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Abstract We invest iga te ,  wi t h i n  the semiclass i c a l  approach, t:he h igh  
ternperature behaviour o f  the decay r a t e  (r) o f  the metastable vacuum i n  
F i e l d  Theory. We e x h i b i t  some exac t l y  so lub le  ( ] + i )  and (3+1) d imen-  
s iona l  examples and develop a formal expression f o r  r i n  the h igh  tem- 
perature l i m i  t. 

1. INTRODUCTION 

Theories i n  which the symmetry i s  spontaneously broken might 

have t h i  s symnetry restored when the temperature exceeds a c r i  t i c a l  one' 

(Tc). The system described by such a theory i s  then supposed t o  undergo 

a p h a s e  t r a n s i  t í o n  i f  t h e  temperature o f  the system reac t i es  t h i s  

c r i t i c a 1  value. 

As a r e s u l t  o f  our b e l i e f  i n  the standard model, which makes 

use o f  the spontaneous symmetry breaking mechanism, and due t o  the now 

accepted p i c t u r e  o f  a ho t  e a r l y  universe i t  fo l l ows  a widespread b e l i e f  

t ha t  the universe experienced phase t r a n s i t i o n s  i n  the c o u r s e  o f  i t s  

expansion and coobing. These phase t r a n s i t i o n s  might have an essent ia l  

r o l e  i n  the evo lu t i on  o f  the universe.  I n  p a r t i c u l a r ,  issues l i k e  the 

f la tness  problem, the hor izon problem and magnetic monopoles could be 

solved i f  the phase t r a n s i t i o n  takes place w i t h  a la rge enough amun to f  

supercooling. The models t ha t  s a t i s f y  t h i s  cond i t i on  a r e  c a l  l e d  i n -  

f l a t i o n a r y  models2. 

I n  order  t o  know the amount o f  supercooling underwent by the 

system one must study the decay r a t e  o f  the f a l s e  vacuum ( i e ,  tun- 
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ne l i ng  p r o b a b i l i t y  per u n i t  t ime).  Having i n  hand t h i s  quan t i t y  we can 

ca l cu la te  the f r a c t i o n  o f  the universe i n  the new phase as a  f unc t i on  

o f  t ime and consequently the amount o f  supercooling, 

The study o f  the decay o f  the f a l s e  vacuum i n  f i e l d  theory has 

been ca r r i ed  out  by Coleman and cal  l an
3
.  Applying the Eucl idean path i n-  

tegra l  technique and the semi- classical  approximation these authors de- 

veloped an expression f o r  the decay r a t e  o f  the f a l s e  vacuum a t  zero 

temperature. 

One can very easi l y  extend the formal ism f o r  f i n i  t e  t empera -  

ture%ince the quantum s t a t i s t i c s  o f  bosons (fermions) a t  f i n i  t e  tem- 

perature T i s  fo rmal ly  equivalent  t o  quantum f i e l d  theory i n  Euclidean 

space-time, pe r i od i c  (an t i - pe r i od i c )  i n  the "complex time" d i  r e c t i o n  

w i t h  per iod  T - l .  

I n  t h i s  paper we study how the "f i r s t  quantum" cor rec t ions  t o  

r depend on T and t h e i r  importante i n  the h igh  temperature l i m i t .  This 

i s  done by studying (1+1) and (3+1) exac t l y  so lvab le  models and by the  

use o f  a  formal power ser ies .  

The o u t l i n e  o f  t h i s  paper i s  as fo l lows:  I n  sec t i on  2we review 

the formalism used t o  ca l cu la te  r .  I n  the fo l l ow ing  sec t ion  we analyze 

some exac l t y  so lub le  models i n  (1+1) dimensions. Sect ion 4 oontains the 

d e r i v a t i o n  o f  a  formal expression f o r  r i n  the h igh  temperature 1 i m i  t 

and a l s o  a  (3+1) dimensional example. F i n a l l y ,  sec t i on  5 summarizes the 

r e s u l t s  and gives our conclusions. 

