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S u m m a r y . -  The or thodox models devised to explain the apparent  
(~ superluminal  expansions ,> observed in as t rophys ics - -and  here briefly 
summarized and discussed together  with the  exper imental  d a t a - - d o  not  
seem to be too much successful, especial ly when confronted with the 
most recent observations,  suggesting complicated expansion pat terns ,  
even with possible accelerations. At  this  point  i t  may  be, therefore, of 
some intorest  to explore the possible a l ternat ive  models in which actual  
Superluminal  motions take place. To prepare  the ground, we s ta r t  from 
a var ia t ional  principle, introduce the elements of a tachyon mechanics 
within special re la t iv i ty ,  and argue about  the expected behaviour  of 
tachyonic objects  when interact ing (gravi tat ional ly,  for instance) among 
themselves or with ordinary mat ter .  We then review and develop the 
simplest (~ Superluminal  models ,>, paying  par t icular  a t tent ion  to the 
observations which they  would give rise to. We conclude tha t  some of 
them appear  to be physical ly  acceptable  and are s ta t i s t ica l ly  favoured 
with respect to the  or thodox ones. 

PACS. 98.70.Dk - Discrete radio sources. 
PACS. 03.30. - Special re la t iv i ty .  
PACS. 14.80. - Other and hypothet ica l  part icles.  
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1. - Introduct ion .  

The par t i cu la r - -and  unreplaceable--role in special relativity (Stl) of the 

light speed, c, in vacuum is due to its invariance (namely, to the experimental  

fact tha t  c does not depend on the velocity of the source), and not to its being 
or not  the maximal  speed (~). 

The subject of tachyons,  even if still speculative (2), may  deserve some 
at tent ion for reasons that  can be divided into a few categories, some of which 

we want  to mention right now: i) the larger scheme tha t  one tries to build 

up in order to incorporate spacelike objects in the relativistic theories can allow 

a bet ter  comprehension of m a n y  aspects of the ordinary relativis*ic physics, 
even if tachyons would not  exist in our cosmos as (( asymptotical ly free ~ 

objects; ii) Superluminal classical objects can have a role in elementary-particle 
or quan tum interactions; iii) they  may  have a role even in astrophysics. Let  

us moreover  recall that ,  in general relativity (GR), spacelike geodesics are 

(~ at home ~), so tha t  tachyons have often been implicit ingredients of Gt~ (a). 

I n  this paper let us fix our at tention on the problem of the apparent  
(~ superluminal expansions ~> in astrophysics. 

2. - The  apparent s u p e r l u m i n a l  expansions .  

The theoretical possibility of Superluminal motions in astrophysics has 

been considered since long (4). 

(1) See, e.g., E. RECAMI and E. MODICA: Lett. Nuovo Cimento, 12, 263 (1975), and refer~ 
ences therein. 
(2) See, e.g., E. RECAMI, Editor: Tachyons, Monopoles, and Related Topics (North- 
Holland, Amsterdam, 1978); P. SMRZ: Lett. 2guovo Cimento, 41, 327 (1984). 
(z) See, e.g., R. W. FvLz~R and J. A. WH]~]~z]~R: Phys. l~ev., 128, 919 (1962); R. SACHS 
and W. WtJ: General Relativity ]or Mathematicians (Springer, Berlin, 1980). 
(4) C. GR]~GOI~Y: Nature (LondOn), 206, 702 (1965); Nature Phys. Sci., 239, 56 (1972); 
R. M~GNANI and E. RECAMI: 2YUOVO Cimento B, 21, 210 (1974); Gen. Rel. Grav., 5, 
615 (1974); E. RECA~I: unpublished work (1974) (seminars, private communications, 
computer work, and pieces of work in collaboration with H.B.  NI~LS~ ~, etc.); in 
Topics in Theoretical and Experimental Gravitation Physics, edited by V. D]~ SA~BATA and 
J. W~BLR (Plenum Press, New York, N.Y., 1977), p. 305; in Tachyons, Monopoles, 
and Related Topics, edited by E. R]~CAMI (North-Holland, Amsterdam, 1978), p. 3; 
in Relativity, Quanta and Cosmology in the Development of the Scienti]ic Thought oJ 
A. Einstein, edited by M. PANTALEO and F. DE FINIS (Johnson Rep. Co., New York, 
N.Y., 1979), Vol. 2, Chapt. 16, p. 537. The last reference appeared also in Italian, 
and in Russian (as Chapt. 4 in Astro]izika, Kvanti i Teorya Otnositelnesti, edited by 
F . I .  F]~I)OROVA (Mir, Moscow, 1982), p. 53). 
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Experimental investigations, started long ago as well (5), led at the begin- 

Ring of the Seventies to the claim that radiointerferometric observations had 

revealed--at least in the two quasars 3C279, 3C273 and in the Seyfert type-I 

galaxy 3Cl20--expansion of small radio components at velocities apparently a 

few times greater than that of light (6). The first claims were followed by ex- 

tensive collections of data, all obtained by very-long-baseline-interferometry 

(VLBI) systems with many radio telescopes; reviews of the experimental data 

can be found in COHEN 6t al., KELLERMAN, and COHEN and UNWIN (7) : see also 

SCHILLIZZI a n d  BRUYN (7). The resul t  is, grosso modo, t h a t  t he  nucleus  of seven 

s t rong rad iosources  (six quasars ,  3C273, 3C279, 3C345, 3C179, IgRAO-]40 ,  B L  

Lac,  and  one ga laxy ,  3C120) consists  of two c o m p o n e n t s  which appea r  to  recede 

f rom each o ther  wi th  Super lumina l  re la t ive  speeds r ang ing  f r o m  a few c to  a few 
tens  c (cf. ref. (s)). A resul t  so puzz l ing  t h a t  the  journa l  N a t u r e  even devo ted  

one of its covers  (April 2, 1981) to  t he  super lumina l  expans ion  exhib i ted  b y  qua- 

sar 3C273. S impl i fy ing  it, the  expe r imen ta l  s i tua t ion  can be summar i zed  as 

follows: 

i) t he  Super lumina l  re la t ive  m o t i o n  of the  two c o m p o n e n t s  is a lways  

a coil ;near recession;  

ii) such a Super lumina l  (( expans ion  ~) seems endowed  wi th  a r ough ly  con- 

s tan t  veloci ty ,  which  does no t  depend  on the  observed  wave- leng th ;  

iii) t he  flux dens i ty  ra t io  for  the  two componen t s ,  F~/F2, does depend  

on the  (observed) wave- leng th  a nd  t ime.  

Appa ren t l y ,  those  s t rong r~diosources exibi t  a c o m p a c t  i n v e r t e d - s p e c t r u m  

(5) H . J .  SMITH and D. HOFFLEIT: Nature (London), 198, 650 (1963); C.A. KNIGHT, 
D . S .  ROBERTSON, A. E . n .  ROGEBS, I . I .  SHAPIRO, A . R .  WHITNEY, T.A.  CLARK, 
R.M. GOL])STEIN, G. E. MARANDINO and N. R. VANDERBERG: Science, 172, 52 (1971). 
(s) A . R .  WHITNEY, I. I. SHAPIRO, A. E. E. ROGERS, D. S. ROBERTSON, C. A. KNIGHT, 
T.A.  CLARK, R.M. GOEDSTEIN, G. E. MARANDINO and N. R. VANDERBERG: Science, 
173, 225 (1971); M. H. COHEN, W. CANNON, G. H. PURCELL, D. E. SHAFFER, J. J. BRO- 
DERICK, K. I. KELLERMAN and D . L .  JAVNCEY: Astrophys. J . ,  170, 207 (1971); D .B .  
SttAFFEn, M . H .  COHEN, D . L .  JAVNCEY and K . I .  KELLERMAN: Astrophys. J.  Lett., 
173, L147 (1972) ; I. I. SHAPIRO, H. F. INTEREGGER, C. A. KNIGtIT, Y. J .  I~ D. S. 
ROBERTSON, A. E. E. ROGERS, A. R. WHITNEY, T . A .  CLARK, G . E .  MARANDINO a n d  
R.M. GOLDSTEIN: Astrophys. J. Zett., 183, L47 (1973). 
(7) M.H. COHEN, K. I. KELLERMANN, I). B. SIIAFFE:R, R. P. LINFIELD, A. T. MOFFET, 
J . D .  ROMN:EY, G. A. SEIELSTAD, I. I. K.  PAULI:NY-TOTtI, ]~. Pt/EUSS, A. WITZEL, R. T. 
SCHILLIZZI and B. J. GELDZAHLER : Nature (London), 268, 405 (1977) ; K. I. KELLERMANN : 
Ann. N. Y. Acad. Sci., 336, 1 (1980); M. H. COHEN and S. C. UNwIN: I A U  Symposium 
No. 97 (1982), p. 345. See also R. T. SCHILLIZZI and A. G. DE BRIYYN: Nature (London), 
303, 26 (1983). 
(s) I . I . K .  :PAuLINY-ToTH, E. PREUSS, A. WITZEL, D. GRAHAM, K. I. KELLERMANN 
and R. RSNNXNG: Astron. J . ,  86, 371 (1981). 
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core component  (usually variable) and one extended component  which separate 
from the core with Superluminal velocity. But  it is not  ye t  clear whether the 

compact  core is indeed s ta t ionary or it too moves. The extended component  
seems to become weaker with t ime and more rapidly at  high frequencies. 

The most  recent results, however,  seem to show t h a t - - a t  least in quasar 

3C345-- the  situation may  be more complex (9). I n  the same quasar an (~ extended 
component  ~ does even appear  to accelerate away with t ime (~o). 

Many theoretical models were soon devised to explain the apparent  Super- 

luminal expansions in an or thodox way (~,H). l~eviews of the or thodox models 
can be found in (~2), and in Po~cAs (9). 

