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S u m m a r y .  - -  Within (~ extended relativity )) we generalize the Maxwell 
equations in terms of four-potentials for both ordinary and faster-than- 
light charges. We succeed in giving a physical meaning to the complex 
electromagnetic four-potential (and to complex electromagnetic four- 
current, tensor and field), and in giving a new interpretation to the Cabibbo- 
Ferrari relation for magnetic monopoles. 

1. - W e  showed (by  us ing  our  (~ e x t e n d e d  re l a t iv i ty  ~> (1), general ized for  

f a s t e r - than- l igh t  iner t ia l  f r ames  a n d  for  t a c h y o n s )  t h a t  magne t i c  monopo les  

are p r o b a b l y  expec ted  to  exist  on ly  as Super lumin~l  ( =  fas ter  t h a n  light) 
objec ts  (~-5). 

I n  f ac t  (6) l e t / ~  be  the  usua l  e l ec t romagne t i c  t ensor  and  let  us  define i ts  

(*) Supported in par t  by  CNR, and by  INFN,  Sezione di Catania and Sezione di Roma. 
(**) On leave of absence from Isti tuto di Fisica dell'UniversitY, Roma. 
(***) On leave of absence from Isti tuto di Fisica Teorica dell'UniversitY, Catania. 
(1) E. RECA•I and R. MIGNANr: l~iv. NUOVO Cimento, 4, 209, 398 (1974). 
(3) R. MrONANI and E. RECAMI: I~ett. ~Vuovo Cimento, 9, 367 (1974). 
(3) E. RECAMI and R. MIGNANI: Lett. Nuovo Cimento, 9, 479 (1974). 
(4) l~. MIGNA~I and E. RECAMI: Lett. 1Vq~ovo Cimento, 11, 417 (1974). 
(5) E. RECAMI and R. MIGNANr: in the 1976 Volume in honour of Prof. W. Hei- 
senberg, to appear. 
(~) We use the metric ( - b - - - - - - )  by  writing, however, the generic vector as 
xn~(c t ,  ix, iy, iz), i.e. Xo~--ct, x l ~ i x ,  Xu~--~y, x3~--iz. We thus obtain g ~ :  ~ ,  and 
no distinction between eovariant and contravariant components. Summation is under- 
stood over the repeated indices. Natural units (numerically c =  1) will be used. 
For the electromagnetic quantities we always use rationalized Gaussian units, i.e. 
Heaviside-Lorentz units. 
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(~ dual  ,) as follows (/~, v, ~, a = O, l ,  2, 3): 

i 
(1) ~ ,  ----~ ~ , ~  ~ ,o ,  ( ~ , ) *  = - -  F ,~ ,  

where  s,,Q~ is the  rear, comple te ly  a n t i s y m m e t r i c  Ricci  t ensor  (normal ized so 

t h a t  s~u : 1). Not ice  t h a t  our  p resen t  (~ dual  ~> tensor  (~) is s imply  the  opposite 
in  sign to  t h a t  of Cab ibbo-Fer ra r i  (s), in a g r e e m e n t  (~) wi th  our  p rev ious  ref. (4). 

L e t  us  confine ourselves  f o r  s impl ic i ty  to  r equ i r ing  eovar iance  on ly  u n d e r  the  

usua l  g r o u p  of  proper ,  o r t h o c h r o n o u s  L o ren t z  t r ans fo rma t ions ,  and  m o r e o v e r  
define the  new tensor  (~0) 

where  T ~  is i n v a r i a n t  u n d e r  the  exchanges  (~) E-->iH, H - ~ - - i E  and  where  

(2') T,~ = iTt, ~ . 

Then,  the  generalized Maxwel l  equat ions ,  va l id  when  b o t h  sub lumina l  (=- slower 

t h a n  light) a n d  Super lumina l  electric charges  are present ,  were shown (1) to  r ead  

(3) 
~ T . .  = i . ( s )  - i i ,~(s) , 

T ~  ~ i T ~ ,  
v 2 ~ e  ~, 

where  s ~ sub lumina l  a nd  S ~ Super luminal .  E q u a t i o n s  (3) are  equ iva l en t  to  
t he  fo l lowing self-clear equa t ions  (1-5): 

(4) 
] d i v D  = Q(s), d i v B  = - -  # (S) ,  

(V2~C~) 

I r o t e  -~j(S)  -- ~B/~t ,  ro tH- - : j ( s )  ~- ~D/~t.  