2. REVIEW OF THE FORMALISM AT FINITE TEMPERATURE 

We are going t o  review b r i e f l y  the func t i ona l  i n teg ra t i on  f o r -  

malism app l ied  t o  quantum f i e l d  theory a t  f i n i t e  temperature. A l t  the 

informat ion about a  system i n  thermal equ i l i b r i um a t  a  t e m p e r a t u r e  * 
B-' i s  contained i n  the p a r t i t i o n  func t i on  which i s  g iven by 

where 2 i s  the Hami l t o n i a n  o f  the system. The Helmol t z  f r e e  energy ( A  ) 

can be obta i ned f rom Z 

* Our system o f  ur?i ts  

148 

b 

i s  such tha t  kB = fi = c = 1 .  
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A = - K 1 l o g  Z (2.2) 

Supposing t h a t  the system under study i s  described by a sca lar  

f i e l d  @ and by a se t  o f  f i e l d  

path f i e l d s ,  one can w r i t e  a 

where s(@,x) i s  the Euc l i dean 

i s  c a r r i e d  over pe r i od i c  (an t i  

X, which can be e i t h e r  boson o r  fermion 

n tegra l  representat ion f o r  Z 

[D@DX] e-"@ **) , (2.3) 

a c t i o n  o f  the system and the i n teg ra t i on  

-per i od i  c) , i n the "complex time" d i rec- 

t i o n ,  f i e l d  conf igura t ion  f o r  bosonic ( fe rmion ic )  f i e l d s  - t h ~ a t  i s ,  

@ ( O , $ )  = I$(@,;) f o r  bosonic f i e l d s  and $(O,;) = -$(f3,;) f o r  fe rmion ic  

f i e l d s .  

One can i n teg ra te  out  the X f i e l d s  i n  (2.3), and w r i  t e 8  

where Seff i s  the e f f e c t i v e  a c t i o n  o f  the  f i e l d  @. 
At t h i s  p o i n t  one can perform the "canonical" a p p r o x i  mat i on8 

and w r i t e *  

- t h a t  i s ,  Seff i s  replaced by the f i r s t  term o f  i t s  low momentum6 ex- 

pans ion. 

The approximation (2.5) i s  very good i n  the h igh  temperatures 

l i m i t s i n c e  the leading terms ( i n ~ )  o f S  a r e e x a c t l y  theones t h a t  
~ f f  

come f rom the zero momen tum terms o f  S 
e f f  ' 

Now one usua l l y  performs the semiclassical  approx imat ion in  o r -  

der t o  ob ta in  a c losed expression f o r  r / V .  I n  the semiclassical  l i m i t ,  

the leading con t r i bu t i ons  t o  2, given by (2.4) and (2.5), come from 

the f i e l d  conf igura t ions  which minimize the e f f e c t i v e  a c t i o n  and there- 

f o re  obey the Euler-Lagrange equat i on  

D a2<bC 
C --y=v;ff(@c) 

i-i ax 
i 

* The e f f e c t i v e  p o t e n t i a l  here contains interna1 l i nes  o f  the ;Y f i e l d s  
on l y  s ince we have on ly  perforimed the [B-l in teg ra t i on  o f  (2.3). 
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where 4 s a t i  s f  i es 
C 

I t  i s  easy t o  p rove  t h a t  f o r  h i g h  temperatures t h e  r e l e v a n t  

f i e l d  con f  i g u r a t i o n s  a r e  those i ndependent o f  t h e  Eucl idean t ime 4.  

Now one makes a f u n c t i o n a l  T a y l o r  expansion o f  S around 4 
e f f  C 

and keeps o n l y  t h e  q u a d r a t i c  terms i n  n = @-r$ C 

(2.7)  

3 - 5 
The gaussian i n t e g r a l  i n  (2.7) i s  easy t o  per fo rm and one 

ge ts  formal  l y 

T h i s  express ion  g i v e s  t h e  c o n t r i b u t i o n  o f  j u s t  one bounce s o l u t i o n .  

Using the d i l u t e  gas approx imat ion  one o b t a i n s  

where 

and 4 i s  the  f a l s e  vacuum o f  t h e  theory .  
VAC 

D e f i n i n g  t h e  t r a n s i t i o n  p r o b a b i l i t y 3 * ' o  as r = -2 Im A one ob- 

t a i n s .  b y ' t r e a t i n g  s e p a r a t e l y  t h e  ze ro  e igenvalues:  

where t h e  pr ime i n d i c a t e s  t h a t  the  z 

must be o m i t t e d  f rom the  de te rminan t  

va lues.  T h i s  i s  e s s e n t i a l l y  t h e  resu  

(2.10) 

e r o  e igenvalues o f  - a2 + Vgf ( @ C )  

and Z i s  the  number o f  thesee igen-  

l t  con ta ined  i n  r e f .  4.  



