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Recent observations show the presence of metals in low-density Lya forest absorbers at high redshift (z~3). It
remains still far from being clearly understood what mechanisms spread metals over Mpc scales from the parent
galaxies, whether metals are homogeneously distributed in the intergalactic medium (IGM), how metallicity of
the IGM does evolve. These questions are brifely addressed in this review.
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1 INTRODUCTION

During the last decade it became clear owing to cosmological hydrodynamic simulations that
the Lyo forest is a result of the growth of large scale structure in the universe in the presence
of UV field [1-4]. In this scenario the baryons in the universe form a network structure where
most of gas and galaxies are accumulated in narrow and dense walls of the web, while the
most of volume is filled with gas of lower density (close or below the mean cosmic
baryon density). These under-dense regions are known as voids and represent the truly inter-
galactic medium, which is seen in the Lya forest lines of the low column density end,
log N(HI) < 14.5 cm™2.

First detections of metals in high-redshift (z~3) Lyo forest systems with metallicity
[C/H]~—2.5+1 were related basically to the intermediate range of column densities,
log N(HI) > 14.5 (cm™2) [5, 6]. In 1998 two independent groups observed Lyo forest with
lower column densities [log N(HI) < 14.5], and using different observational techniques
have reached controversary conclusions: Cowie and Songaila [7] with pixel-to-pixel optical
depth observations reported on metal detection with [C/H]=-2.5 at z~3 for
log N(HI)=13.5; Lu et al. [8] with a stacking observations were only able to reach an
upper limit [C/H] < —3.5 for log N(HI) < 14. In [9] the two techniques were critically ana-
lyzed and both found to suffer limitations. It was concluded, however, that the stacking is
stronger subjected to smearing out due to a random redshift offset between the Lya and
CIV lines, and thus the amount of metals is underestimated. Instead, they found the pixel-
to-pixel optical depth procedure to be more robust against the redshift offset, and the abun-
dances obtained with using this technique more confident. Applying pixel-to-pixel
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measurements for the currently most sensitive Keck/HIRES spectra of QSO APM
0827945255 (z=3.87) [9] and Q14224231 (z=3.625) [10] the abundance of carbon in
low-density (log N(HI) < 14.5) Lyo forest was found as [C/H]= —2.6. Observations in
OVI lines allow detection of absorptions from HI optical depths of one order of magnitude
lower than CIV absorptions do, and thus can probe less dense Lyo gas. The first detection of
OVI absorptions at z=2-3 from underdense regions (p/({p) <1, which represent thus the
true IGM) was reported in [11]. Very recently Songaila [12] has examined the presence of
metals at highest redshift, and concluded that the column density distribution of CIV remains
invariant up to redshift z=15.5 where Lya forest becomes thick, and the metallicity at this
redshift exceeds [Z] ~ —3.5. The invariancy of the CIV density distribution may indicate
that analogously to lower z the metallicity of low density regions lies in same range. The pre-
sence of metals at high redshift gives direct evidences of stellar activity at early epochs in the
universe corresponding to redshifts as high as at least z> 5.5. The question of a primary
importance here is, however, how the metals were spread over Mpc scales in the IGM
very far from the galaxies where they have been synthesized. The seriousness of this question
becomes obvious if we formally divide the characteristic size of typical void of several Mpc
over the Hubble time #;4(z): at z=3 this is ~500kms™".

2 POP III OBJECTS AND SUPERNOVAE DRIVEN GALACTIC OUTFLOWS

Two episodes of metal enrichment of the Lyo forest absorbers are being discussed: early pre-
enrichment by a widespread initial star formation, normally attributed to Pop III objects
[13—16], and local enrichment at later stages either by star formation within the clouds
themselves or by contamination from nearby galaxies [17]. The estimated amount of metals
produced by the Pop III objects (presumably the first galaxies of small masses) is sufficient to
pollute the IGM to an average metallicity from ~10~*Z [13—15] to ~0.003 Z, [16]. The
expected spatial distribution of metals is apparently very putchy, and strongly depends on the
mixing processes. The amount of metals in a hot cavity produced by the exploded SNe in
Pop III objects can reach 0.2-0.4Z [16] or even ~Z [18]. If however, the metals are
mixed with the swept up shell, the resultant metallicity decreases by two orders of magni-
tudes to the level shown above. In general, the gas metallicity is Z= M /V,, where M, is
the total mass of metals ejected in the volume V', = 47rR3 /3, R, is determined from the con-
dition that the blowing out flow is confined by the IGM pressure