Therefore ,  in extended relativity on ly  one (e lect romagnet ic)  charge  is ex- 

p l ic i t ly  expec t ed  to  exist ,  which  behaves  as electr ic when  subluminal ,  and  as 

m a g n e t i c  when  Super lumina l .  I n  addi t ion ,  one gets  t h a t  t he  m a g n e t i c  
s t r eng th  is expec ted  to  a p p e a r  (1) 

(5) g ---- - -  e.  

(7) Notice that  the present definition (1) of ~ duality ,~ is however different from the 
one adopted in ref. (1), since there we chose -Y~v ~ ~e~l~Qa : - - iF*~ .  
(s) N. CABIBBO and E. F ~ A R I :  Nacre Cimento, 23, 1147 (1962). 
(9) A misprinted sign in eqs. (5) and (8) in ref. (4) should however be corrected. 
(10) Incidentally, under a (~ Superluminal Lorentz transformation ,> L, the quanti ty T~v 
will no longer be (1) a standard tensor, since one would obtain (1.5) T~--> t T~v 
=--iL~QLv~TQ~. Analogously for /7~v, for A~/~, etc. 
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I n  par t icu lar ,  an  (¢ e lectr ical ly  )> cha rged  t a c h y o n  in an  e l ec t romagne t i c  

field will p r o b a b l y  exper ience  the  (¢ L o re u t z  force ~)(1.~) 

(6) F -~ - -  e(H--  VAE)  , v '-~ c 2. 

2. - All  t h a t  p recedes  was  d i rec t ly  der ived  b y  us f r o m  the  e lec t romagne t ic  
fields (1-3) w i t h o u t  i n t r o d u c i n g  four -potent ia l s .  I n  this  w o r k  we w a n t  to  ex tend ,  

for  Super lumina l  charges,  t he  Maxwel l  equa t ions  also in terms o] electromagnetic 
four-potentials. 

W h e n  in presence  of only a subluminal electric cu r ren t  j~(s), Maxwell  equa-  

t ions  (in t e rms  of the  usua l  fou r -po ten t i a l  vec to r  A~) are  k n o w n  to  become  

(7) 
[]  A~ --~ j~(s) , 

$ ~ A , =  O, 
v ~ ~ C 3 , 

where  the  s t a n d a r d  (( L o r e n t z  gauge  ~ has  been  expl ic i t ly  added.  As usual ,  i t  
will be  ~ ~ A~/, - -  A~/~. 

L e t  us now suppose  to  be in the  presence  (11) of  on ly  Super lumina l  (~ electric ~ 

charges.  Owing  to  the  pr inciple  of r e l a t i v i t y  (1 ) - -and  to  the  (( dua l i t y  pr in-  

ciple ~> ( 1 ) ~ t h o s e  charges  are  represen ted  b y  a s t a n d a r d  (subluminal)  four-  
.? 

cu r ren t  3~(s) wi th  reference to  a n y  Supe r lumina l  iner t ia l  f r a m e  S. W i t h  respec t  

to  S it  t hen  holds t h a t  

(8) ' ' " ~ A . = 3 . ( s ) ,  ~'.A'. = 0 ,  v , 3 <  c3 ,  

with  F '  - -  ' ~ - -  A~I ~ -- A~,I~. Therefore ,  we shall  o b s e r v e - - i n  our  f r a m e  s - - a  Super-  

lumina l  fou r - cu r r en t  j~(S) obey ing  the  transformed laws of eqs. (8) unde r  the  

sui table  (~ Super lumina l  L o r e n t z  t r a n s f o r m a t i o n  ~)(1) L .  I ~  o the r  words ,  ~c- 
cord ing  to  the  <( rule  of t a c h y o n i z a t i o n  )) (1), let  us  a p p l y  Z to  eqs. (8), no t ic ing  

! 
t h a t  A , - - - ~ . A , = - - i L ~ A q  (cf. f oo tno t e  (~o)). One i m m e d i a t e l y  ob ta ins  

(8') 
D(iA~) = j~(S) ,  ::> [ [] Aa = -- ij~(S) , 

~(iA~) = O, ~ A ~ - ~  0 ,  
V 2 ~ C 3 . 

I n  conclusion,  when  in presence  of both sub- and Super lumina l  four -cur ren t s ,  

we need  to  i n t roduce  a complex four-potential A~ a n d  t he  complex four-current 

(11) Le~ us call s our own frame of reference. 
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J~, =~j~(s) -  ij~(S), so as to be  able to write in to ta l  

{ G_~=J,, v~ec~. 
(9) ~ .4~ = 0 ,  

Equa t ions  (9) extend eqs. (7) for the  case of both slower and faster-than-light 
currents. I f  we now call 

(10) A ~  l ~ e .4 ,  B , ~  --ImA, 

then  we can write the  generalized equations,  for the extended elect romagnet ic  
four-potent ia l ,  as 

[ : ] ( A , -  iB,)  : j ~ ( s )  -- i j~(S), 

(9') ~ ( A ,  - -  iBm) : O ,  
V2~C ~, 

holding when bo th  bradyonic  and  tachyonic  charges are considered. Equa-  
t ions (9') of course are equivalent  to 

(9") 
U A . =  j . ( s )  , O.A~= 0, v~ < c ~ , 

[] B .  = j . (  S )  , ~.  B .  = O, v '  > e~ . 

