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ABSTRACT. During their life galaxies exchange
in matter and energy with the intergalactic me-
dium (IGM). This complex process is a most im-
portant factor in galactic evolution as well in evo-
lution of the IGM. In this paper recent progress
in the IGM studies and mechanisms of mass gain
and mass loss from galaxies are briefly reviewed.
Using a model of chemo-dynamical evolution of
galaxies I discuss enrichment of the IGM with
‘metals and origin of the radial gradients of chemical
composition in disk galaxies as possible conse-
quence of heavy elements loss. The general con-
clusion is simple: many problems remain unsolved
but we are under way to understanding of con-
sistent evolution of galaxies — IGM system.

1. Introduction:

One of the most fundamental questions of ga-
lactic evolution can be formulated very simply ~

‘what are main features of evolutionary interre-
lations galaxies — intergalactic medium?” This ques-
tion is addressed to both groups of experts: cos-
‘mologists and astrophysicists. From the commonly
used terminology the galactic history is divided in
two eras (Hensler, 1987):

- the time before and during protogalactic clouds
on galactic mass scale grow. In this era the matter
can be considered as primordial gas that is a build-
ing material for the future (clusters of) galaxies;

- the time after these protogalactic clouds have
commenced to collapse as isolated systems (in this
era galaxies become a dominant baryonic structures
in the Universe which strongly influence on the IGM),

First item is a subject of cosmological studies.
The second one — lies mostly in the domain of
astrophysics. Martin Rees noted (1985) that “galaxy
formation straddles the interface between cosmol-
ogy an astrophysics”. Recent observations and the-
oretical models brought valuable data about ga-
lactic evolution and arguments for considering the
galactic evolution in consistence with evolution of
the intergalactic medium (IGM). In this paper I
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briefly review this issue drawing special attention
to chemical evolution.

In Sect. 2 T introduce some general facts about
the intergalactic medium. Mechanisms of interac-
tion between galaxies and IGM are discussed in
Sect. 3. In Sect. 4. a simple though powerful model
of chemo-dynamical evolution of (disk) galaxies
is introduced and two problems related to chemi-
cal interrelations between the IGM and galaxies:
enrichment of the IGM and radial gradients of
chemical abundances in disk galaxies are discussed

2. Intergalactic medium before and after galaxy
formation

2.1. 1GM before formation of galazies

With the expression “intergalactic medium” one
indicates the material other than ordinary galax-
ies. This is some analogy between stars = interstel-
lar medium (ISM) and galaxies — IGM. Astrophys-
icists do not classify the ISM in the stellar clusters
as separate object though detailed classification of

i (shell )

is elaborated. In the case of IGM inside clusters of
galaxies (remember that most of galaxies belong
to some cluster, and in contrary most of stars in
galaxies are those of field) we use the expression
“intracluster medium” (ICM). The properties of the
IGM drastically changed in the process of evolu-
tion of the Universe. I sketch the evolution just to
introduce main ingredients of the IGM and their
general interrelations with galactic evolution.
According to the conventional picture of Crea-
tion Myth (see Fig. 1) the smooth baryonic plasma
consisted of hydrogen, helium and light elements,
produced in the first three minutes after the Big
Bang, and hot black body radiation filled the ex-
panding Universe. After few hundreds thousands
of years at epoch corresponding to 210, the black-
body radiation cooled below 3000 K and the plasma
(primordial IGM,) is expected to recombine and re-
main neutral until sources of radiation develop that
are capable of reionizing it. Primordial IGM in this
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Figurel: History of the Universe

epoch (“dark ages”) consists of ool gas filled with
ever—faded cosmic background radiation.

Information of great importance about this pri-
mordial IGM is coming from observation of cosmic
microwave background. The observed features, im-
printed at z-1000, enable direct investigation of the
formation of structure of the Universe as well as
constraining the values of basic cosmological quan-
tities such as the amounts of various forms of mat-
ter and vacuum energy in the Universe. The
rently most favored theoretical model for describ-
ing our Universe is based on idea of inflation, which
provides a natural mechanism for producing initial
density fluctuation described by power-law spec-
trum and also predicts the Universe to be spatially
flat. The initial spectrum of adiabatic density fluc-
tuations is modulated through acoustic oscillations
in the plasma phase prior to recombination and the
resulting inhomogeneities are then imprinted as
anisotropies in the CMB. In the inflationary scenar-
io the CMB temperature anisotropies are predicted
to follow a multivariate Gaussian distribution and
50 may completely described in terms of their an-
gular power spectrum. Recent observation (Taylor
et al. 2002) with the Very Small Array (a 14-ele-
ment interferometer array installed at the Teide
Observatory, Tenerife) at frequency 34 GHz on
angular scales 3.6-0.4 degrees (1 = 150 ~900) brought
new confirmation of this theory. The power spec-
trum obtained (Scott et al. 2002) is in a very good
agreement with the results of the BOOMERAN
DAST and MAXIMA telescopes. Combining the re-
sults obtained with all other CMB experiments and
assuming the HST key project limits for H, Rubino-
Martin et al. (2002) obtained the tight constraints
for fundamental cosmological parameters.

In most of current models the contents of the
Universe are divided into three components: ba-

ryonic (ordinary) matter, cold dark matter (CDM),
which interacts with baryonic matter solely
through its gravitational effect, and intrinsic vac-
uum energy. Some presence of so called warm
dark mater is not excluded. Major difference be-
tween warm and cold dark matter is related to
ability of weakly interacting particles, which the
CDM or warm dark matter consists of, to wipe
out part of the initial density fluctuations. For
warm dark matter this scale of wiping out is
much larger than for CDM. Durer&Novosyadly
(2001) constructed a mixed dark matter model
with some addition of massive neutrinos, which
are assumed to be particles of warm dark matter.
The general consensus is now almost universal
that some variant of CDM including mixed mod-
els is probable. The present day contributions of
these components to the overall density of the
Universe are usually expressed in terms of the
“omega parameter” ©=p/p,,, Where p,,=3Hy/
(8nG)=h?1.88x10"* g-cmis the critical denslty with
H, the present day Hubble constant H,=h-100 km-
7 ‘Mpc" (most estimates of h lie in the range of
0.5-0.8). For our flat Universe Q=1. Fundamental
parameters of cosmological models are contribu-
tion in © by vacuum energy QA and matter @ ,
which consists of contribution of baryonic mat-
ter ©, and cold dark matter Q. Rubino-Martin
et al (2002) derived: @ =0.28(+14-0.07) and
QA=0.72(+0.070.13). Durer&Novosyadly (2001) give
similar estimates, except additional term — the
density of massive neutrinos Qv =0.03(+0.07-0.03).
The evolution of the primordial IGM up to the
end of “dark ages” is characterized by growth of
the density fluctuations that eventually brings to
formation of (cluster of) protogalaxies. Due to
progress in numerical and analytical modeling in
last decade (see e.g. review of Bertschinger 1998)
most of researchers accept that clustering of small
scale CDM fluctuations leads in a natural way to
formation of so called “dark matter haloes”, which
are spheroidal non-dissipative CDM structures,
governing by their gravitation the evolution (gath-
ering and virialization) of dissipative baryonic
matter in the central areas of the haloes. In such a
scenario diffusely distributed baryonic material
responds to the gravitational influence of the un-
derlying dark matter. The most overdense regions
collapse first to form the earliest galaxies. This leaves
the remaining gas as the IGM. Rather than being a
uniform medium filling the space between galax-
ies, the IGM itself should show structure on scales
larger than that of individual galaxies. (Clusters
of) galaxies are forming in the central parts of the
haloes. At the heart of the hierarchical clustering
process lies the fact that galaxies tend to form first
near high peaks of the density field because these
are the first to collapse at any given epoch. This is
known as “biased galaxy formation”, because the
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distribution of galaxies offers a biased view of the
underlying distribution of mass. An important con-
sequences of biased galaxy formation is that bright
galaxies tend to be born in a highly clustered
state that is strongly supported by observation
(Benson et al. 2000, 2001

Itis a great challenge for scientists to find “ex-
act” value of &, i.e. to estimate amount of ordinary
(baryonic) matter. This value can be estimated for a
given cosmological model by measuring of primor-
dial abundance ratio D//H. Standard nucleosynthesis
models together with recent observations of deu-
terium yield Y=0.247+0.02 and ©, h*=0.0193+0.0014
(Burles&Tytler 1999). As some of the baryons had
already collapsed into galaxies at z=2-10, the value
of ©,2=0.019 should strictly be considered as an
upper limit to the intergalactic density parameter.

