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Black Holes and Elementary Particles. 
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(r icevuto 1'11 Marzo 1981) 

The aim of the  present  repor t  is to suggest  a plausible conceptual  connect ion be tween  
black holes and the  world of s t rong in terac t ion  along defining an in ternal  q u a n t u m  
the rmodynamics  of e lementary  ( including hadrons) particles.  D~ BROGLIE pos tu la ted  (~) 
t ha t  the  energy of an e lementa ry  par t ic le  is propor t ional  to a t empera tu re  associated 
to tha t  part icle  th rough the equat ion  hv = me2=/sT ,  where v is the  f requency and T the  
t empera tu re  (h and K stand, respect ively ,  for the  P lanck  and the  Bol tzmann  constants).  
Besides o ther  theoret ica l  difficulties (~), this equat ion  can be shown to be unphysica l  
as it  predicts  in te rna l  t empera tu res  ex t remely  high for ord inary  part icles and, con- 
sequently,  for vacuum.  I t  is for this reason tha t  we cannot  be able to consider de Brogl ie 's  
equat ion  in order to establish a l ink be tween  the  the rmodynamics  of black holes and 
e lementa ry  particles.  For ,  we proceed as follows. 

In  q u a n t u m  mechanics  the  l inear  m o m e n t u m  of a par t ic le  is g iven by the famil iar  
equat ion  / 4 T - - p W ,  where  fi is the  l inea r -nmmentum operator.  L e t  T be  the  quasi- 
classical wave  funct ion W = R exp [i~q/h], g and S being real. One finds 

f i t  = V S T - -  ih V R  exp [ iS~hi ,  

where V~' is the  classical l inear m o m e n t u m  of the  given particle.  Consider an e lementary  
free particle,  classically at rest (VS = 0). I t  will  possess a q u a n t u m  l inear  m o m e n t u m  
and, thereby,  a qteantum veloc i ty  given by  

vr = - -  ih V E / m R  . 

Associated to v,~ is a quat t tum current  

(l) ]~ = - -  ih V P / 2 m  , 

(~) L. DE ]JROGLIE: La  ther~r~odyr~amiqae de la particule isoI~e (Paris ,  196~), p. 93. 
C) No te ,  for  example ,  t h a t  the t e m p e r a t u r e  of the  s u b q u a n t u m  m e d i u m  (D.  B o ~ t  an d  J .  P.  VIR- 
GIER: Phys .  Rer . ,  96, 208 (1956)), assoc ia ted  by  DE BROGLIE (1) to vacuul l l ,  wou ld  depend  on the  
f r equency  of the  par t ic les ,  so t h a t  in spite of t h a t ,  i t  seems n a t u r a l  to a t t r i b u t e  a un ique  cha rac t e r i s t i c  
t e m p e r a t u r e  to the  s u b q u a n t u m  m e d i u m .  
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where  P ==-P(x)= R ( x )  ~ is t he  p r o b a b i l i t y  dens i ty  for t h e  par t i c le  to  be  found  a t  a 
g iven  p o i n t  x of space, T h e  h y p o t h e s i s  is now  t h a t  t h e  ex is tence  of t h e  q u a n t u m  c u r  
r e n t  (1) is assoc ia ted  to an  in t r in s i c  diffusion coefficient d of t h e  par t ic le  wh ich  should  
be  def ined in  t e r m s  of t h e  pa r t i c l e  c u r r e n t  i nduced  b y  t he  q u a n t u m  p r o b a b i l i t y  dens i ty  
g r a d i e n t :  

(2)  ] = --idVP. 

F r o m  (1) a n d  (2), we ge t  

(3) dm = h / 2 .  

No te  t h a t  the  L o r e n t z  i n v a r i a n c e  r equ i r ed  b y  h impl ies  d =  doy,  where  Y = ( l - - v 2 / c : ) i  
a n d  do is t h e  res t  dif fusion coefficient for  t h e  g iven  par t ic le ,  a n d  t h a t ,  if d is respons ib le  
for t h e  q u a n t u m  i n d e t e r m i n a t i o n  of t h e  par t i c le  pos i t ion ,  eq. (3) ensures  t h a t  inde te r -  
m i n a t i o n  is inve r se ly  r e l a t ed  to  t h e  mass  of t h e  par t ic le .  

L e t  us  now use t h e  E i n s t e i n  ce leb ra ted  re l a t ion  d = kT /Q  (e and  T be ing  he re  
an  in t r ins i c  f r ic t ion  coefficient a n d  an  i n t e r n a l  t e m p e r a t u r e  of the  par t ic le ,  respect ively) .  
It follows that 

(4) k T m =  Qh/2 .  

