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ABSTRACT 

Processes of the formation and the evo lut ion of the 
l a r g e - s c a l e s tructure are discussed i n the framework of 
unstable dark matter models© S ix numerical models are p r e -
sented. The p r o j e c t e d d i s t r i b u t i o n of simulated g a l a x i e s 
on the sky, wedge diagrams, c o r r e l a t i o n funct ions and the 
mean l i n e a r s ca l e of vo ids are presented* Physical back-
ground of the hypothes is of unstable p a r t i c l e s and p o s -
s i b l e observat ional t e s t s are d i scussed . The l e v e l of the 
microwave background f l u c t u a t i o n s i s est imated a n a l y t i c a l -
l y . Spec ia l a t t e n t i o n i s g iven to l a t e stage of super-
c l u s t e r evo lut ion and galaxy formation* 

INTRODUCTION 

Simple cosmological scenarios of the l a r g e - s c a l e 
s tructure formation based on co ld dark matter (CDM,axions) 
or on hot dark matter (HDM, neutr inos ) become more and 
more complicated, invoking biased galaxy formation, un-
s t a b l e dark matter , composite (non f l a t ) spectrum of p e r -
turbat ions , compound i n f l a t i o n , barion bubbles and so on. 
Ev ident ly these models do not s a t i s f y the c r i t e r i a of sim-
p l i c i t y and e legancy. But the absence of apparent s i m p l i -
c i t y seems to be r e f l e c t i n g the maturity of the theory -
as a r u l e naive s i m p l i c i t y and elegancy are connected with 
the d e f i c i t of observat ional data* For example the theory 
of elementary p a r t i c l e s was simple and elegant i n e a r l y 
twenties when only two p a r t i c l e s ( e l e c t r o n and proton) 
were known. Compare t h i s p ic ture with contemporary theor ies 
(GUT, SUSY) with hundreds or thousands of "elementary par -
t i c l e s " . Today we see i n the cosmology the t r a n s i t i o n from 
theor i e s e x p l o i t i n g phys ica l e f f e c t s proved i n a l a b o r a -
tory to theor ies which consider the Universe as a unique 
laboratory , where we can t e s t p r e d i c t i o n s of modern high 
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energy phys ics . So, we turn from the p ic ture of the Uni -
verse based on the known phys i ca l laws to the study of 
phys i ca l laws by cosmological means and i n p a r t i c u l a r by 
means of l a r g e - s c a l e s tructure a n a l y s i s . 

THE UNSTABLE DARK MATTER (UDM) MODEL 

There i s now a v a r i e t y of UDM models d i f f e r i n g one 
from the other by masses and l i f e t i m e s of p a r t i c l e s , by 
types of decays, by t h e i r so lved and unsolved problems* We 
b e l i e v e that our model (Doroshkevich et al* 1 9 8 5 , 1987) i s 
we l l developed and has good perspect ives* The main po ints 
of the model are as f o l l o w s : 

a) The i s o t r o p i c Universe with Λ = 1 · 
b) P a r t i c l e s with r e s t mass m «-50-100 eV and l i f e t i m e 

τ Γ 1 θ 9 years dominated i n the Universe at r e d s h i f t s 
10^> z ^ z r - 3 - 7 # I t i s very important that p a r t i c l e s decay 
before the begining of the nonl inear stage i n the growth 
of dens i ty perturbat ions when S'p/jp i s l e s s (but not much 
l e s s ) than unit* The formation of the l a r g e - s c a l e s t r u c -
ture take place a f t e r or during decays when homogeneously 
d i s t r i b u t e d r e l a t i v i s t i c products of decays dominate i n 
the Universe and so the perturbat ions i n the co ld (non-
r e l a t i v i s t i c ) components of the dens i ty grow very slowly* 
This i s the reason why the known o b j e c t i o n s against UDM 
models (Ef s ta th iou 1985; Hoffman 1986; V i t t o r i o and S i l k 
1985; F lores e t al* 1986) are not re l evant to the model 
under discussion* 

c ) The observed s tructure of the Universe was formed 
by the co ld component of the dark matter a f t e r the decay 
of unstable p a r t i c l e s * This component may have complicate 
composit ion - baryons, massive p a r t i c l e s ( s t a b l e or with 
l a r g e l i f e t i m e ) , ax ions , familons and other s c a l a r f i e l d s , 
pr imordial black ho l e s and so on* The s t a b l e component 
amountsΛ s t — 0*1-0*03 before i t decays* Present ly the 
dens i ty of tfie co ld component ( g a l a x i e s , c l u s t e r s , super-
c l u s t e r s and matter i n v o i d s ) i s about Sl0 - 0 * 2 - 0 * 4 · The 
baryon dens i ty i s probably Sl-^ ^ 0*07-0*1* 