| Mv,

Re o 475Pigm’ (1)
M, is the mass ejection rate, v,, the velocity of the outflow. Assuming M, to be a fraction
£~0.1 of the star formation rate M* x My, [19], and My = Mer with 7 being the period
of star formation activity, and substituting for v, the escape velocity for a dark matter halo
of mass M,, and radius r: v. = /GM,/r;, one arrives at the metallicity inversely propor-
tional to galactic mass Z o< t(f M)~ where f=f(M,) is the fraction of mechanical energy
of the galaxy which can blow out, f~1 for galaxies of small masses
QM, < 10°(1 +2)7* M o, and decreases for larger masses [18]. It is readily seen that
even if the metals are mixed inside the blown out spheres, their spatial distribution in the
IGM is highly non-homogeneous varying from one parent galaxy to the other. Thus, even
in those cases when the volume filling factor of the blown out spheres is g ~ 1 and they
are partially overlapped (see, e.g. [16]), an efficient mixing mechanism must be present in
the early universe in order that the metals were distributed homogeneously. Note, however
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that metal enriched gas loses its energy radiatively very easily, forming due to thermal
instability dense condensations, and thus preventing efficient mixing on smaller scales [20].

For low mass galaxies a few SNe explosions taking place in an OB-association of a
moderate mass can be enough to drive a blowout. The situation changes in large galaxies,
where due to increasing sizes and potential well ejection of shock processed gas becomes
more difficult, so that most of metals remains confined to the galaxy. The fraction of mechan-
ical energy f of the galaxy which can drive a blowout is [18]

_ In(Ny/No)

S = In(Ny/N)’

)

where Ny, (N,,) is the maximum (minimum) possible number of SNe in OB-associations,
N.=tyL./¢ is the critical number of SNe corresponding to the critical mechanical lumin-
osity required for a blowout to occur (see [18])

L.~ 101402(21,(%)(1 +2)*%ergs™!, 3)
Mo

¢y, 1s the sound speed in gaseous galactic halo, z,, ~ 30 Myr, the life time for the lowest SNe
progenitor mass, £, = 10°" erg. Thus, f vanishes logarithmically when N, is approaching N,,.
Assuming that N,, does not depend on galactic mass, one can obtain the critical galactic mass
above which blowout events are inhibited. For Ny;= 10 and ¢, ~100kms~" the critical
mass is Q M), ~ 10“(1 —i—z)_3 2 M o, meaning that more massive galaxies do not contribute
to the enrichment of the IGM and the main pollutors are the low mass galaxies.

The volume filling factor of the regions containing the blown out material remains always
much less than one, ¢ ~ 10~* [18], only if most of the galaxies experienced a starburst regime
the corresponding filling factor may reach ¢ = 0.2 [16]. Thus, if metals in the IGM are dis-
tributed relatively homogeneously, one has to assume that efficient mixing mechanisms were
acting in the early universe. In this connection, it is interesting to note that observations of the
local Lyo forest place limits on metal spread within 150-200 kpc from the galaxy [21].

3 TURBULENT MIXING

It was suggested in [17] that metals are transported predominantly by violent gas flows fol-
lowing galactic mergings. This idea was further developed in [18] where peculiar motions of
galaxies and subgalactic halos were shown to power efficiently turbulent flows of the ejected
gas. The diffusion coefficient needed for an efficient mixing can be estimated by requir-
ing that in proper Hubble time #y(z) turbulence spreads metals over the characteristic
distance between galaxies ~150h~"(1+2z)"'kpc [16], where h=H,/100kms™' Mpc™':
k~6x102h (1 +2)""?cm?s™". In [18] the turbulent diffusion coefficient was estimated
approximately as x; ~ Q;lcftj, where ¢, is the sound speed in the IGM, ¢, = (Nh)ja)_], the
characteristic time interval between subsequent encounters of the halos onto a Jeans sphere in
the IGM, 4, is the corresponding Jeans length, N,, the number of dark halos in unit volume,
o is their velocity dispersion. For the IGM temperature 7~2 x 10*K and a comoving
number density of dark halos of 704*Mpc™ (corresponding approximately to
My, ~ 108h_1M®) [16], one can estimate x,~4 x 10°°A~'m~"ecm?s™!, m is Mach number
of halos in the IGM. As a consequence, the turbulent zones are shown to get partially
over-laped at z~ 1, and reach the porosity g >~ 1 at z~ 0 [18]. However, metals still remain
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distributed rather inhomogeneously, only at z~ 0 the scatter is 0.03 Z, around the mean
value 0.1 Z,, while at z~3 it is more than two orders of magnitude. Thus, even under
such a strong diffusivity the enriched regions keep the identity of the parent galaxy produced
pollution.

