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1 . Introduct ion 

Before the development of the i n f l a t i o n a r y universe 

scenario many cosmological problems of the standard hot 

universe theory remained unsolved. In p a r t i c u l a r , the o r i -

gin o f primordial dens i ty perturbat ions remained obscure. 

Af ter the discovery of the i n f l a t i o n a r y universe s ce -

nario / 1 - 4 / two important pred ic t ions were made, which we 

c a l l "the f l a t ad iabat ic paradigm": 

i ) The observable part of the universe i s almost 

exact ly f l a t , Qtet = Vfor — 1 · 
i i ) I n f l a t i o n inev i tab ly produces adiabat ic per tur -

bat ions with an almost s c a l e - f r e e ( f l a t ) spectrum / 5 > 6 , 7 / · 

A common b e l i e f was that now we know a l l bas ic f a c t s 

which are necessary to understand the l a r g e - s c a l e s tructure 

of the un iverse . 

However, everything i s not so s imple . 

i ) The f i r s t papers on adiabat ic perturbat ions were 

not quite complete and give numerical ly d i f f erent r e s u l t s . 

For examples some authors say that density perturbat ions 
Sf/f ~ 1 0 ~ 4 in the theory V / f o ) - ^ " > ¥ * i f > a 1 0 " 8 

whereas some other authors g ive 10"" 1^. The d i sagree -

ment i s by 8 orders o f magnitude! 

i i ) There e x i s t serious doubts that the cosmological 
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models based on the f l a t adiabat ic paradigm can l ead to a 

completely cons i s tent theory of the l a r g e - s c a l e s tructure 

o f the un iverse . 

i i i ) Previous i n v e s t i g a t i o n did not t e l l us how the 

universe looks on a superlarge s c a l e , which i s much greater 

than the s i z e o f present hor izon . What i s i t s g l o b a l geo-

metry? 

The main r e s u l t s to be reported here: 

1 · A more complete theory o f ad iabat ic per turbat ions , i n -

cluding models with several s tages of i n f l a t i o n / 8 , 9 , 1 0 / · 

2 . Isothermal perturbat ions with a nonf lat spectrum /11—13/ · 

3. Non-perturbative inhomogeneities generated during i n -

f l a t i o n / 1 3 , Η / · 

4o Se l f -reproduct ion of the i n f l a t i o n a r y universe and i t s 

g l o b a l s tructure (e ternal chaotic i n f l a t i o n ) / 1 5 - 1 7 / . 

2 · Standard i n f l a t i o n a r y cosmology 

Let us remember, at f i r s t , the main idea o f the "stan-

dard 1 1 i n f l a t i o n a r y cosmology. At the beginning the universe 

goes through some hypothet ica l p r e - i n f l a t i o n a r y s t a g e . 

Thereupon the universe passes through the i n f l a t i o n a r y 

s t a g e , when i t s degree o f expansion during the time i n t e r -

was equal to or even much greater than i t s f u r -v a l 

ther degree of expansion during subsequent y e a r s . 

A f t e r i n f l a t i o n , the stage of re laxa t ion of the i n f l a t i o n -

dr iv ing f i e l d f takes p l a c e . During t h i s period a l l matter 

o f the universe i s created and reheated up to some tempera-

ture Gev. Further, the un iverse , f i l l e d by the 

hot u l t r a r e l a t i v i s t i c matter , develops according to the hot 

Friedmann universe theory . 

H i s t o r i c a l l y , there were severa l d i f f erent vers ions 

o f the i n f l a t i o n a r y universe scenario / 1 - 4 / . The two 

main vers ions are new i n f l a t i o n / 2 / and chaotic i n f l a t i o n 

/ 3 / . Despite many e f f o r t s , no r e a l i s t i c models o f new i n -
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f l a t i o n have been suggested so f a r because o f the problem 

of i n i t i a l condi t ions / 1 8 / . This problem i s so lved in the 

chaotic i n f l a t i o n scenario only / 1 9 / · One can say that the 

o ld i n f l a t i o n scenario i s dead; the new scenario i s o l d , 

and the chaotic i n f l a t i o n scenario i s in a good order . For 

th i s reason we w i l l d iscuss here the chaotic i n f l a t i o n a r y 

scenario only* Let us consider the universe f i l l e d by a 

s ing le s c a l a r f i e l d ¥ with a power-law p o t e n t i a l V(<p) , 

f o r s i m p l i c i t y V ( γ ) =* 4-fv\.* γ λ · A s c a l a r f i e l d obeys 

Klein-Glondon equation 

which i s s i m i l a r to equation of ordinary o s c i l l a t o r with 

the f r i c t i o n term 3Η ψ · Here Η i s the Hubble parameter 

given by one of the Einste in equat ions: 

where Mf ^/VgT — iO**(*W i s Plank mass. Prom Eqs. 

