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The hierarchical structure of astronomical objects is investigated in the cosmic string
scheme with cold dark matter (CDM). A non-linear dark matter potential is formed in the
crossing site of three wakes triggered at around zi by moving strings. If we use this scheme,
the mass and radius of formed CDM objects increase gradually as M ∝ (1 + z)−3 and
R ∝ (1 + z)−2 , and objects triggered at zi  104 , 105 and 106 grow to become objects
corresponding to clusters of galaxies, galaxies and dwarf galaxies, respectively. The number
densities of these objects n(zi ) are related to the size l(zi , z) as n(zi ) ∝ 1/l(zi , z)3 , where
l(zi , z) is the horizon size of the stage zi observed at z.
One of the interesting points of this scheme is that smaller objects are gradually accreted
into larger ones. For example, dwarf galaxies have been mostly accreted into galaxies at the
present. Galaxies are still now accumulating toward clusters of galaxies, and consequently
many of accreted galaxies are found as E or SO type galaxies there. In the future, or possibly
even at the present time, clusters of galaxies will be accreted into superclusters of galaxies
triggered at zi  103 .
Heating through the accumulation of baryonic matter in the CDM gravitational potential
is also investigated and it is found that their heating is not suﬃcient to reionize the universe
before z  5. Therefore some other heating sources or mechanisms are required. However,
heating through the accumulation of baryonic matter could explain the X-ray properties of
clusters of galaxies.

§1.

Introduction

A hierarchical structure of astronomical objects, e.g. clusters of galaxies, galaxies, dwarf galaxies and globular clusters has been observed. With the exception of
globular clusters, these objects are thought to form through the increase of the initial ﬂuctuations of cold dark matter (CDM) and later through clustering. There are
many works on the formation of these astronomical objects in the standard CDM
scheme, 1) assuming a power spectrum of random Gaussian initial ﬂuctuations. The
validity of this scheme has been extensively investigated. 2) Here, we attempt to solve
the problem in the non-Gaussian spectrum, e.g. within the cosmic string scheme, 3), 4)
considering the hierarchical structure of astronomical objects.
It has been said that string network simulations are not consistent with the
observation in small angle anisotropies. 5) However, there are some assumptions in
these simulations 5), 6) and uncertainties in the observations. Recently it has been
reported that local cosmic strings exhibit a Doppler peak of acceptable height in small
angle anisotropies. 7) The problem is that it is diﬃcult to estimate the anisotropy
in the cosmic string model, including the simulations of the string network and the
ﬂuctuations of baryons and CDM. To add above reasons, there are reports of the non-
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Gaussian aspects of cosmic microwave background radiation. 8) Therefore it seems
that it is too early to exclude the cosmic string model and that it is still worthwhile
to investigate this scheme further.
First we overview the treatment of the formation of astronomical objects in the
cosmic string scheme. The main assumptions in our prototype model are:
A) There is one long and fast (v ∼ 0.7c) cosmic string passing through the
universe during each e-folds expansion, where v and c are the string velocity and the
velocity of light, respectively. CDM accumulates toward the two-dimensional trace
of the string and a wake is formed there. 9)
B) Astronomical objects are formed in the intersection of three wakes triggered
at suitable epochs of redshift zi .
The assumption A) seems to be in disagreement with the numerical simulations
of local gauge strings, which indicate the existence of several wiggly slow (v ∼ 0.15c)
strings in the universe. 10) However, numerical simulations show also that sometimes
fast (v > 0.7c) strings pass through the universe. 11) From a purely observational
point of view, it seems better to have one wake for each horizon scale. 12)
With regard to the assumption B), we have made some numerical simulations
of the formation and fragmentation of a wake triggered by a straight string with
an appropriate density perturbation of the Harrison-Zeldovich (HZ) spectrum. 13)
In general a CDM falling toward the wake tends to accumulate at nonlinear highdensity sites. Therefore it is reasonable to assign the nonlinear high-density sites to
the crossing regions of three wakes. In principle there exist many small wakes caused
by the motion of cosmic strings in the early universe.
In the following, typical objects are described by zi , which means that they are
formed at intersecting sites of three wakes triggered by strings at, e.g., zi × e, zi and
zi /e. Diﬀerent trigger times of zi are adopted for simplicity to describe the resultant
hierarchical structure of the astronomical objects distinctly. The objects with zi
should therefore be interpreted as representing also the objects with neighboring
values of zi . The basic features of the formation of astronomical objects in this
scheme are CDM accumulations toward the nonlinear high density sites such as the
crossing points of three wakes and the behavior of the baryonic matter around and
within them attracted by the CDM gravity.
The main point which we would like to show is that the hierarchical structure of
astronomical objects can be explained using this cosmic string scheme. For instance,
objects with zi  104 , 105 and 106 become objects corresponding to clusters of
galaxies, galaxies and dwarf galaxies, respectively.
In this scheme, smaller objects gradually accumulate toward larger objects hierarchically. That is, at the present time most dwarf galaxies have already accumulated
into galaxies, and galaxies are still now accumulating toward clusters of galaxies. The
nuclei of accumulated dwarf galaxies would be found as some of the globular clusters
in galaxies, and many of the accumulated galaxies are found as E and/or SO galaxies
in clusters of galaxies. In the future (or possibly at present) clusters of galaxies will
accumulate toward super-clusters (objects with zi  103 in this scheme).
It is approximated in this paper that the objects triggered at zi have become
objects of the same mass and radius. The number density of these objects n(zi ) is
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related to horizon size l(zi , z) as n(zi ) ∝ 1/l(zi , z)3 (see Eqs. (13) and (14) below).
In this paper the probability distribution function is not considered in detail. The
distribution function is investigated further for objects formed at zi  104 and compared with the observation in Ref. 14), where the distribution of string velocities and
the eﬀects of tilted angles among three crossing wakes are considered. In principle, it
would be better to include such a probability function for each stage of zi to compare
with the observation. However, this complicates the situation greatly and we believe
that it is better to present the framework of this scheme simply and clearly for the
moment.
In §2 we investigate the reionization of the universe in this scheme taking into
account heating due to the release of the gravitational energy of inwardly falling
matter. The hierarchical structure of the universe is comprehensively investigated
in §3. Other problems such as the evolution into galaxies and clusters of galaxies
are discussed in §4. Throughout this paper we assume a ﬂat universe with baryonic
and CDM densities Ωb  0.05 and Ωd  0.95 and use the value of Hubble constant
H0 = 50 km s−1 Mpc−1 .
§2.