d) At ζ « 0 70-80% of the mean dens i ty of the Universe 
i s i n the form of products of the decay of unstable par -
t i c l e s ( r e l a t i v i s t i c or ho t ) which maintain the quas iun i -
form background (perhaps together with cosmological cons-
tant )* Two- and three-body decays are poss ib le* I t i s a l s o 
p o s s i b l e to have small branching ( a t the l e v e l 10""·̂ ) to 
e lectromagnetic decays* 

e) UDM models r e t a i n the q u a l i t a t i v e p ic ture of the 
pancake theory* I n i t i a l amplitude of perturbat ions i s 
c l o s e to that of HDM models: 

9 ^ r ( 1 + » Γ 1 ; z > ζ τ ; 0*7 ζ # ρ ζ 1 .3 ( 1 ) 
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At z s 0 the amplitude estimated by l i n e a r theory (LT) i s 
(TLT — 1 · 5 - 2 · The slow growth of perturbat ions provides 
the formation of f i r s t o b j e c t s at ζ « 3 and conserves the 
l a r g e - s c a l e s tructure up to ζ s 0. 

PHYSICAL BASIS OF THE MODEL 

In the UDM model masses, l i f e t i m e s and types of decays 
are connected with the sca le and the ra te of evo lut ion of 
the s t ruc ture . This enables us to pred ic t e i t h e r new types 
of p a r t i c l e s having necessary proper t i e s or new proper t i e s 
f o r known p a r t i c l e s * 

Suggested unstable massive p a r t i c l e s (neutr inos ) could 
be r e l a t e d with known spontaneous breakdown of g l o b a l "ho-
r i s o n t a l " symmetry between fermion (quark and l ep ton) g e -
nerations* In the familon models i t i s p o s s i b l e to have 
not only the decay 

y i + f. w «o m^/F 2 ; r - 10 9 yr ; F ^ 10 8 GeV (2) 

but a l so the decays β+ e + f; K - » t f + f; Ώ~*1Τ + f* This 
provides a s e n s i t i v e experimental t e s t s for such models* 
Phenomenologically the breakdown of g l o b a l h o r i s o n t a l sym-
metry can imply anomalous four neutrino i n t e r a c t i o n 

3\fl W c o G 2 m 5 ; r ^ - | 0 9 yr ; 0 χ > 10 4 G p (3) 

where Gp i s the Permi constant of four fermion weak i n t e r -
action* Today we have f i r s t attempts of laboratory s e a r -
ches of e f f e c t s from such i n t e r a c t i o n i n decays of W and D 
mesons with the use of cosmological l i m i t s (3J on i t s 
strength* On the b a s i s of the UDM models i t seems p l a u -
s i b l e to f ind the answer to the quest ion "Why Nature needs 
severa l fermion generat ions? 1 1 

NUMERICAL SIMULATIONS 

We simulated s i x numerical models of the formation and 
the evo lut ion of l a r g e - s c a l e s tructure with mass less p r o -
ducts of decays* The s imulat ions were made with 64^ p a r t -
i c l e s i n a 64-5 c e l l s using standard Cloud-In-Ce l l method* 
We used the " f r a c t a l " ( " f l a t " ) spectrum of H a r r i s o n - Z e l -
dovich b^(k) s Β Rj k(1 + (kRc)

2)~ld (PZ) and s e l f s i m i l a r 

spectrum (SS) b 2 ( k ) « Β R? k 4 ( 1 + ( k R c ) 2 ) " 1 2 where R c de -
f i n e s damping of perturbat ions on small s c a l e s due to f ree 
streaming (Bond and Szalay 1984)· Charac ter i s t i c s c a l e 
R c s 4 # 8 (m/30 eV)rlMpc corresponds to the coherent l ength 
A c

