e l d ,

Apar t  f ran  t f iese  .ons ideraL ion  o f  enerSy.  ,  v ,  '  v

lo l lg i tüd ina l  f ie lds  i I t  vacuo v€ t ish  becaLtsc  r r l  I  l t

Sure ly  your  th - -o ry  fa i l s  becaLtse  o f  t11 is :

I  r ' x r  i ) , ! , 1  s r  e r e s  t h a t

t ;  r t i ; t :  : tD . l  ,4 r r le re  lass .2 2 .

( 3 )

T h e  t e x t b o o k s  r e f e r  t o  l o n g i t u d i n a L  e a v e s  o l  f i r i r ,  1 1 . ( l r ( ' h ( v .  w h e r e a s

a ( t  h a s  n o  p h a s e  d e p e n d e n c e .  l ' o r  t h i s  r e a s o ' )  i l s  ( i i v ( r g . n c { ' ! , t , r i s h . s .  a n d

t h i s  i s  c o n s i s t e n t  w i t h  A m p e r e ' s  1 a v .  I t  h . s  , ) o  p h r s .  ( l e p e . ( 1 e t ' ( f  b . c a u s e

i t  i s  d e f i n e d  a s  t h e  c o n j l l g a t e  p r o d u c t  d i v i ( l f ( l  l ) v  i / r 1  r ,  r r x l  l l x '  . ( , L j 1 1 1 , ; t t e

p r o d u c t  r e m o v e s  L h e  p h a s e .  T h e r e f o r e  ! o '  i : i  i r  w n v (  o i  i n t i  i t . ,  w J v ! l ( n g l h

o r  i n f i n i t € 1 y  1 o v  f r e q u e n c y .  I n  c o n t r a s l  i t  l , , r r t 1 1 , ( l i r a l  t a v e  m u : ; t  ( l . p . n < l

o n  t h e  p h a s € .  a n d  i t s  d i v e r g e n c e  c a n n o t  l l  r (  I ( l

B u t  i t 1  t h i s . a s e  t h e  e n e r g y  d e n s i . I  a . ! s ( ) . i . , r , , . 1  N i t l )  a l f  i n  f r e e  5 - p ä . e  t n I I - - ' r

b e  l  i n i t e ,  n o t  z e r o ,  a s  y o u  a s s e | r :

F o r m a l l y .  t h e  e n e r g y  d e n s i r y  a s s o c i a r ( ( l  w i l l ,  ! o '  . t  . a c h  p o i n t  i n  s p a c e

i s  g i v e n  i n  S - I .  u n i t s  b y  B t ] t ' z / 2 v , ,  l l ( ' u ( v ,  r .  l l x '  f i e l d  a ( t )  d o e s  n o t

cont r ibu t€  to  th€  t ime averaged Poyn l  in l ,  vL . l ( ) r  
' Ihe  

f lux  o f  energy  due

t o  t h e  c r o s s  p r o d u c t  o f  8 ( 3 )  w i t h  t h .  l  r i , r : r v ,  r ' : ; , .  ! ( 1 )  o r  a ( 2 )  i s  t h e r e f o r e

z e t o  o v e r  a n y  c l o s e d  s u r f a c e .  C o r s o n  i r ! ! l  l . . r f : , i , ,  L ? B l ,  f o r  e x ä ß p ] e ,  s h o v

t h a t  t h e  e x p r e s s i o n  j u s t  g i v e n  f o r  t i , r  { r i , r l i y  ( t l n s i t y  c a n  b €  r € t r i t t e n  a s

! t  l ( t ,  a n d  t h a t  t h i s  [ 2 8 ]  i s  . o r l  r ' . ( l i . l o r y ,  i n d i c a t i n g  t h a t  t h P

a s s i g m € n t  o f  a n  e n e r g y  d e n s i t y  t ( )  a  I X ) i n l  i n  s p a c e  i s  a r b i t r a r y  a n d

m e a n i n g l e s s  e x c e p t  a s  a  n e ä n s  o f  c o n | , r l  1 r f ,  l l t r .  , ) v . r a l 1  m a g n e r i c  e n e r g y .

T h e  e x p r e s s i o n  B t l t ' z  /  2 h  f o r  n a g n c t  i .  { . n (  r l t y  d e n s i t y  i 2 8 l  a s s l g n s  a  f i n i t e

v a l u e  t o  a l l  p o i n t s  u h e r e  ! ( 3 )  i c  n o l  z e r o ,  b u t  r h . ' e x p r e s s i o n  ! l : ' a t 3 )  f o r

m a g n e t i c  e n e r g v  d e n s i t y  m e a n s  t h a t  i l  i s  l e r o  i f  t h e r e  i s  r o  c o n d u c t i o n

c u r r : e n t  d e n s i t y  . t .  I t  i s  m e a n i n g l e s s  t h e r e f o r e  [ 2 8 ]  t o  a s k  v h e t h e r  t h e

energy  dens i ty  due to  to )  in  f ree  spacc  res ides  in  the  f ie ld  o r  in  the

cur ren t  t t .  As  r {e  have seen,  the  to ta l  ra te  o f  do ing  v io rk  by  an  e l€c t ro
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m ä g n e t i c  f i e l d  i n  a  f i n i t e  v o l u m e  !  i s  r l , e  i n r e g r J t  d E n / d r =  
l l r . E d 3 x ,  

a n d

l ( 3 )  d o e s  n o t  c o n r r i b u t e  t o  t h i s ,  a n d  r h e r e f o r e  d o e s  n o t  c o r ) r r i b u r e  t o  t h e
P o y n t i n g  v e . r o r  o r  t o  t h e  e l € c t r o m a g n e t i c  e n e r 8 y  d e n s i t y  U .  T h e r e f o r e ,  t h e
f o r m a l  e x p r e s s i o n  B t t t 2 / z \ t j  f o t  t h e  e n e r g v  d e n s i t y  o f  g ( 1 )  m u s t  b e
i n L c r p r e t e d  1 o  i m p l y  t h €  e x i s t e n c e  o I  a n  e q u i v a l e n r  € n e r g y  d e n s i t y  1 t . A { ! }

s i t u . l e d  i n  a  s o u r c c  o f  c u r r : e n t  d e n s i r v  i n f i n i t e l y  f a r  f r o m  f r e - .  s p a c e .
T h i s  e n e r g y  d e n s i t y  i s  n o t  t r a n s f c r . c d  b y  r h e  f i e l d  ! ( 3 )  t o  a  s y s t e n  o f
c h a r g e s  a n d  c u r r e n r s .  S i m i L a r t y .  f h . ,  . o n j u g a t e  p r o d u c r  t o  v h i c h  8 ( ! )  i s
p r o p o r t i o n a l  d o e s  n o t  c o n t r : i b u r e  t o  l h e  P o y n r i n g  v e c t o r ,  b u r  ä t  r h e  s a m e
t i m e  i s  o b s e r v e d  t o  p r o d l r c e  € f f e c t s  w h f n  t h e  l i g h r  b e a m  i n t e r a c t s  v i r h

2 6 .  B L t t  l L  i s  D o t  p o s s i b i e  f o r  r h e  e ' e r r y  d e n s i t r  o t '  a  n a t n e t  i c  f i e j d  t o  b e
z . . ra ,  sa  haq do  you exp la in  t l ) j s?

F o r t o v i n g  J a c k s o n  1 2 7 1 ,  r h e  e n e r S ) , i n  r h e  t i . t d  a ( r )  i s  b r  d e f i n i t i o n  t h e
t o t a l  v o r k  d o n e  t o  e s t a b l i s h  i t .  b , , r ,  r s  . , x t , r e s s e d  b y  S h o r e  1 2 9 1 ,  r h i s , o r k
t a k e s  m e a n i n g  o n l y  w h e n  ! ( 3 )  i n t e r a . r .  w i r h  m a t t e r ,  a n d  a s  w e  h a v e  e e e n ,  B o '
d o e s  n o  w o r k  p e r  u n i t  t i n e  p e r  u n i l  v o l l r m e  o n  m a t t e r ,  b e c a u s c  i t  d o e s  n o r

.on t r ibu te  to  rhe  vo lume i . tegra l  
/ yü  

r ,J ix  {h i .h  ( le f ines  the  mäcr .oscop ic

P o y n t i n g  i h e o r e n .  S i n i l a r l y ,  f o t l o w i ' , 1 1  l h f i i n  i l ]  l ,  c r o s s e d  s r a t i c  a n d
m a g n e t i c  f i e l d s  d o  n o t  . o n r r i b l r t e  r ( )  r l t r  l i o y n f i n g  v e c t o r .  T h i s  d o e s  n o r
m e a n ,  o f  c o u r s e ,  r h a t  t h e s e  f i e l d s  ( 1 o  l o t  e x i s r .  T h e r e f o r e  t h e  f o r n a l
e x p r e s s i o n  B t i ' , / 2 t \ a  f o r  t h e  e n e r g y  ( t . I : : i r v  o i  r ( i )  i s  j u s t  r h a t ,  a  f o r m a l
e x p l e s s l o n

' f h e  
c l a s s i c a l  . B ( ] )  i s  t h e  e x p e c t a t i o n  v a l u r .  o l  t t t r ,  o p c r a t o r  i ß )  .  a n d  t h e

l a t t e r  i s  a n  o p e r a t o r  r h i c h  h a s  n o  f r e q L r e . c y  i I  i l s  d . f i n i r j o n .  T h e  p l a n c k

l a w  m e a n s  t h e n  t h a t  i t  h a s  n o  e n e r g y  e q u i v i t ( , n r  t o  t r e q u e n c y  m u t t i p l i e d  b y
h ,  t h e  P l a n c k  c o n s t a n t .  T h i s  i s  c o n s i s r . r ) r  s i t h  t h e  f a c t  t h a t  t h c
c ] ä s s i c a l  l ß )  d o e s  n o  v o r : k  p e r  u n i r  t i m ( ,  l , e r  , , n i l  v o t u m e  o n  a  s y s r e m  o l
charges  and cur renrs i  a tons  and molecu lcs .

2 8 .  B r r .  i I  a i r )  h a s  n a  f r e q L t e t ) c y ,  i t  c a n ' o t  t a t n  v a v e  p a c k e t s ,  d a e s n , t  t h i s
lead ta  p ro found d i f f i co l t ies  o f  in te rpre t j t  i .  . .

N o t  a t  a l l  ,  t h e  c o n j u g a r e  p r o d u c t  a l s o  f a t  L s  j n L o  t h i s  c ä t € g o r y ,  a n d  s o
d o e s  t h e  s y D m e t r i c  a n d  a n t i s y m n e t r i c  p a r r s  o f  l i S h t  i n r e n s i t y .  I n  a  l a s e r

2 7 .  
' l h i s  

n a y  b e  a c c e p t a b l e  c l a s s l c a l l y .  b u t  \ | h e t  a b o r t  t l j e  q ü e n t ü n  f i e l d
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b e a n  w h i c h  i s  c i r c u t a r l y  p o l a r i z e d ,  L h . s { ,  : r r e  c o n s t a n t  q u a n t i t i e s ,  i n  t h e

s a m e  a a y  t h a t  t h e  i  t e n s i t v  i t s e l f  i s  a  c o n s ! . n l  ( t a t t s  p e r  s q u a r e  n e t e r )

I f  n e c e s s a r y .  t h e  f o r m a t i o n  o f  v a v .  p a c k f t : i  l 2 l l  a s s o c i a r e d  \ r i t h  l ( 1 )  c a n

be thought  o I  - in  Lerns  o f  the  vave pack . , ts  o i  lhe  ind iv idua l  f ie lds  mak ing

up Lhe con. jugate  produc t .  (a  c ross  pro . tu . r  01  tuo  p lane waves)  and For r r ie r

t rans for :ms app l ied  to  the  c ross  produc t .

I s n ' t  y o u r  a ( t  j u s t  a  t r i v j a l  . o n s e q u e D .  c  o l  t l r  t a . t  t h a t  t h e  l ' l a x n e l l

e q ü a t i o t l s  a r e  < l l f f e r e n t i a l  e q u r t i o n s  i ü  t  i . : l t 1 s ,  t o  w l t i . l 1  a  c a n s t a n t  f i e l d

lnakes  Do d i f fe reDce?

T h e  f l e l d  8 ( t  i s  f o r m e d  f r o m  t h e  v e c t o r _  . r o s s  p i r l , r . l  ( ) l  l h e  f i e l d s  B ( 1 '

a n d  . B ( z ) ,  i t s  c o m p l e x  c o n j u g a t e ,  a n d  i s  n o t  i r ! l ,  t r  l x l {  t r l  o l  t h e s e  f i e l d s

A s  s h o \ r n  i n  d e t ä i l  i n  t h e  a c c o m p a n y i n g  a r r  i (  1 (  ,  ! o ) .  - a ( "  a r t d  ! ( t  f o r m

a  c y c l i c  l . i e  a 1 8 , e b r a ,  t h i c h  i s  t h e  s ä m e  a : i  l l !  l i '  r l 1 1 ,  l ) r i  o f  r o t a t i o n

g e n e r a r o r s  . n d ,  t o  u i t h i n  a  f a c r o .  , .  ( l , , , r r r  i 7 , ( l  , , ' , t r r l i r  m o r l e n t u n

o p e r a t o r s .  T h € r e f o r e  ! ( 3 )  i s  n o t . j u s t  ! n . r l ) i l r , , r !  , { ) t , , i l r , ' , r  l i . l ( l  p l u c k e d

o u t  o f  n o t h i n g .  I t  i s  c a r e f u l l y  d e f i n e d  i n  1 .  r m l ,  ( ) l  r l , .  r r s r r a l  . s . i l l a t i n g

p l a n e  w a v e s ,  w h i . h  a r e  t h e  u s u a l  s o l u t i o . I ;  ( ) l  l ' 1 , , i w ,  l l ' : i  ( ' ( l , u l  i o n s  i n  f r e e

Y o L l  n a k e  a  t r e a t  d e a l  o ü t  o f  a h e  f a c r  r h r t  I  l I  J t r ) r i i ? r  , i i v  l r a v .  n , s ; ,  . r ) d

t } a t  f h i s  a L 1 a 9 ] s  1 ö t t g i t L t d L n a l  f i e l d s  i ü  / , { ,  r ; / , , , , .  t U r  i s , ) ' r  i r  r . o { ' r / r . r r

t : h e s e  f L e l d s  F o u l d  ö e  n i n u t e ,  t h a t  p h o t . "  x r r i ,  / i , , , ;  , , ,  t , ' r  b . e d  o ö s . ' r ! ' . d  o r

m e a s u r c d ,  a i d  i s  s a  . r n l l  t l ü t  i t  i s  ' , ' r , ,  / i / . ,  l r  r , ,  b .  D e a i t l r e d :

I t  i s  e s s e n t i a L  n o t  t o  c o n f u s e  t h e  f r ( , 1 1 1 r ' r r ,  v  1  |  n  |  (  I  )  {  t  i  (  I  .  t  I  t  f i e l d  ' E ( 3 ' w i t h

t h e  f r e q u e D c y  d e p e ? r d e t t  l o n g i t u d i n a l  , , ( , 1 , , r  i , , , , ,  ( ) t  t h .  P r o . a  e q u a t i o n

c o n s i d e r e d  b y  E i n s t e i n ,  d e B r o A l i € .  P r o ( ; ,  s ,  l i r , ! ! j r r r t (  f ,  l l e i s e n b e r g ,  V i g i e r ,

I t l g n e r ,  a n d  m a n y  o t h e r s ,  a s  r e v i . w , , t  i , i  r l , , '  i . . o m P a n Y i n g  . r t i . 1 .

Frequency  dependent  long i tud iml  f ie tds  r r (  i , t r i ,  ( ( l  ü i rn r r , ' ,  be ing  a  fac to r  (n /v ) ' :

s m a l l e r  t h a n  t h e  t r a n s v e r : s e ,  i : r e q l r (  r . v  ( 1 ,  l i ( , ! l ( , i r  {  i . l d s  f r o m  t h e  P r o { : ä

e q u a t i o n .  A s  s h o u n  i ü  t h e  a c c o m p a n v i r l t  I r  l (  l { .  l h (  t j c l d  a ( t  f r o m  t h e

P r o c a  e q u a t i o n  i s  s c a l € d  b y  e x p  1  { r  * 1 , (  r ,  {  i  t  r  m i n u t e  q u a n t i t y ,  w i t h

t h e  d i m e n s i o n s  o f  i n v e r s e  r n e t e r s ,  r r i d  w l , i l  l r  r i ;  / , ' r o  i n  t h e  M a x w e l l i a n

I i m i t ,  i n  v , h i c h  v e  r e c o v e r  a ( t .  T h , ' ' , 1 ( ) r i  a { r )  i s  p e r f e c t l y  c o n s i s t e n t

i r i t h  t h €  € x i s t e n c e  o f  f i n i t e  p h o r  o ' ,  r i , , : i : ,  I  ( , r  ; , 1  I  p r a c t i c a l  p u r p o s e s .

! ( . )  i s  a  s o l u r i o n  o f  r h e  p r o c a  ( , t l . r r i , i I  r i : ;  v ( 1 1  a s  t h €  d ' A l e m b e r t

e q u a t i o n  o f  M a x w e l l i a n  e l e c t r o d y n r n i . : i  
' l l L (  

r i  ' ( ) r .  a ( 3 )  i s  c o n s i s t e n t  v i t h

a l l  t h a t  i s  k n o u n  o f  t h e  c 1 a s s i . 3 l  ( ' 1 , . r , , ) t r , ! l t ' , . l  j .  p l a n e  v a v € .
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3 l .

3 2 .

The Photomagneton and Quantum Field Theory

yes ,  t 'u r  rh is  ß  a l l  jos t  theory ,  vha t  exper ineDta i  ev ide ice  do  you hav .
fo r  f  in i te  Dhoton  nass?

The da ta  on  f in i te  photon  mass  f rom the  t ine  o f  Cavend ish  to  about  1970 are
rev iewed by  co ldhaber  and N ie to  [ : ]01 .  an  ar t i c le  vh lch  sumf la r izes
exper imenta l  l im i ts  f ron  var ious  sources .  The da ta  up  to  about  1992 ar .
sunnar ized  by  V ig ie r ,  as  in  th€  accor ipany ing  rev iev-  These are  exper imen
t a l  u p p e r  l i n i t s  o n  f i n i t e  p h o t o n  m a s s .  T h e s e  a r t i c l e s  s h o w  t h a t  a  g r e a l
dea l  o f  care fu l  exper imen la l  work  h ls  becn car r ied  ou t  in  th is  a r€a .  The

c x i s t . n c c  o f  A ß )  i s  c o n s i s t e n t  w j t h  t h e  p o s s i b l l i t y  t h a t  t h e  m a s s  o f  t h .

p h o t o n  i s  t i n i t e .  T h e  e x i s t e n c e  o f  a ß ,  i s ,  h o v e v e r ,  a l s o  c o n s i s t e n t  w i t l r
t h e  M a x w € 1 1  a n d  d ' A 1 € m b e r t  e q u a t i o n s ,  v h e r e  p h o t o n  m a s s  i s  i d e n t i c a t l y

z e r o .  T h e r e f o r e  t h e  € x i s t e n c e  o f  l G '  d o e s  n o t  d e p e n d  o n  t h e  e x i s t e n c e  o t

f in i te  photon  mass ,  and the  nagn i tude o f  a t t  i s  such tha t  i t s  e f fec ts  a r (
measurab le  th rough var ious  e f fec ts  o f  the  con jugate  produc t ,  o r  an t i
s y m m € t r i c  p a r t  o f  t h e  l i g h t  i n t e n s i r y  t e n s o r .

I f  the  nass  o f  the  photo t l  i s  f i r i te ,  |1oq can there  be  a  speed o f  l iAh t
woo ldn ' t  i t  l@ve to  be  sa ld  tha t  l i th t  .annot  t rave l  a t  the  specd o f  l ieh t l

Thc  idea o f  f in i te  photon  mass  appears  ro  have or ig ina ted  \ , r i th  E ins te in  l r l
l e t t e r s  t o  B e s s o  c i r c a  1 9 1 6 ,  w h e n  E i n s t e i n  w a s  d e v e l o p i n g  g e n e r a l
re la t i v i t l r .  There fore  E ins te in  h imso l f  appears  no t  to  have seen äny
cont rad ic t ion  be tween f in i te  phoron mass  and spec ia l  re lä t i v i t y .  The ider
sas  deve loped by  de  BrogL ie  and by  Proca,  uho pub l ished h is  equat ion  i i r
1930.  La ter ,  de  ar :og l ie  took  up  the  sub jec t  in  some e igh ty  papers  an( l
m o n o g r a p h s ,  a s  s u n m a r i z e d  i n  t h e  a c c o m p a n v i n g  a r t i c l e .  I n  ! h €  m i d  f l f t i e s ,
Bass  and Schröd inger  p rov ided a  thermodynami  c  e ip lanat ion  o f  vhy  long i tud i
Da l .  f reqLtency  dependent ,  f ie lds  f rom tho  Proca equat ion  do  no t  upset  tho
P l a n c k  r a d i a t i o n  l a e .  E s s e n t i a l l y ,  t h e  s e c o n d  p r i n c i p l e  o f  s p e c i a l
r€ la t i v i t y  asser ts  tha t  there  is  a  cons tan t  .  !  wh ich  is  invar iän t  t  ( ,

Loren tz  t r .ans format ion .  Th is  cons tanr  has  bcen idcn t i f ied  v i th  the  speed
o f  l i g h t ,  s o  t h a t  i n  q u a n t u r D  f i e l d  t h e o r y  i t  i s  l r e q u e n t l y  a s s e r t e d  t h a l

the  mass  o f  the  photon  is  iden t ica l l y  zero  in  a l l  f ranes  o f  re fe rence
Th is  has  becone a  tenet  o f  gauge theory .  However ,  there  is  no  exper loentä l
e v i d e n c e  a t  a l l  f o r  t h i s  a s s e r t i o n ,  b e c a u s e  l h e r e  i s  n o  w a y  o f  t e s t i n g  l t
exper inenta l l y .  For  example ,  the  range o I  thc  e lecLromägnet ic  f ieLd  l i '
i n f i n i t e  i f  t h e  m a s s  o f  t h €  p h o t o n  i s  z e r o .  H o w  d o e s  o n e  t e s t  a n  i n f i n i l .
range? The contemporary  exp lanat ion  fo r  f in i t€  photon  nass  s i th in  spec id l
re la t i v i t y  has  been sunmar ized by  V ig ie r ,  a ld  has  be€n br ie f l y  descr ib { ,1
in  the  accompany ing  ar t i c le .  The cons tan t  c .emains  a  cons tan t ,  bu t  i s  r ! ,
longer  the  speed o f  l igh t  in  any  f raDe o ther  than the  res t  f rame o f  lh ,
p h o t o n .  T h e  l a t t e r  b e c o m e s  a  r e l a t i v i s t i c  p a r t i c l e .

Questions About The Field B(3) 2 1 7

One nonent ,  t f i i s  i s  ro rseDse,  t l1e  t l i . . l k ' l soü  I Io . ley  exper inent  shows tha t
the  spee. l  o f  l igh t  i s  co is tan t  to  h iA l t  a . . . .u ra .y ,  and th is  exper inent  has
been repeated  nany  t ines  by  sone o f  r te  bc . l  cxper iner ta l i s ts ,  so  ühat  a re
you ta lk in t  aboüt?

In  conmon $ i th  severa l  oLher  exper im€nts ,  r .v iewed bv  co ldhaber  and N ie to

[ : ] 0 1  a n d  b y  V i g i e r  [ 3 1 ] ,  t h e  M i c h e l s o n - M o r l f y  ! x p . r i m e n r  s e t s  a n  u r J p e r
l in t .  to  photon  nass .  ln  o ther  wor :ds  rhc  da ta  show rha t  rhe  photon  nass
c a n n o t  b e  g r e ä t e r  t h a n  s o m e  v a l u e  m _  T h e  i u r , , r l . r o m e t r i c  d € v i c e  u s e d  i n
t h i s  l y p e  o f  e x p e r i f l e n l  r e l i e s  o n  l i g h t  a r r i v i  l l  I r o n  a  f e v  i n i l e s  d i s r a n t ,
a n d  c l e a r l y  d o e s  n o t  t e s t  t h e  a s s e r : t i o n  r h a r  l h ( ,  r a r ' l t .  o f  e t e c L r o m a g n e t i s m
i s  i n f i n i t e .

B U L  c o s n o l o g i c a l  n i l l i o n s  o t  I  j t i l ) t  y l l r !  t t t : ; t  ä n t  ,  i s ü ' t  t h i s
eDaagh to  tes t  tbe  ra r lge  a f  e lec t rona lne t  i  s r r : '

T h e  l i g h t  a r r i v i n g  a t  E a r t h  f r o n  f a r  d i s r a n r  s ( ) r r r . ,  s  i s .  i i  l l r b b l € , s  w o r d s ,
" t i r e d  l i g h t " .  H u b b l e  w a s  a v a r e  o f  L h e  p o s l l l , , l ( .  ( ) t  t j ! r i l (  p h o t o r l  n b s s ,
a n d  b y  " t i r e c l  l i g h t "  h e  m e a n t  t h a t  i t s  s p e . d  h a d  s l , , w r t i  ( : o , , s i d . r a b l y  b e l o t
t h e  c o n s t a n t  c  ( : ]  x  f 0  n  s - r ) ,  a n d  t h a t  t h ( ,  l i l t l , r  h r ( l  b . . o m .  , , 1 i r . d , ,  a f t e r
a  l o n g  j o u r n e y .  T h i s  w a s  i n f € r r e d ,  a s  r c v i , ! , ( l  b y  V i l i i e r ,  l r o ß . n o m a l o u s
r e d  s h i f t s  a n d  o t h e r  t y p e s  o f  a s t r o n o n i c a l  N , n : ; , , r , n , n t s .  l h .  g r a v i l d t i o n a l
r e d  s h i f t ,  a s  r e v i e v e d ,  f o r  e x a m p l e ,  b y  & ) r l l i  i ?  I  i s  a n o t h c r  s j g r l  o f
f i n i t e  p h o t o n  m a s s .  T h e  r a d i u s  o f  t h e  u . i v d , , (  r s  l i r ) i r e ,  a D d  t h i , , r  i s  t r u
c o s n o l o g i c a l  s o u r c e  a v a i l a b l e  t h a t  c a n  b . , , i , ( . ( l  r ( r  l c s r  r h e  h y p o t h e s i s  r h a t
t h e  f i e l d  o f  t h €  p h o t o n  h a s  a n  i n f i . i r .  r 1 , | , .  l l o v e v e r ,  d e s p i l e  r h e  f a c t
t h a t  p h o t o n  n a s s  i s  v e r y  s n a l l  i n d e € d  ( n b y l r ' . , , r  s m : r l l  a s  1 0 - 6 r  k g s / ,  r n e r e
a r e  c l e a r  s i g n s  t h a t  i t  i s  f i n i t e .  T h e s f  : ; i 8 ! , : ,  r r  r i v e  i n  s € v e r a l  d i f f e r e n r
k inds  o f  da la ,  so  the  be l ie f  rha t  photor !  t rh , rs  w j  l l  never  be  measured is
q u i t e  r r o n g .  l n d e e d ,  t h e  a w a i l a b l e  d a l ; ,  , . / , . 1 ' l y  . a n t r a d i c t  t h e  a s s e r t i o n
rha t  the  f ie ld  o f  the  photon  has  a l  i  l t  i  n  i  I  1  L ,nUe .

Y e s ,  b u t  t h e D  w h y  i s  c  a l w a y s  a s s e r r . d  r , )  b r  |  \  1 0 3  n s r  i f  t h e r e  i s , , t i r e d
I  igh t "  ?