The most  successful and, therefore, most  popular  models resulted to be:  

a) The relativistic jet model: a relativistically moving stream of plasma 

is supposed to emanate  f rom the core. The compact  core of the (( superluminal ~) 

sources is identified with the base of the jet and the (~ moving ~) component  

is a shock or plasmon moving down the jet. I f  the jet points at  a small angle 

towards the  observer, the apparent  separation speed becomes Superluminal 
since the  radiation coming from the knot  has to t ravel  a shorter distance. 

Namely,  if v is the knot  speed with respect to the  core, the  apparent  recession 
speed [e ~ 1] will be w ----- v s i n a / ( 1 - - v c o s ~ ) ,  with v>~w/ ( l+  w2) �89 The maximal  

probabil i ty for a relativistic jet to have the orientation required for producing 

the apparen t  Superluminal speed ~ - - independen t ]y  of the jet speed v is 
P(W)  = (1 ~-- ~2)--I < 1 / ~ 2  (BLAEDF01~T et al. (~2), FINKELSTEIIN et al. (~3), CASTEL- 

L~O (14)). The relativistic jet models, therefore, for the observed (~ super- 

(9) S.C. UNwIn, M.H. COHEn, J . J .  PEA=RS0n, G.A. SEIELSTAD and R.S. SIMOn: 
Astrophys. J.,  271, 536 (1983); A. C. S. READI~EAD, 0. H. HOVGH, M.S. EwING and 
J. D. ROM•EY: Astrophys. J., 263, 107 (1983); J. A. B~=RET~A, M. H. Co~_~N, S. C. UNwIN 
and I . I . K .  PAVLINY-ToTH: Nature (T~ondon), 306, 42 (1983); R. Po=RcAs: Nature 
(London), 302, 753 (1983). 
(lo) R.L.  Moo=RE, A. C. S. READHEAD and L. BAATH: Nature (Zondou), 306, 44 (1982). 
See also J. J. PERSON, S. C. UNwIN, M. H. COHEN, R. P. LInFIELD, A. C. S. READ~AD, 
G.A. SEI]~LSTAD, R.S. SIMON and R.C. WALEE=R: Nature (Zondoq~), 290, 365 (1981). 
(11) M.J. REES: Nature (~ondon), 211, 46 (1966); A. CAVALIE=RE, P. MO=R=RISON and L. 
S~TORI: Science, 173, 525 (1971); W.A. DENT: Science, 175, 1105 (1972); R. tt. 
SA~D~=RS: Nature (London), 248, 390 (1974); R.L. EPSTEIN and M. J. GELLE=R: Nature 
(~ondon), 265, 219 (1977). 
(is) R.D. BLANDFO=RT, C. F. McKEE and M. J. REES: Nature (London),267, 211 (1977); 
P. A. G. SHEVE=R and A. C. S. READIrEAD: Nature (London), 277, 182 (1979); A.P.  
5~SCHE=R and J. S. SCOTT : Publ. Astron. Soe. Pac., 92, 127 (1980) ; M. J. 0o=R and I. W. A. 
B=ROWNE: Mou. Not. R. Astro~. Soc., 200, 1067 (1982). 
(~3) A.M. FINKELSTEIN, V. Jn. K=REINOVICH and S.N. PANDEY: preprint (Special 
Astrophysics Observatory, Pulkovo, 1983), unpublished. 
(la) A. CASTELLInO: A theoretical approach to the study o/ some apparent superluminal 
expamsions in astrophysics, M.S. Thesis work, supervised by E. RECAM! (University 
of Catania, Catania, 1984). 
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luminal  ~> speeds suffer f rom stat is t ical  objections, even if selection effects can 
p lay  in favour  of t h e m  (see, e.g., (~) and  P E ~ s o : ~  et al. (lo)). 

b) The (~ screen >) models: the  <~ superluminal  ~> emissions are t r iggered b y  
a relat ivist ic signal coming f rom a central  source and  (~ i l luminat ing >) a pre- 
exist ing screen. For  instance,  for a spherical  screen of radius R i l luminated  
by  a concentric spherical  relat ivist ic  signal, the d is tant  observer  would see a 
circle expanding  with speed w ~ 2c(R--ct) /(2t~ct--c~t2)i;  such a speed will 
be super luminal  in the t ime  in te rva l  0 ~ t < � 8 9  ~-2)/~/0 only. When  the 
screen is a ring, the observer  would see an expandi: /g double source. The defect 
of such models  is t h a t  the  appa ren t  expansion speed will be w~>~ (with ~ >> 2c) 
only for a f rac t ion  02/~ ~ of the  t ime  dur ing which the  radiosource exibits  its 
variat ions.  Of course, one can introduce (( oriented >> screens---or ad hoe screens-- ,  
bu t  they  are s tat is t ical ly unfavoured  (BLADPO:~T et al. (~), CASTELLI:~0 (~4)). 

C) Other models: m a n y  previous (unsuccessful) models  have  been aban-  
doned. The gravi tat ional- lens models  did never  find any  observat ional  support ,  
even if a new type  of model  (where the  magnify ing lens is jus t  surrounding 
the source) has  been recent ly  suggested b y  LIAO:~U and  CHO:~Gm-Na (1~). 

I n  conclusion, the  or thodox models  are not  too much  successful, especially 
if the more compl ica ted super luminal  expansions (e.g.,with accelera t ion)recent ly  
observed will be  confirmed. 

I t  m a y  be of some interest ,  there/ore, to explore the possible a l te rnat ive  
models in which actual  Super luminal  mot ions  take place (cf., e.g,  MXG~A:v~ and 

~ECX~: (~)). 
To prepare  the  ground,  in sect. 3 and  4 we shall  develop some t achyon  

mechanics wi th in  SR. Before going on, however,  let us immedia te ly  pu t  for th  
the  following (simple, bu t  impor tan t )  r emark ,  val id ~t least  in two dimensions. 

Le t  us consider in SR two bradyonic  (---- slower t h a n  light) bodies A and B 
tha t - - -owing to mu t ua l  a t t r a c t i o n - - f o r  instance accelerate while approaching 
each other. The s i tuat ion is ske tched in fig. 1, where A is chosen as the  reference 
f rame  s -  (t, x) and,  for s impl ic i ty ' s  sake, only ~ discrete change of veloci ty  
is depicted.  F r o m  a Super luminal  f r ame  t h e y  will be  described ei ther  as two 
t achyons  t h a t  decelerate while approaching each other  (as see:: f rom the  f rame 
S"~--(t", x")), or as two an t i t achyons  (:ma) t h a t  accelerate while reeeding f rom 

(15) R.W. POHCAS: Nature (London), 294, 47 (1981); unsigned: Svi. ~ews, 119, 229 
(1981); G. Poo•v.Y: Nature (T~ondon), 290, 363 (1981). 
(is) L. LIAOFU and Xv CHO~GMI~G: in X International Con/eren~e on Relativity and 
Gravitation (GR 10), edited by B. B~HTO~TI, F. D~ FELIe~ and A. PASCOLI~I (CNR, 
Roma, 1984), p. 749. 
(1~) See, e.g., E. R~cA~I: ~ound. Phys., 8, 329 (1978); P. CAL1)IROLA and E. REcA~I: 
in Italian Studios in the Philosophy o/ Scie~ace, edited by M. DA~LA CHIA~A (Reidel, 
Boston, Mass., 1980), p. 249, and references therein. See also ]~. R]~CA~I and W. 
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each  o t h e r  (as seen f rom t h e  f r a m e  S ' ~  (t', x ')).  There fo re ,  we e x p e c t  t h a t  

two  t a c h y o n s  ]rom the kinematical  poin t  o] view wi l l  s eem to  suffer a r epu l s ion ,  

if t h e y  a t t r a c t  each  o t h e r  in  t h e i r  own re s t  f r a m e s  ( an4  in  t he  o t h e r  f r a m e s  

in  which  t h e y  a re  s u b l u m i n a l ) ;  we sha l l ,  however~ see t h a t  such a b e h ~ v i o u r  

of t a c h y o n s  can  be  s t i l l  c o n s i d e r e d - - f r o m  t h e  m o r e  i m p o r t a n t  d y n a m i c a l  a n d  

e n e r g e t i c a l  p o i n t  of u  due  to  an  attraction. 

X ! '/\'! / 
i I . / "  , , /  " 

..... b / /  

/ 
/ 

t t 

t tf 

I 
I 

I 
I 

I 

// 

�9 ~ 1  2 r . 

) i I I  II 

,II l/Ill 
4 / 

Fig. 1. - Let  us consider two bradyonic  ( ~  slower than light) objects A and B in 
two dimensions. Let  B accelerate while approaching A, due to a mutual  a t t ract ion.  
Then, from a Superluminal frame they  will be described i) either as two tachyons tha t  
decelerate while approaching each other (from the frame S " ~  (t", x")), ii) or as two anti-  
taehyons Q7,18) tha t  accelerate while receding from each other  (from the frame S ' ~  

(t', x ')) .  See also the text.  

3. - Some preliminary tachyon mechanics in SR.  