Reionization of the universe

2.1. Giant HII regions
The mass and radius of CDM accumulated at the crossing site of three wakes
evolve with redshift as 15)

and

M  M0 (Gµβγ/3 × 10−6 )3 /[(1 + z)/(1 + zsat )]3

(1)

R  R0 (Gµβγ/3 × 10−6 )/[(1 + z)/(1 + zsat )]2 ,

(2)

where µ and β are the line density and the velocity of cosmic string in units of
c = 1, γ being (1 − β 2 )−1/2 . In the above equations, the application is limited
for 1 + z ≥ 1 + zsat . This limiting condition results from the fact that almost all
CDM within the horizon at zi has completed its infall toward the crossing site of
three wakes at z  zsat . 4), 15) The values of M0 , R0 , 1 + zsat , L0 (see Eq. (3a)),
T0 (Eq. (3b)), the horizon size (Eq. (14)), the number density (Eq. (13)) and other
characteristic values of the objects with various zi are presented in Table I.
As gas falls deeply into the CDM potential, the gas motion is slowed down by
thermal pressure and/or shock waves. For simplicity we consider here only heating by
the dissipative release of kinetic energy of inwardly falling gas in the CDM potential.
The heating rate and the corresponding gas temperature at redshift z are estimated to be
Lheat  Ωb dM/dt × v 2 /2  Ωb dM/dt × GM/(fR × R) = L0 [(1 + z)/(1 + zsat )]−5/2
 0.1 × (Ωb /0.05)GM02 fc /{t0 R0 [(1 + z)/(1 + zsat )]5/2 }
and
T  2/3 × GM mH /(kB fR × R) = T0 [(1 + z)/(1 + zsat )]−1

(3a)

54

T. Hara, P. Mähönen, T. Hirayama and S. J. Miyoshi

Table I. Characteristic values for crossing sites of three wakes. The characteristic mass, radius,
dispersion velocity (fR = 1), saturation stage, horizon scale at present, number density (adopting fob = 0.1), collapsed stage, zc , when the Jeans instability begins, heating luminosity and
temperature at 1+zsat (present value for the case of 1+zsat < 1) are presented for various values
of 1 + zi . The asterisk (*) indicates the saturation stage in the future (*1/n represents the stage
of n times expansion of the universe from now). The corresponding present day astronomical
objects are indicated for them. With regard to the supercluster, the horizon size should be
noted for its scale, and the values of the mass and radius are understood to be the values for
the central core of the supercluster.
1 + zi

M0 ( M )

R0 ( pc)

v ( km s−1 )

1 + zsat

Horizon ( pc)

nob ( Mpc−3 )

107
3 × 106
106
3 × 105
105
3 × 104
104
3 × 103
103

3.8 × 106
1.4 × 108
3.7 × 109
1.4 × 1011
3.5 × 1012
8.6 × 1013
1.3 × 1014
8.1 × 1013
2.6 × 1013

6.8 × 102
2.7 × 103
1.1 × 104
5.2 × 104
2.5 × 105
1.3 × 106
1.5 × 106
1.3 × 106
8.6 × 105

6.7
21
54
150
350
760
870
740
510

6.7
5.4
4.1
2.9
1.8
*0.8
*1/3
*1/10
*1/30

4.7 × 104
1.5 × 105
4.6 × 105
1.5 × 106
4.6 × 106
1.5 × 107
4.1 × 107
1.1 × 108
2.6 × 108

9.7 × 102
2.7 × 101
1.0
2.7 × 10−2
1.0 × 10−3
3.1 × 10−5
1.5 × 10−6
6.8 × 10−8
6.0 × 10−9

L0 ( erg s−1 )

T0 ( K)

1 + zi
7

10
3 × 106
106
3 × 105
105
3 × 104
104
3 × 103
103

1 + zc
6
33
77
126
220
313
316
238
153

33

7.2 × 10
1.6 × 1036
2.0 × 1038
3.2 × 1040
2.4 × 1042
1.1 × 1044
2.3 × 1044
9.8 × 1043
1.5 × 1043

3

2.0 × 10
1.7 × 104
1.2 × 105
9.2 × 105
5.1 × 106
2.4 × 107
3.1 × 107
2.3 × 107
1.1 × 107

Astronomical objects
dwarf galaxies (lower limit)
dwarf galaxies (small)
dwarf galaxies
galaxies (small)
galaxies (large)
groups of galaxies
clusters of galaxies
superclusters of galaxies
superclusters of galaxies

 2/3 × GM0 mH fc /{kB R0 × [(1 + z)/(1 + zsat )]},

(3b)

where t = t0 /(1 + z)3/2 , kB and mH are the age of the universe at redshift z (t0 =
4.7 × 1017 s), the Boltzmann constant and the mass of hydrogen atom. Here the
inwardly falling gas is assumed to stop at radius fR R. As the density distribution of
CDM is ρ ∝ r−3/2 , the radial dependence of CDM mass 10) is M (r) ∝ r3/2 . Therefore
we could estimate the temperature of the inwardly falling gas assuming
that the gas
√
is stopped at fR R. The temperature is proportional to (3 − 2 f√
R )GM/R, because
the potential at r (= fR R) is V (r) = fc GM/R with fc = (3 − 2 fR ) (1 ≤ fc ≤ 3).
For objects with zi = 104 , 105 and 106 , the heating rate and the temperature thus
estimated take the following values (see Table I).
zi = 104 :
Lheat  2.3 × 1044 fc (M0 /1.3 × 1014 M )2 (R0 /1.5 Mpc)−1 (1 + z)−5/2 erg s−1 ,
(4a)
7
14
−1
−1
(4b)
T  3.1 × 10 fc (M0 /1.3 × 10 M )(R0 /1.5 Mpc) (1 + z) K.
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zi = 105 , 1 + z > 1.8 (zsat  0.8) :
Lheat  2.4 × 1042 fc (M0 /3.5 × 1012 M )2 (R0 /0.25 Mpc)−1
× [(1 + z)/1.8]−5/2 erg s−1 ,
T  5.1 × 106 fc (M0 /3.5 × 1012 M )(R0 /0.25 Mpc)−1 [(1 + z)/1.8]−1 K.

