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We investigate the thermodynamical and hydrodynamical effects on the structure formation on 

scales of 20h- 1 Mpc in the Einstein de-Sitter universe by three-dimensional numerical simulation. 

Calculations involve cosmological expansion, self-gravity, hydrodynamics, and cooling processes with 

100 X 100 X 100 mesh cells and the same number of CDM particles. Galactic bursts out of young 

galaxies as a heat input are parametrically taken into account. We find that the thermodynamics of 

the intergalactic medium plays an important role in formation of galaxies, the rate of galaxy 

formation depends on the amount of the energy burst from galaxies, and that the critical energy scale 

to affect the structure of the universe is 1057
-

59 erg. 

§ 1. Introduction 

Recent observations reveal the large scale structure of the universe. The feature 

of the "Great Wall" was found from the CfA survey. 1) The periodic structure was 

discovered by the pencil beam survey2) and it has been clarified, from the observations 

of the other direction, that it may be the cellular structure. As for the ther

modynamical properties of the universe, observations of X-ray have clarified the 

properties of intracluster gaseous matter and active galactic nuclei. The evolution of 

the observed luminosity function of X-ray clusters is an important evidence that the 

temperature and the density of the intracluster gas evolve due to the gravity of 

clusters and/ or the activity of galaxies. The HI optical depth3
) of the intergalactic 

medium (IGM) is estimated from QSOs spectra. Then hydrogen in the IGM is found 

to be highly ionized at redshift Z<4,4) which does not agree with model prediction of 

structure formatiol). as described later. 

On the other hand theoretical views on the structure of the universe have mainly 

pointed at the distribution of galaxies, and many researchers have carried out cos

mological N-body simulations.5
)-8) However galaxy formation rules based on 

crowdedness of collisionless particles, such as identifying particles at high density 

peaks with "galaxies", are less physical meaning. A galaxy must be constructed 

from the gaseous matter. The thermodynamical effect such that thermal pressure 

plays an important role for this process since it may prevent fluid from collapsing 

gravitationally. Actually, when the system of the scale length R has the temperature 

T, and the gravitatibnal mass density Pt, the ratio of the thermal energy to the 

gravitational energy is written as 6.9 x lO-6( T/IK)(R/lh~IMpc)-2(Per/Pt), where Per is 

the critical density of the universe. This ratio becomes larger than unity locally for 

the system to be considered here. The N-body method does not include the ther

modynamical effect properly and may lead to overestimate the crowdedness of 

galaxies in their analyses. Thus that method may be too simple to simulate the real 

situation of the large scale structure of the universe. Development in observations 
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356 K. Yamashita 

described above requires more realistic model calculations. 

Recently the hydro dynamical simulations for the universe were carried out by 

several authors.9H3) These works take galaxy formation from baryonic fluid and the 

cooling processes into account and then the reality is increased. However we would 

point out the following lack in their calculations. As pointed out by Cen et al.,ll) the 

number of mesh cells used in Ryu et aUO) is small, 323
, and the spatial resolution is 

insufficient. Because thermodynamical criteria are not included in their galaxy 

formation rule, too many galaxies may be formed at late epoch in the universe and the 

IGM may be heated too high .. Furthermore the energy of a galactic burst of 1060 erg 

adopted by Ryu et al. IO) seems to be too large since it much exceeds the binding energy 

of a galaxy with 109M"" ~ 1056 erg, corresponding to mass scale of galaxies formed in 

their simulation, according to the empirical study by Saito.14) Although calculation 

of the cooling processes in Cen et al.ll)-13) are advanced, galaxy formation is resolved 

poorly in time and heating mechanism such as galactic bursts used by Ryu et al. IO) is 

not taken into account. This incompletion should be considered. 

The problem considered here has many "parameters" such as the cosmological 

parameters, the initial spectra of density perturbation,. the ratio of baryon and dark 

matter, the criteria of galaxy formation, and an activity of galaxies. Here we 

investigate the effects of an activity of galaxies and galaxy formation on the prop

erties of the intergalactic medium, galaxies, and dark matter by three dimensional 

hydro dynamical simulation. In particular the thermodynamical history of the IGM 

and the spatial distributions of the IGM, galaxies, and dark matter are well discussed. 