( 1 ) , (2 ) we obtain the fo l lowing l o g i c a l chain: l arge ψ-* 

l arge \/(ψ) —> l arge Η —> large f r i c t i o n — s l o w motion 

of γ -> almos constant —* exponential s o l u t i o n f o r 

ct(-t) ( i # e . i n f l a t i o n ) : 

I t occurs at y ^ sr^p · A t Ψ & <Γ^ρ w e h a v e a*1*" 

other chain: small ^ —^ small Η —> small f r i c t i o n —* 

rapid o s c i l l a t i o n near minimum of \/(ψ)-* reheating of the 

matter f i l l e d the un iverse . 

Now we w i l l consider the fo l lowing perturbat ions o f 

dens i ty in t h i s background: 

i ) adiabat ic ( i n f l a t o n ) per turbat ions ; 

i i ) i so thermal , or isocurvature ( i s o i n f l a t o n ) per tur -

bat ions ; 
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i i i ) nonperturbative mechanisms ( s t r i n g s , bubbles . . . ) . 

3 · Adiabat ic perturbat ions 

The basic mechanism of i t s generation i s connected 

with production of l a r g e - s c a l e f luc tuat ions <Γγ of the 

i n f l a t i o n - d r i v i n g s c a l a r f i e l d ψ> ( i n f l a t o n f i e l d ) / 6 , 2 0 / . 

These f luc tuat ions fy obey o s c i l l a t o r - l i k e equations (7 ) 

involv ing f r i c t i o n term 3 H y } see below. For short waves 

Λ ^ Η ~ * t h i s term can be neglected and f luc tua t ions cTy 

o s c i l l a t e , whereas long waves with Η do not o s c i l l a t e 

due to the f r i c t i o n term, and behave as a long-wave ( i t s 

wavelengths grow as -typC^^)) c l a s s i c a l s ca lar f i e l d . 

During each t y p i c a l time in terva l 10*""^ s new 

c l a s s i c a l i n f l a t o n f i e l d ο ψ with wavelength Λ ^ Η i s 

produced with the average amplitude 

Before the i n f l a t i o n a r y stage the spectrum of f l u c t u a -

t i o n s S ψ corresponds to the ordinary vacuum f l u c t u a t i o n s . 

A f t e r i n f l a t i o n the spectrum of Γ ψ would be f l a t ( 4 ) · 

Perturbations ίψ of the f i e l d if durind i n f l a t i o n 

l eads to perturbat ions o f metric which lead to adiabat ic 

perturbat ions o f densi ty a f t e r i n f l a t i o n 

ψ = c ( y > ) <Γγ> β ( 5 ) 
The main purpose of the theory of adiabat ic per tur -

bat ions i s to determine the funct ion C f y ) . Pioneering 

works in t h i s d i r e c t i o n are R e f s . / 5 , 6 , 7 / · We w i l l t ry to 

do i t in a gauge- invariant way (see a l so / 8 , 2 1 / ) , and to 

obta in a mort p r e c i s e equation f o r CCy) · 

I t proves u s e f u l to use the conformally-Newtonian 

coordinates / 2 2 / 

UsL=0+Jl<p)<>UZ- 0 - ζ ψ ) α . ι α ) ^ \ ( 6 ) 
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φ and ψ are some gauge-invariant functions (with small 

va lues ) which in t h i s coordinate system coincide with the 

gauge-invariant funct ions Φη and - introduced by 

Bardeen / 2 3 / . 

