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Abstract

We investigate the scale of structures of the universe which can be
produced in the explosion scenario. Solving the equation of motion of an
expanding shell produced by cosmic explosions based on the thin-shell
approximation, we show it is possible that bubbles with the size ~40 Mpc
are formed by successive explosions starting from the first-generation
objects. However, the observed isotropy of the microwave background
radiation limits the bubble size to less than ~30 Mpc in the simple ex-
plosion scenario. This seems to be smaller than the size of the standard
bubbles. The formation of still larger bubbles may be possible, if the
merging processes of bubbles and recent overlapping of the shells are
considered.

Key words: Bubbly universe; Cosmic background radiation; Galaxy
formation; Explosion scenario.

1. Introduction

Recent galaxy redshift surveys have revealed the three-dimensional distribution
of galaxies in the universe (Einasto et al. 1980; Davis et al. 1982). In particular de
Lapparent et al. (1986) showed that the universe is filled with nearly spherical voids
and galaxies are distributed on the surfaces of the voids.

How was this large-scale structure of the universe formed? The explosion scenario
is one of the ideas which attempt to explain it (Ikeuchi 1981 ; Ostriker and Cowie 1981).
In this scenario a small number of seed objects are first formed and the explosive energy
release from these objects produces shock waves. The shock wave sweeps up the
primordial gas and a cooled shell is formed. Gravitational fragmentation of the shell
results in new objects. These second-generation objects also explode and larger shells
are formed and fragment into the third-generation objects. By such successive
explosions, larger structures are produced and finally the presently observed bubbly
structure in the universe is formed.

Carr and Ikeuchi (1985) extended the basic idea. First an object with the mass
of about 10° M, explodes in the Compton cooling era (redshift z>10). As a result
of the detonative explosions a shell with the mass ~10'°-10"* Mg is formed. The last
explosions in the radiative cooling era (z<<10) result in the large-scale structure. Fol-
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lowing the idea of Carr and Ikeuchi (1985), Bertschinger (1985) carried out a simple
numerical simulation. By the use of the analytically derived expansion law of a
cosmological shock wave in an expanding universe, he showed that a cosmological
detonation wave can produce a large structure with the mass ~10* Mg,

The explosion scenario has the following several advantages:

(1) Since galaxies are formed as a result of the fragmentation of the shocked
shell, the galaxies will be distributed on the two-dimensional surface. On the other
hand the space swept up by the shock wave is left as the spherical voids of galaxies.
In particular, if the shells produced in various places in the universe come to overlap
by the present epoch, the bubbly structure of the galactic distribution can be naturally
explained. In the interior of the void, there exsist burnt-out pregalactic objects.

(2) We need not assume primordial density fluctuations on the large scale,
because the first-generation objects with the relatively small mass are sufficient as the
seeds of explosions.

(3) In the spectrum of a distant quasar (z=3.8) no absorption trough of the
intervening neutral hydrogen is detected (Gunn-Peterson test). Heating and ion-
ization of the gas by the shock waves can explain it.

However, several difficulties have been pointed out; the sizes of the observed
voids are too large and considerable anisotropy and distortions of the cosmic back-
ground radiation are produced (Hogan 1984; Vishniac and Ostriker 1986; Bond et
al. 1986). (Moreover, if there exists dark matter nearly uniformly in the universe,
more energy is necessary in order to make big voids. This makes the situation worse.)
In order to answer these problems, it is necessary to investigate the evolution of a
shock wave in an expanding universe in more detail. So far the selfsimilar solutions
have been derived by Ikeuchi et al. (1983), Bertschinger (1983), and Ostriker and
McKee (1988). In addition the spherically symmetric numerical calculations which
included the radiative cooling were performed (Ikeuchi et al. 1983; Vishniac et al.
1985). However, they did not try to connect the result of their calculations with the
real structure of the universe and did not investigate the evolution of the shock wave
considering successive explosions of the fragments of the shell.

