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1. INTRODUCTION

In the universe matter is homogenecously distributed
only on very large scale, while on the scale less about a few
100 Mpc matter exists in the form of galaxies, clusters of,
galaxies and superclusters. Therefore, a fundamental problem in
cosmelogy is to explain why there is large scale inhomogeneities
shown by galaxies, clusters of galaxies and superclusters.

Such inhomogeneities can be described mainly by two
parameters: the length scale and the amplitude of the density

perturbations. The amplitude of the inhomogeneities is defined bn

1/2
§ = (o (x)-B)%/ B2 (1.1

where p(x) is density distribution and § its mean value. The

length scale is given by A = 2n/K, and

- [ k|8 |2 dk/[ 8,12 a (1.2)
0 0 )

where §, denotes the Fourier component of the perturbated density



namely

8 = J tp(x)-5)e X% dx/pv (1.3)

The sketch of large scale inhomogeneity given by visible
objetcts such as galaxies and clusters of galaxies are shown in
Table 1.

The clustering of cosmic matter on the scale of galaxies
and clusters of galaxies have been studied in great detail.Recen-
tly, the progress is to find the evidence of superclusters[ll and

(2]

voids - Inhomogeneity on the scale of superclusters shows up
partly as density enhancements, but also as holes, in which the
luminous density appears to be practically zero. The existence
of large holes is an important characteristic of the universe,
because it implies that the large scale density enhancements are
not like the inhomogeneity of isolated agglomerations, but like
a mesh-structure, i.e. a pattern of connectedness surrounding
empty holes.

In the Big-Bang theory it is considered that the
inhomogeneity formed from initially very small density perturb-
ations. Therefore, the problems of the formation of large scale
structure in the present.universe can be expressed as follows:
How to form present ¢ ~ 1 from initial é << 1 of the inhomoge-
neities with various length scales ? When formed such & ~ 1

for various length scales ?

2, CLUSTERING IN AN UNIVERSE WITHOUT MASSIVE IONs

2.1 - Gravitational Instability[3'4]

The only mechanism to enhance the density fluctuations
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in the early universe is gravitational instability, i.e. Jeans

instability.

Let us -consider an initial inhomogeneity with radius £
in a fluid with density p, the total mass in this region is
about M ~ 9233 The time scale of self-gravitational contraction

for such an inhomogeneity is then

tg'\.—‘/‘IF (z.1)
)

On the other hand, the pressure of the fluid enable the inhomo-

geneity to produce sound waves. To denote the velocity of sound

by v, the time scale of the pressure related process is

ty v /v (2.2)

Thus, the initial fluctuations can develop to form a § ~ 1
inhomogeneity if and only if the following condition can be

satisfied

tg ¢ ty {2.3)

In the case of

tg > ty (2.4)

the inhomogeneity can not grow, but radiate in the form of waves.

Condition (2.3) can be rewritten as

L > AJ = \"//UE (2.5)
or
M2 M, = v3632 172 (2.6)
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where AJ and MJ are called, respectively, Jeans length and Jeans
mass. Eqs. (2.5) and (2.6) indicate that only the inhomogeneities
which have length scale and mass larger, respectively, than the
Jeans length and Jeans mass will able to develop into condensed
objects,
In cosmological problems, we are more interested in

the mass of baryonic matter than the total mass (baryon plus
radiation). We define the Jeans mass of baryon as

Myp = %? My~ ppv®/G3/2,3/2 (2.7)
where p = Pg+p,. and pp the baryon density, f, the radiation

density.

2.2 ~ Jeans Mass Before and After the Recombination[3’4]

Now, we calculate the Jeans mass of Baryon an expanding
universe dominated by radiation plus baryons,
Before the recombination epoch, the baryonic density is

negligible, we have

PV By {2.8)
and

v oA (2.9)

In an expanding universe, the densities of baryon and radiation
as a function of cosmic scale factor R and cosmic temperature T

are given by

pp = R™3 = T (2.10)

=7



o, = R-4 x '['4 (2.11)

-
Substituting eqs. (2-8) - (2.11) into eq. (2.7), one find

M, = T3 (2.12)

JB

At the time of recombination, mamely T ~ 4000 K, the

baryonic density is about the same as that of radiation

Py v Py (2.13)
; . =34 3
and p, £an be derived from its present value Py = 4x10 gm/cm
0
by
op v Py (4000/2.7)* (2.14)

0

From Eqs. (2.13) and (2.14), one obtain the Jeans mass at the re-
combination epoch as

19

M ~ 10

- Mg (2.15)

Therefore, before the recombination we have

19
MJB ~ 10

(oo (2.16)

During the recombination, radiation start to decouple
with baryon, the velocity v in Eq. (2.7) drops from ¢ (Eq. (2.9))
to ‘

vg (k.4000/mp)"2 (2.17)

where k is the Boltzmann constant and my proton mass. Since

Mg = v3 the value of My should drop by a factor of



v
2 ~ 10712 (2.18)

S0 just after the recombination, the Jeans mass is

19 -12 7
My~ 10 .10 10 Mg (2.19)

After the recombination, the expansion of matter in the
universe is adiabatic, namely

-(y-1)
T, =V (2.20)

where T is the temperature of baryonic matter, V ~ R3 is comoving
volume and v the specific least ratio. Since baryonic matter con-

sist mainly of hydrogen and helium, we have y = 5/3. One find

then
T = T (z.21)
or
velT (2.22)
Substituting Eqs. (2.11) and (2.22) into (2.7), we
obtain
Mg = 73/2 (2.23)

Considering Eq. (2.19) one got finally

M3

v 107 ()2 (2.24)

The behaviour of the Jeans mass as a functionm of T is
shown in Fig. 1. From this result, it can be found easily that
an initial inhomogeneity with the scale about the same as or
less than that of superclusters can contract only after the

recombination, namely, all present-observed structure in the

universe can be formed only in the period of after recombination.