B e c a u s e  t h i s  v a l u e  i s  a r r i v e d  a t  u s i n S  l , b . r . t o r y  s o u r c € s ,  o r ,  a s  i n  r h e
o r i g i n a l  l , I i c h e l s o n  l 4 o r l e y  e x p e r i m . t r r .  r r s i l i t  d e l a y s  c a u s e d  b y  l i g h r
t rave l l inA ov€r  a  range o f  on ly  a  1eu mi l i , s  ( j r . v i ra r iona l  and anona ious
r e d  s h i f t s  a r e  o b s e r v e d  ü s i n g  l i g h r  ä r r i v i l a  l r o m  s o u r c e s  m a n y  l i g h t  y e a r s
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T h e  r e s u l t  o f  t h e  P r o c a  € q u a t i o n  o f  l g : J U  i s  t h a t  . a r ' )  = a ( 0 )  e x p  ( - a z ) r  w h e r e

the  cons tan t  I  i s  about  a  Photon  nrass  o f  about  10-6 'kg  Th is

resu l t  cons iderab ly  re in fo rces  oür  in ( lependent  resu l t  f rom the  Maxve l l

equat ions  in  f ree  space,  i  e  tha t  ! (1 )  can  be  ob ta ined f rom the  con jugate

produc t  d iv ided by  iE to)  .  The reason is  tha t  {  i s  so  smal l  tha t  the

e x p o n e n t i a l  i s  u n i t y  t o  a n  e x c e L l . n t  a P p r o x j m a t i o n  f o r  a n y  l a b o r a t o r y

d i m e n s i o n s  o f  z  ( a  m e t e r  p e r h a p s ) :  t h e  r ( r )  f i e l d (  f r o n  t h e s e  i n d e p e n d e n t

d e r i w a t l o n s  a r e  i d e n l i c a l  f o r  a l l  p r a . l  i ' a I  P u r p o s e s  l f  l t i )  d i d  n o t

e x i s t ,  t h e n  b o t h  f i e l d  t h e o r i e s  w o u l d  b e  i n c o r r e ' l  n r e a n i n g  t h a t  t h e  b a s i c

s t ruc tu re  o f  e lec t romagne l ic  theory  \ tou ld  hav€ to  be  re_exao ined Fur ther

p r o g r e s s  c ä n  b e  n a d e  b Y  d e v i s i n g  € x p e r i m e r r t s  r o  l o o k  f o r  ! ( 3 )  T h i s  f i e r d

i s  c o n s i s t e n t  v i t h  f i n i t e  p h o t o n  n a s s .

j8 .  A  c lever  a rgu ten t  ,  perhaps  bu t  hasD' t  voro  as j ; ' r ' t  io i r  abaüt  B \ ' )  beeD

D . V a r e d  u s i n g  s i n p l e  s y n n e t r y  [ 3 5 ] ?

T h e  d e f i n i n g  e q u a t i o n s  f o r  a ( 3 )  f r o m  b o t h  s ' u r " s  . j u s t  m e n t i o n e d  c o n s e r v '

the  knom d iscrece symmet r ies  o f  na ture ,  namt ' l v  i ,  P '  and i  and produc ts

t h e r e o f ,  i . € .  e F ,  e i ,  P i ,  a n d  d p i .  r l t .  u ä v  r o  s e e  t h i s  i s  r o  a P P l v  I

symmet ry  opera tor  such as  ö  to  each and . ! ' r v  symbol  in  the  de f in in l l

equat ions .  (To  do  th is ,  one must  be  sure  to  knov  the  '  symnet ry  o f  eac l r

s y n r b o l  ,  i n  p ä r t i c u l a r ,  i t  m u s t  b e  r e a l i z e d  l l u l  a l o )  i s  n e g a r i v e  u n d e t  e  )

I i  th is  1s  done proper ly ,  the  same equaL ion  is  recovered unchanged

There fore  the  de t in ing  equat ion  conserves  the  svnm€t ry ,  in  rh is  case '

The Phobnagneton a d Qaoatum Field Theory

Doesn ' t  f ln i te  photön  aass  nake a  p i8 's  b reak fas t  aü t  o f  con tenporary  gauge

c o n t e m p o r a r y  g a u g e  t h e o r y  t 3 3 l  f r e q u c r r t l v  a s s e r t s  t h a t  t h e  m a s s  o f  t h e

p h o t o n  i s  i d e n t i c a l L y  z e r o ,  a n d  f r e e l v  c o n t r a d i c t s  t h e  e x p e r i n e n t s l

e v i d e n c e  t o  t h e  c o n r r a r y ,  i n c l u d i n g  a l l  r h e  e v i d e n c e  f o r  " r i r e d  l i g h t " '

g r a v i t a t i o n a l  r e d  s h i f t s  a n d  s o  o l  T h i s  a s s e r t i o n  i s  a t  t r e s t  a n

ipprox imat ion ,  and shou ld  be  regarded as  su .h .  Ther€  is  a  cons id€rab le

amount  o f  con temporary  thought  wh ich  is  a ined a t  inc lud ing  f jn i te  photon

nass  in  quantun  f ie ld  theory ,  an  example  is  the  work  o f  Huang [34 ] ,  'ho  has

j n c o r p o r a t € d  f i n i t e  P h o L o n  m a s s  l n  S U ( 5 )  ( g r a n d  u n i f i e d  I i e L d  r h e o r v ) '  a n d

c w s  a u n i f i e d  e l e c L r o v e a k  t h e o r y )  T h e  a c c o m P a n y i n g  a r t i c l e  i s  ä n

e l e m € n t a r y  a c c o u n t  o f  h o v  f i n i t e  P h o t o n  n a s s  c a n  b e  i n c o r p o r a L e d  i n  f i e l d

theory  us ing  the  D l rac  cond i t ion ,  fo r  . : xamPLe Th€re  are  probab lv  nany

othe  ays  o f  mod i fy ing  f ie ld  theory  lo r  f in i re  photon  mass

Ve seen to  have dr i f ted  a  loDE qay  f ron  your  asser t ion  t11at  therc  ts  a

f ie ld  B t1 ,  ,  whaL has  BI t )  go t  to  do  v i th  I  jn i te  photöD nass?
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The lav  o f  phys ics  be ing  descr ibed by  rh .  de f in ing  equar ion  does  no t
there fore  v io la te  Lh is  fundänenta l  na tura l  symmerry_  pro fessor  Läurence
B a r r o n  [ 3 5 ]  h a s  a s s e r t € d  r h a t  t h e  e x i s r e n . .  o i  ! r r )  v i o l a r e s  ö  s y m e t r y ,
b u t  i n  s o  d o i n g  d i d  n o r  c a r r y  o u t  t h i s  J u r ( i a m e l r r l  t c s r .  H i s  a r g u m e n t  t l 5 l
i s  b a s e d  o n  r h €  u s e  o f  a  d i a g r a n  v h i . h  ( : o m p a r e s  t h e  w a v e v € c t o r  (  x )  o f
l i g h t  v i t h  . B 6 '  .  H e  a s s e r t s  t h a r  s i n . e  a  . l i  r g e s  t h e  s i g n  o f  A ( 3 )  b u t
L e a v e s  r  u n c h a n g e d i  t h e n  r ( 3 )  v i o t a r e s  i  a r x t  r h e r o f o r e  l i i .  I h r s  i s

equ iva len t  ro  say ing  rhar  rhe  61r r  op . . r . l  o r  . rnnot  be  propor r iona l  to
photon  angu la !  momentum because thes .  rw( ,  (1 , , , ,n r  i r  i . s  have oppos i te  ö
s y m m e t r y .  T h i s  i s  n o t  c o r r e c r  h o w e v e r ,  s i m t , l y  h , . . i L r s {  r r i o )  i n  L q _  ( r )  i s  6

y e s ,  ö u .  b e c a u s e  t h e  p h o L a D  l l a s  n o  c h a r A p ,  r  u t . t | t k . t  t ,  t  t t , t t t  1 . . t , D b t  e v e r  b e
proporc j<üa l  to  phataD angu lar  nanenrun jD  j t t , .  \ t ' . t ,  1 , . '

T h e  " p h o t o n "  t E s  t o  b e  d e f i n e d .  l / h a t  d o  u { .  n k . , r  t ) ! , t  t l ! ) t ( ) r ! 1  I . i ) l l o w i . , l
S h o r e  [ 2 9 ] ,  r h e r e  a r e  s € v e r a l  p o s s i b l e  a i s v ,  r . :  t n  I  l r  r h , . r ' r  |  { , J  l ) l r r  i ( : t . s
a r i d  f i e l d s  I f  8 ,  3 3 1 ,  ä  " p h o t o n "  i s  f r e q u € r r r  1 y  , l { . t  i ' , (  ( l  r  l , r o , , t , h  t h , .  t { ) l  f n t  i a l
f o u r  v e c l o r  4 r  a r d  i s  S i v e n  r h e  s t a | d a r ( r  t , r r l  i ,  t ,  s v m b o t  y  i . . o ,  r ( ) v , r l , ,
R y d e r  [ 1 8 ,  3 3 ]  i t  i s  \ , J e l 1  e s t a b l i s h e d  r l h l

ö ( Ä p )  =  , q |  c ( y )  r .  ( ) )

a n d  i t  i s  a s s e r r e d  [ 1 8 ,  3 3 ]  t h a t  t h e . l , r r l , .  l r , r j j ! , ) ,  ,  p h o r o n  i s  ? , r l t , r i v e
d e s p i t e  t h e  f a c t  t h a t  i t  h a s  n o  a c r u a l  . 1 , , , r r i ,  t t , i s  i s  ( : o l l f , 1 s i n l l  p e r h a t ) : , ,
a n d  i t  h a s  t o  b e  r e - e m p h a s i z e d  r  h  t r i . r r  ( . . , r ( .  r h r r  i  o p e r a t i  t  o u  t h ( ,
s c a l a r  a r 0 )  p r o d u c e s  t h e  s c a L a r  - a 1 0 r  .  | . l , i r ;  i , ,  w t L y  l t r f  n a l n e t i c  I i c I { j  r i ' , ,
i s  p r o p o r t i o n a l  t o  r h e  a n g t l l a r  m o m e l r , , m  o t ) ,  r , , r 0 r  , i  o t  r h e  p h o t o n .  l t  i s
a s  w e l L  t o  r e n e m b e r  t h a t  i ,  b y  d e f i n i r  i ( , 1 .  ( . r i h r j 1 1 l  . r l f e . r  a  s p a L i o , r e n p o r a l
q u a n t i t y .  T h e r e f o r e  C  c a n n o t  a t t e . t  l l ( .  t ) t h j r { .  o l  a  p l a n e  w a v € ,  o r  i t s
s t a t e  o f  p o l a r i z a t i o n ,  i r s  w a v e v e c t o f ,  : d r l l r t , r r  t r ( . ( t u . n c y ,  o r  a n y  q u a n t i t y
a p a r t  f r o m  t h e  s c a l a r  e ] € c t r i c  a n d  m a l l n (  r  i (  1 i r . l ( i  a D p l i L o d e s  a l o )  a n d  s l o ) .

T h e  a s s e r t i o n  r h a t  " t h e  p h o r o , r  I r l , ;  , ) . 1 , , , r 1 1 , , ,  i s  i L t - f o u n d e d  b e c a u s e
w i t h o u t  a  s o u r c e  o f  c h a r g e  a n d  c u r r l l r ,  r  l ) l j o l ( , i  . ä i n o r  b e  c r e a t e a t .  t o r
a  p l a n e  w a v e  i n  v a c u o  i t  i s  c o n v e | t  i o l i l l r  ä . . . t ) r { , d  r h a r  t h e  s o u r c €  m u s t
b e  a t  i n f i n i t y ,  b u t  r h e r e  n u s t  L ; , v i .  b {  (  |  , t  s o , r r c e ,  w h i c h  m u s t  h a v e
c o n s i s t e d  o f  c h a r g e  ä n d  c u r r e n t .  t t  s ( ) , , t ( t  t ) , ,  m o r e  a c c u r a r e  L o  s a y  t h a l
t h e r e  a r e  p h o t o n s  a n d  c o n c o n i t a n l  (  l . . l  r  i r  n r x l  r r g n e t i c  f i e l d s ,  v h i c h  a r e
descr ibed by  ^ r  .  In  gauge theorv ,  : , : ;  d .s . r  j  bed  i  the  acconpany i rLB
a r : t i c L e ,  € l e c t r o m a g n e r i s n  e n r e r s  r h r o u t h  t h .  p r o d u c t  e ^ e ,  w h e r e  e  i s  t h e
e l e c t r o n i c  c h a r g e .  T h i s  p r o d u c r  i s  i e . c s s a r y  L o  m a i n r a i n  g a u g e  i n v a r i a t u . e
o f  t h e  s e c o n d  k i n d ,  w h i c h  i s  i n  r u r n  a  c o n s e q u c r c e  o f  N o e t h e r , s  r h e o r e m .
T h i s  C  p o s i t i v e  p r o d u c r  h a s  t h e  d i m e n s i o n s  o f  a  f o u r  d e r i v a t i v e :  i !  r s  n o r
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poss ib l€  co  descr ibe  c lec t ronagnet isn  (  ear ) ,  there fore '  v i thout  charge '

e ,  mean ing  thar  Är  nus t  be  A negat ive .

A l l  very  we l l .  ba t  i sn ' t  i t  ve l l  k t lown tha t  f in i te  photon  nass  ts

inconpa i i tLe  w l th  Naether 's  s } ]eoreD be.aase char ,e  i s  no t  E loba l )v

Th is  i s  another  {ay  o f  s ta t ing  tha t  Sauge lnvar iance o f  the  second k ind

requ i res  a  zero  photon  nass .  As  s rgges ted  in  the  accor0pany ing  ar t i c le '

th is  neea l  no t  be  the  case,  and the  ex js tence o f  non zero  photon  nass

becomes compat ;b le  l l i th  Noether 's  theor€n th rough the  use  o f  the  D i rac

I t  a  long i tüd ina l  f ie ld  ex is ts  f ron  Proca 's  equat ion ,  doesn ' t  th ts  neao

tha t  symet ry  a r lunents  to  the  .oDt . r ry  a re  l t l conpat ib le  v i th  non-zero

Yes,  long i tud ina l  so lu t ions  to  the  Proca equat ion  ln  f ree  space have been

cons idered fo r  over  s ix ty  years ,  and do  no t  con t rad ic t  e  symet ry  l ' e 'e r rse

the  equat ions  vh ich  de f ine  these so lu t ions  conserwe ö  The a(3)  f ie ld

f rom the  Pr :oca  equat ion  conservcs  i ,  F .  and i ,  and fo r  a l l  p ra ' r i ' 41

purposes  is  the  sane as  rhe  f ie td  a i l  f rom the  d 'A lember r  equat ion ,  in

! , /h ich  photon  nass  ls  zero ,  and wh ich  a lso  conserves  e ,  I '  and  ?

I f  a  long i tod i t la l  f ie ld  ex is ts  f ron  I ' roca 's  equ€t io r r '  doesn ' t  th is  Bean

tha t  sy ;ne f ty  a rgu^ents  to  the  cont ra ry  a re  i t l .onPat ib le  w i th  non zero
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e q u a t i o n s  v i 1 1  p r o d u c e  f o u r  e q u a r i o n s  v h i . h  a r e  i n d i s t i n g u i s h a b l e  t r o m  t h e
o r i g i n a l  T h i s  m e a n s  t h a t  a n y  s o l u t i o l  w i l l  ; i l s o  b e  i n d i s r i n g u i s h a b t €  a n d
w i l l  a l s o  c o n s e f v €  i ,  F ,  a n o  i .  S i n c e  ! ( 3 '  h a s  a L t  t h e  k n o m  p r o p e r t i e s
o f  a  m a g n e t i c  f i e l d ,  a n d  i s  a  s o l u t i o n  ( ) t  r l t r .  M a : u e l t  e q u a t i o n s ,  s y n m e r r y
a r g u m e n t s  t o  t h c  c o n t r a r . y  I 3 5 l  a r e  i o . o f r ( . . r .  s i m i l a r t y ,  t h €  M a x w e t l
e q u a t i o n s  f o r  f i n i t e  p h o t o n  m a s s ,  c o n s i ( l ( . f ( ( t  I o r  . x a m p t e  b y  M o l e s  a n d
V i e i e r  [ 3 6 ]  c o n s e r v e  ö ,  F ,  a n d  f ,  a n d  s o  ( t o  : , l l  s o l u r i o n s  t h e r e o f .  T h e
f i e l d  a ( 3 )  i s  o f  c o u r s e  \ r e l l  d e f i n e d  l 3 l l  I r o n  r t \ . . q , r a L i o n s  o f  M o l e s  a n d
V i g i e r .

I s  i t  p o s s i b - l e  f o r  s y n n e t r y  a r g u n e D r  s  t . ,  '  |  ,  \ '  I  ,  ,  t  I  t  1  |  .  ,  ,  r t k , t t , A t . : n D . r t  ö r
P r a c a  e q u a t i o n s ,  o r  p h y s i c a l  l a w s  i D  e e t t t , t t : ,

N o !  i n  t h e  c u r r e n t  s t a t e  o f  k n o v l e d g e ,  w l n  r { .  I , t L y , , i , : , t  1 . , $ j ,  r r ( . . x p r e s s e d
a s  e q u a r i o n s .  l t  i s  p o s s i b l e  t o  u s e  s y m u r . l r v  ( 1 ( ) r  , \ r n l j l i  8 r o [ t  r r r . o r y /
t o  a n t i c i p a r e  v i t h o u t  f u r t h e r  c ä l c u l a t i o h  , l i i  r  l , ,  I  l , ) r  1 . x r r l j l , . ,  i  l ( , t r a l s
i n  q u a n t u n  n € c h a n i c s  w i l l  v a n i s h .  H o ! . v . f ,  r l ) (  s l n t r r ,  r f v . , ! . . t ! r : i : r  r , ,  s , , c h
m a t t e r : s  i s  ä l v a y s  c o n p a t i b l e  v i t h  t h e  ( . r l r r r t r  i ( ) l s  l l ( , n s r  1 v (  s ,  i t  r h e
e q u a t i o n s  a t l o l r  a  n o n - z e r o  s o l u t i o n ,  t h ( . 1  , , y , r r r . r r v  r r ' B r t r k I l : i  { . , , n r ( ) l  l l .
used to  the  cont ra ry .

A l l  t h e s e  a r q ü n e n t s  n a t w i t h s t a n d i t l + ,  i r  r i i  L , , r r  \ l t t t i . t r l r  r o  , ( . ( . i , t ) r  r / i . r r
a  b a s i c  f i e l d  s u c l r  a s  a ß )  s h o ü l d  h a v e  t , , , , , r  , , \ ,  r  / , ! J k , , d  t . r .  s < j  l . J t t | .  r , r t \
s i n p l y ,  a n q u l a r  n o n e n t u n  a n d  n a g t ) e t  i <  i t 1 l 1 1  t ) . t v t ,  t t ß  s a n k t  s y r n p r t y
p r o p e r t i e s  ü ) d e r  F  a . . l  i  b ü t  t o  a a k .  t l r . ü  t ) r t ' i \ ) ' r  r o , a t  s ü r c t y  r c . t ! r r ( , s
a  charge ' ^ th ich  rhe  vacuL ln  does  no t  t tAv . . ,

E v e r y  t h e o r e t i c a l  d e v e l o p m e n t  h a s  t n , i . n  1 ) v ,  I  l , ) , , k { ( t  I n r l  i t  i r  i s  s u g S e s ( c o .
T h e  f i € 1 d  A ( 3 )  i s  a  v e r y  s i m p l e  c o l s ( , 1 , , i ' x ,  o t  l h € ,  . o n j ü g ä r e  p r o c t u c t ,
v h i c h  i s  i E 1 0 ) r o ) ,  a n d  i n  r h i s  s e n < ( ,  r ( r )  l i , , : .  , , ( ) t  1 , , , . 1  o v e r l o o k e d  a t  a t t .
T h e  c o n j u g ä L e  p r o d u c t  i s  s o m e t i n e s  r . t (  r r , ( l  r ( )  i i j  . n  , , e f f e c t i v e "  n a g n e t i .
f i e l d .  H o s e v e r ,  l ( 3 )  i s  a  p f i I s i . r /  r r . f , [ (  I  i ( .  1 i . l d .  T h e  a s s e r t i o n  r h a L
t h e  v a c u u n  d o e s  n o L  h a v e  a  c h a . a (  i : ;  , , ( ) r  s u l l  i . i e n t  t o  d i s p r o v e  t h e
e q u a t i o n s  t h a t  a r e  u s e d  t o  d e t j n { ,  ! ( i ' .  t , ) r  . x a m p t e  E q .  ( 1 ) ,  o r  r h €
d e f i n i t i o n  i n  r e r m s  o f  t h e  c o n j u g a r ( .  I ) r ( ) ( t u . t .

! ( , )  =  ( a ( 1 ) ! a r r ' r  ( 6 )

The photon  is  uncharged,  bur  i  I  .  .o rk  ( )n r i  I  an t  Ap has  negat iv€  charg . :
p a r i t y  I n  c o n s e q u e n c e ,  t h e  s c a l a r  m a i t n ! r  i .  I  l u x  d e n s i t y  a D p l i t u d e ,  s { o r  ,
o f  t h e  e l e c t r o n a g n e t i c  p t a n e  w a v e  i n  v a ( : u o  i s  n e g a t i v e  t o  6 .  t t  i s  t r u e
tha t  an8u lar  rnomentum and magn€t i .  i l ux  dens i ty  t - rans foro  oppos i te ly  under

Yes,  long i tud ina l  so lu l ions  to  the  Proca equat ion  in  f ree  sPace have been

cons idered fo r  over  s ix ty  years ,  and do  no1 'on t r :ad ic t  '  symet ry  becaus€

the  equat ions  i th ich  de f ine  these so lu t ions  conserve  ä  The Bo)  f ie ld

f roD rhe  Proca equat ion  conserves  ö ,  F .  a  a  t ,  and fo r  a l l  p rac t ica l

purposes  is  the  sane as  the  f ie ld  ! ( r )  l rom th .  d 'A lember t  equat ion '  ln

w h i c h  p h o t o n  r a s s  i s  z € r o ,  a n d  v h i c h  a L s o  c o r r s e r v e s  3 ,  F ,  a n d  i '

42 .  I t  tundanenta l  equat ions  such as  the  l tave ' l I  o r  d 'A lenber t  €quar ions

conserve  ö ,  P ,  and t ,  i s  i t  poss ib le  fa r  aDv so lo t ion  to  v io la te  e '  p '

and i?

No,  the  four  MaxveL l  equat ions  conserve  i ,  p  and ?  Th is  neans  tha t

app l ica t ion  o f  i ,  fo r  exa lDp le ,  to  each and everv  symbol  in  the  tou t
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e,  but  i t  is  possib le that  one be proPort ional  to the other through a c

negär ive scalar .  The lat ter  is  B1o) Th.  vacuun does not  have a charge,

but  Bro) hac been formed f rom a current  densi ty in matter  inf in i re ly

removed f  rom the vacuum. The or ig in of  810) is  the or ig in of  e lectromagrt€

t i s m  r n  v a c u o .
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p r o p a g a t i o n  v e c t o r ,  i s  u n c h a n g e d  b y  - ,  b e ü r u s e  i t  i s  a  s p a t i o - t e n p o r a l

q u a n t j t y .  T h i s  o b v i o u s l y  d o e s  n o r  n p a n  r h a l  A o )  a n d  a ( , '  v a n i s h ,  a s
i r p l i € d  b y  R e f .  [  ] 5 1  .

D o e s r ' a  a h e  \ r h o l e  a r , a n e n t  b o i l  d o w D  t a  t h . . 1  l . . t  o f  0  o n  a t 6 , ?

E s s e n t i a l l y ,  y € s .  I f ,  f o r  e x a m p l e ,  a  " ( l r a : ; i  : j l ! l i c "  A ' 1 )  f i e l d  o f  v e r y

L o v  f r e q u e n c y  i s  c o n s j d e r e d  i n  a  v a c u u m .  a . h ; r r l ' , ( . s  i t s  s i A n ,  r h i l e  l e a v i n a
a l l  i t s  s p ä t i o - t e m p o r : a l  c h a r a c t e r i s t i . s  u r . l r r n l t . ( l  

' f h i s  
d o e s  n o t  i n p l y

t h a t  l ( 1 r ,  t h e  o r d i n a r y  o s c i l l a t i n g  f i e l d ,  i s  7 i . , ( )  T h .  f r c q u € n c y  o f  a r r )
c a n  b e  c h o s e n  t o  b e  i n f i n i t € s i f l a 1 1 y  l o w .  s o  l l , , , t  i r  i : ;  . s s . d t i a l l y  s t a t i c .

T h e n  a l l  c o n p o n e n t s  o f  Ä r  w o u l d  b e  e s s . r l  i , i l l v  : ; l : i t  i . .  b u t  a p p l v i n S  a

w o u l d  n o t  r e s u l t  i n  n F = 0 .

I t  i s  c e r t a i n l y  p \ . s s i b l e  f a r  a  s y s t e n  a l  a t a n : t  t n . l  , r , l , r . ' , / . r .  . l t , t E e s  a i d
c u r r e n t s ,  t o  p r o d ü c e  a  n a E n e t i c  f  i e l t l  l r d r  r / , (  r , V t r l r r  n k ! n , r r l , r n  o l  t ? r e
p h o t a n ,  b u t  e h y  s h o u l d  t h e  v a c o u n  p r o d r . .  s r t l '  . t  t  i . 1 . 1 ; '

T h e  v a c u u m  i s  u n c h a r g e d ,  b u t  e l e c t r o n a g r (  r  i : , r i  i s  . r l ) l (  t o  l  r a v (  I  r  h r o , , i t h  a
v a c u u n  i n  t h e  f o r m  o f  v a v e s .  T h e  v a c u u m  I ' , , . i  r i l ) l  . , , , t . ( l  t h .  . 1 . . i  r o d a t n .

t j s n ,  a n d  w i t h o u t  e l e c t r o n a g n e t i s m  t h e r (  ! , r r l , t  l l  r r )  | h o t o n s .  I h . r r . f o r . ,
t h €  v a c u u n  c a n n o t  c r e a t e  p h o t o n s .  T h , . r , . l , , r i  r l !  r (  m u s t  b e  a  s r r r r r : o  o t
e l e c t r o m a g n e t i s n  a n d  p h o t o n s ,  a  s o u r . (  w l , i (  1 ,  ( . , , s i s t s  o t  m a t l e r  i r  t h e

f o r n  o f  c h a r g e s  a n d  c l l r r e n t s .  T h e  n a g r (  t  i ,  l , , , r l  . l  a  c i r c u l a r l y  p o l a r i z e d

e l e c t r o m a g n e t i c  f i e l d  t h e r e f o r e  h a s  , r n , l r r l  , ,  [ ( ' n o , , l  u r !  a r d  a  c  n e g a l i v e

. m p l  i r u d e .  a 0 ' .  T h p  p r o d u . r  o f  r l , i  .  , , t l .  
" t ,  

L i r l ,  r h e  l r , r  , n 8 u l . l

m o m e n t u n  i s  t h e  n a g n e r i c  f i e L d  t ( ] '  1 1 i i , .  l i , l ( l  h a s  n o r  b c e n  c r . , a t . d  b y
t h e  v a c u u n ,  b u t  b y  a  s o u r c e  ( o r  " s y s l ( n " )  , , 1  ( l ) , , r 1 ] ( . : r n d  c u r r e n t  d e n s i t y

in f in i te ly  removed f roo  the  vacuun

I n  a D  l D i t i a l l ) t  u n p o L a r i z e d  a r a n i .  n t r l t r r x  .  t t . | 1 , '  l y  p l a r i z e t l  1 i 9 l 1 t  e j I l
p o l a r i z e  t h e  a t o n s  t o  E i v e  t h e n  n t t  : r t t , t t l . t t  r r \ k n t l r n .  T h l s  p a l a r i z a t i o n
| | o u l t l  g i v e  r i s e  t o : ?  n a q n e L i c  I i . l t l  I ü  r  l t t r s  t ' t  ; ! n t i  a t o a s  p r a d u . : e d  b y

e  ,  the  inpar ted  a l lBu la r  Donentün  r . t t l t l  l ) .  t  l t .  sa  r ' ,  b t i t  the  s i4n  a f  the
i n d ü c e d  n a E D e t i c  n o n e n t ,  a D d  h e D . .  t l t t  t  l . l d  d i r e . t  i o n ,  w o ü l d  b e  r e v e r s e d .

D a n ' t  c a t l s  i . l e r a t  i o r s  s u c f i  a s  r l r e - - . ,  x r . i k ,  r l , ,  , x r . ] , . ' r ' e  o f  B t ' ,  i n p o s s i b l e ?

N o t  a t  a ] l .  T h e  i n t e r a c t i o n  l ) . t w { . , , r  B r l )  r r x l  a n  a L o m  i s  d € f i n e d  b y  t h e

H a m i l t o n i a n  D - a ß r  w h e r e  r  i s  t h ( ,  d r l t r t r , t j .  d i p o l e  m o o e n t  o f  t h e  a t o m .