More direct way is to estimate relevant contribu-
tions from observations of all baryonic components.
The problem is that we can only observe part of
baryonic matter. The cosmic density distribution of
galaxies is related to the measured laminosity densi-
ty (1.720.6)x10°Lo Mpe* in V-band. From mass-lumi-
nosity relation for galaxies the luminous matter den-
sity is estimated as © h=0.002—0.006 (Carr 1994).
Other forms of baryonic matter are believed to be:

- Intergalactic gas

- Hot gas in the ICM observed in X-ray domain

- Dim stars (only low mass first generation stars
can be considered), small planet- or comet-like
bodies and cloudlets.

Tbriefly deseribe first two constituents of the IGM.

2.2. Intergalactic gas

According to results of Burles and Tytler (1999)
the proper mean density of hydrogen nuclei at
redshift z may be expressed in standard cosmo-
logical terms as n,=1.6x107 cm (2, h2/0.019)(1+2)".
Cosmological models predict that most of the inter-
galactic hydrogen was reionized by the first gen-
eration of stars or quasars at z~7 or larger (this is
considered as a workable definition of the “end
of dark ages”). The process of reionization began
as individual sources started to generate expand-
ing HIT regions surrounding IGM. As more and more
sources of ultraviolet radiation switched on, the
fonized volume grew in size. The reionization end-
ed when the cosmological H II regions overlapped
and filled the intergalactic space. The lack of smooth
Ly-alpha absorption by HI in quasar spectra

Peterson, 1965) led to the conclusion that
diffusely distributed hydrogen s totally ionized at
relevant z. From other side numerous absorption
features (“Lyman alpha forest”) clearly evidence
for existence of clouds of neutral hydrogen in all
range of z for quasars

The term ‘Ly-alpha forest’ is used to denote
the huge amount of narrow absorption lines whose

measured equivalent widths imply N, ranging
from ~10" em down to 10 cm™. A comprehen-
sive review of properties of these absorbers is
given by Rauch (1988). (An example of hydrogen
Ly-a forest, observed with Keck telescope is shown
below in Fig. 3.) Other class of intervening ab-
sorbers having a neutral hydrogen column densi-
ty exceeding 2x10"” em? are optically thick to pho-
tons having energy greater than 13.6 eV and pro-
duces a discontinuity at the hydrogen Lyman lim-
it, i.e. at an observed wavelength of 912(1+2)A.
These scarcer objects (Lyman Limit Systems -LLS)
are associated with the extended gaseous haloes
of bright galaxies near the line of sight. It is a
reasonable approximation to use for the distribu-
tion of absorbers along the line of sight:
f(Nyyp2)=AN,, (1 +2). The function of column
density appears to provide at high redshift a sur-
prisingly good description over 9 decades in N,
i.e. from 107 to 10" cm. The y is different for
Ly-a clouds (y=2.8) and for LSS (y=1.5). Typical
normalization value o A=4x10" per unit redshift at
2=3 produces 3 LLSs and ~150 forest lines above
N, =10%%cm?. In “Damped Ly-alpha Systems”
(DLA) the HI column density is so large (N,,~>10°
em?, comparable with the interstellar surface den-
sity of spiral galaxies today) that the radiation
damping wings of the Ly-o line profile become
detectable. While relatively rare, damped systems
account for most of the neutral hydrogen seen at
high redshifts.

"All Ly-o absorbers observed up to redshifts larg-
er than 5 are believed to trace the potential wells
of the dark matter. Except at the highest column
densities, discrete absorbers are inferred to be
strongly photoionized.

‘The most important outstanding issue regard-
ing the DLA concerns their relationship with gal-
axies, though it is open question. Lanzetta et al.
(1995) noted that while it is known that at least
some DLA systems arise in galaxies, it is not known
what range of properties (in terms, for example,
of morphological type, luminosity, and surface
brightness) are spanned by the absorbing galaxies,
or even whether all DLAs arise in galaxies. Part of
the difficulty is that the high neutral hydrogen
column densities of damped Ly-c absorption sys-
tems imply small impact parameters to the lines
of sight, and it is difficult to identify faint galax-
ies at small angular separations to bright quasars.

Pichon et al. (2001) analyzed the structure of
the IGM using information on Ly~ forest from the
spectra of QSO HE1122-1628 obtained with VLT/
UVES and new inversion method. This method
was applied to recover the temperature of the gas
and underlying density field and to obtain 3D spa-
tial distribution of the IGM from 1D information
along grid of lines of sight. To test the method
Pichon et al. (2001) simulated 3D distribution of
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Figure 2: Top panels: the model of the IGM and the reconstructed density for distances between lines
of sight 2.5, 4 and 5.5 Mpe. Bottom panels — a slice of 1x80x80 Mpe across the simulation and the
reconstructed fields (the scale on the panels is in pixels) (from Pichon et al. 2001).

CDM and used the restoring technique (see Fig.
2). The technique seems to be tested successfully.

Helium is probably not reionized until z-3, as
inferred from the strong Hell Ly-a absorption de-
pressions due to Gunn-Peterson effect at (304
E)(1+2) in the UV spectra of high-z QSOs. This
absorption was first observed (Heap et al. 1999)
with HST spectrometer STIS along line of sight to
the quasar Q0302-003 (2=3.29) (see Fig. 3).

It is an interesting discussion (see in Kriss et al.
2001) if Hell is smoothly distributed over the IGM
or the depression at (304 A)(1+2) in the UV spec-
tra of this and other quasars is caused by Hell
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located in HI Ly-a absorbers and not resolved in
spectra as Hell Ly-a forest only because of poor
spectral resolution of UV telescopes. Kriss et al.
(2001) probably elucidated the problem. They pre-
sented the FUSE observations of the line of sight
to the quasar HE2347-432 in 1000-1187 A band at a
resolving power 15000 (Fig. 4). The Hell Ly-a ab-
sorption was resolved as discrete forest of ab-
sorption lines at redshif range 2.3 o 2.7. About
half of these features have HI counterparts with
column densities N, >10“cm®. The Hell to HI
column density ratio ranges from 1 to >1000 with
an average ~80. These data strongly support mod-
bl frghrasiai

of the IGM by integrated light from quasars prop-
agated through the IGM (Madau et al., 1999, Fardal
et al. 1998), which predict values of N,/ N,,~30-
100 for quasar spectra with the spectral indices

g=1.5 t0 2.1 (fveev3). Intrinsic spectral indices for
quasars (as measured down to ~350 A) lie in this
range (Zheng et al. 1997). Recently Telfer et al.
(2002) used a sample of 332 HST of 184 QSOs with
2>0.33 to study the typical ultraviolet spectral prop-
erties of QSOs, with emphasis on the ionizing con-
tinuum. The sample is nearly twice as large as
that from work by Zheng et al. (1997) and pro-
spectral coverage in the ex-

EUV). The overall

1160 1180

Wavelength (A)

