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Abstract

As a model for the Lyman o forest, the evolution of baryon clouds
under the potential of cold dark matter, so called minihalos, is examined by
taking into account the time variation of diffuse UV flux. After minihalos
settle into a stable equilibrium branch they are gradually destabilized due
to a decrease in UV flux; finally, they undergo a free-fall collapse, probably
leading to the formation of low-mass galaxies. This behavior is related to
the observed number density evolution of the Lyman « forest and the mass
spectrum of minihalos. A new idea for the inverse effect in relation to this
minihalo evolution is also presented.

Key words: Diffuse UV flux; Inverse effect; Lyman « forest; Minihalo
model.

1. Introduction

A Lyman o forest yields important information concerning the evolution and
structure of the universe at a redshift of z=4-2, at a time when quasars and, presumably,
galaxies were beginning to form. Such forests are more than one-hundred times more
numerous than galaxies, and show no clear correlations in spatial distribution and
supercluster-void structures. Lyman o forests may be key objects for understanding
cosmological structure.

The observational characteristics of a Lyman o forest are summarized as follows:
(i) The H1 column density distribution has been approximated as being dn/dNy oc Ngf,
B=1.6-1.9 (Murdoch et al. 1986, Carswell et al. 1987) for Ny,;=10'3°-10"" cm 2. (ii)
The number density evolution is well fitted to dn/dzoc(1+z)", y~2.2 (Hunstead 1988).
(iii) The number density decreases rapidly near quasars [called either the inverse effect
(Tytler 1987) or the proximity effect (Bajtlik et al. 1988)].

The column density of the Lyman o forests, and their size limit, indicate that the
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lines arise from intergalactic clouds with masses of 10’-10° M, and ionized by diffuse
UV flux. Since the self-gravity of clouds is too small to confine them, they are usually
supposed not to be in gravitational equilibrium; thus, pressure-confined or
freely-expanding cloud models have been proposed (Sargent et al. 1980; Ostriker and
Ikeuchi 1983; Bond et al. 1988). In both models the clouds are described as expanding
and the observed rapid evolution of the number density of the Lyman o forest (Peterson
1978; Murdoch et al. 1986) is attributed to this expansion. Generally speaking, these
expanding clouds have difficulty in forming in the usual gravitational instability scenarios
for galaxy formation, such as fragmentation theory (Peebles 1980). The explosion
hypothesis gives probable sites for cloud formation in expanding shells (Ikeuchi and
Ostriker 1986), though the fragments in the shells which result from gravitational
instability seem to be too massive for Lyman « clouds.

The other model, in the framework of a ‘cold dark matter (CDM) dominated
universe, invokes intergalactic clouds confined by the gravitational potential of CDM
“minihalos” (Rees 1986; Ikeuchi 1986). In the CDM scenario, minihalos with a total
mass of 107 ~° M, which failed to form stars because they were stable to gravitational
collapse, are natural products, and their spatial distribution is more uniform than that
of bright galaxies. In a preceding paper (Ikeuchi et al. 1988; hereafter referred as paper
I), we examined the gravitational equilibrium of minihalos under various conditions,
and showed that the H1 column density distribution can be approximated as
dn/dNy,0c N3, nearly independent of the cloud mass. As shown in the succeeding
paper (Murakami and Ikeuchi 1990) multi-phase minihalos reproduce the H1 column
density distribution through optically thick systems. Thus, the above-mentioned
observational fact (i) is naturally explained.

In the present paper we investigate the evolution of minihalos when the diffuse
UV flux varies with time. As is shown in paper I (see also Ikeuchi and Norman 1987),
there are two branches for the gravitational equilibria of a minihalo for a given mass,
one being stable (the lower density branch) and the other being unstable (the higher
density branch). The stable branch is similar to the equilibrium structure of atmosphere
of the earth, the pressure gradient within the cloud being balanced by the gravitational
force of an external medium (CDM). The unstable branch just corresponds to self-
gravitating clouds with an effective adiabatic index y<1 (Black 1981). The
equilibrium mass of minihalos increases with the central gas density. It reaches a
maximum at the critical density and decreases with a further increase in the density.
The maximum (or critical) mass depends upon the temperature. Thus, minihalos can
evolve if the central density, the total cloud mass and the temperature vary with time.