 β 40 (m/30 βν)~ Ί Μρο. 
The parameters of the models are presented i n the 

Table , where m and Γ ·10° years are the mass and the l i f e -
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time of unstable p a r t i c l e s , z c i s the r e d s h i f t at the mo-
ment t « r , J l c and i l p are present d e n s i t i e s of co ld and 
r e l a t i v i s t i c components, SlA i s the contr ibut ion of the 
cosmological constant , si s t i s the dens i ty of s t a b l e com-
ponent before decays, r c and r$ are corre la t i on radi i (Mpc) 
f o r a l l p a r t i c l e s i n a model and p a r t i c l e s in s ide pancakes 
only . A n a l y t i c a l es t imates f o r expected microwave back-
ground f l u c t u a t i o n s are given f o r baryon dens i ty Jl^ « 0 . 1 · 
Here Q-IO"-* i s quadrupole, ΔΊΟ"-* and D 10-5 are two- and 
three -po int es t imates f o r the angle θ β 5 ' , 

Table 

Μ meyr I f*g r &c Slf SlA Vj r* Q Δ 2) 

1 FZ 70 1 .3 3 .1 0 . 1 6 0 . 8 4 - 0 . 0 5 5 7 . 3 - 2 . 4 1 . 2 0 . 7 
2 SS 70 1 .3 3 ·1 0 · 1 6 0 · 8 4 - 0 . 0 5 5 4 ·1 6 . 0 0 . 0 2 0 . 4 0 . 6 
3 SS 85 1 . 0 3 · 9 0 . 1 9 0 .81 - 0 . 0 5 5 3 . 8 5.1 0 . 0 2 0 . 4 0 . 8 
4 ΡΖ 65 0 . 3 8 . 3 0 . 3 0 0 . 3 0 0 . 4 0 . 0 8 5 9 .1 1 1 . 8 2 . 5 1 . 2 0 . 8 
5 FZ 85 0 . 3 8 . 3 0 . 1 5 0 . 3 5 0 . 5 0 . 0 5 7 .1 9 . 7 2 . 0 1 .2 0 . 8 
6 FZ 68 1.1 3 . 7 0 . 3 2 0 . 6 8 - 0 .1 8 . 4 1 2 . 0 2 . 4 1 . 2 0 . 6 

A very important problem i s the s e l e c t i o n of po in t s 
which could be i d e n t i f i e d with g a l a x i e s . We used a two-
step procedure. In the f i r s t step we i d e n t i f y a l l po in t s 
within pancakes with g a l a x i e s . In some models we used the 
second step which i s more r e a l i s t i c and more complicated. 
I t was taken i n t o account that only a small (20-30%) f r a c -
t i o n of gas heated by Shockwave coo l s quickly and forms 
g a l a x i e s . Point absorbed by pancake at ζ l arger than 
1 . 2 ( 1 + z ) ( 1 + Z p a n ( r ) ) were i d e n t i f i e d as g a l a x i e s 
( Z p g ^ f O - the moment^ of pancake formation at every placeX 
In^tn i s approximation 'the space d i s t r i b u t i o n of s imulated 
g a l a x i e s be t t er resembles the observed galaxy d i s t r i b u t i o n 
because out ly ing par t s of pancakes are emphasized and cen-
t r a l par t s contain a smal ler amount of p a r t i c l e s . 

The s implest c h a r a c t e r i s t i c of a model i s the p r o j e c -
ted d i s t r i b u t i o n of g a l a x i e s on the sky. Pig . 1 shows CPA 
g a l a x i e s and g a l a x i e s of the model N6 with a r e a l i s t i c 
luminos i ty funct ion . This representat ion i s ra ther s imple , 
but the p ic ture i s d i s t o r t e d by p r o j e c t i o n e f f e c t s and de-
pends e s s e n t i a l l y on the o b s e r v e r 1 s p o s i t i o n . 

The comparison of simulated d i s t r i b u t i o n s with the ob-
served p ic ture i s more use fu l by means of wedge diagram. 
Pigo 2 presents wedge diagrams f o r ga lax i e s i n the model 
N6. The agreement with the observed d i s t r i b u t i o n seems to 
be very encouraging. Long superc lus ters and g iant empty 
vo ids ( 2 0 - 3 0 Mpc) are c l e a r l y seen, but the s tructure i s 
not so pronounced as i t was i n the case of standard HDM 
models. One can f ind poor groups and separate "galaxies" 
f a r from main bodies of superc lus ter s . These o b j e c t s were 
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Pig . 1 · Projected d i s t r i b u t i o n of g a l a x i e s on the sky: 
a ) CPA g a l a x i e s (~2500) i n the northen g a l a c t i c hemisphere 
with m 7 14?5 and V / 7000 km/s. The g a l a c t i c po le i s i n 
the centre , b) g a l a x i e s i n the model N6 (2000) i n s i d e a 
sphere with R » 70 bT'Mpc. 