App ly ing  e ,  rhe  Hami l ton ian  becom. .s  I  D)  (  Bß, )  and is  unchanged-  Th is
1 s  c o n s i s t e n t  w i t h  t h e  f a c t  t l * r t  a  H a ü i  I  t  o n i a n  i s  € n € r g y ,  a  s c a l a r

quant i t y  pos i t i ve  to  e .  The induc t ion  o t  a  nägnet ic  d ipo le  moment  by  ar : )

45 .  B t l t  sure ly  the  photoD has  no  p .e fe rence ta r  the  s iSn o f  charqe a t td  i s  even

unr le r  ö .  s incc  t (3 )  i s  odd to1d. ' r  e  i t  nus t  be  zera  l lhy  daD' t  yoL l

respönd to  L l l i s  s inp le  a rqunenL:

I t  i s  e s s e n t l a l  t o  d e f i n €  t h e  " p h o t o n "  b e f o r e  p r o c e e d i n g  t o  s s s e r t  t h a L  r t

car )no t  have pre ference fo r  charse .  fo l  I  ov ing  Shore  129 L  there  are

s e v e r a t  p o s s j b l e  v a y s  o f  d e f i n i n l ,  a  p h o l o n ,  b u L  i t  i s  c L e a r  t h a t  l i g h t  i s

made up o f  e lec t ronagnet ic  waves .  A  l iSh t  bean made up o f  one photon  is

e lec t romagnet ic  ln  na ture ,  and there forc  there  is  a lvays  a  concomi tan t  a r -

I f  no t ,  then there  wou ld  be  no  e lec t ronagnet ic  f i€ ld  and no  photon  th rough

w a v e  p a r t i c l e  d u a t i s m  l f  o n e  c o n s i d e r s  t h e  r a d i a t i o n  f r o m  a  r o t a t i n g

c h a r g e ,  l o r m i n g  a  c u r r e n t  d e n s j  t v  t h . r  l a t t e r  i s  r e l a t e d  t o  a  v e c t o r

p o t . . r i u l  ,  w h o s e  c u r l  i s  a  m a g n e t i c  f i e L d .  l t  i s  i t m e d i a t e l y  c l e a r  t h a t

t h e  e f f e c r  o f  e  o n  t h e  c u r r e n L . l e D s i t v .  v e c t o r  p o t e n r i a l ,  a n d  m a g n e L i c

f ie ld  i s  negat ive .  The e f fec t  o f  cha l iS inA the  s ign  o f  the  ro ta t ing  charge

(and there fore  o f  th€  cur ren t  dens i ty  to rned bv  the  mov ing  charge)  i s  to

change rhe  s ign  o f  the  magnet ic  f ie ld  i lowever '  the  spat io - te rpora l

c h a r a c t e r i s t i c s  o f  t h e  e l e c t r o m a g  e t i .  r a d i a t i o n  a r e  n o t  c h a n g e d  b y  C '

mea ing  thar  the  on ly  poss ib le  expLan. r  io r i  fo r  the  change o f  s ign  o f  Ar

i s  t h a r  t h e  s c a t a r  a m p l i t u d e  4 1 0 )  c h r l r l e s  s i g n

But  i s r ' t  the  an ly  e f fec t  o f  chaü l i t€  r l .  s i rn  o I  'harge  a  phase change '

a t ld  n  any  case,  the  vacüun does  t )o t  hav .  .  charge?

T h e  o n l y  e f f e c t  o f  f  i s  t o  c h a n g e  t h €  s j a r r  o f  a f  i )  t h e  a  o P e r a t o r  d o e s

n o t  c b a n g e  t h e  p h a s e  o f  a  p l a n e  ' a v e  l r e . a u s e  t h e  p h a s e  (  o t t - x ' r )  r s  a

s p a t i o  t e m p o r a l  q u a n t i t y -  T h e  f i e l d  s G )  i r ;  i D d e p e n d e n r  o f  f r e q u e n c y  a n d

ot  phase,  bu t  3  changes i t s  magn i lude ,910)  .  uh iLe  leav ing  unchanged r ts

d i r e c l i o n  ( s p e c i f i e d  b y  a n  a x i a l  u n i t  v e c r o r )  T h i s  i s  b e c a u s e  t h e : r i a l

u n i L  v e c t o r :  i s  a  s P a t i o _ t e m p o r a l  q u a n t  i t v  T h e  n a g n : i t u d e  4 1 0 )  i s  '

negat ive  because e lec t romagnet isn  in  vacr ro  o r ig ina tes  a t  a  source  o l

charge an<r  cur ren t  a t  in f in i t y ,  showing tha t  the  photon  aLvay-s  has  a

c o r : c o m i t a n t  f i e l d .  I n  t h i s  c o n t e x t ,  t h €  s i g n s  o f  t h e  o s c i l l a t i n S

t ranswerse  f ie ld  r (1 )  and i t s  complex  con jugare  l r t  a re  a lso  changed by  '

because Lhe s ign  o f  the  sca la r  B ta t  i s  changed lhe  phases  o f  AG)  and o f  t (n

are  unchanged by  e  because the  phases  are  spat io - tenpora l  quant i t ies  The

s igns  o f  8 (1)  and ro )  a re  changed by  ö ,  vh i le  the  s ign  o f  x ,  th t
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takes  p lace  th rough a  s lsc€pt ib i l i t y ,  vh ich  is  i  pos i t i ve .  Th€ induced

m a g n e t i c  d i p o l e  i s  a  n e g a t i v e  a s  r e q u i r e d .

I t )  a  ned iun  9 / i th  char 'e  synnet ry ,  the  a l lBu la r  nonentüa  a f  l igh t  cannat

p r a d u . e  a  n a l n e t i c  f i e l d .  T h e  v a c u ü n  l ß s  n o . h a r ' e  a t  a l l ,  v h l c h  a a o ü n t  s

to  t i r . :  . saDe th inq ,  so  sure ly  t f ie  a t t tu le r  nanentun  o f  l igh t  cannot  c rea te

a  na+Det ic  f ie ld  ou t  a f  na th inq?

The pres€nce o f  e lec t romaSnet i  sm in  vacuo is  rneasured th rough a  non-z€ro

E r 0 ) ,  b e c a u s e  i f  B ( 0 )  w e r e  z e r o  t h e r e  v o l r l d  b e  n o  e l e c t r o m a g n e t i s n  T h e

sca la r  s lo )  has  no t  been c rea ted  by  the  vacum,  bu t  by  a  source  o f  cur ren t

d € n s i t y  a t  i n f i n i t y .  T h e  f a c i  r h a t  t h e r e  i s  c u r r € n t  d e n s i t y  i m p l i e s  t h a t

th is  source  cannot  have been made up o f  a  s ta t i c  "charge sym€t ry "  The

charges  must  have been nov ing  in  such a  way as  to  c r€a te

cur ren t .  Th€ key  to  r l t  i s  th€re forc  the  non zero  a(o)  !  I th ich  nu l t ip l ies

the  bearn  angu lar  nomentu  to  p roduce 8( : ) .  l t  i s  no ted  thaL B(0)  has

a l ready  been c rea ted  in  th€  pas t  by  a  sysren  o f  char :ges  and cur ren ts  as

the  angu lar  nonentum o f  the  beam was be ing  c rea ted  by  the  sour .e  o f

c u r r e n t  a t  i n f i n i t y  ( i . e .  i n f i n i t c l y  d i s t a n t  a n d  r h e r e f o r €  i n  t h e  i n f i n i t e

p a s t ) ,  s o  w a s  t h e  a n p l l t u d e  B t a t  .

what  yoo are  say j .ng  t l rcn  is  tha t  a lc< : t  ro  a t r te r isD is  no t  . tus t  a  spar io

tenpara l  phenone ion ,  i sn ' t  tha t  [ t?

There  are  photons  and f ie lds ,  the  Io rnr . r  a re  par t i c les ,  th€  la t re r  a re

v ' ä v e s .  A c c o r d i n g  t o  t h e  d e  B r o g l i e  E i n s t . i n  l h e o r y  o f  l i g h l ,  p a r t i . l e s

and waves  co-ex is t ,  accord ing  to  the  l iopenhagen in rerpre ta t ion ,  they

cannot .  Hovever ,  th€re  is  genera l  agreemcnt  on  rhe  bas ic  need fo r  vave

p a r t i c l e  d u a l i s n .  I t  l s  t r u e  t h a t  o t h e r  p a r l  i ( : l € s  s u c h  a s  e l e c t r o n s  o b e y

the  san€ pr inc ip le ,  o therw ise  there  wou ld  b r  I )o  quäntun  mechan ics ,  bu l

e L e c t r o n  v a v e s  a r e  n o t  e l e c t r i c  a n d  m a g . € t i c  l i e l d s .  P h o t o n  u a v e s  o n  t h e

o t h e r  h a n d  a r e  e l e c t r i c  a n d  n a g n € t i c  i n  n a l u r . , .  a n d  t h i s  i s  a n  e s s e n t i a l

p r o p e r t y  o f  l i 8 h t .  A  b e a n  o f  e l e c t r o n s  o r  a t o n s  i s  o o t  a  b e a n  o f  l i g h t

Fur thermore ,  recent  exper inents  have shou! ,  lh : r t  Phorons  and f ie lds  co

ex is t ,  de fy ing  the  copenhagen in te rpr .e ta t ion  iD  wh ich  there  can be  vaves

. , n 1 y  o f  p r o b a b i l i L y .

BuL electrans hawe nass and are charged, t l t . \  be(ane posi ' t rons vhen acted

upon by ?,  and posi t rons a.e dist i rc t  ptr r l i . ies,  why ]s a photon nol

af fected by e in tä is t r 'ay,  why is  there Do a t i  photon?

I n  t h e  l h e o r y  o f  p a r t i c L e s  a n d  f i e L d s  [ 3 3 ]  i t  i s  a s s e r t e d  c o n v e n t i o n a l l Y
lhat  the charge par i ty  of  the photon is  negat ive,  but  lhat  there is  no
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ant i  photon-  By  th is  i s  m€ant  tha t  th€  e{ f€ . t  o f  C  on  the  concorn i tan t  Ar
o f  t h e  p h o t o n  i s  e g a r i v e .  A  d i s t i n c r i o n  m , s l  b c  m a d e  b e t w e e n  t h e  p h o t o n

a n d  i t s  c o n c o m i t a n t  f i e l d  ( e l e c t r o m a g n e r  i .  r a v e ) .  T h e  f o r m e r  i s  s p a L ! o -
t e m p o r a i  ( 1 . e .  p a r t i c u l a r e ) ,  t h e  l a t t . r  . 1 . . 1 r o n u g n e t i c  ( v a v e l i k e ) .  B o t h

c o n c e p t s  a r e  n e e d e d  t o  d € f i n e  t h e  n a t l r .  o l  l i i t l r t .  ' l h e  p a r t i c l e  k n o w n  a s
r i t h e  p h o t o n r '  i s  n o t  c h a r g e d ,  a n d  b y  d . l i r i r i o ' )  i l s  a n t i  p a r t i c l e  i s  n o t

c h a r g e d .  B y  t h i s  i s  m e a n r  r h a t  t h e  p a r r  i . l ,  ( l o c s  r o l  c a r r y  a  c o n s t a n t

u n i t  o f  c h a r g e  e .  T h e r e f o r e  r h e  p a r t i . l .  ( " p h o r o n " )  a n d  a n t i  p ä r t j c l e

( " a n t i - p h o t r o n " )  a r e  i n d i s t i n g u i s h a b l e .  , Y o r , r , ( ' r .  i ' . h . n a . s  t h .  s i g n  o f  t h e

c o n c o m i t a n t  n f ,  a n d  s o  t h e  c h a r g e  p a r i l y  o l  " t l , (  l J l , ( ) l o n "  ( t h i s  t l m e  l , k { , n

r o  b e  A p  [ 3 3 ] )  i s  s a i d  t o  b €  n e g a t i v e

On the  o ther  hand the  e lec t ron  does  r ! ) l  I ) r  ( r l , r (  r .  r  .on( :omi  tan t  four
p o t e n t l a l ,  b u t  c a r r i e s  c h a r g e  i n  t h e  l o r m  ( i {  l l i t  ( ( i r i i l i r n t  .  ( a b o u l  l 0 - ' "

c o u l o n b s ) .  T h e  e l e c t r o n  i s  d e s c r i b e d  l ) y  r l , (  l ) i r , , ,  ( . ( l L r : r r i o n .  t h o s e

s o L u t i o n  i n d i c a t e s  t h e  e x i s t e n c €  o f  r h .  l ! , r , i r  | 1 , , ,  I I r ,  t i l i o l o n  i s  n o t

d € s c r i b e d  b y  t h e  D i r a c  e q u a t i o n ,  b u L  b y  t h ,  ( l ' A l , n r l r ' r l  ( ) r  I ' r ( ) . , , . q u a l i o n s .

T h e  e s s e n t i a l  d i f f e r e n c e  b e t v e e n  a n  { , l r , . l r , , r  , , r ! l  . ,  l ) 1 , ( ) r , ) , r  i : i  l l t r l  l h e

f o r n e r  c a r r i e s  a  c h a r g e  e  a n d  t h e  l ä t t . r  h : r . , ; ,  ( , , , , ,  ( , r i r , , ' , 1  l i , l ( t  ^ p  r h i s

i s  t h e  b a s i s  o f  q u a n t u n  e l e c t r o d y n a m i . i .  , ,  : . i , l , j i ( 1  I  ( ) | t : i I  | , , (  L ( I  1 r ( ) n !

photons  and e lec t rons .

T h i s  i s  c o n f o s i n S ,  t h e  r e u t r i n o  . a t r i t i i  t r '  , l r . t t j t t

a n L  i - n e ü t r i n o ?

T h e  e x i s t e n c e  o f  a n  a n t i  n e u t r i n o  w i  t  l ,  , L  , l r  I  I  (  |  , . r r
n e u t r i n o  i s  a  c o n s e q u e n c e  o f  p ä r i t y  v i ( ) l r r i , ' , '  i , '  l r . l : ,

' o F  \ " r  / r F c i i r a  h ' -  L l r , ,  r ' .  '  l r ' r . r ' ,  1

o p p o s i t €  h e l  i c  i t y  [ 3 3 ] .

b t t t  i ! ; r ' t  t  l r ' t .  x t )

l , a n d . d n . s s  l r o ' n  l h ( .
( l e . r y  T b c  

" (  
' r l  I  i I o

a n t  i  n . u t  r i n o  s i l h

T o  r e t . r r r  t o  b a s i c  n a g n e t a - s t a . i . s .  r , { i r  t s  l i k e  t h e  n a q D e r i .
f r p l . l  ) l o n e  r h F  a x i .  . f  a  1 . n a  t n t t , , ,  , , , / , , r , , r r 1 .  , r  a i e l d  w b i . h  n n r s .  b . l

p r o p a f t i o n a l  a o  L h e  c u r r e . t ,  I ,  i r r  N  r , i r , L ,  t ' t  t  t l r t t  l t t i r r h .  t / h e . e  r s  y . , r r

T h e  c i r c u l a r l y  p o l a r i z e d  l ä s c r  b r : r N  r  1 , . , r  I r  ( ! 1 , , ( : f : ,  a t 3 '  i s  m a d e  u p  o f

e l e c t r o m a g n e t i c  w a v e s ,  w h o s e  . o r . j r l t ; , t (  l , r 1 x l r . 1  | i o d u c e s  t ( r '  a s  i n  E q .

( 6 ) .  T h e r e f o r e  t o ) ,  a l t h o u g h  i r r l { l " . r r l , r i r  o l  l t . q t r e n c y ,  i s  d e f i ü . ' d  i D

t € r n s  o f  m a g n e t o d y n a m i c s .  T h i s . r ü  l , {  : ; { , ( r i  l r o h  l h e  f a c t  t h a t  i i  t h e r e  i s

n o  t r a v e l l i n g  c L e c t r o n ä g n e t i c  w r v r  .  r h ,  . , , , r  1 , , [ r t e  p r o d u c t  i s  z e r o ,  a n d

t h e r € f o r e  s o  i c  t r r ) .  T h e  c u r r . r t l  r ( ( ( 1 ( , ( l  l ( ) r  ! o '  i s  e m b o d i e d  i n  a r o ) .

r a d i a t e d  b y  a  s o u r c e  o f  c u r r e . t  ä l  i r l l  i n i l y .  T h i s  p r o p a g a t e s  w i t h  t l ' e

e lec t romagnet ic  l rave  th rough In  a  rouSh anaLogy,  a  nagnet i .

f i e l d  a l o n g  t h e  a x i s  o f  a  s o l e D o i ( l  i s  f o r m e d  b y  t h e  p r o p a g ä t i o n  o f  a

cur ren t  th rough rv  tu r :ns  per  un i t  len8 l l , .  I f  rhere  is  no  e lec t ronag.e t ic



226 me Photomagneton and Quanturn FieLl Theory

propagat ion ,  as  in  a  s tand ing  wave,  there  is  no  l (3 , .

F o l l o w i n g  J a c k s o n  [ 2 7 ] ,  p p .  1 7 7  f f . ,  t h e  d i s p L a c e m e n t  c u r r e n t  e n t e r s  i n t o

Ar0pöre 's  lav  Lhrough the  cont inu i ty  equat ion  as  usua l ,  r i thou t  a f fec t lng
the  va l id i ry  o f  Ampdr€ 's  Lan fo r  s ready  s ta te  phenonena.  In  a  sourc€  f ree

mediun ,  the  ex is tence o f  e lec t r :onagnet ic  vaves  depends en t i re ly  on  the

d i s p l a c e m e n L  c u r r e n t ,  i - e .  o n  t h e  p a r t i a l  d e r i v a t i v e  A D / A t .  T t , e  e x i s t e n c e

of  l ' 3 )  rnakes  no  d i f fe rence to  th is ,  bccause e lec t romagnet ic  p lane vaves

ln  vacuo are  t ransverse-  S ince  t { ' )  i s  long i tud ina l  and ind€p€ndent  o f

t i m e ,  a p p l i c a t i o n  o f  A n p ö r e ' s  l a w  t o  i t  r e s u l t s  i n  V x l ! t  = 0 .  T h e

d isp lac€ment  cur ren t  assoc ia ted  v i th  t t ( ' )  jezero ,  i .e .  the  long i tud ina l  a t t t t , /a t

van ishes ,  o th€r t ' i se  ! ( t  has  to  be  t ime dependent  f ron  tu0pare 's  lav .  The

c u r t  o f  l G )  i s  z e r o .  w h i c h  i s  c o n $ i s t e n t  \ r i t h  i t s  d e f i n i t i o n  a s  E ( 0 ) t .

Th is  does  no t  nean tha t  a t t  i s  zero  because there  is  no  so t l rce  present ,

because l '3 ,  i s  de f ined th rough the  con jugate  produc t ,  wh ich  is  made up  o f

t ransverse  f i€ lds ,  eh ich  are  fo rm€d f rom non zero .  t ransverse ,  Max l re l t ia f l
d isp l  acenent  cur ren ts  ,  as  usuaL .  1h . ,  Max\ re l l  ian  d isp lacen€nt  cur ren t

o r i g i n a t e s  i n  t h e  c o n t i n u i t y  e q ü a t i o n ,  V . J * A p / A t = O  c o m b i n e d  v i r h

C o u l o n b ' s  l ä r * .  I n  r h e  a b s € n c e  o f  s o u r c e s .  t h c  L a t l e r  b e c o m e s  V  D = 0 ,  s o

tha t  any  long i tud ina l  Dot  cannot  be  phas .  depe dent .  Th is  neans  tha !  the

long i tud ina l  d isp lacenent  cur ren t  i s  z€ro .  S ince  V a(3)  =  o ,  a t t  can  be

r e p r e s e n t e d  b y  t ( : )  = V x r { 3 ' ,  w h e r e  r r l )  i s  p h : r s e  j n d e p € n d e n t .  F a r a d a y ' s

l a r  t h e n  n e a n s  t h a t  8 ( t )  p r o d u c e s  a  c o n . o m i t a n t  e l e c t r i c  f i e l d ,  ! ( ! ) ,

whose cur l  and d iverg€nce are  bo th  zero ,  an( l  uh ich  'n rs t  be  the  grad ien t  o f

a  c o n s t a n t  s c a l a r :  p o t e n t i a l .  T h e  o n l y  s o l u t  i o n  i s  a ( ' )  =  o  .  T h e s e  s t e p s

are  sunnar ized  mathemat icä l l v  as  fo l lows l

Questiortt Abou, The Field B(3)

. l v - r r ' a l  . 1 a . 9 !  *  t  - a . i a r - s . . r
4 n  4 f r  ö t  A f i  d l

I n  a  v a c u u m ,  i t  i s  c o n v e n t i o n a l l y  a s s e r l { . ( l  I l , , , l  . t  o .  i n  a h i c h  c a s e  l h e
l i r s t  t e r . m  o I ]  t h .  l e f t  h a n d  s i d e  i s  t h .  | o w t . r  J  l . w ,  n n d  t l r e  s e c . , r d  ä n d

t h i r d  t e r n s  a r e  t h e  t i m e  d e r i v ä t i v e  o J  l l , ( .  , , ! . , l t y  ( l { , , r s i l y  p € r  u n i t

v o l u m e .  S i n c e  . B ( 3 )  i s  i n d e p e n d € n t  o l  l r t . , l r L { . r . v  b y  . 1 . : t i n i t i , r r ,  t h e

t e r n  t ß )  . a a { 3 )  / A r  v a n i  s h e s ,  a n d  a n y  c o n t  r i  b , , r  i ( ) , r  ( ) t  r I r )  |  ( )  l x ) r e r  f  l o u  i  s

I n  o t h e r  v o r d s  8 { 3 )  c a n n o t  c o n t r i l ) r l ( .  1 , ,  l l !  I ) , J v n t  i r r e  v c c t o r  b y

d e f i n i r i o n ,  e v e n  t h o u g h  a ' r )  i s  n o n - z e r o  b y  ( ! . 1  i h i r  i , , r  l r  r h .  p r . s . n c o

o f  n a t t e r ,  J  i s  n o t  z e r o -  H o r e v e r ,  a s  s h o u )  l , y  l ' ,  , . , 1 r , , ,  l l l  !  J  i s  n o t

s i n p l y  t h e  c o r t r i b u t i o n  o f  t h e  ü a t e r i a l  t o  I  J t r  ,  t r ' t ) : \ '  t l " t ) !  i t  v  t t r  u \ i t

v o l u D e .  W h e n  t b e r e  i s  n o  n a g n c r i z a t i o n .  ( e h ,  r  I  o ) .  r l , , r  I  i ,  E  a P / l t .

i s  l h e  t i m e  d e r i v a t i v e  o f  a n  e n e r g y  d e n s j  t  y  L r l , '  , )  f  |  , .  , , 1 , r  - ' r ' r  , , .  h { ) H ( . v . r ,
s e  h a v e ,  i n  e a u s s i a n  u n i t s  [ 3 8 ] ,

a  -  
{ r - " v " x  j  r v  o r  r ( e )

w h e r e  P  i s  t h e  e l e c t r : i c  d i p o l e  m o n e n t  p e r  [ r i r  v , ) 1 , ! n ,  t  i i ,  l l !  n . ] 1  , ,  r i

d i p o l e  n o n e n t  p e r  u n l t  v o l u m e ,  a n d  g  t h e  ( l ( , r , j ,  t  ,  L  ,  ,  (  I  |  ,  I  I  i  (  )  |  (  n i , ) D ( r i r  t ) ,  I

u n i t  v o l u m e .  I f  t h e  n a t e r i a l  € n e r g y  d € n s i l v  t n ,  , , r i l  v r l , r n !  i . ,  r / .  l l t r r ,

4  -  v . s  r i r '  94 .  s  ' l r l ,
d f  4 r \  ö t  , t t  t

( l o )

w h i c h  i s  r h e  e x p r € s s i o n  f o r  t h e  n o r k  d o i .  , , n  . ,  . : v . r ,  n  l ) y  . x t . r r a l  l i . l d s

g = B  4 n X ,  D - E ' 4 a P , ( r 1 )

227

( 8 )

i
:
I

I
55. I t  is  qel l  kro!r 'n Läaa electronaqnet ic  waves depend oü Lhe exisrerce oJ

I tasel l 's  d isplacenent current ,  so qhat  ro le does rh is have in your

5 6 -  I t  i s  s t i l l  n a t  c L e a r  v h y  a  f i e l d  s u c h  a -  a ( t  c a n  n a g n e t i z e  q i t h o u t

contr ibut ing anything to the energy af  a bean. Isn ' t  t f i is  basical ly
contradlctarY ?

Fol loving Pershan 1381, and using his Gaussian uni ts,  energy conservat ion
means thät

i n  g a u s s i a n  u n i t s .  T f i e  a v e r a q e  v ö r k  d i , , , ,  , , i , , , r '  h r  t l p  n a t r . r i a l  b y  t  l ) . t

f i e l d  B l t t  i s  z e r o ,  b u t  t h e  a v e r a q .  , r ) , r I V  , ; r , ' r , , , /  t t t  t h e  n a t e r i a l  b y

v l - r t u e  o f  i t s  n a E n e t i z a t i o n  i s  n o t  z e r o .  A i ;  ( 1 , : J ( r i b , ( l  t J y  P e r s h a n  [ 3 8 ] ,  a t

a n  i n s t a n t  t = o  t h e  l a s e r  b e a n  e n c o u r r . r : ;  r  ß i r r . r  r a l  ( i . . .  " t h e  f i e l d  i s
t u r n e d  o n " )  a n d  w o r k  i s  d o n e  o n  o r  b y  r l !  ß : , r , . r r ! l  t o . s l a b l i s h  t h e  s t e a d y

s t a t e  v a l u e s  o f  P ,  I ,  a f u d  Q  a f t e r  .  r  i : ; (  l r  , : ; i ( n t  T h e  f i n a l  " s r e a d y
s t a t e ,  e n e r g y  d e n s l t y  d e p e n d s  o n l y  ( i i  l l , (  " s r ( a d y  s t a t e "  f i e l d s  a n d
p o l a r i z a t i o n s .  a n d  n o t  o n  h o v  t h . y  w . r (  I r , x 1 , , ( . { ( l  A s  s h o m  b y  P e r s h a n

[ 3 8 ]  t h i s  l e a d s  t o  t h e  d e f i n i t i o n  o l  a  I  i r n .  i v . r a g e d  f r e e  e n e r g y  f r o m
w h i c h  i !  i s  p o s s i b l e  t o  d e s c r i b c  a l l  m n l f r (  r o  o p r  i .  a n d  e L e c t r o - o p t i c

e f f e c t s .  F r o n  t h i s  a n a l y s i s  1 t  b e c o n ( . s  c l c a r -  r h a l  r h e  c o n j u g a t e  p r o d u c t ,

o r  r {3 ) ,  en ters  lh rough a  t ime averaS.d  \a l t t /aL) , .  and there fore  1eäds to

t h e  i n v e r s e  F a l a d a y  e f f e c t  d € s c r i b e d  i u  | ( , r - s h a l ] ' s  t q .  ( 5 . 1 0 ) .

Th is  comple te  ana iys is  can be  repeared in  p r€c ise ly  the  same eay  fo r

a!( t )  -  ^

T h i  s  r e s u l  L  1 s  e n t i r e l y
constant  8t3,  ,  th€n the

( 7 )

i f  t h e r e  i s  a

v !  r ( . )  =  o ,  r { r )  v01 r )

c o n s i s r e n t  w i t h  r h .  i a c t  t h a t

r e a l  l o n g i t u d i n a l  ! ( ! )  i s  z e r : o .
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r ( ' ) ,  t h r o u C h  i L s  d e f i n i t i o n  ( 6 ) ,  a n d  i L  b e c o n e s  c l e a r  t h a t  a ß )  t ä k e e

mean ing  on ty  uhen there  is  in le rac t ion  w i th  nar te r -  There fore  there  is  no

cont rad ic t ion  l ' i th  conserva t ion  o f  energy  and momentum.

B u t  i f  8 ( t  t a k e s  n e a n i D B  o n l y  i f  i t  i n t e r a c r s  w i t h  s o n e t h i n g ,  i l n ' t  i t

nea i in7 less  in  f ree  space and there lo re  cannot  ex is t?