(5a)
(5b)

zi = 106 , 1 + z > 4.1 (zsat  3.1) :
Lheat  2.0 × 1038 fc (M0 /3.7 × 109 M )2 (R0 /1.1 × 10−2 Mpc)−1
× [(1 + z)/4.1]−5/2 erg s−1 ,

(6a)

T  1.2 × 105 fc (M0 /3.7 × 109 M )(R0 /1.1 × 10−2 Mpc)−1 [(1 + z)/4.1]−1 K.
(6b)
The values for objects with zi  104 are the representative values for X-ray
observed clusters of galaxies. 16) The comparison of these values with observations is
given in §3.
It must be checked whether the heating rate Lheat  Ωb dM/dt×v 2 /2 is less than
the cooling rate due to bremmstrahlung which is given for the objects with zi = 104 ,
105 and 106 by
Lbrem  1.8 × 10−27 n2e T 0.5 (4π(fR R)3 ),
 1.4 × 1042 (M0 /1.3 × 1014 M )5/2 fc1/2 fR−7 (R0 /1.5 Mpc)−7/2
× (1 + z)5/2 (Ωb /0.05)2 erg s−1 ,
 3.8 × 1041 (M0 /3.5 × 1012 M )5/2 fc1/2 fR−7 (R0 /0.25 Mpc)−7/2
× [(1 + z)/1.8)]5/2 (Ωb /0.05)2 erg s−1 ,

(7)

and
 5.1 × 1039 (M0 /3.7 × 109 M )5/2 fc1/2 fR−7 (R0 /1.1 × 10−2 Mpc)−7/2
× [(1 + z)/4.1)]5/2(Ωb /0.05)2 erg s−1 ,
respectively. For objects with zi = 104 and 105 , the condition Lbrem ≥ Lheat is
satisﬁed if fR ≤ 0.3 and 0.8, respectively. However, even in the case of Lbrem ≤ Lheat ,
the intracluster medium will later become inhomogeneous, and the cooling rate would
exceed Lheat due to the high density regions. This picture suggests that cooling ﬂow
will occur in a certain number of clusters of galaxies and that the matter falling
inward at the early stage is gaseous (in the later stage, some fraction of baryons will
change to stars that are today E, SO or spirals). Therefore the baryon to CDM ratio
would increase towards the center. 17), 18)
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For objects with zi = 106 , the temperature cited in Table I (see also Eq. (6b))
seems to be insuﬃciently high to ionize the hydrogen. However, if fc ≥ 2 (fR ≤ 0.25),
the temperature becomes high enough to ionize the hydrogen before z  7. But,
if we consider that other heating sources, such as O, B stars, supernovae and/or
X-rays from compact objects, have ionized the surrounding medium, the potential
with zi = 106 is not deep enough to bound the heated ionized gas. It is thus
inferred that objects with zi = 106 have been in a state close to self-regulating star
formation within the shallow potential. This could explain the characteristics of
dwarf galaxies for their long history of star formation and low surface brightness. 19)
As there remains a large uncertainty in the heating rate by such sources, we continue
to investigate the gas ionization around objects by assuming the heating rate to be
Ωb dM/dt × v 2 /2, where fc is a factor including the uncertainty.
The radius of the HII region is estimated from the balance between ionization
and recombination as RHII  (3Nuv /4πne nH α(2) )1/3 , where α(2) (= 2 × 10−13 (T /104
K)−1/2 cm3 s−1 ), ne , nH and Nuv are the recombination rate of hydrogen, 20) the
number densities of electrons and ionized hydrogens (ne  nH ) and the UV photon
emission rate from the central star, respectively. Then the radius of the HII region
is
(8)
RHII  5 × 107 (M0 /1.3 × 1014 M )1/3 (1 + z)−5/2 pc,
where the relation Nuv  L/kB T  (3Ωb /mH )dM/dt has been used. Setting RHII
equal to half the horizon (Eq. (14) below) with zi  104 or 105 , it follows that
the ionization of the universe by objects with zi  104 or 105 has completed at
1+z  3.6 or 1+z  7.7, respectively. Here we have assumed the equilibrium between
recombination and ionization. However, the equilibrium condition is not applicable
after 1+z ∼ 20, because the equality of the recombination time trecomb  1/(nH α(1) ),
where α(1)  1.6 × α(2) at T = 104 K, 20) with the expansion time of the universe
texp = t0 /(1 + z)3/2 yields
1 + z  19.2(T /104 K)1/3 (Ωb /0.05)−2/9 .

(9)

After the above-mentioned stage (1 + z ≤ 20), recombination could be neglected
in the outer homogeneous medium for trecomb > texp . Then the ionization front
should be identiﬁed by the radius of the ionized region. The ionizing radiation
energy integrated up to redshift z is given by


Ltot =

Ldt = 3Ωb fc GM02 /(4R0 (1 + z)4 ),

(10)

and the radius of the HII region at z is estimated as
RHII (z)  (3Ltot (z)/(4πnH hν)1/3 ,