. In the following we discuss the evolutionary features of the minihalos by looking at a

simple model in which the diffuse UV flux varies, and try to relate our results to the
number density evolution of a Lyman « forest. In section 2 we summarize the equilibrium
structure by a simple virial argument. In section 3 the minihalo evolution resulting from
a decrease in the diffuse UV flux is calculated and compared with the observed number
density evolution of a Lyman « forest. In section 4 we discuss the possible “inverse
effect” in relation to evolving minihalos.
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2. Fundamental Equations and Gravitational Equilibrium of a Minihalo

2.1. Fundamental Equations

The dynamical evolution of a spherical minihalo is written as

o’r _ 10P,

— — (M, +M,, 1

a[z pb a]" }" ( b, d, ) ( )
——dMi"=47zr2pi , (i=b,d), )

dr

szpka/mb ) (3)

where r is the radial distance from the center, M;, (i=»b, d) is the mass within the radius

r of i-th component and b and d denote the quantities of baryons and CDM, respectively.
The thermal state of baryons is described as

— =y ———=0—-DH-L), 4

where 7y is the adiabatic index (taken to be y=5/3) and H and L are, respectively, the
heating and cooling rate per unit volume. Here, for simplicity we assume the minihalo
to be homogeneous and to evolve homologously under the uniformly distributed dark
matter. Multiplying equation (1) by 4nrp, and integrating it from the center (r=0) to
the surface (r=R), the equation of motion for the cloud radius is obtained as

2
The temperature is calculated from equation (4) as
din T |:dln pb+(H—L)m,,j| .
dt ppkT

(6)

The evolution of a minihalo with a fixed mass M,=4nR>p,/3 is followed by using
equations (5) and (6). In calculating H and L, we assume the ionization equilibrium
for a gas with a primordial abundance of ny/ny, =9 under the diffuse UV flux J to be

JGn=o; nehyy g, (7

with (i, i+ 1)=(H1, Hu), (He1, Hex) and (He 1, He 1r). The number density of electrons
is given by n, =nyy+Agen + 2Pgems> and G; and «;, , are taken from Black (1981). The
heating rate by diffuse UV flux can approximately be written as

H= Z JGiSiI’li N (8)

i=HI,Hel,Hell

where ¢’s are also given by Black (1981). The cooling rate is calculated taking account
of collisional ionization, radiative recombination (including dielectric recombination),
line emission after collisional excitation, and electron-ion thermal bremsstrahlung as
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well as the inverse Compton effect (Black 1981).

2.2.  Gravitational Equilibrium
Setting d*R/dt*=dT|dt = dp,/dt =0, the gravitational equilibrium of a minihalo is
formally given by

©)

b

_47t( 15kTp2 )3/2
3 \4nGmy(py+pa)

where the temperature is determined by the condition H= L. The parameters which
characterize each model are the baryon density, p,; CDM density, p,; and diffuse UV
flux, J. For later convenience we rewrite them as

C=py/pas  D=pafpes (z=10) and  J=Jy(1+2), (10)

where p . (z=10) is the closure density at z=10. Then, the parameter dependences of
mass, radius and H1 column density Ny;= Rny, can be written as

MbOCC(1+C)_3/2D_1/2T3/2, ROC(1+C)—1/2D—1/2T1/2, and
Ny oc C*(1+ C)~2p3ig-t- U4 (11)

In Paper I we assumed the temperature to be constant. Here, since we exactly calculate
T under the condition H=1L, the equilibrium state of a minihalo for a fixed mass
changes with different J. In figure 1 we illustrate the loci of constant masses for the
gravitational equilibria, equation (9), and of thermal balance H=L for various J by
exactly calculating the functions H and L in the p,-T plane. The crossing points of
these two lines indicate the dynamical and thermal equilibrium states. Generally, there
are two crossing points for a fixed mass and UV flux; the lower density point (C«1)
is stable and the higher density one (C> 1) is unstable.