Fo l lov ing  Shore  t291,  e le . t romagnet i .  energy  der rs i ty  and momentun dens i tv

are  aLso mean ing less  concepts  un less  they  cän b ,€  measured exPer imentaL ly '

I n  S h o r e ' s  d e s c r i p t i o n  l h e y  " t a k e  m e a n i n g "  o n l y  v h e n  e l e c t r o m a g n e t i s m

in terac ts  \ . r i th  mat te r ,  and th is  i s  c lcar  f rom Lhe fac t  tha t  v i thout  such

in te rac t ion ,  e lecr romagnet isn  canno l  be  de tec ted ,  and there  is  no  ev idence

f o r  i t s  e x i s t e n c e .  I n  t h €  l a s t  a n a l y s i s ,  e l e c t r o m a g n e t i c  e n e r g y  d e n s i t y

is  a  neans  o f  t rans fer  o f  energy  l rom a  source  to  narer ia l  th rough a

P o y n t i n g ' s  l h e o r e m ,  I o l l o w i n g  J a c k s o n  [ 2 7 ]  i s  d e r i v e d  f r o m  a

cons idera t ion  o f  an  incerac t io t  a . t ,  and th€  fac t  tha t  t  does  no t  appear

in  the  Poynt ing  theorem in  vacuo is  due to  tbe  fac t  tha t  the  soürce  is

convent iona l l y  thought  o f  äs  b€ inS,  " in t in i te ly  removed"  f rom f ree  space

Simi la r ly ,  the  f ie ld  a (1)  can on ly  bc  de f ined th rough an  in te rac t ion ,  and

the  same is  t rue  fo r  a l l  t yPes  o f  I  in€ar  and non l inear  e lec t ro  and

magneto-opr Ic  pnenomena.

yaü say that  Bt3t  enerqes f ron consid. , rar ions af  f ree energy,  I low is rh is

I t  i s  p o s s i b l e ,  f o r  e x a o p l e  t o  s t a r t  f r o m  P e r s h a n ' s  [ 3 8 ]  € q u a t i o n  ( 3  1 ) ,

rewr i t ren in terms of  i  !s  ant isymmel t  i  c  Part  .  proPort ional  to the

conjügate prodüct  a(1)  t  a12) ,

F-  a t f . (B<\ t  xBt , ) ,  
" l  

-  
1  . r , r , ,3 : ,  " , )  ) ,  

(12)

H e r e  d l  i s  a  m o l e c u l a r  o r  a L o m i c  p r o P e r t y  r . . : r o r  a s  u s u a l  t 3 8 l  d e f i n e d  a s

t h c  d e r : i v a t i v e  o f  f r e e  e n e r g y  F ,  { i t h  r e s p . . l  I o  t h e  v e c t o r  a r r } x l o )  I J {

s i m p l y  r e w r i t e  t h i s  v e c t o r  u s i n 8  E q .  ( 6 ) ,  a , t l  o b t a i n ,

F =  _ D , . 8 ' ' .  . , =  ( r j i , , ) ,
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( i . e .  t o  a ß ' ) .  T o  d e r i v e  E q .  ( 1 3 )  t r o m  E q .  ( 1 2 )  v e  h a v e  m u l t i p l i e d  r o p

. n . r  h 6 r r ^ m  n r  F .  , r r \  h \ ,  , p ( 0 )  a n d  h a v .  d c i i n e d  a ( 1 '  a s  f | 1 0 ) * .  I f  i t  i s

a s s e r t e d  [ 3 5 ]  t h a t  . B ( f  i s  z e r o ,  t h e n  r i , f  f . e e  e n e r g y  w a n i s h e s ,  c o n t r a

d i c t i n g  t h e  g e n e r a l l y  v a l i d  P e r s h a n  t h . o r y  l l 8 l ,  i . e .  c o n t r a d i c t i n g  t h e

ex isLence o f  thc  invers€  I 'a raday  e t f . . l  . , r l  r . l : r ted  phenoEena.

S u - r e l l  r Ä e r e  n n s t  b e  e f f e c t s  p r o p o r t i a ü ! 1  t \ ,  a t t ' ?

Y e s ,  a n d  i n  p r i n c i p l e  t h e s e  c a n  b e  d . l ( . 1 ( ! t  , , r ; i r l l l  l h .  i n v e r s €  F a r a d a y

e f f e c t ,  i . e .  t h e r e  s h o u l d  b e  m a g n e t i z r t  i , , r  , t , , (  r o  8 ( ' )  a s  w e t t  a s

s o  n h y  h a v p ü  t  '  h - y  b c p l  d c t  p . I  p a .

T h i s  i s  a n  o p e n  q u e s t i o n ,  t h e r e  a r e  I t , !  ( 1 , , 1 , ,  , , v r i l i r l ) l (  ( ) r r  l l , .  i L V ! r s e

F a r a d a y  e f f e c t .  a n d  t h e s e  h a v e  t o  b c  . r r '  1 ' , l l | , r i , , l r 7 ( ! l  i r r  r  f t ( l i l 1 n  i n

w h i c h  t h e r e  i s  a  p e r m a n e n t  m a g n e t i c  d i t ) ( ) 1 ,  m , , m ( i l  I I r  l l t i , ;  . a : ; ( ' l l ' e r e

s h o u l d  b e  e f f e c t s  d u €  t o  8 { t )  a n d  d u { j  r , ,  a r t )  ,  a ( 1 ' .

C a i  y o ü  E j v e  a n  e x a n p l e  a f  a n  o b s e r v . < l  t , l k t r ' r h t r ' L  t t ) \ o l v i n B  B t 1 ' l

I t  i s  a  s t r a i g , h t f o r s a r d  m a t t e r  t o  p u l  r l i ,  r l L , ! ) , !  , ) l  l h e  i D v e r s { :  l f a r - r ( h y

e f f e c t  i ü r o  a  f o r n  w h e r e  t h e  m a l } !  I  i , : , , r  r , ) , ,  i s  p r o p o r t i o n a l  t o  B G r

m u l t i p l i € d  b y  t h e  a m p l i t u d e  B ( 0 ) .  l ( ) r  ,  r . , o l ' 1 ,  .  i  . l c v . l o p m e n t  o I  E . l .  ( : 1 0 )

o f  l r o i n i a k  e t  a I  [ 3 9 ] ,  a  r € c e n t  p a p . r  , , r  r l , ,  r , , \ , ,  r s (  l a r a d a y  c l f c c r ,  l e r d s

t o  t h e  f o l l o w i n g  e ) r p r e s s i o n  f o r  t h t  r n , , l , , r r  I  i / , , 1  i o r  d u c  t o  l i g h t ,

h | .

t 9 .

r ( o )  =  
6 ä ( D -  

/ ,  d J . t E t ! ' j ( 1 4 )

( r l )

I t  i s  c l e a r  t h a t  a ( ' )  n u l t i p l i e d  b y  t h €  m a g l e t i c  d i p o l e  n o m e n r  4  i s  a l s o

a f r€e energy.  The f ree enerAy in Eq (r2)  is  proport ionaL to beäin

i n t e n s i t y ,  a n d  t h a t  i n  E q .  ( 1 3 )  t o  t h e  s q u a r e  r o o t  o f  b e a n  i n t e n s i t y

v h e r e  !  i s  a  m a g n e t l c  d i p o l e  m o n t r , , l  i s y m m e t r i c  p o l a r i z a b i l i l y

v e c t o r ,  N  t h e  n u m b e r  o f  m o l e c u l e : r .  r ' /  l l , ,  r l L ,  r m , l  {  n . ' r a y  p e r  n o l e c u l e ,  a n d

c  t h e  s p e e d  o f  l i g h t .  I t  r s  i D r l J ( ) r r r r r  r ( )  ! f t l i z e  t h a t  t h i s  1 s  a n

e x p r e s s i o n  I o r  a n  e x p e r i a e n t a J l v  , ) i ) i ; ( , ! , , . /  t ) / r r L t n . D o r ) ,  a n d  i s  t h e r : e f o r c

d i r e c l  e x p e r i m e n t a l  p r o o f  f o r  a ß i  l l r (  r l , , . i i l  i o n s  i n  t h i s  p a p e r  a r e  a l l

c o n c e r n e d  s i t h  t h e  i n t e r p r e a a r i o D  ( ) l  , o )  f r o m  E q .  ( 1 4 )  i !  i s  c L e a r  t h a t

t h e  n a g n e t i z a t i o n  i s  p r o p o r t l o n a l  l , )  i r  n r i r f , n . t  i .  t i e l d ,  a ( 3 ) ,  m u l t i p l i e d  b y

E  0 r  .  T h i s  e f f e c t  i s  c h e r e f o r ,  I ' . o t ) ( ) r  I  i ( ) n r l  l o  b e a m  i n t e n s i t y ,  a n d  a t  t i r e

s a m e  t i m e  p r o p o r t i o n a l  t o  a { 3 ) .  l h i ,  . t r ( s l  i o n  i s  w h e t h e r  A t 3 )  c a n  i n d t l c e

m a g n e t i z a t i o n  t h r o u g h  a  s u s c e p t i b i l  i l y  l l  i s  t h i s  e f f e c t  t h a L  t t o u l d  b e

p r o p o r t i o n a l  t o  t h e  s q u a r e  r o o t  o f  i n t . n s j t y .



230 The Photomagneton dttd Quon'uln FieA Theory

S n r e l y ,  i f  B t ' )  i s  a  n a g n e t l .  f i e i d ,  i t  w a u l d  d o  s o ?

Th is  can on ty  be  se t t led  by  fu r ther  exp€r im€nta l  work  on  the  inv€rse

Faraday  e f fec t  and re la ted  nagn€to 'op t ica l  phenomena.  In  v iew o f  Eq (14)

a b o v e ,  i t  i s  c l e a r  t h a t  l G )  v h e n  m L r l t i p l i e d  b y  a r o r  p r : o d u c e s  m a g n e t i 2 a

r i n n  T n  r c r m s  o f  r r e e  e n e r q v  i t  i s  w e l l  e s t a b l i s h e d  l 3 9 l  t h a t  t h e

i n t € r a c t i o n  H a m i l t o n i a n ,
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, { ! , ,  =  _ [  d d  I  f  a d  ] .  ( t e )
{ J , a , 1 , . a r '  r F  , l

s o  o n  t h e s e  g r o u n d s  t h e r e  s h o u l d  e x i s l  , r  m a S n e t i c  d i p o l e  m o m e n t  r ( , r ' .
Th is  means tha t  there  shou ld  be  e i  I . . r  s  (1 , ,c  r  o  the  square  roo t  o I
i n l e n s i l y .  6 s  d i s . u s s e d  i n  d e r d ' l  [ / , n l

62_

6 3 .

d e f i n e s  t h e  a n t i s y m m € t r i c  p o L a r i z a b i L l t y ,  c ' l ,  ä  v e c t o r

S i m i l a r l y ,  t h e  a n t i s y m e t r i c  s u s c e p t i b i l  i t y  i s  d e f i n e d  b y

^ r ,  ( * ; l " , g r ' " , 1  
) " ! c )  

' E ( ' ,  =  - i i / /  E < 1 ) \ B t 2 ' , Haw can a  r_ te ld  such as  your  A{ r )  b .  t l r \ t t  l ) t  o t  . t . ;  t  i fö rn t  a t )d  t ine
i n d e p e n d e r . ,  a n d  a t  t h e  s a n e  t i n e  a s  r  ,  r , , 1 . 1  w / r r i  / r  p . o p a 8 a r e s  i D  f r e e

The re la t ion ,  Eq.  (6 ) ,  be tveen ab)  and the  an t isy rDrnet r i c  par : t  o f  l igh l
in tens l ty  i s  no t  a rb i t r :a ry ,  because r  he  in tens i ty  i s  a  phys ica l l y

( 1 5 )

(16 )

t ) 5  .

( 1 7 )

Ue note  tha t  these quant i t ies  a re  de f in€d on ly  tben in te rac t ion  occurs

between !h€  l igh t  and the  mat€r ia1  be ing  magnet ized  by  the  1 i8h t .  i vanc  o f

the  quant i t ies  ! (1 )  x  ! r , '  ,  B( \ )  x  B tz t  o r  Dt l t  .on t r ibu tes  to  the  Poynt inB

vec tor  o f  the  rad ia t ian ,  and none therc fo re  conr r ibu tes  to  the  f ree  space

e lec t roaa+net tc  eneryy  dens i ty .  In  L } l i s  se tse ,  there fore ,  t ( ' )  i s  a

" l a t e n t "  n a q n e t l c  f i e l d ,  o r  " E h o s t  f i e l d " .

l a u )o t '  
l n , " " 1 1 r , , ' , I r ' r '  

8 r ' )  = - i t "  B t l t  ' B ' 2 )

and s in iLar ly ,  we expec t  tha t  there  is  a  magn€t ic  d ipo le monent ,  wh ich  can

aa .  = l  9 - { -  I  B , ' )  =  ' , , )  ! , ! )>  
I  d a ( ! ,  / r l

What  i s  the  d i f fe rence be tveen a  " la ten t "  naqnet i (  f le ld  and the  bean

naqnet  i c  f  ie lds?

cont r ibu te  to  the  Poynt ing  vec tor : ,  vhereas  th€

d o -  U s i n g  l h e  c y c t i c  r e l a t i o n s  [ 4 0 ]  d e r i v e d  i n

B y  u s i n g  t h e  d e f i n i t i o n  o f  t 6 )  i n  t e r m s  ( , 1  r h , .  ;  r r  i : j y  n . r r i c  p a r t  o f

l i g h t  i n t e n s i r y ,  i . e .  i n  t e r m s  o f  t h e  t h i r ( i  s r { ) k , , , i  l  r a m . r {  r  .  l l x , f i e l d  ! r r )
c a n b e  t h o u g h t  o f  i n  r h e  s a m e  w a y  a s  t h .  l i i i l , t  i , , r , n , r j r v .  w l , i . h  l ) r o f a g a t e s
t h r o u g h  a  v a c u u n  ä n d  i s  a l s o  a  c o n s t a n l  ,  r i h  r r x l , t { r ( l { n r .  r x i : j u r a b l e .

T h e  f i e L d  l ( 3 )  i s  c a r r i e d  b y  t h e  t r a n s v ( , r s ,  l i , l ( 1 .  t t r r )  , h ( l  ! r . )

l l a ) { r , ' e l l ' s  e g u a t i o n s  i n  f r e e  s p a c e  c o ' t . r i D , ' r / v  / r , r r r i  o p . r . r ( ) r : r .  s r )  / / r . r r

s a l u r i o n s  n ü s t  b e  l i n e a r .  I f  E r ' )  i .  d . t  t t r ' t l  t ' t t t t n s o l  a  < r o s r  p , , r l , r . r
o f  t r a n s v e r s e  s o l u t i a n s  o f  l l a t u e l l ' s  e v o , r  r , , , i a .  t l t . ü  i ' D ' t  t h ) s  . o t n r t ü t .

T h e  f i e l d  t ß )  i t a e l f  i s  l i n e a r  i n  l l , ' r , t , , , . . | \ ' . D p l i t u d e ,  8 1 0 ) ,  r n  t r , .
s a m e  r a y  a s  t h e  t r a n s v € r s e  f i e l d s  ; r r ,  i i , i ,  , ,  i n  r h i s  v a r i a b l ( ]  I h c
t r a n s v e i s e  a n d  l o n g i t u d i n a l  f i e l d s  1 o '  m  r  , . v , . 1 i .  l . i .  a l g e b r a ,  a s  d e s . : r i b . d
i n  t h e  a c c o m p a n y i n g  p a p e r ,  a n d  e a c h  l r (  l ( l  , . , ) ü t ) ( , r r n t  o f  t h i s  a l g c b r a  i s

l i n € a r  i n  a r o ) .  T h e  t e ] : r  " n o n l i n e ä r "  i r i  ( ) t , r  i . : i  f . l . r s  t o  p r o d u c t s  w h i c h

c o n t a i n  a l o '  a n d  B 1 0 )  t o  s e c o n d  o r  h i 1 l l r  r  , ' r , l , , r  1 t  s h o u l d  a l s o  b e  n o t e d
t h a t  p o l a r i z a t i o n  a n d  m a g n e t i z a t i o l  j l l o  t h c  l i n e a r  l , I a x e e l  l
e q u a t i o n s ,  a n d  i n  n o n l i n e a r  o p t i c s ,  r ) , , : ; ,  , 1 , r , , , , r  i r  i . , s  a r e  n o t  l i n € a r  i n  t h e
d e f i n i t i o n  u s e d  h e r e .

T r a n s v e r s e  p l a n e  v a v e s  o b e y  r t t  t t L , . n  s , , p . , r r ) o s i t i o ,  p r l n c i p l e ,  a D d
c o n b i n a t i o n s  o f  p l a n e  v a v e s  c a n  l .  r r : ' ,  r l  r ( )  , . o , ) s r r u . t  a n y  p a s s i b l e  p l 3 n e
qave w i th  a rb i t ra ry  t ine  depeDd.n( .  . l  t  l t .  anp l i tüde or  phase.  Daesü ' t
t h i s  d e a n  t h a t  t h e  t r a n s v e r s e  n l  l o t \ r r t n l i ü A l  f i e i d s  n ü s t  s e p a r a t e l !
s a t i s f y  t l a t o r c l l ' s  e q u a t i o n s  i n  v , . n o .  : ' t r t  t l t t t  1 . , ' E i t u d i n a l  a n d . r a n s v e . s .
s o l u r i o n s  < : a n  b e  t i e d  t o i e r l . . r  . , t l r  b y  a t )  a r b i t r a r y  n a t h e n a t i c a L

The former (  a(r ,  )  does not

o s c i l L a t i n g  ! o )  a n d  a o )
the acconpanying ar l ic le:

8 { 1 r  x  t ( 2 '  -  i a { o ) 8 ( t ) . , and cycl  lc  pernutat ions, ( 1 8 )

ve see tha t  the  th r :ee  f ie lds  a re  l ied  together  by  a  non l inear  a l8ebra .  I t

beco ' ies  c lear  lha t  i f  se  can de f in€ ,  fo r  exanp le ,  the  lDo lecu la r  p roper ty

t / i ,  l . ' e  can  de f ine  the  proper ty
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neäningful  quant i ty  which can be expressed as the product  ia lora(3} .  Th€

ampl i tude Br0) is  physical ly  meanlnt fu l ,  and therefore so is  .B ' r ' .  A
superposi t ion of  p lane waves wi l l  a lways produce a l ight  intensi ty tensor,
vr i th a non zero ant isymmetr ic  compon€nt vhich is  d i rect ly  proPort ional  to

!G).  I f  the Iat ter  vere zero,  there \ rou1d be no ant lsymrü€tr lc  l ight
intensi ty conponent or  ,9r  Stokes parameter in c i rcular ly  polar ized 1ight .

8 ( t ) ,  ! ( 1 )  a n d  r { 3 )  a r e  s e p a r a t e  s o l u t i o n s  o f  M a x l " ' e l l ' s  e q u a t i o n s .  I f  i t
is  asswned that  Eq.  (6)  is  an arbi t rary mathemat ical  constr :uct lon then i t
nust  fo l lov that  the ant isynunet! ic  part  of  l ighl  intensi ty is  def ined
a r b i t r a r i l y ,  a  r e d u c t i o  a d  a b s u r d u r .

The fact  that  t ransverse and lon| i tudinal  f ie ld solüt ions are t ied up
together by Eq. (6)  appears to be j ,n deep conf l ic t  wi th accepted wisdon.
I to\ , ,  do vaa feel  abaut th ls?
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'7=o '  (22)

r, = 
UL"." 

2tr.B+Vo,,.ra+.rjE E,

v h i c h  d e p e n d s  o n  t h e  m a g n e t i z a t l o n .  
' I l t  

r ( l o r r  a 6 )  . o n t r i b u t e s  t o  t h i s

s t o r e d  e n e r g y  t h r o u g h  i t s  c r e a t i o n  o f  m i t l l r r . t  i T i t l  i o n  T h e  l a t t e r  i s

observed in  the  inverse  Faraday  e f fcc l  .  l r ,  S  I  ,  I  h .  na le r ia t  energy

dens i ty  per  un f t  vo lane is  I38 l

U . = V r d  r + E  P , . . . . , (24)

s o  t h a t  t h e s e  f i e l d s  o b e y  P o y n t i n g ' s  t h e o r . m  j I  t h e  p r e s e n c e  o f  m a t t e r .

T h i s  d o e s  n o t  m e a n  t h a t  t h e  n a g n e t i z a t i o r r ,  t ,  d u c  t o  8 { t  i s  z e r o .  I n

S . I -  u n i t s  t h e  e n e r g y  s t a r e d  i n  t h e  e l e . ü o t n r / j , P t i .  f i e l d  i s  [ 3 8 1

u =  i (  , ! i r " ,  ; " " ,  - t ' ' '  a ' " ) -  o ,

dU
d t

(23)

6 7

The solut ions 8( ! ) ,  .B(2)  and tc)  forn a perfect ly  cycl ic  L ie a lgebra
r i th in the Poincar6 aroup,  and in th is sense (see accolDpanying ar t ic le)
are nore in l ine r i lh  convent ional  wisdom (and wi th fundamental  geometry)
than the usual  assert ion that  there is  no connect ion at  a l l .  I f  th€re is
no such connect ion,  th€n fundanental  Seometry is  contradicted so

conpletely that  the not ion of  zero .B( ' )  becomes absurd.  Never: theless the
lat ter  is  the conwent ional  { isdom, and asserts in ef f€ct  that  one
dioension out  of  three is  missing.  This is  d iscussed in the accompanying
a r r i c l e  [ 4 0 ]  .

68.  Returning to the E)est j .on of  enerAy,  i t  iLs inportant  to understand

preclsely the ro le of  Dr ' t  (and of  iEt ' t  )  1n the PayDt ing theoren.  Can you
give equat ions def in inq their  ro le exact ly ,  ra lher than Playing around
vi th words?

Y e s ,  t h e  P o y n t i n g  t h e o r e m  i n  S . I .  u n i t s  t "  
, , r .

\ t h e r : e  P  i s  t h e  p o l a r i z a t i o n  d u e  t o  t ,  r r n l  u l !  f ,  l l r '  ( l r r r ( l r u p o l e  t ' r m  h 3 s

b e e n  n e g l e c t e d  f o r  s i n p l i c i t y .  T h e  a v e t : t t t r  r , ' r k  r 1 , ' r r ,  b t '  t I .  e l e ' r r r { n r B

. e t i c  f i e l d  o n  n a t e t i a l  i s  z e r o  i n  t } r ,  j r , . 1 , i \  : : t  t t .  l J l l l

( 25 )

a n d  t h e r e  i s  n o  w o r k  d o n e  o n  m a t e r i a l  l ) v  ! i ' )  r r r ( 1  , ! ß )  I f  l '  i s  z e r o .

t h e  e n € r g y  s t o r e d  i n  t h e  e l e c t r o m a S , r r (  l  i t  l  i ,  l ( l  , t L r r  I  ( )  r ( t  a n d  i t r s '  i s

T h e r e f o r e  . a ( t  a n d  i t r t  d o  n o l  ( , t , 1  r . , r l i . r  l ) a : i i c  . o n s e r w a t i o n  l a v s

o f  e I€c t ronagnet ic  energy .

I f  a 6 )  i s  t h e  f u n d a n e n t a l  e l e m e n t  0 1  , , , r r , i ; l r r r , ' r  I  i .  l i ] h t  i n t e n s i t f ,  t h e n

d o e s  t h e  r e a l  ! ( ' )  c o n t r i b u f e  t o  l l l i  , , i ) : ] , t r , d  l t l t l ) I  i t ) t . n s i t y  i n w a t t s  p e r

T o  a n s w e r  t h i s  q u e s t i o n ,  c o n s i d . r  I  h .  l . . r  I  l , r l  i n  c i r c u l a r l y  p o l a r i z e d

l i g h t ,  t h e  z e r o ' t h  a n d  t h i r d  S t o k . s  P  ; , r {  l { ' r : ;  n r c  . q L r a l  i n  m a g n i t u d e '

<  = <  = ! L ( ü , .  - , . / 1 r  a r "  ( 2 6 )

T h e  o b s e r v € d  I i g h t  i n t e n s i t y  c a n  t h c r . t o r .  b c  ( x P r e s s e d  f o r m a l l y  i n  t e r n s

o f  a  c o n b i n a t i o n  o f  s o  ä n d  s r .  a n d  t h e r . f o r .  i n  t e r m s  o f  r ( 3 ) ,

v.s = -!, -"'."2.t (  20 )

( 2 1 )S  =  E x B , '- 1(!,' '. '")' r 3i .o " .

u e  n o t e  t h s t  i f  a _ a ß r ,  r = i ! { , ' ,  r h e n ,
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( 2 t  )

I t  i s  impor tan t  to  no te ,  howeve i ,  tha t  lo )  does  no t  add any th ing  to  the

o b s e r v e d  i n t e n s i t y ,  t h e  l a t t e r  h a s  b e e n  r e d € f i n e d  t o  i n c o r p o r a t e  . 9 j .  T h e

modu l i ,  l s0 l  and ls r l  ensure  tha t  the  L igh t  in tens i ty  r€mains  the  san€ in  a l l

D o 1 ä r i z a t i o n s .  I i n e a r  a n d  c i r c u l a r .

1s  t l rc re  aqay  o f  denonst ra t ing  f ro \  f i  rs r  p r iD . ip les  the  nanner  inwh ich  a t t l

in te rac ts  v l th  one e lec t roD?

Yes,  i t  can  be  shom f ron  f i rs t  p r inc ipLes  tha t  lhe  inverse  Faraday  e f fec t

fo r  one e lec t ron  d€pends d i rec t l y  on  8(3)  .  The nagnet ic  d ipo le  ron€nt

induced by  th€  in te r .ac t ion  o f  a  c i rcu la rLy  po la r ized  L igh t  beam and one

e lec t ron  is  a  surn  o f  two te rms,

(  28 )

r d  =  € d c  s o l  =  
; . , q l s " l .  l s , l )  =  : { t r o r .  x . d ,  j  l ! ( 1 )  x ! r 2 )  )  -  € d c r r  o ) . r { : )

!  =  - I e !  ( ' )  - 0 . , 8 1 0 ) a o ,

2 m , ; a
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(2e)

Questio^t About Thc Fi.ld BG)

! ( 1 )  x ! r , ) ,  p r o p o r r i o n a l  r o  t h e  a n r i s y m e t r i c  p a r t  o f  t h e  l i g h t  i n t € n s i r y .

The convent iona l  theory ,  a l though cor rec t  as  Ia r  as  i t  goes '  does  no t

recogn lze  lha t  ! { ' )  can  indüce !  th rough a  sus .ep t ib i l i l y .

In  answer ing  qL tes t ion  (4 )  yc 'u  say  tha t  8 ( i )  . to .c  ,o t  con t r ibo te  ro  f rce

space e lec t ronagnet ic  ener |y ,  bu t  in  Eq.  (2 ) )  we : ;ee  t l la t  t  appears  tn  the

express ion  fo r  the  enerEy s to red  . in  the  . le .  r  ro , ra8ncr i .  f ie id  i sn ' r  rh is

cant ra . l  i c to ry?

E q u a t i o n  ( 2 3 )  i s  t h e  e x p r e s s i o n  f o r  e n e r g , y  s r ( ) r . ( l  i n  t h c  e l e c t r o m a g n e t i c

f i € 1 d  v , h e n  t  i s  n o t  z e r o ,  i . e .  w h e n  l h e r e  i : i  n ( ) , r  z . r r )  i l r a S l r e t i z a t i o n .  T h i s

can be  t rue  o t l y  in  the  presence o f  ' l a t te r ' .  l t r  I r r ' .  sPr . . ,  a (3 )  and i !o )

f o r m a l l y  c o n l r i b u t e  t o  U  a s  i n  E q .  ( 2 2 ) ,  l n , l  . n ! r ' ,  I  { ' , I . 1 ,  o t h e r ,  s o  t h a t

t h e i r  c o n t r i b u t i o n  t o  u  i s  z e r o .  T h - i s  e x p l a i ! , s  v l r v  l l , (  l ' l a n c k  r a d i a t i o n

1 a w  i s  n o t  c h a n g e d  b y  t h e  p r e s e n c e  o f  ! ( r '  ; , ' r ( l  r t ( r '  l h e r c f o r e  B ( '

rewea ls  i t se l f  by  magnet iz ing  na ter ia l  m^r  I  (  r  I  o  p rod ! ( : { '  I ,  bu t  no t

t h r o u g h  a n y  a d d i t i o n a l  c o n t r l b u t i o n  t o  I ) f r t r !  r t r r ( n s i r y .  [ q u a t i o n  ( 2 7 )

r e a n s  t h a t  b e a n  i n t e n s i t y  c a n  b e  e x p r e s s . ( l  I ( ' r n r l l v  i r r  r e r n s  o f  ! ( ' )  a n d

t h a t  l h i s  i s  j u s t  a s  v a l i d  a s  e x p r e s s l n g  i t r r , r r l ; i r y  i t r  t e r m s  o f  t h '  r r s t r ä l

t r a n s v e r s e  f i e l d s .