12 14

Moreover, no characteristic mass of about 10
15

Mg 10

MO and

10'* M, are shown in the Jeans mass given by Eq. (2.16) and

0
(2.24).

2.3 - Growth of Perturbations After the.Recombination[4]

We consider the growth of a perturbation with length
scale much larger than the Jeans length. In this case the matter
in the.universe can be described as a pressureless dust and the
dynamics 'of expansion of the universe is described by

L (2.25)

pBR3 = const. (2.26)

The solution of Eqs. (2.25) and (2.26) is

/3

It can be found from Eqs. (2.25) and (2.26) that in
linear approximation the perturbations 6py and &SR should

satisfy the following equations

%8 _ 3 &R
P T
(2.28)
sit = - A G [Répy + 08R)
which have 'a growth solution as
feg 273 -1
§ = —wet « R«T (2.29)
B

According to Table 1, at present time the amplitudes of



‘nhomogengities with length scale less than a hundred Mpc are,

+F least, larger thah unity, i.e.
65 2 1 (2.30)

Therefore, the inhomogeneities at the recombination epoch should

have

-3

T
5~ 8y (gpgg) 2 10 (2.31)

2.4 - Isothermal and Adiabatic Fluctuations

The initial fluctuations can be divided into two sort:
isothermal and adiabatic. In the case of isothermal fluctuation
the inhomogeneity exists only in the baryonic component, while

the radiation component distributes uniformly, namely

T = const. (2.32)

In the case of adiabatic fluctuation both baryon and radiation
components distribute inhomogeneously, while the ratio between
the number densities of photons and baryons, n. and np, are the

same everywhere, namely
n./ng = conmst. . (2.33)

(2.34)

Recently, theories of the inflationary universe and

baryosynthesis show that the primordial density fluctuations in
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the very early universe should be adiabaiicts]. Therefore, from
Eqs. (2.31) and (2.34) we find

&T

2l x 1073 (2.35)

Obviously, this result is inconsistent with the observations of

anisotropy of the background radiation, it is (6]

LU 10-4 (2.36)

in a word, Eqs. (2.35) and (2.36) seem to show that

there is no enough time, after the recombination, te form the

present observed structure from initially adiabatic perturbations.

3. DARK MATTER AND ITS DISTRIBUTION

3.1 - Evidence for Dark Matter Dominant Universe

The difficulty mentioned in the last section might be
overcame if the universe is not dominated by radiation plus
baryons but by non-baryonic.dark matter such as massive ions,

namely, the total density p in the universe is given by

p = 91 + pz (301)

where p; and Py denote, respectively, the densities of radiation

plus baryons and dark matter, and

e Py << Py (3.2)



That the most of the mass in the universe may be invisible has
en studied for a long time. Many evidences for the existence
of dark matter as the dominant component in the universe have
been found.
The first evidence is that the rotation curves of

(7]

spiral galaxies are flat"’’. It means that the mass within radius
r is proporticnal to r. On the other hand, the optical luminosity
15 well known to drop exponentially with scale-length (e-folding)
of 0.1 % Holmberg diameter. Therefore, the flatness of rotation
curves show the total mass of spiral galaxies are dominated by
their invisible halos.

The second evidence is the mass-to-light ratio M/L for
groups and clusters of galaxies are much higher than for single
galaxies. M/L increases with the linear size of the system con-
sidered and it appears to increase some 50-fold as we go from
the kpcwsized single galaxies tov the Mpc-sized Abel clusters (81,
This means that only a small fraction of the mass of a cluster is
in the form of luminous galaxies, but the major fraction is dark.

The third evidence come from the systematic difference

in the determination of q0[9]

. The Hubble diagram method to
determine q, always gives q; > 1/2, while the mean mass density
method always gives qp < 1/2. Therefore, the main reason for
this disagreement my not be the coarseness of insufficiency of
data; rather it is due to the different hypotheses underlying the
different methods. In the Hubble diagram method, one assumed no
evolution in luminosity of galaxies or quasars, while in the mean
mass density method one assumed that all matter is concentrated
in, or distributed proportionally to, galaxies, clusters or local

superclusters and that there does not exist dark matter with



different distribution from galaxies. One of the probable ways
out of the disagreement is then that there exists dark matter
in the universe.

A theoretical argument in favour of dark matter is
given by the inflationary universe. If there was a inflation
stage in the veyy early universe due to Higgs phase transitionm,

the present density should be equal tolio]

b, = 3H>/87G = 1.9x10729 h? g cn™> (3.3)
where Ho is the Hubble constant and
h = Hy/100 kn s™7 Mpe™’ (3.4)

P is much larger than the density of galactic component, Py

namely

PG 0.2 p (3.5)

‘3;2 - Distribution of Dark’MatterlIl]

In a dark matter dominant universe, the information of
distribution of dark matter is necessary in studing the formation
of large scale structure, because the total density inhomcgeneity
should be dominated by the density distribution of dark matter,
Obviously, it is more difficult to determine the length scale and
the amplitude of the inhomogeneity of the dark matter than that
of visible objects. Nevertheless, some infermation of such inho-

mogeneity can be found by their gravitational effect.