1200 1220

Figure 3: The HST/STIS spectrum (solid line at
bottom) of the quasar QU302 shows Hell absorption
shortward of 1300 A (Heap et al.1999) with super-
posed higher resolution spectrum of HI Ly-alpha
from Keck/HTRES. The HI Ly-c: were normalized
and multiplied by 0.25 in wavelenght to match the
Hell wavelenght scale (from Shull et al.1999).

tinuum can be-described by a power law with
index yy,,=-1.7620.12 (f,-v") between 500 and
1200 A. Ratios >100 (about 40) indicate that local-
ized regions of the IGM are photoionised by soft-
er spectra. This may be additional contributions
from starburst galaxies or heavily filtered quasar
radiation. The 304 A (Ly-a) lines of He II can be
used to probe low-density regions of the IGM,
particularly the void-like gaseous structures in the
baryon distribution that develop in concert with
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Figure 4: The upper part is a portion of the FUSE
spectrum of HE2347—4342. The smooth curve across

The cloud structure is seen not only for HI and
Hell but also for some highly ionized ions (e.g.
OVI). Tripp et al. (2000) observed OVI absorption
lines in spectrum of quasar H1821+643 (Fig. 5.)
The number density of OVI absorbers with rest
equivalent width >30 mA in the H1821+643 spec-
trum is remarkably high (>17). The cosmological
mass density of the hot matter (under assumption
that metallicity is of 1/10 solar and the fraction of
oxygen in the OIV ionization stage is 0.2) is esti-
mated as ©,h=0.003. This is comparable to the com-
bined cosmological mass density of stars and cool
gas in galaxies and X-ray emitting gas in galaxy
clusters at low redshift.

Establishing the epoch of reionization and re-
heating is crucial for determining its impact on
several key cosmological issues, from the role reion-
ization plays in alluwmg promgalacuc objects to
cool and make st: e
structure in the lamperature fluctuauons of the
cosmic background radiation. Conversely, probing
the reionization epoch may provide a means for
models for the formation

the top is the The light-
thaded ires shows the fraction of the Hell opact:

of cosmic structures and for detecting the onset
of the first of stars, galaxies and black

ty due to eatures that
HI absorption lines 1dent|f|ed in the Keck spec-
trum (bottom). The area shaded in green shows
the fraction of the opacity due to additional HeIl
absorption features that have no HI counterparts
in the Keck spectrum. (Kriss et al. 2001).

the large-scale structures in dark matter and the
reionization. The presence of Hell Ly-o absorbers
with no HI counterparts indicates that that struc-
ture is common even in low-density regions. This is
consistent with hydrodynamic models that predict
i) s i e

holes in the Universe.

The metallicity of the IGM is not unified. The
typical metallicities range from 0.3% to 1% of so-
lar values as derived from observations of Ly-o.
forest absorbers (Rauch 1998). It can be measured
from the strong UV resonance lines such as CIV
A1549, Si VA1400, CIIIA977, SITIIA1206, OV.1035.
Shull et al. (1999) remark that these UV resonance
lines are the most sensitive abundance indicators
available in astrophysics, and they are widely used
as abundance indicators in stars, in the low-red-

on all scales, from the high density peaks that form
galaxies to the distribution of gas in low-density

shift ind in the high-redshift IGM.
Current evidence at high redshift suggests that CIV/Si IV
abundance ratios shit at 2-3, possibly due to a spec-

voids (Hui&Gnedin 1997, Cen&Ostriker 1999). tral by the br
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Figure 5: Spectrum of quasar H1821+643 showing the strong OVI absorption lines at z = 0.22497 and
the weaker absorber at z = 0.22637. The calibrated flux is plotted vs. observed heliocentric wavelength,
and the solid line near zero is the 1s flux uncertainty (Tripp et al., 2000)
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and overlap of the cosmological He II ionization
fronts from QSOs and starburst sources (Giroux &
Shull 1997). Songaila (2001) using observation of 32
quasars with emission redshift in range 2.31-5.86
studied evolution of the intergalactic metal density
at high z. The CIV column density distribution func-
tion appeared to be invariant throughout the whole
z-range. The metallicity at =5 exceeds 3.5x10%, which
in turn implies that massive star formation took
place beyond this redshift.

Important property of the damped Ly-o ab-
sorption systems is that they are predominantly
neutral (neutral hydrogen and singly-ionized heavy
elements are the dominant ionization species), ai-
lowing for heavy element abundances to be meas-
ured sl the needl of applying lares fanlia-

mn rrecti

d species, includin

o 1, Cr 11, Ni II and Zn II, are of particular
importance because they are usually unsaturated
(or only mildly saturated), allowing accurate col-
umn densities to be measured. The typical metal-
licities for DLA systems are about 10% of solar
and do not evolve significantly over a redshift in-
terval 0.5<z<4 during which most of today’s stars
were actually formed (Lanzetta et al. 1995). Clear-
1y, these metals were produced in stars that formed
in a denser environment; the metal-enriched gas
was then expelled from the regions of star forma-
tion into the IGM but it is striking that there is no
pronounced trend for heavy element abundances
to increase with decreasing redshift, and in par-
ticular no trend for heavy element abundances to
approach solar values at redshifts 2-0, as would be
expected under scenarios of chemical evolution
due to the conversion of gas into stars. It is not yet
clear how to interpret these results.

2.3. Hot gas and other constituents of the ICM

It is well established (see e.g. White et al. 1993,
David 1997 that the x-ray hot gas is the main
“visible" component of clusters of galaxies, its to-
tal mass varies from 1 (groups) to 7 (rich clusters)
times the stellar mass present in cluster galaxies
and it can reach up to 30% of the total-cluster
mass: “visible” plus dark matter (see Fig. 6). Such a
high gas mass fraction has been deemed “the bary-
on catastrophe” (While et al. 1993),since i s incon-
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Figure 6: Mass fraction of stars (M, /M,;
symbols), stars plus gas ([M,,,,+M,,}/ M, ,; crosses

epen symbol),and tars plus gas pltis MACHOSs (M,,,,
+M,, +My\0)/M,,; open symbols). Ellipticals are
indlsated by diamonds, groups of galaxies by
squares, and rich clusters of galaxies by circles. Er-
rors are shown at 68% confidence (David, 1997).

clusters. The gas mass in the ICM is also highly
correlated with the luminosity from ellipticals and
lenticulars present in the cluster. The total mass in
the hot-gas component of the ICM ranges from
2x10" to 5.2x10" solar masses within a 3 Mpe radi-
us: this corresponds very roughly to a gas density
of 10 atoms cm. If one includes the X-ray emit-
ting gas in groups and clusters in the luminous
mass, the ratio of total gravitating mass to lumi-
nous mass decreases significantly between galax-
ies and rich clusters. This has the unexpected re-
sult that a greater fraction of the gravitating mass
is observable in rich clusters than in individual
galaxies. David (1993) showed, by including the
mass of MACHOS in galaxies in the baryonic mass,
that the baryon-mass fraction is essentially con-
sistent among galaxies, groups, and clusters.

Studies of the effect of clumpiness of the ICM
suggests clumping only overestimates ICM gas frac-
tion <20% (Mathiesen et al. 1999).