Revista Brasileira de Física, Vol. 16, n'? 2, 1986 

A f t e r  some algebra (see appendix A) one can w r i  t e  T/V as 

where 

the negative eigenvalue (which i s  assumed t o  be unique) i n  (2.13) i s  

w r i t t e n  as 

= - w2  , (2.14) 

and the double prime indicates tha t  the negative and zero eigenvalues 

must be omi t t e d  f rom the summation. 

3. ONE DIMENSIONAL EXAMPLES 

Now we are  going t o  analyze some s p e c i f i c  examples i n  order t o  

get  the asymptotic behaviour of the decay r a t e  a t  h igh  temperatures. 

37A. An " lnverted" A $ ~  po ten t i a l  

The Lagrangian dens i ty  f o r  t h i s  f i r s t  example i s  g iven by 

whe r e  

where m 2 and X are pos i t i v e  funct  ions o f  the temperature. The express ion 

(3.2) f o r  Veff looks l i ke  the usual app rox ima t i on4~9  used f o r  V 
e f f  wfien 
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which i s  the s o l u t i o n  t o  V ( f a l se )  = Veff (@') ,  IS much srnal l e r  
e f  f 

than the t rue  vacuurn. 

Clear ly,  the s t a t e  @=O i s  metastable, Weshall  ca l cu la te  i t s  decay 

r a t e  per u n i t  

ob ta in  a s t a t  

L- 
are  we 

volume a t  h igh  temperatures*, F i r s t  o f  al l ,we have t o  

c s o l u t i o n  t o  

The Euc 

- m2@ + A @ ~  = O . ( 3 .3 )  

on t o  (3 .3)  i s  

4, = J27hm sech(m) . 
idean a c t i o n  o f  t h i s  s o l u t i o n  i s  g iven by 

The eigenva lues o f  the operator  - + (+C) 

1 1 known ' 
- 3m2 

E =  , ~ j  + I o  
k f 2  + m2 

where n i s  an in teger .  

For pe r i od i c  boundary cond i t ions  i n  a  box o f  s i de  L 

where n' i s  an in teger  and 6 ( k f )  i s  the phase-shi f t  

2 
â ( k )  = - - arc tan 37on 

m  

* I n  o r d e r  t o  the semiclassical  approximation be appl icable,  one must 
have the fo l l ow ing  necessary cond i t i on  s a t i s f i e d :  X P O ,  h > 1 ,  

152 
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I n  order t o  evaluate the imaginary pa r t  o f  the determi nant 

r a t i o  (E R ) ,  which i s  given by ( A . 6 )  we r e c a l l  t ha t  4VAC = O.  Then we 

have: 

The above expression contains a divergent p a r t  given by 

For large L t h i s  expression becomes" 

E1 can made f i n i t e  by adding the counterterm t o  the e f f e c t i v e  

ac t  ion  

Wri t t i n g  

we have, f o r  L going t o  i n f i n i t y ,  

Def in ing a new va r iab le  = Bk we can wr i  t e  
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The behaviour o f  E2 i n  the h igh  temperature 1 i m i  t can be found 

i n  the l i tera ture12 and i s  

E2 = constant x B x log(&i) . (3.16) 

Thus, f o r  6 -t O we have 

m- m- 1-1 ' exp ]m~(conç tan t  + constant '  log  &i) I . 