4 RADIATION PRESSURE

Dust particles ejected from galaxies by radiation pressure can be one of the possible sources of
metals in the IGM. This possibility was first discussed in [22] with a negative conclusion.
Detailed study initiated in [23] showed instead that the galactic radiation field is sufficient
enough to expell dust particles in a relatively short time ~10%yr at high distances from the
plane, practically into the intergalactic space. In [24] dynamics of radiatively ejected dust
were considered with incorporation the effects of grain destruction. The characteristic column
density N(H) needed for destruction of a grain with radius a is N H)~4pa/Ysmz; where
p=3gem " is the grain density, Y, is the angle-averaged sputtering yield, myz the target
mass. For a fast moving grain, v, > 100kms™!, ¥,~0.1 in collisions with helium, and
¥, ~0.01 in collisions with hydrogen [25, 26]. Substituting here mzy ~20m; one obtains
NAH)~3 x 10*°%(a/0.1 pm) cm 2, which determines a lower limit for the grain sizes to be sur-
vived: the vertical galactic column density should be smaller than the critical value,
N(H) < NAH). The critical column density N H) for a=0.1 um is practically coincident
with the maximal vertical column densites of hydrogen and electrons in the Milky Way. Fast
particles of smaller sizes can survive only if they start at z > 500 pc above the plane. One should
stress, however, that at lower distances from the plane, z < 200, dust particles move much slower,
g < 100 km s~ [27], so that Y, drops sharply by several orders of magnitude.

For a destroying grain the extinction and radiation pressure decrease as a, resulting in
decrease of the velocity of the ejected particle: for graphite and silicate particles of the initial
radius a = 0.1 um, starting at z= 1 kpc above the galactic plane, their asymptotic velocities at
time ~100 Myr drop from ~1600 to 800kms™', and from ~700 to ~350kms™", respec-
tively, when dust destruction is taken into consideration [24]. However, after ¢~ 1 Gyr the
corresponding distances can reach ~1Mpc for graphites, and ~0.7Mpc for silicates.
Thus, at redshift z~ 3 radiatively driven 0.1 um dust particles can, in principle, transport
metals from galaxies into the IGM over Mpc scales. Smaller particles, though, are strongly
confined to galactic disks mainly by collisional drag, so that both graphite and silicate grains
with the initial radius @ =0.01 pm can reach in 1 Gyr only ~20-30kpc from the disks [24].
The resulting steady distribution of the density of dust particles is highly nonuniform, with
pa ~ 1072 gem™ at r~30-60 kpc, and p,; ~ 10722 »~ 120 kpc, which is steeper than 7.

Therefore, only large particles can be efficient in spread of metals in the IGM. For a galaxy
with radiation flux G in Habing units (1.6 x 107> ergem 2s™"), and gravitational accelera-
tion g (in 10~°cms™?), only grains with @ < 0.2 Gg~'um can be radiatively ejected.
Assuming g oc M/R?* and G o< M, one can find for galaxies satisfying a Tully-Fisher relation
with R o« M'/? that only grains of radius a < 0.1(M/Mxymw)>’> pm can be ejected, Myrw is the
mass of the Milky Way galaxy. As soon as the sizes of dust particles are restricted from below
in order that they were survived when being ejected, one can conclude that only massive
galaxies are efficient in pollution of the IGM with metals. Note however, that if at smaller
distances from the plane dust particles are transported by slow hydrodynamic motions,
such that the sputtering yield remains Y; < 0.01, and only at higher distances, z = 500 pc,
they are accelerated by radiation pressure to high velocities, vg> 100km s~!, the lower
limit can be as small as @ < 10 A. At such conditions a still considerable mass fraction of
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dust (for a standard size distribution) can be expelled into the IGM. Quite recently this
mechanism was explored in framework of large scale cosmological simulations [28]. It is
worth noting, that spatial distribution of dust (and as a consequence, metals in gas phase)
is demonstrated in these simulations to be highly inhomogeneous: at z=3 low density
regions [with N(HI) < 10"° cm™2] show metallicities in the range Z=10"-0.1 (absolute
values). It is quite similar to the predictions of [18] based on a model of turbulent mixing.