3"1. On the variational principle:  a digression. - L e t  us  first  cons ide r  t h e  
b 

a c t i o n  S for  a f ree  ob jec t .  I n  t h e  o r d i n a r y  ease i t  is S ~- ~ fds ;  for  a f ree  t a c h y o n  
a 

RODRIGUES: .Found. Phys., 12, 709 (1982); 13, 533 (1983); P. PAv~I~ and E. R]~CAMI: 
Lett. ~Vuovo Cimento, 34, 357 (1982); E. RECAMI: last  reference (4). 
(is) Cf., e.g., E. RECAMt and R, MIGI~ANI: Riv. -Nuovo Cimento, 4, 209, 398 (!974)~ 
~aereafter called .review I, 
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let us, t en ta t ive ly ,  write 

(1) 
b 

= = f  ldsl  . 
a 

By analogy with  the  bradyonic  case, we might  assume for a free t achyon  the 
Lagrangian (c = 1) 

(2) L = ~- mo1/V ~ -  1 (V 2 > 1), 

and therefore evaluate ,  in the usual  way, 

~L mo V 
_ _ ~  mV (3) P ~ =  + V v ~ - i  ' 

which suggests that for tachyons  

(4) m - -  
m o  

1/V~-  1 

I f  the  t achyou  is no longer free, we can wTite as usual 

(5) F -  d p _  d { , oV ] 

By choosing the  reference f rame,  a t  the considered t ime ins tan t  t, in such a 
way tha t  V is paral le l  to the  x-axis,  i.e. IVI = V ,  we then  get 

1/ 1 V 2 ] mo 
= = = a x - -  a x (6a) Fx ~- m0 V ~ 1 1/(V 2 -  1)" ( V ~ -  I) "~ 

~nd 

mo F ~ -  ~- mo (65) ~j  = + V V ~  a~, V ~  a~. 

The sign in eq. (6a) is consistent with the  ordinary definition of work 

(7) d~LZ ~ ~- F .d l  

and the  fact  t ha t  the  to ta l  energy of a t achyon  increases when its speed decreases 
(as is well known (18)). 

Notice, however ,  t ha t  the  propor t iona l i ty  constant  be tween force and acceler- 
ation does change sign when passing f rom the longitudinal  to the  t ransverse  

components. :  
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The tachyou  to ta l  energy .E, moreover,  can still be defined as 

~ o  C2 

(8) B - p . v -  L - VV~- ~ 

which, together  with eq. (4), extends to tachyons the relat ion E : me ~. 

However ,  the following comments  are in order  a t  this point. An ordinary 
t imelike (straight) line can be ben t  only in ~ spacelike direction; and it  gets 
shorter.  On the contrary,  if you  take a spaeelike line and, keeping two points 
on it  fixed, bend it slightly in between in a spaeelike (timelike) direction, the  
bent  line is longer (shorter) t han  the  original s traight  line (see, e.g,  (19)). For  
simplicity, let  us here skip the  generic case when the  bending is pa r t ly  in the  
t imelike and par t ly  in a spaeelike direction (even if such a ease looks to be the 

b 

most interesting). Then, the  action integral lids] of eq. (1) along the  straight  
G 

(spacelike) line is minimal with respect to the (( spacelike ~) bendings and maximal  
with respect  to the  (( t imelike ~) bendings. A Triori,  one might  then  choose for 
a free tachyon,  instead of eq. (2), the  Lagrangian 

(2') 

which yields 

aZ  mo V - -  --  i n V .  
(3') P ~ ~V --  VV*--  1 

Equa t ion  (3') becomes ra ther  interesting, e.g., when tachyons are subst i tuted 
for the  (( vir tual  particles ~) as the carriers of the elementary-part ic le  interac- 
t ions (20). In  fact,  the  (classical) exchange of a t aehyon  endowed with a mo- 
m en tum antiparallel  to its veloci ty  would generate  an attravtive interaction.  

For  nonfree tachyons,  from eq. (3') one gets 

(5') F - -  d p _  d [  m o V  
d, d,\v'Vz~] 

and, therefore,  when ]V] : V ,  

tm~ o 
(6'a) / ~  = ~- (V~_ 1)ta~,  

99r m o 
(6 '5 )  - ~  - -  __+_+_+_+_+_+_+_+_~:~ a ~ ,  ~ = - -  

Vv2_ VV2--1 1 

(i~) See, e.g., J. DORLING: Am. J. Phys., 38, 539 (1970). 
(20) See, e.g., P. CASTORIN~ and E. RECAMI: Jbett. s Cimento, 22, 195 (1978), and 
references therein; G. D. MACC~RONV. and E. RECAMI: .NUOVO Cimen$o A ,  57, 85 (1980). 
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D u e  to t h e  s ign  in  eq. (6 'a) ,  i t  is now neces sa ry  to  def ine the  w o r k  ~ as 

(7') d ~  ~ - -  F ' d l  , 

a n d  a n a l o g o u s l y  t h e  t o t a l  e n e r g y  E as 

(8') E ~ - -  ( p . V - - Z )  
m0 c 2 

- -  m r  . 
Vv2-1 

c o V H 

- -D,  ,.-I' . ;  I 
c (  ! 

I 
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Fig. 2. - i single Superluminal object,  observed through the radiat ion emit ted  by 
it, will appear  as a couple of objects receding from each other with Superluminal relat ive 
speed. See the  text .  

3"2. On radiat ing tachyons. - N o t i c e  t h a t  t h e  p r e v i o u s  r e su l t s  in  subsec t .  3"1 

a re  qu i t e  i n d e p e n d e n t  of t h e  e v e n t u a l  ex i s t ence  (or no t )  of S u p e r l u m i n a l  

L o r e n t z  t r a n s f o r m a t i o n s  (SLT).  

H e r e ,  as a f u r t h e r  e x a m p l e  of  resu l t s  a c t u a l l y  i n d e p e n d e n t  of t h e  v e r y  

ex i s t ence  of S L T s ,  l e t  us r e p o r t  t h e  f ac t  t h a t  ~ t a c h y o n - - w h e n  seen b y  m e a n s  
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of its electromagnetic emissions (see review I and (2~))--will appear, in general, 

as occupying two positions at the same time (4,22). Let  us start  by  considering 

a macro-object  C emitt ing spherical electromagnetic waves (fig. 2e)). When  

we see it travelling at constant  Superluminal velocity V, because of the distor- 

tion due to the large relati~e speed ]V I ~ c, we sh~ll observe the electromagnetic 

waves to be internally tangent  to un enveloping cone F having as its axis the 
motion line of C ((2~), review I) ;  even if this cone has nothing to do with 

(~erenkov's (~4). This is analogous to what happens with an airplane moving 

at a constant  supersonic speed in the air. A first observation is the following: 

%s we hear a sonic boom when the sonic contact  with the supersonic airplane 
does start  (25), so we shall analogously see an ((optic boom ~) when we first 

enter in radiocontact  with the body C, i.e. when we meet the / ' -cone surface. 
In  f~ct, when C is seen by us under the angle (fig. 22)) 

(0) Vcos~ c (v-= Ivl) ,  

~dl the radiations emit ted by C in a certain time interval  around its position 

Co reach us simultaneously. Soon after, we shall receive at the same time ~he 

light emit*ed from suitable couples oJ points,  one on the left and one on the 

right of Co. We shall thus see the initial body C, at  Co, split ill tWO luminous 

objects Ct, C2 which will then be observed to recede from each other with the 
Superluminal (~ transverse ~) relative speed W (2~,~,.~) : 

1 + d/bt V 
(10) W .... 2b [1 + 2d/bt]~' b ~/V2 - ] ( V  2 > 1) ,  

where d ~--OH, and t 0 is just  the t ime instant  when the observer enters 

in radiocontact  with C, or rasher sees C at Co. In  the simple case in which C 

moves with almost infinite speed (fig. 2b)), the apparent  relative speed of C~ 

~md C2 varies in ~he initial stage as W ~  (2cd/t) '~, where now OH ~- OCo, while 

t = 0 is still the instant  at which the observer sees C~ ~ C~-~ Co. 

We shall come back to this subject in the following. Here let us add the 

observation tha t  the radiation associated with one of the images of C (namely, 

the radiation emit ted by  C while approaching us, in the simple case depicted 

(21) 1~r BALDO, G. FONTE and E. RECAMI: Lett. Nuovo Cimento (first series), 4, 241 
(1970). 
(22) A.O. BAre, T, G.D. MACCAR]~O1N:E and E. RECAMI: 2YUOVO Cimento A, 71, 509 
(1982). See also 0. GRO~T: Lett. 2~'uovo Cimento, 23, 97 (1978) 
(22) E. REC•MI and R. MIGNA~-I: Lett. Nuovo Cimento, 4, 144 (1972). 
(24) R. MI(;NANI and E. R~CAMI: Lett. Nuovo Cimento, 7, 388 (1973). 
(25) H. BONDI: Relativity and Common Sense (Doubleday, New York, N.Y., 1964). 
(26) E. RECAMI, H. B. NIELSEN, H. C. CORBEN, G. D. MACCARRON~ ~nd S. G~ov~sI:  
mlpublished work (1976). 
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in fig. 2c)) will be  received by  us in the  reversed chronological order; cf. (~7). 
In  m a y  be interes t ing to quote t h a t  the  c i rcumstance  t h a t  the  image of a 

t achyon  suddenly  aI)Pe~rs a t  a cer ta in  posit ion Co and then  splits into two images 
was a l ready me~ b y  BAClCY (:s) and  BACRY et al. (2s) while exploit ing a group- 
theoret ical  definition of the  mot ion  of a charged part icle  in a homogeneous 
field; definition which was val id for all kinds of part icles  (bradyons, luxons, 
tachyons).  Analogous solutions, s imulat ing a pair  product ion,  have  been later  
on found even in the  subluminal case b y  BARUT (2s), when exploring nonlinear 

evolution equations,  and by  SALA (.2s), b y  mere ly  taking account  of the  finite 
speed of the  l ight which carries the  image of a moving  subluminal  object.  
SALA (2s) did even red iscover - -a l so  in subluminal  c a s e s - - t h a t  one of the  two 
images can display a t ime-reversed evolur 

4. - S o m e  m o r e  t a c h y o n  m e c h a n i c s  in  SI{. 