I n  t h i s  case we see e x p l i c i t l y  t h a t  i n  the h igh  t e m p e r a t u r e  

l i m i t  the con t r i bu t i on  from the determinant r a t i o  (constant '  l o g  (Bm)) 

may g i ve  a non n e g l i g i b l e  co r rec t i on  t o  the exponential f a c t o r  ( 6  con- 

s tan t )  depending on the values o f  B, m, and X,  

3-8. Spontaneously broken Xm4 w i t h  a source term 

N o w w e a r e g o i n g  t o c o n s i d e r  V (m), whichappears i n  (3,1) ,  e f f  
o f  the form 

1 w4 
VefP (4) = - 7 m2m2 + + E+ (3.18) 

where m2, A ,  and E are  posi t i v e  and temperature dependent. (3.18) re-  

sembles the e f f e c t i v e  po ten t i a l  o f  the (1+1) dirnensional sca lar  e lec-  

trodynamics i n  the h igh  temperatures 1 i m i t e .  

We wi 1 1  consider the case E<<  1 - tha t  i s ,  we w i l l  perform a 

t h i n  w a l i  approximation. 
E 

The r e l a t i v e  minima +- ( G  2 + -) i s  metastable and i t  decays 

m E 
Jx m2 

to i++ (= - - + -) with a decay rate per unit length r / L .  We will ob- 
JX rn2 

t a i n  T / L  t o  the leading order  i n  E. 

For h igh t e m p e r a t ~ r e s ~ ~ ~  the s t a t i c  c l ass i ca l  s o l u t i o n  must 

s a t i s f y  
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We can expand ipC i n  powers o f  E as fo l lows 

i n t o  (3.19) and solv , ing the r e s u l t i n g  equation 

rn 
@ o  = - tanh 

Ji: 

Next we need t o  solve the fo l l ow ing  eigenvalue problern 

Again we a l so  expand 11 and a i n  powers o f  E 
j j 

We can ca l cu la te  e x p l i c i t l y  the eigenvalues t o  zero order i n  E 

and the resu l  t i s  

l o 

( k Z  + 2m2 ( f o r  the continuous spectr"rn ) , 

We a re  going t o  assume the existence o f  j u s  t one negative 

eigenvalue and tha t  i t  i s  a t  l eas t  o f  order E(. = - y2). Having the 
neg 

eigenvalues, we can ca l cu la te  the pre-exponential f ac to r ,  g iven by (A.61, 

t o  the lowest o rder  i n  E 



Revista Brasileira de Física, Vol. 16, n? 2, 1986 

The two f i r s t  f ac to rs  appearing i n  the above exponential a re  

divergent .  I n  order t o  render these c o n t r i b u t i o n s  f i n i t e  we m u s t  

renormalize them by adding the counterterm 

I n  the l i m i t  o f  L going t o  i n f i n i t y ,  weob ta in  

I n  the h igh  temperature l i m i t ,  the behaviour o f  I m  R i s  g iven 

T I ~ R = -  exp { c , r n B +  C ,  i og  Bm)l , 
s i n t 2  r 

where C, and C, a re  numerical constants. Therefore, we have 

From (3.29) we can see again t ha t  the pre-exponential f a c t o r  may g i ve  a 

non negl i g i b l e  co r rec t i on  t o  r ,  i n  the h igh  temperature 1 i m i  t, depending 

on the values o f  6, m and A .  

3-C, The B i r u l a  Mycielsk i  m 0 d e 1 ' ~ " ~  

Now we are  going t o  repeat the calcu 

Lagrang ian dens i t y  

1 1 
Leff = (aT$) + ( aX$) + 

l a t i o n  o f  3-A-8 f o r  the 

veff(') ( 3 . 3 0 )  
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where 

The e f f e c t i v e  a c t i o n  associated t o  t h i s  f i e l d  con f i gu ra t i on  i s  

I n  order t o  ca l cu la te  the determinant o f  the f luc tuat i 'ons  we 

need t o  know the eigenvalues of - a 2  + v"(@c) 

I t  i s  easy t o  check t h a t  E i s  g iven by 
n, R 

where n = 0, '1, '2, ' 3 , .  . . 
R = 0, 1 ,  2, ... 

We a re  going t o  assume tha t  V"( ) = m2. So the pre-exponen- 
e f h 

t i a 1  f a c t o r  f o r  t h i s  system i s  g iven by 
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The f i r s t  te rm between b r a c k e t s i n  t h e  exponen t ia l  corresponds 

t o  the  z e r o- p o i n t  energy and due t o  t h a t  i t  w i l l  be neg lec ted .  Then 

i n  t h e  h i g h  temperature 1 imi t, we have 

and 

F i n a l l y  we o b t a i n :  

e 1/2 2 T2 - i (=  Czm] s i n  i - exp 1- 5 
n T 

T h i s  exayple s h w s  aga in  t h a t  the  p reexponen t ia l  f a c t o r  m igh t  

g i v e  non n e g l i g i b l e  c o n t r i b u t i o n s  i n  t h e  h i g h  temperature l i m i t .  