In the s c a l a r f i e l d theor ies i t can be shown that <Ρ=Ψ 
and Ο5/JD =• - Α φ · An important feature of our approach i s 

that f luc tuat ions o f s c a l a r f i e l d <fy occur to be gauge-

invariant automatical ly / 9 / · Then one must so lve Einste in 

equations and equations f o r the s c a l a r f i e l d l i n e a r i z e d in 

perturbations &γ and φ : 

Rather unexpectedly, i t proves p o s s i b l e to solve these 

equations at a l l s tages of the universe evolut ion / 8 / (see 

a l so / 2 4 , 9 / ) . A n a l y t i c a l so lu t ion in the long-wave l i m i t i s 

which g ives the value of c ( y ) in eq . ( 5 ) . Let us d i scuss 

some p a r t i c u l a r a p p l i c a t i o n s . The main r e s u l t f o r i n f l a t i o n 

in the theory V/(y>) = y> *· i a 

and in the theory V ( y ) = ^ - > v ^ 

f o r wavelength lc · From r e s t r i c t i o n s on f luc tuat ions in 

microwave background radiat ion AT*/Τ we obtain cons tra in t s 

on parameters: to. Ίθ 4*-τ io^ &ev ; "X < icf 3
 -r dcT 1 4 · 

Thus, in the case of a s ing le i n f l a t i o n the spectrum 

of density perturbat ions i s f l a t . In the mult ip le i n f l a t i o n 

scenar io , when a number o f success ive s tages o f i n f l a t i o n 

are driven by a number o f c l a s s i c a l f i e l d s ^ < (which are 

present during a l l in f la t ionary s tages ) with d i f f e r e n t ef-

https://doi.org/10.1017/S0074180900135843 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900135843


56 

f e c t i v e p o t e n t i a l s ^ic^ic), · ' · ; Κ · . There i s the 

general ru le f o r adiabat ic perturbat ions / 1 0 / ; The spec-

trum of adiabat ic perturbat ions in a scenario with any 

number of d i f f e r e n t s tages of i n f l a t i o n grows with the 

growth of the wavelength (see a l so /24-26/). However, we 

propose a p o s s i b l e except ion . I f the f i e l d W > which 

dr ives the l a s t i n f l a t i o n a r y s t a g e , appears only during 

previous i n f l a t i o n a r y stage due to some phase t r a n s i t i o n 

at the moment ^ c , then there may be a c u t - o f f o f the 

spectrum at large wavelength ^^^c · 

3 · Isothermal perturbat ions and nonperturbative e f f e c t s 

Isothermal perturbat ions with a spectrum which may 

d i f f e r considerably from the f l a t one can be generated 

during i n f l a t i o n / 1 3 / · One can obtain d i f f erent model-de-

pended spectra: the spectra which decrease at large (at 

smal l ) wavelengths, which has a sharp maximum, correspond-

ing to some phase t r a n s i t i o n , e t c . Let us consider here 

the l a s t case o f the phase t r a n s i t i o n during i n f l a t i o n in 

a theory of a s c a l a r f i e l d £ , which in terac t s with the 

i n f l a t i o n s c a l a r f i e l d ψ · The f u l l po tent ia l i s 

* ( i » i O = (i-*iA*VWKV*K**J - ( 9 ) 

The shape o f the po tent ia l V(ψ, changes during 

i n f l a t i o n a r y stage due to the change o f i n f l a t i o n - d r i v i n g 

f i e l d γ . We assume that > y « > / 1 3 / · (In the op-

p o s i t e case / \γ>> Λ ^ studied in /26/ double i n f l a t i o n 

occurs instead o f the e f f e c t i n t e r e s t i n g for u s ) . The 

f i e l d t has a small mass | H\£ ( « H *" only in some 

small v i c i n i t y of the c r i t i c a l value <fc , so that the 

long-wave perturbat ions are generated only at the 

time o f the phase t r a n s i t i o n . This l eads to the peak in 

the spectrum of i s o i n f l a t o n ( i sothermal) perturbat ions o f 
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density generated by f luc tuat ions <Γ ^ . 

Let us g ive a very short review of nonperturbative 

e f f e c t s / 1 3 , 1 4 / · Phase t r a n s i t i o n s during i n f l a t i o n may 

lead to formation o f exponent ia l ly large o b j e c t s ( s t r i n g s , 

domains, bubbles , e t c . ) . The composition and energy densi ty 

ins ide d i f f eren t domains depends on k i n e t i c s of the phase 

t r a n s i t i o n . For example, during the phase t r a n s i t i o n in the 

SU(r) model the SU.(r) symmetry in some domains of the u n i -

verse breaks down to G± - 5 U ( 3 ) X SLL X tt(±) phase, in 

some other domains to & λ = SU. ( 4 ) χ UU) phase. There are 

many d i f f e r e n t p o s s i b i l i t i e s . 