In this paper we study the evolution of cosmic detonation waves numerically and
give constraints on the size of the explosively produced structure. In section 2 we
present the model and the method of calculation for the evolution of the shock wave
in an expanding universe. The results of calculations are shown in section 3. In
section 4 the resultant anisotropy of the microwave background radiation by ex-
plosions are calculated and the constraints on the bubble size are obtained. A sum-
mary and discussion of the results are presented in section 5.

2. Model and Method of Numerical Calculations

2.1. Model

We take a baryon-dominated universe as a cosmological model. That is to say,
the density parameter of a universe £ equals £,. From the cosmic virial theorem
and the infall of the local group into the Virgo cluster the present density parameter
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has been estimated as 2,=0.1-0.4 (Davis and Peebles 1983a, b). On the other hand
the calculations of primordial nucleosynthesis predict £, ,=0.03-0.1 (e.g., Yang et al.
1984). So we consider a universe with 2,=,, ,=0.1.

We assume that a seed object with mass M; releases energy explosively at the
redshift z, with efficiency ¢, which is the fraction of the rest mass of the objects con-
verted to energy. If the cause of the energy release is nuclear reactions in the seed
object, e<<107? (Carr et al. 1984), and the ejectable kinetic energy is given by

E,=1.8% 10°(c/10~*)(M,/10" M) erg. (1)

The shock wave generated by the explosion propagates in cosmic space, sweeps up
the primordial gas, and forms a spherically expanding shell.

2.2. Basic Equations

Here we take the thin-shell approximation that the thickness of the shell is much
smaller than the radius of the shell and the shell contains all the swept-up matter.
Then the equation of motion of the shell is (Ostriker and McKee 1988)

GM,?
2R} (2)

d
E'(Ms Vs):47rRsz[P+ Pg Vh( Vs - Vh)] -

where R, and V, respectively, denote the radius and the velocity of the shell, p, is the
average gas density of the universe, M,=(4x/3)Rp, is the mass of the matter swept
up by the shell, Vy=H,(14z)(14+2,2)'/*R; is the unperturbed Hubble expansion
velocity, and P is the average pressure inside the shock wave, which is given by

2 Ey

P=3 xR *

where E,, is the total thermal energy of the blast wave. We assume that the pressure
outside the shock wave can be neglected compared with P. The present Hubble con-
stant is written as H,=50/;km s™*Mpc™.
On the other hand the equation describing the change of the total energy of the
shock wave E,,,=(1/2)M V*+E., —(1/2)GM /R, is
LW, :-S AdV=E (3)
dt tot v loss »
where / is the cooling rate per unit volume. The gas is assumed to have the primordial
abundance with the hydrogen to helium ratio 9: 1 by number. We consider the in-
verse Compton cooling of the microwave background photons and the radiative
cooling as the cooling mechanism. The radiative cooling processes contain thermal
bremsstrahlungs, electron collisional excitations, radiative recombinations, and di-
electronic recombinations. Details of the cooling processes are given by Umemura
and Ikeuchi (1984). In the calculation of the cooling rate the density in the shell is
supposed to be enhanced by D times the average gas density in the universe p;=Dp,.
We choose D=10 for the subsequent discussion (Ikeuchi et al. 1983). The total
cooling rate hardly depends upon the value of D in the era z>10 when the Compton
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cooling is dominant.
With equations (2) and (3) the change in the thermal energy is described by
d

_d—t'Eth=4TC.R52(

3 )0V V= V)~ 4RV~ i, (4)
The first term of the right-hand side of this equation represents the effect of the dis-
sipation of the kinetic energy into the thermal energy, the second term the work by
pressure, and the last term the energy loss by cooling.

From the calculated thermal energy in the shock wave by equation (4), we can
calculate the temperature of the shell by

_ZIJ E:
To=3g M’

where u is the mean particle mass and k is the Boltzmann constant.
We assume the simple relation between the time ¢ and the redshift z as

A (1421402 (5)

where the scale factor a is related to z by
ala,=1/(1+2),

using the value of the scale factor a, at z=0.
The above three differential equations (2), (4), and (5) are together numerically
integrated.