While the  results  in sect. 3 do not  depend at  all pit the  eventua l  existence 
of SLTs, to go on we need now adopt ing  the  following Assumption.  Namely ,  let 
us assume in ~his section 4 t ha t  such (~ t ransformat ions  ~) exist  in foul' dimensions 
(even if a t  the  price of giving up  possibly one of the  ordinary  propert ies  of 
the  Lorentz  t rans format ions :  see ref. (29)) that carry t imel ike  into spacelike 
t angen t  vectors,  and  vice versa. Inc iden ta l ly  they  are known to exist in 
two [(1, 1)] dimensions,  as well as in (n, n) dimensions (29). Thei r  actual  exist- 
ence in four  [(1, 3)] dimensions has  been claimed, for instance,  by  SHAH (a0) 
within the  (~ quasi -catas t rophes  ,) t heo ry  (cf. also SM~Z (~)). We shall call (29) 
Super luminal  Lorentz  t rans format ions  those <(transformations )); let us repeat  
tha t ,  to proceed with, we need noth ing  bu~ the  previous Assumption.  The 
laws of classical physics for t achyons  could then  be der ived jus t  by  applying 
a SLT to the  ord inary  classical laws of bradyons  (cf. (~s.3~)). 

I t  is not iceable t h a t  t achyon  classical physics can t hen  be obta ined in t e rms  
of pure ly  real  quanti t ies.  (Notice, moreover ,  t ha t  subsect. 4"1 and 4"2 below 
do contain i m p r o v e m e n %  with respect ,  e.g., to review I.) 

(27) R. ~V[IGNA:NI and E. RECAMI: NUOVO Cimento A, 14, 169 (1973); 16, 208 (1973); 
E. RECAMI: in Topics i~ Theoretical and Experimental Gravitation Physics, edited by 
V. D:E SABBATA and J. W:EBER (Plenum Press, New York, N.Y. ,  1977), p. 305. 
(2s) H. BACRY: Phys. Today, 25, No. 11, 15 (1972); H. BACRY, PH. CO~IB:E and P. SORBA: 
preprint 72/449 (Marseille, 1972); A. O. BA~VT: Phys. Lett. A, 67, 257 (1978); K.L.  
SALA: Phys. Rev. A, 19, 2377 (1979). 
(29) See G.D. MACCAnRO),'E and E. ]:~ECAMI: .~ound. Phys., 14, 367 (1984); G.D 
MACCARRO~E, M. ])AV~I~ and E. RECAMI: NUOVO Cimento B, 73, 91 (1983). 
(30) K.T .  SHAH: Lett. Nuovo Cimento, 18, 156 (1977);in Tachyons, Monopoles, and Related 
Topics, edited by E. RECAMI (North-Holland, Amsterdam, 1978), p. 49, 
(31) L. pARKeR: Phys. Rev., 188, 2287 (1969), 
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4"1. Taehyon motion equation. - For  example,  the  fundamenta l  law of 
bradyon dynamics reads 

(11) 
d { dx'~ d { dx~\ 

~o t ice  t h a t  eq. (11) in its first form is only Lorentz  covariant ,  while in its 
second form is G-covariant (cf., e.g., review I). 

E v e n  for tachyons,  then,  we shall have (18) 

d dp" (~" > 1) 

where me is the tachyon  (real) rest  mass and we defined p , ~  moU, also for 
tachyons. Equation (12) is the relativistic :Newton law written in G-covariant 
form: i.e. it  is expected to hold for f l ~ l .  I t  is essential to recall, however,  
tha t  u~ is to be defined as u , ~ d x ~ / d r o  (18,29). Quant i ty  dro, where % is the 
proper  t ime,  is, of course, G-;near;ant i on the  contrary,  ds = ~: cdro for 
bradyons,  bu t  ds ~ ~ iedTo for tachyons.  

Equa t ion  (12) agrees with eqs. (5) and (5') of sect. 3, where we set F ~ dp/dt,  
and suggests tha t  for tachyons  dt = 4-dr0/V'fl2--1 (see review I), so t h a t  
in G-covariant form dt--~ • dro(ll--fl~l) -t.  

Fo r  the  taehyon  ease, let  us notice the  following. I f  at  the considered 
t ime ins tant  t we choose the  x-axis so tha t  V--~ IVJ ~ V,, then  only the  force 
component  i f ,  will make work. We already ment ioned tha t  the total  energy 
of a t achyon  decreases when its speed increases~ and vice versa; it  follows t h a t  
F when applied to a tachyon will actually make a posit;v% e lementary  work 
d ~  q~ only if a is ant;parallel  to the  e lementary  displacement (lx, i.e. if sign (a )  --~ 

- -  sign (dx). In  other  words, d~ f  in the case of a force F applied to a t achyon  
must be de];ned (cf. subsect. 3"1) so tha t  

me 1) J a~ dx (13) d ~ f - -  (V2_  , 

where a and (Ix possess, of course, their  own sign. Equat ion  (13) does agree 
both with the couple of equat ions (6a), (7) and with the couple of equa- 
tions (6'a), (7'). 

I t  is evident  that ,  with the ohoice (review I) represented by  eqs. (7) and 
(2) of subsect. 3"1, we shall have (v----v~, V----V,) 

m e  
(14a) ~x ~ ~ ( l ~ ) v  ~ ' ~ -  a~ for b r a d y o n s ,  

(] 4b) E~ __ me (Vs-- 1)t a~ for t a ch y o n s .  
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On the contrary,  still with the choice (7)-(2), we shall have 

m0 
(14c) ~ ' ~  + (11- fl~l) ~a''~ 

for both bradyons  and  tachyons.  Actually,  under  our hypotheses  (v --~ v ,  V~--V), 
the force t ransverse components  _~,~ do not  make any  work; therefore,  one 
had no reasons a pr ior i  for expect ing any  change in eq. (14c) when passing 

from bradyons to  taehyons.  

4"2. Gravitational interactions o] taehyons. - In  any  gravitat ional  field 

bradyon feels the  (attractive) gravi ta t ional  4-force 

(15) / ~  ---- -- moF~. dxo dx 6 
ds ds (f12< 1) .  

In  G-covariunt form, then,  eqs. (15) (see review I, ~ G ~ A ~ I  and I~ECAMI (4,18) 
and RECA~ffI (2~)) are expected to read  

(16) F~ _ moF~ dxq dx ~ (f12~l) ' 
c ~ oo 430 430 

since the Christoffel symbols behave like (third-rank) tensors under  any linear 
t ransformations of the co-ordinates. Equat ions  (16) hold in part icular  for a 
tachyon in any  gravi tat ional  field (both when originated by  tachyonic  and by  

bradyonie sources). 
Analogously, the  equation of mot ion for both  bradyons  and tachyons in 

a gravitat ional  field will still read (review I), in G-covariant form, 

(17) a" + r~"~u~u" = 0 (~2 ~1) 

with a,  ~ d2x~/dCo. 
Passing to general  relativity,  this does agree with the equivalence princi- 

ple: bradyons,  photons and tachyons  follow different trajectories in a gravi- 
ta t ional  field, which depend only on the initial (different) four-velocities and 

are independent  of the masses. 
Going back to eqs. (16), we m a y  say tha t  also tachyons are a t t rac ted  by  a 

gravitat ional  field. However,  such an <( attraction ~) has to be understood from 
the energetical and dynamical  point  of view only. 

In  fact,  if we consider for simplicity a tachyon moving radial ly with respect 
to a gravi tat ional  source, due to eq. (14b) (i.e. due to the couples of equations 
ei ther (6a)-(7), or (6~a)-(7')) it will accelerate when receding f rom the source, 
and decelerate when approaching the  source. F ro m  the kinematical  point  of 
view, therefore,  we can say tha t  tachyons  seem to be gravi tat ional ly repelled. 
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A n a l o g o u s  resu l t s  were  p u t  f o r t h  b y  VAIDYA, t~AYCHAUDHUt~I~ ]~ONIG et al. (3.0), 

a n d  so on.  

I n  t h e  case of a b r a d y o n i c  source, w h a t  p r e c e d e s  agrees  w i th  t h e  r e su l t s  

o b t a i n e d  w i t h i n  g e n e r a l  r e l a t i v i t y :  sec, e.g., (~3,~3), e tc .  

4"3. About  Doppler  e]]ect. - I n  t h e  t w o - d i m e n s i o n a l  case,  t h e  D o p p l e r -  

effect  f o r m u l a  for  a sub-  or  a S u p e r - l u m i n a l  source ,  m o v i n g  a long  to  x -ax i s ,  
is (~V[IGNANI a n d  RECAMI (27)) 

VI1 - ~-~ 
(18a) v ~ % -  l •  ( - -  ~ < u <  ~- ~ ) ,  

w h e r e  t h e  s ign - -  (~-) c o r r e s p o n d s  to  a p p r o a c h  (recession) .  The  consequences  

a re  d e p i c t e d  in f igures l ike  fig. 23 of r ev iew I .  F o r  S u p e r l u m i n a l  a p p r o a c h ,  

r h a p p e n s  to  be  n e g a t i v e ,  so as  e x p l a i n e d  b y  our  f igure  2c). L e t  us m o r e o v e r  

obse rve  t h a t ,  in t h e  case of recess ion ,  the same D o p p l e r  sh i f t  is a s s o c i a t e d  

b o t h  w i t h  g < c a n d  w i t h  U - -  c2/g > c (~,~).  

I n  t h e  f o u r - d i m e n s i o n a l  case,  if  t h e  o b s e r v e r  i t  s t i l l  l o c a t e d  a t  t h e  or ig in ,  

eq.  (18a) is  expected to  g e n e r a l i z e  (see RECAMI a n d  ~r (18,34)) i n t o  

Vl~-u~ ( -  ~ < u <  + ~ ) ,  
( lSb) v ~ r0 l - -  u cos 

w h e r e  ~=_hs_ v e c t o r  s b e i n g  d i r e c t e d  f rom t h e  source  to  t h e  obse rve r .  L e t  

us n o t i c e  f r o m  subsec t .  3"2 (eq. (9)), i n c i d e n t a l l y ,  t h a t ,  when  a n  o b s e r v e r  starts' 

r e c e i v i n g  r a d i a t i o n  f rom a S u p e r l u m i n a l  p o i u t l i k e  source  C (at  Co, i.e. in  t h e  

<~ o p t i c - b o o m  ,~ s i tua t ion ) ,  t h e  r e c e i v e d  r a d i a t i o n  is i n f in i t e ly  b lue - sh i f t ed .  

