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I. Introduction 

The evoi ution laws of suantum i ieids in c l  assi cai back.13round 
i ields have been elaborated during the  i ast two decades if or .io~ne 
reviews see Firre11 and Davies 1982, Parker 1377, Grib et al. 
i48B1. A natural iramework where this .special branch oi suantum 
iield theory appi ies is given bu the cosmoloqicai evolution. 

As stated firstly bu 3exei and Lit-bantke (13671 and F'arker 
il?bB, IYbv! the dunamics oi the gravitationai background iieid 
causes a nonconservation oi the oartiile number observable. Thus, 
in an expanding universe, oarticles with finite rest mass which 
are conform-invariantly coupled to the gravitation field, are 
created spontaneously. The evoiution esuations ior the spectra oi 
the spontaneously created particles have been derived, e.5. for 
Bosons by Grib and Mamaev i1969, 1971) and Grib et al. (1971) and 
ior Fermions bq Mamaev et al. (1976,. ?he particle spectra depend 
on the actuai d~namics oi the classicai gravitation field, for 
which one needs some model. 

According to the cosmological standard model. the eariy phases 
of the universe were ouickly evoiving accompanied by mostly 
adiabatically cooling background radiation. This basically simple 
and smooth picture is brought of f eouii.ibrictm in eras where, 
acccjt-ding to our ~resent understanding of elementary particle 
~ h ~ s i c s ,  sqmmetrlq breaking processes occured, such as the GUT 
symmetry breaking, the eiectroweak symmetrq breaking and the 
coniinement transition. These phases become the inflationary ones. 
during which the sDace is anomalously f astlu exoanding driven by 
the vacuum energ4 iensitu (Guth and Weinberg 19811. 

The available estimates oi the cosmoloqicai particle production 
(ci. Eirrell and Davie.5 198.21 up to now negiect such non-smooth 
evoiution scenarios and are constrained to rather simolif ied model 
universes, e.5. with power law expansion icf. kudretsch and 
SchXier 1978, Grib et al. 1480). 

The present work is aimed to report evaiuations of the spectra 
oi spontaneously created particles on distinguished mass scales in 
a diiierent evolution scenario. Namei y we consider, a universe 
being initiallu radiation dominated; at a certain time the vacuum 
energy is supposed to dominate, thus causing an inflationary 
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It should be noticed t h a t  the Hamiltonian d iagonal isat ion 
method must be appl ied wi th some care (c f .  B i r r e l i  and Ford 1975') 
wi th respect t o  the underlying p a r t i c l e  concept i n  f a s t l y  varying 
external f i e l ds .  Otherwise, i t  has been proven tha t  the r e s u l t s  
recover the f ind ings  obtained wi th the in-out formaiism iGrib e t  
al .  1980). The l a t t e r  f a c t  enforces us t o  apply the Hamiltonian 
d iagonal isat ion method as su i tab le  approach f o r  inves t iga t ing  the 
time dependence of the spontaneously created pa r t i c i es .  

The inf luence of the  in te rac t ions  has been estimated t o  range 
on the per cent scale i c f  .Lotze 1985) . 

3. Set t inq  the scenario wi th an i n f l a t i o n a r y  in te r lude 

H i the r to  i t  has been usual t o  solve eps. (9) by considering 
l i m i t i n g  cases, e.g. the very beginning of the p a r t i c l e  production 
o r  the  times a f t e r  the Compton time (Grib e t  a l .  1976, Mamaev e t  
a l .  1976). Clther authors exp lo i t  the in-out formaiism (Parker 
1966, Audretsch and Schzfer 1978. and fu r the r  refs. i n  B i r r e l l  and 
Davies 1982) and are r e s t r i c t e d  t o  ra ther  s i m ~ l e  evoiut ion 
scenarios; e. g. Audretsch and SchZf e r  I15'76) consider the pure 
rad ia t i on  universe matched i n  addi t ion t o  a  mi r ro r  universe. 