(11)

where hν ( 13.6 eV) is the ionization energy of hydrogen. Thus estimated values
of RHII for objects with zi  104 , 105 and 106 are respectively
RHII (z)  4.6 × 107 (M0 /1.3 × 1014 M )2/3 (R0 /1.5 × 106 pc)−1/3 fc1/3
× (1 + z)−7/3 pc,
(12a)
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 4.2 × 106 (M0 /3.5 × 1012 M )2/3 (R0 /2.5 × 105 pc)−1/3 fc1/3
× ((1 + z)/1.8)−7/3 pc,
(12b)
and
 2.2 × 105 (M0 /3.7 × 109 M )2/3 (R0 /1.1 × 104 pc)−1/3 fc1/3 ((1 + z)/4.1)−7/3 pc.
(12c)
2.2. Reionization of the universe
As the number ratio of the objects with zi = 104 , 105 and 106 in this scheme 15)
is 1 : 103 : 106 , the ratio of their contribution to the heating of the universe is
1 : 60 : 39 at the stage z  3.1 as seen by considering Eqs. (4a), (5a) and (6a).
Since the ionization energy of the hydrogen is 13.6 eV, the contribution of objects
with zi = 106 to the reionization of the universe seems to be smaller than the value
estimated above. For objects with zi = 104 and 105 , the ionization began at z  200
and 60, respectively (the ionization of helium began at z  50 and 15, respectively).
We consider the reionization stage to be the epoch when the emitted energy
equals the ionization energy of total amount of neutral hydrogen within the mean
separation length of objects with zi , lml (zi )  [nob (zi )]−1/3 . Here the number density
nob (zi ) of the objects of zi is assumed to be given by
nob (zi ) = fob /l(zi , z)3 ,

(13)

where fob is a factor determined from observations and l(zi , z) is the horizon length
of the universe at zi observed at z, given by 4)
l(zi , z) = 155[1 + ((1 + zeq )/(1 + zi ))1/2 ]−1 (1 + z)−1 h−1
50 Mpc,

(14)

where zeq (∼ 6×103 ) is the redshift of the epoch when radiation and matter densities
were equal. The number density of luminous clusters of galaxies in X-ray and optical
observations yields fob ∼ 10−1 (nob  fob (l(zi = 104 , 0))−3  fob × 10−6 Mpc−3 ,
whereas in X-ray observation 16), 21) this is nob (LX ≥ 1044 erg s−1 )  3×10−7 Mpc−3 ,
and in optical observation, 22) nob (M ≥ 1014 M )  10−7 Mpc−3 ).
Then the energy needed to complete the ionization within the mean separation
length is
Lion = nH (z)[lml (zi )]3 hν.
(15)
From the condition Ltot ≥ Lion , the reionization stage can be estimated as 1 + z 
(1 + zsat )((3Ωb fc GM02 /4R0 )/Lion )1/4  2.2 × ((fc /3)fob )1/4 , 4.9 × ((fc /3)fob )1/4 and
4.5 × ((fc /3)fob )1/4 for objects with zi = 104 , 105 and 106 , respectively. If we
adopt the value fob ∼ 10−1 , the reionization stage becomes too late, because QSO
observations show that the universe is reionized at least before z  5 (Gunn-Peterson
Eﬀect). 23)
Since we have neglected heating by compact objects, such as active galactic
nuclei (supermassive black holes), X-ray binaries and UV luminous massive stars,
the above estimates suggest that the contribution by these objects must be also taken
into account (see, e.g. Ref. 24)). If this is true, what kind of objects had contributed
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most to the reionization of the universe? The heating rate will be proportional to the
mass accreted into the parent objects with zi  104 − 106 , because the heating from
compact objects must be proportional to the number of such compact objects, which
must be proportional to the accreted mass. The ratio of the accumulated mass to
the background mass for each generation is proportional to fob ×((1 +zsat )/(1 +z))3 ,
because M = M0 ((1 + zsat )/(1 + z))3 . Then objects with zi = 106 (dwarf galaxies)
must be dominant before z = 0.8 (see Table I). However, as indicated by Silk,
Wyse and Shields, 19) several supernovae could disperse the interstellar gas of dwarf
galaxies. Thus it is diﬃcult to estimate precisely the contribution of objects with
zi  106 to the ionization of the universe.
Finally, the energy needed for the reionization of the horizon scale with zi  104
(∼ 40 Mpc at present) is estimated to be
Erei  Ωb × (40 Mpc)3 × (ρc /mH ) × hν  6 × 1060 erg  3.5 × 106 M c2 , (16)
where ρc is the critical density of the universe at present. This implies that a consumption of rest mass energy amounting to 3.5 × 106 M c2 is needed for the reionization of the horizon scale with zi  104 . From the QSO observations, there is a
−3
lower bound for the comoving number density (17.5 h−3
50 Gpc ) of luminous QSOs
(MB ≤ −26; L ≥ 8 × 1046 erg s−1 ) at z  4.3. 25) If such QSOs radiate at the Eddington critical luminosity, the QSO black hole mass must be M ≥ 6 × 107 M . Taking
the radiative eﬃciency of the accreted mass to be 0.1, the integrated energy emitted
by such a quasar is of the order of 6 × 106 M c2 . However, this is not suﬃcient for
the reionization of the universe because of its scarcity (∼ 10−3 /(40 Mpc)3 ). This estimate is used to derive the lower bound. Some other observations seem to be within
the same order of magnitude as the lower bound. 26) Therefore we conclude that at
least the most luminous quasars are not the main energy source of the reionization of
the universe. From these facts that the reﬂection model of AGN X-rays may be able
to explain the cosmic X-ray background as well as the UV ﬂux required to explain
the properties of QSO absorption lines. 24)
§3.

Hierarchical structure of astronomical objects

In the following we describe the characteristic features of objects with zi = 104 ,
106 , 107 and 103 , respectively. It is interesting that they seem to correspond
to the observed hierarchical structure of astronomical objects. The relations among
their mass, radius, velocity dispersion and X-ray luminosity are also investigated
from this point of view.
As noted in the Introduction, we have made the approximation that objects
triggered at zi become objects of the same mass and radius. In reality there is
some distribution of mass and radius. If we include such a probability distribution
function, the derived results would become much more complicated, and it would
be diﬃcult to understand the process and formation of the hierarchical structure
clearly. It seems better to adopt simplifying assumptions to present the framework
of this scheme for the moment.