The x-ray emission from galaxy clusters is gen-
erally interpreted as due to thermal bremsstrahl-

filled

sistent with ©_=1 and Big Bang
culations (Wallker et al. 1991). However, if 2, =0.2,
then the inferred baryon density is 6% of the crit-
ical density, which is consistent with Big Bang nu-
cleosynthesis. ROSAT observations have shown that
groups of galaxies contain significantly less hot gas
than rich clusters (Mulchaey et al. 1996). In general,
the mass fraction of hot gas increases from 29 in
ellipticals, to 10% in groups, and up to 30% in rich

ung in hot gas (gas temperature within 10—10° K):
the tions of the  profiles of
the hot gas are consistent with the gas itself being
in hydrostatic equilibrium. Poor clusters have low
central density, low gas mass and low tempera-
ture, whereas rich clusters have high central den-
sity, high gas mass and high femperaiare The ICM

+ sarmple of 45 galzxy
ependence of ICM mass

by Mohr at al (1998)
clusters. It is a mild
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fraction f,.,, on <T,>, the clusters with ICM tem-
peratures below 5 keV have a mean ICM mass
fraction <f,.,>=0.160£0.008, which is significantly
lower than that of the hotter clusters
<fez>=0.212:£0.006 (90% confidence intervals)

The hot diffuse component of the ICM peaks at
the center of the cluster and falls off with dis-
tance from the center, and the x-ray emission can
be traced out to a distance of 3 Mpc. It is enriched
with heavy elements: x-ray satellite observations
done in the late 1970s revealed the presence of
heavy-element emission lines in the x-ray emis-
sion associated with clusters. The elemental abun-
dances of O, Ne, Mg, Si, S, Ca, Ar, and Fe for
four clusters of galaxies (Abell 496, 1060, 2199,
and AWM 7) were determined by Arnaud et al.
(1996) from X-ray spectra derived from ASCA. Since
the gas in the outer parts of the cluster s optical-
ly thin and virtually isothermal, the abundance
analysis is very straightforward compared to the
analysis of stellar or H II region spectra. Arnaud
etal. (1996) found that the abundance ratios of all
four clusters are very similar. The mean abun-
dances of O, Ne, Si, S, and Fe are 0.48, (.62,
0.65, 0.25, and 0.32, respectively, relative to solar.
The abundances of Si, S, and Fe are unaffected
by the uncertainties in the atomic physics of the
Fe L shell. The abundances of Ne and Mg and toa
lesser extent O are affected by the present uncer-
tainties in Fe L physics and are thus somewhat
more uncertain. The Fe abundances derived from
the Fe L lines agree well with those derived from
the Fe K lines for these clusters. The observed
ratio of the relative abundance of elements is
consistent with an origin of all the metals in Type
Tl supernovae. More recent results (Dupke et al.1999)
of spatially resolved ASCA spectral analysis of
A496, A2199, A3571 and Perseus. Mild, but signif-
icant, central abundance enhancements are found
in each. The analysis of an ensemble of individu-
al elemental abundance ratio indicates that ~50%
of the intracluster iron near the centers of these
clusters is from Type Ia supernovae.

It is a challenge for theory of enrichment of
the ICM with products of stellar evolution. The iron
yield needed to reproduce the typical observed iron
mass over stellar mass ratio in a typical cluster turns
out to be 5x10° which is 5 times larger than that
‘measured for the Milky Way galaxy. The conclusion
is that one cannot account for the iron mass in the
ICM using standard iron mass yield, i.e. that of our
Galaxy. This implies that there was a high superno-
va activity in cluster galaxies in the past, either a
much higher past average SNI rate as compared
with the present value observed in ellipticals (at
least a factor 10) or a high SNII rate (Arnaboldi,
200). The presence of large numbers of Type 1L
supernovae during the early stages of evolution of

cluster galaxies is a very strong constraint on all
models of galaxy and chemical evolution and i
plies either a very flat initial mass function or bi-
modal star formation during the period when most
of the metals were created

Chemical evolution models, which make use
of bimodal star formation or a higher SNII rate,
are able to predict the iron masses (typically of
the order of 10 solar masses) in the ICM, but the
total ejected masses of gas are always an order of
magnitude smaller than the observed ones
(Matteucci&Vettolani, 1988). This would imply that
the bulk of gas observed in the hot x-ray emitting
component of the ICM has a primordial origin, i.e.
it is pristine material produced during the big bang
and was never used to form stars. The agreement
between the prediction of the chemical evolution
model for early-type galaxies and the observed
heavy element content of the ICM is based on the
assumption that there had been a complete mixing
of the galactic heavy-element-enriched gas with
the unprocessed ICM gas on a time scale shorter
than the age of the Universe.

Another constraints comes from the observed
trend of increasing gas mass fraction between
groups (poor clusters) and rich clusters. The effi-
ciency of galaxy formation could not be greater in
groups compared to rich clusters since groups and
clusters produce the same light per unit mass
(David&Blumental, 1992). If groups and clusters
are closed systems (i. Lhey retain all gas shed by
evolving stars), then should be a con-
stant. Since this is contrary to ‘observations, groups
cannot be closed systems and must have experi-
enced significant gas loss. (David 1997).

Very recent observations (see e.g. Arnaboldi et
al. 2002) have shown that direct detection of indi-
vidual stars in the ICM is possible. Studies of the
ICM in the Virgo and Fornax clusters have detect-
ed several hundreds of point-like emissions from
individual stars in their post-AGB phase of plane-
tary nebulae. The planetary nebulae are very easy
to detect because their nebular outer shell encir-
cling the central star emits nearly 15% of the
total energy from the central star in the [O 111}
emission line at 5007 A: by simply taking an image
through a narrow-band filter centered at the plan-
etary nebulae redshifted [O I1I] emission and in its
adjacent continuumn, it has been possible to identi-
fy nearly a hundred planetary nebulae emissions
in nearby clusters. Simulations based on the over-
all number of detected planetary nebulae emis-
sions and the properties of their luminosity func-
tion in early-type galaxies indicate that the dif-
fuse stellar component in the ICM can contribute
up to 50% of the total light emitted by galaxies in
the Virgo and Fornax clusters. The detailed spa-
tial distribution of this diffuse stellar component
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is not known yet on the Mpc scale, and its distri-
bution may be related to the origin of this ICM
component itself. Tidal interactions between gal-
axies in a cluster are expected to be frequent and
cause galaxies to lose a substantial fraction, 30—
0%, of their stars to the cluster potential where
they become the stellar component of the ICM.
Because this diffuse component would then origi-
nate from tidal tails, one expects its spatial distri-
bution to be quite inhomogeneous. The debris can
be relaxed in the cluster core but the further out
one goes, the more unrelaxed the population might
becomne.

3. Mechanisms of interaction of galaxy and IGM

Galaxies and pregalactic stars (if they exjsl) and
Mecha-

generally not carry off great amounts of mass from
a galaxy, but may carry substantial amounts of
kinetic energy and metals generated in the super-
nova explosions driving them. If galactic winds es-
cape their host galaxies and impact the intergalactic
medium (IGM) then probes of the diffuse IGM,
such as the Lyman-alpha forest, should reflect this
energy input. i i
that do not include winds accurately reproduce the
observed Lyman-alpha absorption properties. On the
other hand, metal-line observations indicate that
the low-density IGM has been polluted with metals
(presumably via galactic outflows).

There are numerous observations of the galac-
tic wind. I just mention one, which evidences for
galactic wind developing at very early stages of
galacuc evnluucn Dawson et al (2002) report the

IGM are closel
nisms respcnslble for interrelations can be sepa-
rated in two groups according to the “direction”
of influence: galaxies—IGM and IGM—galaxies. In
first group I include ionization of the IGM by stel-
lar radiation and massive black holes in central
parts of galaxies, heating of the IGM (not only by
ionization but also via hot wind), and replenish-
ment the IGM with (chemically processed) matter
(accretion, infall). In second group there are proc-
ess of providing galaxies with (chemically differ-
ent) matter, dynamical stripping of gaseous com-
ponent of galaxies and dynamical friction that could
play significant role in structural evolution of clus-
ters of galaxies (e.g. formation of gravitational lead-
er in a clusters — cD galaxy (Gorbatskii, 1984)). I
do not consider violent exchange processes during
the close galactic encounters (collisions). In this sec-
tion I only discuss mechanisms important for chem-
ical evolution of galaxies and the IGM: galactic
wind, expelling of dust and briefly comment on
other mass loss and mass gain mechanisms.