2.3. Gravitational Instability of the Shell

Here we consider the gravitational instability and fragmentation of a spherically
expanding shell. Ostriker and Cowie (1981) obtained a fragmentation condition using
a simple energy consideration. Vishniac (1983) investigated the stability of a shell
using linear analysis and obtained a qualitatively similar result. Therefore we adopt
a generalized version of the Ostriker—Cowie (1981) condition, which is given by

Yz[Qb,oHo2(1+z)3—£~SI—2,s—] /[377(%)112:]>1 , (6)

where C,=(kT,/u)'"? is the sound velocity at the temperature of the shell 7,. When
this condition is satisfied, the shell is assumed to fragment instantly.

2.4. Successive Explosions

Objects fragmented out from the shell may explode again. In this case explosions
are expected to occur on the shell. We treat this process as follows:

First, suppose the shell satisfies the fragmentation condition (6) at z=z,,,. At
this moment the shell with the mass M, is assumed to fragment and promptly explodes
with the efficiency ¢ again, because the lifetime of newly born stars will be small
enough. The energy ejected at this time is taken to be
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AdE=edM.?

where 4M is the mass of the matter swept up by the shell after the last explosion till
the fragmentation. A4E is added as an increase in the thermal energy of the shock
wave. Thus the pressure P increases and accelerates the shell. The initial conditions
of this motion are given by the values R, and V, at z=2;,,,. This shell may cool and
fragment again as it expands into the cosmic space, and may give rise to a much larger
structure.

3. Results

Here we concentrate on the size of the structure produced by each explosion.
The overlapping of neighbouring shells is not considered.

Figure 1a shows an evolution of a typical shock wave, which is produced by an
explosion with the total energy E=10° erg, which corrresponds to M;=5.6 X 10** Mg,
according to equation (1), at z;=20 in a universe with 2,=%2, ,=0.1. This figure
shows the change in the radius of the shock wave R, the peculiar velocity V,=V,—
HR,, the mass of the matter swept up by the shock wave M, and the temperature 7.
In this calculation we do not consider the fragmentation of the shell, i.e., this is only
a simple explosion. From these results we see that a single explosion can produce a
shell radius as large as ~8 Mpc at z=0, and the mass swept into the shell is as large
as M,~2x10"® Mg. This gives an amplification factor M,/M;~40.

This result agrees well with a more exact calculation by Vishniac et al. (1985); the
difference in the radius from the present result is smaller than 109,. Thus we can
calculate the expansion of the shock wave with sufficient precision by using the thin-
shell approximation.

Figure 1b shows the evolution of a shock wave when the fragmentation and the
reexplosion of the shell are taken into consideration. The initial parameters are the
same as in the case of figure la. The shock wave underwent two episodes of frag-
mentation and explosion. As a result the present radius reaches ~ 25 Mpc and the
shell mass amounts to ~4x10'* Mg. The amplification factor is ~10°, which is
considerably larger than the result from a single explosion as is naturally expected.

Figure 2 shows the evolution of the comoving shell radius R.,=(1+2z)R; for
various initial seed masses M,. Here we fix the explosion redshift z;=50 and take the
range M;=10° to 10"*Mg. Small circles denote the epoch and radius at the frag-
mentation and explosion. Thus the curve not having a small circle shows that this
shock wave cannot satisfy the fragmentation condition up to the present epoch and
has kept expanding. From this figure we see that the fragmentation of the shell pro-
duced by an explosion with as small an energy as M, <101°M@ is difficult. The
reason for this result is understood as follows.