Let us consider the local supercluster. Its centre
is the Virge cluster, and the.local group, located some 10 h-lMpc
away, is a member. On such a scale, the Hubble velocity is the
dominant term and we can find a relation of the deviation from
Hubble flow with density enhancement. Consider a spherically
symmetric mass enhancement &M . The additional acceleratien g

at a distance D from its centre is
g = GoM/D? = (41/3)GDép (3.6)

where dpris the mean density enhancement within D. Substituting

(3.3) into (3.6) gives

g = Hy @V sp/2p (3.7)
vhere

8= o/o, _ (3.8)
and

V = HyD (3.9)

is the Hubble velocity at D. The accumulated peculiar velocity

in one Hubble time is

-1

From Eqs. (3.7) and (3.10) we then have
Q= 2(v/V)/$ 3.11)

vhere & = &p/p.
The peculiar velocity v of the local group in the
direction of the Virgo cluster has been determined by a number

(2]

of authors » it is about 300 km/s. With the Hubble velocity

of the local group with respect to the Virgo cluster,



V = 1050 km/s[13], we find from eq. (3.11) and 2 = 1 that

6~ 0,6 (3.12)

However, Yahil et al. found that the amplitude of galactic inho-

mogeneity in the local supercluster ist14l

GG ~v 3.5 (3.13)

This means that the density distribution of dark matter is more
uniform than galaxies.

Now we take a statistical viewpoint on the distribution
of matter. The entire galactic population is regarded as a field
of fluctuating density in random motion with respect to the
Hubble flow, One can find a relation between the potential energy
in the density fluctuations W and the kinetic energy of the

peculiar velocity T as follows[15'16]

T = -8W (3.14)
where f = %, % oT ;, and

T « 3 v2/2 o
(3.15)
W = -2nGp J rE{r)dr
where £(r) is the two-point correlation function. Using again

Eqs. (3.3) and (3.8} we have

a =2 wimh (3.16)
where

U= I r £E(r) dr (3.17)
It should be emphasized that the correlation function in (3.17)

is of total density distribution. If we assume that the correlation

¥



function of total mass density is the same as that of galaxles

U= U (3.18)
we foundIl?l
= 0.2 << 1 (3.19)
Therefore, 0 = 1 implies
U << UG (3.20)

Thus, the result from the statistical approach is in agreement

with those from the local supercluster, namely,

8 << GG (3.21)

3.3 -~ Upper Limit for the Inhomogeneity of Dark Matter

An upper limit to the amplitude of the inhomogeneity
of dark matter can be found by the gravitational deflection of
density inhomogeueity{18'19].

The propagation of radiation will be affected by the
metric perturbation of density inhomogeneity, so the intensity
fluctuation will be caused by the stochastic small gravitational
deflection. It is analogous to the scintillation of light signal
caused by a refractive medium with statistically distributed

inhomogeneity. This effect is observable as a luminosity

difference between sources with angular distance of the order of

b v A/d (3.22)

where d is the distance of the sources and A is the length scale
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of the inhomogeneity. The light signals from the scurce have
experienced a statistically independent stochastic field if
their arriving directions are different. The luminosity fluctu-
ation are caused from these different histories of the
propagation.

The mean square fluctuation of intensity is given by

A2 - £ (3.23)
and
- - 2
. 12 1 d 1 d
> Q=2h I [ M(r) - M(r)]dr 3.24)
| 0 12 dr? REY (
EI and M(r) can be expressed by the density perturbation

spectrun Gk as follows;

b? - (8288)2 ¥ 2 (3.25)
c

M(r) = J' dk k=2 [8,]2 sin kr J dk k™% |s,.|2 3.26
ﬂ |8, /], SLGECED

-

where k is the average of k™% over the ldkl?.

As an example, we take

3

|6, 1% = A K exp (~a/K)%} (3.27)

which is the constant curvature spectrum with out off near the
average of k. Using eq. (3.27), one find

7 _ 4 6uGp 2 &°

L. 8 (—:Jz-"ﬂ) 7 (3.28)
and

M(r) = exp {-(kr);{4} (3.29)



Then, the relation (3.23) gives

2 _ 4/7 61Gp,2 a3 52
= q5 CZ X

(3.30)
For sources with redshifts larger than about 2, we have

X N c/Ho ~ c/(Gp/9)1/z (3.31)

Using eqs. (3.3), (3.8) and (3.31), the relation (3.30) gives

L, o 8 (5.52)
T Y e/, _

ar

St x a2 12 g AL (3.83)

Al _ (Al -1
where 110 = A/10 Mpc and GT—)_I = ij)/lﬂ .
Recently, several homogeneous search for quasars have
been made. It is found that the difference of mean luminosities
of sources located at different directions are not larger than

104 [20]

. Therefore, from (3.33) we find an upper limit to § .
This result is shown in Fig. 2. It denotes the amplitudes of
the total density inhomogeneity are less than that of galaxies
by a factor 3 - 5.

Therefore, a new problem in the dark matter dominant
universe is: how are the difference in the distribution of
visible objects and dark matter form ? why does the visible
objects cluster, specially on the scale less than superclusters,
while dark matter has up to now remained rather uniform on such

scale ? Before to find an answer to this problem, we should first

stude the clustering in an universe containing two- or multi-



components of matter.