This paper is organized as follows. The equations and the methods of calcula

tion are given in § 2. In § 3, we show the results of our simulations. Finally § 4 is 

devoted to the conclusions and discussion. 

§ 2. Formulations 

The system we consider here includes expansion of the universe, local gravity and 

hydrodynamics. The hydrodynamical properties of baryonic matter depend on the 

thermal processes such as heating and cooling. We describe equations for this 

system and give methods to solve them. 

2.1. Cosmological expansion 

Cosmological expansion in the Friedmann-Robertson-Walker model is given by 

(1) 

where a, t, Ho, s.?o and ;\0 are the scale factor, the cosmological proper time, the 

present-day Hubble constant, the density parameter, and the cosmological constant 

normalized by 3H02
, respectively .. We adopt the cosmological parameters, for sim

plicity, as s.?o=l, ;\0=0 and h=Ho/(100 km/sec/Mpc)=l in our calculations. 

2.2. Gravity 

We do not consider any strong gravitational sources, much early epoch of the 
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A Numerical Study of Galaxy Formation 357 

universe, and the horizon scale of the universe. Then we treat the local gravity 

which is given by Newtonian force as follows, 

(2) 

where ¢ and p are the proper peculiar gravitational potential and the comoving 

density o{matter which consists of dark matter, galaxies and baryonic matter, and <> 
denotes the spatial average. As for the method of numerical calculation, we adopt 

the cloud-in-cell (eIe) method/5
) in order that the mass of dark matter and galaxies 

is assigned into the density. Equation (2) is solved using FFT since the periodic 

boundary condition is imposed. We should note that the resolution of the force 

calculated by the eIe scheme is limited above 2 meshes. 

2.3. Equations of motion of particles 

Dark matter and galaxies are treated as particles. Whole of dark matter 

particles have the same mass, while galactic particles have different mass according 

to our formation rule described later. The motion of each particle is given by 

dVi +~V,= _-.1 a¢ 
dt a l a aXi' 

(3) 

(4) 

where Vi and Xi are the proper peculiar velocity of particles and the comoving 

coordinates of particles, respectively, with i=l, 2, 3. We use the time-centered-Ieap

frog method10
),15) to integrate Eqs. (3) and (4) numerically. The part of solving 

gravity has been checked with the Layzer-Irvine test. Then we have found that the 

accuracy of energy conservation is greater than 99%. 

2.4. Hydrodynamical equations 

The intergalactic baryonic matter follows the hydrodynamic equations, which are 

primarily conservative form and couple to the cosmic expansion, Newtonian gravity, 

and, thermal processes. The mass conservation equation is 

(5) 

The Euler equations are 

(6) 

The energy "conservation" equation is 

aE 1 a [( ) _ 2 it 1 a¢ 
-at +--::1- E+p uk]---E--Pbuk-a--Acool+Aheat-AIoss. (7) 

a UXk a a Xk 

Here we denote Pb, Ui, Xk, Aheat and AC001, respectively, as the comoving density of the 

IGM, the proper peculiar velocity of the IGM, the comoving coordinates, the rate of 

heating burst from galaxies, the cooling/heating rate including bremsstrahlung cool-
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358 K. Yamashita 

ing, recombination cooling, dielectronic recombination cooling, ionization cooling, 

line cooling, which are hereafter called "collisional" cooling and Compton cooling. 

The thermal pressure and the comoving total ~nergy density, that is the peculiar 

kinetic energy density plus the thermal energy density of the IGM, are denoted as p 

'and E, respectively. When a galaxy is formed in a cell, as described in § 2.6, the 

conservation is violated by Ogal and illoss which are the rate of the mass transformed 

into galaxies, and the rate of energy loss due to galaxy formation, respectively. We 

adopt the specific heats 5/3. 