B y  compar ing  our eqs. (9") wi th  eqs. (8) in ref. (8), or wi th  eqs. (77) in ref. (13), 
one can realize t ha t  our four -poten t ia l  B ,  is to be  identi]ied with the  four-po- 
tent ia l  B~ in t roduced b y  C ~ n I ~ o  and FERRAI~I for magnet ic  monopoles  in 
the (~ Dirac  addi t ive t e r m  ~)(8.12). Wi th in  ex tended  re la t iv i ty  we thus  give a 
new physical  meaning  to the Cabibbo-Ferrar i  four-potent ia l  B~. ~ a m e l y ,  
we have  

! 

(10') B~ = - -  ~;~  A , .  

F r o m  eqs. (9") one can again ver i fy  t h a t  a Super luminal  (~ electric ~ charge 
behaves  as a magnet ic  monopole  with opposi te  (magnetic) charge (13). 

At  this point  i t  is impor t an t  to observe  t ha t  we of course do not need a n y  
condition of the t ype  eg ~ n~, since ~( consistency requi rements  ~) of the  kind 
of eq. (13) in ref. (8) do not come in, when extended re la t iv i ty  is used. I n  fact ,  

, ! 

our four-vector  B~ calls into the  game nothing bu t  A~,, and for A ,  (in the Super- 

(13) E. AMALDI: in Old a~d New Problems in Elementary Particles, edited by G. PuePI 
(New York, N .Y., 1968), p. 1. 
(la) See, e.g., ref. (s), p. 1149 and ref. (1~), p. 53. For a eonh'ary belief, see It. C. CORB]~N: 
Nuovo Cimento, 29A, 415 (1975); and then R. MI~NANI and E. RECAMI: Lett. Nq~ovo 
Cimento, 13, 589 (1975). 
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luminal  f rames  S) eqs. (9)-(12) of ref. (s) do hold, as they  also hold for Au in the  

subluminal  f rames  s. 
Iqow, let  us r e m e m b e r  t h a t  the  upper  eqs. (9") are equivalent  to O~Fu~=ju(s). 

Moreover,  the equations (s) [] B~, = -  gu, ~uBu = 0 would be equivalent  (s.a2) to 

O, Fz~ = -  g~; so t h a t  we expect  the  lower eqs. (9") to be equivalent to 

~ = + j . ( s )  ; 

we want  to set for th  explicit ly the conditions under  which t h a t  equivalence holds. 
I n  other  words, we want  to find out  the  conditions under  which our gener- 

alized equat ions  (9) and  (9') are equivalent  to  the  ex tended  Maxwell  equat ions (3) : 

(11) 

t ha t  is to say 

(11') 
I[~(A~-- iB~)~-- j~(s)-- i j (S)}_[3v(F~,-- iF*,~)---- j~(s)-- i l~(S)}  

~:~ ~ 

[ ~ ( A ~ - -  iBm) = O I T ~  = i T ~  

v 2 ~ e  ~ , 

We m a y  write the iden t i ty  

(12) D A , ~  = - -  ~ -  - 

where we added (in brackets)  a null pa r t  (14). We can immedia t e ly  derive f rom 

eq. (12) t h a t  relations (11) and (11') hold i f  we set ( v ~ c  2) 

(13) 

B y  expl ic i ta t ing eq. (13), one m a y  obtain  the  above cotlditioa iu the  fo rm of 

one of the following conditions: 

(lia) 

(14b) 

Of course, in connection with eqs. (7) and  (8), the  te rms  B~I~ there were zeio. 

Equat ion  (14b) has  been wri t ten because of the  iden t i ty  (1~) 

(15) i A 

(14) For example, %he last term in eq. (12) vanishes, being the contraction of a symmetric 
tensor with a.a antisymmetrie tensor. 
(15) See, e.g., B. FINZI and M. PASTO•I: Calcolo te~soriale e applicazioni (Bologna, 1961), 
p. 157. 
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3. - We have therefore derived the Cabibbo-Ferrari relation (8) ~s our con- 
dition (14a), giving it a new physical interpretation. 