When the age of the shock wave ¢ is much larger than the cosmic time at explosion
7;, the shell radius R, can be expressed by the power law of ¢, i.e., R,oct®, where 2/3<
a<1 from selfsimilar solutions (Ostriker and McKee 1988). Since Vy=aR,/t and
r=(2/3)H,"(1+42)"22Q,~ 7 if 142> 2,7, the fragmentation condition (6) leads to
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We assume 2=

2,,,0=0.1 and A5 =1, the efficiency of the explosion ¢=10"%, the redshift of the ex-
plosion z; =20, the mass of the explosive object M;=5.79 x 10!! Mg, corresponding to

the initial total energy E;,=10%erg.

In (a) the case which does not consider frag-

mentation is illustrated and in (b) the case where fragmentations and reexplosions are
considered is illustrated.
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Fig. 2. The evolution of the comoving radii of shells produced by explosions at z; =50
with various initial masses. The small circle represents a fragmentation and a reex-
plosion. We assume 2,=%2,,,=0.1, hy;=1, and e=10"4.

RS>Rcm=3n<%>5/2a [i‘) .t (7)
or
M>M.,, , (8)
where

4
Mcrit:—:—;r_Rcrit310g

8/2
:é(SﬂP(—;—) Q2720 "t Hy 'CP(14-2)%/2
—9.12% 1020’ Q320 o~ *hzt p~ AT /104K Y¥/*(14+2)~ 2 M g, .

Therefore, in order to satisfy the fragmentation condition the shell must sweep up a
mass greater than a critical mass M.,.;, before the selfgravity of the shell becomes ef-
ficient. Since an explosion with a small energy cannot sweep up so much matter, the
shell does not suffer the fragmentation.

Figure 2 shows the result for Model A (2,=£,,,=0.1, e=10"%). From this figure
we can see that an explosion of a galactic-scale object (mass ~ 10** M) produces a
shell with radius ~ 20 Mpc at the present epoch.

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1988PASJ...40..383Y

AS)ID.ADC 1383Y.

[al}
[oo]]
£9,

!

390 S. Yoshioka and S. Ikeuchi [Vol. 40,

4. Anisotropy of the Microwave Background Radiation

Here we investigate the constraints upon the explosion scenario imposed by ob-
servations of the microwave background radiation (MBR). Hogan (1984) and Vish-
niac and Ostriker (1986) pointed out the possibility that explosions which produce the
large scale structure of the universe inevitably conflict with the observed isotropy of
the MBR.

The MBR photons are scattered to higher energy by hot electrons which are
heated up by the shock wave. As a result the brightness temperature 7, decreases
in the Rayleigh-Jeans part of the MBR spectrum and increases in the Wien part
(Zeldovich and Sunyaev 1969). If the explosions have occurred randomly in space,
the number of the explosions contained in the observed beam should fluctuate. There-
fore the MBR temperature is different in every direction of the observed beam. In
order to produce a larger structure, a larger energy injection is required and thus a
larger anisotropy of the MBR is expected to be produced.

Vishniac and Ostriker (1986) estimated the degree of the anisotropy of the MBR.
They assumed that the fluctuation of the number N of explosions in a beam is equal
to N'/2 and estimated the amount of the energy required to produce a 50-Mpc-size
bubble from the similarity solution. They concluded that in order to keep the an-
isotropy less than the upper limit of the observations, explosions should have oc-
curred at z<5.

However, they examined only the following restricted cases: (1) the beam size
is always larger than the shell size, (2) the thermal energy of the shock wave is con-
stant, and (3) 2,=1. Therefore we will relax these constraints and investigate how
a large bubble-like structure can be produced by explosions without contradicting the
observed isotropy of the MBR.

4.1. Method

Suppose we observe the MBR with a beam having a full width of 48. Then the
cross section of the beam A, is given by

D 2
a==(5) (9)
where D is related to 46 as
D
40=———— 10
)7 (10)
with
(1 +Z)2q 0

O = e @—DI(+2g02 F—1]

Here g, is the present deceleration parameter and q,=£,/2. The cross section of the
shell is A;=nR2.