These equations are integrated by the Roe method which dO'es not need an 

artificial viscosity and is a well conserving scheme.16
) We adopt . first order of 

accuracy because of avoiding occurrence of negative pressure, which will be im

proved. Since the resolution of the CIC scheme is limited above 2 meshes, calculation 

of higher order of accuracy is less needed at this time. Time step is determined by 

the minimum of Hubble time scale, free-fall time scale, cooling time scale, and 

hydro dynamical time scale which is (length of one mesh) /Vsound and then explicit Euler 

advancing is carried out. The hydro dynamical part of the code has checked with the 

point explosion excluding cosmological expansion and any source terms, which is 

known as the Sedov solution. We have found that the total energy is conserved in 

99% accuracy and the shock detection can be done in 2 meshes. 

2.5. Cooling rate 

As for the cooling rate of ileool in Eq. (7) we conventionally use the table given by 

Kang and Shapiro/7
) which is based on the equilibrium cooling of a primordial 

hydrogen and helium gas. Here we sh<?uld note that full ionization of H and He is 

satisfied at temperature T <:105 K and that the "collisional" cooling is effective at T 

~ 104
-

5 K, according to Kang and Shapiro.17) These temperatures are important to 

understand the behavior of the matter. 

2.6. Galaxy formation and heating by galactic bursts 

Criteria of galaxy formation are imposed for cubic neighboring 8(=23
) cells 

because of the limit of the resolution in our code to be the 2 meshes. Of course 27 

(=33
) cells or more cells are preferable to compare with the observations but the CPU 

time of numerical calculation is limited. So we investigate what we can do with the 

neighboring mesh cells here. We adopt the following rule for galaxy formation. If 

the neighboring eight cells satisfy whole of five conditions as follows, (i) MlGM2:MJeans, 

occurrence of gravitational instability, (ii) /7u<O, collapsing phase, (iii) Mtat 2: 

Q'l<Mtot>, (iv) MlGM2:Q'2<MlGM>, the meanings of (iii) and (iv) are described later, and (v) 

T < 2 X 105 K, cooling to be effective, then a "galaxy" is forced to be formed at the 

center of mass of the eight cells. Here MlGM, M tot, MJeans and u are the mass of the 

IGM, the mass of baryon and dark matter, the Jeans mass, and the velocity of the 

IGM, respectively. A formed galaxy is treated as a particle that its mass is 90%, 

which is unknown in reality, a parameter fixed here, of mass of the neighboring eight 

cells and that its initial velocity is sum of the velocities of the eight cells. Galaxies 

move according to Eqs. (3) and (4) as well as dark matter particles. The conditions 

(iii) and (iv) seem to b~ somewhat artificial while they are well known as "biased 
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A Numerical Study of Galaxy Formation 359 

galaxy formation". The reasons of adopting these conditions here are the following. 

The condition (iii) means that galaxies should not be formed at the beginning of 

calculation. The condition (iv) is needed in order not to form galaxies at the same 

point sequentially. The coefficients al and a2 are just parameters, and then we here 

adopt al = 3 and a2 = 1 but other choices are also possible. When a galaxy is formed, 

for the eight cells the 90% of mass is subtracted, the velocity is kept, and the thermal 

energy is reduced to be the amount of 10% according to subtraction of mass so that 

the energy per a gas particle should be kept. Although the mass transformed into a 

galaxy is an unknown parameter, here we consider a single value of 90% which is used 

in Ryu et a1. 10
) The change of this parameter would affect the history of the IGM. 

As for an activity of young galaxies, we suppose that the energy of eM/109M", erg 

is emitted from a galaxy into the neighboring eight cells during 108 years after it is 

formed, where M is the mass of the galaxy and e is a parameter concerned with the 

explosion energy. We consider three cases, e=O, 5X10
56 and 5X10

59
• The energy of 

the second case corresponds to the binding energy of a galaxy when its mass is 

~ 109M"" according to Saito.14
) The energy of the third case much exceeds the 

binding energy, so the galaxy must be disrupted. Th~refore it seems to be unrealistic 

while the sizable energy input 1060 erg per one galaxy with 109M", is adopted by Ryu 

et a1. 10
) 

This procedure of galaxy formation and bursts described here is carried out at 

every time step. 