Here we wish t o  model an i n f l a t i o n a r y  epoch as intermezzo i n  an 
otherwise rad ia t i on  dominated universe. To be e x p l i c i t ,  we 
consider the  scale fac to r  (De Grand and Kajant ie 1984, KZm~fer e t  
a l .  1987, KHmpfer 1988) 

~ ( t )  = % sh1i2 (2  & / z  t) (12) 

wi th C = (8 n i 3) i H,, Hp = 1.22-1019 GeV being the Planck 

mass. The suant i ty  B  denotes the vacuum energy densitu which i s  

estimated by B .r T ~ ~ ,  where Tc stands f o r  the c r i t i c a l  temperature 

f o r  a  symmetru breaking ~ h a s e  t rans i t i on .  The l a t t e r  one can be 

the GUT t r a n s i t i o n  iTc u 1 d 5  GeV), the electroweak t r a n s i t i o n  iTc 

r 1m2 GeV) o r  the confinement t r a n s i t i o n  ( T -  N 10-I GeV) . For 
1/2 j -1 L 

ear ly  times ,t c:C ( C  B  , ep. (12) describes the' ad iabat ica l l y  

cool ing rad ia t i on  dominated universe wi th H t1j2. The vacuum 

energy dominates a t  t > t .  - 
(2  B1/2)-1 i n+ '  - 

t in+ - 1 

and the  space approaches su ick ly  the i n f l a t i o n a r y  expansion 

R *. exp ( 2 C 0'12 t 3 .  We assume a  supercooling up t o  t = q tin+ 

w i  t h  q as qet unspecif ied parameter t o  {I:.: the end of the 
i n f l a t i o n  era. i n  the approximation of a  sudden phase t r a n s i t i o n  
we describe the subsesuent era,  here a l l  vacuum energu i s  
transformed i n t o  thermal i ' radiat i  on) enet-qq , aq 

= R1 - {or-. t. :::. s  t. . (14, 
. . -  - .., , ;,-, i r) t 

with 5 i  = R e  sll ' j L  ( 2  C w' t.. - q; 
i n t  

The qiven scenario sho~~. id  be cor~sidet-.eo 3s ,em:reai i s t i c  model 
. . 

f o r  a  sqmmetrq Lreakinq pha.5~ trans!c.l~:n !Debrand and tCa i an t i e  
1984, t:.:amefer i 727 178B1. I t  r e f l  ects the main ieatut-es neeari  
f o r  explorinq the e i f e c t  of i n i l a t i o n a r q  g r o ~ t h  of the space onto 
the spontaneous p a r t i c l  e  product1 on. Otk~et-, more involved 

- .  
icenar ios are considered, e. q. by i ~ u t h  and Wei nbet-.g t. i ? H i !  , 
kibrecht  and Stei  nhat-dt 4 1982j , Linde (14S4 j  and t:;:!naipr 
a l .  i'1987). Having a  d e i i n i t e  evoiut ian scenarlo a t  disposal we can 
t r y  t o  solve the eas. (71. I n  doinq t h i ~ .  we T i n d  i t  convenient tni 
1nt;roduce the new time var iable z v ia  

z = i og .[ t 1.l >. 
9  

and a  dimensioniess momentum variaSie sugqe.zied by the form o i  

beinq the r a t i o  ot the physical momentum k i 2 t o  the respective 
~ a r t i c i e  mass. Now, eqs. i91 take the iorm 

s '  = (H' / R )  
u .  = (H' j Hj ( 2  + 1) n - 2  - 2 e' R.. i 

v I M, (17) 
r t~ V ' = ~ I T I F  .T n u / N p  

wi th n= (1  + p"iliZ and s, u, v  and p as iuntions. o i  k and s: a 
dash means the der iva t ive  wi th resoect; t o  T . 

Now we repo r t  the r e s u l t s  i n  soiv inq ess. t.17). i n  i i g u r e  i the 
Spectra as iunc t ion  of p are dispiaued f o r  d i f t e r e n t  times i n  i 3 S E  

of miH = 10-'. The respective p a r t i c i e s  range on the GUT mas5 
P 

scaie and miqht represent the Higgs bocon M;, . Up t o  the Lomptor~ 

time 7, 9 the spectrum remains f a  constant i n d i c a t i r ~ q  

massive p a r t i c i e  production. Afterwards the p a r t i c i e  production 
becomes i ne f fec t i ve ,  and the already produced ~ a r t i  c ies  become red 
sh i f ted .  The suadrat ic increase o i  the l h s  o i  the spectrum w a i .  
suggest a  simi l a r i t u  wi th a  thermal a i z t r i b i i t i o n  - but. we i i r ~ d  
t h a t  thermai d i  st.r i  but ions are much narrower. The above men? s G:IEL: 



log,o p - 
F igure  1: The spect ra  D' it s!p, t)  o f  spontaneousiy created 

p a r t i c l e s  w i t h  mass m = 1~~  Mo a t  d i f f e r e n t  times. 