5.  - T h e  m o d e l  w i t h  a s i n g l e  ( S u p e r l u m i n a l )  s o u r c e .  

The  s i m p l e s t  S u p e r l u m i n a l  m o d e l  is t h e  one of ~ s ingle  S u p e r l u m i n a l  source.  

I n  f ac t ,  we  h a v e  seen in subsec t .  3"2 (see fig. 2) t h a t  a single S u p e r l u m i n a l  source  

(32) p . C .  VAIDYA: Curr. Sci. (India), 40, 651 (1971); A. K. RAYCHA~Dtt~I: J.  Math. 
Phys. (N. Y.),  15, 256 (1974); E. HONIG, K. LAKE and R.C.  RO~DER: Phys. t~ev. D, 
10, 3155 (1974). 
(33) F. SALTZMA~N and G. SALTZMA~: Lett. ~'uovo Cimento, 1, 859 (1969); C. GREGORY: 
Xature Phys. Sci., 239, 56 (1972); R. 0. HETTEL and T.M.  H~LZIWELL: NUOVO 
Cin~ento B, 13, 82 (1973); C .P .  SUM: Lett. Nnovo Ci~ento, 11, 459 (1974); J . V .  
NARLIKAR and E. C. G. St:DARSnA~: Men. Not. R. Astron. Soc., 175, 105 (1976); J. V. 
NARLIKAR and S. V. DH~RANDI~AR: Pram~na, 6, 388 (1976); R . P .  Co)I]~R and J . D .  
LATttROP: A~b. J. Phys., 46, 801 (1978); V. K. MALTSEV: Teor. Mat..Fiz.,  47, 177 (1981); 
J. CIBOROWS~I: prcprint  ( Inst i tute  of Experimental  Physics, Warsaw, 1982); C. SHE~G - 
LIN, X. Xr~(m~h,  L. YoN(;zm~ ~ and D. Z~JGA~': prepr in t  (Normal University,  Beijing, 
1984). 
(ad) R. MIGNANI and E. RECA~:  Ge~. Rel. Gray., 5, 615 (1974); E. R~eAMI: unpublished 
work (1974) (seminars, pr ivate  communications,  computer  work, pieces of work in 
col laborat ion with H. B. NI~:LS~N, ctc.). 
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C will appear  as the  creation of a pair  of sources collinearly receding f rom each 
other with re la t ive  speed W > 2c. This model  immed ia t e ly  explains some 
gross fea tures  of the  ~( SuperluminM expansions ,~; e.g., why converging Super- 
luminal  mot ions  are never  seen, and  the high luminosi ty  of the  ~( superluminal  ~ 
component  (possibly due to the  opt ic-boom effect ment ioned  in subseet. 3"2; 
see also ref. (27) and  the last reference (4)), as well as the oscillations in the 
received overall  in tens i ty  (perhaps ((beats ~; cf. RECAMI (27)). Since, moreover ,  
the  Doppler  effect will be different for the  two images  C~, C.~ of the  same 
source C (subseet. 4"3), a p r i o r i  the  model  m a y  even explain why F~/F2 does 
depend on the  observed wave- length  and on t ime '  (see sect. 2, point  iii)). 

Such a model  for the  (( super luminal  expansions ~) was, therefore,  proposed 
long ago (see RECAMI, ref. ('), MIG~A~I anti RECAMI (ad), ]~ECAMI et al. (2~), 

GRo~ (22) and  BAnUT et al. ("2)). lV[ore details can be found in the M.S. thesis 

work b y  CAS~ELLI~O (~), where, e.g., the  case of an extended source C is thor- 
oughly exploited.  

5"1. T h e  model .  - With  reference to fig. 2a) and subsect. 3"2, let us first 
consider the  case of an expanding universe (homogeneous isotropic cosmology). 
I f  we call C o O ~ S  ~ db, with b ~ V / ~ / V ~ - - I ,  the observed angular  r~te of 
recession of the  two images C1 and C2 as a funct ion of t ime  will be (see ap- 
pendix  A) 

2be I @ A s 
(19) O(t) ~ ~o ~_ A - -  b. 2 ct ' s [1~- 2A] t ' 

provided t h a t  s is the  ~ proper  dis tance ~> between Co and  0 a t  the  epoch of the  
radiat ion recept ion by  O, and t is the  t ime  at  which 0 receives those images 
(t ---- 0 being still the  ins tant  a t  which 0 starts  seeing C, i.e. receives radia t ion 
f rom Co). Le t  us repeat  t ha t  ~ is the  separat ion angular  speed of C~ and C2, 

observed by  0, in the case of a space- t ime metr ic :  

ds 2 = c 2 dt  ~ - -  R"-(t). [dr ~ + r ~ dtg],  

where R = R( t )  is the (dimensionless) scale factor.  Notice t h a t  O(t) ~ oo for 
t - + 0 .  

I f  we call t* and t the emission tim(; and the  reception t ime,  respectively,  
then  the  observed f requency v (see subsecC. 4.3 and eq. (18b)) and the  received 
radiat ion in tens i ty  I will be given, of course, by  (RECaMI (34), RECAMr et al. (2,), 

CASTE~LINO (~)) 

@ V 2 - 1  R(t*) (V2-- ] ) #/o [R(t*)] 2 
(20) v = r ~  I R ( t )  ' I = 4 ~ r 2 ( 1 - - V e o s ~ ) 2 [ R ( t ) J  ' 

where Vo is the  intrinsic f requency of (;mission and ~ 0  is the emission power 
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of the  source in its rest  f rame.  Angle ~ is the  one fo rmed  b y  the  source mot ion  
line with the  source-observer joining line; and r is the  source-observer (( p roper  
dis tance ~ ((85)~ p. 415) a t  the  recept ion epoch. The der ivat ion of eqs. (20) 

is in append ix  B. 

Le t  us pass to the  ease of a non-pointl ike source O. L e t / o r  s implici ty  C 
be one-dimensional  with size l with respect  to the  observer  0 (fig. 2a)) and 
move  wi th  speed V in the direct ion of its own length.  Le t  us call x the  co- 
ordinate  of a generic point  of the  mot ion  line, the  va lue  x ---- 0 belonging to H.  
As in subsect.  3"2, be t = 0 the  ins tan t  when the  observer  enters in rad iocontac t  
wi th  C. 

Once the  two (extended) images  CI and C2 get  ful ly separa ted  (i.e. for 
t > 1/V)~ if the  intrinsic spectral  distr ibution X(~6) of the  source C is known,  
one can evaluate  the  differential intensit ies dI~/dv and  dl~/d~ observed for the  
two images  (REcAMZ et a l .  (~s), CASWELLINO 04)). Fo r  the  m o m e n t  let us repor t  
only tha t ,  due to the extension of the moving images,  for each emit ted  f requency 
v0 the average observed frequencies (after lengthy  calculations) result  to be  

2~o R(t*) 

quanti t ies  a~, a~ being the  observed angular  sizes of the  two images,  with 
~ > ~2. Moreover,  lid = �89 V 2 ( ~ - -  ~2). 

3"2. Correvtions due to the curvature. - Let  us consider the  corrections due 
to the  curva tu re  of the Universe,  which can be impor t an t  if the  observed 
(( expansions ~> are located ve ry  far.  Le t  us consider, therefore,  a curved expand-  
ing cosmos (dosed F r i edmann  model),  where the  length e lement  d2 is g iven 
b y  d2 ~ = dr2(1--  r~/a2) -1 + r 2 d ~ ,  quan t i ty  a = a(t) being the  curvature  radius  

of the  cosmos. Again, some details can be found in ~ECAMI et al. (~6) and  
CASTELLLnO (14). For  instance,  the  appa ren t  angular  speed of separat ion 0(t) 
be tween  the  two observed images  C1 and C2 (cf. eq. (19)) becomes (h~--r/a, 
ct <<r) 

+ bh[2@E _ < ,  ' 
(22) O(t) = o~ "~ b ~ LrtJ 

quant i t ies  r and  a being the  <( radial  co-ordinate ~) of Co and  the  Universe radius,  
respect ively,  a t  the  present  epoch (r = a sin (s/a), where s is the <(proper 
distance~> of Go; moreover ,  a = e / H x / 2 ~ l ~ l ;  H ~ - H u b b l e  constant ;  q ~  
= decelerat ion parameter ) .  F u r t he r  evaluat ions in the  above-quoted  l i te ra ture ;  

(3s) S. WEI~qB~RO: Gravitation and Cosmology (J. Wiley, New York, N. Y., 1972), p. 415. 
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for instance, eq. (22) is obtained by deriving (under the approximation ct<< r) 
the exact expression 

o ( t )  - 
2b 1 - / b h  
r b + h [(1-- h~)(fl 2 -  h~)c2t + 2r ( f l~ - - l ) (1  - h2)tct] ~, 

where /~ ~ V/c and, as before, b ~- f l /X/ f l*- - l .  