105 ,
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3.1. Typical generations in hierarchical structure
3.1.1. Objects with zi = 104
The mass, radius and number density of CDM objects with zi = 104 obtained
from the simulation in our scheme 15) and by Eqs. (1), (2) and (13) are given in
Table I. The density distribution 15) of CDM is
ρ(r)  10−16 (r/0.1 pc)−3/2 g cm−3 .

(0.1 pc < r < 1.5 Mpc)

(17)

These are comparable to the observed characteristic values of clusters of galaxies.
Density distributions with the power-law dependence ρ ∝ r−3/2 in the outer region
are inferred from X-ray observations. 27) Moreover, the observed X-ray luminosity
could be explained by this scheme (see §3 II-d). The interpretation is that clusters
of galaxies are still accumulating dark matter as well as baryonic matter. At present
some fraction of inwardly falling matter would be in the form of objects with zi 
105 −106 , corresponding to galaxies and/or dwarf galaxies which would retain diﬀuse
gas components. 18) It is also noted that clusters are not so fully virialized (at least
for galaxies) as commonly believed, especially in the outer region.
The horizon radius at zi = 104 expanded up to
√the present is ∼ 40(a/a0 )/2 Mpc,
2
and the accumulating radius is ∼ 1.5(a/a0 ) × 3 3 Mpc, where a is the expansion
parameter (scale factor) of the universe, having the present value a0 . Therefore the
mass accretion to clusters of galaxies will continue more than three expansion times
(a/a0  3) from now on until it completes.
The mass function, correlation function and other features of clusters of galaxies
are also explained in this model. 14), 28) It naturally follows that the brightest cluster
members such as gE, D and cD galaxies exist at the cluster center. 29)
3.1.2. Objects with zi = 105
The simulated mass and radius of CDM objects with zi = 105 are given by
Eqs. (1), (2) and in Table I. The density distribution 15) of CDM is
ρ(r)  10−15 (r/0.01 pc)−3/2 g cm−3 .

(0.01 pc < r < 2.5 × 102 kpc)

(18)

The number density is also given in Table I. These are comparable with characteristic
values for galaxies. As mentioned above, the accumulation of dark matter toward
such objects has been completed at z  0.8. Hence it may not be so common for such
objects to be luminous in X-rays. Although they may emit a great quantity in Xrays before z  0.8, when dark and baryonic matter accrete on these crossing points,
today the X-ray bright generation has shifted from galaxies to clusters of galaxies on
the whole. (However, objects with zi  104 have been most luminous.) We discuss
X-ray luminosities (§3 II-d) and the evolution of these objects into galaxies (§4 I)
below.
3.1.3. Objects with zi = 106
The mass, radius and number density for objects with zi = 106 are given in
Table I. The density distribution 15) of CDM is
ρ(r)  10−12 (r/10−4 pc)−3/2 g cm−3 . (10−4 pc < r < 10 kpc)

(19)
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Although there are not so many observations about dwarf galaxies, the derived values are not so much diﬀerent from the characteristic ones of dwarf galaxies. The
accumulation of CDM toward such objects was completed at z  3.1. There could
be an extension of the period of star formation 30) if gas is not completely removed
from dwarf galaxies by X-rays or UV heating from nearby objects with zi  104 −105 .
Also, if they exist close to objects with zi = 105 , the heating from them may suppress
the formation of stars in the outer envelope of dwarf galaxies. 30)
In addition, most of them must have already accumulated toward galaxies, because the observed mass fraction of dwarf galaxies is very small compared to galaxies
in the low galaxy density ﬁeld and local groups of galaxies. 31), 32) As stated above,
the extended envelopes of dwarf galaxies are suppressed if they are located near the
parent galaxy. When dwarf galaxies accreted into galaxies, their extended envelopes,
if they existed, were destroyed by tidal interaction with the parent galaxy 33) and
other inwardly falling objects, and their central parts would remain as some globular
clusters as fossils of accreted dwarf galaxies. Such a view of the origin of globular
clusters arising from captured dEn galaxies has been proposed by Freeman 34) as the
Searle-Zinn picture. 35)
In the high galaxy density region (e.g. Coma cluster and Virgo cluster), the mass
fraction of dwarf galaxies seems not to be small. 30) They are accreted not only into
galaxies but also into the larger gravitational potential with zi = 104 . Thus many
dwarf galaxies will remain and could be found there.
3.1.4. Objects with zi = 107
The mass, radius and number density of CDM for objects with zi = 107 are
given in Table I. The density distribution of CDM is
ρ(r)  10−12 (r/10−6 pc)−3/2 g cm−3 .

(10−6 pc < r < 6.8 × 102 pc)

(20)

These values seem to be comparable to characteristic quantities for globular
clusters, but there is not enough matter for the Jeans instability to grow within
their potentials before z ≥ 6. Therefore the above values should be taken as the
lower limits of the mass and radius for a single luminous object (smallest dwarf
irregular galaxies). The lowest observed mass of dwarf galaxies is 3 × 106 M , 32)
which is very close to the mass of objects with zi  107 . However, there remains
the possibility that stellar systems will be formed therein, because the shock waves
propagate from nearby objects with zi  103 − 106 . In any case most of the smallest
dwarf irregular galaxies must have accreted into dwarf or normal galaxies.
As described above, at the present time clusters of galaxies are accumulating
galaxies observed as E or SO galaxies there, while these galaxies have previously
accumulated dwarf galaxies, and the dwarf galaxies have accumulated objects with
zi = 107 . Such dark matter potentials causing the formation of hierarchical structure, 15) if they are not disrupted, could perhaps be observed in the future using
sophisticated telescopes (8 and 10 m-telescopes with good CCD-cameras and adaptive optics) and techniques.
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3.1.5. Objects with zi = 103
Finally, the mass, radius and number density for objects with zi = 103 are given
in Table I. The density distribution of CDM is
ρ(r)  10−19 (r/0.86 Mpc)−3/2 g cm−3 .