- lOOD 1000 f°00 -5000 -3000 -1000 1000 3000 5000 WVSCC 

Figo 2 · D i s t r i b u t i o n of g a l a x i e s i n s i d e a narrow wedge 
( 6 ° ) f o r the model Ν6· a) f o r p o i n t s within pancakes, 
b) f o r simulated g a l a x i e s ( f i r s t ~30% of po ints absorbed 
by pancakes) . About 700 ob jec t s are p l o t t e d . 

Most of g a l a x i e s i n the model N6 were formed at 
ζ « 1 . 5 - 2 . 5 , but a small f r a c t i o n of ga lax i e s (0.1%) 
appears at ζ « 3 · 5 and 6% a t ζ =» 2 . 5 · The ra te of galaxy-
formation quickly decreases a t ζ smal ler than 1 · 5 although 
some g a l a x i e s can be formed even at present* The epoch of 
ga laxy formation i s very s e n s i t i v e to the type of decay. 
B e t t e r r e s u l t s seem to be obtained f o r massive products of 
decays. 

The c o r r e l a t i o n funct ion f o r a l l po ints i n a model and 
f o r po in t s in s ide pancakes only are p l o t t e d i n F ig . 3 · For 
a l l models the s lope of the c o r r e l a t i o n funct ion i s c l o s e 
to the observed value ^ 1 . 8 at ¥> 1 . In the reg ion ^ / 1 
the c o r r e l a t i o n funct ion i s s t eeper . I t appears that the 
c o r r e l a t i o n funct ion weakly depends on the form of i n i t i a l 
spectrum of per turbat ions . Corre la t ion funct ion f o r a l l 
po in t s and only f o r g a l a x i e s d i f f e r by a f a c t o r of 3 - 4 i n 
amplitude or by a f a c t o r of 1 . 5 - 2 i n the c o r r e l a t i o n 
l ength . In models with Λ - cons tant the c o r r e l a t i o n funct ion 
i s more steep i n the region W 1 and shows a shoulder at 
y * 1 . s 

born ins ide weak pancakes formed only recent ly ( a t ζ ^ 1 ) · 
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2 10 R ( MPC ) 3C 1 R 

Figo 3· Two-point correlation function for various types 
of objects a) in the model N6, b) in the model N4 with po-
sitive Λ -constant. For a) "neutrinos" - for all points of 
the model, "neutrinos in superclusters" - for all matter 
absorbed by pancakes, "galaxies" - for the distribution of 
simulated galaxies. For b) the top curve is for all points 
inside superclusters, the bottom curve is for first frac-
tion ( 25%) of points absorbed by pancakes, distance scale 
is in cells, one cell being equal 0.925 h-*Mpc. 

An important parameter of the structure is the mean 
distance between superclusters in deep surveys of galaxies 
or in one-dimensional catalogs of points. The parameter 
can be estimated (Doroshkevich and Klypin 1985; using one-
dimensional cluster-analysis. The results of the analysis 
carried out for the deep galaxy survey of Kirshner et al. 
(1983) and for the model N6 are plotted in Fig. 4· The 
argument is the filling factor ρ defined as a ratio of to-
tal length of all clusters to total length occupied by 
points L (i.e. the catalog depth). The ordinate is 

fc><P> - (1 - P ) V ( Kcl(p) - 1) (4) 

where N c^(p) is the number of clusters. The function ^>(p) 
grows rapidly for ρ / 0.15-0.2 due to clusterisation of 
galaxies inside separated superclusters and £ 0 is constant 
for 0.2 / ρ ^ 0.4-0.5· At larger filling factors statisti-
cal fluctuations increase very quickly. The value ^ 0 ^ 
( 2 5 + 5 ) h"'Mpc for the interval ρ • 0.2-0.4 is the chara-
cteristic distance between superclusters. At these filling 
factors most clusters (75%) consist of a few galaxies (1-5) 
and probably are related with small groups or poor chains 
of galaxies. 
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0.1 0,2 0.3 0Λ 0.5 0.6 Ρ 

Figure 4· Dependence of normalized mean dis tance between 
superc lus ters £ (km/s) on f i l l i n g f a c t o r ρ » Dots - f o r 
points taken from regions with p>^ty >o , c i r c l e s - f o r 
points ins ide regions with ß^fj* 