ί) &2Γphase i s unstable and f i n a l l y the whole universe 

transforms to G 1 - p h a s e . Then in domains, where e a r l i e r was 

phase, the energy density i s l a r g e r than outs ide them. 

i i ) <Sr- phase i s s t a b l e , and i f G>L- phase i s e n e r g e t i -

c a l l y unfavourable ( favourab le ) , Gz -domains w i l l be c o l -

lapse ( exp lode ) , and f i n a l l y explode a f t e r the c o l l a p s e . 

For phase t r a n s i t i o n s in the s ec tor of "hidden" f i e l d s 

with a small energy dens i ty , the density ins ide and out-

s ide bubbles may be almost equal to each other , and s t i l l 

ga lax i e s can be produced only in some ρart icular-domains : 

i i i ) Baryons may be produced only in the presence ( in 

the absence) o f the ^ - f i e l d . In such a case luminous mat-

t e r ( g a l a x i e s ) w i l l e x i s t only i n s i d e (outs ide) the bubbles 

of the f i e l d Ϊ (aB^o) . 

i i i i ) I f dens i ty perturbat ions are mainly as soc ia ted 

with isothermal perturbat ions of the f i e l d % , then ga lax -

i e s are created only outs ide the bubbles in which Ϋ**ο 

( Δ 8 -ο) . 

Recently the model with cosmic s t r ings became rather 

popular / 2 7 / · In the standard s t r i n g scenario i t i s a s -

sumed that s t r i n g s are produced during the high temperature 

phase t r a n s i t i o n at Grev. We would l i k e to note 

that t y p i c a l reheating temperature a f t e r i n f l a t i o n i s 
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rather small T \ « Ts . Therefore i t i s not very eaçy to 

make the standard s t r i n g scenario compatible with i n f l a -

t i o n . However, the phase t r a n s i t i o n with the formation of 

s t r i n g s may occur at the l a s t s tages o f i n f l a t i o n . But the 

d i s t r i b u t i o n of such s tr ings w i l l be d i f f erent from the 

d i s t r i b u t i o n of s t r i n g s in the standard scenar io . Part icu-

l a r l y , the form o f a s t r ing created during i n f l a t i o n i s 

connected with the growth o f vacuum f luc tuat ions on the 

s t r i n g / 2 8 / . This e f f e c t i s s i m i l a r to the growth o f vacu-

um f luc tua t ions of any l i g h t s c a l a r f i e l d during i n f l a t i o n . 

Thus, s t r i n g formed during i n f l a t i o n looks l i k e a o n e - d i -

mensional f r a c t a l . 

Now we g ive a numerical e s t i m a t e s . Typical l ength 

connected with phase t r a n s i t i o n s during i n f l a -s c a l e s 

t i o n 

where the value o f in f l a ton f i e l d g ives the upper 

Thus, phase t r a n s i t i o n s i n t e r e s t i n g sca le 

may be very important i f they occur at An 

examples: 

l e t us take 

There 

s ince o ther -

acquires a c o n t r i -wise the e f f e c t i v e coupling constant 

which leads to u n a p p r o p r i a t e d large 

We have 

bution 

Gev i f 

Gev. Such s c a l e s na tura l ly appear in Grand U n i f i e d Theories , 

This means that the e f f e c t s o f phase t r a n s i t i o n s d i s -

cussed above a c t u a l l y can occur in r e a l i s t i c t h e o r i e s . N o t e , 

that we are not f inetuning the mass parameters in the 

underlying elementary p a r t i c l e theory . Rather we determine 

the numerical values of these parameters by the use o f c o s -

mologica l experimental data. The universe serves as a huge 

a c c e l e r a t o r , which makes i t p o s s i b l e to measure parameters 

of the elementary p a r t i c l e theory by making cosmological 

observat ions , in the same way as we do i t by more conven-
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t iona l experiments with ordinary a c c e l e r a t o r s . 