(1 pc < r < 0.86 Mpc)

(21)

The number density of such objects is 10−3 times that of rich clusters of galaxies.
Thus these objects will rarely be observed. However they will gradually capture
clusters of galaxies in the future until 30 times expansion of the present universe. 15)
Their mass and radius will ﬁnally reach M ∼ 7 × 1017 M and R ∼ 800 Mpc.
It is diﬃcult to consider that objects with zi  103 will be accumulated toward
objects with zi  102 and so on, because the universe becomes very inhomogeneous
after z  102 and the inhomogeneity of CDM suppresses the wake formation (with
zi ≤ 102 ). 13)

Fig. 1. Mass vs radius for objects with zi  103 − 107 . The relation between the present mass
(M ) and radius (R) for objects with zi  103 − 107 is described by the solid curve. The case
of Mlum = fM M and Rlum = fR R with fM = 0.1 and fR = 0.2 is indicated by the dashed
curve. Objects with zi = 103 , 104 , 105 , 106 and 107 are denoted by squares, circles, stars,
triangles and inverse triangles, respectively (on the solid and dashed curves). The observed
values for galaxies and dwarf galaxies in nearby (≤ 102 Mpc) local groups 33) are indicated by
large diamonds. Their radii are determined with the arithmetic mean for all mass
√ in the range
10n −10n+1 M with n = 6, 7, 8, 9 and 10 and the corresponding mass is taken as 10×10n M ,
respectively.
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3.2. Correlations among characteristic values of formed objects
3.2.1. Mass vs radius
The mass-radius (M -R) relation for objects with zi  103 − 107 are displayed
by the solid curve in Fig. 1, where objects with zi = 103 , 104 , 105 , 106 and 107 are
denoted by the small squares, circles, stars, triangles and inverse triangles, respectively (on the solid curve). The observed values for galaxies and dwarf galaxies are
obtained from nearby local groups (≤ 102 Mpc) 32) and denoted by large diamonds
in each order of mass scale. If we consider that gas has contracted and formed luminous objects within the CDM potential, the observed results should be compared
with Mlum = fM M and Rlum = fR R, introducing the fractional factors fM and fR .
The relation between Mlum and Rlum with fM = 0.1 and fR = 0.2 is represented
by the dashed curve in Fig. 1, where the corresponding objects with zi = 103 , 104 ,
105 , 106 and 107 are indicated by the same symbols as for CDM objects (on the
long dashed curve). With this correction, the M -R relation comes to agree better
with the observation in the mass range 109 − 1012 M . However, in the mass range
106 − 109 M , luminous objects seem to be distributed extensively within the dark
matter potential. This may be due to the shallow potentials of these objects.

Fig. 2. Mass vs dispersion velocity for objects with zi  103 − 107 . The relation between the mass
and dispersion velocity is represented by solid curve. The case of Mlum and Rlum with fM = 0.1
and fR = 0.2 is indicated by the dotted curve. The Tully-Fisher relation, L(∝ M ) ∝ v 4 , is
represented by the long dashed line with the normalization v = 200 km s−1 at 1012 M . Other
symbols are the same as in Fig. 1. Small diamonds represent the observations of the Galactic
dwarf spheroids. 34)
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3.2.2. Mass vs dispersion velocity
The relation of the mass and dispersion velocity (v = (2fc GM/R)1/2 with fc =
1) is represented in Fig. 2 by the solid curve. The case of Mlum and Rlum with
fM = 0.1 and fR = 0.2 is represented by the dotted curve. Assuming that the
luminosity is proportional to the mass
√ and that the rotation velocity vR 4is related
to the dispersion velocity v as v = 2vR , the Tully-Fisher relation L ∝ vR ( ∝ M )
is obtained. This is represented by the long dashed line 36) with the normalization
v = 200 km s−1 at 1012 M . The observed values for nearby local groups are denoted
by large diamonds. 32) Other symbols, such as squares, circles, stars, triangles and
inverse triangles, are the same as in Fig. 1. The small diamonds represent the
4 ∝ M holds almost
observation of the Galactic dwarf spheroids. 33) The relation vR
8
14
exactly in the range 10 ≤ M/ M ≤ 10 .
3.2.3. Radius vs dispersion velocity
The simulated relation between the radius R and the dispersion velocity v is
represented by the solid curve in Fig. 3. The case of fM = 0.1 and fR = 0.2 is
represented by the dotted curve. The observed relation 37) R ∝ v 1.45 is described by
the long dashed line with the normalization v = 102 km s−1 at R = 10 kpc. The
predicted relation in this scheme seems to be correlated to the observation at around
10 − 102 km s−1 .

Fig. 3. Radius vs dispersion velocity for objects with zi  103 − 107 . The relation between the
radius and dispersion velocity is represented by the solid curve. The case of Mlum and Rlum
with fM = 0.1 and fR = 0.2 is indicated by the dotted curve. The observed values for nearby
local groups are indicated by large diamonds. The observed relation R ∝ v 1.45 is represented
by the long dashed line with the normalization v = 102 km s−1 at R = 10 kpc.
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3.2.4. X-ray luminosity vs dispersion velocity
We present the X-ray luminosity vs dispersion velocity in Fig. 4. The X-ray
luminosity is taken from Eq. (3a) and the dispersion √
velocity is estimated by v =
(2fc GM/R)1/2 , where we take fR = 0.2 (fc = 3 − 2 fR  2). The long dashed
line represents the X-ray luminosity at its maximum (at z = zsat for each zi object
and z = 0 if 1 + zsat < 1). Then we have to include the decay factor from the
maximum luminosity, because after z  zsat the X-ray luminosity would decay due
to the decrease and/or the exhaustion of inwardly falling matter. Although it is
diﬃcult to estimate Lx after z = zsat , we estimate it by assuming an exponential
decay as
(22)
Lx = L0 × exp(−cdecay (t0 − tsat )/tsat ),
where t0 and tsat = t0 /(1 + zsat )3/2 are the present and the age of the universe at
z = zsat , respectively. The solid line depicts the case for cdecay = 1, taking into
account that the cooling time for hot interstellar medium is of the order of tsat
corresponding to zsat .
The observed X-ray luminosities 38) and velocity dispersions 39) for clusters of
galaxies are indicated by the diamonds. The dotted line indicates the observed
correlation between Lx and v (Lx  4.2 × 1044 (v/103 km s−1 )4 ) for clusters of galaxies. 16) The observed X-ray luminosities for early-type galaxies are plotted by the