In  ansver ing  q l tes t ion  5  you asser t  th r r  ! ( ' )  i ! ;  c rea ted  w i t l lou t  the

expend i tu re  o f  energy ,  ye t  you  have jusr  r r | i  th t l  B t "  p roduces  naBnet i

za t ion ,  uh ich  d992 cont r ibü te  to  ener9v  i r , ) t , { ,  in  the  e lec t ronagner ic

f ie ld .  Eov  do  yo [  reso lve  th is?

F o l l o w i n g  S h o r e  [ 2 9 ] ,  c l a s s i c a l  e l e . t r o n r a r , t ! ' r  i .  t h e o r y  i s  b a s e d  o n  t h e

n o t i o n  t h a t  t h e  f i e l d  t r a n s m i t s  e f f e c r s  ! I o o  a  s o u r : c e  t o  m a t t e r .  T h e

e lec t romagnet ic  f ie ld  p ropagates  in . r  v , . lu rm.  l t r  uh ich  i t  can  be  fo rmal lv

ass igned an  energy  dens i ty ,  I ,  and  en . r8y  I  lu r  dens i ty ,  s .  Ho\ "ewer ,  as

d e s c r i b e d  b y  S h o r e  [ 2 9 ] ,  o  t a k e s  n e a n i r t f ,  o r t l Y  s h . n  t h e r e  i s  f i e l d - D a t l e r

in te rac t ion .  The long i tud ina l  ! (1 )  a r ( l  i t ( i )  h rv .  no  f requency  dependence '

and so  hawe no P1anck  energy .  Th€ i r  coßb i r , .d  .on t r ibu t ion  to  bo th  U and s

i n  f r e €  s p a c e  i s  z e r o .  N e v e r t h e l . s s ,  r h .  r e a l  f i e l d  D r ' )  c t e a t e s

o b s e r v a b l e  m a g n e t i z a t i o n  ( a s  i n  t h e  o t (  , l ( . l I o n  i n v e r s e  F a r a d a y  € f f e c t

j u s t  d i s c u s s e d )  w h e n  t h e r e  i s  f j e l d  m a l r .  r  i , , l e r a c t i o n  T h i s  c a n  o c c u r  a t

f i r s t  o r  s e c o n d  ( o r  h i g h e r )  o r d e r  i n  8 ( ' '  I - h e r e f o r e  r G )  c o n t r i b u t e s  t o

t h e  s a o r e d  e n e r g y  o f  t h €  f i e t d  t h r o u 8 , h  i l s  ä b i L i L y  t o  m a g n e t i z e ,  b u t  i i s

c o n t r i b u t i o n  t o  L r ,  t h e  f r e e  s p a c .  . 1 . . 1 r o m a g  € t i c  e n e r g y  d e n s i c y  i s

cance l led  by  i t ( ' ) .  The s to red  en€r8y  d , r .  to  !o )  must  o r ig ina te  in  a

source ,  and is  made awai lab le  to  mat te r  th rough the  in te rned iacy  o f  th€

f ie ld  a ( ' )  -  The la t te r  i s  th€re fore  the  agent  fo r  t ransn iss ion  o f  en€rAy

f ron  source  to  na t te r -  Dur ing  t l l i s  r raDsn iss ioD Process ,  to ta l  enerqy  is
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7 0 .

7 1 .

r h e r e  I .  i s  a  o n e  e l e c t r o n  s u s c e p r i b i l i t y  a n d  p .  a  o n e  e l e c t r o n  h y p e r _

p o l a r i z a b i l j  r y .  c t e a r l y ,  i f  a ß ,  w c r c  z e r o ,  r  v o u l d  b e  z e r o ,  ä n d  t h i s
contradicts fundamenral  theory [4]  .  / , /  I  .

S ü r e l y ,  i f  . h t s  r e s u l E  i s  f r o n  f t r s t  p r i D . i ' J e s ,  t h e  s o s c e p t i b i l i t y  a n d
hyperpolar izabi l i ty  fa!  one electron can b.  dcr ived in terns of  fondanen

Y e s ,  t h e  e x p r e s s i o n s  a r e  [ 4 1 ,  4 2 ]

/ 3 .

r h e r e  e  i s  t h e  c h a r a e  o n  t h €  e l e c t r o n ,  r o  i t s  r a d i u s  i n  l r t ,  m o  l t s  r : e s t
m a s s ,  a n d  o  t h e  a n g u l a r  f r e q u e n c y  o f  t h e  c i r c , r l a r l y  p o l a r i z e d  l i g h t  b e a m .

I t  can be seen that  of  A(t  vere z€ro,  there wou-Ld be no !  at  any order

i n  a ( t .  r n  o r d e r  f o r  E q .  ( 2 8 )  t o  c o n s e r v e  i  s y E r i e t r y ,  b o t h  E 1 0 )  a n d  t ( r '

m u s t  b e  a  n e g a t l v e .  T h i s  i s  b e c a u s e  !  i s  a  n e g a t i v e  a n d  s o  i s  e ,  t h e

other quant i t ies being spat io- temporal  in nat t r re and therefore C Posi t ive.
T h i s  f i r s t  p r i n c i p l e s  c a l c u l a t i o n  i s  c o n s l s r e n t  w i t h  t h e  n e g a t i v e  e

s y m m e t r y  o f  B ( 0 )  i n  o u r  d € f i n i t i o n ,  E q .  ( 6 ) .  I n  t h e  c o n v e n t i o n a l  t h e o r y

[41]  of  rhe one electron inverse Faraday ef fect ,  the ter :n l inear in t r t '
is  missing,  and the ef fect  is  expressed in terns of  the conjugate Product
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conserved.  Th is  i s  what  i s  neant  by  the  s ra tenent  tha t  -B{3}  i s  c rea ted
s i thout  Lhe expend i tu re  o f  energy .  As  shom by  pershan [38 ]  f ree  energy
can be  bu i l t  L1p  by  tbe  in te racr ion  o f  mo l .cu la r  p roper ty  rensors  v i th  any
power  o f  any  e l€c t romagn€t ic  f ie ld  component .  The la r t€ r  a re  so lu t ions  o f
Ma: re ]1 's  l inear  f ie ld  €quat ions ,  b t l t  the  in reracr ions  o f  f ie ld  components
k i r h  m d r ' F r  . r n  b "  n o n l i n e a r .

F a r a d a y ' s  l a v  o f  i n d u c t i o n  i n  S . L  u n i t s  i s

o' '  -3 :
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F o r  a 6 r  ä c c o m p a n i e d  b y  i ! ( ' , ,  t h i s  L a w  i s  o b e y e d  f o r m a l l y  i n  a  b e a n  o f
L i g h t  o f  u n c h a n g i n g  i n t e n s i t y ,  b o t h  s i d e s  b c i n g  z € r o .  I n  l h i s  c o n d i r i o n  a ( t )

i s  r€a l  and i t (3 r  i s  imag inary ,  aDd th is  can be  ! rue  i f  and on ly  r f  rhe

t i n e  d e r i v a t i v e  o f  t ( 3 )  v a n i s h e s  a n d  r h e  c u r l  o f  i r ( 1 )  v a l i s h e s _  T h i s

r e s u l t  i s  o b t a i n e d  f o r  a  c o n s r a n t  a n p t i r u d e  r , 1 0 )  = . r B ( 0 )  i n  f r e e  s p a c e .  I c
cou ld  be  argued tha t  i f  a (o )  and t  0 )  r l r . rsd lves  are  made r ime a lependent
b y  n o d u l a t i n g  a  b e a n  ( i . e .  b y  c h a n 8 i n g  t h .  b . a n  i n t e n s i t y )  t h e n  a  F a r a d a y
induc t ion  mi8h t  occur  in  f ree  spac .  in  a  ( : . i l  l vound around a  ]aser  beam

pass ing  th rough a  vacuun.  Horever ,  chang inp ,  the  magn i rude o f  a (3)  in  th is

way a lways  produces  a  pure  inag inarv  i r (1 )  wh ich  is  no t  observabLe as
F a r a d a y  i n d u c t i o n  w i t h o u t  t h e  p r e s e n c .  o t  n , a r c r i a L ,  i n  w h i c h  c a s e  t h €
i n v e r s €  F a r a d a y  e f f e c t  o c c u r s .

7 5 .  Y o u  k e e p  s a y i n A  t h a t  a t 1 )  i s  r e a l  a n d  i E t l t  j s  i n a t i n a r y .  b r t  c a t l l d n , t  i t

be  sa id  equa l ly  \ leL l  tha t  iB t l t  i s  i , ' ee ln . rv  : tDd Et l t  i s  rea l?

T h i s  w o u l d  c o n f l i c r  w i r h  r h e  e x p e r i m e n t r t  ( t a r r ,  b e c a u s e  n o  f i r s t  o r d e r
e L e c t r i c  p o l a r i z a t i o n  e f f e c t  d u e  t o  ! ( r )  h a s  b . r n  r e p o . t e d  t o  d a t e .  H e r e ,
{ e  f o l t o w  t h e  r u l e  t h a t  r e a l  f i e l d s  a . e  p h y s i , : ! 1 ,  i n a g i n a r y  f i e L d s  a r e
u n p h y s i c a l .

l 1 l
I 2 )
l 3 l
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P .  F r e n c h ,

Canbr idge,
I h e  n o L e c u l a r  t h e o r y  o f  o p t i c a l  N M R  s p e c t r o s ( : o p y  i , i  ( 1 , \ , 1 , , t i , , 1  , , , ( l  i l l r l s t r a t e d

w i r h  a n  e x a r o p l e  o f  a n  o p t i c a l  N M R  m € c h a n i s n  i n  w l r i  r  l r , r  t r i , t ] r ,  r  i , ,  1 ,  (  r  r  ( n r i .  d i  p o t e

o o m e n t  l s  i n d u c e d  i n  a  m o l e c u L e  b y  a n  a p p l i e d  1  ,  l r , l , l  l l | | ] i  r , , i , , l r : ,  i n  b ü l k

, n d  s i t e  s p e c i f i c  s h i f t s ,  b o t h  t y p e s  o f  s h i l l  l n  i , , i l  i , ! 1 , , , , , 1  , , i n , r l r , , r r o , r s l y ,

l c a d i  g  t o  a  n e w  a n a L y t i c a l  t e c h n i q u e  o f  g e n e r r l  1 r l i l i r v  l r r , ( l ' ! i l ) 1 ,  i , I r l ! . r i c a l

I e n s o r i a l  r e p r e s e n t a t i o n s  a r e  S i v e n  f o r  l l , (  m , , 1 1 . , 1  r , , r  l , v t ) r r t , ( ' l , r r  i , r . , l ) i 1 i l y

n r o l e c u l a r  p r : o p e r t y  t e n s o r  ' 1 f i r  r e r e v a n t  t o  t h i s  D , , l  r r i , , u  , , 1  i ! ( i , , ,  r  i o ' r  b y  l i l i r l

o f  a  o a g n e t i c  e l e c t r o n i c  d i p o l €  m o m e n t .  N o n  v a r i , i l , r , , )  !  1 ( , r ( , , r : i  o '  " ' ? i " , r  a r e  g i v o r

l o r  a l l  t h e  m o l e c u l a r  p o i n t  g r o u p s ,  a n d  e x a m p l , : j  , ' l  r r ) j , , t  l l r o , r p  . l r a r a c r . r -  r r b l c s

(  o n t a i n l n g  s c a t a r  e l e m e n t s  o f  ' ? ; i  a f e  A i v . n  i , , r  , r  l , v  t r ) i r r  l ! - o u p s .  
' l h .  r h . o r y

! s  w o r k e d  o u t  e x p l i c i t l y  f o r  t h e  g r o u p  O .  t h .  , ' (  r , ' | ) , ( | , . I I  i ! 1 , , , 1 )  { i l i l d i t  i ! r v . r s i o n ,

in  \ rh ich  exanp les  o f  po in t  g roup charac ter  t r l ) l ( : i  ,  ,  '  r  I  t  ,  ,  j  ,  i  i  |  ,  I  I  : ; . i r la .  . lemcnts  o l  '? f i r

. , r e  g i v e n  f o r  a  f e ,  p o i n t  g r o u p s .  T h e  t h ( . , ) r ' y  |  ! , , , 1 ( , 1  ( , , , r  ( . x p l i c j r l y  f - r  r l ' e

r , r o u p  O ,  t h e  o c t a h e d r : a l  g r o u p  r i t h o u t  i n v e r r l , , r r  l r  ! 1 ) i , 1 ,  ( i r ! i f y d d  c o . f f i c l c n t s
. , r e  a v a i l a b l e ,  s h o v i n g  t h a t  t h €  l a s e r  s h j l r : r  r l r  , , r  i r . l r L . , l  r u c l . a r  r e s o D a n c e s  i n
r h i s  p o i n t  g r o u p  i n  t h e  c o n t e x t  o f  r l r .  N ( l r . . r r , . r  { , , , , , i i ( 1 ,  f . d  h e r e .  T h e  s i t e
s r r c c i f i c  n a m e  o f  O N M R  i s  d e v e l o p e d  s € m :  i t ( u , l  i r , , r  ! ,  l \  l ) y  ,  ( ) n s i d e r i n g  a t o m i c  a n d
l ! ) n d  s u s c e p t i b i l i t y  a n d  h y p e r p o l a r i z a b i l  i r  y  o , ! 1 , . 1 ,

E l e c t r o m a g n e t i c  r a d i ä t i o n  i s  c a p a l , l ,  , ) l  n . r 1 l , {  r  i r i n S  m o l e c u l a r  m a t e r i a l  i n
r l i e  a b s e n c e  o r  p r € s e n c e  o f  a n  e x t e r r a l  n r . r | , , (  r ( ) l , r a r  i .  i i e l d -  E x p e r i m e n t a l
,  r idence fo r  th is  p roper ty  f i rs t  be( :a ! t r  , , v , ,  i  l r l ) l  ,  I  l , r  ouSh the  inverse  Faraday
t  i f e c t ,  f i r s t  p r o p o s e d  b y  P i e k a r a  a n d  K i i . l i ( . l r  i l  )  n n d  d e m o n s t r a t e d  e x p e r i m e n
' r t l y  b y  P e r s h a n  e .  a l  .  [ 6 - 8 ] ,  a n d  s h , , r !  l ' r l .  I t , , . .  t 1 y ,  t h e  p r e s e n t  a u t h o r

t , r o p o s e d  a  s i n p l e  a t o m i c  m o d e l  [ 1 0 ]  o l  o l ) r  i . i l  N M R .  i n  w h i c h  t h e  m a g n e t j z j n g

t , r o p e r t y  o f  l i g h t  i s  u s e d  t o  s h i f t  n , , (  |  i  a r  m a g n . t i c  r e s o n a n c e s ,  a n d  t h e

t , r . d i c t i o n  r a s  v e r i f i e d  e x p e r i n e n t a l l y  s h o r r l v  n t L e r v a r d s  b y  w a r r e n  e .  € 1 .  I r l l
L ' r  a  v a r i e t y  o f  m o l e c u l a r  l i q u i d s ,  i n c l r r d i n g  t h e  e n a n t i o n e r s  o f  p  m e t h o x y

ln re  ny l  in inocaßphor  in  the  l iqu id  s ta r { : .  subsequent ly ,  severa l  poss ib l€

rcchan isms o f  oNuR have been proposed in  s imp le  a toDic  sys tens  in  vh ich  there  is
, , e t  e l e c t r o n i c  a n g u l a r  n o m e n t u m  I 1 2 - 1 6 1 .  l n  g e n € r a ] ,  i t  h a s  b e c o m e  c l e a r  t h a t
rhere  can be  severa l  con t r ibu tory  mechän isms in  ONMR,  lead lng  to  a  r i ch ly  subt le
, ; p e c t r u n  a s  a  f u n c t i o n  o f  t h e  l a s e r ' s  i n t e n s i t y  a n d  s l a t €  o f  p o l a r i z a t i o n ,  a
,pcc t ru rn  wh ich  can be  used r i thout  fu r ther  ca lcu la t ion  fo r  such purposes  as
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c h e m i c a l  a n a l y s i s  o f  c o n p l e x  p r o t e i n s  i n  s o l u t i o n .
The most  inpor tan t  exper imenta l  fea ture ,  hovever ,  i s  tha t  the  e f fec t  o f  the

l a s e r  o n  e a c h  r e s o n a t i n g  s i L e  i s  d i f f e r e n t  [ 1 1 ]  i n  g e n e r a l ,  e x h i b i t i n g  a
d i f f e r e n t  f u n . t i o n a l  d e p e n d e n c e  o n  l a s e r  i n t e n s i r y  a n d  p o l a r i z a t i o n -  F o r
example ,  the  sh i f t  pa t te r :n  as  a  func t ion  o f  laser  in t .ns i ty  o f  the  r ing  pro tons
of  p  m€thoxy  pheny l in ino  camphor  vas  found cxper imenta l ry  [11  I  to  be  d i f fe renr
f rom th€  sh i f t  pa t te rn  o f  the  h iAh f ie ld  and orher  p ro tons .  Fu . th€rnore ,  the
0Nl1R spec t ra  fo r  r igh t  and le f t  enant ioners  vere  d i f fe renr ,  and d i f fe r€nr  aga in
in  the  racen ic  n ix tu re .  The e l fec t  was  much b iBger  in  c i rcu la r  po la r iza t ion
( r igh t  o r  le f t )  than in  l inear  poLar iza t ion ,  buL the  spec t run  showed no s imp le
dependence on  c i rcu la r  po la r iza t ion .  Fur thermor€ ,  there  was no  s inp le  func t iona l
dependence on  laser  in tens i ty  a t  the  expcr im.n ta l  laser  f requency ,  chos€n to  be
far  f rom opt ica l  in  the  v is ib le  rangc .  These fea tur :es  can be
u n d € r s t o o d  q u a l i t a t i v e l y  [ 1 / l  b y  u s i n g  a  c o m b i n a t i o n  o f  m e c h a n i s D s  b y  r h j c h  l i g h t
induc€s  a  magüet ic  e lec t ron ic  d ipo l€  moment .  Qu i te  genera l l y ,  and independent ly
o f  these de ta i l s ,  ONMR can be  in te rpre t€d  as  a  combina t ion  o f  bu lk  änd s i te
s p e c i f i c  s h i f t s ,  r h e r e b y  t h e  a p p l i e d  L a s e r  i s  u s e d  t o  p r o d u c e  a n  a n a l y t i c a l l y
use fu l  sh i f t  o f  lhe  magnet ic  f ie ld  seen by  the  resonar ing  nuc leus .  The sh i f t
depends in  genera l  on  th€  e lec t ron ic  topography  immedia te ly  ad jacent  to  the
resonat inS nuc l€us ,  and is  mäde up  o f  severa l  poss ib le  conr ! ibu t ions  o f  induc t ion
by  l igh t .  These bu lk  and s i te  sp€c i f i c  mechan isms are  a l l  p resent  s imu l taneous-
1y ,  and are  ned ia t€d  by  severa l  d i f fe ren t  mo lecuLar  p roper ty  rensors  such as

n o l e c u l a r  n a g n e ! i c  s u s c e p t i b i l i t y ,  ' l ? 1 ,  a n d m o l e c u r a r h y p e r p o l a r i z a b i l i t y ,  , ? , T i ,

wh ich  in  mo lecu les  are  an iso t rop ic ,  and made Lrp  o f  sca la r  components  ln  the
molecu le  f i xed  f rame,  components  vh ich  in  genera l  a re  d i f fe ren t  in  magn i tude.
T h i s  i s  a  w e L l  k n o w n  r e s u l t  o f  s e m i  c l a s s i c a l  r h e o r y  [ 1 8 ] .  T h e s e  c o n p o n € n t s  c a n
b e  d e v e l o p e d ,  i n  t u r n ,  a s  s u r n s  o f  l o c a l  s i t c  ( e . s .  a r o m i c  o r  c h r o m o p h o r e )
proper t ies ,  v /e ] ]  knom exanp les  be ing  the  a tom and bond po la r izab i l i t y  node ls  o f
s e m i - c l a s s i c a l  t h e o r y  I r 9 - 2 2 ] .  T h e  l a t t e r  i s  r h . r . f o r e  c a p a b l e  o f  p r o v i d i n A  a
g e n e r a l  f r a n e r o r k  f o r  u n d e r s t a n d i n g ,  a t  I e a s t  q u a l j t a L i v e L y ,  t h e  s e v e r a l  u s e f u l
fea tures  o f  ONMR in  no lecu les .

In  th is  paper ,  r , re  in i t ia te  th€  theory  o f  bu lk  sh i f rs  in  the  opc ica l  NMR of
molecu les ,  v , /hos€ po in t  g roup symn€t r ies  a re  used ih  rh !  co l rex t  o i  the  rheory  o f
angu lar  momentum coup l ine  in  quant (1 ln  mechan ics  dcv . lop€d by  c ru f fydd  [23 ,  24 ]
r h r o u g h  h i s  w e l l  k n o r n  V ,  W ,  a n d  X  c o e f f i c i e n t s .  l h . s { ,  a r e  r h e  e q t r i v a l e n t s  o f
3 - j ,  6  j .  a n d  9 ' j  s y n b o r s  i n  t h e  e q u i v a l e n t  R a < i ä h  : i l s e b r a  t 2 3 ,  2 4 1  i n  o n e
e l e c t r o n  a t o n s .  T h e  s y m b o l i c  E a c h i n e r y  o f  ( j r u l  I y d d  a l t c b r a  i s  s ü p e r f i c i a l t y
c o m p l i c a t e d ,  b u t  t h e  t h e o r e t i c a l  c o n c e p t  i n  t h i s  v o r k  i s  s i n p l y  d e s c r i b e d  a s
f o l l o w s .  T h e  a p p l i e d  l a s e r  i s  a s s u m e d  t o  i n d u c e  i n  t h e  e L e c t r o n s  o f  t h e  n o l e c u l e
a  n a g n e t i c  d i p o l e  m o m e n t .  F o r  e x a n p l e ,  i n  t h e  l a b o r a L o r y  f r a r e  ( X ,  Y ,  Z ) ,
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t rnd  i t s  conp lex  con jugate  ,E ' ;  ,  o f  the  lascr .  The tensot  E  t ;  i s  d i  rec t l y

p r o p o r r i o n a l  L o  t h e  H e r m i t i a n  l i g h t  i n t e n s i t y  t e n s o r ,

r  t i  =  . f  E t E i  ,  
( 2 \

wher :e  €o  is  the  pern i t t i v i t y  in  vacuo and . i  I  h ( ,  : ,p .ed  o f  l ighL .  ln  th is

d e c h a n i s m ,  t h e  i n d u c e d  d i p o l e  m o m e n t  i s  t h e r e f o r .  d i r c c t l y  p r o p o r t i o n a l  t o  t h e

l a s e r  i n t e n s i t y  i n  w ä t L s  n ' : .  T h e  m e c h a n i s m  ( l )  i s  o r t ' o u t  o f  s c v e r a l  p o s s i b l e
' f 7 l  

a n d  i s  c h o s e n  t o  i l l u s t r a t e  t h e  a p p l i . a t i o n  o f  ( r r u l f y d d  a l g e b r a  t o  t h e

The ensenb le  aweraged magnet iza t ion  indu( : fd  l , y  l l ! .  i l )p l i cd  laser  i s  then

L  2 5 l

< M i i ' d  ( o )  >  =  , v < n " ' " ' r )  ( o )  , ,  ( 3 )

s h e r e  N  i s  t h e  n u r n b e r  o f  n o l e c u l e s  p e r  u n i t  v o l u r N .

T h i s  i s  c a l c u l a t e d  i n  t e r m s  o f  t h e  : ; l  (  , , ( l y  r ; t  r t .  . n s c n b l  c  r v ( , r a 8 , e d

< n , 1 r " d ( o ) >  i n d u c e d  i n  e a c h  m o l e c u l e  o f  a  s a r p l ,  l ) v  l i | h r .  T h e  m ä g n e t i c  f l u x

d e n s i t y  a t  s o m e  p o i n t  i n  t h e  s a m p l e  i s  f i r s l  . ! 1 , , , 1 : , r ( . ( i  r s i n g  t h e  m ä S n e t i z a l i o n

( M ( i n d ) ( o ) > .  ü i t h  l i n e a r  M a x v r e l l i a n  f i e l d  e q r r a t  i , i , , i ;  w ,  { o n s i d c r  t h e  s a m p l c  t o  b e

a  m a g n e t i z e d  s p h e r e  o f  p € r n € a b i l i t y  I  w h i c h  r r i  r ! ) r  r  t ) f r m a n e n t l y  m a g n e l i z . d

o b j e c t ,  b u t  o n e  i n  v h o s e  m a g n e t i z a t i o n  I  d e r j v ,  i ,  l , , r t r  r l , ( .  r p p l  l e d  f L u x  d e l r s i t y  a '

1 n  S . L  u n i t s ,  s t a n d a r d  ü a g n e t o s t a t i c s  s h o u r i  l l , , , t  r l , ,  n [ l t r . l i c  f l u x  d e n s i t y  a n d

i i e l d  s t r e n g l h  i n s i d e  t h e  s p h e r i c a l  s a m p l e , , ' , . .

a-- e", !v$, "- 
- 

ri, (', 
'i 

"1. 
ab t\Eb. (aa)

w h e r e  p 0  i s  t h e  p e r m e a b i l i t y  o f  f r e e  s p ä c {  a r n l  u  l l ü t  o l  t h e  s a n p l e  m a t e r i a l -
' t l t e  n a c t o s c o p i c ,  M a x w e l l i a n ,  n a g n e t i c  f l u x , t , . l , i i r v  i n s i d e  t h e  s p h e r i c a l  s a m p l e

" -=(" - ' l *  )+

rhere '? i ; r  is  the mediat ing Dolecular  hyperpolar izabi l i ty  tensor,  and ErEJ'  is  ä
Hermit ian t€nsor pr :oduct  of  the osci l la t ing electr ic  f i€ ld srrength vector  t i

( 4 b )

l i qua t ion  (4ä)  a l lo rs  th€  ca lcu la t ion  o f  16  l ron  I ,  to  rh ich  there  are  cont r ibu

t i o n s  s u c h  a s  t h a t  i n  E q .  ( 3 ) .  E q u a t i o n  ( 4 b )  s h o w s  t h a t  a b  c a l c u l a t e d  i n  r h i s

r n l üd  (o )  ]  , a l : , t o . . ,  o l t , t | .  j  . a ' , : , t a , - 6 ,a )E ;E* , ( 1 )
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way depends on ly  on  p ,  [0 ,  and r , ,  and is  independent  o f  s t rucrura l  dera i l s  o f
t h e  s p h e r i c a l  s a m p l e ,  i  e  o f  i t s  a t o m i c  o r  n o l e c u l a r  s t r u c t u r e .  T h e r e f o r e  a n y
Nlß  sh i f t  ca lcu la t .d  f ron  the  macroscop ic  f ieLd  Bü ins ide  rhe  sanp le  i s  a  bu lk
s h i f t ,  a n d  c a n n o t  b e  s i t e  s p e c i f i c -

A  m a g n . t i z a t i o n  s u c h  a s  t h a t  d e f i n e d  i .  I t q .  ( 3 )  t h e r e f o r e  c o n t r i b u r e s  t o
t h e  o v e r a l l  b u l k  s h i f t  o b s € r v e d  e x p e r i m e n t a l l y  i n  r e f .  [ 1 r ] .  T h e  l a s e r  i n d u c e d
s i t e  s p € c i f i c  s h i f t s  o f  r e f .  t 1 1 l  n e e d  a  m e c h a n i s m  b y  w h i c h  t h e  m a g n e t i c  f i e l d
a t  the  resonat ing  s i te  d i f fe rs  re la t i ve  ro  an  in te rna l  s tandard .  (One such
n e c h a n i s m  i s  d i s c u s s e d  i n  t h e  A p p e n d i x  B  o f  t h i s  p a p e r ,  a n o t h e r  i n  r e f .  t 1 1 1 . )

l n  t h e  f i e t d  a ,  i s  i d e n t i f i € d  w i t h  r h e  p e r m a n e n t  m a g n e t i c  f l u x  d e n s i t y  o f
a n  N M R  i n s t r u n e n t  ( € . 9 .  6 . 4 .  t e s l a  i n  a  2 / ,  M l l z  s p e c r r o n € t e r  [ 1 1 ]  r h e  a r !  o f  s u c h
a  f i e t d  i s  g i v e n  b y  E q .  ( 4 a ) ,  i n  w h i c h  t h e r e  i s  a  r e 1 ä t i v e l y  s n a l l  c o n t r i b u r i o n

t o  I  d u e  t o  a n  a p p l i e d  l a s e r .  T h e  c h a n g c  i n  a t u  d u e  t o  < n 1 ' ' " " ' ( o ) >  o f  E q .  ( l )  i s
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I n  S e c .  2 ,  t h e  f u n d a m e n t a l  p r o p e r t i e s  o I  r l , { ,  n e d i a t i n g  h y p e r p o l a r i z a b i L i r y

lensor  ' t ; " i *  a re  g iven in  te rns  o f  the  symm.r l r i cs  o I  i t s  rea l  and inag inary

p a r t s ,  a n d  i t s  i n t . r n a L  d e n s i t y  m a t r i x  s t r u c r , I r .  ( l . v { , 1 o p e d .  T h e  n o n _ w a n i s h i n g

i n d i v i d u a l  s c a l a r  c o m p o n e n t s  o f ' ? : ; &  a r €  t a b r r l n l ( ( l  i I r  a l 1  t h e  m o l e c u l a r  p o i n t

g r o u p s .  I n  S e c .  3 ,  t h e  t e n s o r ' ? f i r  i s  a n a l y z l ' ( l  r o  l l i v .  i t s  n o n  w a n i s h i n g
j  r reduc ib l€  spher i  ca l  tensor ia l  representa t  i  on : ;  i  t )  a  I  I  rhe  molccu la r  po in t

g r o u p s ,  u s i n g  t h e  m e t h o d  o f  C o o p e  e t  a l  .  f o r  r . ( 1 , , (  i n u  .  I a n k  t h r e e  t e n s o r  l 2 q l
' f h € s €  

c o n s i s t  o f  a p p r o p r i a t e  c o n b i n a t i o \ s  o t  s . a 1 ; t r  . ( , n p o D e n t s  E x t e n s i o n s  f o r

some po in t  g roup charac ter  tab les  ident i f y  a  I i  v f r r  i  I  r ,  (1 , , .  i  b l  e  rePresenta t ion  o f

t h e  m o l e c u l a r  p o i n t  g r o u p  v i t h  t h e s e  c o m b i n a t i o n : ; .  l t r  s , ( .  4 .  a . o m p L e x  s p h e r i c a l

b a s i s  ( - 1 ,  0 ,  1 )  i s  d e f i n e d  i n  t h e  m o l e c u l c  f i x ( ! l  l i , n ,  l x .  v ,  z )  f o r  e v a l u a t i n g

r  h€  induced d ipoLe moment  (1 )  in  any  g iven t ) ( ) i r r  l r t  ( , , , t ,  I  t )  sec  5 ,  th€

c a l c u l a t i o n  o f  t h e  O N l " l R  s p e c t r u m  i s  c a r r i € d  o u l  , ' x t ) l  i ( i l l v  i r r  l l ! '  l ) o i n t  g r o u p  0 ,

t h e  o c t a h e d r a l  g r o u p  w i t h o u t  i n v e r s i o n ,  f o r  w h i (  l ,  V .  !  , , r ( t  I . ( ) ( t l i . i { : n 1 : s  a r e

a v a i L a b l e  i n  t h e  l i t e r a t u r e  [ 2 3 .  2 4 ) .  r i r l r l l v . , , I i  ( L , 1  : ; i , ) t I  ( l ( ' v e l o p s  t h e

i n d i v i d L r a l  s c a l a r  c o m p o n e n t s  o f  ' ? i ; r  i n  t e r m s  o l  r ; , r  i  r : l r ' (  i l  i .  t c r n s ,

i n  a n a l o g y  w i t h  t h e  1 " ' e l L  d e v e l o p e d  a t o n  a n d  b o t l l  t i ( , l . , r i . 1 . , l , r l r r v  n i r l l t  1 1 ,  l o : l 4 l

Sone t'undaoental Properties of the Hyperpol dr i zrl,i I i t y

l n  g e n e r a l ,  t h e  t e n s o r  ' C i ; r  c a n  b e  s p l i r  i , , r , ,  I ( . , 1  , t ' x i  i t r , , l i ' I ' n r v  | , r r r s

( ac )

w h e r e  < a r " " d ) >  i s  a n  e n s e m b l e  a v e r a g e d ,  l a . e r  i n d u c c d ,  m a g n e t i c  f t u x  d e n s i t y
w i t h i n  t h e  s ä m p l € ,  c o n s i d e r e d  a s  a  s p h e . e .