4, CLUSTERING IN A TWO- OR MULTI-COMPONENT SYSTEM

211

4.1 - Clustering Feature in a Two-component System

Let us consider a self-gravitatiomal system containing
two components of matter, taking Pys Py and ?1, v, to dehdte,
respectively, the densities and the velocity dispersions of 1
and 2 in the uniform ground state. The two components interact
with each other only through gravitation.

The clustering in such a system have been studies by
several authors. The ‘only case to be discussed by Guyot and
Zeldovich[zz] is an open universe with comparable density of
radiation and matter, which is different from the case of
31 << Ez we want to discuss. Meszaros investigatedlzs] the
behaviour of point masses embedded in a smooth, expanding cosmo-
logical substratum. The main conclusion of his research is that
the perturbations of particle component cannot grow as long as
the density of particle component is less than that of substratum,
namely, whether clustering is able to occur in a two-component
system depends completely on the dominant component. However,
this result is not correct due to the assumption used in his
analysis that the density of substratum is always equal to the
unperturbation value, in fact, both components can be perturbated
during clustering.

- Clustering feature can be described clearly by the time

scales of response to density perturbations as that of (Z.1) and



(2.2). In a two-component system there are four relevant time
scale with respect to a density perturbation of length scale

££24], namely, two damping times defined by
g v, g v /T, ({,t)

and two growing times defined by

tyn @GR, s (G2 (4.2)

gl g

The Jeans lengths Ay and AJZ of components 1 and Z are de-

termined by the following conditions, respectively,

t tgz " tdZ _ (4.3)

gt ™ tar

According to the relationship between the time scales,
the responses to perturbations can be divided into the following

cases:

a)} growth in both components.

tg1 < tgr 0 tpy <ty F‘f‘)'
-b)_daﬁping in both components '

tr >t oty > tyy (4.5)
¢) growth in 1, but damping in 2

tg1 <ty R tg1,tgz > ty, (4.6)

in this case the damping time of 2 is less than the growing time

in both 1 and 2.

EA|



d) growth in 2, but damping in 1

tgz < ty, . t’gZ’th >ty (4.7)
e} growth in 1, slow growth in 2
th < tdI R tdZ > th FS td1 (4.8)

in this case the perturbation can arise growing response in 2,
while it is very small compared to that in 1 due to the growing

time of 1 which is:very large.

f) growth in 2, slow growth in 1

t < t 1:d1 > tgl > tdZ (4.9)

g? d2 ’

From these criteria, one can find that if the two components of

matter satisfy the following conditions

31 << EZ . Ay1 << A {(4.10)

t »> t

g1 tyg >> tyz 4.11)

gz ?
the response to a perturbation belongs to the case c for length
scale £ ~ AJI and to the case f for & ~ AJZ' Therefore, under

the condition (4.10}, a significant inhomogeneity with the scale
of about Ajq can be form in the non-dominant component 1, but not
in the dominant component. This show that the clustering in a

two component system is not determined only by the dominant

component.
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8.2 - Jeans Length of a Two-componchnt Fluidl25]

The fundamental equations for a non-relativistic and

non-expansive self-gravitational two-component fluid are

Component 1

il ) = 0
7t * Velpyvy) = S
14.12)
av '
1 > 1 :
T + (;I'V)“ = - -6-1— VIJ] -I-E
Component 2
apz 0
3t * Ve(epvy) =
(4.13)
e
av
2 -+ - 1 >
yio t (Vy.V)v, = 1_3; Vpy + g
gravitational field
Txga
(4.14)

?.E e - 4nG(p1+pz]

From eqs. (4.12) - (4.14), one can find its dispersion relation
for linear perturbations with wave number k and frequency w as

follows:
wa-wz[kZ(F12+?:2)-4ntE1+EZ)]

1

4 — 2 -2 -
o k75T anal 6,7,2-5,7,8) - 0 (4.15)

It is easy to show from (4.13) that the necessary and sufficient

condition for the onset of Jeans instability is
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2

P, . By
K 5 46 (v L) (4.16)

In other words, the Jeans length A; is

N (4.17)

oA A .

whefe 2, e w 2,65, 2%, = ¥ ZIGE are, respectively, the Jeans
Jt 1 /%P 232 = V2 2 » Yesp s

lengths of the two components. From eq. (4.17) one find that

under the conditions of (4.10) the Jeans length of the whole

system is not determined by the dominant component, but by the

non-dominant one.

4.3 - Clustering in an Expanding Two-component Universe[21]

In linear theory of the evolution of inhomogeneity growt
or damping fof a perturbation can be described by development

matrix Dij(k't) defined, for a two-component system, by

Sy DypCk,t) 5 DypCk,t) | {8, (0)
. ' - S ' (4.18)

where 6ik = (Gp/p)iR are the amplitudes of inhomogeneity with
scale &£ = 2n/k in component i.

As an example we calculated the development matrix for
an expanding universe with two components of matter, dominant.
one is collisionless gas, non-dominant one is fluid. The method
used in this calculation is the same as Gilbertlza]. The equations

deécribing the development of perturbation are
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dZ‘5 — 12 2
— o R hZ— - s, = R (4,19
ds + — R - 1k = zk ) ]

834 (8) - Iu R(S')$[K(S-§')](S-5")8,, (S')dS" =
(4.20)

S ) P '
o [, REDIKE-516-50 G (588 + 0(k8)8, 0)

where R is the cosmic scale factor, S is the conformal time in
the Newtonian cosmology defined by dS = dt/Rz, and function ¢
is determinated by the ground state distribution function of

component 2

'. 3 > .. - .,
o) m oL [ g0 g2mikeZ g7 4.2
where % is the velocity in the comoving coordinate.