Fig. 4. X-ray luminosity vs dispersion velocity for objects with zi  103 − 107 . X-ray luminosity
of Eq. (7) and the dispersion velocity with fR = 0.2 is given by the solid line. Equation (3a)
with fR = 0.2 at z = zsat (z = 0 for 1 + zsat < 1) is plotted by the long dashed line. The
observed X-ray luminosities 38) and velocity dispersions 39) for clusters of galaxies are indicated
by diamonds. The dotted line represents the relation Lx  4.2 × 1044 (v/103 km s−1 )4 obtained
for clusters of galaxies. 16) The observed X-ray luminosities for early-type galaxies are plotted
by triangles. 40) The lower left one is NGC221.
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triangles. 40) The lower left one is NGC221. It has been noted that Lx is dominated
by discrete sources for early-type galaxies. 40), 41) As we use Lx for the diﬀuse component, the solid line should be taken as the indicator of the lower limit for early-type
galaxies.
Even though there are simpliﬁed assumptions, this scheme could explain the
characteristic observed X-ray properties of clusters of galaxies and early-type galaxies.
§4.

Discussion

4.1. Evolution into galaxies
The mass and radius of accumulating objects increase with time as shown by
Eqs. (1) and (2). The typical values of objects with zi = 105 are presented in Table II
at z = 10, 8, 6, 4, 2, 0.8 and 0, respectively. One should note that the increase in the
mass and radius of galaxies is very rapid after z  4, and especially after z  2. The
mass and radius of inwardly falling objects at each stage (objects with z  zsat ) are
also given there by asterisks (*). Also, the mass and radius of inwardly falling objects
increase with time. Moreover, there must be relatively homogeneous components of
falling matter. Objects with zi  105 seem to correspond to bright or giant galaxies.
From the observed rotation velocity vR  v, objects with zi  3 × 105 seem to
correspond to small galaxies (see Table I). Then normal spirals of vR  200 km s−1
seem to correspond to objects with 105 < zi < 3 × 105 . Even though heated up
by the X-rays from the parent object, the inwardly falling objects and CDM may
retain some fraction of baryonic gas components. If the conﬁguration is non-spherical
due to diﬀerences in the strength of wakes and/or crossing angles of three wakes,
the accumulated baryons eventually tend to form a disk when suﬃciently cooled.
However the stellar components of the inwardly falling objects would linger about
the center and form a stellar halo.
If the central parts of inwardly falling objects are not destroyed by the tidal
Table II. Evolution into galaxies for objects with zi  105 at various stage. The characteristic CDM
mass and radius of object with zi  105 at various stages represented by z are presented. The
fractions of mass and radius of accumulated objects at each stage compared with the ﬁnal values
are estimated by [(1 + z)/(1 + zsat )]−3 and [(1 + z)/(1 + zsat )]−2 , respectively. The luminous part
should be taken to be within Rlum = fR R (fR  0.1 − 0.2) and Mlum = fM M (fR  0.05 − 0.1).
The asterisk (*) indicates the typical mass and radius of inwardly falling objects at each stage
z.
 (1 + z) −3
 (1 + z) −2
z
M (M )
R (kpc)
M *(M )
R* (pc)
(1 + zsat )
(1 + zsat )
10
0.4%
1.5 × 1010
3%
6.7
∼ 10
∼ 10
8
0.8%
2.8 × 1010
5%
13
∼ 103
∼ 102
6
1.7%
6.0 × 1010
9%
23
∼ 3 × 106
∼ 7 × 102
11
8
4
4.7%
1.6 × 10
13%
32
∼ 10
∼ 3 × 103
11
9
2
22%
7.6 × 10
36%
90
∼ 4 × 10
∼ 104
12
11
0.8
100%
3.5 × 10
100%
250
∼ 10
∼ 5 × 104
12
0
100%
3.5 × 10
100%
250
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force of parent object, they will survive to be found as some globular clusters. The
diﬀerence in the number of globular clusters between E and S type galaxies may be
due to the diﬀerence in the geometrical conﬁguration of CDM potentials to destroy
the inwardly falling objects by tidal forces. 42) During such tidal interactions with
the parent object and/or interaction with neighboring inwardly falling objects, star
bursts may occur in the inwardly falling objects.
For S-type galaxies, the disk component is stable if there is no accretion of large
mass components in the last several Gyr. From this scheme, objects with zi  105
and 3×105 are considered to have almost ceased the accumulation of inwardly falling
objects after z  1 and 2, respectively. On the other hand, this scheme indicates also
that disk components are formed after z  zsat , due to the decrease of heating by
falling objects. After z  zsat , a gaseous (geometrically) thick disk would be cooled
down to become a geometrically thin disk.
The main part of the bulge component would be formed through a self-regulated
star formation out of a low angular momentum gas cloud before z  zsat . However,
even after z  zsat some fraction of gas is thrust into the bulge through angular
momentum transfer, and stars are formed there.
The size and mass of objects with zi  105 and 3 × 105 have almost completed
growth at z  1 and 2, respectively. Then the number of these objects have been
almost conserved over the last several Gyr. However, the number of lower mass
galaxies (subgalaxies and/or dwarf galaxies) has decreased greatly before z  1 − 2
due to the accumulation to larger galaxies. If they accumulate into a cluster of
galaxies (an object with zi  104 ), dwarf galaxies could survive there due to a much
larger and extended dark matter potential (corresponding to a weak tidal force).
This would explain the diﬀerences in the number ratio of E, S, dE and dSp for
diﬀerent environments. 31)
The mass range of dwarf galaxies extends to 106 − 1011 M . Even though the
mean number density of these objects is greater than galaxies of M  1012 M ,
the mass fraction of these objects will be much less than galaxies. 32) Therefore we
have to assume that most dwarf galaxies have been inevitably accreted into galaxies,
except in clusters of galaxies. The violent clustering (or accumulation) of objects
with zi  106 − 1011 to objects with zi  105 has occurred during z  6 − 1.
From the preliminary estimate in this scheme, the violent accretion of dwarf
galaxies into large systems with zi  105 is complete at present. At the present time
galaxies are moving into clusters of galaxies. However, there will be no star bursts,
because baryons have almost all changed to stars in objects with zi ≥ 105 . The
mass fraction of the interstellar medium is a few % in our galaxy, which may be a
typical value for spiral galaxies. Although the transition of diﬀuse baryons to stars
must have occurred violently in galaxies before z  1 and later become stationary,
the fraction of the diﬀuse baryonic component in intergalactic space to total baryons
is not well known. Inferring from the ratio of the gas mass to the stellar mass in
clusters of galaxies, the fraction would still be considered 43) to be of order 1.