5"3. Comments. - Equation (19) yields apparent, angular velocities of sepa- 
ration two or three orders of magni tude larger than  the experimental  ones. 
I t  is then necessary to make recourse to eq. (22), which includes the corrections 
due to the Universe curvature;  actually,  eq. (22) can yield arbitrarily small 
values of 0(t) provided t h a t  h--> 1, i.e. r - +  a. To fit the observation data, 
however, one has to at tr ibuite to the (~ Superluminal expansions ,) values of 
the radial co-ordinate r very close to a. Such huge distances would explain 
why the possible blue-shifts--often expected from the local motion of the 
Superluminal source C (cf. the end of subsect. 4"3)--appear masked by the cosmo- 
logical red-shift. (Iqotice, incidentally, tha t  a phenomenon as the one here 
depicted carl catch the observer's a t tent ion only when the angular separation 0 
between C1 and C2 is small, i.e. when C1 and C2 are still close to Co.) Bu t  those 
same large distances make also this model improbable as an explanation of 
the observed (( Superluminal ~) expansions, at  least in the closed models. One 
could well resort, then, to open Fr iedmann models. In  fact, the present model 
~vith a single (Superluminal) source is appealing since it easily explains a) the 
appearance of two images with Superluminal relative speed (W > 2c), b) the 
fact tha t  only Superluminal expansions (and not approaches) are observed, 
e) the fact tha t  W is always Superluminal and practically does not  depend 
on v, d) the relative motion collinearity, e) the fact  tha t  the flux-density 
ratio does depend on v and t, since the observed flux differential intensities for 
the two images as a function of t ime are given by the formulae (~4) 

(23) 

vlmdt) 

d L  _ V 2 -  1 f Z,vo, Ovo 
-ely 4~d 2 V L  Vo F i  

v/Ml(t) 

- - -  T 1) ~ -  1] �89 , 

(i = 1, 2), 

the integration extrema being 

(24a) m~(t) ~ K ( V G [ V T G ' ]  - t  • 1}, 
2 

[ v r ( o ' -  2~) + ~ (L - 2 v ' ~ i ) ] ~  + ~ ' 

1 0  - l l  N u o v o  C i m e n t o  B .  
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where d is the ((proper distance ~) OH at  the recept ion epoch (fig. 2a)),  
L ~ I / d ,  T ~ c t / d ,  K ~ v / V 2 - - 1 R ( t * ) / R ( t ) ,  G ~ V ~ I / ; V T  and V ' : :  

2 G - - V T .  All equations (23), (24) become dimensionally correct provided 
tha t  V/c is subst i tuted for V. 

Bu t  the  present model remains disf~voured since i) the Superlumin.fi 
expansion seems to regard not  the whole quasar or galaxy, but  only a (( nucleus ~ 
of i t ;  ii) a t  least in one case (3C273) an object was visible there,  even before 
the expansion star ted;  iii) it is incompatible with the acceleration seemingly 
observed at  least in another  case (3C345). 

:Nevertheless, we exploited somewhat the present  question since A) in 
general, the  above discussion tells us how a single Superluminul cosmic source 
would appear,  B) it might still regard part of the present- type phcnomenology,  
C) and, chiefly, it must  be t aken  into account ]or each one of the Superlumina] 
objects considered in the following models. 

6.  - T h e  m o d e l s  w i t h  m o r e  t h a n  o n e  r a d i o s o u r c e s .  

Let  us, fu'st, recall tha t  black-holes can classically emit  (only) tachyonic  
mat ter ,  so tha t  t hey  are expected to be suitable classical sources- -and  
de tec to rs - -o f  tachyons (3~,~2). :Notice that ,  vice versa, tachyons can not  only 
enter  the  horizon of a black-hole, bu t  also come out f rom a horizon. As is well 
known, the  motion of a spacelike object penetra t ing the horizon has been already 
investigated,  within GI~, in the  existing l i terature.  

We also saw in sect. 2 (fig. 1) and in subsect. 4"2 that ,  in a (( subluminal ~) 
frame, two tachyons  may  seem--as  all the precedent  authors  c l a i m e d ~ t o  repel 
each other  f rom the  kinematical  point  of view, due to the  novel  features of 
t achyon  mechanics (subsect. 4"1, eqs. (14b), (14c)). In  reality, t hey  will gravi- 
ta t ional ly  attract each other,  f rom the energetical and dynamical  points of 
view (subsect. 4"2). 

F rom subsect. 4"2 a t achyon  is expected to behave  the same way also in 
the gravi tat ional  field of a bradyonic  source. If  a central  source B (e.g. ,~ 
black-hole) emits, e.g., a Superluminal  body T, the object T under  the  effect 
of gravi ty  will loose energy and, therefore,  accelerate away. If  the total  energy 
E ~ moc~-/~v/V2--1 of T is larger than  the  gravi tat ional  binding energy ~', 
it will escape to infinity with finite (asymptotically constant) speed. If, on the 

(38) ~.  PAv~I~ and E. RECAMI: Lett. Nuovo Cimento, 19, 273 (1977); V. DE SABBATA, 
M. PAV~I~ and E. REeAMI: Left. Nuovo Cimento, 19, 441 (1977); J. V. NARLIKAR and 
S . V .  DHURANDHAR: Lett..Yuovo Cimento, 23, 513 (1978); E. RECAMI: in t~elativity, 
Quanta and Cosmology, edited by M. PANTALEO and F. D]~ FINIS (Johnson, New York, 
N.Y., 1979), Vol. 2, p. 537; E. RncAMI and K.T.  S~[A~: Lett. Nuovo Cimento, 24, 
115 (1979). 
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contrary,  E < / ~ ,  then  T will reach infinite speed (i.e. the  zero-total-energy 
state) at  a finite distance;  a f terwards  the gravi ta t ional  field will not be  able 
to subt rac t  a n y  longer energ3r to T, and  T will s ta r t  going back  towards  the 
source B (appear ing n o w - - p o s s i b l y - - a s  an  an t i t achyon  T (see ref. (~7,~8))), 
I t  should be r e m e m b e r e d  (e.g., f rom ref. (~v)) tha t  a t  infinite speed the  mot ion  
direction is undefined, in the sense t ha t  the  t ranscendent  t achyon  can be de- 
scribed ei ther  as a t achyon  T going back or as an an t i t achyon  T going forth,  
or vice versa. (Since at  infinite speed a t achyon  possesses zero to ta l  energy 
- - s e e  subsect. 3"1-- ,  we may  regard its to ta l  energy as all kinetic.) 

We shall see, on another  accasion, t h a t  a t aehyon  subjected,  e .g ,  to a central  
a t t rac t ive  elastic force F = - - k x  can move  periodically back  and  for th  with a 
mot ion analogous to the harmonic  one, reversing its direction a t  the  points  
at  which it has  t ranscendent  speed. Let  us consider, in general,  a t achyon  T 
moving in space- t ime (fig. 3) along the  spacelike curved pa th  A/~, so to reach 
at  xP the  zero-energy state.  According to the  na ture  oI the  force fields acting 
on T, a f ter  P it can proceed along P B  (just as expected in the  above  two eases, 
with a t t r ac t ive  central  forces), or a long .PC, or along / ' D .  I n  the last  case, 
T would appear  to annihilate a t / ~  with an an t i t achyon  emi t t ed  b y  D and t rav-  
elling along the  curved world-line D P  (see ref. (~7,ts,37); see also DAVIES (aT), 

p. 577). 

t 1 
B~ 

A 

Fig. 3. - See the text. 

I t  is clear t h a t  the  observed (< Super luminal  ~) expansions can be explained 
i) e i ther  by  the spl i t t ing of a central  body  into two (oppositely moving) col- 
linear t achyons  Tt and T2; or b y  the  emission f rom a central  source B of 
if) a t aehyon  T, or iii) a couple of t achyons  T1 and T2 (in the, la t ter  case, 
T1 and T2 can for s implici ty 's  sake be considered as emi t ted  in opposite direc- 
tions with the  same speed). In  this respect,  it is interest ing t ha t  NE'EMA~ (as) 

(37) E. R'ECAMI: Classical tachyons, Report INFN/AE-84/8 (Frascati, 1984), to appear 
in Riv. Nuovo Cimento. See also P. C. W. DAVIES: NUOVO Cimento B, 25, 571 (1975), 
p. 577. 
(.~s) y .  NE~EMAN : i~ High Energy Astrophysics and its Relation to Etemeq~tary Particles, 
edited by K. BRECIr~:R and G. SETT] (?r Press, Cambridge, Mass., 1974), p. 405. 
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regarded quasars - -or  at least their  dense cores--as  possible white holes, i.e. 
as possible (( lagging cores ~ of the original expansion. 

For  simplicity, let us confine ourselves to a flat s tat ionary universe. 

6"1. The ease ii). - I n  ease ii), be 0 the observer and ~ the  angle 
between BO and the motion direction of 2'. Iqeglecting for the moment  the 

gravi tat ional  interactions, the observed apparent relative speed between T and 
B will, of cours% be (see fig. 4) 

V sin 
(25) W - -  1 - -  V cosc~ ( V >  1) .  

Fig. 4. - A Superluminal object T is emitted by the source B. Point 0 is the observer's 
position. See the text. 

Let  us assume V ~ 0 ;  then  W ~ 0  will mean recession of Y from B, bu t  
W ~  0 will mean approach. Owing to the cylindrical symmet ry  of our problem 

with respect to BO, let us confine ourselves to values 0 ~ :r ~ 180 ~ Let  us 

mention once more that  W-+ c~ when cos a---~ 1IV ((( optic-boom ~> situation). I f  the 

emission angle ~ of T from B with respect to BO has the value a z ab' with 

cos ab --~ 1IV  (0 < ab < 90~ b ~ (( boom ~>), t achyon  T appears in the  optic- 
boom phase,  but  the  recession speed of T from B would be too high in this 
case, as we saw in subsect. 3"2. 