4. FORMAL HIGH-TEMPERATURE EXPANSION OF ~ I V  

We s h a l l  develop a fo rma l  expansion f o r  the  r a t i o  o f  de te rmi -  

nants  (R) which appears i n  (2.10) t h a t  w i  1 1  be u s e f u l  i n  o r d e r  t o  ex- 

t r a c t  t h e  dependence o f  H on T a t  h i g h  temperatures.  R can be w r i t t e n  

as 
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Then, from ( 4 . 1 ) ~  i t  i s  easy t o  see t h a t R  canbe w r i t t e n  under 

the forrn 

* = exp - i { t r  logb + 1 - ($vAc)$ I 
-Ele + V i f f  

where 

i s  j u s t  the f r e e  propagator a t  f i n i t e  temperafure, w i t h  rnass 6- 
I f  we expand the log  above i n  powers o f  

we get  fo rmal ly  

where the dashed l ines correspond t o  the "background f i e l  d" (v''~.~ (4,) - 
( ) ) ,  and the interna1 l i n e s  denote propagators G - 'ef f VAC 6' 

I t  i s  shown i n  appendix B t ha t  the f i r s t  term o f  t h i s  ser ies  

gives the leading c o n t r i b u t i o n  f o r  f3 going t o  zero when the space-time 

dirnension i s  four .  Then, we have: 

1 
R = exp - t r  

1 

-OE + v;ff($AC) 
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We need t o  be ca re fu l  when using (4 ,3) ,  The f o r m a l  m a n i p u -  

l a t i o n s  t h a t  we made i n  order t o  get  (4.3) work j u s t  f o r  theeingenvalues 

belonging t o  the continuurn, Then, negat ive and zero eigenvalues can be 

t rea ted as we d i d  i n  appendix A and the r e s u l t  f o r  I m  R i s  

Im R = T ' ~  
exp - i t r {~, [~"  e f f  @ C - V v ) ]  1 (4.4) 

Ue expect t h i s  expression t o  ho ld  f o r  h igh  temperatures. Lets 

f ind out  the dependence on T o f  the exponent i n  (4.4) f o r  the usual four 

dimensional space i n  t h i s  l i m i t .  We denote t h i s  exponent by o -  t h a t  i s ,  

The reason why a does not  con t ro l  the h igh  temperature behaviour o f  the 

pre-exponential f a c t o r  f o r  1 and two s p a t i a l  dimensions i s  g iven i n  ap- 

pendix B.  

4-A. (3+1) d4imens iona l  space formal express ion  

For (3+1) dimensional space we have, from (4.5) : 

( y = -  C 1 
2 L d2xE ($2 (mvAc)] ' n,k ] (2nn + k 2 + m 2  @L 

(4.6) 

wherem2 = V" 1 .  e f  f VAC 
Performing the n summation and tak ing  i n t o  account t ha t  for  high 

temperatures the re levant  c l ass i ca l  s o l u t i o n  i n i n d e p e n d e n t  o f  the 

Euctidean time, we can f u r t h e r  s i m p l i f y  (4.6) 
f 1 

The f i r s t  i n t e g r a l  i n  d3k i s  i n f i n i t y  and must be renormalized. 

For a renormalizable theory, they way we ge t  r i d  o f  thesedivergences i s  
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very simple. We j u s t  add t o  the Lagrangian the usual counterterrns de- 

f ined i n  pe r tu rba t i on  theoryl * 3 .  These counterterms, f o r  renorinal i zab le  

theor ies , cancels the divergences whi ch appear i n the formal expans ions 

and,in p a r t i c u l a r ,  cancels the divergent  p iece i n  (4.7). 