3.1. Galactic wind

The galactic wind is believed to be produced by
multiple supernovae events in galaxies. Galactic
winds in elliptical galaxies play an important role
in the evolution of the interstellar medium in these
systems. According to conventional theory at early
stages massive SN explosions lead to sweeping out
of remaining gas and stopping star formation. High
intensity rate of the outflow will pollute the sur-
roundings with metals. The impact of supernova-
driven galactic winds on the formation and evolu-
tion of galaxies depends on how well the high-
velocity gas in the wind can couple to the rest of
the gas in the galaxy and its halo. Numerical simu-
lations demonstrate that this coupling will general-
ly be rather poor, as the wind tends to follow the
shortest path to vacuum. As a result, winds will

detection in high-resolution optical
spectmsccpy of a strong, asymmetric Ly6 emission
line at . The detection was made ina 2.25 hr
exposure w.m the Echelle Spectrograph and Imag-
er on the Keck II telescope through a spectroscopic
slit of dimensions 1°x20". The progenitor of the
emission line lies in the Hubble Deep Field-North
northwest flanking field, where it appears faint
and compact. The Ly-alpha line profile shows the
sharp blue cutoff and broad red wing commonly
observed in star-forming systems and expected for
radiative transfer in an expanding envelope. The
L profileis Gonsi ith a gal le outfl
with a velocity of v>300 kmys™. This value is con-
sistent with wind speeds observed in powerful local
starbursts (typically 10-10° km:s™).

Most authors are dealing with the galactic winds
from ellipticals, starburst galaxies (wind is expect-
ed to be very might from these) and dwarf galax-
ies. Dwarf galaxies are very numerous and low
gravitational potential makes easier the expelling
of hot metal enriched material into the IGM. In
next section we will discuss the role of disk galax-
ies in enrichment of the IGM with heavy ele-
ments. These will be based on the model of blow-
out presented by Igumentshchev et al. (1990). Based
on this model we estimated metal mass loss rate
due to wind as ~0.01 Mo yr (Shustov et al., 1997).
Relative efficiency of loss strongly depends on the
mass of galaxy. The dependence on mass of gal-
axy is presented in Fig. 7 from paper of Wiebe et
al. (1999), in which oxygen and iron mass loss rate
are compared with estimates of David et al. (1991)
and Matteucci&Gibson (1995) for ellipticals. As we
see metal mass loss rate from spiral galaxies is

uite comparable with that from ellipticals. It s
important that according to our model the mass
loss rate from unit of the disk area for same gal-
axy varies depending on radial distance. In outer
part of disk galaxies it is higher. Observationally
it is supported by larger radii of supershells at
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Figure 7: Dependence of theoretical oxygen (&) and iron (b) ejected masses on the mass of a galaxy for
spirals (Wiebe et al 1099) and ellipticals (David et al. 1991, Matteucci et al. 1995).

larger distances from galactic center. However for
some galaxies decrease of star formation activity
in galactic outskirts can reduce this effect.

3.2. Dust expelling from galaxies

Recent studies have proven that dust is an im-
portant constituent of intergalactic matter. In par-
ticular, the emission spectra of quasars have been
found to exhibit intergalactic absorption bands that
are also typical of the interstellar extinction curve
and that are commonly explained by the presence
of graphite grains in the interstellar medium (Chens
etal. 1991). Data on a few clouds of intergalactic dust
obtained from direct observations of grain infrared
radiation are presented by Wszoiek & Rudnicki (1990).

Outside galaxies the conditions necessary for dust
to be formed — low temperature and high gas density
-are not fulfilled. Therefore, one has to assume that
dust produced in galaxiesis brought to the intergalac-

indicates that about half of quiescent spiral disks pos-
sess detectable dust chimne;

Starburst galaxies also reveal the presence of
dust in circumgalactic vicinity. Alton et al. (1999)
presented SCUBA images of the nearby, starburst
galaxies NGC 253, NGC 4631 and M82 (primarily at.
wavelengths of 450 and 850 mem). The existence
of a dust outflow along the minor axis of M82 and
make a similar (but somewhat more tentative re-
port) for the other two galaxies NGC 253 and NGC
4631. The scale-size of the “vertical” features is0.7-
1.2 kpe. A mass of 10 Mg is inferred for the out-
flowing grains in M82. This amount of grain mate-
rial could either have accrued from an inflow along
the disk (e.g. a bar) or, if the lower mass limit
applies, have been synthesized by massive stars in
the starburst. The ejected grains are probably trav-
elling close to the escape velocity of the host gal-
axy and assuming, hypothetically, that they do
manage to breach the halo Alton et al. (1999) expect

perwinds to expel up to 109 of the dust residing

tic space by one or sev
of dust out of galaxies as they move through the
intergalactic gas or dust motion driven by the inter-
galactic wind have been proposed for such mecha-
nisms. The latter is discussed by Faber and Gallagher
(1976) who argued that this mechanism can be effi-
cient only in elliptical galaxies. Alton et al. (2000) ob-
served dust outflows from quiescent spiral disks. They
have conducted a search for «dust chimneys» in a
sample of 10 highly-inclined galaxies. The have pro-
cured B-band CCD images for this purpose and em-
ployed unsharp-masking techniques to accentuate the
structure of the dust lane. Three of these galaxies
possess numerous curvi-linear chimney structures
stretching up to 2 kpe from the midplane and the
fraction of total galactic dust contained in such struc-
tures is of order 1%. Optical extinction offers a lower
limit to the amount of dust contained in the extra-
planar layer but, by examining the transparent sub-
mm thermal emission from NGC 891 the limit was
fixed of 5%. These results are consistent with a sim-
ilar recent study by Howk & Savage (1999) which

in interstellar disks into the intergalactic medium.

The motion of dust under the action of radia-
tion pressure is most commonly considered in the
vicinity of individual stars, notably the Sun. Only a
few authors have explored the possibility of large-
scale motion of dust caused by this mechanism. The
problem of the possible blowing of dust out of
galaxies by radiation pressure from stars is raised by
Pecker (1974) who concluded that the radiative force
on dust does not exceed the gravitational attraction
and cannot result in large-scale sweeping of dust
out of galaxies. Having considered this possibility,
Chiao et al (1972) reached an apposite conclusion;
however, they used a simplified galaxy model. This
process has been more thoroughly studied in Ferrara
et al. (1991). The authors considered the motion of
graphite and silicate grains under the effect of the
total radiation field and the gravitational field of a
spiral galaxy. It was important results of their calcu-
lations that dust grains can be raised by this mech-
anism to a considerable height above the galactic
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Figure 8: Left panel: Evolution of radius a, radial distance R and height Z of silicate grain; right panel
~ density distribution of silicate grains (Shustov&Wiebe 1995).

disk in a time of the order of 10* yr, virtually escap-
ing into the intergalactic space. However, many im-
portant points are only outlined in this paper or are
not treated at all. The entire study was carried out
for a single dust grain, and no detailed analysis of
the motion of dust as an assembly of grains charac-
terized by a size distribution and an initial number-
density distribution was given. Furthermore, un-
derestimated values of the interstellar gas density
(0.1 em at the Galactic center) were used to inte-
grate the equation of motion of the grain, resulting
in the effects of braking processes and dust destruc-
tion being underestimated. Shustov and Wiebe (1995)
improved this approach and included all considered
factors. They calculated the density distribution of
dust near a spiral galaxy (for definiteness, near the
Milky Way) established as a result of its sweeping
by radiation pressure from stars. This mechanism is
‘most efficient for grains with radii of (0.7-2)x10°
em, which escape into the intergalactic space mainly
with velocities of the order of 100—2000 km-s
Grains with smaller radii also leave the disk but are
completely destroyed at distances of the order of
30-70 kpe. Graphite grains are swept out of the
Galaxy more effectively, because they are less prone
to destruction. In Fig. 8 evolution of silicate dust
grain and dust density field at high 7 are shown. The
rate of mas loss from the Galaxy in the form of
dust is estimated for the Milky Way as ~0.04 Mo yr-
This value should be decreased (3-5 times) because
of Lorenz force in magnetic field of the Milky Way.
The role of magnetic field is hard to estimate be-
cause of poorly known structure of the field. The
latter conclusion is confirmed by the fact that our
values of dust density (10107 g-cm?) in the cir-
cumgalactic space are consistent with observations.