The results for the development matrix are shown in

Figs. 3 and 4, in which we take f%ol as

£59) = 1/[exp@/vy) + 1) (4.22)
the relevant parameters are taken as

__31/32 = 0.1
(4.23)
Ayi/ryg = 0.1

Fig. 3 shows the evolution of inhomogeneity amplitudes
84y and Spke ipitial perturbation are 61k--'1 and &, =0,
and Fig. 4 shows the case of initial conditions 61k « 0 and
835 = 1. -In Figs. 3 and 4, t is in units of (4n63i)'1/z and k in
/Ay

Fi



It can be seen from Figs. 3 and 4 that in the beginning
stage the perturbation of k > 1, i.e. 2 <« Ayp» are growing only
in 1, but damped in 2. The amplitudes of developed inhomogeneities

always satisfy the following relations

04 (8) > 85, () (4.24)

for k > 1, and

61k(t) n 62k(t) {4.25)

for k g L.
The evolution of spectrum of inhomogeneity are shown in
Figs. 5 and 6. In Fig. 5 the initial perturbations are taken as
a white noise spectrum in 1 and no perturbation in 1, i.e.
8,x(0) =1, §,,(0) = 0. In Fig. 6, it is 67(0) = 1, 5,,(0) = 0.
It can be found from Figs. 5 and 6 that the clustering
-0f non-dominant component on the scales less than AJZ are always
larger than that of dominant component, regardingless of whether
the initial perturbations exist in dominant or in non-dominant
components, namely, the dispersion process in the dominant component
can not erase all the perturbations with scales less than lJZ’ which
still can carry on or develop in the non-dominant component.
Above-mentioned results do not depend on the detail of
dispersion mechanism of the considered matter, but only on the
condition (4.10). For instance, if we take both components to be
collisionless gas or to be fluid, the conclusion is the same as
above.
In a word, it is possible to form smaller scale structure
in the non-dominant component, more strongly and more earlier than

in the dominant component of a two component universe.
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5. COMPOSITION OF DARK MATTER AND CLUSTERING SCENARIO

5.1 - Preferential Clustering in Neutrino Dominant Universe[27]

The number density of neutrino after the e*e” annihil-
ation is

3

n, = (3/22)anv = 54.5 g, cm (5.1)

where g, denotes the number of spin states of neutrino (v and ¥
also as two different spin states). There may be 3 types of
neutrinos, Vs Yu and V., S0 we have g, = 6 for Z-component neu-
trinos. Hence just as photon, the neutrino number density would
also be larger than baryon number density by a factor of
n-1 - ;E ~ 10°, Therefore, neutrinos will become the dominant
compone;t in the universe if its rest mass m is about or larger
than a few eV.

After the decoupling of neutrinos and e*e” annihilation,

neutrino distribution function in momentum space is

dn,, = ?Eiigg g,pdp (exp(pc/0.71kT) « 131 (5.2)
m

From eq. (5.2) we can derive the mean square speed as follows

m
vl a8 x 1074 2 iyt T? (5.3)

Hence we obtain the Jeans length and Jeans mass as

A

Ey. - m- -
gy = 6:2x10% (@7 V232 T =172 e (5.4

2. 179 W, _ - .
My, = 8.1x1014 Y V2 7/2(1§35)5/2 Mg (5.5)



here we already assumed mue = m“u = mvT =m,. MJv and AJu have

been drawn in Figs. 1 and 7. From Fig. 7 we see .AJu << AJB
before the recombination, therefore, by using (4.1?), we know
that at that time the Jeans mass and length depend only on neu-
trinos.

On the other hand,-an upper mass limit for neutrino

clustering given by cosmic horizon is

M= % — (5.6)

where Aﬁ“m ¢t and

L2 ,2.7.3/2 e
t = SHE (—T—) | (5.7)

Taking Hy = 75 km s Mpc'1, we have

g. m
My, = 3.6x10"7 () ) Gy 22 My (5.8)

From Eqs. (5.5) and (5.8), we can find a characteristic
temperature T, by My, =M, it is

4 8y 172 mquzz

T, =3 x10 Cg? (x5 K (5.9)

T1'is the temperature, at which the cosmic neutrinos can first
begin to cluster during the expansion of the universe.
Substituting (5.9) inte (5.4) and (5.5), we obtain the
Jeans length and mass at T, '
m\a‘

£
Mg = 2:3%10% (@38 y=9/4 e (s5.10)

- : 16 By, 174 By _5/4
My, = 170" (Vi ep

M, (5.11)

A,y and M, give the length and mass scale of earliest one to
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become jeans instable in the early universe. S0, we called A“l
nd Mv1 as preferential clustering length and mass; respecti-
vely[zsl.
Since T, is larger than the tempcraturc of recombination,
the onset of the Jeans instability before the recombination is

4

possible. Since T,/2.7 ~ 1077, an initial perturbation of

5~ 10°% at T, can form the present structure of § ~ 1,
Obviously, due to the prefcrential clustering, the am-
plitudes of the massive neutrino inhomogeneity at the recombina-
tion should be § > 10'3. In this case we need to discuss the in-
fluence of non-uniform distribution of massive neutrinos on the
anisotropy of the microwave background. Because there are no
coupling between neutrinos and photons except for gravitational
interaction, the main influence of massive neutrinos comes from
their gravitational potential, which gives an additional
fluctuation in the background by gravitational redshift effect.
We may estimate this redshift as