The laser  there fore  has  the  overa l  I  e f fe . t  o f  chang ing  the  s imp le  NMR
Hami  l ton ian  f ron

. B l , . J ' ,  -  
: F ,  

M ,  
t  t ^ l

L t ,  -  - f r , i l B . t .  < ß , " " 1 1  ) ) ,

i 3 s l ,

which  thensetves

( t )

r , , l  l !  i n  s e m i  c l n s s i . a l

( 8 )

( 5 )

( 6 )

,a1 j "  =  'F i \ .  i  ' t : , , .

become compl€x  when dampin f ,  i , i

D 1 e |  =  h t i 1 , ,  i o r " , , : .
i . € .  p r o d u c e s  a n  o v e r a l l ,  o r  b u 1 k ,  s h i f r .  H e r e  , l d ,  i s , ,  r ü . l e a r  m a g n e t i c  d i p o l e
n o m . n t ,  a n d  a r r  t h e  s t a t i c  n a g n e t i c  f i e l d  o [  t h .  N l . { R  i r ] s r r L i n . n t .

] h € r e  a r e  n u e r o u s  e l € g a n t  c o n t e n p o r a r y  N l , r R  o . r h o ( l s  a v a i l a b L e  I 2 6  2 S l r i t h
r h i c h  t h e  l a s e r  c a n  b e  a p p l i e d .  T h e  H a m i l t q r i a n  (  ) )  j s  t h e  s i m p l e s t  p o s s i b l e
e x a n p l e ,  c h o s e n  f o r  t h e  f i r s t  d e v e l o p n e n t  g i v e r  i , ,  l h i s  p a p e r .

D e v e l o p i n g  O N M R  t h € o r y  i n  m o L e c u l e s  i m p l i . s  r h .  ü s e  o f  r h €  m o l e c u t e  f i x e d
f r a m e  o f  r c f e r e n c e  t o  d e l i n e  t h e  n o t e c u l a r  p o i n r  a r o L r p  L 2 l ,  2 4 1  i n  w h i c h  c r u f f y d d
a l g e b r a  i s  a p p L i c a b l e .  T h e  i r r e d u c i b L e  s p h e . i ( : r l  r f d : i o r i a l  c o m p o n e n r s  o f  t h e
h y p e r p o l a r i z a b i l i r y  m u s t  t h e r e f o r e  b e  l r o r k e d  o u t  l o r  e a . h  m o l e c u l a r  p o i n t  g r o u p
i r t  o rder  Lo  app ly  the  c ru f fydd  theory  o f  anau l : i r  f t )m.nrum coup l ing  in  quantuD
m € c h a n i c s .  T h e  l i g h t  i n d u c e d  € l . e c t r o n i c  n a g n e t i .  d i p o L e  n o m e n r  n u s r  t h € n  b e
worked ou t  in  te rms o f  these conponents  in  the  do1e. , , ie  f i xed  f rane,  and f ina l l y

ensenb le  averaged to  g ive  the  laser  induced magncr ic  f lux  oens i ty  <a l ' "d> ,  and
b u l k  s h i f t .

' f h e  
a x i a l  t e n s o r s  ' 0 ? j i  a n d  ' ? i ; r  h a v e  o t ) r ) { )  i i r ,  Y r D , (  r  I  i e s  t o  n o t i o n  r e v e r s a l

i :  ' ? ; r  i s  p o s i t i v e ,  a n d  ' ß ? j r  i s  n e g a t  i " ,  I l . , r  l ,  l r , ,  r 1 ,  r r e  p o s i t i v e  t o  p a r i t y

i n v e r s i o n  p  l l 5 l .  r h e  t e n s o r  ' 0 ? : r  v r , , i , 1 r , :  1 , ,  m , ) l { . r r l e s  w h i c h  h s v e  n o  n e l

, , l e c t r o n i c  a n g u l a r  m o m e n t u ,  t h e r e f o r .  l ( ,  a r ( l  " ' 1 " . ' d  ( ' x i s t s  i n  a l l  a t o m s  a n d

m o l e c u l e s .  A n  i n d u c e d  m a g n e t i c  d i p o l e  t r ! , r d ,  r r r  i  ,  t t , , i , ' r . t . d  f r o m  t h e  u b i q u i t o u s

r e n s o r  ' 9 f i r  b y  m u l t i p l i c a t i o n  w i t h  t h i  i n h l i i ' i , , r v .  r n l  i s y f l r n r e t r i c ,  f  n e g a t i v e ,  F

p o s i t i v e ,  c o m p o n c . t  o f  E i E ; ,  w h i c h  c a n  b .  r  ,  I ) f ,  : r { ' ' , r  . ( l  v e c t o r i a l l y  [ 3 5 ]  b y  t x l '

U s i n g  d e n s i t y  D a t r i x  f o r m a l i s n  l - l l  l l , o  i r r l . r n a l  s e m i  c 1 a s s i . . l  s t r u c t ü r e

o f  '? i i i  can  be  dev€ loped as ,
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(  1 4 )

( e )

ln  general  ther€for :e th€ hypeipolar izabi l i ty  in d.nsi ty  matr : ix  for : ra l isD is a
funct ion of  f requency,  and shows opt ical  r rsorranr:es of  the type i l lustrated
r e c e n t l y  b y  w o ; n i a k  e t  a l  .  t 3 5 ,  3 6 1 .  I t  i s  t h e  t . n s o r  t h a t  m e d i a t e s  t h e  i n v € r s e
I iaraday ef fect  in notecules wi thout  net  e lcc l  roDic angular  monentun such as

water.  Care must be taken not  to confuse the co c.p i  o l  ot) l i .a l  resonance wi th in '?; r

v i th the concept of  nuclear nagnet ic r :esonan.t ,  .h; ' r t .s  caused by ' t?: r .  The
f o r n e r  a r e  e l e c t r o n i c  i n  n a t u r e ,  o c c u r  t y p i . a l l y  i h  r l t  v i s i b L e  f r e q u e n c y ,  t h e
Latter  are caused by radio f requency f ie ld induc.( i  I  furs i  I  i  ons bet l teen magnet ic
.onponents of  the net  angular  nonentum quantuo rnul , (  '  in  l i l .  (6) .

T h e  h y p e r p o l a r i z a b i l i ! y  ' P ? : l ( 0 , ( ' ,  o )  i s  t i v { h  l ) y  l i l .  ( 9 )  I 3 s ,  3 6 1  b y
replacing the imaginary part  of  lhe matr ix  e lem.rr  pr( ! lu. r  jn r l t r '  nt lmeralors by
i t s  r e a l  p a r : t .  T h e  q u a n t u n  n e c h a n i c a l  e x p f ( s s i o t ß  l ( ) f  l l , .  h y p e r p o l a r i z -

a b i l i t i e s ' ß i ; r ( 0 , - o , o )  a n d ' ? ; ; k ( 0 , - o , o )  a r € g i v f ' ,  1 ) v  h r ) l , , . i n i l  o  i D ' " o ' i j k ( 0 , o , - o )

r n d  ' 1 f i * ( 0 , o .  ( ) )  b y  o .  T h e  e l e c t r o n i c  n a g n e t i .  ( l r l f u i {  n ! , r ( n r  ( ) p . r a t o r  i n d u c e d
b y  l i g h t  t h r o u g b  t h e  m e d i a t i o n  o f  t h e s e  t e n s o r s  i s  ( l (  l  i r ( ( l  i r  t ( r . r r l  t h r o u g h  t h e

symnetr ic  and ant isynmetr ic  parts of  the Hcrmi I  idr  L , ( ) r  t , / i ; ,

fb  =  Ihc  +r . ,

EF;  -n i+n i k ,  r jE i  ( t r i ; ) ' , ( l l i ' ) ) ' ( r 5 )

ni = 
iFjE;. t:,t:),

(r?rb = <ö ,tr  la>,

(ß;). . ,  = <c P,lr '>.

j ( I i . - Ib-r" . )

(ob. iri.)

( 10 )

( 1 1 )

denote  magnet ic  and e lecr r l c  d ipo le  t rans i t ions  berween e lecr ron ic  quantu  s ta t€s
a)  and < .b l  and b> and <c  respec t ive ly .  Opt ica l  resonances  r i th in  th is  sen i -

c lass ica l  s t ruc tu re  a re  de f ined as

% = " , . . = @ i ( 1 2 )

and pj : '  denotes the quantur mean value of  the unpcrLurb€d densi ty marr ix  in the
s t a t i o n a r y  s t a t e  l a > .  T h e  q u a n t i t y  f ; :  i s  a  c h a r a c t e r i s t i c  r e t a x a r i o n  t i n e
bet\ reen the states lö> and la)  and

u i  t h

( 1 6 )

trJi = 1tr,rl)' .

Note  tha t  these f i€ ld  p roduc ts  a re  indeprnd! t ) l

t re  independent  o f  the  euant i t y ,

( 1 / )

t l tu '  p l )ase af  the 1aser,  i  e.

is  a correct ion term which can be ignored vhenever rhe conbinat ion
lerns in Eq.  (13) is  sma1l  r€ lat ive to rhe f requency oh,  and which
the absenc€ of  danping or  i f

( 1 3 )

of  dampina
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( 1 8 )
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' 1 : j l ( 0 . o ,  o )  =  " ? : i j ( 0 . o .  o ) ,

v h e r e  o  i s  t h e  l a s e r ' s  a n g u l a r  f r e q u e n c y ,  r  r h e  t i m e ,  x  t h e  l a s e r ' s  l t a v €
vector ,  and r  a posi t ion v€ctor .  This is  an essent ia l  and fundamental  feature
of  the theory of  molecular  nagneto opl ics,  developed extensively by the Poznan
Schoor I38j ,  a feature which al rows the induced magnet ic e lectronic d ipol€ noment
to be t inre independent,  i .e.  to be non-zero af ter  t ine averagir tg over many cyctes
o f  t h €  l a s e r ' s  I r e q u e n c y .  W i t h o u t  t h i s  f e a t u r e ,  o N  R  s h i f t s  a o u l d  a l 1  v a n i s h ,
in th is mcchanism, af ter  t in€ aweraging.  Simi lar ly  there would be no inverse

Faraday ef fect  [1 9]  wi thout  using coniugate products ( t i t ; )  in  i ts  rheoret icäl

Note careful ly  that  a l though the Laser 's  f requency does not  enter  d i rect ly

into products such as Ei t j : ,  i t  occurs wi th in rhe inrernal  st ructure of  the
m e d i a t i n g  p r o p e r t y  t e n s o r  d e v e l o p e d  i n  E q .  ( 9 ) .  c l e a r l y ,  i f  t h e  l ä s € r  i s  t u n e d
t o  o D t i c a l  r e s o n a n c e .  i  .  e .  i f

( 1 9 )

' ? i j " t o ,  -  
" , . 1  

=  -  " ? ü j ( a ' - @ ' a ) .

' f h c r e f o r e ' ? i ; r ( 0 , ( ' , - o )  i s  a n t i s y r 0 m e t r i c  i n  i r s  l a : i r  r , o  i n d i c . s ,  s o  l h a t  o n l y
{ r . , r t a i n  c o m p o n e n t s  i n  a n y  D o L e c u l a r  } ) o i r l  i t f o u p .  T a b l €  I  i s  a
. o n v e n i e n t  s u n ü 0 a r y ,  i n  t h e  m o l e c u l e  f l x e d  f r a m '  ( r ,  y ,  1 )  l l ! 1 .  o f  n o n  v a n i s h i n g

. o n p o n e n t s  o f  " ? f * ( o , ( ) ,  - o )  i n  a l l  t h e  c o m m o n l  y  o . . , r r  r  i h |  n ( , l r ' . u l a r  p o i n t  g r o u p s .
l n  T a b l e  l ,  i f  a  c o m p o n e n t  i s  n o t  r e c o r d e d ,  t h e n  i r  i , ,  i ( 1 , . ' r r  i ( a l l y  z e r o  i n  f r a n €

\ x  y ,  z ) .  I n  r h e  O  p o i n t  A r o u p  f o r  e x a m p l e ,  t h . r f  i : ;  r , r l v , , t r r  i t r l c p c n d e n t  n o n
z e r o  c o m p o n € n t .  E v e n  i n  t h e  p o i n !  g r o u p  o f  l o u e s t  s y n t r r (  r r y .  l l ) . . 1 ' i r a I  4 , ,  t h e r e
r r e  o n l y  n i n e  i n d e p e n d e n t  n o n - z e r o  c o m p o n e n t s  o u r  , ) l  i t  1 " , : ; s i l ) l (  l , ) l a l  o t  ) 1 .  A
.onpon€nt of  the type i j . j  a lvays vanishes beca, ,s(  r ) l  I  lx ,  s"bs.r ipt  symmetry
. e c o r d e d  i n  E q .  ( 2 1 ) .  I n  t h e  c , "  p o i n t  g r o l l )  , , 1  v . , r ,  r ' .  r h r r .  a r .  t h r e e
i n d e p € n d e n t  n o n - v a n i s h i n g  c o m p o n e n t s  o n L y .  I l , ,  , , i , t  , ' l  l h i s  I a b l c  1 ! r e a t l y
( l . c r e a s e s  t h e  c o m p l e x i r y  o f  c a l c u l a t i o n  i n  l h o  I ( ) 1 1 , ) ! i , u i : i r . t i o n s .

] .  I r reducib le Spher ical  Representat ions ol  '? ' l i r

c m f f y d d  t h e o r y  [ 2 ] ,  2 4 1  i s  w o r k e d  o , , r  i , ,  r ,  r r r '  , , 1  : r p h e r i c a l  r e p r e s e n t a
r  i o n s  o f  a  g i v e n  m o l e c u L a r  p r o p e r t y  r a t h e r  t h a ' ,  { : . , r t , ,  L  , r  I n  o r d € r  t o  a p p l y  i t ,
, i  g i v e n  C a r t e s i a n  t e n s o r  o p e r a t o r  n u s t  b e  w f i r r , , ,  i , '  r ( 1 n i s  o f  i t s  i r r e d t l c i b l e
s p h e r i c a l  r e p r e s e n t a t i o n s  i n  r h e  m o l e c u l a r  p o i , , r  i 1 r , , , , t )  l r  t h e  l a b o r a t o r y  f r a m e ,
t h e s e  a r e  r e p r e s e n t e d  b y  t h e  D  s y m m e t r : i e s  l . ) J .  l 4  i r r l  , : ' c h  D  s y m n e t r y  h a s  i t s
, q u i v a l e n t  1 2 3 ,  2 4 1  i n  a n y  n o l e c u l a r  p o i n t  l ! { , , r r )  l l n , s .  r  s ü i t ä b ] e  c o m b i n a t i o n

, J t  s c a l a r  e L e m € n t s  o f ' ? i i -  i n  r r a m e  ( x ,  y ,  , )  1 , , , m s , ,  l , r : , i s  f o r  e a c h  i r r e d u c i b l e
, r p r e s e n t a t i o n  o f  t h e  m o l e c u l a r  p o i n t  g r o u t ' .  , ' ! ( t  r 1 ! . , ,  i r r e d u c i b I e  r e p r e s e n t d
l i o n s  a p p e a r  i n  t h e  G r u f f y d d  V ,  ! J ,  a n d  X . , ) ,  l l i ( i ( r l : ,  l l .  2 4 1 .  T h e  l a t t e r  i n
rurn deter .n ine how one anAular  nromentum .o1rt , l (  : ;  wi l  l r  . , ! , { ) r  l r r  in quantm nechanics
, , p p l i e d  w i t h i n  t h a t  p o i n t  g r o u p  i n  f r d m r '  ( : r .  y .  ? ) .  l l , i s  i s  t h e  m e t h o d o l o g y
, , d a p t e d  h e r e  f o r  t h e  c a l c u l a t i o n  o f  O N M R  s t , r  (  l  r r  i , ,  , , r v  t  i v e n  n o l e c u l a r  p o i n t

r t r o u p , a m e t h o d o l o g y w h i c h s h o l r s i m p l i . i l l y I l , , t l t l , ( o \ i { l { s p e c t r u n r d e P e n d s o n t h e
v a L u e s  a s s i g n e d  t o  e a c h  i n d i v i d u a l  s c a L a r  , , u 1 ' , , r r r r t  o l  I  l , e  h y p e r p o l a r i z ä b i l i t y
. o n s i d e r e d  h e r e ,  o r  m o r e  g e n e r a l l y .  , ) l  ; , n v  n , , l (  . u l a r  p r o p e r l y  l e n s o r  t h a t
D e d i a t e s  t h e  i n d u c t i o n  o f  a  m a g n e t i c  e l . . t r o r i .  ( l i t r ) l (  m o m e n t  b y  l i g h t .

To r€duce the rank three tensor ' t i i r  ro i ts  i r reducib le spher ical
,  o m p o n e n t s  o f  w e i g h t s  0 ,  1 ,  2 ,  a n d  3 ,  w e  f o l l o u  ( h o p .  . : .  a 1 .  1 2 9 1 ,  a n d  l ' o r k  i n

\ " t j \ Q , 6 ,  a ,  =  ' 1 f r ( 0 ,  o . o ) ,

' l i ; r ( 0 , o ,  - o )  =  \ ü j e ,  - @ , 6 ) ,

(2r)

Lhe nediat ing tensor increases sharply in magnirude,  and in consequence the

i n d u . p d  m a g n e l r c  d i p o l e  m o m o n t  n ' i ' d ' r n r  m , ' l i .  e J  o v  r \ i s  l p n s o r  i n ,  ' e " s e s
coürensurately.  This is  a useful  feature fo.  ONMR i f  the laser is  tuned to ar l
opt ical  resonance of  the specimen in tbe v is ib le,  Lhen the oNl{R shi f ts  wi l l
incr€ase dramat ical ly  in th is theory.

W i t h  t h e s e  c o n s i d e r a t i o n s ,  v e  h a v €  t h e  f o l l o w i n g  u s e f ü l  r e l a t i o n s  b e t v e e n
h y p e r p o r a r i z a b i l  i  t i e s  l 3 s l ,

' t i ' r i ( o .  o ,  o )  =  ' a? : i o .  o .oJ ,

' d ,9 i ( 0 .@,  c , )  =  ' a ; i i ( 0 ,o ,  o ) ,

, a ;5 r (0 ,  - o ,  o )  =  "a i ; ; ( 0 ,  o ,6 ) ,

and fo r  the  re levant  par t  '? ; ; i  cons idered here ,

( 2 0 )
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the  molecu le  f i xed  f rame (x ,  y ,  z )  vh ich  de f ines  the  molecü]ar  po in t  g roup (The

s y n b o L s  x ,  y ,  z  o c c u r  i n  t h e  p o i n t  g r o u p  c h a r a c t e r  t a b l e s . )

The component  a t  ve igh t  0  i s ,  in  tensor  no ta t ion ,

<22)

Molccular Theory of Opticol NMR Spectroscory: Light...

D ; ' - A , * ß , + 1 r , .

' t " r ' r  = j (u , r* l r , . l  .?""1."1.  . r . . " .  u).

l h c  p r o b l e m  n o v  r e d u c e s  t o  f i n d i n g  w h j . h  ( o m l ) i r , , r  i o n s  o f  . ? i 5 r  a t  r a n k  o r t r .
, , r r e s p o n d  t o  r h i . h  i r r c d u c i b l e  r e p r e s c n t r r  i ( ) n .  . L | ( 1  t l i i s  c a n  b e  s o t v . d  b v

r " s p € c t i o n  o f  L h e  s t r u c t u r e  i n  ( x ,  y ,  z )  o l  . t - ' ,  
f i v ,  I  b y  C o o p e  e r  a t .  i 2 9 1 ,

249

( ? 6 )

This component is  a scalär ,  and forms a basis for  the tota l ly  syr  let r ic

i r r e d u c i b l e  r e p r e s e n t a t i o n  o f  t h e  p o i n t  g r o u p -  I n  O  t h i s  i s  Ä , .  T h u s ,  t h c

conbinat ion of  scalar  conponents 2 l '1: ; -  ' l ; : , .  ' t . i i . )  forns a basis for  Ä,  t , ,

0.  Slmi lar  conclusions can be arr ived at  for  a l l  the other polnt  groups.  Usina

( 2 3 )

'1""(o) = -€r, 'liik ' 2l 'W, . "1""i. - '1;L)

,?,:n(,, = ; [6,j( "e"1'' )k _ 8,,( .r",;], ' ), . (,i"",,' ' ),s,,],

where  lhe  th re€  cont r ibu tory  te rms are  de f ined as

(  .? : ' ' ' ' )_  = \nr .  \ä , ,  '1 i1 , ,

('e;' ' ' ')j = \i3". \;:,. '1r1..'

( 21 )

I  f o m  t h i s  w e  s e e  t h a t  r h €  A ,  c a n  b e  i d e n t i f i e . t  w j i  l r  " y  
' .  

|  ! j r  t j  " i . " f ; )  ,  a n d  B ,

, : l t h  ' ? " " i " .  I n  t e n s o r  n o t a t i o n ,  a l i e r n a t i v e l y .  r " y - ' .  t , , r r j : .  ; ,  l ) a s i s  f o r  4 ,

i r )  t h e  p o i n t  g r o u p  c ? v i  (  , 9 " " , ) ;  f o r m s  a  b a s i s  t ( , '  / r  i  , , , , r  , , y " .  r  J o r n j s  a  b a s i s
r ( ) r  B ? .  T h e  i n d i v i d u a L  € L e m e n t s  d r e .

and so the basis for  A,  in O is nade up of  only one rerm, 6 '1; i .
The i r reducib le spher ical  tensor ia l  component at  weight  I  of  the rank thre.

f r i m p  r r  v  7 r  i c  l ) q l

R,, ' ' tn,. '1";, - '1":..,.

4. h1tr:x+ '111" . ,t; '1.,

A,, h1?","+ . 't i ;, ^t i..,

( ) 8 \

. , r  r , , r . t l r  I  r ( , '  , , ? i l  a t t  v a l i s l ,
l i , r l l  ' , t ,  1 , , )  . , l l  r l t  o t h e r  ( : o r L r r o l l y

" ,  
1 . ' r ) 1 i , .  . ) .  I .  r r t r l  4 .

r ' t ' r  ' , , ' , , r . i 1  i . r '  i t '  ( x .  y ,  z )  i s ,  i n

r ' t  r  ' . r - 9 " . ' r  .  ( 2 9 )
, r  '  ' .  i  '  /  t r t f t u '

(24)

(25 '

, r l  f ron Table 1 we see rhat  rne oases
, l . n r i c a l l y  i n  a , v .  S l m i L ä r  r e s u l t s  c a n  b .
, (  { :ürrrng pornr Srolrps,  and are sumarized

At weight  2 the i r reducib le spher ical
r  n s o r  n o t a t i o n

( ' f : ' ' ' ) ,  -  \ " , i , *  ' t i ; " -  "1ü ,  o .

Wirhin a g iwen molecular  point  group,  rhese can bc ident i f ied v i th appropr iat .

i r reducib le representar ions as fo l lo 's .  Recal l  th, t  the tensor '?f r  is  posi t iv .

to F,  and in conseqüence i ts  D representat ion ar  w€ight  1 must b€ DJ1).  This
transforms l . ]91 as a combinat ion of  i r reducibre rePresentat ions in any givet '

p o i n t  g r o u p .  F o r  e x a n p l e ,  j n  L h e  . / ,  p o i n r  g r o u p  o f  i r a i e r .

( "e; '" ' )",= -)G,,,  ̂t ; : ,- . , , ,'9; ' : ,)  ) \  ' i ' * '6r,,
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(  \1"" ' I r , - -+\ '11 i ; . : * -  '1ä* ; " )  l  ' t 'd(o)6* ,

( 30 )

Molecular Theory of Optical NMR Spectroscon. Light... 251

\ e ! "  =  _ 2  \ " e : r  ,

In the Point  grouP

\ " ' " j i ' t  -  
\  "9 " " ; ' '  ) , , . , j *

c?v ,  fo r  example .  th is  we igh t  in  a  F  pos i t i ve

o)" '  'ze' '  a'* e" 9'

and ve  can ident i f y  the  i r reduc ibLe representa t ions  o f  the  po in t  g roup

combinat ions  o f  sca la t  e lenents  o f  "? : i i  as  io t lows '

8 . ,  ( ' ? ' 1 ' ' ) ) , j  =  (  " 9 " i 1 " ) , i .  8 , ,  (  " f  " " ; " '  ) , - '  ( ' t " ' l : ' '  ) i , ,

r J o l a r i z a b i l i t y  t e n s o r  " , ? : j r  i s  r e p r e s e n r e d  i n  t e r m . j  o J  i t s  i r r e d u . i b t c  r . p r e s e n r J
r i o n s  i n  t h e  p o i n t  g r o u p .  A l o n g s i d e  e a . h  l r t ) I .  i l  r h e  A p p c n a t i x  i s  p r o v i d . . l  r h - .
l r a n s t o r m a t i o n  p r o p e r t i e s  i n r o  t h €  p o i n t  g r - o u p  o t  r h .  f e t e v a n t  D  r e p r e s . n t a t i . n s

r t  e a c h  r e i g h t  .  T h u s ,  f o r  e x a m p l c ,  D ; "  I  r n n : ; l  o r  D : j  a : ;  A )  +  t :  i n  C t r .  D ) ,  a s
n  + 2 8  a n d  s o  t o r  t i r .