Hierarchical Structure of Astronomical Objects in the Cosmic String Scheme 67
Table III. Evolution into clusters of galaxies for objects with zi  104 . The same as Table II except
for objects with zi  104 .
z

(1 + z)−3

M/ M

(1 + z)−2

R (kpc)

M ∗ / M

R∗ (pc)

10
6
4
2
1
0.5
0

7.5 × 10−2 %
0.3%
0.8%
3.7%
13%
30%
100%

9.8 × 1010
3.8 × 1011
1.0 × 1012
4.8 × 1012
1.6 × 1013
3.9 × 1013
1.3 × 1014

0.8%
1.2%
4.0%
11%
25%
44%
100%

12.
19
60
170
380
670
1500

∼ 10
∼ 3 × 106
∼ 108
∼ 4 × 109
∼ 1011
∼ 1012
∼ 3 × 1012

∼ 10
∼ 7 × 102
∼ 3 × 103
∼ 104
∼ 5 × 104
∼ 105
∼ 5 × 105

4.2. Evolution to cluster of galaxies
The typical physical values of objects with zi = 104 at z = 10, 6, 4, 2, 1, 0.5
and 0 are presented in Table III to trace the evolution of clusters of galaxies. The
mass and radius of inwardly falling objects at each stage are also indicated there by
asterisks (*). The increase in mass and radius of clusters 44) is very rapid after z  1
and/or 0.5. Therefore the evolution of clusters could be detected by observations, and
indeed the evolutions of X-ray luminosities and the morphology of cluster galaxies
are suggested by observations. 44), 45)
A dependence of the morphology of galaxies on the distance from cluster center
has been observed in rich clusters of galaxies. 46) There could be two mechanisms
to generate such a morphological diﬀerence. One is the diﬀerence in the formation
epoch. Under this scheme it could be inferred as following. The early-type galaxies
are formed early, due to the great strength of wakes and a symmetrical conﬁguration.
On the other hand, the strength of wakes for late type galaxies is not strong compared
with early-type galaxies. Then the completion of CDM falling toward galaxies will
be delayed for an asymmetrical conﬁguration and/or weak strength of the wake. If
we consider this possibility, the formation epoch of spiral galaxies must be delayed
after z  2 and/or  1, especially for the disk components.
The second mechanism is the depletion of interstellar gas from galaxies by the
high density intracluster medium (ICM). The evolution of disk components is suppressed and the conversion of spiral types to SO types may occur through tidal
interaction with parent object and other neighboring galaxies. 44) This eﬀect could
be inferred from any formation scheme. Perhaps both mechanisms will reproduce
the morphological diﬀerence with the distance from cluster center.
From the gas to star ratio Rg-s in clusters, where Rg-s ranges about from 1 to 6,
and the chemical abundance of ICM, which is about 20 – 40% of the solar abundance.
Such a fraction of the ICM must have been the interstellar medium of galaxies (or
dwarf galaxies). 43) There is a possibility to explain those observations in this scheme,
because gas has passed through small objects with 104 < zi < 107 .
4.3. Clustering and accretion
There should be a gravitational interaction among objects with zi  103 −
which is usually called clustering. Tidal interactions and merging among those
objects have been observed, however, the accretion of smaller objects into larger

107 ,
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objects (at the present time galaxies are accreted into clusters of galaxies) also should
not be neglected. This accretion determines a CDM distribution of the form ρ ∝
r−3/2 around the formed object. The cosmic string scenario seems to be similar to
the standard CDM scheme in some aspects. However, the main diﬀerence is the
accretion eﬀect. As stated above, clustering phenomena occur even in the cosmic
string scheme. Gravitational interactions among objects of the same zi should be
considered clustering beyond the horizon scale of zi . However there is a tendency
for them to accrete into larger objects. It seems that there is no such object with
zi  104 in nearby groups of galaxies. Then the interaction among local groups
of galaxies could be considered as clustering. Although it is diﬃcult to determine
whether the interactions are caused by clustering or accretion, it seems more diﬃcult
to derive the observed density distribution around formed objects through clustering
than through accretion.
§5.

Conclusions

Although details must be studied more closely, this simple model, where three
wake crossings are triggered by cosmic strings, could explain the hierarchical structure of clusters of galaxies, galaxies and dwarf galaxies. The interesting point is
that smaller objects (triggered earlier because of high zi , however Jeans instability occurred there later 15) because of small CDM potentials) have completed their
formation earlier because of relatively large zsat and accumulated into larger objects later. For example, dwarf galaxies are accreted into galaxies and observed as
some globular clusters (This process is already mostly completed.) and galaxies are
accreted into clusters of galaxies (This process is still proceeding.). This scheme predicts the accumulation of clusters of galaxies toward superclusters of galaxies (This
process seems to become noticeable just recently.), and it has already been indicated
by observations. 47), 28)
The characteristic values of these objects, such as mass, radius and density distribution, can be explained in this scheme by taking a suitable value of one parameter,
Gµβγ. Even though the estimates are made on very simple assumptions, it is interesting to note that the obtained results are not very diﬀerent from observations.
Considering the accumulation of CDM and baryons into clusters of galaxies, their
X-ray properties could also be explained. Heating by the release of gravitational energy when matter falls toward galaxies and clusters of galaxies is insuﬃcient for the
reionization of the universe before z  5. Therefore some other heating mechanism
or active sources are required.
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