Because  of t he  indef in i teness  in  t h e  v a l u e  of ~, t h e  t e m p e r a t u r e  m a y  be, in  pr inciple ,  
so sma l l  as one wan t s .  W e  m u s t  t r y  t h e  two fol lowing possibi l i t ies :  i) T is L o r e n t z  
i n v a r i a n t  a n d  e t r a n s f o r m s :  Q ~ ~o/Y, a n d  ii) q is L o r e n t z  i n v a r i a n t ,  whi le  T t r a n s f o r m s :  
T =  ToT. A l t h o u g h  re la t iv i s t i c  i n v a r i a n c e  for  t h e  t e m p e r a t u r e  is c la imed  b y  some 
a u t h o r s  (3.~) (ma in ly  u n d e r  t h e  a r g u m e n t  t h a t ,  s ince t ime  is n o t  a va r i ab l e  in  revers ib le  
t h e r m o d y n a m i c s ,  t h e  classical  concep t  of t e m p e r a t u r e  r e m a i n s  una f fec ted  b y  t he  c h a n g e  
of t he  t i m e  concep t  i n t r o d u c e d  b y  re la t iv i ty ) ,  mos t  wr i t e r s  are in  f a v o u r  of a r e la t iv i s t i c  
v a r i a t i o n  of t e m p e r a t u r e  (6). Therefore ,  we t e n t a t i v e l y  a s sume  t h a t  (7) T = Toy a n d  
is a L o r e n t z  i n v a r i a n t .  

Consider  now a Schwarzsch i ld  b l ack  hole  of mass  M. Accord ing  to t h e  H a w k i n g  
ca lcu la t ion  {s) of t he  q u a n t u m  par t i c le  c rea t ion  occurr ing  d u r i n g  t he  g r a v i t a t i o n a l  
collapse of a b o d y  to fo rm a b l a c k  hole,  t h i s  emi t s  t h e r m a l  r a d i a t i o n  a t  a t e m p e r a t u r e  
g iven  b y  

(5) k T M  = (ca/8ztG) h /2  , 

where  G is t he  g r a v i t a t i o n a l  N e w t o n  c o n s t a n t .  I t  is qu i t e  g r a t i fy ing  i n d e e d  to  n o t e  
t h e  deep ana logy  ho l d i ng  b e t w e e n  express ions  (4) a n d  (5); ac tua l ly ,  t h e y  become  for- 
rea l ly  iden t i ca l  if  we p u t  

e = Ca/sztG , 

(') L. D. LX~DSn~RG: Nat~re (Lo~do~), 212, 571 (1966). 
(4) N. G. VA~ KA~PEr~: Phys. Rev., 173, 295 (1968). 
(0 G. CAVALLEaI and G. SALGARELLI: NUOVO Cime~to A,  62, 792 (1969). 
(~) See, for example, R. G. NEWBURGH: Nuot~o Cin~ento B,  52, 219 (1979). 
(7) There are actually two different approaches to deal with the Lorentz transformation of tempera 
ture. M. PLANCK (Ann.  Phys. (Leipzig), 26, 1 (1908)) considered T = Toy, while It. OTT (Z. Phys.,  
175, 70 (1063)) took T = TQf 7. We use here Planck transformation because T = To/~ would imply 
that  Q varies as ~ = Oo/y ~, which is in contradiction with an argument given later in the text. 
(') S. ~V. HAWKIrCG: Commun. 2~lath. Phys. ,  43, 199 (1975). 
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which is consistent  wi th  the  assumpt ion  of tak ing  O as a Loren tz  invar ian t .  Moreover ,  
since the  va lue  of ~ der ived  f rom this  equa l i ty  would  yie ld  t empera tu res  ex t remely  
high for e lementary  particles,  I suggest  t ha t  the  Hawking ' s  t empera tu re  of the  b lack hole 
(eq. (5)) is ac tua l ly  the  l imi t ing  t empera tu re  for g rav i t a t iona l  in te rac t ion  of the  more  
general  t empera tu re  g iven by  eq. (4), which is defined for any  part icle.  W e  could con- 
sider, therefore,  black holes as the  e l emen ta ry  p~rticles associated to g rav i t a t iona l  in ter-  
act ion,  much  a,s we usual ly  consider  hadrons  to be the  e lementa ry  part icles  associated 
to s t rong in terac t ion .  I n  this way,  the  difference be tween  a black hole and a hadron  
should be tha t  the  binding force responsible for the  par t ic le  collapse is the  gravi ta -  
t ional  force for the  former,  while for the  l a t t e r  i t  should be the  s t rong one. Lep tons  and 
even quarks  should be then  considered as objects  collapsed by forces considerably 
more  intense than  the  s t rong ones. Accordingly,  the  general  expression for 0, in t he  
case of a spherical  uncharged part icle,  should be 