(1) A, > A, case

Here we consider the case where the beam size is sufficiently larger than the shell
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size. Then the temperature change of the MBR by Compton scattering is given by
(Vishniac and Ostriker 1986)

ATr__ (g
= 2S o Tl
_ {2 00 Euw
— S 3o Mol (11)

where g, is the Thomson cross section, m, is the electron mass, ¢ is the light velocity,
n, is the electron number density, T, is the electron temperature, and E,, is the thermal
energy of a single explosion. The y-parameter in the Kompaneets equation is es-
sentially the same as this temperature decrement. The integration is performed along
the line of sight with

dl=cdt=—cH," ' (1+2)"% (1+2,2)" ' *dz . (12)

In the derivation of the second equality of equation (11) we assume that the gas is
fully ionized and that N, is the average number density of the exploding seeds. There-
fore, the MBR temperature is observed to decrease on the average by

(ATr)AV=—<S—§— %Tb— ,ftg NsAbdl>Tr . (13)

However, since the explosion sources should not be distributed homogeneously, the
value of 4T, will fluctuate in each observed direction. Each observation indicated by
the subscript j gives the temperature decrement,

(AT),:(S f(z)Ns,,-Abdl>Tr , (14)
where

N
f(z)—3 Ay, myt

In fact the observations are made by the beam-switching method. Therefore, the
quantity

(AT)obs,jz(AT)i_(AT)AV
- (@, ~oaar. ()

should be observed. First, we transform the integration of z into the form of
summation,

—lim 3} f(z)oN;,; » (16)

n— k=1

(AT)obs,j
T,

where
5Nj,k=[(Ns,j—Ns)AbAl]k
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and
di=cdt=—cHy '(1+2)"2(14+82.2)" 124z .

Dividing the line of sight into » regions with the redshift width 4z,

[_("_TT?MT—_-nm 2 f(z)oN; . lim 3 f(z)0N;,
=lim ; [z [ON;, ]
+lim 320N, /@)IN;.1 a7

and the averaged square temperature fluctuation is given by

AT)ovs,; 1 .
([T ~tim UsIFON; 0,
r J
-Himk;:l (f@)0N;,1f(2)0N;,1 5 - (18)
If the spatial distribution of explosion sources is the Poisson distribution, we have

{BN;,0) i=[(N;, jA4u 41— (N A A1), )%
=(N,4p40),, . @19

When the regions k and / are independent of each other, it should be
{f(ze)0N; 1 /(2)0N;,10;-0 ,

and from equations (18) and (19), we have

<[E£T)fﬁi]2>j=lim § [fZ)F(N.Au4l),

~(rermaar.
Thus finally
(T =) ) ] N (20)
is derived.

(2) A,<A case

In this case the size of the beam is smaller than that of the shell. The temperature
change of MBR along the beam running through an explosion shell is given by

AT, 2 oy Ey
7.  39me 4, ° 1)

where g is the geometrical factor g~ O(1) depending upon the spatial structure of the
shell. Since the expected number for one beam to run through is N,4,d/, by the similar
discussion in the above the average temperature decrease and its fluctuation are given,
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respectively, by

AT\ __(2 o1 En g
( TI‘ >AV—~ S 3 g AS meCZ NSAsdl (22)
and
ATr 2 . 3 Oy Eth 2 _
<( T )>“S[3g 7 mecz]NsAsdl. 23

(3) Interpolation of the above two cases

Since both the sizes of the shell and the beam should change as the time goes on,
one beam may observe the shells for both cases. Therefore, we must calculate the
anisotropy by connecting both cases. A simple interpolation method would be

(7)1 ()G e
(7)) 150)Ge) @

Ac=7r<—lzl+Rs>2 .

In this calculation the thermal energy of the shell E,;, is calculated exactly, taking into
account adiabatic cooling and radiative cooling as in section 2.

(4) Number of seeds

If seed objects are formed simultaneously at the redshift z=z;, after which no
new sources are formed, the number of seed explosions is conserved in the comoving
coordinate. As a convenient method for determining N, ; the number density of
seeds at z=z;, we take the following condition for overlapping at z=z,..;,

and

where

4_;Rs3(zover)Ns(zover)= 1 ’ (26)

from which N, ; can be determined as N, ;= N,(Zover)(1 +21)*/(1+Zover)®.