Let  us emphasize that ,  by  using the complex four-current, the extended 

Maxwell equations when both bradyonic and tachyonic charges are taken 
into account--assume the form 

(3') ~T. .=.] . ,  T~---- iT~., v~c~. 

We have, moreover, shown the connection between the dual i ty  here defined 
in eq. (1) and the (~ dual  correspondence ~)(1) bradyons,-+ taehyons. 

Finally, it  is evident  the essential role of complex quantities in formulat-  
ing extended relativity.  For  example, the importance of the complex ~ vec- 
tor ~ F ~  i ( E + i H )  in physics was previously realized also by :MAJORANA (1~) 
and by ~VE~BERG (17). Under dual i ty  (1) we have F~--iF.  In terms of tha t  
complex ~ vector )~, our (~ complex electromagnetic tensor ~) T~, reads 

(T.~) ---- 

l 0 F~ F~ F~ 1 

- -  F ~  - -  F ~  0 F ~  

o 

4. - We cannot refrain from mentioning the possible role (1) of faster-than- 
light objects in hadron structure. I t  has long since been known tha t  existence 
of spacelike components (~") seems a natural  and perhaps unavoidable feature 
of interacting fields (~9). I t  has indeed been proved (.~o) e.g. that ,  if the Fourier  
t ransform of a local field vanishes in a domain of spacelike vectors in momentum 
space, then the field is a general ized/tee field. Moreover, since usual (~ vir tual  
particles ~ generally bear negative squared four-momentum, i t  was suggested (2~) 
in 1968 t h a t  vir tual  particles be actually considered as tachyons. Following 

(16) See R. MIG)CA~¢I, E. RECAMI and M. BALDO: Left. Nuovo Cimento, l l ,  568 (1974). 
(17) S. WEI~BEI~G: in 1964 Lectures on Particles and Field Theory, edited by S. DESER 
and K. W. FORD (Englewood Cliffs, N.J . ,  1965), p. 405. 
(18) Cf., e.g., E. MA:IORANA: -¥UOVO Cimento, 9, 335 (1932). 
(1~) D. Tz. STOrANOV and I. T. TODOROV: Journ. Math. Phys., 9, 2146 (1968) and 
references therein; A. 0. B~OCUT and I. H. Dt~Ru: ICTP, preprint IC/72/116 
(Trieste, 1972). 
(so) G. :F. DELL'ANtoNIO: Jourr*. Math. Phys., 2, 572 (1972); O. W. GlCE]~I~BERG: 
Jou~'n. Math. Phys., 3, 859 (I962). 
(21) E. RECA~I: Report IFUM-088/S.M. (Milano, 1968); Giornale di Fisiea, 10, 195 
(1969); V. S. 0LK~IOVSKY and E. RnCAMI: Nc*ovo Cime~to, 63A, 814 (1969). 



C O M P L E X  ]~LECTI~OMAGNETIC FOUR-POTENTIAL ETC. 5 ~  

t ha t  line, results have  been pu t  for th  e.g. in ref. (3,~). In part icular,  since in- 
finite-speed tachyons  bear (~) zero energy bu t  finite momentum,  such tachyons  
m a y  be useful for in terpret ing (, pomeron exchange reactions ~ or diffractive 
scatterings (~) and elastic scatterings (38). 

W h a t  we want  to emphasize here is the following. We have shown t h a t  
the ~ dual i ty  ~ between bradyons  and tachyons  is essentially the d u a h t y  be- 
tween  electric and magnet ic  charges (see also ref. (34)). And TZE (35) seems 
to have  shown~ following lq~_au ,  t ha t  a s t ructural  iden t i ty  can be established 
between electrodynamics and dual  strong interact ions (exemplified by  dual- 
resonance models). Possibly, a link is thus found between tachyons  and 
hadron structure.  

Fur thermore ,  P ~ s ~  (32) has suggested to ident i fy  magnetic  monopoles 
with quarks;  BA~V~ (~) underl ined the  connections between electromagnetic (~) 
and dual (32) (( strings ~; and much other  work along similar ideas ma y  be found 
in the recent  l i tera ture  (~,~). Fo r  example,  some results have been obtained b y  
considering quarks as quant ized loops (so). 

In  our opinion, all these cons idera t ions- -and m a n y  other  ones-- indica te  
t h a t  quarks (made up of par tons  (~)) m a y  well be quant ized loops of Super- 
luminal  charges, i.e. of faster- than-l ight  leptons (electrons); and par tons  m a y  
be noth ing  bu t  such tachyonic  leptons. 