2.7. Initial conditions 

Initially, at a=0.05 in our normalization which a=l at the present time, the 

Zel'dovich displacements15
) for dark matter particles are carried out using the 

Zel'dovich-CDM spectra with the transfer function according to Bardeen et aU8
) and 

the same distribution for baryonic fluid is imposed. Their amplitudes are determined 

by the present-day amplitude of the two point correlation function at r=5h- 1 Mpc to 

be 0(1). The amount of baryon and dark matter are 2,=0.1 and Qd=0.9, respective

ly. Baryonic matter consists of 90% hydrogen and 10% helium by number. Calcula

tions are carried out during a=0.05-1.0 and the box size of all simulations are fixed 

to be 20h-1 Mpc. The number of mesh cells is 100 x 100 x 100 and the number of 

particles of dark matter is the same. 

§ 3. Results 

We totally calculate four cases. One is, the model (A), that galaxies are not 

formed. The other three are the model (B) e=O, the model (C) e=5 x 1056 and the 

model (D) e=5 x 1059
, as described in § 2.6. 

3.1. History of the density and the temperature 

We present the history of the density fluctuation of the dark matter and the IGM, 

and that of temperature of the IGM in Figs. ·l(a) ~ (d), which correspond to the models, 

(A)~(D), respectively. We also show the history of the cooling/heating rate in Figs. 

2(a)~(d). The galaxy formation rate is shown in Fig. 3 for the models (B) ",,(D). 
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360 K. Yamashita 

r-1l1T"-,-----,----,-,---,-,---,--,,,1 0 

---A-- Density of rGM ---A-- Density of IGM 
- -B - - Density of Dark Matter - -3 - - Density of Dark Matter 
~ Temperature 6f rGM ~ Temperature of rGM 

~' 7§: s 
--E-< 

~ ]' 

"" ..!l 
.' 

- 1 - 1 
0.1 Scale Factor 0.1 Scale Factor 

(a) (b) 

10 10 

---A-- Density of rGM ---A-- Density of rGM 
--3-- Density of Dark Matter --3-- Density of Dark Matter 

~ Temperature of rGM ~ Temperature of rGM 

, 

~' ~' ,0' 7.§: S , 

7§: -- .. 8' 
E-< 

~ , 
..9" , 

, , 

"" "" ..!l ..!l , 
. 

O. 1 Scale Factor O. 1 Scale Factor 

(C) (d) 

Fig. 1. The history of the density fluctuation of the dark matter and the IGM and the temperature of 

the IGM. The temperature is shown in units of Kelvin. (a)~(d) correspond to the models (A)~ 

(D), respectively. 

E-< 
be 

..!l 

For the model (A), the case of no-formation of galaxies, the density fluctuation of 

the IGM follows that of the dark matter when a::SO.4 and it is bounced when a<O.4. 

This is because the "collisional" cooling which is important at high density regions, 

becomes ineffective as the universe expands and then the temperature at high density 

regions becomes so high that the pressure prevents such the region from collapsing 

gravitationally. The gravitational heating is always important in the system totally 

and it tries to heat IGM up to 107 K in the age of the universe. The rate of 

"collisional" cooling which is proportional to the square of the density of IGM is 

initially smaller than that of adiabatic cooling. While the rate of "collisional" 

cooling becomes large as the IGM is clustered, it decreases with expansion of the 
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-----b-- Collisional Cooling 

---B--- Compton Cooling 
~ Adiabatic Cooling 
- - Ei- - Gravitational Heating 
- - ~- ~_ Bursts Heating 

-----b-- Collisional Cooling 

---B--- Compton Cooling 
~ Adiabatic Cooling 
- - Ei- - Gravitational Heating 
- - ~- - Bursts Heating 