heavy l i nes :  p a r t i c i e  c rea t i on  s t a r t s  a t  Planck t ime or  
ear 1  ier.  
dashed l i n e :  o a r t i c i e  c rea t i on  s t a r t s  a t  t = 10. 

i n f l a t i o n  e ra  apoear much l a t e r ,  so t h a t  f o r  such heavy o a r t i c l e s  
the  spontaneou5 product ion process ceases be fo re  i n f l a t i o n .  We 
mention t h a t  t he  spect ra  approach very f a s t l y  t o  t h e i r  
"sa tu ra t ion"  form. i .e .  the re  i s  no d i f f e rence  whether the  
o a r t i c l e  product ion s t a r t s  a t  Planck t ime u l / M D  o r  somewhat 

before. Otherwise, ii the  o a r t i c l e  product ion s t a r t s  s h o r t i y  
before t h e  respec t i ve  Compton t ime N l i m ,  t h e  soec t ra i  dens i t y  
remains below t he  " sa tu ra t i on "  values as d isp layed i n  f i g .  1. Th is  
ho ids f o r  a i l  l i g h t e r  p a r t i c l e s  too. 

L e t  us now consider p a r t i c l e s  t he  tornoton t ime of  them be ing  
a f t e r  t h e  i n f l a t i o n  epoch. I n  f i q u r e  2 t he  spect ra  are disoiaued 
f o r  m/MD = lflo4'. The respec t i ve  p a r t i c l e s  range on t he  

e l e c t r o k a k  mass sca le  and m i  qh t  represent,  e. g. the  Hi  gqs bosons 
Wr, Z. Q u a l i t a t i v e l y  our numerical f i n d i n q s  appiq t o  a l l  l i g h t e r  

p a r t i c l e s  too. The i n f  i a t i o n a r y  epoch i s  determined by our choice 
Tc = lfliF GeV, be inq represen ta t i ve  f o r  t he  GUT t r a n s i t i o n .  
I n t e r e s t i n g l y ,  t he  spect ra  p2+s(p,r)  do n o t  r e f l e c t  any 

p a r t i c u l a r i t y  when compared wi,th a  pure r a d i a t i o n  un iverse o r  when 
varg ing the  du ra t i on  of  t he  i n f l a t i o n  idetermined bg t h e  va iue of  
4). A t  t he  very beginning ir .< l a ) ,  however t he re  aopears the 
l i n e a r  increase of the  spect ra  f o r  n o t  t o o  smaii vaiues o i  p  
i n d i c a t i n g  c l ea r1  y a  non-thermai d i s t r i b u t i o n .  The suei t rum 
remains constant  up the Comaton t ime r,- - - 38. When approaching t o  

1 Co~noton t ime, t h e  r h s  of t he  spectrum becomes steeper and steeoer. 
A f t e r  t h e  iompton t ime the red  s h i i t  becomes ~ m e r a t i v e .  The peak 

I o f  t he  spectrum decreases and i s  r ed  s h i f t e d  tau. E r e n t u a l i ~ .  
a f t e r  lonq times, t he  peal:: i s  so f a r  red  sh i f t ed .  t h a t  t he  i h s  
s ide  show5 a quadrat ic  increase, and t 5 ~  soectrum can be 

- L -2 0 2 
log10 p - 

F iqure  2 :  The spec t ra  pL* s ip ,  i) of spantaneousl y  created 

p a r t i c l e s  w i t h  mass m = lo-'' % a t  d i f f e r e n t  t imes 

(heavy, dot ted,  dashed and dot-dashed l i n e s ) .  The 

i nc l us i on  of  an i n f  l a t i o n a r q  5uoercool ing per iod  a t  t 

20, parametr ised br) Tc = 1015 teV and q < 1.2 i n  et~. (14) 

does n o t  a1 t e r  t he  spectra.  The numbers denote t ime  o r  
t ime  i n t e r v a l l s  t. The t h i n  l i n e  deo i c t s  a  spectrum a t  t 
= 35 f o r  t h e  case o f  spontaneous p a r t i c l e  c r e a t i o n  
s t a r t i n g  a t  t0 = 38; i t  i nd i ca tes  t h a t  t he  p a r t i c l e  

modes d i d  n o t  reach t h e i r  sa tu ra t ion .  