The authors  are grateful  to Prof.  L. FO~DA for grants and his interest  in 
this work. They  are also grateful  to Prof.  A. SALAM, the In te rna t iona l  Atomic 
Energy  Agency and UNESCO for hospi ta l i ty  a t  the  In te rna t iona l  Centre for  
Theoret ical  Physics, Trieste, and to Prof.  A. AGODI and Dr. L. 1~. ]~ALDINI 
for kind interest.  

(32) E. C. G. SUD~SMA~: Ark. Phys., 39 (40), 585 (1969); A. M. GL~ESO~, )~. G. 
GUNDzI~c, E. C. G. SrrD~S~A~ and A. PAG~AMENTA: Phys. t~ev. D, 6, 807 (1972); 
E. VA~ PER SeUY: Phys. l~ev. D, 7, 1106 (1973). 
(3a) R. MIG~rA~I and E. R~CAMI: ICTP, Internal Report IC/75/82 (Trieste, 1975). 
(34) See also D. WEI~GAgTE~: Ann. o] Phys., 76, 510 (1973). 
(35) H. C. TzE: 2~uovo Cimento, 22A, 507 (1974). See also second reference in (32). 
(32) G. PARISI: Phys. Bey. D, 11, 970 (1975); A. O. B~UT: ICTP, preprint 
IC/73/34 (Trieste, 1973). 
(37) p. A. M. DIRAC: Phys. l~ev., 74, 817 (1948). 
(33) See, e.g., L. SVSSKI~D: Nuovo Cime~to, 69A, 457 (1970). 
(33) See, e.g., H. B. NIELSEN andP.  OLESE~: J_Y~cl. Phys.,O1 B, 45 (1973); P. OT,~s~.~: 
preprint NBI-HE-74-12 (Copenhagen, 1974); T. SAWA])A: Nucl. Phys., 71 B, 82 (1974); 
T. YONEDA: Prog. Theor. Phys., 51, 1907 (1974); M. KOBAYASm: Prog. Theor. Phys., 
51, 1636 (1974); ~¢[. ADv, MOLLO, A. D'ADDA, R. D'AuRIA, E. NAPOLITANO, S. SClUTO, 
P. DI YECC~IIA, F. GLIOZZI, R. MUSTO and F. NICODEMI: ~OVO C,imento, 21 A, 77 (1974). 
(so) M. JV, HLE: Phys. Rev. D, 3, 306 (1971); 6, 441 (1972). 
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• R I A S S U N T O  

lqe l l ' amb i to  de l la  ~ r e l a t i v i t ~  e s t e sa  ,~, si gene ra l i zzano  le e q u a z i o n i  di  Maxwe l l  pe r  
ea r i ehe  s ia  o r d i n a r i e  s ia  p i ~  veloei  de l la  luee, partendo dai tetra-potenziali e l e t t r o m a g n e -  
t iei .  Si r iesee  a da r e  s igni f iea to  fisico a u n  t e t r a - p o t e n z i a l e  complesso  (e a u n a  t e t r a c o r -  
r en t e ,  u n  t ensore ,  e u n  e a m p o  complessi), e a d a r e  u n a  n u o v a  i n t e r p r e t a z i o n e  del ia  
r e i az ione  di  Cab ibbo  e F e r r a r i  pe r  i m o n o p o l i  magne t i e i .  

I'CoMn.q[eKClibll] 3.TIeKTpOMarm4Tabl~ qeTbIpeXMepHidfi noTemma.~ K COOTHOmeHse Ka6H66o- 

¢I~eppapH ,zx.rm M ~ t x  MOHOHO.q[e~. 

Pe3ioMe (*). - -  B paMKax ~ npor~l~eH~Ot~ OTHOCHTeJII~HOCTH )) MbI o6oSmaeM ypaBHenl~  
M a r c B e n n a  B TepMImax ~eTbIpeXMep~Ix HoTerm~a~oB ~ cnyqa~ o 6 i , ~ n ~ x  3 a p ~ o B  
H ~n~ cnyqa~ 3ap~taoB, ~ n ~ c y n a ~ c n  6SIcTpee cKopocTn cBeTa. B aTO~ pa6oTe M ~  o 6 c y ~ -  
~aeM dpn3n~ecrnfi CM~ICn KOMILrleKCHOrO 3neKTpoMarmalHoro ~eT~ipexMepHoro IIOTeH- 
m m n a .  M~r n p e ~ a a r a e M  HOBym nHTepnpeTattmo COOTaomenn~ K a 6 n 6 6 o - O e p p a p n  
~ MarrmTr~LX MOHOnonetL 

(*) HepeseOeHo pebw~que~. 