T h e r e f o r e ,  i n  the h igh  temperature l i m i t ,  the main c o n t r i -  

bu t i on  t o  G i s  g iven by 

Then,in the h igh  temperature l i m i t ,  o behaves as 

where 

Therefore 

B where - = T 'eff('c) ' 

Let  us make some comments on (4.1 I). We have t o  keep i n  mind tha t  

f o r  ob ta in ing  (4.11) we have used the semiclassical  approxirnation and 

the  h igh  temperature 1 imi t, So,when employi ng (4.1 1 )  , we have t o  v e r i  f y  

i f  the temperature we are  working a l  lows us t o  make use o f  these ap- 

proximations. 

4-6 ,  Soluble (3+ 

The (3+ 

I )  dimens 

1 )  dimens 

iona 1 example 

iona l  system, t h a t  we are  going t o  consíder, i s  

described by the e f f e c t i v e  Lagrangian dens i ty  
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where E, m2, and X are  p o s i t i v e  and E i s  much less than 1 .  

We w i l l  proceed l i k e  we d i d  i n  another example - tha t  i s ,  we 

are going t o  ca l cu la te  r / V  t o  the lowest order i n  E. 

Expanding @C i n  powers o f  E l i k e  i n  (3.20) and s u b s t i  t u t i n g  

i n t o  the c lass i ca l  equations o f  motion we ob ta in  

m @, = - tanh / E ) 
"'7 t f l  

4, describes a domain w a l l  (Bloch w a l l )  i n  th ree s p a t i a l  dimensions15. 

AI though @,,,given by (4.13) depends on j u s t  one s p a t i a l  v a r i -  

able, one can show tha t  i t  describes some important f e a t u r e s  o f  the 

bounce s o l ~ t i o n ' ~ .  Although t h i s  bounce s o l u t i o n  w i l l  g i ve  r i d e n t -  

i c a l l y  zero i n  the thermodynamic l i m i t ,  i t  i s  usefu l  f o r  one can check 

i n  t h i s  example whether (4.11) works w e l l .  

The eigenvalues o f  -a2  + V " ( @  ) t o  the lowest o rder  i n  E are  
C 

g i ven by 

f 0 

I t i s  poss ib le  t o  prove the existence3 o f  a negative eigenvalue 

which we wi 1 1  denote by -w2 and assume t h a t  i s  unique. 

A f te r  using ( ~ . 6 )  and renormalizing,the r e s u l t  we ob ta in  i n  the 

h igh  temperature l i m i  t lS  i s  

where A = V 2 l 3 ,  and V i s  the volume o f  the space. 

This example shows t h a t  our formal expression (4.1 1) works, as 

i t  should, i n  four  dimensional problems. 

5. CONCLUSIONS 

As pointed o u t  i n  the in t roduct ion ,  i t  has been proposed tha t  

some aspects on the evo lu t i on  o f  the ea r l y  universe should be s t rong lv  
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dependent on the decay r a t e  o f  the f a l s e  vacuum. Phenomenological im-  

p l  i ca t i ons  such as monopole dens i ty  i n  the e a r l y  universe and the Great 

Supercool ing tha t  the universe underwent a re  among the consequences o f  

the vacuum decay process . 
Some conclusions were drawn based on a f a i r l y  s i a i p l e  p a r a -  

me t r i za t i on  f o r  the decay ra te2 '4 ' 7 ,  namely 

The expression (5 , l )  obviously does not  take i n t o  account, i n  

a proper way, the con t r i bu t i on  coming from the determinant i - a t i o s  i n  

(2.10) s ince (5.1) i s  b a s i c a l l y  g iven by zero loop contribut. ions. 

We have devised a method which al lows us t o  i n f e r t h e  h igh  tem- 

perature behaviour o f  the determinant r a t i o s  i n  (2.10) w i thout  so l v i ng  

the complete eigenvalue problem. The method r e l i e s  on a simple graphical 

expansion which al lows us t o  get  the proper asymptotic behaviour as well  

as t o  perform the renormal izat6on o f  the determinant i n  a s t r a i g h t -  

forward way. 

One can see f rom (4.11) t h a t  the c o n t r i b u t i o n  from the deter-  

minant r a t i o  rnakes the  decay r a t e  r be bigger than the value given by 

(5.1). This (small) increase i n  r might have some consequences i n  the 

i n f l a t i o n a r y  scenario, and we w i l l  be concerned w i t h  these consequences 

i n  a f u t u r e  pub l i ca t i on .  