As can be seen, with a decrease in the UV flux the temperature at the stable point
decreases, and there is a critical UV flux, J,,;, below which there are no equilibrium
states for a fixed mass. Conversely, when the UV flux increases the stable point moves
to a lower density region. That means that the minihalo expands and that the H1 column
density decreases, so that it escapes detection. Further, with an increase in mass the
gravitational equilibrium line goes up and the stable point shifts to a higher density
and a lower temperature. As a result, there are no stable equilibrium points if a minihalo
mass exceeds a critical value for a fixed UV flux. There are, therefore, two possible
causes of the evolution of minihalos: one is a change in the diffuse UV flux, and the
other is that of the mass due to merging or gas accretion. In the present paper we
examine the former case.

3. Evolution of Minihalos

3.1. Evolution of Diffuse UV Flux

Bechtold et al. (1987) examined the time variation of diffuse UV flux by assuming
that it is the integrated output from quasars. Their conclusion was that at z<2.4 the
diffuse UV flux changes as J=J,(1+2)* and at z>2.4 it stays constant or decreases
rapidly with increasing z. These types of behaviour directly reflect the number density
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Fig. 1. The loci of constant masses (107, 108, 10° M) of minihalos in gravitational equilibrium
and of thermal balance H = L for several cases of J (10722, 1072, 10" 2% ergem™*s™ ' Hz™ )
with D=1. The crossing points of two lines indicate the dynamical and thermal equilibrium
states.

evolution of quasars. A complication arises because the UV flux is absorbed by H1
coulds which are optically thick in the Lyman continuum; moreover, the high-z UV
flux may come from sources other than quasars.

Here, we bypass these uncertainties and simply assume the diffuse UV flux changes as

J=Jo(1+2), (12)

where «=4 or 2 for all epoch.

As the initial condition at z=z,, we assume a stable equilibrium state with various
baryon densities for a fixed D and J,,. In figure 2 we illustrate the equilibrium temperature
during the initial epoch. With a decrease in z, the diffuse UV flux decreases. Calculating
equations (5) and (6), we can follow the dynamical and thermal evolution of a minihalo.

3.2.  Evolution of Minihalos

In figure 3 we illustrate the time variations of (a) radii, (b) gas temperatures and
(c) H1 column densities of minihalos. As expected, a minihalo initially evolves nearly
along the equilibrium points; it then collapses after reaching the critical point. The
collapsing epoch comes earlier for minihalos with higher C; for the same D (i.e., more

massive), as expected. In figure 4 the epochs of collapse, 1+ z,;, versus the initial gas
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Fig. 2. The equilibrium temperature at the initial epoch, z;=7 (indicated by triangles) or
5 (indicated by circles), for a diffuse UV flux J;,=10723(1 +z,)* with respect to the central gas
density C;=p,;/p,. For the dark-matter density, p,, we.show two cases where D, defined as
PalPeriy (z=10), is 1 and 10, respectively.

density are illustrated for «=4 and 2 (by solid and dashed lines, respectively). It is
rather interesting that the collapse epoch is simply related to the initial gas density,
being closely approximated by 1+ 2z ,;0cpl(z;), y=0.12-0.13 for =4 and y=0.13-0.16
for a=2. This result can be understood from the following consideration.

For a fixed cloud mass, there is a critical density for a stable minihalo. With a
decrease of diffuse UV flux, the temperature decreases and density increases, nearly
following the equilibrium line. Soon after, it reaches the critical density and begins to
collapse. The evolution of the temperatures is shown in figure 3(b), from which we
analytically approximate the z-dependence at z=2-4 as

T(z)=ToM,*(1+z), (13)

where we explicitly describe the mass dependence. Even for the same UV flux, J, the
equilibrium temperature depends upon the minihalo mass. In the present model we
obtain x~0.25, independent of «. Then, the density and H1 column density can be
approximated by
pyoc M+35I2(1 4 7) =32 Nyoc M2+ 13x/4(1 42)"%" 134 and
RocTY20c M, *2(1 4 22, (14)

where we assume that the minihalos follow the equilibrium line described by the stable
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Fig. 4. The collapsing epoch 1+ z,, of minihalos for the case J=10"23(1 +2)* is indicated by
solid lines and for J=10"23(1 +2)? by dashed lines.

branch (C«1) in equation (11). For a fixed mass the gas density evolves as

pu2)/pp(z) =[(1 +2)/(1 +z;)] 32, (15)

Since the collapse begins when the density reaches the critical value, p . =p,~
Cerit' Pa~2p4, at which the equilibrium mass (9) becomes maximum, we have

(I+z)=(1+ 2)[Pp(2) [ Perid ™ . (16)

The calculated values of y are 5.5 for a=4-and 4.4 for a=2. The uncertaintics of y
arise from the deviation of evolutionary tracks from the exact equilibrium states.