ILis imporiant that effectiveness of dust expel-
ling depends on the galactic mass similar to that
for the wind. For low mass galaxy 5x10°Mo it is 5
times relatively higher while for massive galaxy
10"*Mg becomes negligible.

3.3. Other mechanisms

Ram pressure by ICM causes stripping of inter-
stellar matter from galaxies. Since Gunn&(hu (1972)

of ram
mechaniem has been invoked 1o explain différent
observational phenomena, such as HI deficiency of
spiral galaxies in clusters (Giovanelly & Haynes,
1985) and low star formation activity (Dressler et al.
1999). Many theoretical studies of this process were
‘made e.g. Faruoki&Shapiro (1980), Kritsuk (1984). A
comprehensive analysis of physical processes of in-
teraction of galaxies with IGM was done by Gor-
batskii (1986) and I will comment only on some re-
cent results. Vollmer et al. (2001) investigated the
role of ram pressure stripping in the Virgo Cluster
using N-body simulations. Radial orbits within the
Virgo Cluster’s gravitational potential are modelled
and analyzed with respect to ram pressure strip-
ping. The N-body model consists of 10,000 gas cloud
complexes that can have inelastic collisions. Ram
pressure is modeled as an additional acceleration on
h the gas distrib

tionin the direction of the galaxy’s motion within
the cluster. Several simulations were made, chang-
ing theorbital parameters in order to recover differ-
ent stripping scenarios using realistic temporal ram
pressure profiles. It was demonstrated thatram pres-
sure can lead t0 a temporary increase of the central

part

of the total atomic gas mass (several 10° Mo) can Fa
backonto the galactic diskafter the stripping event.
A quantitative relation between the orbit parame-
ters and the resulting HI deficiency is derived con-
taining explicitly the inclination angle between the
disk and the orbital plane. Itis concluded that the
scenario in which ram pressure Stripping is respon-
sible for the observed HI deficiency is consistent
with all HI 21 em observations in the Virgo Cluster.
Gas flows in galaxies are fundamental ingredi-
ents for studying their chemical evolution. More-
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over the formation of galaxy itself in accretion
mode can be considered as intensive infall. There
are dircct observations of infall of HI clouds ontc
galaxies. Oort in 1970 first (see in Matteucci 2001)
discussed the possibility of matter infalling onto

model is the idea proposed by Firmani and Tutukov
(1992), who assumed that the thickness of the gase-
ous disk is determined by two competing processes:
the input of energy from supernova explosions and
the dissipation of energy in cloud-cloud collsions.
Th

the disks of spiral galaxies. He envis that the
penetration into the Galaxy of extragalactic neu-
tral gas clouds with very high velocities (V>
140 km-sec) can trigger the formation of high
velocity clouds (HVC; 80<[V, | km sec'< 140) when
they interact with galactic matter and suggested
that the present time infall rate onto the Galaxy
should be of the order of IM,yr. Mirabel and
Morras (1990) presented observations at 21 cm n(

‘makes it possible to obtain the halo-
disk transition in a self-consistent manner and to
avoid artificial assumptions about the character and
rate of accretion onto the gaseous disk from the halo
Later basic improvements to the model were the
inclusion of galactic mass loss in the form of stellar
wind and due to the sweeping out of dust grains by
stellar radiation pressure as it was described in the

HIin the di f the galactic
that a stream of VHVC has reached the outer
Galaxy and is interacting with galactic matter. Their
HI survey provided evidence for the accretion of
gas onto the Galaxy at very high velocities: more
than 99% of the VEVC in the direction of the
galactic anticenter and 84% of the VHVC in the
inner Galaxy have negative (approaching) veloci-
ties. Mirabel and Morras (1990) derived from a sur-
vey of VHVC & total infall rate onto the galactic
disk of 0.2-0.5 Meyr™.. Estimates of the infall rate
should be regarded as still uncertain. Chemical com-
position of the high velocity in modelsis typically
d to be primordial.

4. Modeling galactic evolution

In recent years, various models have been wide-
Iy used for the study of the evolution of galaxies
(see a comprehensive book of Matteucci (2001).
Basic equations of any model include the conser-
vation laws of mass of gas and mass of i-th ele-
ment. Four basic processes are used to be taken
into account: star formation, the return of gas to
the interstellar medium by evolved stars, the ac-
cretion of intergalactic gas, and the cjection of
‘matter into the intergalactic space. For multi-zone
models additional terms describing transfer and
interaction between zones should be added.

T will not analyze all model approaches. Modern
numerical models are complex codes, which include
to some extent all the approaches (stellar dynamics,
gas dynamics, chemical evolution) and are able to
produce impressive evolutionary scenario. Very im-
pressive is quick progress in N-body and SPH tech-
nique s developing quickly (see e.g. Klypin et al. 1999,
Berzik 1999, Westera et al. 2002). Nevertheless basic
principles of all models are same and for quick look
some simple and clear model remains a useful in-
strument. Below I demonstrate some results, obtained
with a simple model (‘our model") which includes

All models typically have a large number of
free parameters. It is desirable to check the agree~
ment with observations of «final» (current) char-
acteristics of a galaxy, and data on evolution of
similar galaxies with time. In studies of our Gal-
axy, it is customary to use G-dwarf problem and

R

"y
Figure 9: General test results obtained with model
(Shustov et al.(1997) and Wiebe et al.(1998)for the
Galaxy: a) The calculated metallicity distribution
for stars (dashed curve) compared to the data of
the catalog of Cayrel de Strobel (1992), estimates
for Simple close model (dots) an close model with
dynamically changing half thickness of the disk
(solid line); b) The observed metallicity (filled cir-
cles) as a function of height above the disk plane
(Grenon 1990). The calculated dependence is shown
by the solid line — for closed model, dashed line—
for our model; c) The observed [0/Fel-[Fe/H]
relations from (Barbuy 1988, 1989) (circles) and
{Edvardson (1988) (triangles). The solid line corre-
sponds to the chernical composition obtained in our

‘most important i 1 ev-
olution of the a]axy.FordetadsseeShuswvetal(lggm
and Wiebe et al(1998). The dynamic basis of the

model; d) D on galac-
tic luminosity. Observations — from Brodie&Huchra
(1991); our model is shown by solid line.
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the «age-metallicity» relation for this purpose.
However, the latter test is not conclusive: the wide
spread of age and metallicity determinations for
galactic objects makes it impossible to sufficiently
constrain the choice of model parameters. In Fig. 9
some general test results obtained with our model
for the Galaxy are shown.

Asit can be seen from Fig. 9. our model reason-
ably well passed the tests. Now I briefly comment
some items related to the topic of the paper: en-
richment of the IGM and radial gradients of chem-
ical composition in the disk galaxies.