We a l so  have s tud ied some exac t l y  so lub le  toy  models i n  ( 1  + 1) 

dimensions. From the s o l u t i o n  of these problems we could e x t r a c t  anidea 

o f  the order o f  magnitude o f  the pre-exponential c o n t r i b u t i o n  f o r  r / V .  

For instance, from (3.17) o r  (3 .29 ) ,  w i t h  a s u i t a b l e  choice f o r  the par- 

ameters and the temperature one can ge t  an increase o f  r / V  by a few per- 

cent . 
Help fu l  conversations wi t h  J .E .  Perez and I . Ventura are grate-  
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APPENDIX A 

Here we a re  going t o  ob ta in  an expression f o r  the imaginary 

p a r t  o f  the determinant r a t i o  t h a t  appears i n  (2.10). We assume t h a t  
2 - A + v" (GC) has onl  y one negat ive (-w ) eigenvalue ai?d tha t  there 

e f  f 
are z zero eigenvaiues [(-A +VM(@&nj = X~TIJ 

where wk = ( 2 ~ n / B )  '. 
I t  i s  easy t o  see t h a t  

, sinh 6 h!/2 
.rr X. 71 

3 
v i i B hi/2 

R = 
s 

s i n h B A j / 2  
7 r ' X :  71 

where we have used the i d e n t i t y  

(A.  3 )  

We no t i ce  t h a t  the negat ive eigenvalue makes R pure imaginary. 

Analyzing (A.2) w i t h  care we get  t ha t  

2 2 i m  R = 

where the double prime i n d i c  

6u s s i n  s 71" sinh(Í3 Xj/2) 

ates tha t  the negat ive and zero 

are excluded from the product. 

We can f u r t h e r  transform ( ~ . 4 )  using tha t  

Bz log sinh(Bz/2) = - + l o g ( l  - e -9 - log 2 
2 

genv a lue  
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i n order t o  get  

( A .  6) 

APPENDIX B 

I n t h i  s appendix we wi 11 analyze the  temperature dependence o f  

each term appearing i n  ( 4 . 2 ) .  F i r s t  o f  a l l ,  we would l i k e  t o  po in t  ou t  

t ha t  each graphic appearing 

i s ,  f o r  h igh  temperatures: 

i n  ( 4 . 2 )  have zero externa1 rnornc!nturn7 - tha t  

where D i s  the number o f  s p a t i a l  dimensions, 

Lets ob ta i  n the dependence wi t h  B o f  

where m2 = V" (4 ) , when 6' 0. 
e f f  VAC 

Performing the sca l i ng  = f& we can w r i t e  

Now i t  i s  easy t o  see t h a t  
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( - 1 ) -  2 i - (D+ l>  ,(x, I.. = - B 
&?-I 1 

s=m2B2 
J 

( i - i ) !  

where 

For D 2 3 we have tha t  

1 i m  f(m2e2) = constant . 
B+o 

Then, f o r  D b 3, the term j = l  i s  the most important term o f  

(6.1) i n  the l i m i t  B+0.  

I f we have 0 < 3 ,  f (x) diverges as x goes t o  zero due t o  the 

i n f r a r e d  o f  the theory. For example f o r  D=1 

2 2 z  C l i m  f ( m  B ) -  n;c . 
6-a 

Using (8.4) we ge t  t h a t  i s  p ropor t iona l  t o  B - ' . ~ i n c e  a11 terms 

i n  the ser ies '(6.1) have the same temperature dependence wi  t h  tempera- 

tu re ,  we have t o  sum the whole se r i es  then our formal expansion (4. 2) 

(8.1) does not  lead t o  a simple r e s u l t  t o  the determinant r a t i o .  
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Resumo 

Investigamos o comportamento de a l t a  temperatura da taxade de- 
caimento (r)  do vácuo metaes táve l  em t e o r i a  de campos u t i  1 i zancjo a apro- 
ximação semiclássica. Exibimos exemplos solúveis (na aproximaçao semi -  
c láss ica)  em (1+1) e (3+1) dimensões e desenvolvemos uma exprec.são f o r -  
mal para r no 1 i m i  t e  de a l t a s  temperaturas. 