- - --- - - - - -- - - - -- -- -- - - - -- - - - -- - - 0 _______ _ 

-- - - --- - - - 0 - ______ _ 

31L ~~-L~LL ______ ~ __ -L __ L-~I~I~I~I~I 
0.1 Scale Factor 0.1 Scale Factor 

(a) (b) 

10 1 I I I I I I II I I I 

-----b-- Collisional Cooling 

---B--- Compton Cooling 
~ Adiabatic Cooling 
- - Ei- - Gravitational Heating 
- - 7<- - Bursts Heating 

-- - - - - - - --- --- -- - - 0 _______ _ 

--A-- Collisional Cooling 

---B--- Compton Cooling 
~ Adiabatic Cooling 

- -EJ-- - Gravitational Heating 
- - ~- - Bursts Heating 

0.1 Scale Factor 0.1 Scale Factor 

(c) (d) 

Fig. 2. The history of the rate of Compton cooling in Acoo1, the rate of line cooling, bremsstrahlung 

cooling, recombination cooling, dielectronic recombination cooling and ionization cooling in Acoo1, 

the rate of cooling by adiabatic expansion of the universe -2a/aE, the rate of gravitational 

heating - Pb uk/aB¢/Bxk, and the rate of heating by galactic bursts Aheat• They are the spatially 

averaged values in units of Kelvin per 10 Gyrs. Correspondence of (a)~(d) is the same as in 

Fig. 1. 

universe and the temperature increases above 105 K after a~O.4. Then the rate of 

"collisional" cooling becomes further small because it is not effective at temperature 

above 105 K. Since the rate of the adiabatic cooling is proportional to the tempera

ture, it finally exceeds that of "collisional" cooling. The rate of Compton cooling is 

much smaller than that of the other cooling/heating processes. 

For the model (B), the case that galaxies are formed but no galactic burst occurs, 

the density fluctuation of the IGM does not evolve apparently when a < 0.3 since most 

of galaxies are formed at this epoch and the mass of dense cells is subtracted by 
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0.1 Scale Factor 

.. . '. , , 

-ModelB 

-----ModeIC 

-- -ModelD 

tv', 

1 

Fig. 3. The galaxy formation rate for the models (B)~(D). The rate is normalized by the total 

number of formed galaxies for each model. 

0.5.-------------.-------.------.---, 

0.4 -

I:l 0.3-
o 

• .-< 
+-' 

S 
~ 0.2- , 

1\ .. 
1\ 

-ModelB 

----- Model C -

-- -ModelD 

-

-

Fig. 4. Mass function of galaxies for the models (B)~(D). The n.ormalization is the same as in Fig. 3. 

formation of galaxies. Galaxies are not formed frequently after a ~ 0.3 and subtrac

tion of the mass almost does not work at this time because the condition (v), T<2 

X 105 K, is not satisfied at high density cells. Then the density fluctuation of IGM 

increases. The rate of "collisional" cooling for the model (B) is much lower than that 

for the model (A) due. to subtraction of mass from high density cells. Therefore the 

temperature of IGM forthe model (B) increases gradually but it does at earner epoch 

than for the model (A). 

As for the model (C), the case of forming galaxies with the emission parameter 

E=5 X 1056
, the density fluctuation of the IGM does not evolve when a<0.2 and 

increases after a·~0.2 for the same reason as the model (B). The temperature rises 
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A Numerical Study of Galaxy Formation 363 

Fig. 5. Three dimensional plots of the density of 

the dark matter for the model (C) at present. 

The regions drawn correspond to p?::<p> 

+2<8p>. 

-~ 

a 

~ " q;. Or 

~ '" e 
(!i ~ ~ 

~ 

(a) 

Fig. 6. Three dimensional plots of the density of 

the IGM for the model (C) at present. The 

regions drawn correspond to p?::<p>+2<8p>. 