We take z,...==3 as the standard value, since (1) at present the expanding shells
produced by explosions are not observed, (2) but the shells should have overlapped in
order to explain the presently observed bubbly distribution of galaxies, and (3) the
universe has been already reionized at z=3.8 from the Gunn—Peterson test. The full

beam width 4@ is taken to be 1.5 in order to compare with the observation by Uson
and Wilkinson (1984).

4.2. Results

The parameters of the models we calculated are shown in table 1. The results of
the calculations for model A are shown in figure 3. Figure 3a shows the present
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Table 1. Parameters of the models.
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Figs. 3a and b. See the legend on the next page.
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Fig. 3. The MBR anisotropy produced by the explosions. We take 2,=02,,0=0.1, #5,=1,
and e=10"% The redshift of the overlapping of the shells is z,,.,=3 and the full width
of the beam observing MBR is 46==1/5. (a) The comoving radius of the shell at the
overlapping. (b) The temperature decrease of the MBR, log |4T,/T,|. (c) The an-
isotropy of the MBR produced by the explosions, logd.

comoving radius Ry(0)=R.(Z,ver)(1+Zover) Of the shell at the overlapping epoch in the
z;-M; plane in the form of a contour map. Figures 3b and 3c show, respectively, the
absolute value of the distortion of the MBR temperature |4T,/T;| in the logarithmic
scale and the anisotropy of the MBR temperature d={(4T/T,)*)' "

From these results we find the following:

(1) Galactic-scale explosions (M;~10""2Mg) can produce ~ 10-Mpc shells
by Zover=3.

(2) The distortion of the MBR temperature |47,/T,| is at most 10~ in this model
A. Therefore, it is difficult to detect it with the present accuracy of the observation
of the MBR distortion. [Recently, Matsumoto et al. (1988) detected a possible dis-
tortion of the MBR in the Wien part. Their result indicates |4T./T,|~10"2. The
relation of the present model to this observation is discussed in another paper (Yoshi-
oka and Ikeuchi 1987)].

(3) Since it may be possible that the anisotropy ¢ exceeds 10~*, it is easily ob-
served.

The observation of Uson and Wilkinson (1984) gives the most stringent upper
limit to the MBR anisotropy. They observed the regions separated by 4.5 from
each other with the beam-switching method (full beam width 46=1"5) and obtained
0<<4.5x107%. It is meaningless to compare directly our computational results with
their observation, since their observational method is not a simple beam-switching
one and we assume that the regions separated by the beam-switching angle are not
correlated. Then, we relax the condition that our computed value of the MBR
anisotropy ¢ should be less than 10~
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Figs. 4a and b. See the legend on page 399.

[Vol. 40,

© Astronomical Society of Japan ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1988PASJ...40..383Y

AS)ID.ADC 1383Y.

[al}
[oo]]
£9,

!

No. 4]

Formation of the Bubbly Universe 397

Zi
(d)
Figs. 4c and d. See the legend on page 399.
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Figs. 4e and f. See the legend on page 399.
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Fig. 4. The constraint from the observed MBR isotropy on the comoving diameter of the
bubbles produced by the explosions. The dotted and solid lines represent the comoving
diameters of the bubbles at the overlapping. The curves are labeled with the
values of the diameter in units of Mpc. The predicted anisotropy of the MBR
exceeds 10~ above the thick solid line. The model parameters are shown in table 1.
The results in models A-G are shown respectively in figures 4a-g.