U s e  o f  t h e s - .  t a b l . s  a n d  l h c  p o i n t  g r o u t )  . h : , r . . r (  r  r a b l e  e x r e n s i o n s  B i r e , l
n  t h e  r \ p p e n d i :  c o n s i d - . r r b l v  s i D p l i f i . s  t h r  ; , I r t ) t  i ( . r l  i ! n  . j  ( ; r u f t y d d  r h e o r y  r o

, ) p t i c a l  N l l R .  I n  p o i n t  g r o ü p s  r h e  i n r r : i c a t .  r h ( , ( ) r (  I  j i . r l  : ; t r o . r u r - c  c u t L a p s e s  l u
i  s i n p l e  a n a l y t i c a l  r e s u l t .  T n  o r h e r  p o i n l  g r o ' r t ) J r .  : j , , , . 1 r  i s  n o t  t h - "  . a s e .  I n

j t e n e r a l ,  r h e s e  T a b l € s  s h o w  t h a t  r h e  O N M R  s p . . i | r l  : : t r 1 1 (  t , r f .  i s  v e r y  r i . h  a n c l
, h a r a c t € r i s t i .  o f  t h e  m o l e c u L e ,  a n d  t h e  e l e c l r o n i . : , r , , r L . o t  l t r .  m o t e . u l e .  I t  i s
r h € , r e f o r e  c l e a r  t h a t  c h a r a c r e r i z a t i o n  o f  a  s a n r p l r  t , v  , ) t ) l  i ( . a t  N M R  i s  s r r a i g h L l o r
r a r d  i n  g e n . r a t .  p r o v i d e d  t h a r  r h e  t a s e r  i n d u c . d  ! t j j ' r , ,  . , l r  t r ,  i  c r e a s e . t  a  l i t t t  - .
r ) y  i n p r o v e m e n t s  i n  t € c h n o l o g y ,  b e c a u s e  . , a . h  : ; , , r , t ) t ,  w i |  € , \ h i b j r  a  c t e a r l y
l ( l e  t i f i a b l e  l a s € r  i n d u c e d  s h i f t  p a t r e r n  e s  a  1 , , r j 1 . r  r , , r  ( , {  , )  l r s . r  i n r e n s j r y i  b )
L a s e r  I r c q u e n . y ;  c )  t h e  l a s e r ' s  s t a t e  o f  p o l , r  i . . ; r r r , ) r l

(  3 1 )

<32)

C)y  i { i  th

4. I te Cooplex Spher ical  Basis

B e f o r e  e m b ä r k i n 8  o n  a  s p e c i f i c  c a l c u t i r  i , ) , ,  t r ,  s , . !  f o r  r h .  p o i n t  t r o , , |

Ä, ,  (  '? ' i " ' ) j , - (  ' f ' " "1 ' ' ) " .  a "  (  ' l " i ' ' ' ) , ' '

showins that  the Ä,  representat  zero iD c)v at  th is vc ight  This ls

. . .ora.a i "  the c,v €ntrv in Tables 3 and 4 '

r r inalLy at  weight  3 i t  can be shovtn that  a l l  combinat ions of  components

v h i c h  f o r m  b ; ' e .  f " r  ä n y  i r r e d u c i b l e  r € p r e s e n t a r  i o n  i  a n v  m o l e c u l a r  p o i n t  g r o u p

v a n i s h  i d e n t i c a l l y  f o r ' 9 : i k ,  a s  s Ü n m a r i z € d  i n  T a b l e  4  T h i s  c a n  b e  s € e n  f r o n

t h e  f a c t  [ 4 0 ]  t h a t  t h e  c o m p l e t e  D  r e p r : e s e n t a t i o n  o i  ' f : i r  i s

( 3 3 )

(34 )

r )  o f  t h e  O N I 1 R  s p e c t r u n r j  a  c l e a r  d e f i n i t i o n  m u s r  t r . J  r r , , ,  o t  r h c  f r a m e r o r k  w i r h i D
! h i c h  t h e  c a l c u l a r i o n  p r o c e e d s .  W e  a r e  i n t . r { , : i r 1 ( i  i r  ,  ! . , t , , r t i n g  m a t r i x . l . & , n l : j
r ) . t w e e n  b a s i s  e i g e n f u n c t i o n s  f o r  n o l e c u l a r  t ( ) j , , r  I , , , 1  l , :  r ) p e r 3 r o l : s  ! r r t  b ä s i : j
l u n c t i o n s  m u s t  b o t h  t r a n s f o r m  [ 2 4 ]  a s  . ( , m t , , , h , , , r . .  , r l  r ' (  t , r e s e n t a t i  o n s  i ) '  l l ) ( .
r o l e c u l a r  p o i n t  g r o u p .  A n  i r r e d u c i b l e  r ( , , , s t ) ,  ! , t , ,  r , , r , ) r  n , t : j t  r r a n s f o r m  a s  . ,
. , t a n d a r d  b a s i s  f o r  r h e  r e p r e s e n r a t i o n s  o t  r t , ,  t ) , , j , , r  , , o L L p  u n . t e .  c o n s i d c r a t i o n .
, n d  i t  i s  n e c e s s a r y  t o  b e  c o n s i s t e n t  i n  r t r r  1 1 , , ) 1 , . ,  , , 1  o p e f a L o r s  a n d  b , , s i s
l , u r c t i o n s .  F o r  t h e  g r o u p  F i ( 3 )  ,  f o r  a l  , , r r ,  I  1 , ,  ( . , j r j l ) l  . r  a n g u l a r  m o m e n l  u m
,  i g , e n s t a t e s  t m r )  f o r n  a  b a s i s .  F o r  m o l e c l l i r  I , , , r , , 1  I  j , , L r l j s  a l d  c r u f t y d d  a l g . b r a .
l ) o t h  r e a l  a n d  c o m p l e x  b a s e s  c a n  b €  u s e ( I .  l " l r ,  |  ! , J r l . i r v r  v i r h  a n g u l a r  n o m e n r u m
,  i g e n f u n c t i o n s  i n  G r u f f y d d  a l g e b r a ,  i r  i s  {  0 | v ( . h i (  |  I  r o  ( , y p r e s s  t ! ! e  c o m p o n e n r s
r n  t h e  n o l e c u l €  f j x e d  f r a ß e  ( x ,  y ,  z )  0 1  ; ,  l r ! , , ,  i r r r . ( t , , . i b l .  r e p r e s e n t a t i o  i r l
. ,  c o m p l e x  s p h e r i c a l  b a s i s  t 2 a l .  F o r  r i r n 1 , l , . .  i r )  r h ( ,  t r o u p  O ,  r h e  t h . e e
(  o m p o n e n t s  o f  t h €  i r r e d u c i b l e  r e p r € s e ü l a r i { , 1 : .  /  : i r r t  / ,  a r .  e r p r e s s e d  a s

r11 -  
; l \x-  

j r ry) ,  rp j r , t .  r '  |  
\ ; t r , '  

i rJ) ,

r( 'ef,) = DJ"' . DJ" - 'J'

and does  no t  con ta in  , i -  .

In  the  ApPenct ix ,  we provroe  ex tens ions  o f  the  po in t  g rouP characrer  tab le3

ro t  
"o^ .  

. " ' *o " rv  occur r : ing  no lecL l la r  po in t  g roups  in  wh ich  the  hvper

( 3 5 )

, , d  s i n i l a r l y  f o r  r ) ,  u s i n g  t h e  F a n o  R a . , , l ,  l i t , , r : ; (  ( . o l \ 1 , n t i o n  f o t l o w i n g  c r u f f y d d
2 3 ,  2 4 1 .  T h e  a n g u l a r  m o n e n r u n  o p e r a r \ , f  , ,  r : ,  . , , ,  r r , ( ( l u r l b l e  r e n s o r  o p e r a c o r  o r

, r n k  1 ,  v h i c h  t r a n s f o r n s  a s  a l "  i n  r h e  t a b o i , r o r y  l r a n e .  S j n c e  o l l t  g o e s  t o  r ,
n  0 ,  t h e  o p e r a t o r  . ?  r e r 0 a i n s  i r r e d u c i b t o  i n  r h i s  o c t a h e d r a l  g r : o u p  w i r h o u t

r n v e r s i o n ,  a n d  i t s  r h r c c  r € a 1  c o m p o n € n t s  a r .  t ) x .  t ) y ,  T , z .  T h e  t h r e e  c o m p t e x



componcnts  a : 'e  [2^ )  T) r .  T rO,  T) -7  When conp lex  components  a re  r rsed as  bases

for  the  i r r€duc ib le  rePresenta t ions  c r l l f f vdd  a lgebra  uses  a  par t i cu la r  fo rm

(Sect ion  5)  o f  the  ve l l  kno t l r  Wigner  Eckar r  theorcm to  reduce the  mat r ix  e lements

vh ich  we w ish  to  ca lcu la te  in  the  po in t  g rouP o f  in te res t  These po in ts  a re

i l l u s t r a t e d  i n  t h €  f o l l o w i n g  s e c t i o n  w i t h  a  s p e c l f i c  c a l c u l a t i o n  i n  t h e  p o i n t

g roup o .  For  a  more  de ta i r ;d  d iscuss ion  and background we re fe r  rhe  reader :  to

S i l ve r  [ 4 r  I  .

5-  Ca lcu la t ion  in  the  O Po in t  GrouP

C o n s i d e r  t h e  i n d u c t i o n  b y  c o n p l e t e l v  c i r c u l a r l v  p o l a r i z e d  l a s e r  l i g h t  o f

a n  e l e c t r o n i c  m a g n e t i c  d i p o l e  m o n e n t  o p e r a t o r  i n  t h e  l a b o r a t o r y  f r a m e  ( X '  Y '  Z ) '

252 me Photc'fiagnelon atut Quarrlum FieA Theory

[ r ( i !d] ' r '  t (  , ix(o)  + r? 'o,  + n?-o)) t r ( r ) (1) l r1)

In the 0 point  group the onlv non zero 'omponent of  ' t "  ln  Eq

is '? ' {o) ,  and therefore in the laboratorv I rnme
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,  r  e d u c i b l e  r e p r e s e n t a t i o n s ,  o f  ' ? - r r )  ,  r r ä n s l  o r m  a s  n o n - v a n i s h i n g  e l  e m c n r

ln  the  O po in t  g roup,  hovever ,

4? i {1 '  :  n i - ( , )  :  o ,

, d  t h e  i n d u c e d  d i p o l e  m o m e n t  i s  e v a l u a r e d  a s  t h ( .  I n n r  r i R  . l . , m c n t s ,

. aa f i ' 1a , " '  =  . l ? "11 " , / "  ' ,  l l .
t d  d  r r l

(1' r )

( 40 )

n1rd, - ,ri:rtrl i)

The product  on the r ight  hand s ide must t ransform in molecular  point  groups in

th"  
"am. ""y 

as that ;  the lef t  hand s ide,  i  e the Product  must  r ransforn wi th

the symet iy of  a magnet ic d ipole monent ln terms of  i r reducib le spher ical

! e n s o r i a 1  r e P r e s e n t a t i o n s ,

l r t  1 r " d  l ( '  )  =  t  n i x ' o , n ( r ' r 1 , l 1 r r

( 3 7 )

( 3 7 )

(38 )

F r o m  T a b l e  ( 2 )  v e  f i n d  t h a t  t h e  c o m b i n a t i o n  o f  e l c  e n t s  t h a t  f o r m s  a  b a s i s  f o r

t h . ' n r  r : e p r e s € n t a t i o n  o f  o  i s  6 ' ? ; , ,  a n d  s o ,

( 3 6 )

( 3 e )

, , i n g  t h e  a p p r o p r i a t e  c r u f f y d d  f a r n  [ 2 f  , 2 , / a )  o f  r h ,  r , j i l l r ! I  I . ] . k r r r  r h . o r . r  .  ( t I
. o m p r e x  b a s i s  i s  u s € d ,  a s  d e f l n e d  i n  S e c _  4 ,  a  r l i t  l , r  l v  < t i l  f . r . i n r  i o r m  1 4 1  I  i s
. ( l ü i r e d .  )  T h e  y  c o € f f i c i e n t  i s  g i v e n  b y

" l '  
'1  

1 l  = r (a)  ;ö." .6. .  (2)
\ d  d  u /

. . r , r . r e  r  ( a )  i s  t h e  d i m e n s i o n  o f  t h e  ä  r e p r e s . I l , , l  i , , , ,  i , ,  o  W c  o b r a i n ,  f i n a L L y ,
, i  t h e  m o l e c u l e  f i x e d  f r a n e  ( " ,  y .  z ) ,

"d  ? i '1 . " '  =  , ' "Y : '

( ,?-r. = 6.?ii..

( 43 )

r e s u l t  w h i c h  d e p e n d s  o n  t h e  n o l e c u l a r  e i 8 ( L t r . r r ,  , ,  l t r w i , ( . n  w h i c h  t h e  i n d u c e d
L  p o l e  m o n e n t  i s  e v a l u ä t e d ,  a n d  o n  t h e  c o n p o r r  i t : .  i r )  r l , (  n n ) 1 . . : u l e  f i x e d  f r a m e  o f

l , r  m o l e c u l a r  h y p e r p o l a r i z a b i l i t y  t € n s o r ,  . 1 l i ,  ( : l , , i r l v .  f h e  s h i e L d i n g  f a c r o r
'  ' " ' ) ,  w h i c h  i s  d l r e c t l y  p r o p o r t i o n a l  t o  r h . : i t  t y l x . r , , r i o , ,  v a l u . : s ,  a l s o  d e p e n d s

L  L h e  s c a l a r  e l e m e n t s  o f  t h e  h y p e r p o l a r i z n l ) i l i r y  j r  t r a m .  ( ! ,  y ,  z ) ,  a n d  o n  t h e

t L i , r n t u j D  s t a t e  a  o f  t h e  m o l e c u l € ,  i . e .  o n  r 1 , , ,  : i r , , r (  l l  r w { c n  w h i c h  t ; .  i s  c o n p u t e d
' r  E q .  ( 4 1 ) .  I n  g e n e r a l  t h - .  m o l e c u l a r  ( . i t ' J , | : i r , t r , , i  r r .  ( a d > ,  n h e r e  (  i s
: (  c t r o n i c / v i b r a t i o n a i  ,  a n d  a q  i s  r o t : r l  i ( ) , , ; , 1  i  r i a l , I f

In  the  absence o f  a  nagnet ic  f ie ld
f o r n s  a  b a s i s  f o r  n r  o f  O  I n  t h e  d i h e d r a l  P o i n t  g r o u p s ,  s u c h  a s  4 '  D ) '  D 4  a | d l

D 5 ,  a r s o  c o n s i d e r e d  b y  G r t l f f v d d  t 2 3 .  2 4 1  a n d  s i l v e r  I 4 1 l '  t h e  i r r e d u c i b l r

r .pres. . tat io.  n?'o)  arso t ransforns zcro combinat ion Öf scalar

. f . r . " t " ,  
" .a 

the calculat lon of  the inaluced magnet ic d iPole mon'nt  nust  take

this into account.  ln other pornt  groups not  considered by Gruf fydd'  yet  other
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me Photonogne,on and Quantum FieU Theory

(44>

( 4 5 )

( 4 6 )

Molecular Theory of Op,ical NMR Spec,ro,scon: I.igh,...

L Discussion

F r o m  t h e  s i m p l e  r e s u l r  ( 4 8 )  i t  i s  s t r a i g h t f o r w r r d  t o  e s t i m a t e  t h e  l a s e r

, i ( luced shieLding factor  o{Dd) .  The order of  ,ngl i r , (k ,  o i  '? i i .  has been giver
' I  i { o : n i a k  e t  a l  .  f r o m  s r u d i c s  o f  t h €  F ä r a d a y  e i f . . r  l 4 2 l

r p l e  d i a n a g n e t i c s  s u c h  a s  c S ,  a n d  b e n z e n e  l i { t , , i ( l s .  A s s u m i n g  r h i s  o r d e r  o f
, t r n i t u d e  f o r  a  m o l e c u l e  o f  O  s y n m e t r y ,  u s i n g  p o - 4 a r  t a ' J s 2 c z n  1 ;  ä n d  t a k i n g

.  i b o u t  1 0 ' "  n o l e c u l e s  m - r  i n  a  r o o r n  t e n p e r a t u r e  I  i ( t u i ( 1 .  l h e  e n s e m b l €  a v e r a g e d
,  ; r n  f i e L d  i s

( 50 )

a n d  t h c  E 8 n e t i c  s u b  s t a t e s  i n  f r a n r e  ( x ,  v ,  z )  a r e  d e g e n c r a t e  l n  t h e  p r e s e n ( r r '

o r .  ' a g " . i i .  f i e l d ,  s u c h  a s  t h e  f i e L d  o f  a n  \ l I R  s p e c r r o o e t e r : ,  j t  i s  p o s s i b l e  l i r

g . n " r o f _ ,  t n  i n d u c e  t r a n s - L l i o n s  b c r v r e e n  p r e v i o u s l v  d e g e n e r a t e  m a g n e t i c  s t a t e s

i e a c l i n g  t o  s p e c t n r m ,  b u t  w c  s h a l l  r r o t  p u r s u €  t h i s  c a l c r r l a t i o n  h e r e '

T h e  e n e r g y  l e v e l s  a n d  t r a n s i t i o n s  a r e  a s  f o l l o v s :  e  g .  f o r  d _ r , ,

T h e  r . , s u l t  ( 4 1 )  h a s  b e e n  o b t a i n e ( l  i n  t l r .  I n o I e c u l e  f i x c d  f r a m c  a n d  i s o t r o p i ' '

a v e r a g i n g  f 3 5 l  m u s t  b e  c a r r i e d  o u t  t o  o b t a i n  t h e  i n d u c e d  m a g n e t i c  d i P o l e  n o m e " l

in  tn . l  lÄor " ro ry  f ranc  (X .  Y ,  Z)  as  an  cn : remblc  averaged induced magnet ic  d ipo l t

m o m e n t .  T h i s  g i v e s  t h e  f i n a L  r e s L r L t ,

r e  E o u  j s  t h e  s q u a r e  o f  t h e  € l e c t r i c  f i e l d  s t r . ! , 8 r 1 ,  i , ,  v  r r o i  r h .  . i r . : ü l a r l y
, l a r i z € d  l a s e r .  T h i s  i s  r e L a t e d  t o  t h e  s c a l a r  i h l r , , : , i 1 v  ( ) l  r l l .  l r s e r  r h r o u g h

r r {  f ree  space equat ion ,

I o  =  € o c a ; ,  ( 5 1 )

L ' , r e  € o  i s  t h e  p e r n i r t i v i t y  i n  f r e e  s p a c e  ( 8 . l j , 4  . .  I  a n d  ( . .  r h { l

r i ( , e d  o f  L i g h t .  U n d e r  t h c s e  c o n d i t i o n s ,  w e  h a v t ,  r l , ,  , , r , l t  r  , , 1  0 h 8 n j t u d . ,  . s t  i & i r . .
' t , ' " ' ' > - t o 2 a r o t e s l a .  F o r  a  l a s e r  i n t e n s i t y  , ) l  1 l ) ' ! : , r r , ,  n i ' ( 1 0  w a l t s  c j r 2 )  r h ( .

r i m a t e d  " s h i e l d i n g  f ä c t o r i  d i t d  f o r  a  s t a t  i .  l i ,  l , l  , ) l  I  0  t e s l a  r s ,

<  B : ' ' d J >  -  a o  7 1 E i  t e s t a .

< n ; " ' d t ;  " t i ; . 8 1 ,

s ince  eo '  l s  a  sca la r  and is  l rame inv . r  j  anr  .  Thc  ensemble  averaged lase t

i n d u c e d  m a g n e t i z a t j o n  i n  f r a m e  ( X ,  Y ,  Z )  i : ;  t h ( ' r e f o r c ,

<u)'"o\> = n \1i t :" '  ,

a n d  t h e  e r i s e m b l e  a v e r a g e d  l a s e r  l n d u c e d  n r a a n ' r  i '  I  l L r x  ( l ! n s i t v

' B;-'tt ' 2 11" '', 

"1"" 

'

T h e  l a s e r  i n d u c e d  r e l a t l v e  b u l k  s h i f t  i s ,  i  i ' r i l l v ,

( t '  l ,

(/ .8)

(4e )

(52>

f r . s p o n d i n g  t o  n u c l e a r  b u l k  s h i l r . , , ) l  r h , , l ( 1 , I  l ' J "  t l z  t a r  a  2 1 2  y t H z

, , . i t r u m e n t  s u c h  a s  t h ä t  u s e d  i n  t h e  f i r s t  L l l N s  ( . x l r  r  i n i , ' r r  l l l  ( i . e .  1  p a r t  i n
)  '  a p p r o x i n a t e l y ) .

E { p e r i n e n r a l L y .  b u l k  s h i f t s  o f  t h e  o r ( 1 ,  I  I  r , ,  l 0 l l .  s ( r .  o b s e r v e d  I r r l w i r h
: i i , r  l n t e n s i t i e s  o f  u p  t o  3 . 0  v a t t s  c D _ ' ,  l r : i i i i i  i ; (  v ,  r , , l  ( l i i t e r e n t  s p € c i m e n s ,  s o

r , i t  t h e  h y p € r p o l a r i z a b i l i t y  m e c h a n i s D  c . l : : r ( 1 , . r , , i  l , (  r .  I r o d u c e s  r e s u l t s  w h i c h

t , . a r  t o  b €  s € v e r a l  o r d e r s  o f  m a g n i t r d e  l o ( )  s o r : . 1 1 .  1 4 ( , r ' ( . v . r ,  L h e  e x p e r i n € n t a l
, l a  i n d i c a t e  t h e  p r e s € n c e  I l ] l o f  s e v e r a l  d i l l L r ( i l  , . o i ü  i b l l t o r y  n e c h a n i s m s ,  n o t
s t  o n e j  a s  o u t l i n e d  i n  t h i s  p a p e r : .  1 h .  ( i : . l l  l l l  < l i d  n o t  s h o w ,  f o r  e x a m p l e ,
: i i m p l e  d e p e n d e n c e  o l  b u l k  s h i f t  o n  l a s o  i n r d r s i r v  / , j -  a s  p r e d i c t e d  b y  E q .

, l ) ,  s o  t h a t  w e  m u s t  l o o k  f o r  a  l l r x , r  { . , ) n b i t ) i t i o n  o I  m e c h a n i s m s ,  e ä c h
, ) p o r t i o n a l  r o  a  d i f f e r € n t  p o w e r  o f  r u .  l l , ( .  1 . r s . r  r r x l u c e d  s h i f t  p a t t e r n  w a s

r ) s e r v e d  [ 1 1 ]  t o  b e  d i l l e r e n r  f o r  d i f f e r . n t  s i t e s  ( e . 9 .  h i g h  f i e l d  a n d
i r g  p r : o t o n s  o f  p  m e t h o x y  p h e n y l i m i n o  c d m p h o r  L L I  ) ,  I  .  r o  b e  s i t e  s p e c i f i c  i n
, , i logy  w i th  the  ve11 knorn  chen ica l  sh i f t  pheDomenon.  the  bas is  o f  anä ly t i ca l
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l i n e d  i r )  t e r m s  o f  t h e  i ' t h  p a r t i a l  c h a r g € ,  a r  : ; i r { .  i  i n  t h c  m o l e c u l c  ( c . g .  a n
o m )  d e f i n e d  i n  t r a m !  ( r ,  y ,  z )  b y  l h e  c o o r d i n i r {  / , , .  v i t h  s i r e  m a s s  n |  I r

d . f i n e d  i n  t e r D s  o f  n E r r i x  e L e m e n t s  b e t u . . r  I r ' , ) , L r ! l  , l L . t r o n i c  . i g . n s t a t . s  r .
. i l  i s  t h e r e f o r e  n o n  z e r o  i n  t h e  g r : o u n d  s t a r . .  1 : , r  l ' . ) n  , ) | t  i ( . 1  r . s o n a n c . ,  r l F
, L d i t i o n  u n d € r  w h i c h  e x p - " r i n e n t a l  o b s e r v a t i o r l ;  w ,  r ,  m , , ( 1 ,  1 l  T h i s  l c n s o r

i . r a r c s  a n  i n d u c e d  m a g n e r i c  d i p o l e  m o m e n r  w h i ( . l r , , 1  l , r , r i (  |  r l i {  . r t p l i c d  f i c l d  a ( t
r  t h e  L a s e r .  T h .  o t h e r  p a r t  o f  t h e  r e a l  D o l ( . . L r l , , r  : ; L , . . r r  t , l  i l ) i l ü v  i s  n o ' i  z . r .

l y  v h c n  t h e  t . a n s i t i o n  m a g n € t i c  d i p o l e  r r n r ( , , r  r d . , r r  i : {  i l ( r n . n r s  < r l r i c l j >  i
n r L >  a r e  n o n  z c r : o  b e t w e e n  e l e c t r o n i c  q u a n l , r h i  , i r , r ,  l , l i ,  l l , ( l  ,  a n d  J .  . r

i D t  t h e  g r o u n d  s t a t € .  T h e  t r : a n s i t i o n  f r e q u e n c v  . r . .  i I  l i t  (  ) r )  i s  d c 1  i n . d  a s

(  5 6 )

25'l

N M R .  ( F o r  t h e  a . a l y t i c a l  l a b o r a t o r y ,  t h i s  i s  t h e  n o s t  u s e f u l  f e a t u r e  o f  o p t i c a l

NI ' IR  spec t roscopy .  )  The laser  induccd sh i f t  pa t tc r :n  nas  no t  th€  same fÖr  le f t  and

r igh t  enant iomers  and was d i f fe ren t  a8 ,a ln  I r l l  i n  the  raccmic  mix tu te  Th is  cs r !

on ly  be  exp la ined by  a  combina t ion  o f  indu . t ion  m.chan isms some o f  wh ich  chanSo

s i g n  b e t v e e D  e n a ü l i o m e r s ,  s o n e  o f  w h i c h  d o  n o t  l n  t h e  ( c h j r a l )  o  g r o u p

n e c h a n i s m  c o n s i d e r e d  h e r e ,  f o r  e t a n p l e .  ' ? i i k  i s  p  p o s l t i v e ,  a n d  i n  c o n s e q u e n c c

do€s no t  change s ign  b . tween enant iomers ,  and there fore  does  nor  van ish  in  th '

r a c e m i c  m i x t u r . .  A  s i g n  o f  c h a n g e  b e t v e e n  e n a D r i o m e r s  n e c e s s a r i l y  r e l i e s  o n  a P

n e g a t i v e  m o l e c u l a r  p r o p e r t y  t e n s o r  s u c h  a s  t h €  m a g n c t i c  d i p o l € - c 1 € c t r i c  d i p o l r

t c n s o r  i 2 5  I  .

I t  i s  a L s o  i n t e r e s t l n g  t o  n o t e  t h a t  i n  t h e o r y ,  t h e r e  a r €  v e t  o t h e r  p o s s i b l .

i n d u c t i o n  m e c h a n i s m s  p r e s e l t  s i m u l t a n . o u s l y .  a n d  a n  e x a m p L e ,  i n  t e r m s  o f  s i i e

spec i l i c  charge dens i ty  changes due to  d i rec t  P . r tu rba t lon  o f  th€  Do lecu la r

v ä v e l u n c t i o n s  b y  t h e  1 a s e r ,  i s  g i v e n  b y  l ' l a r r e n  e r  a l  t l f l  u '  ' r o n s i d e r :  a s

fo l tovs  an  a l te rna t ive  induc t ion  mechan isn  tha t  i s  non zero  a f te r  t ime and

e n s e m b l e  a v e r a g i n g  i n  a  l i q u i d  s a n p l e ,  s u c h  a s  t h c  o n e s  u s e d  e x p e r i n e n r a l l Y  [ 1 1  l .