4 · Super- large-sca le s tructure of the universe 

Hitherto we considered f luc tua t ions o f s ca lar f i e l d s , 

which create small perturbations o f density ^f*(f«i in the 

observable part of the universe ins ide the present horizon 

^ H ~ 1 0 2 8 c m cr 12*10 3Mpc . 3 / i 

Let us remember a general formula ( f o r 

V ( ^ ) — if λ V ^ theory , for example) . On a much greater 

scale i C " " " 1 » ^ these f luc tuat ions make the universe abso-

l u t e l y inhomogeneous, ^ £ j > , l due to the f a c t o r ^il^L . As 

a r e s u l t , the g l o b a l geometry of the in f la t i onary universe 

i s very n o n t r i v i a l and has nothing in common with the geo-

metry of the Friedmann universe . 

Let us consider again the chaot ic i n f l a t i o n scenar io , 

see s e c t . 2. I n f l a t i o n occurs during the slow r o l l i n g of 

the f i e l d y to the minimum of the e f f e c t i v e potent ia l .How-

ever, surpr i s ing ly enough, in some domains of the universe 

the f i e l d y due to quantum e f f e c t s never r o l l s down, and 

i n f l a t i o n occurs e t e r n a l l y . 

For large y the change of the f i e l d f due to i t s 

c l a s s i c a l r o l l i n g down during the t y p i c a l time H 1 can 

be neglected as compared with the quantum jumps <fy up and 

down. As a r e s u l t , in a ha l f of the t o t a l volume of the 

universe a f t e r the t y p i c a l time H the f i e l d y increases 

by ο ft ra ther than decreases . During t h i s time the t o -

t a l volume of the universe grows by £ a* 2 0 , and in 

a h a l f of t h i s volume the f i e l d ψ grows. This means that 

each time ΔΧ ~ Η the volume, occupied by a growing 

f i e l d y , grows 10 t imes . 

Therefore the volume of the i n f l a t i o n a r y part of the 

universe f i l l e d with a large f i e l d ψ exponent ia l ly grows 

in time without end. In f la t i onary universe permanently r e -

produces i t s e l f , i t s evolut ion has no end and may have no 
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b e g i n n i n g / 1 5 - 1 7 / . 

I n r e a l i s t i c t h e o r i e s o f e lementary p a r t i c l e s t h e r e 

e x i s t many types o f s c a l a r f i e l d s , and the e f f e c t i v e 

p o t e n t i a l 6 ^ ) 0 f t en has many d i f f e r e n t l o c a l m in ima . S i m i -

l a r l y , i n K a l u z a - K l e i n t h e o r i e s many d i f f e r e n t t y p e s o f 

c o m p a c t i f i c a t i o n are p o s s i b l e . D u r i n g i n f l a t i o n long-wave 

f l u c t u a t i o n s o f a l l s c a l a r f i e l d s (PfV are fo rmed , and a 

c o n s i d e r a b l e p a r t o f t h e volume o f t h e u n i v e r s e , f i l l e d by 

t h e g r o w i n g f i e l d s , proves t o be a t the d e n s i t y 

V v c f ^ i c ) ^ ^ * where quantum f l u c t u a t i o n s o f m e t r i c are a l s o 

l a r g e . As a r e s u l t , s e l f - r e p r o d u c i n g i n f l a t i o n a r y u n i v e r s e 

becomes d i v i d e d i n t o many e x p o n e n t i a l l y l a r g e domains ( m i -

n i - u n i v e r s e s ) , i n w h i c h a l l p o s s i b l e vacuum s t a t e s ( c o r r e -

sponding t o a l l p o s s i b l e minima o f Vk.(V$) and a l l t y p e s o f 

c o m p a c t i f i c a t i o n c o m p a t i b l e w i t h i n f l a t i o n are r e a l i z e d . 

Thus, t h o u g t h t h e i n f l a t i o n a r y u n i v e r s e l o c a l l y l o o k s l i k e 

a homogeneous Friedmann u n i v e r s e , i t s g l o b a l s t r u c t u r e i s 

e x t r e m e l y c o m p l i c a t e d . Th is r e s u l t i s ve ry i m p o r t a n t f o r 

j u s t i f i c a t i o n o f a n t h r o p i c p r i n c i p l e i n i n f l a t i o n a r y cosmo-

l o g y / 1 5 - 1 7 / . 
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