Regular magnetic field in the insterstellar medium can change the picture crucially. Dust
grains in diffuse intercloud gas exposed to the ionizing radiation field are positively
charged up to ~200e [29]. The corresponding gyro-radius of a grain is ry=mgecv,/
ZgeB~3 x 10" cm for a =0.1 um, Vg = 10°cms™! (typical velocity dispersion in the inter-
cloud gas), and B=1 pG. It was suggested in [30] that due to fluctuations of charging pro-
cesses dust grains spend considerable time intervals in a neutral state. However, characteristic
charging times for a grain with @ ~0.1 pm are very short: ~10°-10%s, for charging due to
photoemission of electrons and recombination of electrons on the grain, so that the equili-
brium between the two processes provides the grain charge of the order of 200 e. At these
conditions, the probability of a fluctuation which can neutralize such a high grain charge
is negligible. It is obvious that even in dwarf galaxies where magnetic field seems to be
weaker, the gyro-radius remains much smaller than characteristic galactic scales. Note how-
ever, that recent polarimetric observations show that dwarf galaxies can posses a sufficiently
strong magnetic field: ~8 pG in NGC 4449 [31]. This means that dust particles are strongly
confined to magnetic field, and thus can be ejected out of galactic disks only in those regions
where magnetic field has a predominantly vertical component. In spiral galaxies (and in those
dwarfs with sufficiently strong magnetic field) such a vertical magnetic field can form due to
the Parker instability, which in turn can be initiated easily by SNe explosions with the total
explosion energy much less than required for a blowout [32,33]. At latest stages (typically
100 Myr) growing magnetic loops seem to connect to the infinity, and thus provide corridors
for photoejection of dust. Under certain conditions the Parker instability can be initiated by
radiation pressure acting on dust particles, as mentioned in [30] and recently investigated
numerically in [34].

The effects of magnetic field are also important in those cases when dust particles are con-
fined in clouds or clumps, for which the charge to mass ratio is zero, and correspondingly
g =00. In this case the proper magnetic field of clouds is connected to the galactic magnetic
field, so that magnetic tension (B - V)B/4n 23 x 107 B2 [for | V|~ (100 pc) '] is always
larger than momentum transfered from radiation field ~3 x 10™*°Gn, where G is in Habing
units, and the abundance of dust is taken 10~

5 CONCLUSIONS

Detection of metals in low column density Lyo forest absorbers seem to imply that efficient
ejection and transport mechanisms are at work at high redshift. The nature of these mechan-
isms is not yet clearly understood. Nevertheless, recent studies have largely enlightened the
problem, and can be summarized as:

1. At early stages metals ejected into the IGM are confined relatively close to the pollutant
galaxies by the IGM pressure. The volume filling factor can be large only when the star
formation efficiency is high, corresponding to a starburst mode. However, even in this
case spatial distribution of metals is highly inhomogeneous — inversly proportional to the
mass of a pollutant galaxy.
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2. In order to make the distribution more smooth and widespread, efficient mixing
mechanisms must have been acting. Of these mechanisms turbulent mixing by tidal
interactions of galaxies may be quite a powerful, resulting in a large volume filling factor
of metal enriched IGM. In this case the spread in metallicities is smaller, but still can be as
large as two orders of magnitude at z~ 3, and about £0.03 Z, at z=0. In both these
cases though, an enhanced radiative cooling of the metal enriched gas initiates growth of
dense condensations through thermal instability, which prevents smooth redistribution of
metals, thus exacerbating the mixing problem.

3. Similar distribution is expected also if the IGM is enriched through radiatively driven
ejection of dust from galaxies. However, not all is clear here. In particular, such questions as:
what fraction of dust particles can be expelled into the IGM from deep regions of the galactic
disks, with N(H) > N,(H) where they are mainly produced; how galactic magnetic field
affects this process; how the ejection efficiency varies with redshift — are still to be answered.
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