5. Enrichment of the IGM with heavy clements
by galaxies

Asit was discussed above the studies of quasar
absorption lines reveal that the low-density inter-
galactic medium (IGM) at 2-3 is enriched to be-
tween 102 and 10 solar metallicity. This enrich-
ment may have occurred in an early generation of
Population III stars at redshift z>~10, by protogal-
axies at ~6<z<~10, or by larger galaxies at ~3<z<~6.
One introduces the episodes of pre-galactic star
formation as a possible explanation for the wide-
spread existence of heavy elements (such as car-
bon, oxygen and silicon) in the IGM. Evolution of
massive PoplIl stars is now popular subject to in-
vestigate. In our Galaxy we never observed such

stars, though this research direction seems to be
pros . Nevertheless galaxies remain to be be-
Hevad as thi o htietivs Droducess ot walols

Itis recent tendency that model appear in which
chemical evolution of galaxies and the IGM are
followed in consistent way starting from cosmolog-
ical simulations. Aguirre et al. (2001) constructed a
‘model (cosmological simulation), to which they add
a prescription for chemical evolution and metal
ejection by winds, assuming that the winds have
properties similar to those observed in local star-
bursts and Lyman break galaxies. Aguirre et al
(2001) found that winds of velocity >~200-300 km. s°
are capable of enriching the IGM to the mean
level observed, although many low-density regions
would remain metal free. Calibrated by observa-
tions of Lyman break galaxies, their calculations
suggest that most galaxies at z>-3 should drive
winds that can escape and propagate to large radit
The primary effect limiting the enrichment of low-
density intergalactic gas in their scenario is then
the travel time from high- to low-density regions,
implying that the metallicity of low-density gas is
astrong function of redshift.

As we discused in Section 2.2 measurements of
the chemical compositions of distant objects-qua-
sars and galaxies-show that their heavy element
abundances are high and do not increase apprecia-
bly as 7 decreases, i.e. with approach to the current
epoch (Pettini et al. 1997). This is usually taken as

evidence that most of the heavy elements in gal-
axies were synthesized shortly after the formation
of the galaxies, on a very short timescale of the
order of 10°10° yr. The high rates of heavy-ele-
‘ment formation at high z should correspond to high
SFRs (>100M, yr-' for a massive galaxy) and large
bolometric luminosities exceeding the current lumi-
nosities by an order of magnitude or more

The early activity of star forming galaxies: heat-
ing and outflows from dwarf galaxies can sub-
stantially influence on the subsequent formation
of larger galaxies and on chemical evolution of
the IGM. E.g. Scannapiesco (2001) using semiana-
Iytic and numerical techniques, showed that the
winds identified with high-redshift low-mass gal-
axies may strongly affect the formation of stars in
more massive galaxies that form later. Winds typi-
cally strip baryonic material out of pre-virialized
intermediate mass halos, suppressing star forma-
tion. More massive halos trap the heated gas but
collapse later, leading to a larger characteristic
metallicity. This scenario accounts for the observed
bell-shaped luminosity function of early-type gal-
axies, explains the small number of Milky-Way
satellite galaxies relative to standard CDM pre-
scriptions, and provides a reasonable explanation
for the lack of metal-poor disk stars in the Milky
Way and in other massive galaxies.

Elliptical galaxies are widely assumed to be the
primary source of heavy elements in the intraclus-
ter medium (ICM), with a role of other morpho-
logical types being negligible. In this paper we ar-
gue that contribution of spiral galaxies into the
chemical evolution of the ICM is also important.
This statement rests upon our recent calculations
of the heavy element loss from a disk galaxy, in-
voking two mechanisms: hot steady-state galactic
wind and dust expulsion by the stellar radiation
pressure. This model reproduces main properties of
our Galaxy and, being applied to galaxies of vari-
ous masses, describes well the observed correlation
between spiral galaxy mass (luminosity) and metal-
licity. In our model this correlation develops as a
result of the mass dependence of both loss mecha-
nisms, in the sense that less massive galaxies lose
‘metals more efficiently. We showed that a typical
disk galaxy is nearly as effective in enriching the
ICM as an elliptical galaxy of the same mass.

We calculated integrated mass of O and Fe eject-
ed by spiral galaxies in a galactic cluster (Fig.10). To
assess the overall production of O and Fe in disk
galaxies one has to integrate mass of the element
ejected from a single galaxy over the galactic mass
function. It is now widely assumed that the present
galactic luminosity function (LF) can be described
by Schechter (Schechter 1976) law with reasonable
accuracy. We take Schechter function in its original
form, assuming that the spiral luminosity function
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Figure 10: Integrated oxygen (a) and iron (b) ejected mass vs. redshift for different choices of stellar
and galactic mass function: f — share of spirals, n. - richness of cluster according Schechter (1996).

From Wiebe et al. (1999)

is proportional to it (universality of LF for all mor-
phological types was recently argued by Andreon
(1998) and Marzke et al. (1998)).

‘We demonstrated that "effective” loss (per unit
luminosity) from spiral galaxies is only slightly low-
er than loss from ellipticals. The dominant role of
garly-type galazie nrich clusteris caused by that
they als. We present
tional arguments to this point, based on recent da-
ions of the ICM

the fact that the ratio of total iron mass to cluster
luminosity does not depend on the fraction of clus-
ter spirals in a wide range of the latter, contra

to what one might expect if they do not contribute

type of object. For example, estimates of the oxy-
gen abundances in HII regions vary from -0.13 to -
0.05. Nevertheless, it can be considered well estab-
lished that heavy element abundances are a factor
of two to five higher in the central part of the
Galaxy than at its periphery. The similarity be-
tween the gradients inferred from young and old
objects indicates that they do not depend signifi-
cantly on age, at least during most of the Galaxy's
lifetime. For other disk galaxies gradients of about
-0.03 to -0.1 dex kpe? are typical (Kennicutt &
Garnett 19946, Garnett et al 1997, van Zee et al.
1998), s0 that the Milky Way is typical in this re-
spect. Recent results of Andrievski et al. (2002a) of

into the ICM heavy element
In recent years the problem of mixing attracts
attention of researchers. Ferrara et al. (2000) em-
phasised that from one side galaxies are believed to
be primary sources of heavy elements injected into
the IGM, however from the other side it remains
still far from being clearly understood what mech-
anisms spread metals over Mpc scales from parent
* galaxies. Many open questions related to a produc-
tion of heavy elements and enrichment of the IGM
with them are discussed by Shchekinov (2002).

6. Radial gradient in the Galaxy

In most disk galaxies, negative radial gradients
of abundances of heavy elements are observed.
This has been the subject of many observational
and theoretical studies (sce reviews of Pagel (1977),
Henry&Wortney 1999)). In the disk of our Galaxy,
all the most abundant elements (C, N, 0, Ne, S,
Fe, Ar, Al) show radial gradients (see e.g. Fig. 11)
The gradients for many types of objects with ages
from 10 to 10'Myr within R-5-15 kpe of the Ga-
lactic center (open clusters, HII regions, planetary
nebulae, B stars) have similar values of -0.04 to
~0.08 dex kpe-* However, the uncertainties are fair-
Iy high, even if we consider a single element and

the galactic gradient in
the range 6-11 kpe using most accurate data on 77
galactic Cepheides brought similar estimates though
even more recent detrermination of metallcity using
Cepheides at galactocentic distances 4—6 kpe (of
Andrievski et al. (2002b) ) revealed that radial me-
tallicity distribution is more likely bimodal: it is
fatter in the solar neighbourhoud and steepens to
the center starting from ~6.5 kpc.
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Figure 11: Chemical gradients in MW disk (from
Hou et al. 2000)
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There have been many attempts to explain the
origin of radial gradients of chemical composition.
The «static> models (ie., including only star forma-
tion and the return of gas to the interstellar medi-

ity of the gaseous disk; (3) gravitational interaction
between the gas and spiral density waves. It has
been shown that taking these processes into account
together with radially dependent accretion can ex-

um by evolved stars) fail to reproduce the gradients:
it is necessary to take into account gas motions in
one way or another. The dynamical factors involved
can be subdivided into two groups: (1) accretion at a
rate that depends on time and galactocentric dis-
tance and (2) radial gas flows in the galactic disk.