FLUCTUATIONS OF THE MICROWAVE BACKGROUND (FMB) 

Estimates of FMB depend on the amplitude and spectrum 
of i n i t i a l perturbat ions and on processes i n the Universe 
at ζ Ό θ 3 # in UDM models without secondary i o n i z a t i o n the 
two-point Δ and three-point D est imates of small 
s c a l e PMB are given by (Doroshkevich 1985 ) : 

Δ 2 ( θ ) = 2 [C(0)-C(e)]= 0 - 6 4 e 2 O ^ R ^ / R j ) [ i + 6 . 2 5 ( 1 0 i a ^ 2 ( 5 ^ 

D 2(0) = Δ 2 ( 6 ) - 0 . 2 5 Ä 2(2e) = (eV7)^U h /R r )
4 [ l+7-1(10.%) 2 J(6) 

where 0 ( θ ) i s the autocorre la t ion funct ion ofpFMB, ο 
i s the amplitude of perturbat ions f o r ζ = 1 θ 3 , 1 = 5 / 3 < k > 
i s the averaged over .the spectrum the value of 1sT*9 R = 
=190h~' ( SIH/SIc y / d Mpc and IL»3 * 10^h"1!^ are^the h o r i -
zons at recombination and at present time I h = H j ( 1 + z ) d t 
Mul t ipo le harmonics of PMB are determined as ο 

(PZ) a | = 1 - 5 ( T i l c / R r )
4 ( 2 € + 1 ) / € ( € + 1 ) K | ( 7 ) 

( S S ) a | - 4 <V [ l + 2 . 5 ( 1 0 i ^ ) 2 J ( R p / R h ) 2 < (kR p ) > 6 ( 2 € + 1 ) 
( 8 ) 

The f a c t o r Κ λ - 3 takes in to account the contr ibut ion of 
the period wnen r e l a t i v i s t i c products of decay were domi-
nating in the cosmological dens i ty (Kofman et a l* 1 9 8 5 ) · 

For comparison with the r e s u l t of Davis et a l . (1987) 
we present the c o r r e l a t i o n funct ion of FMB f o r angles 
1 ° ^ θ «10° : 

(FZ) C(e,O a ) = 2 . 4 Q 2

Z 1η(2/ΐΓθ2'+ 2Θ 2 ) ( 9 ) 

( S S ) 0 ( θ , θ ) = 0.2Q2 e - 2 e x p ( - Θ 2 / 4 Θ 2 ) ( 10 ) 
So 

where Q p 7 and Q q q are quadrupoles. 
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Numerical est imates (see Table) show that UDM models 
with FZ-spectrum predict the quadrupole l arger than the 
most s tr ingent observed upper l i m i t Q-<1.6 10 (Strukov 
et a l . 1987)· The quadrupole i s much smal ler in the models 
with SS-spectrum. 

LATE STAGES OF SUPERCLUSTER EVOLUTION AND GALAXY FORMATION 

The galaxy formation i s a complicated process in UDM 
models, but some general tendencies common f o r any pancake 
p ic ture were discussed by Doroshkevich et al# (1978) and 
Doroshkevich (1985)· Main r e s u l t s are: 

a) Our numerical models show that the c l a s s i c a l two-
dimensional pancake i s d i f f i c u l t to f i n d . The main element 
of the s tructure i s a f i lament caused by two-dimensional 
compression of the dark matter but not by i n t e r s e c t i o n of 
pancakes. 

b) Galaxies form quickly a f t e r (and during) the f o r -
mation of a centra l part f o r ear ly pancakes, where high 
dens i ty of cooled gas i s a t t a i n e d . The process slows down 
i n l a t e pancakes and in out ly ing parts of ear ly pancakes. 
In very l a t e pancakes the gas has not time to coo l and no 
ga lax i e s are forming. 

c) When s tars and ga lax ies s t a r t to form the remain 
gas of the pancake i s heated. I t i s probable that we obser-
ve the trace of t h i s period i n the o v e r a l l abundance of 
heavy elements and i n the observed entropy of hot gas i n -
s ide galaxy c l u s t e r s . 

d) Besides r i c h superc lus ter s , f i laments and l a t e pan-
cakes (containing only hot gas without g a l a x i e s ) there 
should e x i s t an intermediate c l a s s of objec t s which con-
t a i n both hot gas and poor groups of ga lax ies or separate 
g a l a x i e s , 
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