2

67 ~ G(liépv)/!.u'c (5.12)

where L is thé radius of the neutrino disturbance region at the
recombination
T,
R N O T (5.13)

This redshift would give rise to anisotropy in the background

radiation by an order of

ErT.msz v 0.04 9 6 (5.14)

Therefore, for consisting with (2.36) and @ = 1, we should have
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3

- e
8, % 3x10 (5.1

where 5, = 6pv/°v‘ (5.15) is a limitation to the inhomogeheity

of massive neutrinos at the recombination. Comparing (5.15) with
(2.31), one can conclude that the preferential clustering mechanism
provide a way to overcome the difficulty menticned in the end of

the section 2.

5.2 - Problems in Neutrino Dominant Universe

Another advantage of the neutrino dominant universe is
to provide a natural interpretation for the formation of clusters
of galaxies. The preferential mass of neutrines (5.11) multiplied
by the density ratio of baryons to neutrinos at the epoch of
recombination would represent the preferential clustering mass

of baryenic component, it is

. °B 14 gy, -374,"v,-9/4
M=M (F;) = 3.2x10 [ﬁfm) ()7 g My (5.16)

which is just of the order of clusters of galaxies. During the

ﬁerturbations develop and collapse, there must leave behind some
large empty regions or voids. Evidently, the size of these voids
may just be measured by the preferential length in the comoving

sense, namely

[V Av1(T1/T)

g m
z 250e) A3 e (5.17)

 ﬁ; is the redshift corresponding to the distance of ﬁhe void.



The observed scale of the voids is about 40 - 100 Mpc, agieeing
well with the estimation of (5.173.

in a word, the observed distribution of galaxies,
especially the filamentary structure with scale of 100 Mpc, can
be explained naturally in the massive neutrino dominant universe.
However, a serious problem is that the formation time of such
structure is too late. Several numerical simulations found that
the large scale structure collapses only after z 2[18’29]. On
the other hand, since the initial fluctuations are adiabatic,
the formation of structure on smaller scales should occured after
the 1arée scale structure. Therefore, in the neutrino dominant
universe, the redshifts of all the small scale objeéts should
be less than 2. Obviously, it is inconsistent with the existence
of objects with redshifts larger than 2. Thus, in the neutrino-
dominant universe we need to explain how to form small scale
objects before the large one.

The second problem is on the distributions of visible
objects and of dark matter. As pointed out in the section 3,
the visible objects in the universe are clustered on the scales
of ga}axies; clusters of galaxies and superclusters, while dark
matter distributed rather uniformly at least on the scales of
less than that of superclusters. It seems possible to explain
this character by the mechanism discussed in 4.3, In the
neutrino dominant universe, the density ratio of baryons pp to

massive neutrinos o, is

2 By By _q Prgo.
og/py = 1.9x1072 (T iy 1 18y~ 1/2 (5.18)

10

where Mg = nB/nr x 10" denotes the number ratio of baryons to
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photons in background. After the recombination the ratio of
Jeans lengths of baryons Ajp to massive neutrinos AJy is given
by

-1/2

( ) (5.19)

Agp/hy, & 0-86x1072 (g3 2210
Eqs. (5.18) and (5.19) are just in accord with the conditions
(4.10). Therefore, the clustering in non-dominant component
{(baryons) on small scales can indeed be larger than that in do-
minant component {(neutrinos).

- However, Eq. (5.19) is cerrect only after the recombi-
. nation, the above mentioned explaination is then available only
if there were small scale perturbation in baryonic component and/
/or in massive neutrino component at the time of recombination as
an initial fluctuation. Yet, such kind of initial fluctuations
can be exist, because all the perturbations with scale smaller
than Ay, in the neutrinc component have already been erased at
the time of recombination by collisionless Landau damping. More-
over, before the recombination, the Jeans length of baryon plus
radiation component is much larger than AJv’ it is also impossible
to have any & < Ay  adiabatic perturbations in baryons at the
recombination. Thus, in the neutrino dominant universe, we need
to solve the difficulty of the lack of small scale perturbations

at the recombination.

5.3 « Clustering Scerario in an Universe with two Kinds of Dark
(30]

Matter

Both problems discussed in the last section might be



solved if the dark matter in the universe consists of two kinds
of noninteracting particles, one is dominant component with
larger velocity dispersion, such as massive neutrines; one is
non-dominant component which is more weakly interacting, more
massive particle with smaller velocity dispersion. The candidates
for the second kind of noninteracting particle might include the
predicated gravitino, photino and right-handed neutrino.

The existence of different kinds of particles in the
dark mdtter seems to be implied by the data on several dwarf

spheroidal galaxiesISI]

. It has been found that the mass-to-light
ratio of Draco is roughly one order of magnitude larger than |
those of globular clusters. This means these dwarf galaxies
possess a heavy halo of dark matter. The phase-space constraint
in such small galaxies sets a lower limit of several hundred eV
on the mass of the noninteracting particle if it is a kind of

fermionslsz]

. From the same data on dwarf spheroidal galaxies,
one can also find a lower limit to the rest mass of particles in
galactic halo to be about 3 eV[Ssl. Therefore, only the proper-
ties of\awarf spheroidal galaxies already showed the varied
components in dark matter.