The first hypothesis is especially popular, since
introducing aceretion makes it possible to simulta~
neously resolve the "G-dwarf problem”. To repro-
duce the observed gradients, we must assume that
the time scale for accretion depends on galacto-
centric distance R, so that gas accumulates at the
center of a galaxy and heavy elements are pro-
duced at a higher rate there (Portinari&Chiosi 1999,
Chiappini et al. 1997, Pranzos&Boissier 2000). The
accreting gas could originate from (1) the galactic
halo (in this case, accretion corresponds to the on-
going formation of the disk) and (2) matter swept
up by the galaxy as it moves through the interga-
lactic medium. Kennicut (1996) summarized argu-
ments against sustained gas infall onto the Galactic
disk. Modern observational data can be reconciled
with the accretion scenario only if the accretion
rate is much lower than the current star-forma-
tion rate. Direct observations of gas accretion onto
the Galactic disk are available only for individual
high-velocity clouds and say nothing about the role
in the disk's evolution played by the periodic ac-
cretion of such clouds. Even if these clouds pro-
vide an infall of intergalactic gas onto the disk at
a mean rate of 0.5Moyr, due to its episodic na-
ture, this process cannot produce a regular and
sustained heavy-element distribution across the disk.
Moreover, the typical sizes of high-velocity inter-
galactic clouds (up to 25 kpe) substantially exceed
the interval of Galactocentric distances where the
gradient is observed (about 10 kpe). Another argu-
ment against a radial dependence of the accretion
rate is that the accumulation of gas by a galaxy
can be a self-regulating process. An enhanced ac-
cretion rate in the central region of a galaxy should
lead to more active star formation and, conse-
quently, to more intense energy release by young
stars. This energy (e.g., in the form of galactic
fountains and wind) can act against the infall of
gas onto the disk, weakening the dependence of
the aceretion rate on R

A possible alternative scenario to radially de-
pendent accretion could be radial gas flows in the
galactic disk. Lacey and Fall (1985) identified three
main origins for the development of radial gas
motions in a galactic disk: (1) infall onto the disk of
a material with low angular momentum; (2) viscos-

lain the
dients. However, Lhus fa.r radial gas flows lack a
sound theoretical basis and must be artificially added
to models. Moreover, to equalize the radial gas dis-
tribution and solve the G-dwarf problem, a model
must include radially dependent accretion even if
radial inflows are present.

We (Wiebe et al. 2001) used our model in two-
zone modification. The galucuc disk was divided in
two parts (zones): zone A: kpe M=0.5x10"Mo
and zone B: R=5-15 kpc M=1.5x10" M. Four vari-
ants (models) were calculated:

- closed model (just to compare with, we name
it standard or reference model),

- closed with dark matter as a parameter (just
to try to stop some discussion concerning possible
role of dark matter),

- open with radially dependent accretion (in
zone A My =0, in zone B M, =2Mo/yr. Such ac-
cretion rates are expected for a galaxy moving at
a velocity of 100-300 km/s through intergalactic
space of density 107-10 em™ with capture efficiency
1). We assumed lowest metallicity Z (O,N)=0 of
accreted material. Note — extreme values were
chosen. This was to make most favorable environ-
‘ment for this hypothesis)

- open with loss of heavy elements up to 30%,
depending on radial distance.

Results are shown in Fig. 12., that presents its
‘main characteristics: star formation rate (SFR) and
abundances of oxygen Zo and nitrogen Zy as func-
tions of time for the four variants of model. At
the initial stage of the Galaxy’s life, the gradient
of the oxygen and nitrogen abundances is about
0.05 kpe-l. This gradient arises because the initial
density in the inner regions is a factor of three
higher than in the outer regions. Combined with
the adopted of the SFR on the gas density (Smidt
law), this means that the time scale for star for-
‘mation at the Galactic center is shorter than at the
periphery, implying a faster accumulation of
heavy elements at the center. Therefore, the closed
model can adequately explain the chemical-com-
position gradient for old objects. However, the O-
gradient disappears by the time the Galaxy reach-
es an age of t~3x10° yr. The situation is similar for
nitrogen; however, since this element is synthe-
sized in long-lived, intermediate-mass stars, the
nitrogen abundances in the outer and inner re-
gions equalize at a later stage, when the Galaxy
is t-5x10° yr old. This absence of a gradient is
typical of models in which the star-formation pa-
rameters (and the rate of gas accretion onto the
disk) are independent of R (Portinari&Chiosi 1999).
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Figure 12: Star formation rate: panels (a) and abundance distributions for O and N: panel (b) for
different variants of the evolutionary model (Wiebe et al. 2001 - 1) closed model; 2) closed model with
dark matter; 3) model with radially dependent accretion; 4) standard model. The solid and dashed

tozone A and B See

in text

curves

A decrease in the gradient with time was also
noted in models with radially varying accretion,
such as those in paper of Pranzos&Boissier (2000).

The absence of any significant dependence of
Z, and Zy on time in our model is due to the fact
that we take into account the finite lifetime of stars
When the star formation rate decreases with time,
the enrichment of the ISM with heavy elements
synthesized in massive stars at late stages of the
Galaxy’s evolution is compensated by the supply
to the ISM of gas with low Z ejected by long-lived,
low-mass stars formed during the main episode of
star formation and whose lifetimes are shorter than
the age of the Galaxy. As a result, Z is maintained
at an approximately constant level, The "asymp-

totic” values Zy and Z, are determined by fixed
parameters of stellar evolution and the shape of
the IMF and are, accordingly, virtually the same in
outer and inner regions. Evolution of of galaxy
whose outer regions contain some mass fraction of
dark matter is shown in panel 2). We considered two
cases, with the dark mass fractions equal to one-
third and two-thirds of the initial mass of the zone
B. It is evident from the figure that the gradient
increases during the initial evolution of the Galaxy;
however, even in this case, it eventually levels off.
Note that the adopted dark mass fractions for the
disk are probably strongly overestimated and that,
in reality, dark matter accounts for a much smaller
fraction of the disk mass.
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Results for the model with radially dependent
aceretion are shown in panel 3). In this case, the
negative abundance gradients of both oxygen and
nitrogen vary little throughout the evolution of
the Galaxy, in agreement with observations. How-
ever, there are two arguments against this possibil-
ity. First, it is not obvious why accretion of inter-
galactic gas should be more efficient at the periph-
ery than at the center of the Galaxy. Second, the
metallicities of intergalactic gas (and of high-ve-
locity clouds) are lower than the solar value but are
not equal to zero. The dashed curve in Fig.12 corre-
sponds to the case when the value of Zy and Zo of
the accreted gas is one-third of the current oxygen
abundance in the ISM at any time. We can see that
the gradient levels off with time, even if accre-
tion is present. In panel 4) the curves for zonel A
again correspond to the standard case, while Model
B assumes that 30% of the heavy elements syn-
thesized in the disk of the Galaxy are ejected into
the surrounding space via Galactic wind and the
expulsion of dust by stellar radiation pressure. It is
evident that these models are characterized by very
constant gradients. This is due to the fact that a
fixed fraction of heavy elements is ejected from
the Galaxy at any given time.

Possible explanations of the negative gradient
of chemical composition are not confined to ac-
cretion of gas and loss of heavy elements by the
Galaxy. A similar gradient also develops if radial-
ly dependent star formation parameters are intro-
duced into the model. For example, the IMF and
the coefficient of proportionality in Schmidt law
could depend on R. However, issues connected with
quantitative estimates of these parameters are not
sufficiently well understood to be included in re-
alistic evolutionary models of the Galaxy and we,
accordingly, do not discuss them further here.

Conclusion

Let me conclude very generally. Many prob-
lems remain still unsolved, new will appear, but
we are under way to understanding of consistent
evolution of galaxies — IGM system.
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