Figure 4 shows what kind of large-scale structure can arise by the overlapping
time, satisfying the above condition. The size of the structure is representd by the
diameter of the shell. Figure 4a shows the result for model A. This indicates that
the cosmic explosions can make the structure with the comoving diameter D,,~ 30 Mpc
almost independently of z;. Figures 4b and ¢ show, respectively, the results for models
B and C which have the same parameter as model A except for z,.,. In model B
(Zover=0.5) the structure with ~60-Mpc scale can form. Figures 4d and e show the
results for the models having a different explosion efficiency ¢ for comparison as
model D (e=107%) in figure 4d and model E (¢=107?) in figure 4e. While the size of
the shell for the same z; and M, changes in proportion to the efficiency ¢, the scale of
the structure which can be formed without contradicting the observed MBR isotropy
hardly changes.

The larger the Hubble constant is, the smaller is the permissible size. We calcu-
late the models with /y,,=1.5 (model F) in figure 4f and /,,=2 (model G) in figure
4g. We obtain D.,<20 Mpc for model F and D.,<14 Mpc for model G. For /;,=1
(model A) we have already obtained D, <30 Mpc. Then we can approximate the
comoving diameter of the bubbles which can be produced without contradicting the
MBR isotropy

D., <30 Ay, Mpc
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for 2,=9,,=0.1, e=10"%, z,,..=3 and <10~

5. Summary and Discussion

5.1. Summary

1) The shocked shell produced by the explosion is cooled by radiative and
Compton cooling, and then it fragments by its selfgravity if M;>10'" Mg in the case
where the energy release efficiency is e=107*.

2) If the fragmentation and explosions of shells repeat successively, an explosion
with the mass ~ 10'* Mg would finally produce the bubbles with the diameter ~40 Mpc
(hs0=1).

3) The bubbles with the diameter ~ 304;,~* Mpc can form without contradicting
the observed MBR isotropy if the shells overlap by z=3.

5.2. Discussion

We compare our results with the structure observed in the universe. Here we
concentrate on the scale of the bubble structure. Vishniac and Ostriker (1986) re-
stricted the radius of the shell-like structure to those larger than the coherence length
of the galaxy distribution R,=18A,;,~! Mpc. If we adopt this condition, the explosion
scenario will be hardly permitted from the above summary (3). However, the co-
herence length of the galaxy correlation function may not be a suitable index for char-
acterizing the scale length of bubbles.

According to de Lapparent et al. (1986), a typical diameter of galaxy voids is
50h,,~* Mpc and the largest void is ~100/4;,~* Mpc. The largest structure produced
by the explosions is found to be ~ 304;,~! Mpc in diameter for model A. This seems
considerably smaller than the typical bubble diameter. The simple explosion model
is too naive to produce the bubbly structure of the universe with a scale greater than
30h5,~t Mpc. If the largest void is a rare event in the universe, we may consider that
it is an exceptional case. A large void with the diameter ~ 1004,,~* Mpc is also
found in Bootes by Kirshner et al. (1981). Then, such a large void is so common that
it seems difficult to produce it by a single explosion.

Some modifications of the original idea should be examined. The merging of
shells is one of them. Even if the diameter of each shell is less than the MBR limit,
the merging of several such shells may produce a larger structure, though the shape and
size of the structure after the merging depends upon the era of the merging and the
number density of the explosions.

Another possibility is that the overlapping of the shell occurred recently. In
section 4 we take z,,..=3, particularly because in the spectrum of the far distant quasar
(z=3.8) no absorption trough of the intervening neutral hydrogen is detected. How-
ever, if the reionization of the intergalactic gas is due to the UV photons emitted from
the first-generation objects or quasars and not due to the cosmological shock waves,
we need not take z,,..=3.

In model B (figure 4b) we take z,,.,=0.5. In this model it is possible to produce
bubbles with diameter ~60/4;,~! Mpc. This assumption does not conflict with the
existence of galaxies at z~1. It is probable that galaxies were formed by the frag-
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mentation of the shell at z>>1, and after that these galaxies expanded keeping the nearly
shell-like distribution. After that, the shells of the galaxies have overlapped at z=
0.5.
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for his continuous encouragement. This research was supported in part by a Grant-
in-Aid from the Ministry of Education, Science, and Culture (60540153).
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