(6) ~ = c~/8z~r, 

where v would  s tand  for the  universal  cons tan t  (expressed in dimension L a M - 1 T  -2) 

character iz ing the  in terac t ion  responsible for the  par t ic le  collapse. I f  ~ = G, we will  
deal  wi th  black holes, while if v equal ized the  universal  cons tant  (in vacuum)  of 
s t rong in teract ion,  N,  i t  would  give rise to hadrons.  N is here defined f rom the  dimen-  
sionless quan t i ty  Ng2/~c, where g is a strong charge hav ing  the  dimension of mass (9a2). 

Fo r  a generic electr ical ly charged nonspherical  e lementa ry  par t ic le  (which includes 
b lack holes), one would  have  

(7) ~ = e3/4ZTZ , 

where Z is g iven by  (13) 

(s) Z = [2 - -  e2 /m~  + 2(1 - -  e2/n~2v - -  c~J2/m4v2)�89 

e and J s tanding,  respect ively ,  for the  Mectrie charge and the  intr insic  angular  mo- 
m e n t u m  (including the  spin) of the  g iven par t ic le  (black hole, hadron  or lepton).  
Accordingly ,  there  mus t  be a self-consistent theoret ical  model  in which grav i ta t iona l ,  
s t rong and the  suggested supers t rong in terac t ions  were ac tual ly  unified. Al though  
res t r ic ted  to g rav i t a t iona l  and s t rong forces, there  are indeed some previous  a rguments  
t ha t  seem in favour  of such a model.  W e  know t h a t  the  forces der ived f rom these two 
types  of in terac t ions  are always a t t r ac t i ve  and tha t ,  since the i r  quan ta  are themselves  
field sources, bo th  arc g iven by  nonl inear  equat ions,  so tha t ,  in t e rms  of gauge theories,  
we would  even tua l ly  make  recourse to non-Abel ian  gauge theories like q u a n t u m  chromo- 
dynamics  (~4). In  par t icular ,  CALDIgOLA et al. (15) have  already suggested a unified 
theory  of s t rong and grav i ta t iona l  in terac t ions  under  pos tu la t ing  a h ierarchy of inter-  
act ion universes.  

(~) E. RECAI~II and P. CASTORINA: Left. Nacre Cimento, 15, 347 (1976). 
(1~) R. I~IGNANI: Lett. Nacre Gimento, 16, 6 (1976}. 
C j) I. S. I:~UGHES: ls Particles (Harmondwarth, 1972). 
(~2) p. C~LDIROLA, M. PAV~I~ and E. RECAMI: Phys. Lelt. A, 66, 9 (1978). 
(~s) L. S~IARR: Phys. nee. Lea., 30, 71 (1973). 
Q') An excellent survey on QCD is given by W. MARCIANO and D. GROSS: Phys. Rep. C, 36, 137 (1978). 
(~) P. C~LDIROLA, M. PArdI0 and E. REGAMI: Nacre Cimento B, 48, 205 (1978). 
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In terms of the hypothesis advanced here, the main difference between a black hole 
and a hadron is that,  whereas the black hole is actually black (i.e. it is defined by a 
gravitational event horizon (,6) which allows nothing to scape away from inside that  
black hole; therefore, in order to preserve the thermal equilibrium of the black hole 
with the surrounding heat bath, particle creation near the black hole (,7) is required), 
the strong event horizon of hadron would allow the radiation of any particle which were 
not affected by strong interaction. There arc of course many particles which do not 
feel strong interaction, so that  thermal equilibrium does not require any particle crea- 
tion outside the hadron. The suggested superstrong interaction would also define 
a superstron 9 event horizon which should be permeable to, at least, electromagnetic 
radiation, thus allowing the leptons to be white. 

I t  is worth noting that  the hadron event horizon also precludes particles feeling 
strong interaction to enter inside the hadron. The reason for that  is not clear at all 
though it is no doubt connected with the very statistical properties of quarks in rela- 
tion with their confinement. 

(,8) P .  C. W.  DAVIES: Rep. Bro9. Phys. ,  41,  1314 (1978).  
(17) YA. B.  ZEL'DOVtCH: J E T P  LeU., 14,  180 (1971). 