As the universe expands, the CDM undergoes hierarchical clustering: small systems
form first, and then merge to form higher-mass “halos”. The mass spectrum of isolated
halos at a given epoch cannot yet be reliably calculated either analytically or numerically.
For our present purposes, however, we adopt a simple model in which the mass function
of minihalos per unit mass is simply assumed to be a power-law form

Ny(My, 2)=N(@)M ;°. (17)

A single power-law can at best be only an adequate approximation over a limited range
of mass scales.
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The expected number density evolution of observed minihalos can then be written as

M
ﬁ=<ﬂ>J‘ TR*N(M,, 2)dM, , (18)
dz dz) )y,

where [ is the mean separation of minihalos, and M, and M, are the lower and upper
mass limits of observable minihalos as a Lyman « forest. Since the H1 column density
increases with mass, as can be seen in equation (14), the lower mass limit is determined
by the detectability of the present technique, Ny;> Ny min~10'3°cm™2. [This

.constraint is also set in the pressure-confined cloud model by Ikeuchi and Ostriker

(1986).] Then, the lower mass limit is given as

M10C[N (1+Z)oc+13y/4]4/(8+13x) . (19)

HI, min

On the other hand, the upper mass limit is given by the condition that the minihalo
just begins to collapse at epoch z. From equation (14), this gives rise to

My 0C[pe(1+2)»2PC T30 (20)

Introducing these mass limits and the expression for R into (18) and integrating
equation (18), we have

d
7:~(1 +2)1 (2P (M T =M TR (=6 —x+ 1), 1)

where we simply write the Hubble constant as H= Hy(1 +z)* *%°, which is strictly valid
only for g, =0 or go=1/2. When 6>1—x and M,>» M,, we have
dn

d‘oc(l+z)“, Yi=1—go+y+@a+13y)(1 —x—98)/(8+13x) . (22)
A

(It can easily be seen that there is no solution for the case  <1—x.) Then, the power
index of the mass spectrum of minihalos become

(8 +13x)
(4o +13y)

The observed number density evolution of the Lyman « forest indicates that y, ~2.2,
so that we obtain for g, =0.5

5~123 (0=4) and 122 (a=2). (24)

0=1-x+(1—go+y—7) (23)

At present, we can not reliably calculate what mass spectrum is actually predicted in
the CDM scenario. It is, however, interesting that the obtained § is nearly independent
of a. This means that the minihalo evolution directly represents the mass spectrum,
irrespective of the evolution law of UV flux, so long as « is positive.

If we identify the collapsing minihalos with dwarf galaxies, the number density
evolution of dwarf galaxies can be calculated from the upper mass limits as

<?> ac(1+2),  y,=1—go+y+3p(1—x—8)/(2+3x) . @3)
Z/p
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If we use the values in (24) the power index becomes
Y,~291 (a=4) and 2.66 (x=2). (26)

This shows a strong evolution.

The reason for the number density evolution is in complete contrast to what happens
in the pressure-confined cloud model. In the minihalo model, the baryon clumps come
into contract with decreasing UV flux. The contraction reduces the size of minihalos,
though the H1 column density increases; thus, less-massive clouds become observable.
The former effect decreases the effective cross-sectional area, and the latter increases
the number of detectable objects. If the power index of the mass spectrum is around
values of (24), the former outweighs the latter and the rapid decrease of detectable
clouds can be explained. In the case of pressure-confined clouds, the expansion of clouds
increases the detecting area, but a decrease of the H1 column density reduces the number
of detectable clouds. The latter effect overwhelms the former one.