Incidental ly,  to apply the  results got in sect. 5 to the Superluminal object 

T (or T1 and T~ in the other  eases i), iii)), one has to take account of the  fact  

t ha t  the present tachyons  are born at a finite t ime, i.e. do not exist before their 
emission from B. I t  is then immediate to deduce tha t  we shall observe a) for 

a ~ ab' i.e. for a b < a < 180 ~ the object T recede from B;  but  b) for 0 < a < ab, 
the object T approach B. More precisely, we shall see T receding from B with 
speed W ~ 2 when 

(26) 

v - V 5 ~ - 4  ~ v §  
2(v§ <tg~< 2(v§ 

1 
a r e e o s ~ 1 8 0  ~ . 
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I t  should be not iced t ha t  eq. (25) can yield values W ~ 2 whenever  V ~ 2 / v ~ :  
in part icular ,  therefore,  ]or all possible values V ~ 1 of V. Due  to eqs. (26)~ 
the (( emission direction ~> ~ of T m u s t  be however  contained inside a certain 
suitable solid angle: ~ ~ :r ~ ~ ;  such a solid angle always including, of course, 
the opt ic-boom direction ~ .  For  instance~ for V--> 1 we get 0 < t g  ( g / 2 ) <  �89 

~> ~ --~ 0, wheref rom 

(27) 0 ~  ~ 53.13 ~ (V-+  1); 

in such a case, we shall never observe T approaching'  B. Oll the  contrary ,  for 
V ~  co we get ~(1- -  ~/-5) < tg (~/2) < 1(1 ~- V~),  gb ---- 9 0 ~  < 180~ where- 

f rom - -63 .44  ~ ~ g ~ 116.57 ~ ~ > 9 0  ~ tha t  is to say,  9 0 ~  ~ 116.57 ~ I f  we 
add the  requi rement ,  e.g., W ~  50~ in order  t h a t  2 ~ W ~  50, we have  to exclude 
in eq. (27)-- for  V--~ 1 - - o n l y  the t iny  angle 0 ~ g ~ 2.29 ~ so t h a t  in conclusion 

2.29 ~ ~ ~ ~ 53.13 ~ ( V - +  1) . 

The same requ i rement  2 ~ W ~  50 will not  affect---on the  c o n t r a r y - - t h e  above 
result  9 0 ~  116.57 ~ for the case V-+ co. 

Similar calculat ions were per formed also b y  FINY,_ELSTE~ e$ al. (18). 
The present  case ii) suffers f rom some difficulties. First ,  for a ~ ~2 (for 

instance,  for 5 3 ~ a  ~ 180 ~ in the  case V-+ 1) we should observe recession 
speeds wi th  1 ~ W ~  2, which is not  suppor ted  by  the  da ta ;  b u t  this can be 
unders tood in t e rms  of the Doppler-shi f t  selective effects (see subseet. 4"3 
and BTd~DFORT et al. (~2)). Second, for ~ ~ ab one should observe also Super- 
luminal  approaches ;  only for V _  ~ 1 ( V ~ I )  it  is ~b ~ 0 and therefore  such 

Superluminal  approaches  are not predicted.  
In  conclusion, this model  ii) appears  acceptable  ouly if the  emission mech- 

anism of T f rom B is such tha t  T has very  large kinetic energy, i.e. speed V ~  1. 

6"2. The vases i) and iii). - Le t  us pass now to analyse  cases i) and iii), 
still assuming for s implici ty /'1 and  T2 to be emi t ted  with  the same speed V 
in opposite directions. Be g again in the range [0, 180~ I n  these cases~ one 
would observe fas ter- than- l ight  recessions for g > gb" When  g < ~o, on the 
contrary,  we would observe a single t achyon  T ~ T1 reaching the  posit ion B,  

passing it, and  cont inuing its mot ion  (as T ~ T~) beyond  B with  the  same 
veloci ty  bu t  with a new, different Doppler  shift. 

One can pe r fo rm calculations analogous to the ones in subsect.  6"1; see 
also (1~). 

In  case i), in conclusion, we would never observe Super luminal  approaches.  
For  a ~  ~o we would always see only one body  at  a t ime  (even if T ~ :/2 
might  result  as a feeble radiosource, owing to the red-shift  effect): the  mot ion  
of T would produce  a var iabi l i ty  in the  quasar.  For  ~ ~ ab, as a l ready men-  
tioned, we would see a Super luminal  expansion;  again, let  us recall  t ha t  the 
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c~ses with 1 < W <  2 (expected for large angles ~ only) could be hidden by  
the Doppler  affect. 

Case i i i ) i s  not  very  different from case ii). I t  becomes <~ statistically 
acceptable only if, for some astrophysical  reasons, the emit ted  tachyonic  
bodies T~ and T2 carry very  high kinetic energy ( V ~ I ) .  

7. - Are (( s u p e r l u m i n a l -  expansions  Superluminal? 

I f  the emit ted  t~chyonic bodies T (or T~ and / ' 2 )  carry away a lot of kinetic 
energy (V>~ 1), all the models i), ii), iii) may  be acceptable from the probabi- 
listie point  of view. 

Contrariwise, only model  i ) - -and  model iii), if B becomes a, weak 
radiosource after  the emission of T1, T~--remain statistically viable, provided 
tha t  one considers tha t  the  Doppler  effect can hide the objects emit ted at  large 
angles (say, e.g., between 60 ~ and 180~ On this point,  therefore,  we do not  
agree with the conclusions in (~3). 

In  conclusion, the models implying real Superluminal  motions investigated 
in sect. 6 seem to be the most  viable for explaining the apparent  <~ Superluminal 
expansions ~), especially when taking account of the gravitat ional  interactions 
between B and T, or T1 ~nd T2 (or ~mong T,, ~/'~, B). 

Actually,  if we take the gravitat ional  a t t rac t ion  between B and T (sub- 
sect. 4"2) into accoun t - - fo r  simplicity, let us confine ourselves to case i i )-- ,  
we can easily explain the accelerations, probably  observed at least for 3C345 
and maybe  for 3C273 (39). 

Some calculations in this direction have been recent ly  performed also by  
Sn-E~GLI~ et al. (33) and CAO (4o). But  those authors  did not  compare correct ly 
their  evaluations with the data,  since they  overlooked tha t - -because  of the 
finite value of the light speed- - the  images' apparent  velocities do not  coincide 
with the sources' real velocities. The values We c~lculated by  those authors,  
therefore,  have to be corrected by  passing to the values W =  W0 sin ~/(1--  cos =) ; 
only the  values of W are to be compared with the observation data.  

Al l  the  calculations, moreover,  ought to be corrected for the Universe ex- 
pansion. However,  let us recall (sect. 5) tha t  in the homogeneous isotropic 
cosmologies--(( conformal ,) expans ions- -  the angular  expansion rates are nol 
expected to be modified by  the expansion, at least in the ordinary observational  
conditions, while the corrections due to the Universe curvature  would be 
~ppreciable only for very dis tant  objects. 

(39) C. SHENGLI:N t~lld L. YONGZH]LN: in Pvoceedings el the I l l  M. Grossmann )~leeti~9 
on General Relativity, edited by H. NL~r (Science Press, Amsterdam, 1983), p. 1319. 
(40) SmL. CAO: preprint (Astronomy Dep&rtment of the Normal University, Beijlng, 
1984), 
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A P P E N D I X  A 

Let  us derive here eq. (19), i . e .  the o b s e r v e d  angular  ra te  of recession of the 
two images C1 and C~ as a funct ion of time, in the case of an expanding flat 
universe (homogeneous isotropic cosmology) corresponding to the space-time 
metr ic  ds~--  ~ c 2 d t  ~ -  R 2 ( t ) . [ d r  '~ + r 2 ( s i n ~ l d ~  + d~) ] ,  where /~ is the dimen- 
sionless scale factor.  With  reference to fig. 2a), let us take  the  origin at  0 and 
the polar axis parallel to V, and consider, e .g . ,  a light-signal emit ted by  the 
tachyonic  source at  the (( boom position ~) Co at the t ime t*. The expansion 
being conformal,  such a light signal propagates in a plane r = const with 
~ --~ const, so tha t  its motion is characterized by  d s  2 ~ -  c ~ d t  ~ - -  R 2 ( t )  �9 d r  2 ~-- O. 

I f  t ~ to = 0 is the instant  at  which the considered light signal arrives at  O,  

the  flight t ime is given (via variable separation and integration) by  

0 s* 

C, ~ -  r z s  * , 

t~ o 

quant i ty  s* being the (~ proper  distance )) between the Superluminal  source and 
the observer at  the t ime t* of the  radiat ion emission. ~o t i ce  that ,  in other 
words, s * ~  to* and t* are co-ordinates of the source when it  passes through 
position Co. At  another,  generic position C, at  the ins tant  t*, be the source 
individuated by  the space co-ordinates r*, ~1- Moreover, be (~ the distance of 
C from Co, with 15[ << s* (8 can be both  positive and negative,  along the motion 
line of the source); we shall have  

t* 

fA.]) V( d, 

Since 15] << s* ,  so tha t  /~(t) practical ly does not  va ry  during the t ime interval  
t*--to*, we ma y  write t*  = ~R(t)IV+ to* =- t* + ~/V, where we set R(t*o) = 1 .  
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I f  we call t the  t ime ins tant  at  which the observer 0 receives the radiat ion 
emit ted  (at t ime t*) by  the  tuchyonie  source at  C, then  

t t 

f (A.2) c[" dt ~_c - - r *  
J R ( t )  n(t) ' 

t* t**+Olv 

and the difference between eq. (A.2) and eq. (A.1) yields the t ime interval  
between emission and reception (s* ~- r*): 

(A.3) r * - -  s* _~ 
ct c5 

R(o) v 
with r* = [s .2 -~ 6 5 -  2cs*(~/V]~ . 