(b) 

Fig. 7. Three dimensional plots of the temperature of the IGM at present (a) for the model (C) and 

(b) for the model (D). The regions drawn correspond to T?::<T>+2<8T> for the model (C) and 

T?::<T> for the model (D). 

above 105 K earlier than for the model (B) due to the galactic bursts, so the rate of 

galaxy formation is smaller and starts to decrease earlier. We note that the number 

of formed galaxies is 55011 for the model (B), 16359 for the model (C), and 1232 for the 

model (D), that finally the gaseous baryonic matter left in the IGM is 54% of baryon 

for the model (B), 77% for the model (C), and 98% for the model (D), and that the 

condition (v) almost prescribes this trend. 

For the model (D), the case of forming galaxies and emitting a substantial energy, 
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364 K. Yamashita 

~ 

~ .-
(fi;1]) . v 

C> 

"0 '., 0 0° 
0 

(a) (b) 

Fig, 8. Contour plots of the density of the IGM at present (a) for the model (C) and (b) for the model 

(D). Thickness of a slice is one cell. The contour lines are PIGM=1.4n (PIGM) with n=O, 1, 2, "', 10. 

The contour levels increase as the solid line, the dashed line and the dotted line. 

(a) (b) 

Fig. 9. Contour plots of the temperature of the IGM at present (a) for the model (C) and (b) for the 

model (D). Thickness of a slice is one cell. The contour lines are T= r x 105 K with n=O, 1, 2, 

"', 10.where /=1.9 for the model (C) and /=2.2 for the model (D). The contour levels increase 

as the solid line, the dashed line and the dotted line. 

there is a curious feature in evolution of the density fluctuation of the IGM. The 

density fluctuation of the IGM grows a little faster than that of the dark matter when 

a:S0.1 because of compression of the IGM by shock waves emitted from galaxies. It 

does not grow when 0.1:S a:S 0.4 because the thermal pressure is high especially at the 

high density regions. Formation of galaxies is gradually ceased due to the condition 

(v). Shock waves which are formed at a:S0.1 propagate and cover the whole volume 

before a~O.4. Then the hot spots are not localized, which means that the tempera-
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-[ 

--IGM 

Dark Matter 

--- Galaxies 

[ 0 

r/O,2h-1Mpc 

1 0 0 

Fig, 10, Two point correlation function of the dark matter (dashed line), of the IGM (solid line), and 

of galaxies (dotted line) at present for the model (C). The bottom line is the two point correlation 

function of the dark matter and the IGM at initial time. 

ture at the high density regions is not 

always higher than that at the low den

sity regions, and the effect that the ther

mal pressure prevents the IGM from 

condensing becomes smaller. So the 

density fluctuation of the IGM grows 

again. We discuss the differences 

between Ryu et al.'s results10
) and ours in 

§ 4. 

We show a mass function of gal

axies in Fig. 4 for the models (B)~(D). 

Because the merging process and forma

tion of galaxies made by cells more than 

eight are not taken into account, it 

should not be compared with observa

tion such as the luminosity function. It 

provides whether the condition (iii), 

Fig. 11. Map of the location of the dark matter 

particles at present for the model (C). Thick

ness of a slice is 10 cells. 

total mass criterion, is effective for galaxy formation. The curve of the mass func

tion has a strong peak for the model (B) but the curves for the models (C) and (D) are 

flattened. So the condition (iii) strongly controls formation of galaxies for the model 

(B), but it seems less effective for the models (C) and (D), as seen in Fig. 4. The 

condition (v), the temperature criterion, plays an important role for the latter models 

since the regions which satisfy the condition (iii) have high temperature enough not 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
tp

/a
rtic

le
/8

9
/2

/3
5
5
/1

8
4
8
0
3
3
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



366 K. Yamashita 

to satisfy the condition (v) at earlier epoch due to bursts. 

The density fluctuation of the dark matter evolves in the same way for each 

model. This is because the dark matter couples to baryon only with gravity and its 

mass overwhelms mass of baryon. 