" Since more weakly interacting particles decoupled at
higher temperature, its number density should be lower than
neutrinos. Thus it is possible that the universe is still domi-
nated by massive neutrinos, while the more massive particles
are only to be a non-dominant component. The Jeans mass and
length {or the free streaming length) of the more massive part-
icle component are much smaller than that of neutrinos, for
instance, the Jeans mass of m = 1 keV noninteracting particles

can be equal to about to!2 Mg. The Jeans length of the non-



-dominant component of dark matter AJg is also shown in Fig. 7.
It can be seen from Fig, 7 that in such a two component dark
matter universe, the conditions (4.10) can also be satisfied
before the recombination. Thus, small scale " 1012 M@ rerturb-
ations can aveoid to be erased by neutrino free streaming, and
it can be kept in the non-dominant component until the recombi-
nation. Thus, the difficulty of the lack of small scale
fluctuations at the recombination is solved and such small
scale perturbations can also collapse before the formation of
large scale structure.

Let us now consider the scenarioc of structure formation
in the two component dark matter universe. Since in this model
neutrino is still the dominant component, the picture of
2 % Ay, structure formation should be the same as that described
in 5.1 and 5.2, namely, the large scale structure formed only
at the time of z & 2. The picture for the small scale structure
formation in two Component dark matter model is quite different
from the universe containing only one kind of dark matter. In the
latter the small scale structure formed only after the larg;
semle structure Tollapses, namely, the clustering process is
from larger scales to smaller ones. The first objects to be
condensed out would be that of mass about 1015 Mg, then smaller
scale objects such as galaxies form due to fragmentation. Thus,
all the visible objects with small scales should have reshifts
less than 2. However, in the two component dark matter model, it
is possible to form small scale structure before the collapse
of the large scale structure. According to the clustering feature
under the conditions of {4.10)}, before the recombination, small

scale clustering can take place in the non-dominant component of



dark matter; after the recombination, small scale clusterimg
can take place iﬁ both the non-dominant dark matter and the
baryons. These clustering processes are independent of the
large scale clustering.

According to this clustering picture, there should be
two kinds of visible objects with the scales less than super-
clusters. One is to be formed by fragmentation of the large scale
structure; one is not to link strongly with the formation of large
scale structure. The distribution of the first kind of objects
should hqve marked large scale inhomogeneity, while the second
kind should have not such structure. Thus, this scenaric leads
to a testable prediction: the small scale objects with z > 2
should distribute more uniformly, especially on the scale of su-
perclusters, than z < 2 objects. The test for this prediction

will be discussed in the next section.

6. DISTRIBUTIONS OF OBJECTS WITH LARGE REDSHIFTS

6.1 - Large Scale Distribution of Quasars

The only known objects with redshift larger than 2 are
quasars and intervening clouds implied by quasar absorption lines.
Therefore, from the clustering scenario developed in 5.3, we
could expect that:

a) The distribution of quasars and intervening clouds
should not have strong inhomogeneity as that of galaxies,

b) The distribution of z < 2 quasars should be different

from that of z > 2, The former has large scale clustering, while



the later has not. _
The difficulty of to test these predictions is the lack
of available samples of quasars. Most of homogeneous surveys for
quasars listed only brighter quasars, or covered only very small
area. These samples can not be used to do statistical analyses.
Several wide field samples which are comparatively available for
the tests are listed as follows:
a) Savage and Bolton's survey of two 5°%5 fields near
the South Galactic Polel3%],
[35]’

1.[36],

b) CTIOIOptical quasar sample given by Osmer

¢) South Galactic Pole sample of Shanks et a

d) Smith and He's survey of a 40 quasars degree field
centred at 01144™ and -40%0+ [37], -

An interesting investigation on the large scale clus-
tering of the quasars listed in Savage-Bolton survey has been

done by Chu and zhu!38]

. The nearest neighbour test results are
shown in Fig. 8 and 9, in which circular points show the distri-
butions of nearest neighbour separation D from the Savage-Bolton's
survey on the field OZh, -50°. In Fig. 8 the histogram is the
mean result of 10 Monte Carlo simulation generated by replacing
the observed redshifts with random number, and in Fig. 9 by
replacing the observed RA and DEC. The observed distribution is
different, but rather small, from the Monte Carlo samples. They
concluded that there is no clustering in the field ZZh, -18° and
the clustering is only of marginal significance in the field
oz2b, _50°.

These results agree with the prediction a}.



6.2 - Difference Between z <2 aghd 2 > ¢

The prediction of @ ¢« 2 and 2 > 2 quasars can also

'[39]. Because which

be tested by using the Savage-Bolton sample
consists of two classes of quasars identified by different
methods, i.e. the objective prism technique and the UV-B two
colour method, the redshifts in this sample spreads on a more
broad region than that of other surveies. It is then convenient
to do.the comparison between quasars of z < 2 and z > 2.

‘ The results of the Nearest Neighbor Test are given in
Table 2, in which N is the number of quasars, <D_> denotcs the
sample's mean of nearest neighbor separation, D: and ¢ are
the mean and standard deviation for Monte Carle samples, respect-

ively. As a measure of the statistical significance, one define

the following function

s = n'/2 ‘D‘i- 2 (6.1)
a

The distribution of § is asymptotically normal with mean 0 and

variance being 1. Therefore, 1 - p(§) in Table 2 is the proba-

bility that clustering is observed in the sample.