T h o  l a s c r  p r : o p e r t y  r e s p o n s i b l e  f o r  t h e  i n d u c t i o n  o f  a  n ( u ! )  i n  E q  ( 3 6 )  t !

! x ! ' .  T h i s  h a s  t h e  s y m m e t r y  o f  a  n r a g n e t o s t a t i c  l l u x  d e n s i t y ,  a n . l  r e c e n ! l r

I43-461.  i t  has  been proposed tha t  the  . :Lecr romagnet ic  P lane vaw€ gener :a tes  th '

n o v e t ,  r c ä ]  m a g n e t o s t a t i c  f i e l d  d e f i n € d  b ) ,

9 , r r  E _  E '  ,  9 r . '  : o ' r , , j ,

' , t  t h c  s u n  i s  o v e r  a 1 l  s L a t e s  e r c l u d i n t  t h e  l l . L , J t r l  r . r r ,  I  l l , i  t , , i 1  r i  r l r ( .
, l  n o l e c u l a r  s u s c e p t i b i L i t - y  L c n s o r  e x h i b i t s  ( ) r , i  r t . L L  , !

T h - .  s r l s . e p t i b i l i t y  t e n s o r  ' f f ;  i s  i  a r r l  i  t , ' , . i r i \ ,  . , , i 1  , l , i ( , . , ,  r  , l , i r r | (
, t n  b e L t r c e n  e n a n t i o m e r : s ,  r c m a - i n i n g  f i n i t e  i , r  , ,  , . , ,  |  , ,  

' l l i ,  ( , r t t ,  L , l
' , [ i t u d e  o f  t h e  d i a m a g n e t i c  c o m p o n e n r : s  c a n  b ,  r , , L L ,  I  !  ,  r  r ] r , , t  , : ,

w h i c h  h a s  t h e  s y m m e t r y  a n d  u n i t s  o f  m a g n . t i ( :  t l r :  d e n s l t v  N o t c  t h a t  a ( l t  l x

p r o p o r r i o n a l  t o  t h e  s q u a r e  r o o t  o f  i n t e  s i l v  i t  h a s  b e e n  s h o $ n  l 4 6 l  t t r a t  l o r

i s  r j A o r o u s L y  c o n s i s t e n t  w i t h  t h e  M a x v e l  L  c q u d t i o n s .  a n d  i s  e q u i v a l e n t  t o  n

p h o t o n o a g n e t i c f i e l d o p e r a t o t 6 ' r r i n q u a l t l m l i . L d t h e o r y t 4 6 l  T h e ' l ' s s i c ä 1  a r t l

c o n t r i b u t e s  t o  t h e  s a m p L e  D a g n e t l z a t i o n  a n d  i n ( 1 1 , . ( ' s  a  m a g n c t  i .  e l e c t r o n i c  d i p o l '

^ 1 ; . a t  -  , 1 f , n l "  ( 5 4 )

w h e r c  ' i l j  i s  t h e  r e a l  p a r t  o f  t h e  m o L e c u l r r  s u s c e p t i b i l i t y ,  d e f i n e d  f r o t r

p e r t u r b a t i o n  t h e o r y  [ 4 7 ]  i n  t h e  t n o l e c u l a r  f r a m .  ( x ,  y ,  z )  a s

r l v  ' ? ; x . j ' . '  
. , r " ,  " n ,  J . s t a  , - \  ) , ,  1  . " , . , -  . u , r ,  - r ; "  ( 5 5 )

' ' o r . ' o .

H e r e ,  t h e  r € a l  a t i  a m a g n e t i c  s u s c e p t i b i l i t y  ( t h e  s e c o n d  t e r m  i n  E q .  ( 5 5 ) )  l r

^ x l s l d  j n r n a g n . t - i . )  - 1 0 ' .  ,  r i

i s  s t r a i g h t f o r r a r - d  t o  s h o w  t h a t

( 5 / )

( r , 1 r ' ' ) >  2 l ! " N (  , x i ^ .  ^ x ' , , ,  | . l t , ( 5 8 )

' 1 , r  i s o t r o p i c  a v e r a 8 i n g ,  s o  t h a t  t h e  l a s ( r  l r x l  , , , !  l L L l l . , l r i l r  i I  l h i r i  n r c ( h a  i s o
t o r  l J . ,  =  1 . 0  l c s 1 a .

-  c t  ' t t  t l ( 5 9 )

.  e q u i v a L e n l  t o  a b o u t  ( 3  t o  J 0 )  x  l l )  t t : r  i , , r  , ,  . ' / . '  : t l t l  i p ! : . r r o m e t e r  a n d  ,
, { r  i n t e n s i t y  o f  1 . 0  v a t t  c m ? .

T h i s  i s  s e v e r a l  . r d e r s  o f  n a 8 n i t L ( 1 '  l ( . . . ,  1 1 i , , , ,  r l r '  ( ) b s c r v e d  s h i f r s ,  a D d
r  t l h L y  t h e  s a n e  o r . l c r  o f  n a g n i t u d e a s r l r ( , ; r ' r l r : i s l , , , . t ( ( l l r o m t l i e h y p e r p o l ä r i z
L l i t y  m e c h a n i s m .  T h i s  n L e c h a n l s m  i s  I  )  r  (  )  I  ,  (  ,  |  1  i  ,  )  '  ,  ,  ,  I  r ( )  t h .  s q u a r e  r o o r  o t  r h c

i r , l i e d  l a s e r  i n t e D s i t ) . .  a n d  s t t ] r s  r h c  h v | ( r t , o l , , r i / , t b i l i L r  m e c h a n i s m  c o n s i d e r r : d
r l i e r ,  p r o p o r t i o n a L  t o  I 0  i t s e l f .  T h c  ( , v (  r r L l l  ! i h i l r  p a r r e r n  i s  t h e r c f o r e  n o t
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, e  s p a c e  v a l u c  o f  a ß ' u n . o r r e c t e d  f o r  t h e  1 r ) l d r : , 1  1 i ( l . l i  l ) u t  D a ' ) r  o r d e r s  o l
L , r i t u . l e  t o o  l a r t .  t o  b e  d u e  r o  m o l { ( . , , l l r  l ) } f . r p o l a r i z a b i l i t y  , r x l
' , . e p t i b i l i L y .  l . o m b i n a t i o i  { ) l  L h c  A ß )  m e { r h . I i : ; ] r . , , r ( l  ; ,  j i t .  s p l r . i l i ( :  o n e  i l l

t h e r e f o r e  p r o b a b l y  r . s p o n s i b l e  f o r  L h e  o v ( r i l l  s i ) i 1 t  l ) . t r . r n s  o b s e r v ( i d  b y
r e n  a n d  ( i . ,  N o r k . r s  i l l l  o r i e  s u c h  s i t e  s t . . i l i ( .  i f ( , . l r J , j i , n  i s  d i s . u s s e d  i n

r | ( n d i x  B i  a n d  a r i o l h c r  i s  r e p o r r e d  ( $ i t h o u t  d . r r i l ( 1 t , . , , 1 , . , , 1 , , 1 i o n s  i n  R . l  . l l l
C L e a r l y ,  m u c h  f u r r l , c r  s o r k  i s  n e e d e d  t o  r { , , , , 1 \ t  r l r s { .  i s s u e s ,  b u t  t h e

i . r v e d  o p t i c a L  N M R  b u l k  s h i f t s  a p p e a r  t o  i I t i l ! ) r  r  I  l i r  ( . x  i  s t  . n c e  o l  r h e

r 8 j  l t r r d i n a l  m a g n e l  i c  f i e l d  F ( 3 )  .

I n  a  c h i r a l  m o l e c u l e ,  s u c l l a s  t h e  o n e  c h o s ( n  l o r , r t , , r i r i , r ) r r l  s t r  y  I r r ] ,  i
J  r L i v c  m o l e . u l ä r  p r o p c r t y  t e n s o r s  a r c  a t s o  r i , , , r  r ' (  r , ,  r ,  I  L , , ,  i r l  r r i d  a l  s o

r t r i b u t e  t o  t h e  l a s e r  i n d u c e d  s h i e l d i n g  o 1 , " r  l l j L , .  n , , l , . , r r r i m  i n . j u c . s  a

r n c t i c  e l e . t . o n i c  d i p o l €  m o m e n t  t h r o u g h  a  r a n k  l l i , ,  i  l ,  r ' . . r i  i ! . (  .  h v p r , r p o l a r
, b i l i t y  r . c e n t l y  c o r ) s i d c r c d  b y  W o z n i a k ,  E v a n s .  :  ! t  ü . r r , ,  ,  r ,  , I t  L r i  l l !  . o r i l . x t
r n v e l s e  m a g n e t o - c h i r a l  b i r e f r i n g e n . e .  1 n  t h i , r  ( . . , . . ,  l r ,  '  . ,  r l ' t  D r ( i l n l  i 1 8

: . . u l a r  p r o p e r t y  r a n s o r  i s  F  n e g a t i v c ,  L h e  l r s ( r  r , , , 1 1 , , , , 1  , l , r 1 r  , l i : . , , t , I n . , r : ;  i .
, r c e m i c  n i x t u r e ,  a n d  j s  o p p o s i t e  f o r  r h e  t v d  t , '  1 r . r , , . , 1 .  r l ) ,  l ) N } 4 t t
, . t r u m  i s  a  c o n b i n ä t i o n  o f  t e r r s .  t h e  p r o b a b l v , l , , m i f . , , r  , , , , ! , ;  l , (  j , , i .  t r ! , 1 i . , r , , 1  l ) v

T h e  d i r e c t  p e r t u r b a t i o n  o f  t h e  r a v e f u n . t i ( ) ' , . r .  , l L . , , , i , t ( l  i  A I i t , , . , ! l i I  I l
, s e  a r e  s l l p p l e m e n t e d  b y  i n d u c e d  d i p o t e  m o n t r r L .  , , , l r . i r ( ( l  l ) v  t l , ,  \ ' , )  i , , , , i i
l ( c u l a r  h y p e r p o l a r i z ; r b i l i t i e s ,  w i t h  d i f f . r ( l r  , r 1 , , . 1 1  |  ,  :  ,  {  i  I  I  i  I  I  I  {  .  I  .  I ' , r  r ,  r r : ;

| r i n g  o f  t h c  a p p L i e d  l a s e r  f r e q u e n c y  t o  o p t  i { . : , 1  o l  i D !  , ) J  I  l ! . : i ( .
' L i a t i n g m o l e c u L a r p r o p e r t y t - p n s o r s w i L l c a u : ; ( , , , 1 ) . L , , , , , , i r  , ) l  I 1 , .  l , r : i (  r  i , r l L , . ( ( t

' l r i  s h i f t s .
F j n a l l y ,  e a c h  o f  r h e  c o m p o n e n t s  i I  t t i (  n i , , L . , . 1 L l ,  l i x . ( t  I f a r x ,  o l  { . . h

, L i a l  i l g  m o l e c u l a r  p r o p e r t y  t e n s o r  c a n  b .  ; , | . , 1 r  ! , 1  i , r  r ( r ß s  o {  s u m s  o f  s i l .
, . i f i c  c o n t r i b u t i o n s .  T h e  l i t e r a t u r : e  o n  s c  i  , 1 , , .  r ,  , l  l l r . o r r  r c l c r s  r o  v . l t
, s n  e x a n p l e s  s u c h  a s  t h €  a t o m  a n d  b o n d  p o l a r  i 7 , , l , r l r r !  D , r l (  l : i  1 9  2 ? 1 ,  w b i c h  r : ä r r
g e n e r a l i z e d  f o r  u s e  v i t h  a n y  m o l e c u l a r  p r ( , t n  I  r l  L  r , , ! r  .  T h e  f i r s t  d a t a  o n

l l l t  a r e  p r e s e n t e d  I L l l  i n  t e r f l s  o f  d i f f e r e n i i , , l  , , l i i J 1 , ,  ( , ; ( ) l , r t .  i n u s  s o l v e n r )
,  t h e  h i g h  a n d  l o w  f i e l d  r i n g  p r o t o n s ;  n e t l ! , r y  I , , ! i r , , , ) s  l , i 8 l i  f j e l d  n € t h y l  g r o u p
, l o n s ;  a n d  1 o r . '  f i e l d  D e t h y l  g r o u p  p r o r o n s  ( r l  t l !  , l ,  r r  i { ) n t r , r s  o f  p  n r e t h o x y p h e n y
I i n o c a m p h o r  f a r  f r o m  a n y  o p t i c a l  r e s o n d , ( (  | ) ( ! 1 , 1 ( , , ( y  o l  t h e  s a m p l e .  T h e
l l e r e n t i a l  s h i f t  p a t t e r : n s  w e r e  d i f f e r e t t t  l , ) r  , . , t 1 '  r \ t r ' o l  p r o r o n  s i t e ,  v e r e

vent  dependent ,  and were  found to  be  nuch 1 , |  l t ,  I  i , ,  (  i  r  .u l  a r  fo l  a r iza t ion  rhan
, . a r  p o l a r i z a t i o n  o f  t h e  a p p l i € d  L a s € r .  1 . . r , ,  I  i r r l , r l ( ( l  s h i f r s  v e r e  a l s o  s e e n
r l i e  d e L t t e r i a t e d . h l o r o f o r n  l o c k  s i g n a l  o 1  t l r '  ) / l  l l t l z  i n s t r u n e n r  u s e d  i n  t h e

L t i n a l  i n v e s t i g a L i o n .  a n d  h a v e  n o w  b , ( . n  , , 1 , : : ,  r v ( ( t  i r i  o v e r  f o r t y  d i f f e r e n t
r p r e s  [ 4 8 ] .

i n  g e n e r a l  a  s i m p l e  f u n c t i o n  o f  l a s e r  i n t e n s i t y  a c c o r d i n g  t o  t h e s e  b a s i c a l l y

s i m p l e  c o n s i d e r a t i o n s ,  i n v o L v i n g  i u s t  t w o  m o l e c u l a r  p r o P e r t y  t e n s o r s .  ' ? i i l

a n d  ' 1 1 ; .  U h c n  i t  i s  a L s o  c o n s i d e r e d  t h a L  r h e  s u s c e p t i b i l i t y  c o n s i s t s  i n  g e n e r a l

o f  t w o  p a r t s ,  o n e  w h i c i r  o p p o s e s  r h .  t i e l d  B ( 1 ) ,  a n d  o n e  a h i c h  d o e s  n o t ,  i r '

g e n e r a L ,  t h c n  i t  b e g i n s  t o  b e c o n c  c l e a r  t h a t  t h e  O N M R  s h i f t  P a t t e r : n  i n  g e n e r a l

i s  a  s u m  o f  s e v c r a l  t e r m s  i n  s e n i  c l a s s i c a l  t h e o r y ,  s h i c h  d e p e n d s  o n  t h e  c o n c e p i

o i  | ,  p  - i - r  p , o p p r ' y  t a n s o r  4 7

l l o v e v e r ,  ! : h € s e  t t o  m e c h a n i s m s ,  b . s c d  o n  c Ö n t r i b u t i o n s  t o  m a g f l e t i z a t i o n  o l

m o l e . u t a r  p r o p e r t y  t e n s o r s .  p r o d u c e  s h i f t s  w h i . h  a r c  f a r  t o o  s m a 1 l  i D  c o D p a r i s o r

\ , r i t h  e x p e r i m e n t a l  b u l k  s h i f t s  t r l  L  s o  r h a t  t h c  f i l e d  a ( '  m u s t  b e  a c t i n p

a t i r e c t l y  t o  c h a n g e  t h e  e x t e r n a L l y  a p P l j c d  s t a t i c  I n a a n e t i c  f j e L d  ! '  t o  ' B r  +  a { ! t

F o r  a  l a s e r  i n t e n s i t y  o f  1 . 0  v a t t  m ' ,  r h . :  f r c e  s p a c e  v a l u e  o f  ! r l )  i q  ' b o u t  1 0 '

t e s L a ,  \ t h i c h  c o n p a r e s  v i t h  a  n a g n e t i .  f l u x  d e n s i r y  o f  a b o u t  6  4  t ' s ] a  f r o m  t h '

p e r m a n e n t  n a g n e t  t 1 L l .  l  f r e e  s P a c .  t h e r e f o r e ,  t h e  r a r i o  a L r ) / t <  i s  a p p r o x i

m a t e l y  1 0 _ 6 .  I n  t h e  i n a t e r i a l ,  h o \ r e v e r .  t h c  f r e e  s F c e  I  f i e l d  o f  t h e  l a s e r  i s

m o d i f i e d  b y  t h e  s a m p l e  s h a P e  ( a  s p h e r c )  a n ( l  b y  t h e  P r e s e n c e  o f  a n  i n t c r n ' l  f i e l d  t r '

. t u e  t o  r h c  p o l a r i z a r - L o n  o f  n e i g i r b o r i n g  m o l e { r u l e s .  
' l h e  t o t a l  f i { : l d  a t  t l l

m o L e c u L e  i s  t h e r e f o r e

E .  |  - . .  l E  
t  E , , "

. ( . )  =  
E  ! t ;

-  
l 2 E t v  

j )

r h . r i '  v  i s  r h e  v e L o c i t y  o f  l i g h t  i n  t h e  s P I x  r i L r r l  : i r ' r n l r l ( ' .

T h c  f r e e  s p a c e  r ä t i o n  E ( r r  / , B J  m a y  t h { r . l ( ) r (  l x  a f f e c t c d  b y  a n  i n t e r n ' l

f i € L d  c o r r e c t i o n ,  r h i c h  m a y  r e d u c e  i r  b y  p . r h a l ) s  I ' n  o r d e r  o f  m a g n i t u d e  i n  r h '

s a r n p l .  i n  c o m p a r i s o n  t i t h  f r : c e  s p a c e  E v e n  s o .  I  l r .  d i r e c t  b u l k  s h i f r  b y  a t l '  l t r

sevcra l  o rders  o i  magn i tude grea ter :  than the  rv { )  rk 'chan isms jus t  d is ' r l ssed basr ' r l

o n  s u s c e P t i b i l i t Y  a n d  h y p e r p o L a r i z a b i l i t y  r . s l ) r ' . 1  i \ ' . 1 v .  b e c a u s e  t h e  s h i l r  i s  d ' ! '

r o  a  f i r s t  o r d e r  e f f e c t .

B e c a u s e  t h c  o b s e r v e d  b u l k  s h i f t s  [ 1 1 ]  a r .  s o  I n u c h  l a r g e r  t h a n  t h o s e  d u c  I  r '

i n d u c t i o n  o I  l i g h t  b y  n a g n e t i z a t i o n  t h r o u g h  m o 1 . . ü t a r  p r o p e r t y  t e n s o r s ,  i t  s e ' n i

l i ke ly  tha t  r {3 )  i s  ac t ing  d i rec t l y  to  auS,mer ) t  rhe  p€rmanent  ragnet ic  f ie ld  t

t lowever ,  the  exper imenra l  ev id€nc€ is  un for tu l r r t€ ,1y  no t  unequ ivoca l  as  ve t  lh '

e x p e r i n e n t a l  s h i f t s  a r e  n u c h  s n a l l e r  i n  l i n . a r  p o l a r i z a t j o n  I r 1 ] ,  s h i c h  l r

s u p p o r t  f o r  a  8 { 3 )  m e c h a n i s n .  W a r r e n  e t  a i  ( l L )  d i d  n o t  r e p o r t  t h e  $ a g n i t r n l '

o f  t h €  b u l k  s h i f t s  i n  h e r t z ,  b u t  a p p a r e n t l y ,  t h e y  a r e  t o o  s m a l l  t o  b e  d u €  t o  l h n
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Tab le  1 :  [ 381
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Non Vanishing conponents in Lhe l to l  ecr i  e Fixed [ rde (x,y,z)  of  '9 f i " (0,o,  ( , ) )

U o l  e c u l a r :  P o i n r  G r o u p ' ' t i ; i  (  o ,  o ,  - o )

yzjt - yyz, xyx= xxy,

zxz  -  zzx ,  yxy= -yyx ,  zyz :  ?zy ,

xyz- -xzy ,  yzx-  yxz t  .xy=  -zyx ,

vzv - vvz.

x\ / .  x . t ,  y .x-  yxz,  zxy= -zyx,

c6h, c-, c-h

xzx  )  ? )  xx .  =  - t ' J :z ,

xyz  t .x  x ly  -  yx . ,  zxy  -  zyx

D j ,  D 4 ,  D 6 '  D l t '  4 d '  C j " .  C \ '

c 6 " '  D h ,  D 4 h ,  D 6 h ,  D - h ,  C - "

xyz  -  y .x  xz )  yxz  i

T, 'fL' 'fd ah Y, vb, K, Kr

Table 2

Ir reducib le Representat ionst  of  '1 : : r  at  Peight  0 and 1.  Frame (x,y,z) .

L " ! i  
' r ( ' ! : " , , )  ) " ( D t . e r 1 )  )

2 l x y z + t , 2 x + z x y l

0

a ) v ,  D . ,  D t h ? lxvz + yzx + zxt:l n

c j ,  c jh ,  c4 ,  s4 ,  c !1 ,  c |

s6 '  c6h '  c - '  c_h

2\zxY. + zxt  ) 0

D t ,  D 4 ,  D 6 '  D l d '  D j l '  C ' v ,

c 4 " '  c 6 " '  D . h '  D ! h ,  D 6 n ,

0

T1.  Th ,  Ta .  A .  Oh,  Yh,  K , 0 0



me Photumagnelon atul Quantum FieLl Theory

Table 3

trreducible Representations2 of i i i r  at r, Ie ight 2; Frde (a,y,z)

( ? )  = (  ' ' : ' ' ' ' ) ,  
\ ' 1 2 t  = - 2 9 e ' ' ' z i

Molccular Theory oJ Optical NMR SP.ctroscon: Liqht..

Tab le  4

r r reduc ib le  Representa t ions  o l  
'9 ; i "  

in  Frme (x ,y ,z )

263

{ '1 )  w ( i )  , ( ? ) r y ( l t  
" "

t 1 )  y .

C . , 5 , ) L*v' - |. tx.wz . ) , , , .
t r r )

j tzzl' ) tv",

0

0 0

c-, c4' 4. Dt,

c-"

1, t"* 3 a I z:*'v 0

T , T h , ' t d , 0 , o h , 0 0 o 0 o 0

c 1 '  s 1 '  c ? '  c 1 h '  q h '  c 3 '  c ! b '

c4 '  s4 '  c^h '  c5 '  s6 '  c6h '  c - '

0

c2v .  q ,  D)h ,  D! ,  D . ,  D6 '

4d ,  Dt , ! ,  C* ,  C . ! ,  C6y ,  Dr ,

T ,  Th ,  Tn ,  O,  Ah,  Y ,  Yh,  K ,
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f ' o r  Io  o f  L0 '

2.t I

( 8 4 )

w a t t  m ' ( 1 . 0

I n  t h i s  a p p f r ( t i x  t e  . o n s i d e r  a  s i n p L c  n r o d e l  f o r  t h e  c h a n g e  i n  r h e

d i a n E g n e t i .  s h i e l d i n S  f a c t o r  o i J )  e x p e . t e d  l i r r o u g h  a  m e c h a n i s m  o l  d i r e c t

p e r t u r b a t i o u  o J  t h .  u a v .  f u . c t i o n  b y  t h c  c x t . r L ä 1  1 a s e r .  I t  i s  s h o t n  t h a t  l h e

c h a n g e  i d  o ' ,  e \ p e c t e d  f o r  a n  a p p l i ( : . ]  l a s e r  o f  i n t . n s i r y  ]  0  w a r t  c ß '  i s  m i n u t e

i n  t h i s  m e . h a n i s m  c o m p a r e d  \ . , i t h  t h e  o n e s  d i s . u s s c d  i n  t h e  t e x t  a L , ' u r  l  p a r t  r n

1 0 " .
C o n s i d e r  t h e  p e r t u r b a l  i o n  c a u s c d  b y  t h e  o s . i l l a L i r A  e L e c t r i c  I j . l d  o f  t h e

l a s e r .  T l L i s  c a r !  b e  e x p r e s s e d  [ 4 , ' ]  a s .

{ , ;  ( { , f r * r ! { F , r  i F , ) e  ' . ' { , 1 ' { i ) ) c  ' " . r ,  
{ , "  ( { l , o r  + r " ( F t r r j F y ) e ' " r { r r o ' ) e r " ' t ,

( 8 1 )

' '  < n l l * "  j > '  j  t j ' . " >
dt4.," .y

whcr ( :  the  e tec t r : i c  d ipo lc  mom. 'n ts  Fr  and pr  a r .  . l . sc r ibed th rough t ime dependent

p e r t u r b a t i o n  t h e o r y  a t  f i r s t  o r d e r .  H e r e  { , 1 , '  i s  t h c  c o r p l e x  c o n j u g a t e  o t  t h e

v a v e f u n c t i o n  V l .  T h e  g r o u n d  s t a t e  w a v e  f u n c t i o n  i s  ' ] , 1  a n d  V 1 >  i s  a n  e i S e n s t a t e

o f  h igher  energy  than tha t  descr ibed by  V l>>.  The t ime indepe dent  charge

d e n s i t v  i s  t h e r e f o r : e  c h a n g c d  b y  t h e  l i A h t  p e r t u r b a r i o n  t o ,

A," ;*(ri.,,,") !:, tY',,

v h e r e  l o  j s  t h c  l i g h t  b c a m ' s  i n t e n s i t y  i n  w . 1 r t : ;  m '

A o d

'"e.1
(Bs  )

w h i c h  i s  D i , n r t e  c o m p a r e d  w i t h  t h e  o t h e r  n . . h r n i j D , i  ( l ) n s i d o r c d  i n  L h e  L e x t  f o r  a n
o r b i r - l  p f f p . r i v a  d o i ' , \ ,  r ,  ^ l  a l , o L r  l ' .  n

s i n i l a r  r . s , , l r s  i n  r h r s  o r c t u r e  a r e  o l , r i t i r ( . ( t  I o r  o t h e r  s o u r c e s  o f  d i r e c t

p e r t u r b a t i o n  o f  t h e  \ r a v e f u n c t i o n  b y  t h c  o s . i l l , , r  i r t , ,  . l ( c t r o m a g n e t i c  v e c t o r s  t

a n d  B  o f  t h e  p l a n e  w a v e ,  t o  a n y  o r d e r  i n  L , , x i / ( ) r  a .
Th i  s  mecha ism häs  recent ly  been cons  i (1 ,  r ' ,  ( l  l ) y  l la r r i  s  and T ino .o  I  49  L  and

i s  v e r y  s m a l t  c o n p a r e d  v i t h  t h o s e  c o n s i d r r r , ( l  i , ,  l l x ,  t e i x t  o f  t h i s  p a p e r  T h e

s i n p L e  c a l c u l a t i o n  g i v e n  i n  t h i s  A p p e n d i x  i j , r , 1 l i . i . n t  t o  s h o w  t h i s  o v e r a l l

w h i c h  i s  a  m i x t u r €  o f  s t a r e s  n

d iamagnet  i c  cur rcn t  dens i ty  in

p. , ,  -  -  dv ' " " ' '  .  t3 lv? -  p") r  l " ' ' l ,

a n d  j .  H e r e  e  i s  l h e  e l . . t r o n i c  c h a r g e .

t h e  p r e s e n c e  o f  t h i s  I j 8 h t  I , . r t ü . b a t i o .  i s

( 8 2 )

The

( ß 3 )

r h . r e  r  i s  t h e  e f f e c t l v e  v e c t o L  p o t e n t i a f  a s s o c i a l ( ( t  ! i t h  t h e  l i g h t  w a v c  N o t e

t h a t  r  v a n i s l , e s  u n l e s s  t h e  L i g h L  b e a m  i s  c i r c u L a r l y  l ) ( ) l , r  i z e d ,  i . e  u n l e s s  t h e r e

i s  a n  e l e m e n t  o f  o E g n e t o s t a t i c  ( A ( 1 )  )  s y n m e t r y  i n  t h (  b . a m .  r  c a n  b e  i d e . t i f i € d

f o r  € a a m p l e  ! ' i t h  t h €  f i € L d  ! ( ' )  o f  t h e  t e x t .  I n  D q .  ( B l )  m d  i s  t h e  m a s s  o f  t h e

e lcc t ron  and th€  L igh t  per tu rbed wavefuncr ion  is  as  used in  Eq (82) .  The change

i n  t h e  d i a n a g n e r i c  s h i e l d i n g  f a c t o r  d u e  t o  t h e  o s c i l l a L i n g  e l e c t r l c  f i e l d  !  o f

t h e  l i s h t  b e a m  i s  t h e r e f o r e .