4. Discussion

4.1. Inverse Effect

As a possible explanation of the inverse effect in a Lyman « forest, Bajtlik et al.
(1988) presented the idea that the intensity of UV flux from a quasar exceeds the diffuse
UV flux and overionizes the Lyman o clouds. A similar effect is also expected in the
present minihalo model. The H1 column density at the stable branch is simply expressed
as

i 29— 3/4
n, T
Nyy=R-nyoc T2

~ngJ T4 (27)
It depends upon the UV flux through two effects. One is direct in the sense that a higher
UV flux decreases the H1 abundance. The other is indirect, in that the higher UV flux
increases the temperature and expands the cloud; the fractional H1 abundance then
decreases due to the slower recombination. Nearer to the quasar the UV flux is intensified
and the clouds are so ionized that they are not detectable. In the most extreme case,
the lower mass limit exceeds the upper one in equation (18).

In order to clarify this situation, we examine the equilibrium structure of minihalos
near a quasar, of which the UV flux, J,, is assumed to exceed the diffuse component.
From the numerical result we can approximate the equilibrium temperature as

T~3x10*M; 373> ,,D™*3K , (28)

where M, 5 and J, _,, are, respectively, the cloud mass in units of 10°M and the UV
flux from a quasar in units of 107 ?'ergem™?s™*Hz™*. The radius and gas density
are expressed as ‘

R~5.6x102M; 3 J%" , D™ %°cm, (29)
and

py~2.Tx 1072 M 1457 5%%, D> gem ™3 . (30)
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The upper mass limit is obtained by the condition p,~ p.; ~2p, as

Then, the strong UV flux from a quasar increases the upper mass limit because the gas
temperature increases.
On the other hand, the H1 column density is given by

N~ 54x 1014 M33I G5 51 T2 D% Y em ™2, (32)

where we show the dependence on J,, dividing into two parts: a direct ionization term
and an indirect temperature term. The lower mass limit, corresponding to a cloud with
Ny =10"Ny; 13 scm ™2, is .

Ml ~3.9 X 108NI(“)1.I3,:;3.5‘1813—321‘]8.,2—2211)_1'7M@ . (33)

If Jo increases substantially, this lower mass limit also increases because of high
ionization. The expected number density of detectable clouds is expressed as

M,
ny, oC J RZMl;édeOC(Ml_é-'—oj—M2_6+0'7)Jg;2 21l)—1.8 . (34)

M>
Adopting 6 ~1.2 and Ny ,5.5=1, this reduces to
nyoc(1-0.37J87,, D703 J5% %8 D025 (3%5)

Itisinteresting that the detectable cloud number is insensitive to J,. Since M | ° decreases,
but R? increases, with increasing Jo, these effects are mutually cancelled out. Then, if
Jo,-21>500D12% the value within the parentheses in (35) becomes negative and no
clouds are detectable. The UV flux from a quasar is formally written as

Jo,-21=09L, 5,d 1§, (36)

where L, 5, is the intrinsic Lyman-limit luminosity in units of 103! ergs *Hz™! and
dyo is the distance from the quasar in units of 10 Mpc. Therefore, the Lyman clouds
are not detectable within d=8 Mpc if L, >4 x 10*3ergs ' Hz ™! and D=1, a situation
which is highly probable. In a succeeding paper we plan to compare this proximity
effect by using more realistic models of minihalos.

4.2. Implication

The power index for the mass spectrum obtained in equation (24) indicates that
the mass function of dwarf galaxies would be N(M,)~ M 5 ° with § ~ 1.2. If the luminosity
is proportional to the mass, the resultant luminosity function corresponds to the faint
end of the Schechter function. At least, this fact supports the view that the Lyman «
clouds were formed in association with faint galaxies. Then, the Lyman « systems with
high column densities may show some spatial correlation.

In the present paper we assume that the UV flux changes as J=J(1 +2)* for any

epoch. At redshift z>2.4, the actual behavior of J is less certain. Moreover, at all

epochs we would expect additional evolutionary effects due to the accretion and
dissipative cooling of baryons. Also, self-shielding may be important near the centers;
this is important for interpreting the high column density (>10'7cm~2) absorption
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lines. Further studies of these effects should clarify the transition between clouds and
faint galaxies.

The authors would like to thank H. Suzuki for her careful wordprocessing.
Numerical calculations are done in the Data Processing Center of National Astronomical
Observatory of Japan.
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