The main results from Table 2 are that an apparent
clustering at 95% significant level for the sample of z < 2 in
both fields, and there is no ¢vidence of clustering for z » 2.
These results can be more clearly seen in Figs. 10 and 11, in
which the distributions of the nearest neighbor distance for each
field are ploted. The observed z < 2 distributions (solid line)
dgviate obviously from the Monte Carlo samples (dashed line) on
s¥ale of 50 - IOOIMpc. It means that the distribution of z < 2

quasars does have ~ 100 Mpc clustering, The z > 2 distributien



does not show the difference from that of random sample, there
is not distinguishable inhomogeneity.

The clustering of quasars in the sample of Shanks et
al.13%)  pas peen analysed by 2-dimensional correlation function
method. They found that the UVX stars are clustered, while
“probable" quasdars identified by objective prism show no evidence
of clustering. It is well known that the reshifts of quasars
identified by UVB color method are smaller than 2, while by
objective prism method are larger than about 1. Therefore, the
difference of clustering between the UVX stars and the 6bjective
prism guasars can be seen as an evidence for the difference bet-
ween = < 2 and z > 2 quasars.

Quasars listed in Smith-He catalog are identified by
the objective prism method. By using power spectrum analysis,
it is found no evidence for clustering of quasars in this

catalogy[40]

+ CTIO sample is also given by the objective prism
method. Most of the redshifts of quasars in this sample is of
z > 2. Osmer already claimed no evidence for large scale
clustering can be found from CTIO sample[37’4]].

A common result in these studies on large scale
structure of quasars from different samples is that there are
inhomogeneities on the scales of about 100 Mpc in the distribut-

ions of z < 2 quasars, but not of z > 2 quasars.

6.3 - Other Evidences for the Clustering Scenariol?%-43]

Binggeli pointed out 144 that the major axis of a

cluster tends to point to the nearest neighbor cluster. If the



distance between a cluster and its nearest neighbor is less
than 35 Mpc, the angle between the major axis of the cluster and
the direction to the nearest neighbor is always smaller than 45°.
No such correlation exists if the nearest neighbor distance is
larger than 35 Mpc. Therefore, the orientation correlation is
also an evidence of large scale inhomogeneity in the distribution
of clusters. '

A similar study for radio double sources has been done

[45]

recently - Using a complete sample of radic double Sources by

Condon et al.[46]

» one found some statistical evidences of the
correlation between the orentation of the double sources and

the direction to their nearest neighbor radio sources, the
correlation scale is also on about tens Mpc, but the correlation
is not so obvieus as that of clusters of galaxies. Not all of
radio double sources are quasars. Since these sources are selected
by the criterion of the separation between two components to be
less than 1.5 arcmin, many of them should probably be quasars.
\\The Ly-a absorption lines in quasar spectrum might
indicate the locations of intergalactic clouds. The redshift
distribution of Ly-o absorption lines should then show the clus-
tering of intergalactic clouds. Sargent et al. studied {47] six
quasars with very rich absorption lines, the redshift§ of which
cover from 1.7 to 3.3. They did ﬂot find any evidence of the
inhomogeneity in the absorption line distribution. By using
different method; which is especially available to analyse the
inhomogeneity with scale of a few hundreds Mpc, it is found(%%)
that the absorption lines distribute inhomogeneous, but the

amplitude of the inhomogeneity is very small,

An evidence for the difference between z < 2 and



and z » 2 quasars has also becn [ound from the research on the
e¢volution of optically selected quasars. Veron[49] have built
the luminosity function of quasars at various redshifts, using
the number-magnitude rel@tion for quasars and the redshift
distributions at various apparent magnitude. He found that the
evolution law for small redshift is quite different from that
for large one; the evolution is very fast for 1 < z < 2.3, while
at some z > 2.3 the evolution has to stop and even to reverse,
This shows again that z &= 2 is a crucial time of the.large

scale structure formation.



TABLE 1

Inhomogeneities in the present universe.

Objects Size Mass
galaxies 50 kpc T L VR 130"’i
cluster of galaxjes 5 Mpc v 10ty 1.- A8
superclusters 30 - 100 Mpc 3" 1015 M 1
voids 100 Mpc
TABLE 2
Nearest neighbor test.
Redshift N Quasar data Monte Carlo dat ] 1 - P(8)
<D > Mpc D, Mc o
2!, _s0%)
2<2 62 141.7 159.0  79.6  -1.72 96%
~N -
z > 2 48 201.0 205.9 83.2  -0,40 66%
228, -18%)
z <2 57 146.7 165.8 77.9  —1.84 973
z > 2 26 207.1 193.0  75.9 >0 -
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FIG. 1 Jeans mass as a function of the cosmic temperature.
The solid line corresponds to the case of the universe
containing only baryons and radiation, the dashed line
to the neutrino dominant universe. Line My, gives the

mass contained within the particle horizon.
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FIG. 2 Upper limit to the inhomogeneity given by the quasar's
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respectively, to 61k{t) and sz(t) in the case of

initial perturbation Slk(O) = 1 and GZK(O] « 0.
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respectively, to sz(t] and alk{t) in the case of

initial perturbation &, (0) = 1 and 6,,(0) = 0
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FIG. 8 Nearest neighbor test for quasar distribution. Circu-
lar points are from the observed resulis of Savage-

h

-Bolton survey on the field 02", -50°. Histogram is

the mean of 10 Monte Carlo simulations by randomizing z.
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mean of 10 Monte Carlo simulation.
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