3.2. Distribution of IGM, galaxies and dark matter 

We present the 3-dimensional structures of the density of the dark matter and the 

IGM and the temperature of the IGM at present in Figs. 5~7. The 2-dimensional 

contour plots of the density of the IGM and the temperature of the IGM at present is 

shown in Figs. 8 and 9 for the models (C) and (D). We find that the structure of the 

density of the dark matter is not changed among the models for the reason described 

in the previous section and that the structure of the density of the IGM is also not 

changed much. The structure of the density of the IGM shows more largely con

nected feature than that of the dark matter, as seen in Figs. 5 and 6. This is because 

the thermal pressure is effective and the density of the IGM does not grow as well as 

I 

t~ 
~.~ 

J'" 

(a) 

(c) 

.~ .' .. 

".' 

" .. "' 

'.' 
.... 

." ·(·~~t··~:. 
" 

".: 

, 

, ....... . 

(b) 

Fig. 12. Map of the location of the galactic parti

cles at present (a) for the model (B), (b) for the 

model (C), and (c) for the model (D). Thick

ness of a slice is 10 cells. 
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that of the dark matter. This is more 

clearly shown in Fig. 10, which is the two 

point correlation function of the dark 

matter, the IGM, and galaxies at present. 

The condensation of the IGM is strongly 

suppressed on scales less than 2h- 1 Mpc, 

as compared with the curve of the dark 

matter. The two point correlation func-

tion shows almost the same feature for 

all models. As for the distribution of 

galaxies, we find that the two point 

correiation function of galaxies gives a 

better fit to that of the dark matter than 

8
1 I I I I I I 

- I 

367 

that of the IGM while its amplitude for -2 L--L-L--'---L-'---L--__ "--------'_-L---'------1----"----L-L! 

o. J Scale Factor 

galaxies is slightly larger than that for Fig. 13. The history of the optical depth of HI for 

the dark matter due to the condition (iii), the model (D). The arrows are the observed 

that is called biasing. The reason is as ones (Jenkins and Ostriker4J). 

follows. Although galaxies behave as the IGM at epoch of its formation, their 

behavior approaches that of the dark matter with time since galaxies are treated as 

collisionless particles. In our models galaxies are formed early enough to forget 

properties of the IGM. Thus the property of the distribution of galaxies is similar to 

that of the dark matter. Galaxies lie at the high density regions of the dark matter, 

as seen in Figs. 11 and 12. This is mainly due to the condition Gii), which is strong 

enough to limit the regions where a galaxy can be formed. 

We find from the three dimensional structure of the temperature at present, Fig. 

7, that the high density regions are always the high temperature regions for the models 

(A)~(C). On the other hand for the modelq») the coincidence between the locations 

of high density and those of high temperature seems to be small. These are also 

clearly shown in Figs. 8 and 9. The hot spots for the models (A)~(C) are mainly 

heated by the energy released by gravity at high density regions. In the model (D) the 

regions heated by strong bursts out of young galaxi~s, whose energy overwhelms the 

energy released by gravity, are not localized but cover the whole volume. Then the 

high density regions forget having high temperature previously. 

Although the mean temperature for all the models is finally greater than 105 K, all 

of the cells do not have temperature higher than 105 K. Therefore hydrogen cannot 

be fully ionized in the universe for our models and the optical depth of HI is much 

larger than unity, as seen in Fig. 13. 

§ 4. Conclusions and discussion 

We have presented the evolution and the distribution of the dark matter, the IGM, 

and galaxies by the three dimensional hydrodynamical numerical simulation. Cos

mological expansion, self-gravity, cooling processes, galaxy formation, and galactic 

bursts are taken into account. Formation of galaxies is carried out when cubic 

neighboring eight cells satisfy five criteria related with Jeans mass, velocities, biasing 
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for total mass and mass of gas and temperature. We have considered four models, 

which are the case of no-formation of galaxies, the case of formation but no-burst, the 

case of formation with a reasonable amount of energy of bursts, and the case of 

formation with an extremely large amount of energy of bursts. Then the evolution 

and the distribution of the density and the temperature, and the history of cooling are 

calculated for each model. We have shown that these are complicatedly coupled to 

the criteria of galaxy formation and galactic bursts. 