In  Cartesian co-ordinates, the last  equat ion becomes (cf. fig. 2) bd + etlR(O) -- 
- x l f l  = [ (x  - d l v / ~ )  ~ § a"J t ,  w h e r e  fl ~- v /e ,  x is t h e  abscissa corre- 
sponding to C, and, as before, b ~--fl/VPfl2--1. The two solutions xl, x2 cor- 
respond to the two images received by  the observer.  I t  is easy to evaluate  
tha t  

( t 
~,,.,-~1 = 2~,b~ ~ ~ (,b/J " 

Since the  angular  separation, O, between the two images is very  small in the  
cases of interest ,  i t  will be  given by  

(A.4) O(t)~  (x~--xl)sin~ z 2~b[__ t 2 ~_ cb2j2st] t , 

where s - ~  s*R(O)/R(t*)= s*R(O) is now the proper  distance between source 
and observer  when the la t te r  starts  seeing C, i.e. receiving radiat ion f rom Co. 
By  deriving eq. (A.4) we finally get eq. (19) of the tex t ,  which--for  the  prop- 
erties of a fiat expanding universe--does essentially coincide mutatis mutandis 
with eq. (10). 

APPENDIX 

Let  us derive here also eqs. (20). Notice tha t  the derivations of equations 
like (21) and (22) are--however--so  lengthy tha t  they  cannot  be repor ted  
here; b u t  t hey  are included in the thesis (14). 

Le t  us, then,  consider the  question of the received radiat ion intensi ty  in 
the  simple case of a pointl ike source and still in a homogeneous isotropic 
cosmology. Be  the reference f rame chosen as in appendix  A. Le t  us suppose 
the Superlmninal  source to be at  t ime t* at  a generic position C (individuated 
by  the co-ordinates r* and ~o ~--~01) and at  t ime t* + dt* at  the position C'. 
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Moreover,  be  des and  r*'  the proper  distances CC' and C'O a t  the  ins tan t  t*. 
One has Vdt*/R(t*) ~- d5, and r * ' :  [r *'2 - -  d6 ~ -  2r* d(~ cos ~]~, angle 
being the one fo rmed by  the source mot ion  line wi th  the source-observer 
joining line. B y  expanding the last  equation,  at  the first order one finds 

(B.1) r*'---- r * / \ | l - - d 6 c o s a |  ( ~ 1 8 0  ~  ~) 
\ r* ] 

I f  we c~ll t and  t ~ dt the  t ime ins tants  ~t which the  l ight  signals emi t ted  a t  
C and a t  C', respect ively,  are received b y  O, since R(t). pract ica l ly  does not  va ry  
during dt*, we shall have  

t t+dt  

t* t*-i-dt* 

and, by  subtract ion,  

R(t) ]1 - -  fl cos ~1 dt* fl ~_ V (B.2) dt = R ( ~  ' c 

I n  the  case of a nonexpanding  universe,  the relat ion be tween observed 
f requency v and  proper  f requency ~o is given by  eq. (18b) of the  t ex t  (ls,~7). 
I n  the  case of expansion,  we shall have  

(B.3) - - ~ - y - ~  dt* ~ f l~ - -  1 R(t*) 
= vo V f l  - 1 ~ = ~o r l -  t~ c o s  a l  R ( t )  " 

Let  us recall t h a t  the  absolute-value  symbols  enter ing eqs. (B.2) and (]3.3) 
can be omi t ted :  for a discussion of this point  see ref. (18) and  MIG~A~I and 
R E C A I ~  (4,27,34) . 

Be, now, r the  power emi t ted  b y  the  tachyonic  source in its proper  refer- 
ence frame.  The  radia t ion intensi ty,  I, observed b y  0 will be  inversely pro- 
por t ional  to the  square bo th  of the  source-observer  dis tance r a t  the  epoch 
of the  recept ion and  of the  scale fac tor  ratio,  so t ha t  

(B.4) Z • 4~r2(1_  fl cos a)2 [ ~ j  " 

Equat ions  (B.3), (B.4) do coincide wi th  eqs. (20) of the  tex t .  Le t  us notice 
t ha t  they  hold for each image received b y  O, when such images come f rom points  
C not  far  f rom the (( boom )) posit ion Co. When  C --> Co, then  r -~ s and a tends  
to the  value represented  in fig. 2a) (where cos a ~ 1/fl) ; therefore  I should di- 
verge. Bu t  such a divergence is only a formal  consequence of the  fact  t h a t  the 
source was artificially supposed to be  pointl ike;  i t  d isappears  when dealing 
with the realistic case of an extended source (see the  t ex t  and ref. (14)). 
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�9 R I A S S U N T O  

I mode l l i  o r todoss i  eos~rui t i  p e r  sp iegare  le appa reng i  ~ e spans ion i  supe r lumina l i  ~> osser- 
r a t e  in  as t rof is iea  - -  e qui  b r e v e r n e n t e  r i a s sun t i  e d iseuss i ,  i n s i eme  col d a t i  spe r imen ta l i  
r e l a t i v i  - -  s e m b r a  non  a b b i a m o  a v u t o  t r o p p o  sueeesso,  spee iahnen*e  se pos t i  a e o n f r o n t o  
con le pifi  r e een t i  osservaz ioni ,  le qua l i  sugger i seono la  p r e s e n z a  di m e e c a n i s m i  di e span-  
s ione eompl i ea t i ,  a n e h e  con poss ib i l i  aeeelerazioni .  A ques to  p u n t o ,  quindi ,  pu6  essere 
di quMehe  in te resse  esp lo ra re  i poss ib i l i  mode l l i  a l*erna t iv i ,  in  eui  a b b i a n o  luogo  effe~- 
t i v i  mo~i Super lumina l i .  P e r  p r e p a r a r e  i l  t e r r eno  p a r t i a m o  d a  u n  pr ine ip io  va r iaz iona le ,  
i n t r o d u e i a m o  le bas i  di  u n a  m e e e a n i e a  dei t a e h i o n i  n e l l ' a m b i t o  del la  r e l a t i v i t~  speeiale ,  
e i n d i v i d u i a m o  il e o m p o r t a m e n g o  ehe  ei si a s p e t t a  da  p a r t e  dei t a e h i o n i  q u a n d o  essi  
i n t e r a g i s e o n o  (ad esempio  gravitazionalmente) t r a  di loro  o con  la  m a t e r i a  o rd ina r i a .  
Si e s a m i n a n o ,  quindi ,  e si s v i l u p p a n o  i p id  sempl ie i  mode l l i  <~ S u p e r l u m i n a l i  ~>, p r e s t a n d o  
p a r t i e o l a r e  a t t e n z i o n e  al le  osservazioni ~ eui  essi d a r e b b e r o  luogo.  Si conc lude  ehe  a l eun i  
di ~ali m o d e l l i  appa iono  f i s i eamen te  a eee t t ab i l i  e s t a t i s t i e a m e n t e  f avo r i t i  r i s p e t t o  a 
quel l i  o r todoss i .  

PacCMoTpemle oqeBH~HOFO ~ cBepXCBeTOBOF0 pacmHpeHH~l )> B acTp0~bll3Hl<e, 

Pe3mMe (*). - -  B 3TO~ pa6oTe o 6 c y ~ a m T c n  OpTO~OKCanbabIe Mo~Ie~n, pa3pa6oTaHH~m 
~n~r o 6 ~ n c a e r m ~  o~eBI~HOrO << c~epxcBeToBoro p a c m n p e a n ~  >>, ua6nm~e~moro  B acTpo- 
qb~3u~e, r ~ a p ~ y  c 3KCIIepHMeHTaYlhHbIMFI ~aHnbn~n. OTMeqalOTC~/ He)~oCTaTKH 3THX 
Mo~eae~. Oc06er~HO, KOF~a MO)~eJtg COIIOCTaBJI~IOTC~I C He~/aBIttlMtI na6~io~eHnflMrl, 
r r p e ~ o ~ a r a r o t t l n M ~  C~O~HyIO KapTngy pacmHper~n~, a a ~ e  c BO3MO)I(H/alMI~I ycropeHgffMri. 
CJIegoBaTeytbrto, c aTO~ TOtIKH 3per~f l  ~pe~CTaB3I~eT nHTepec HCCne~IOBaTb BO3MO)I(H/aIe 
a3IbTepttaTtIBrlble Mo~eJ/H, B KOTOpbIX MOFyT HMeTb MeCTO )~eI~CTBHTeJI/,H/,Ie cyr~epcBe- 
TOBbIe 2 ~ B r ~ e r t n ~ .  CHaqa~a MbI HCXO}~HM H3 B a p r ~ a t l H O H H O r O  n p r m t t n r t a ,  BBO~HM 331e- 

MeHTbI TaXHOHrtO~ MexaHgKFI B cneunaabuUrO Teopmo OTHOCr~TeabHOCTH r~ apryMea-  
TnpyeM o~HaaeMoe r toae~e~ne TaxnouHb~X o6~erToa ,  B3atIMO)Ie~cTBy/o/~HX (FpaBriTa- 
t~r~or~nb~M o6pa3oM) )Ipyr c ~pyroM n c O6bIKnoaerIH~,IM Be~ecTBOM. 3aTeM pa3BnBaeM 
npocTefftttHe << cyrlepcBeTOBr, re Mo~enH >>, o6paLaaa oco6oe  BHHMaHHe Ha Ha6siio)~aeMb~e 
Benaqaabt ,  KoTopb~e rtonyqaroTcg B 3THX MO~engx. M~t OTMeqaeM, t/TO HeKoTOpb~e H3 
pacCMOTpegHbtX Mo~eYteff ~Bn~rOTCg ~ a 3 a q e c ~ a  rtprteMneMblM~ rt CTaTgCTrI~eCKH npe)!- 
IIOt/T!4TeJIbHI, IMH OTHOCI4TeYIbHO OpTO~/OKCaJIbHblX Mo~ene~. 

(*) Hepeee3eno pe3amtue~. 