The "collisional" cooling is effective for 0.1 ~ a ~ 0.4 and the Compton cooling is 

negligible for the models of no-strong bursts. On the other hand the Compton cooling 

is more effective than the "collisional" cooling for the model of the strongest bursts 

since the difference between the temperature of the IGM and that of photon is much 

larger. 

As for the criteria of galaxy formation, the locations of galaxies are determined 

by the condition (iii) and the rate of galaxy formation is mainly controlled by the 

conditions (iii) and (v). The parameter ell determines the st;:trting epoch of galaxy 

formation and the temperature condition affects the ending epoch of that. In particu

lar for the model (D) the number of galaxies is much smaller than for the other models 

and the formation epoch is limited by a~0.2, while continuing galaxy formation at 

present time is shown in Ryu et al. IO
) Although the criteria are not studied here by 

changing their parameters, their effects on the evolution and the distribution of the 

IGM and galaxies may be large and the scenario we have shown above may be much 

changed. For example if we adopted ell =0, many galaxies would be formed at the 

places having nothing to do with the high density regions of the dark matter. In this 

analysis the effect of el2 is not clarified. 

As comparing our results with those in Cen and Ostriker/3
) we find they show 

essentially the same feature for the history of the IGM. So we confirm that our 

treatment of cooling and ionization is not inadequate. The difference in the epoch of 

galaxy formation between them is caused by the parameter of ell. In order to explain 

the HI optical depth at z~4 by an activity of young galaxies, the parameter of ell 

should be as small as the value which we adopt so that galaxies may be formed at 

early epoch. 

As for the effects of bursts, we have found that there are not any strong 

differences in the thermal history and the distribution between model (B), E=O and the 

model (C), E=5 X 1056
. However the prediction of the model (D), E=5 X 1059 is quite 

different from that of the others. So we find that the critical energy to affect the 

structure on scales~ 1h-1 Mpc is 1057
-

59 erg since the energy of bursts is given by 

EM/109 M0 erg and the typical mass of a "galaxy" formed in this simulation is 109 M0. 

Actually, the gravitational energy of the IGM in the box with scale length R is written 

as GMtMIGM/R~ 1058 (R/1h- I Mpc) 5h- I ptPIGM/PC/ erg. 

The discrepancy between the predicted optical depth of HI and the observed ones 

is still a serious problem in the thermal history of the universe. The optical depth of 

HI in our calculations is significantly larger than the observed ones4
) even if the 

enormous energy input is given. On the other hand the optical depth in the simulation 

of Ryu et al. IO
) is as small as the observed one. It may be due to the effect, in their 

calculations, that the energy of galactic bursts is too large and the temperature 
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criterion we adopted for galaxy formation is not included. Then much more galaxies 

are formed than for our model with the strongest bursts, the IGM is heated up' too 

much, and the high temperature and the full degree of ionization are kept since galaxy 

formation and bursts continue even at the present epoch. It is unlikely that a young 

galaxy bursts the energy greater than its binding energy and also that a galaxy is 

formed after star formation occurs in a object with T~105 K. Probably in orderto 

reproduce the observed optical depth, it is necessary to introduce UV radiation. 

However Cen and Ostriker13
) show that it is still difficult to explain the small value of 

the observed HI optical depth when the UV radiation is taken into account in their 

calculations with the spatially averaged fashion. So it will be needed to perform the 

UV radiation in order to achieve full ionization of the IGM with non-spatially

averaged method and/ or with galactic bursts of the UV band which is not included by 

them. 

As seen above, a lot of physical processes including unknown parameters such as 

galactic bursts are related with the structure formation on scales less than 20h-1 Mpc. 

Therefore it is necessary to carry out a large number of simulations in order to 

determine the cosmological model and/or.the galaxy formation model. An alterna

tive study of the structure of the IGM on scales as large as lOOh- 1 Mpc might be useful 

for this purpose since the gaseous matter on such scales would not be suffered from 

complicated galactic properties so much. Then the observations of X-ray clusters at 

high redshift may give a key to solve the problem of the structure formation. 
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